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Cover illustration: The montage, prepared by Jan Tuin, Thoraxcentre, Rotterdam, shows some
biomedical engineering projects in which the author has been involved. The picture illustrates an
electrocardiographic system that he built in 1983 using Fischertechnik™. The incrustations on the
paper roll illustrate intravascular ultrasound (IVUS) developments of the last 5 years. On the first
IVUS cross section, 32, 16 and 8 Gy isodoses (in purple} were computed for an Ir'? y-source placed
in the same position as the IVUS catheter (16 Gy was prescribed 2 mm off source centre). On the
next IVUS, the same isodoses in yellow were computed for a St/Y* B-source (see part 4). Next, a
palpogram demonstrates the stiffness of a coronary plaque. A computer simulation demonstrated a
similar low strain in the plague, color-coded in red, from I to 3 o’clock and high strain values (in
green) at the shoulders of the plaque (see part 3). Finally, one example of the IVUS flowmetry
method is demonstrated (see part 2).
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INTRODUCTION

The research of this thesis has been focused on the biomedical engineering aspects of new
techniques of echocardiography. In close collaboration with the engineers of the Experimental
Echocardiography Department of the Thoraxcentre, Erasmus University, Rotterdam, new methods
to measure coronary blood flow and arterial wall elasticity with intravascular ultrasound (IVUS)
have been developed. We have also investigated the clinical application of these measurements and
have tried to improve traditional techniques based on intracoronary Doppler wires. In another fieid,
we have developed a method to determine the radiation dose delivered in the wall of coronary
arteries treated with brachytherapy. in collaboration with the Emory University, Atlanta, GA. This
method utilizes 3-dimensional IVUS reconstruction combined with radiotherapy treatment plan-
ning. Finally, the tools developed for the recording of the signals of intracoronary Doppler wires have
been adapted, during a stay at the Cleveland Clinic Foundation, OH, for the study of left ventri-
cular mechanics and the compliance of the large arteries. This has been achieved by simultaneous
acquisition of non-invasive pressure (with tonometry) and flow (with transthoracic Doppler
echocardiography) signals. The fruits of an old and close collaboration with the Institute
Biomedical Technology of the Ghent University can also be found in different chapters. This work
is subdivided in five major parts, and a detailed introductory chapter precedes each one.

What is biomedical engineering?

Following the report of a panel of experts of the NIH (National Institutes of Health), biomedical
engineering is rooted in physics, mathematics, chemistry, biclogy and life sciences. It is the appli-
cation of a systematic, quantitative and integrative way of thinking about and approaching solutions
to problems that are important to biology, medical research and population studies. The NIH defi-
nition is the following: "Bioengineering integrates physical, chemical or mathematical sciences and
engineering principles for the study of biclogy, medicine, behavior or health. It advances funda-
mental concepts, creates knowledge from the molecular to the organ systems levels, and develops
innovative biologics, material, processes, implants, devices, and informatics approaches for the
prevention, diagnosis. and treatment of disease, for patient rehabilitation, and for improving
health."

Biomedical engineering is the fastest growing specialty at engineering schools today. In the United
States alone, there are 10,000 companies specializing in medical devices, diagnostic products and
health information systems, creating opportunities for many of these new engineers. Efforts span
from uvsing engineering principles to help decipher the intricacies of cell signaling, to developing
new imaging technologies. Bioengineering-related research projects reguire a multidisciplinary
team of engineers, computer scientists, mathematicians, physicists, physicians and biologists to
work on biological problems. As an illustration, table 1 summarizes the ever-expanding number of
different societies where "bloengineers” can be found, and their related peer-review journals,



Table 1: Bicengineering and biomedical societies and journals (focusing on ultrasound)

Acoustical Society of America

American Association for the Advancement of Science
American Medical Informatics Association

American Society of Mechanical Engineers

Association for the Advancement
of Medical Instrumentation

Biomedical Engineering Society

Biophysical Society
Controlled Release Seciety

European Federation of Societies
For Ultrasound in Medicine and Biology

International Federation for
Medical and Biological Engincering

International Society for Optical Engingering

Institute of Electrical and Electronics Engineers

National Science Foundation

Scciety for Biomaterials

World Federation for Ultrasound in Medicine and Biology
Othery

Journal of the Acoustical Scciety of America

Science

Journat of the American Medical Informatics Association
Journal of Biomechanical Engineering Annual Reviews

Biomedical Instrumentation and Technology

Annals of Biomedical Engineering
Biomedical Engineering Socisty Bulletin

Biophysical Journal
Journal of Controlled Release

European Journal of Ultrasound

IFBME news and clinical engineering update
Medical and Biological Engineering and Computing

Journal of Biomedieal Optics

IEEE EMBS Book Series

1EEE Engineering in Medicine and Biology Magazine

IEEE Transactions on Biomedical Engineering

IEEE Transactions on Medical Imaging

IEEE Transactions on Negral Systems and Rehabilitation

IEEE Transactions on Ultrasonics, Ferroeleetrics and Frequency
Control

NSF Engineering Senior Design Projects to Ald the Disabled
Journal of Biomedical Materials Research
Ulrasound in Medicine and Biology

Annual Reviews in Biomedical Engineering
Biematerials

Clinical Biomechanics

Dental Materials

Journal of Biomechanics

Medical Engineering and Physies
Ultrasonics

Ultrasenic Imaging

The most important areas of biomedical engineering are thought to be computational science,
imaging and tissue engineering:

14

Genome: the genome project, the increasing demand of gene sequencing and the functional
genomics application, studying how genes are turned on and off and how proteins interact,
reguire the most powerful computers available to present, manipulate, visvalize, understand
or exchange these data. Other bioengineering developments that require similar extensive
number-crunching performances include artificial sight, life-support in hostile environments
such as space flights, and nanotechnologies;

Imaging: visualization needs range from three-dimensional x-ray crystallography to
functional imaging of organs, with the integration of the fourth dimension: movement over
time, The visualization of the results of any bio-engineering project requires graphical
representations of the data too numerous to be only reported in tables and listings;

Tissue engineering: in conventional biology, molecular regulation of cell behavior has been
studied. However, now, with tissue engineering, research is focused on ways to modify these



molecular regulations with polymeric materials. Possible applications range from gene
therapy (embedding gene sequences in microcapsules designed to enter specific cells) to
artificial organs.
Numerous other research topics in bioengineering are given in table 2. Most of them require ex-
tensive signal processing for EEG, ECG, biorythms, MRI, X-rays acquisition, presentation and
interpretation.

Table 2: Bicengineering topics

Biomedical Engineering Signal processing
Modeling
Bioelectronics
Devices
Electrornagnetic fields
Optics
Lasers and electro-optics
[ntelligence systems
DNA sequencing

Rehabilitation Engineering Brain-computer interfaces
Funectional neuromuscular stimulation
EMG and EEG studies
Posture and gait
Wheelchairs and seating
Sensory substitution

Medical Imaging Ultrasound imaging
X-ray
Magnetic resonance maging
Optical imaging
Computed tomography
Single photon emission computed tomography
Electron microscopy
Image processing (segmentation, compression, ,,)
[mage guided surgery

There was little activity in biomedical engineering before World War II and little communication
or interaction existed between the engineer and the life scientist. However, there were exceptions
and the studies of Aristotle (384-322 BC) or Leonardo da Vinci (1452-1519) on the movements of
animals and of the human body can be seen as the foundations of biomechanics, one of the major
field of bioengineering and rehabilitation medicine today. It is very difficult to define when bio-
engineering really begun. Galileo Galilet (1564-1642) was first a student of medicine before
becoming a famous physicist and could be constdered as one of the first bioengineers: he disco-
vered the constancy of the peried of the pendulum, and used the pendulum to measure the pulse
rate of people, expressing the results quantitatively in terms of the length of a pendulum synchro-
nous to the heart. William Harvey (1578-1658), probably a disciple of Galileo, was influenced by
his theories in biomechanics and his principles of measurements. By measuring the capacity of the
heart, he estimated that the heart beats were pumping more than 200 liters of blood in one hour, and
he could only conclude that the circulation was a necessary condition for the function of the heart.
However, bicengineering really took off only in the 1950s with a strong influence of electrical
engineers in the medical and life-support fields. Medical instrumentation and medical electronics
were the major areas of research, but also applications in biclogical modeling, blood-flow dyna-
mics, prosthetics, biomechanics. biological heat transfer and biomaterials increased steadily. Early
developments started from specific desire such as the need for surgeons to bypass the heart or the
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need to take over the function of failing kidneys. The early contacts established between physicians
or physiologists and enginesers were personal. The communication between them was immediately
recognized as a problem. Most of these engineers had just had a minimal exposure to life science
and biology during their curriculum. It is only much later, when recognizing a need to assist in
overcoming the communication barrier as well as to prepare engineers for the future, that engi-
neering schools developed curricula in biomedical engineering. The other way to be directly
involved in biomedical engineering is reflected by this thesis: a clinician, during and after his me-
dical school and clinical fellowship. tries to understand how the biological systems are working, as
well as the devices used to measure these activities. By keeping a close collaberation and dialogue
with engineers, new tools can be developed that will remain focused on clinically relevant pro-
blems. Finally, a MD arguing some expertise in bicengineering is perhaps only someone who can
help clinical and engineering experts, living in completely different worlds, to communicate.

QOutline of the thesis:

The first part of this thesis focuses on measurements of the coronary blood flow and pressure usin 4
conventional 0.014" wires and is introduced in chapter 1 by a review of different developments in
this field. In chapter 2, we investigate the determinants of the coronary flow and resistance reserve
in a population of patients where histologic studies of the microvascular bed were possible.
Capillary density was measured from surgical specimens of patients with hypertrophic cardio-
myopathy and cardiac biopsies in transplant recipients served as the control group. In chapter 3,
we present the development of an acquisition system for the combined recording of raw Doppler
signals together with physiological signals such as an ECG or pressure recordings. This system,
which improves the archiving and post-processing of intracoronary Doppler measurements, facili-
tates the evaluation of parameters combining pressure and flow measurements. In chapter 4, we
compare the cost-effectiveness of a strategy of balloon angioplasty guided by Doppler flow velo-
city and angiography with a strategy of primary stenting. The patients randomized to provisional
angiopiasty were further sub-randomized, after optimization. to either additional stenting or termi-
nation of the procedure to further investigate what could be optimal. Optimal results, initially based
on a previous study, were defined as a coronary flow reserve >2.5 and a diameter stenosis < 35%.
In chapter 5, we test in vitro whether the fractional flow reserve (FFR), a physiological index based
on coronary pressuré measurements recently introduced for the assessment of coronary stenoses
and interventions, can discriminate between suboptimally and optimally deployed stents. We per-
formed quantitative angiography as well as IVUS in order to determine which imaging technique
best correlated to the FFR results.

Chapter 6 explains the principles of a new methodology developed in our laboratory and intro-
duces the second part of this thesis. describing the simultaneous combined assessment of morpho-
logical and physiological parameters with one IVUS catheter. Flow velocity is estimated from the
decorrelation of successive radiofrequency (RF) traces. Validations of these measurements, based
on a rotating scanner. that were performed in a carotid pig model are presented in chapter 7. In
chapter 7b preliminary clinical data are further Blustrated by 2 case report. In chapter 8, the dis-
turbances in the 3-I velocity profile induced by the catheter in the coronary lumen are evaluated
by applying computational fluid dynamics. The latest developments and in vitre calibration of the
16



IVUS flow method using an array catheter are reported in chapter 9. In this chapter we analyse the
influence of factors such as the catheter ring-down (the artefact related to its vibration after elec-
trical excitation), the catheter eccentricity, noise.

Part three of this thesis deals with a new method developed for measuring the local elastic proper-
ties of coronary arteries using intravascular ultrasound. In chapter 10 the principles of coronary
elastography are introduced. We give an overview of the innovative developments and applications
of this rapidly growing field, including the potential to detect vulnerable plaques. The feasibility to
perform these measurements during percutaneous interventions is reporied in chapter 11. A sim-
plified method of elastography, called palpography, potentially more robust in a clinical setting, and
faster to process. is introduced in chapter 12.

The fourth part of this dissertation is related to the use of radicactive sources in interventional car-
diclogy (coronary brachytherapy) to decrease the restenosis process. In chapter 13, we stress the
importance of IVUS imaging in coronary brachytherapy. We illustrate the different applications of
IVUS in assessing vascular remodeling, in helping the prescription of an optimal dose and in
assessing the vessel wall dosimetry. In chapter 14, we emphasize our contribution in this field.
with the development of 3-dimensional dosimetry and the evaluation of dose volume histograms.
We have investizated, by computer simulation, the differsnt existing modalities in brachytherapy
(centered- or non-centered b- and g-sources) and the influence of their respective use on the homo-
geneity of the dose distribution across the arterial wall. We demonstrate that 3-d dosimetry is a
valuable tool to understand TVUS (chapter 15) and quantitative coronary angiography (chapter
16) outcomes of patients treated with brachytherapy.

The last part of this thesis summarizes non-corcnary applications based or transthoracic echocar-
diography. The principles of this important imaging modality in cardiology are given in chapter 17.
The tools developed for the recordings of invasive Doppler and pressure signals have been applied
to non-invasive transthoracic Doppler echocardiography. In chapter 18, we develop a combined
acquisition of of non-invasive pressure and flow data for the assessment of the compliance of the
large arteries using the pulse pressure method, which had been previously only investigated in ani-
mals using invasive recordings. Considering the limitations of carotid tonometry, we have investi-
gated the changes of the arterial pressure contour wave between the carotid and radial sites in order
to preferentially use this site. The transfer function that we could characterize 1s reported in chap-
ter 19. Finally, in chapter 20, we demonstrate an original evalvation of ventricular contractility
based on the determination of left ventricular peak power during supine exercise. In the studied
population. the derived contractile reserve index correlated well with the simultancously measured
peak oxygen consumption (VO,).

17
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Chapter 1

Intracoronary Doppler and pressure monitoring.
SG Carlier, C Di Mario, M J Kern, PW Serruys,

E Topol (ed), Textbook of Interventional Cardiology (3rd ed), 1998; p 748-781,







CHAPTER
Patrick W Serriys

Andreas Grantzig performed the first percutaneous translumi-
nal ceronary angicplasty (PTCA) in 1977 using 4-French dilation
catheters with a double lumen, allowing cn cne side balloen
inflation and on the other side pressure recordings. e de-
scribed trans-stenotic pressure gradient measurements as a
guide 10 the progress of the dilation.! At that time, pressure
gradient measurements were routinely performed and used to
monitor the intervention and to assess the final results: a resid-
ual trans-stenotic gradient less than 20 mm Hg was considered
optimal.” However, with technical developments such as the
flexible-tipped guidewire introduced in the lumen previously
used to measure pressure and the low-profile balloons, pressure
recordings were more difficult to perform. Morcover, the rela-
tions among the measured pressure gradient, the diamerer ste-
nosis, and the lesion length were imprecisely known, and they
depended on the presence of the catheter itself in the stenosis.®
Finally, pressure gradient had a limited prognostic value and
distal pressure recordings were abandoned because the pres-
sure channel was climinated 1o improve the crossing profile of
the balicons and because of the advent of guantitative coronary
angiography (QCA).

In paraliel, attempts were made to mount piezoelectric crys-
tal at the tip of catherers** to characterize coronary blood flow,
but the partial obstruction of the coronary ostium by those
relatively large catheters limited their clinical vse, With the
development of paramerers 1o assess the fanctional significance
of a stenosis from its geometry with QCA® many interventional
cardiclogists considered that the available anatomic information
was sufficient and that these attempts to perforin physiologic
pressure and flow recordings were only for research purposes.

The limitations of QCA for the physiclogic assessment of
intermediate coronary lesions in unsclected patients with exten-
sive coronary atherosclerosis have now been recognized™®, the
haziness of the borders of the vessel after PTCA also limits the
use of QCA to assess the acute results of an intervention.
On the other hand, technical improvements have allowed the
development of miniaturized pressure and Doppler trnsducers,
mounted on 0.014-in. guidewires, which alleviate the initial
fluid dynamics problems. The clinical imporance of the coro-
nary flow reserve (CPR) distal to a stenosis, derived from Dopp-
ler recording, or the myocardial fractional flow reserve
(FFRmyo), derived from pressure secordings, are explained in
this chapter,

Recently, the association of a CFR greater than 2.5 and a
diamerer stenosis less than 35% has been demonstrated as a
prognostic factor for the recurrence of symptoms and the resee-
nosis e in patients undergoing PTCAY The safety of not
performing an angioplasty for intermediate stenosis without
a functional significant severity assessed hy flow or pressure
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measurements ias also been demonstrated.'™ "' This new inree
est in pressure and flow recordings iflusteates one niore exam-
pie of the swing back of the pendulum. a commonly seen
process in interventional cardiology.

INTRACORONARY DOPPLER PROBES
Principles of Doppler Velocimetry

An observer moving roward a sound spurce hears a tone with
higher frequency than at rest; an observer moving away from
the source hears a tone of lower frequency. This change in
frequency is called the Doppler ¢ffect after Christian Johann
Doppler (15803 to 1853), an Austrian physicist who was the
first to describe this phenomenon. This principle is applied in
practice by mounting 1 piezoelectric crystal that emits and
receives high-frequency sounds on the 6ip of an intmvascular
catheter. The blood flow velocity alters the return frequency,
causing the Doppler shift. Electronic circuits performing spec-
traf analysis of the received signal allow continuous determina-
tion of the Doppler shift and of blood flow velocity, based on
the following Doppler equation:

Vo= {F=F)* C/(2° Fy Cos (N

where V= velocity of bleood flow, £, = transmitting (tml.ns—
ducer) frequency, F; = returning frequency, € = constant;
speed of sound in blood, and ¢ = angle of incidence.
Maximum velocity can be recorded, provided the transducer
beam is nearly parallel to blood flow and & is zero so that the
cosine ($) is 1. With continuouswave Doppler, the signal re-
fects all the flow velocities encountered by the exploring ultra-
sound beam, In contrast, a pulsed-wave Doppler permits deter-
mination of both magnitude and direction of the flow changes
at a predetermined distance from the transducer. Intracoronary
Doppler has several advantages for the assessment of the coro-
nary circuiation, Doppler flowmeters directly measure the red
blood cell velocity so that flow markers are not required,
allowing a continuous assessment of flow. Since the cutheter
can be selectively inserted in epicardial vessels, regional mea-
surgments are possible, There is a direct relation between veloc-
ity and volumetric flow, where blood flow = vessel crosssec-
tional arca X mean flow velocity. The differences or changes
in Doppler coronary flow velocities, thus, can be used o repre-
sent changzes in absolute corenary fow, provided the cross
sectional area remaing constant. (ntracorenary Doppler, how-
ever, also has several limitations, The mcthod is extremely
*space dependent” and may be affected by the stenosis geome-
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try as well as by the intracoronary velocity profite.! The angle
cxisting between the piczoclectric crystal and the main stream
of the blood is critical for the estimation of flow velocity.'? In
addition, the sampling volume can be rather limited and does
not necessarily represent the mean velocity of the blood
stream.’® Finally, the catheter itself changes the velocity profile
in the arterial lumen, and this velocity profile is not constant
during the pulsatileflow condition of a cardiac cycle.

Doppler Probes Mounted on Angiographic
Catheters

The first attempts o record Doppler tracings at the ostium
of the native coronary vessels were performed with a 20-MHz
piezoelectric crystal mounted at the tip of a standard §-French
Sones catheter’® and later on a Judking catheter,®

With these systems, however, no selective measurements
were made in the vessel(s) of interest, and a contamination of
the coronary flow due to aertic components was present. The
presence of the relarively large catheter in the coronary ostium
was partly limiting the ceronary blood flow, especially during
hyperemia,

Intracoronary Doppler Catheters

Az the University of Jows, special suction-mounted epicardial
Doppler probes were designed for intraoperative and experi-
mental use,™ and an evaluation of relative flow chanpes was
performed.’ Changes in coronary blood flow velocity measured
with this intravascular ultrasonic flowmeter correlated well with
flow measurement performed with microspheres and electro-
magnetic flowmeters. s "

With this system, a selective intracoronary measurement of
flow velocities became possible during cardiac catheterization.
Further technical develepment allowed an casier and safer inte-
gration of Doppler measurements in the catheterization labora-
tory during coronary interventions, owing to the availability of
an internal lumen for 2 movable guidewire in the second-genera-
tion catheters.

Subselective Doppler recordings using a circular end-
mounted crystal on a flexible 3-French catheter amenable to
guidewire insertion were later described by Sibley and associ-
ates.'” In this system, the angle between the ultmsonic beam
and the centerline of the intravascular flow profile was mini-
mized.

The flow stream imterference due to the presence of the
catheter in the blood stream js of concern if velocities close to
the transducer have 10 be measured. Tadaoka and colleagues™
reported that in an in vitre model, a blunt or M-shaped velocity
profile, depressed at the ¢enterline, is present severzl millime-
ters distal to the catheter tip, resulting in underestimation of
fiow velocity away from the tansducer A distance of at least
10 catheter diameters was required to have a complete restora-
tion of the flow-velocity profile.

A prototype serics of coronary balloon catheters with an end-
mounted 20-MHz Doppler crystal has been evaluated in our
laboratory.” The system zllowed the recording of high-quality
Doppler tacings distal to the stenosis before, during, and after
balloon inflation. The maximal hyperemic velocity after balloon
inflation was found t0 be a useful pguide for the assessment of
the result of angioplasty.

Doppler Guidewire Probes

Although side- and end-mounted Doppler catheters have
been used extensively in research cardiac catheterization labora-

tories, mainly for assessing relative changes of coronary veloci
ties, several limitations have prevented their widespread clinical
application.

1. Catheters with a 1-mm diameter are unlikely to be an
obstacle to flow in proximal coronary arteries with a 3- to 4
mm diameter. However, across or distal to a stenotic segment,
the obstruction due to the catheter may induce marked reduc-
tion or disgppeamance of the anterograde flow.

2. The catheters had to be inserted before and after coronary
interventions, resulting in repeated and complex exchange pro-
cedures and in the inability to monitor coronary blood flow
velocities during the most critical phases of the procedure,

3. Their small sarple volume required an optimal position
inside the vesse! to record a high-quality signal, including the
highest blood velocities, Their maximal recording velocity was
110 ¢m/sec, limiting the measurements across a stenosis. More-
over, only zero-crossing (ZC) detectors were aviilable with
these Doppler probes.

The Doppler guidewire is 3 0.014iniameter, 175-cm-long.
flexible, and steerable guidewire with handling c¢haracteristics
similar to traditional angioplasty guidewires. The latest “wide-
beam™ model has 1 12-MHz piezoclectric ultrasound transducer
integrated onto the tip. It has a minimal cross-sectional arca of
0.1.mm?, which s 12% of the crosssectional area of 2 1-rom
catheter. The crosssectional area of the Doppler guidewire
causes a 9% area reduction of a circular lumen of 1.2-mm
diameter, wherezs a l-mm diameter catheter anduces a 70%
obstruction, The wire creates less disturbance of the flow pro-
file distad to its tip when placed within a vessel and can be
passed into smaller coronary arteries without creating signifi-
cant stenoses. The flexibility and steerability of the Doppler
giidewire are designed for crossing intracoronary arterial ob-
structions and maintaining a stable, prolonged placement in the
distal portion of the corenary artery during coronary angio-
plasty procedures, When a Dopplertipped guidewire is substi-
tuted for a standard angioplasty guidewire, phasic coronary
flow-velocity measurements are ¢asily incorporated into an an-
gioplasty procedure without adding unnecessary technical ma-
neuvers. In the latest model, the forward-directed wlirasound
beam diverges at 35 degrees from the Doppler transducer, so
that the Doppler sample volume is approximately 0.65-mrn
thick X 3.1-mm diameter when maintained 5.2 mm beyond the
transducer, distal to the area of flow-velocity profile distortion
induced by the Doppler guidewire,™ This broad altrasound
beam provides a relatively large arex of insonification, sampling
a large portion of the flowsvelocity profile (Fig. 40-1). An adjust-
able pulse-repetition frequency of 16 to 94 kHz, pulse duration
of .83 usec, and sampling delay of 0.5 psec provides satisfac-
tory pammeters for spectral signal analysis. The signal transmit-
ted from the piczoclectrie transducer is processed from the
quadrarure Doppler audio signad by a realtime spectel anzlyzer
using on-line fast Fourler transformarion (FFT), providing a
scrolling gray scale spectral display. The frequency response of
this system calculates zpproximately 90 spectra per second,
The spectral analysis of the signal and the Doppler audic signals
are videorecorded for later review, Simultaneous electrocardio-
gram and blood pressure are displayed with the spectral veloc-
ity. We have recently demonstrated the feasibility of recording
the quadrature signals ‘with an independent PCbased analogic
to digital zequisition system for archiving and postprocessing,
of such Doppler spectr®

The Doppler flowwire (FloWire, Cardiometrics, In¢.. Moun-
tain View, Ca) has been validated during intravascular measure-
ment of coronary arterial flow velocity by Deoucette and co-
workers.? The Doppler flow-velocity signal was recorded in
meodel tubes with pulsatile blood flow in straight rubes, with
internal diameters varying from 0.79 to 4.76 mm. The peak
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FIGURE 40-1. Diagrem showing the large sample volume of a Doppler
guidewire anterogradely inserted into the left anterior descending coro-
nary artery. The ultrasound beamn opens at 15 degrees from the Doppler
crysial to obmin a larger Doppler sample volume. (From CGfili EQ,
Labovitz A} Kem M[! Coronary flow velocity dynamics in normal and
diseased arteries. Am J Cardiol 17:30-9D, 1993.)

spectral flow velocity was lincarly related to absolute flow
velocity measured by ondline electromagnetic flowmeters,
Quantitative volumetric flow was calculated from vessel cross-
sectional area and mean flow velocity. The average peak velocity
was less accurate in larger tubes (> 7.5 mm), and a slightly
reduced correlation with absolute flow was observed in some
terrucus model segments. In four canine circumilex coronary
arteries. the electromagnetic fow probe and the Doppler guide-
wire also demonstrated high correlations in both the proximal
and distal segments, Using QCA to determine arterial dinmeter,
absolute volume flows were closely correlated. Measurements
were not significantly affected by increasing, heart rates to 150
beats/min in the canine model. These data indicated that the
Doppler guidewire accurately measures phasic flow.velocity
patterns and linearly tmcks changes in flow rates in small,
predominantly straight coronary arterics,

The tn vivo smdics established several important features
applicable to patient use.® The Doppler guidewire could be
easily steered in the proximal and distal branches of the coro-
nary arterial tree. The phasic velocity recordings had a high
signal-to-noise ratio and were satisfactory for prolonged rmoni-
toring periods, with a good separation of forward and reverse
flows. Low-frequency wall motion artifacts were occasionally
encountered and could be minimized by repositioning of the
guidewire,

Comparison studies were performed using an 8-French Jud-
kins Doppler catheter.™ There was no significant difference
between the Doppler guidewire and Doppler catheter mean
velocities and corenary vasodilator reserve.

The safety of the instrumentation of normal and mildly dis-
cased coronary arteries with the Doppler guidewire during
disgnostic coronary angiography was assessed in 120 patients.
No complications related to the use of the guidewire were
observed immediately after the procedure 2nd at Gmonth fol-
low-up.”*

Analysis of the Doppler Signal: Advantages of
the Spectral Analysis

Simple, staightforward Doppler velocity registrations can be
obmined with a ZC detector, The interval between each pair of
adjacent ZCs of the same polarity 5 measured and the Doppler
frequency shift is calculated. This methed was implemented on
most of the first generation of Doppler catheters. Although
incxpensive, simple, and convenient, this technique is less accu-
rate than specrral sipnal analysis in areas of disturbed flow and is
unable to detect the peak velocitics,' The different frequencics
corresponding to the velocities of the scarers are best exam-
ined by a fulfpower spectrum provided by §FT, which also has
the advantage of distinguishing faminar from disturbed turbu-
lent flow patterns, and which can detect the maximal Doppler
shift,

Comparison of ZC detectors and FFT has been performed in
vitro and in animal models.™ = ZC detectors underestimated
consistently the true velocity measured with FFT but seemed
sufficiently reliable for the evaluation of relative Hlow changes.

Comparison in patients has been reported by Di Mario and
coworkers.™ The mean velocity measured with a ZC detector
(Millar MVD 20) was compared with the FFIderived time-
averaged maximal and mean velocities in the same period in
19 patients. There were Inrge differences between the paired
measurements, sugpesting tiat the two techniques of analysis
are not interchangeable. Furthermore, only the spectral analysis
allowed the detection of {requency aliasing during recordings
within a stenosis, Large differences between flow-velecity mea-
surements obtained with ZC and FFT were also observed by
Pick and associates,

CORONARY BLOOD FLOW-VELOCITY
PATTERNS

Pulsatile Characteristics of Coronary Flow

The pulsatility of coronary arterial flow was described by
Scaramucci in the late seventecnth century® In contrast with
the fiow characteristics of most arterial districts, arterind coro-
nary blood flow has a distinctive and unique phasic pattern,
Blood flow is higher in diastole and lower in systole. Large
differences, however, are present between the flow pattern in
the left (LCA) and in the right corenary artery (RCA) (Fig.
40-2). An opposite flow pattern is present in the coronary
veins, which are characterized by a predominant systolic com-
ponent, by flow variations during the cardiac cycle synchronous
with the right atrial pressure waves, and by Iarpe phasic changes
due to respiration. These opposite {low changes duning the
cardiac ¢ycle can be explained only by assuming the presence
of a blood reservoir between the arterial and venous sides
of the coronary circulation (intrarnyocardial capacitance). The
classic experiments of Sabiston and Gregg confirmed that the
systolic reduction of arterial coronary flow results from the
contraction of the heart, with a squeezing of the capillary
noetwork.” More recently, an increased systolic stiffness of the
cardiac myocytes has been considercd a possible atternative,
The different panterns of flow during the cardiac cycle in the
LCAs and the RCAS is in part attributable to the greater systolic
compressive force of the left ventricle or to the higher stiffness
of the left ventriculur myocytes <luring the contractile phase.
Both theories can then explain the presence of a reversal of
flow during systole in some patients with severe gortic valve
SLenosis or obstructive hypertrophic cardiomyopiathy,*
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FIGURE 40-2.

Flow-velocity measurements obtained in the feft main
coronary artery (LMC) and the proximal segments of the keft anterior
descending (LAD), left circumflex (LCX), and right coronary arrery
(RCA) of 2 patient without epicardinl coronary stenoses. Note the
prevalenr diastolic component and the similar pattern and maximal
velocity observed In the LAD and LCX arteries,

Normal Blood Flow Velocity and Flow Pattern

Knowledge of normal flow-velocity range and of signal char-
acteristics in normal proximal and distal coronary arteries is an
essential prerequisite for the ewaluation of the fow-velocity
changes in patients with coronary lesions. To define the normal
range of corenary flow velocity, the time-averaged blood flow
velocity was measured in 81 proximal coronary arteries without
hemodynamically significant coronary stenosis.’® A Doppler
guidewire was advanced into a straight, smooth and regular
proximal segment of the studied artery. An ondine measurement
of time-averaged peak blood flow velocity and mean diastolic-to-
systolic velocity ratio i automatically available in the previously
described Doppler guidewire system. The videorecorded Dop-
pler spectra were also traced using a digitizing tablet, The
systelic and diastolic componcents were defined based on the
simultancously recorded electrocarliogram (QRS complex), aor-
tic pressure {dicrotic notch), and flow changes (Fig. 40-3). A
repeated independent analysis of 10 Doppler tracings from the
same observer or from a second observer showed less than 5%
interobserver and intrwobserver variability for all the analyzed
parameters, The time-averaged peak velocity was 23 = 11 cm/
sec (mean = SD of all the arterial segments). A larpe range of
velocity (9 to 61 cm/sec) was observed. Maximal bloocl flow
velocity was 42 & 17 em/sec (range, 14 10 82 cm/sec).

The differences in flow velocity and pattern berween proxi-
mal and distal segments have also been investigated in 55
angiographically normal, proximal, and distal coronary arteries*
ane! are summarized in Table 40-1. Proximal and distal velocities
int each artery were not different at baseline or hyperemia. All
three coronary arteries showed a diastolic-predominant patrern
in both proximal and distal arteial segments, This pattern was
less marked in the RCA, which had a significantly lower peak
diastolic-to-systolic flow-velocity ratio compared with the left
anterior descending (LAD) coronary artery, The LAD had higher
hyperemic diastolic velocities. CFR Chyperemic-to-basal flow-
velocity mtio) was similar in all three arteries. Thus, proximal
and distal normal native coronary arteries have similar relative
flow-vejocity parameters and vasodilator reserve, with a dia-
stolic-predomirant pattern. The dinstolicto-systolic fow-veloc-

ity ratio greater than 1.5 is maintained in both the proximal :and
distal sefments in patents without hemodynarically significant
coronary stenosis and with normal left ventricies. The minor
reduction in fiow velocity observed when advancing the Dop-
pler probe from proximal to distal is somewhat surprising when
the Iarge reduction of the corresponding Cross-sectiomil area
and, consequently, ¢oronary flow s considered. The mainte-
nance of fiow velocity across the lengrh of the epicardlial artery
is the result of the gracdually diminishing vessel area as volumet-
ric flow is distibuted to side branches aslong the proximalto-
distal vessel course, Anatomically, the division of the coronary
arteries is extremely irregular. with the presence of small
wransmural arterics directly branching from the major epicardial
arterics and of 2 nonsymmetric division of the mother vessel
into numerous smaller daughter branches, Strahler ordering and
fractal models have been proposed to describe the heterogene-

Coronary
cycle

FIGURE 40-3. Tap panel, Flow-velocity recording in a proximal left
anterior descending coronary artery. Note the prominent diastolic com-
ponent, The dinstolicto-systolic How-velocity ration (DSVR) automati-
<ally calculated on-line and dispityed in the top figure is based on the
ratio between mean dizstolic and systolic flow velocity. Bottom parnel,
The comparison between diastolic and systolic component can be
based on the peak velocity in dizstole and systole (PVd and PVs) or,
more correctly, on the flow integrals (Dvi/Svi). ECG, clectrocardiogram;
A0, aorta; 1/3 FF one third flow fraction. (From Ofili EQ, Labovite AJ,
Kern M): Corcoary flow velocity dynamics in normal and diseased
arterles. Am ] Cardiol 17:3D-9D, 1993
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TABLE 40—1. BASELINE AND HYPEREMIA VELOCITY PARAMETERS IN INDIVIDUAL CORONARY ARTERIES

BASELINE Y PEREMIAL:
LAD Lex RCA LAD LCX RCA.

Praximal

Peak D Vel 49 = 20 40 £ 15 37 £ 12 104 = 28t 79+ 20 72 £ 13

Mean Vel 31 £15 B x8 26 % 7 66 + 18t 56 = 14 48 * 13

D Vel int 18 = 11° 135 11 = 4 37 + 55t 27 £ 12 29

1/3 FF (%) 45 = 4* 44 = 5 40 + 5 x5 43 = 6 41 £ 4

/s 2.0 % 05" 18 =07 1,5 = 05 2.0+ 0% 1.9 = 06 1.9 £ 0.8
Distal

Peak D Vel 35 £ 16 35 +8 38 70 ® 17 71 = 22 7 = 16

Mean Vel 23 + 11 21+ 6 21 =9 45 = 12 45 + 12 42 x9

D Vel int i3 %9 103 845 9x6 11 %8 9=x2

173 FF (%) q6 = 2 45 29 96 45 % 3 42 =7 40 =9

Dss 24 = 08 21 *08 id =03 22 % 1.0 1.9 £ 03 1.6 £ 0.3

“LAD versus RCA (7 < .05).
+LAD versus LCX and RCA ¢r < 05).

+All three coronary arteries had significantly higher absolute velocity parametens durlng hyperemia (2 < ,001).

Note: Anova: Schetle F test only test used for comparisorn,

D, diastolic: D/, peak diastolic/systolic velocity: D Vel Int, dlastolic flowsvelocity integed (U Vel, velacity (em/sec); 173 FE one thind flow fraction;

LAD, left anterior

descending corpnary artery; LCX, left droumilox coronary artery; RCA, right corpnary artery.
From Ofili EQ, Labovitz Al, Kern M): Coronary flow-veloclty dynamics in normad and diseased arteries, Am J Cardiel 17:30-5D, 1993,

ity of the vessel distribution, analogous to other physiologic
structures such as the airways of the lung.*

When only the increase of the total arterial cross-sectional
area berween mother and davghter vessels in large epicardial
arteries is considered, a progressive moderdte increase is ob-
served, in accordance with the principies of Lmited/adaptive
vascular shear stress, of minimum vascular volume at bifurca-
tions, and of minimum viscous energy loss. After three-dimen-
sional reconstruction of the arterial tree, Seiler and colleagues®”
calculated a ratio between the area of the mother vessel and
the mean of the areas of the daughter vessels of 1,647, similar
1o the ratio predicted based on the previcusly mentioned princi-
ples (1.558).

Consequently, the cross-sectional area increases by a factor
of 1.214 per bifurcation so that the larpe increase in cross
sectional area berween the coronary entrance artedies and the
capillary bed can be explained only by the larger number of
consecutive bifurcations. These considerations explain why
only 2 moderate decrease, inversely proportional to the moder-
ate increase in total crosssectonal area, occurs from proximal
1o distal in the coronary arterial tree, Flow velocity, therefore,
is relatively uniform in the epicardial arteries of the same pa-
tient, and a mpid decrease indicates redistribution of flow in
the lower-resistance branches proximal to 2 flow-limiting coro-
nary stenosis.

Vascular Resistance in Proximal and Distal
Coronary Scgments

The differential characterization of blood flow velocity and
vascular resistance between proximal and distal normal epicar-
dial human aneries has been examined by Ofili and cowork-
ers.™ Using mean and peak velocity and cross-scctional area of
the proximal and distal sepments, coronary volumetric bleod
flow and vascular resistances were computed. Mean velocity
and CFR were similar for all three native arteries and were
preserved from proximal to distal coronary segments. Volumert-
ric flow decreased from proximal to distal sepments. The dem-
onstration of an inverse and curvilinear polynomial relationship
between volumetric flow and vascular resistance agrees with
the theoretical and animal models of coronary physiclogic char-
acteristics and suggests 2 nadir of coronary vascular resistance

below which coronary flow can no longer decrease. For the
three coronary arteries, the distal coronary flow velocity reserve
and coromary volumetric flow were similar at 55 £ 45, 51 =
25, and 64 = 35 ml/min for the LAD, circumflex, and RCAs
respectively. CFR for the same vessels was 2.5, 2.6,.and 2.4,
respectvely. Although the flow-volume gradient (ratic of proxi-
mal to distal flow) was 2.9, 2.3, and 2.1 for the LAD, ¢ircumilex,
and RCAs, respectively, the decrement in distal volumetric How
was expected for the branching myecardium receiving the ap-
propriate myocardial blood supply. The vascular resistance was
significantly greater in the distal than in the peoximal coronary
segments for each vessel: on average, 2.7 = 1.8 versus 0.8 =
0.4. Volumetric fiow, a3 expected, diminishes from proximal to
distal regions primarily because of the gradual reduction in
vessel crosssectional area with increasing totad arterial perfu-
ston area through branching vessel systems. The nonlinear in-
verse refation betrween absolute coronary blood flow and coro-
nary vascular resistance in proximal and distal segments has
been previously identified by coronary physiologists in models,
surgesting that at low levels of coronary vascular resistance,
further decreases do not necessarily result in increases in core-
nary biood flow.

Flow Velocity in Saphenous Veins and
Mammary Arteries Used as Coronary Conduits

The saphenous vein grafts have 2 predominantly diastolic
flow, similar to the flow in native coronary arteries.® In the
proximal saphenous veins used as acrtocoronary bypass, how-
ever, large high-peaied systolic waves may be present, probably
reflecting the high distensibility of these long, thin-walled vascu-
lar conduits, with a higher vascular capacitance than the shorter
and smaller native corenary arterics, In the proximal segment
of in situ internal thoracic (mammary) areries anastomosed 1o
coronary arteries, the phasic blood flow velocity resembles that
of the subclavian artery,™ * with a predominant systolic peak
velocity (diastelicto-systolic mean velocity ratio = 0.6 = 0.2).
The velocity pattern changes in the distal internal mammary
artery near the coronary znastomosis with a predominant dia-
stolic flow showing diastolic velocities similar 1o those recorded
in nmative Coronary arteries.™ *' A peculiar characteristic of sa-
phencus veins used a5 sequential conduits is the sudden decrese
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in velocity observed distal to 2 coronary anastomosis, in con-
trast with the progressive velocity decrease observed from prox-
imal to distal in native corenary arteries. The low flow velocity
consequent to the inapility t¢ adjust the caliber according to
flow demand may explain why saphenous vein grafts are more
prene to accelerated atherosclerosis than are native coronary
arteries of, marumary arteries used as coronary bypass. The low
flow velocity and shear rate may facilitate thrombosis and
greater interactions between blood elements and intimal sur-
face,

Variations in Normal Coronary Vasodilatory
Reserve

Varintions in CFR. defined as the ratio of maximal coronary
flow in hyperemia to baseline flow, in mubiple arteries in large
numbers Of patients in the cardiac catheterizaton laboratory
have led to controversy regarding normal valucs, This issuc is
especially pertinent for assessing the significance of coronary
stenosis iz patients with angiographically rexr-normal coronary
arteries and early atherosclerotic disease who may have con-
comitant impairment of the microcirculation, To assess the
spectrum of CFR responses found in adult patients undergoing
cardiazc catheterization, CFR was measured in 410 coronary
arteries in 214 patients comprising three groups: atypical chest
pain syndrome (¢ = 85) and angiographically normal coronary
arteries; Coronary drtery disease and angiographically normal

aimbel

FIGURE 40-4.

vessels (7 = 21); and angiographically normal transplant recipi
ents (r = 108).%

Intracoronary flow velocity was measured with aa 0.018
in, Doppier flowwire. Maximal hyperemia was stimulated with
intracoronary adenosine (12 to 18 pg bolus) and CFR waus
computed as hyperemin - basal average peak {(meun) velocity
(Fig. 40-4). Because bolus adenosine does not increase vessel
crosssectional area,* coronary flow-velocity rescrve as the ratio
of maximal hyperemic mean flow velocity to basal mean flow
velocity was used as a surrogate for CFR.

CFR (Table 40-2), on ayerage, in normal patients with chest
pain syndromes was approximately 2.9 + 0.6, and similar in
the angiographically normal artery in patients with coronary
artery disease (2.5 = 0.95); both values were higher than the
poststenotic discased-vessel CFR (1.8 = 0.6). Transplant arteries
had the highest CFR (3.1 + 0.9). Among different normal
arteries, there was no difference in CFR for circumdlex, RCA, or
LCAs, Regional differences were not present, suggesting that
relative CFR should be 1.0 + 0.2. These data should be consid-
ered for studies involving 1ssessment of coronary microcircula-
tion in patients in the cardizc catheterization laboratory. Micro-
circulatory abnormalities may be differentiated from abnormal
CFR due to stenosis using relative coronary vasodilatory re-
serve ™

Erbel and associates™ have reported CFR values in angio-
graphically normal coronary arteries in which intravascular wul-
trasound (TVUS) was performed to further classify patients with
carly atherosclerosis. Of 44 patients, 16 (group 13 had a normat

Spectral coronary flow velocity signals used in the calculaton of ¢oronary vasodilitory resesve,

The display screen is split into top and bottom, which Is then subdivided into left and right paoels, Top section,
Continuous-phusic flow velocity during hyperemii. The velocity scale is O o 120 am/see. Electrocardiogram and
arterial pressure are the wop two wacings. § and D indicate systolic and diastolic periods. The heart mte and systolic
and dinstolic pressures are shown as the numbers in the gry box at the upper Ieft corner of the flow panel
Bottom lofe and right parncls, Corovary flow velocity at baseling and 4t peak hyperemiz is shown In the lower
panel of the split screen. The same velocity scale is used in the upper pancl. APV, average peak velocity: DSVR,
diastolic-to-systolic velocity ratio; MPY, maximal peak velocity; PV, peak velocity integral; CFR, coronary flow
reserve. Coronary vasodilatory reserve Is caiculated from basal average peak velocity (BAPY) of 14 cm/sec and
peak average peak veloeity (PAPV) of 53 cm/sec to produce a coronary vasodilatory reserve mtio of 3.9 (shown in

the lower far left ght gray panel).
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TABLE 40-2, CORONARY FLOW RESERVE IN ANGIOGRAPENCALLY NORMAL ARTERIES

NO. OF ARTERY SEX
GROUP NO., ARTERIES
DESCRIPTION STUDIES LAD RCA CFX Men Women
L. Normal 150 2,68 281 239t 2.69 2.51%
2, NL/AB 20/20 2.76/1.78° 2.42/1.85° 2.42/1.85* 2441790 2.53/1.81%%
3, Transplant reclpients 230 3.04" 3.29" 3.06* 3.09* 3.097

* P < 0.05 vs. other groups,
£ < 0.05 vu, LAD, RCA,
#2005 v, men,

LAD, left snterior descendlng areery; RCAL right coronary arery: CFX, clreumilex corenary artery.
From Kern MJ, Aguirre FV, Bach RG, et al; Vardatdons In normal coronary vasodiiitory reserve by Actery, »ex, staiss post tansplanmtion, and remote coronary diselse

(abstmct), Circulation 90:1-154, 1994,

coronary morphology by IVUS and a CFR greater than 3.0
{mean = 5.3 & 1.8), and ¥ (group 2) had a1 normai IVUS
appearance but a reduced CFR (2,1 = 0.4). Plhque formaton
was found in a total of 21 paticors. Mean plaque sizes were
3.6 = 1.6 mm® for the patients with a CFR greater than 3
(group 3). and 5.0 = 2.3 mm* in those having a reduced CFR
(group 43, The authors concluded that only 36% of the patients
with normal angiograms were true normal, that 48% exhibited
an early stage of coronary atherosclerosis, and that the patients
in group 2 might be considered as syndrome X. These data
were in agreement with earlier reports of abnormal CFR in
patients with angina but normal coronary angiography. e

Relative Coronary Flow Reserve

Absolute CFR is the summation of the conduit and microcir-
culatory response, CFR is similar among the threc major vessel
territories, and the ratio of CFR in any two territories is 1.0 =
0.2 Relative CFR (CRRTARGET/CFRREFERENCE) in patients with
coronary artery disease should exclude the differences attribut-
able to microvascular disease and different hemodynamic states
for serial studies. Bauvmgart and colieagues™® compared FFRyvo,
derived [rom intracoronary pressure measurements (sec follow-
ng pargraph) to relative flow reserve (computed as CFRTARGET/

Pre PTCA Prox LAD

Distal CFX

CFX Bifurcation

-y

CFRreFiRENCE), The corrglation coefficient for FFRMyoe versus
absolute CFR was # = 0.045 compared with the corrclation for
relative flow reserve (r = 0.95) for stenoses severity maopging
between 50% and 95% diameter nacrowed.

Similarly, Uren and coworkers® demoenstrated the difference
between FFRMyO and absolute CFR in 11 stenosis in three
experimental canine models. The stenoses were created with a
cuff eccluder and the percent area stenosis was evaluated with
QCA. FFRyye correiated better than absolute CFR for stenosis
severity in both zabsolute {(minimum luminal diameter {MLD])
and reladive (percent diametery values,

These preliminary dataz indicated that relative flow reserve
had an excellent correlation with FFRMyo and that absclute
flow reserve had a poor correlation because .of the unexpected
and unpredictable abnormalities of microcirculation. The rel-
tve CFR seems to be more appropriate for lesion specifcity
than absolute CFR, and its application will likely facilitate im-
proved decision making using corenary Doppiler measurements,
Figure 40-54 and 8 demonstrate the use of relative flow re-
serve.

Calculation of Volume Flow from Flow-Velocity
Measurements

Two crucial steps are required to accurately calculate abso-
tute (volume) fiow from fow-velocity mensurements: the calcu-

Post PTCA

FIGURE 40-5, A. Demonstation of the value of relative coronary flow reserve in o patient undergoing percutane-
ous tensluming! coronary angioplasty (PFTCA). An 82-year-old woman had severe circumflex coronary artery
srenosts and progressive anging pectorls despite medical therapy. Coropary flow velocity was measured In the
proximal left anterior descending (Prox LAD), the distal clrcumilex (Distal CFX), and the obmwe marginal branch
bevond the stenosis. The coronary flow rexerve in the proximal LAD was 1.5, in the distal normal circumilex was
1.2, and Int the distal circumilex in the normal segment was 1.7, Relatlve coropary flow reserve preangioplasty was
1.2/1.7 = 0.70. B, After angioplasty, coronary ow reserve wis 1.8 in the normal reierence LAD, 1.6 in the target
obruse marginal branch, and 1.7 in the adjacent reference zone. Relative corenary flow reserve increased to 0.9,
This patlent had cocxlsting microvascular disease. See Figure 40-4 legend for additional abbreviations.
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lation of the mean blood flow velocity in 4 given vasculir cross-
section, and the accumte measurement of the cross-sectonal
arca at the site of the measurement.

Assessment of Mean Blood Flow Velocity

The measurement of the mean blood flow velocity requires
an adequate Doppler sampling of the peak flow region within
a vessel, with the ultrasound beam eptimally aligned pamllel
with the centerline of flow, and with the entire flow profile or at
least a significant propertion that includes the maximal velocity
insonified. The physical presence of the Doppler probe should
not modify the velocity profife at the site of the Doppler sample
volume and a spectral analysis of the Doppler frequency shouid
give the different velocities in the sample volume, including the
maximal velocity.

Although theeretically possible™ severl technical shortcom-
ings limit the practical usefulness of the measurement of mean
bloed flow velocity from the velocity spectrum, A different
approach is based on the use of the maximal blood flow velocity
that s less sensitive 10 the presence of neise and is more easily
included in the sample volume based on the eardier-described
chamcteristics of the Dappler fowwire, Mean blood flow veloc-
ity can be estimared from the maximal blood flow velocity
assuming Poiscuille’s flow using the equation describing the
velocity of a laminar flow field:

VMAX = AP/ pL X 7, (€3]

in which VMax is the maximal velocity of the flow, AP is the
pressure gradient in the vascular segment of lengeh L, o is
blood flow viscosity: r is the madius, and L is the length in
millimeters of the considered scgment. Under the assumed
conditions and if mean velocity times crosssectional aren (A)
equals blood flow (@), from the Poisquille equatjion it follows
thaz

VMEN = QFA = (APmri/S pLy/A, (€]
with 4 = =11, Equation 2 can be simplified to:
VMEAN = APr/8 uL = VMax/Z. [

An important limitation to the applicability of this formulz is
that the velocity profile is assumed to be parabolic and fully
developed. The distance L necessary to allow the fll develop-
ment of 2 parzbolic flow profile is defined by the equation™:

L = (0.03 Re)d, )

where RE is the Reynolds number and d is the diameter of the
congisit, Consequently, the velocity measurement shoukd be
tzken at a distance of four to six times the vessel diameter to
allow a complete development of the velocity profile at the
Reynelds numbers present in normal epicardial coronary arter-
ies (150 to 200). The same issues must be considered when
sampling velocity distal to major bifurcations of the vessel or
stenotic segments. The non-newtonian charmcreristics of blood
and the pulsatility of the flow induce 2 blunted velocity profie
s0 that the mean blood flow velocity may be underestimated
By VMAx/2.7% Validation studies have shown a high correlation
both in vitro and in vivo between volumetric flow measured
with an electromagnetic flowmeter®' or with a transit-time ultra-
sound flowmeter™ and flow derived from Doppler measure-
ments obtained with the Doppler puidewire probe, using for
the cajculation of the blood flow;

cross-sectional area X average peak velocity X 0.5
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Conversely, other in vitro and in vivo dat using a 3-French
Doppler system or Doppler wire also demonstrted good corre-
fation between the flow calculated as crosssectional area X
average peak velocity and the measured flow = Since in
most of the recordings in human coronary arteries the assump-
tion of a1 parabolic velocity profile is rarcly encountered. no
definitive value can be defined. However, in most clinical situa-
tions it iy the mtio of the hypercmic flow over the baseline
flow that is clinically relevant, When a constant velocity profile
at the sampling site is assumed, there is then 2 simplification of
the variable related to the velocity profile for the calculation of
the coronary flow reserve,

Assessment of the Cross-Seclional Area at the
Site of the Doppler Sample Volume

A high-quality angiogram, suitable for measurements of the
crosssection at the site of the Doppler sample velume, can be
performed almost simultanecusly with the acquisition of the
Doppler recording with the Doppier flowwire, However. more
accurate measurements are obtned when the probe s post
tioned in an arterizl segment of uniform caliber so that a mean
cross-sectional area over a short arterial segment immediately
distal to the Doppler probe can be obtained.

An alternative methed is the combination of intracoronany
Doppler and bidimensional IVUS imaging. A continucus re-
cording of high-quality echographic crosssections, suitable for
automated QCA, can be achieved with the moedern ultrasound
imaging catheters. Linker® and Eichhern® and their colleagues
described this approach using sequentially a 3-French Doppler
catheter and then ap IVUS catheter The introduction of the
Doppler guidewire allowed then simultaneous assessments, The
slightly different position of the Doppler samiple volume and
of the echographic cross-section and the potential electrical
inrerference are minor limirations of this approach. Since the
first duta reported by Suditr and coworkers in dogs™ this
method has been used mainly in studies of the coronary endo-
thelizl function: simultancous changes in luminal size and in
coronary blood flow velgcities during the pharmacologic provo-
cation with acetylcholing can be monitored.”** Coronary blood
flow and CFR using this method have been recently reported
by Camcciole and coworkers™ in a population of 30 angie-
graphically normal orthotopic heart transplant recipienis. In
this study, it wwas demonstrated that the epicardial intimal thick-
cning does not diminish conduit and resistance vessel response
during endothelialindependent vasodilaror administration of
adenosine or nitroglycerin.

ASSESSMENT OF STENOSIS. SEVERITY

Poststenotic Coronary Blood Flow-Velocity
Patterns

Severe coronary stenoses are chamcterized by three major
alterations in the intracoronary flowwvelocity pattern. These
changes are discussed in the following sections.

Diastolicto-Systolic Velocity Ratio

Previous investigators documented a reduction in the diz-
stolic-to-systolic coronary flow ratio distal 10 experimental ste-
nescs in animal models.® %~ [nuracperative studies confirmed
a reduction in dinstolic flow velocity and unchanged systolic
flow velocity during graft eoclusion. ™ Abnormal areries show
a reduction of diastolic flow velocity with relatively preserved
systolic flow velocity. The systolic-predominant pattern was
scen in more than 50% of abnormal arteries and in none of the
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normal artesies.® ™ There is a normalization of the diastolicto-
systolic velocity mtio after angioplasry” =™

Proximal-to-Distal Flow-Velocity Ratio

The distal flow-velocity parameters in normal compared with
abnormal arteries showed a distinet pattern of abnormality,
with significantly lower mean velocity, peak diastolic velociry,
and peak systolic velocity in the a2bnormal arteries compared
with the normal arteries,

Impaired Coronary Blood Flow Reserve

A blunted hyperemic response of the distal abnormal arterics
compared with normal is also chamcteristic of hemodynami-
cally significant lesions. Since the original work of Gould and
colleagues,™ the assessment of CFR has been viewed as a
method 1o establish the severity of a stenosis located in one of
the major epicardial vessels. [t is assumed that the reduction in
hyperemic flow through the stenotic lesion would be an indica-
wr of stenosis severity. This assumption is derived from the
complex hemodynamic prnciples regulating the coronary cir-
culation. At rest, flow is independent from the driving pressure
over a wide range {60 10 180 mm Hg) of physiclogic pressures,
a phenomenon classically described as autoregulatdon of the
coronary circulation. During maximal vasedilation, flow be-
comes linearly related 1o the driving pressure.™ The presence
of a flow-limiting stenosis in a major epicacclial vessel generates
a pressure drop across the stenotic lesion that is the result of
viscous and turbulent resistances, so that the driving pressure
distal to the stenosis decreases exponentially in response 1o the
flow increase,™

The CFR concgept is appealing to the clinician because it
constitutes a functional surrogate to the anatomic description
of the lesions located in the epicardial vessels. Many investiga-
tors have shewn in animal experiments that a decrezse in
flow reserve may discriminatingly detect lesions of increasing
seveninyy Although the concept may be easily and accurately
applied in an optimal physiologic situation in humans,™ ™ it
should be recognized that CFR is influenced by several factors
independent from the hydrodynamic chameteristics of the ste-
noric lesion, Since flow reserve is by definition 4 ratio, similar
values may be obtained at different levels of resting and hyper-
emic flow, Changes in basal resting fiow without changes in
hyperemic flow would considerably affect the ratio. Further-
more, any factors affecting the hyperemic pressure-flow rela-
tionship would likewise modify the flow reserve and thereby
change the assessment of the severity of the coronary lesion
under study. The hvperemic pressure-low relationship is influ-
cnced by factors such as heart rawe, preload, myocardial hyper-
trophy, contractility, or disease of the microvasculature,”™ ™ This
has been demonstrated in open<chest dogs® and in different
studies in patients.t

Effects of the Pharmacologic Agents Used

to Induce Maximal Hyperemia

An increase in coronary blood flow ¢an be observed cither
during reactive hyperemia induced by transluminal occlusion
or by pharmacologicuily induced hyperemia. Widely used vaso-
dilater agents are dipyridamole, nitroglycerin, papavering, and
adenosine. The hyperesmelar ionic and low-csmolar nonionic
contrast media cannet be used, because they do not produce
maximal vascdilation.™ Nitrates have a predominant effect on
large conductance vessels, so that the flow changes due to
peripheral vasodilation are partially masked by the large simulta-
neous ncrease in crosssectional area in the proximal arterial
segments. Continuous infusion of an adequate dose of dipyrida-
mole results in maximal coronary vasodilation, but it has the

disadvantage of a long duration of action, which makes the
repeated assessment of the coronary hyperemic response of the
coronary vascular bed or the assessment of different coronary
vascular bed response during the same procedure impossible.

Bookstein and Higgins™ have shown in dogs that the hyper-
emic response after an intracoronary bolus injection of adeno-
sine triphosphate or papaverine is of the same magnitude as
that occurring after a i5second occlusion of the coronary
artery, The dose range of intracoronary papaverine needed (o
produce maximal coronary vasodilation has been cstablished in
humans by Wilson and White." Selective intracoronary infusion
of papaverine produced a maximal hyperemic response in most
coronary arteries (80%) after 8 mg and in all coronary arteries
after 12 mp. Papaverine in this dose range (§ to 12 mg) pro-
duced a response equal to that of an intravenous infusion of
dipyridamole in 2 dose of 0.56 to 0.84 mp/kg of body weight

‘The coronary vasodilation after intravenous or intracoronary
adenosine is of a comparable magnitude to that observed after
papaverine. The time from intracoronary injection of adenosine
to peak hyperemia, as well as the total duration of the hyper-
emic response, is about four times shorter than that of papaver-
ine.™ Furthermore, adenosine docs not prolong the QT interval
and avoids the potendally dangerous venrricular arrhythmizs
observed after papaverine.® Wilson and associates™ reported
that an intracoronary bolus or infusion of adenosine increases
coronary velocity to levels similar to those recorded after papav-
erine without significant systemic effects or symptoms. Adeno-
sine can also be administered intravenously. Kern and col-
leagues have shown that a continuous intmvenous infusion of
146 g kg™' » min™' induces maximal coronary vasodifation in
maost patients,*' Development of mild hypotension, bradyeardia,
or firste or second-degree atrioventricuiar block or symptoms
(flushing, chest discomfort, headache, dyspnea) rarely requires
discontinuztion of the infusien.” In view of the extremely high
safety profile of adenosine, this agent is the pharmacologic
stimulus of choice,

Effect of the Pharmacologic Agent Used to
Induce Hyperemia on Stenosis Geometry

The ideal vasodilator should dilate exclusively the resistance
vessels without atfecting the geometry of the Row-limiting ste-
nosis in the epicardial coronary artery. Gould and Kelley found
important changes in stenosis peometry caused by papaverine-
induced hyperemia in dogs.” Zijlstm and coworkers® have
reported an increase in the cross-sectionaf area of the stenosis,
Since change in vessel caliber caused by the coronary vasodila-
ror {(dipyridamole, papavering, or adenosing) may alter the pres-
sure-flow relationship, administration of nitrates before the mea-
surement of CFR is strongly advocated to negate the epicardial
vasodilator action of the drugs used for the induction of maxi-
miad hyperemia,

Differences in Proximal and Distal
Coronary Flow Reserve

Because of the influence of low resistance and prestenctic
branches, differences in proximal and poststenotic flow velocity
have been observed and attributed to the branching circula-
tion* ** * Donohue and asscciates have reported in 101 pa-
tignts simultanecus measurements of pressure gradient and of
proximal and distal CFR.” In the diseased vessels, the proxi-
mally measured CFR wus not stadstically different for any trans-
lesional gradient. The distal CFR was significantly lower in
arteries with a gradient greater than 20 mm Hg (1.4 = 0.6 vs
2.1 % 0.7). The poststenotic flow reserve is thus a better
descriptor of the severity of 1 coronary stenosis, the proximad
flow reserve being influenced by the branching and prestenotic
diversion of flow to regions with lower resistance.
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Effect of Heart Rate, Arterial Pressure,

and Ventricular Preload

The coronary flow-velocity reserve s estimated by the mtio
of peak-oresting flow velocity, One of the potential problems
of this measurement is that the fow-velocity ratio can be af-
fected by u change in resting flow velocity caused either by
factors increasing myocardial oxXygen consumption (¢.g., thyro-
toxicosis) or by factors producing a resting high-flow state (e.g..
anemin), CFR measurements are highly reproducible in the
absence of conditions known to affect resting or hyperemic
coronary blood flow, but increases in heart rate or prefoad
reduced CFR because resting coronary blood flow velocity in-
creased. In contrast, changes in mean arteriul pressure do not
alter CFR because of similar increase in resting and hyperemic
blood flow. '+ De¢ Bruyne and colleagues™ have recently ana-
lyzed the shert-term reproducibility of CFR measurements. CFR
wai measured twice at 3-minute intervals andd voder atrial pac-
ing and nitroprusside and then dobutamine administration. The
coctficient of variation of CFR was 10.5% berween the two
baseline measurements, CFR did not change during infusion of
nitreprusside but decreased during atrial pacing and dobutam-
ine infusion,

Interpretation of CFR measurements should thus account for
the viriable hemodynamic conditions at which the flow-velocity
measurements are obtained.

Technical Factors Influenchng the

Accaracy of Doppler-Based Coronary

Flow Reserve

There is a possible induction of flow obstruction due to the
large puiding catheter engaged in the coromiry ostium in an
ostium of 3 mm in diameter, the tip of an §French guidling
catheter occupies 77% of the Inminal area™ With 2 blood
collection method, it was demonstrated thar the maximal Sow
through the side holes of such a catheter does not exceed 80
ml/min. It is thus advocated that when impedance of the flow
couid occur, after sclective injection of the vasodilator, the
catheter should be immediately pulled out from the ostium
without moving the Doppier probe, A carcful monitoring of
the pressure waveform recorded through the guiding catheter

BASELINE

can facilitate the detection of damping of velocity (Fig, 40-6).
Use of diagnostic coronary catheters (5 or 6 French) is an easier
Aterpative possibility to prevent flow obstruCtion.

Side holes permit continued blood flow. butr there is an
unpredictable amount of adenosine being lost in the aor
during intracoronary beolus injection that influences the mea
surement of CFR.™ A larger dose (up to 36 pg) should be used
to assess CFR when guiding catheters with side holes are used.

Finally, when the signal-to-noise rato of the received Doppler
signal is low, the automatic contour detection implemented in
this system fails to recognize the true maximal velocity profile.
This can occur in up 10 16% of the cases.*™ Manual retracing
with an offline system for the cnlculation of the average peak
velocity and the CFR is necessary. We have demonstrated re-
cently that digitization of the raw Doppler signadl associated
with automatic offline processing allows a better evatuztion of
maximal flow.'?

Long-term Variability of Coronary Flow

Reserve

Di Mario and coworkers'™ analyzed longterm changes in
bazseline and hyperemic intracoronary fow velocity and CFR
in angiographically normal arteries, Baseline and hyperemic
velogitics Wwere similar between bascline assessment and after 6
months, but the agreement berween successive measurements
was mther peor. The long-term reproducibility was improved
when flow velocity was normalized for the crosssectionnd area
at the site of measurements, To improve the reproducibility of
the measurements, the use of racoronary nitrates is recom-
mended 1o reduce the velocity changes related to changes of
the cross-sectional area at the site of the Doppler sample vol-
ume.

Application of the Continuity Equation in
Coronary Stenosis
The continuity equation states that in a tube without

branches, the velocity-area product at any peint is equal to the
velocity-area product at any other point in the tube, The cont-
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FIGURE 40-6.

In the upper part of the ilustrations, note the simultaneous recording of the pressure in the

ascending aorta (tip manometty) and of the proximul corenary pressure (fuidfiled 8French guiding catheter at
the ostium of the left coromary artery). At baseline the two tmcings are superimposed, indicating that the
voluminous guiding catheter does not Impede the fow in the mainstem of the {eft coronary sutery. The intrucoro-
nary administtation of 18ug of adenosine induces the development of a pressure gradient hetween the sorta and
left main coronary artery, generated by the presence of the guiding ¢atheter. Note the ventriculasization of the
proximal coronary pressure and, in the lower parr of the illustration, the simuitineous changes in fow velocity
recorded using 4 Doppler guidewire positioned in the proximal left anterior descending artery. (From Serruys PW,
Di Mario C, Menevesu N, et al: Intmcorenary pressure and flow velocity from sensortp guidewires: A new
methodologicil comprehensive approach for the assessment of coronary hemodynamics before and after coronary

interventions. Am J Cardiol 1716 1D-53D, 1993.)
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nuity equation is a principle largely applied for the calculation
of cardiac valve areas in echocardiography.™? Minjaturization of
the Doppler probes has allowed the application of this principle
for the assessment of the severity of coronary artery stenoses,
In vitro studies in hydmulic models of coronary stenoses have
shown an excellent correlation berween this method and true
crosssectional area of stenosis.'™ Similar results were obtained
in animal experiments™ and in humans for the assessment of
moderate (<50% diameter) coronary stenoses, using 3-French
intracoronary Doppler catheters that cannot, however, be used
in severe coronary stenoses.'™

The feasibility of measuring maximal jer velociry within 2
stenosis with the Doppler guidewire was tested in 52 consecu-
tive patients, in a total of 61 arteries, prior to coronary angio-
plastye!'*® Based on the continuity equation, percentage cross-
sectional area stenosis was calculated as:

HCSA 5t = (1 — APV Ref/APY 50 X 100,

where St = swnosts, Ref = reference segpment, CSA = cross-
sectional area, and APV = average peak velocity,

An increase in flow velocity advancing the guidewire into the
stenosis was observed in 17 arteries. Only in 10 cases (16%),
however, was the quality of the Doppler recording sufficient to
allow the measurement of the time-averaged peak velocity. In
these cases, the timeaveraped peak velocity increased from 15
= 3 cm/sec to 130 % 34 em/sece from the reference normal
scament to the stenosis. A marked decrease was observed in
the angiographically measured crossscctional areas (7.75 =
255 mm® vi. 1.05 = 0.61 mm?® for the reference and stenosis
arcas, respectively). Consequently, comparable volumetric flow
wvalues were caiculated in the swenosis and in the reference
sepment from the corresponding How-velocity and crosssec-
tional area measwrements. The percentuge reduction of Cross-
sectional area calculated from the QCA measurements and from
the Doppler flow-velocity mensurements were signiticantly cor-
related. But the application of the continuity cquation for the
assessment of stenosis severity has significant practical and
theoretical limitations. The first problem is the choice of the
reference “normal” segment. Epicardizl and VIS have con-
firmed the pathology Kndings showing that diffuse or focal
intirmal thickening is present in angiographically normal arterizl
segments, ™ 7 If the Bow-velogity measurement is obtained in
a segment already narrowed by the atherosclerotic wall en-
crozchment, the percentage cross-sectional area stenosis calcu-
lated from the velocity measurements will underestimate the
stenosis severity. In the presence of severe stenoses, the flow
is preferentially diverted to the prestenotic branches so that
distal fow js reduced, resulting in a high proximal-to-distal flow-
velocity ratio. The reference flow velocity in a segment distal
1o the stenosis should thus be used, Another important limita-
ton is related to the measurement of the How velocity in the
stenosis, where the velocity profile s modified {in the presence
of abrupt chanpes of vascular dizmeter stenosis, 2 vascular
segment four to six times longer than the vasculae diameter is
required to reconstitute a tully developed pambolic profle).
Therefore, for short stenoses, the use of the maximal velocity
mazy underestimate the pereentage Cross-sectional arcz sienosis.
But the most important practical limitation to the applicability
of the continuity equation for severe cortonary lesions is the
possibility of obtaining Doppiler recordings suitable for quantiti-
ztion only in a minority of the study population. The appro-
priate orientation of the Doppler sample volume in the narrow
tapering sepment immediately proximal to the lesion is difficult,
resulting in inability to capture the small stenotic jet. Extensive
manipulation or tip reshaping of the Doppler guidewire may
vigld a higher acquisition rate of jet velocity signuls in the

stenosis but is associated with 2 potential risk of wali dissection
before access to the distal vessel has been secured,

Translesional Pressure—The Fractional
Coronzary Flow Rescrve

After the initial description by Andreas Grinizig of the use
of the translesional pressure gradient for the assessment of
the success of an angioplasty,! pressure measurements were
progressively abandoned.

From translesional pressure measurements made with a guide-
wire transducer during maximal hyperemia, a new concept for
the determination of coronary blood flow, the FFRvyo has
emerged.'™ When blood Rows from the proximal to the distal
part of the normal epicardial coronary artery, virtually no en-
ergy is lost and, therefore, the pressure remaiins constant
throughout the conduit. In the case of epicardial coronary
narrowing, potential cnergy is transformed in kinetic energy
and in heat when bloed traverses the lesion., The resultant
prassure drop reflects the toral loss of energy. To maintain
resting myvocardial perfusion at a constang level, a decrease in
myocardial resistance will compensate for any resistance of low
due to the epicardial narrowing. Artecdiolar resistance decreases
to maintin the flow. The decrease in myocardial resistance
reserve is proportional to the resistance that can be computed
from the pressure grdientflow relation and, hence, the press
sure at constant maximal flow can represent an index of the
physiologic consequences of 2 given coronary narrowing on
the myocardium,

The maximal myocardial blood flow in the presence of a
stenosis is reduced relative to expected normal How in the
absence of a stenosis and can be expressed as a frction of its
normul expected vatue, if there was no lesion. This value, called
FFRmvo, can be derived from pressure data alone separately for
the myocardium, the epicardial ¢coronary artery, and the coliat-
ceral supply, based on several assumptions regarding transle-
sional pressure measured during maximal hyperemia. '™ % The
proposed equations have been derived from a theoretical model
of the coronary circulition and have been validated experi-
mentally in instrumented dogs, and later in humans, by the
comparisoen with myocardial flow measured by positron emis-
sion tomography (PET)."" During maximal hyperemia (with
papaverine or adenosine), coronary resistance is at the lowest
level and remains constant, so that flow is directly related to
the measured pressure gradient. The total myocardial blood
flow () in an area deserved by a coronary artery with a
stenosis is the sum of the fiow through the stenosis (Qs) and
the collateral flow Q). The FFRvye is defined as the ratio of
the measured flow () over the maximal Now that should be
present without any stenosis (PO

_ (Py — PVY/R

o 0= OfON =
FFRMyQ = /0 Pr = PR

with PA = mean arterial pressure; Py = mean venous pressure;
Pn = mean pressure distal to the stenosis, and R = the resis-
tance of the myecardial vascular bed. Because this resistance is
assumed constant,

_(Pp -~ Py AP _ e
PR = o = Pv TP

with Pv assumed low and constant. FFRMYo can thus be csti-
mated as the ratio between the mean distal coronary blood
pressure (using ultrathin pressure transducers) over the mean
aortic blood pressure (measured by the guiding catheter). For
a normal vessel, FFRMyo is unequivocally equal to 100%. Since

33
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each myocardial territory serves s its own contrel, it is a lesion-
specific index independent of the microcirculation, heart rate,
biood pressure, und other hemodynamic variables, and it can
be applied in multivessel disense.

Fructional collatert flow reserve (FFReot) and fractional coro-
nary flow resetve {FFReor) are calculated with similur equa-
tions;

FFRooR = 1 — APAPA — Pw)
FFReolL = FFRMyo — FFRoor

with Pw = the coronary wedge pressure measured distally
when the PTCA bulioon is inflated in the artery.

Thanks to the development of miniaturized pressure trns-
ducers, the mean trinsstenotic pressure gradient AP can be
measurcd without a significant overestimation of the true pres-
sure gradient.'™ Investigated pressure wires were 0.015-in. fluid
filled!"* or high-fidelity 0.018-in. tip pressure transducers based
on optic fibers (Pressure Guide, RadiMedical Systems, Uppsalz,
Sweden) e

Technical Limitations 1o Pressure Guidewires

The Radi and Premo pressure guides and the Tracker catheter
produce excellent phasic signals. The Premo Wire (fluid-filled
pressure monitoring geidewire) produces dumped pressure
tracings owing to its small inner lumen. However, all three
systerns reliubly reflect mean pressures, The evaluation of pres-
sure gracients is valuable only if a reliable pressure tmeing can
be obtained. The refizbility of pressure grudients is questioned
when one is dealing with small vessels (<2.5-mm diametes),
acute artery bends, or multiple kestons in a vessel, An artifactunl
pressure drop due 1o obstruction of the tip of the pressure
catheter is highly unlikely when the catheter is aligned in a
normal and relatively stright segment of a coronary artery, In
conurast with angioplasty catheters, the pressure measurements
made with guidewires and Tracker catheters are not generally
affected by tortuosity of 1 proximal artery segment.

Clinical Significance of Pressure Gradients

The risk of abrupt closure and restenesis increases with high
residual pressure gradientss after angioplasty™ "% A persistent
postprecedure pressure gradient, especially if the angiegraphic
result is suboptimal, is an indication for further balloon infla-
tions (cither prolonged inflations or up-sizing of the balloon) or
stent. A pressure gradient of less than 15 mm Hg has been
considered a successful postangioplasty result.'’® However, in-
vestipaudens have identified limizations in using the resting pres-
sure gradient alone to assess the potential for ischemin due to
a given stenosis. !t

In its initizl clinical validation, FFRyyo has been compared
with the relative flow reserve (RFR) measured by MO-labeled
water and PET and to QCA.'"™ Isolated proximal discrete steno-
sis of the LAD coronary artery were investizated, FFRyye and
RFR were realized 24 hours apart. They were measured during
maximal vasodilaton under adenosine (140 pg - kg™!' - min™!
intravenous). RFR was defined as the ratio of the maximal
achicvable absolute flow in the anterior region to the maximal
achievable absolute flow in the latem! region. PET RFR and
FFRa»vo were highly correlated, while the correlation between
indices derived from QCA and RER was markedly weaker.

To define the threshold of FFRyvo below which inducible
ischemia is present Pijls'™ and D¢ Bruyne''” and their associates
conducted independent, but parallel and complementary, inves-
tigations. Pijls and coworkers studied 60 patients accepted for
a singlevessel PTCA who had a positive exercise test in the
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preceding 24 hours, FFRMyo was measured before and 15 min-
utes after PTCA and the exercise test was repeated after 1
week. If the second exercise test had reverted to normal after
PTCA, FFRyMvO vialues were associated with inducible ischemia.
All, except two, FFRymy0 meisurements greater than 0.74 were
not associated with ischemia, and all FFRuyo 0.74 or less were
related to inducible ischemia, In normal coromary arterics.
FFRyvo was 0.98 + 0,03, De Bruvne and coworkers'™ studied
FFR»v0 in GO patients with one isolated lesion in one major
coronary artery who had a maximal exercise test 6 hours before
catheterization, ST sepment depression was compared to
FFRMyo, APmAx, and APREST. Intersection of sensitivioy and speci-
ficity curves were at 87%, 83%, and 79%, respectively, for
FFRMYG = 0.66, APwAX = 31 mm Hg, and APresT = 12 mm
Hgr. No abrormal test was present for FFRMYO grester than 0.72.
FFRMv0 has als0 been compared 1o the results of debutamine
echocardiogruphy in 75 patients with normal left ventricular
function and single-vessel coronary artery discase!™; the degree
of dobutamine-induced dyssynergy correlated significantly with
the QCA datz, but the correlation was markedly better with
FFRmvo. All but one patient with an FFRyvo greater than 0.75
had a normal stress test result.

Among the most important reports of FFRymo is that of
Pijls and colleagues,'™! who compared FFRyvo with the unique
ischemic standard of common noninvasive testing modalities in
45 patients with modernte coronary stenoses and chest pain
syndromes. When the FFRmyo was lower than 0.75 (21 pa-
tients), reversible myocardial ischemia was demonstrated un-
equivocally on at least one neninvasive test (bicycle exercise
testing, thallir scintigraphy, stress echocardiography with do-
butarzing), and all these positive test results were reverted after
PTCA or coronary arterey bypass grafting (CABG). In 21 of 21
patients with an FFRMyo greater than 0.75, all the test were
negative, with no demonstration of ischemia, and no revascu-
farization procedure was performed. None were required after
14 months of follow-up. The sensitivity of FFRMy0 in the identi-
fication of reversible ischemia was 88%, the specificity was
100%, the positive predictive value was 100%. the negative
predicted value was 58%, and the accurncy was 93%.

De Bruyne and associates™ demonstrated also in humans that
FFRyvo is independent of hemodynaniic conditions: changes in
heart mate by pacing, in contractility by dobutamine infusion.
and in blood pressure by nitroprusside infusion did not alter
FFRyvo, The coefficient of variability between two consecutive
measurements was 4.2%, lower than 17.7% for the CFR mea-
sured with a Doppler wire.

Fractional and Coronary Flow Reserves and
Myocardial Perfusion Imaging

To assess the relationship among rdionuclide perfusion im-
aging, poststenotic coronary flow velocity, and translesionat
pressure gradients using flow-velocity guidewires and 2.7
French fluid-filied tacking catheters, Tron and colleagues inves-
tigated 68 arterics in 59 patients, at baseline and during maxi-
mal hyperemia {intracoronary [ic adencsine).'™ FFRywvo of 0.7
or less had positive and nepative predictive values for perfusion
imaging defects of 71% and 57%, respectively, Poststenotic flow
reserve (2.0 unies) had a positive and negative predictive
values of 88% and 74%, respectively.

The pressure measuring catheter used in this study was larger
than a pressure guidewire and [ikely induced a systematic in-
crease in hyperemic pressure gradients. CFR had a higher posi-
tive and negative predictive value than FFRyvo for the perfusion
imaging results, It should not be surprising that myocardial
perfusion respenses are not translated into directly measured
translesiona] pressure gradient since distal myocardial bed resis-
tance may be variable or impaired and not accounted for in the
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primary assumptions of this methodology. The use of transle-
sional gradients has important value for determining lesion
significance, especially when distal myocardial flow reserve is
impaired.

Simultanecus Measurement of Flow Velocity
and Trans-Stenotic Pressure Gradient

Assessment of Coronary Stenosis Using Sensor-
Tip Pressure and Doppler Wires

Trans-stenotic blood flow velocity and pressure gradient are
the pammeters used to define the hemodynamics of a steno-
sis,' Combined use of sensor-tip pressure and Doppler guide-
wires has been evaluated in 21 patients.'* Flow-velocity and
poststenotic pressure recordings were obtained distal to the
stenosis, both in baseline conditions and after intracoronary
bolus injection of papaverine.

The maximal hyperemic trns-stenotic gradient showed a sig-
nificant inverse correlation with the simultaneously measured
hyperemic coronary flow, Patients with nonsignificant stenoses
were identified by the presence of hyperemic trang-stenotic
gradients less than 20 mm Hg associated with 2 maximal ¢oro-
nary tlow greater than 150 mL/min or a CFR less tan 2. At the
other extreme, the presence of large transstenotic gradients
during hyperemia associated with a low maximal hyperemic
tlow identificd the most severe stenoses.

The simultaneous measurement of the rans-stenotic pressure
gradient and flow velocity hus severad practicad advantages. The
possible misinterpretation of a low-{low increase during maxi-
mat vasadifation is avoided because the simultaneous presence
of a high-pressure gradient discriminates a low-flow increase
due to 3 hemodynamically severe stenosis from a reduction of
the maximal tmns-stenotic flow increase due o impairment of
the distal vasodilatory mechanisms or to competition of flow
through a1 well-developed collateral circulation. Conversely,
when a fow-maximal flow is present owing to [actors not depen-
dent on the stenosis resistance, the measurement of a low trans-
stenotic pressure gradient can be misleading and the presence
of a significant stenosis cannot be ruled out.

Tustantancous Hyperemic Coronary Pressure-
Gradient/Flow-Yelocity Relalion

The trns-stenotic pressurc-gradient/flow-velocity relation has
been analyzed from digitized pressure and flow velocity during
mid-liastole in 1% patienss, =

A dlear Doppler envelope aliowing a reliable automatic detec-
tion of the hyperemic diastolic peak velocity during four con-
secutve Deats was obwined in 12 of 15 cases (80%). A linear
relation between trans-stenotic gradient and flow velecity was
observed in 5 of 12 patients (42%) (Fig. 40-7). In the remaining
7 patients, a quadratic equation had the best fitting for the data
obtained, In all but one case an intercept close to O (within
=10 mm Hg) was observed, Steeper increases of the trans-
stenotic pressure pradient at a given flow increase were mea-
sured in the arteries with the most severe reduction in Juminal
crosssectional area.

Although the maximal flow and, consequently, the maximal
trans-stenotic gradient is determined also by factors indepen-
dent from the stenosis resistance, the pressure-gradient/flov-
velocity relation is intimately correlated with the stenosis heme-
dynamics. Two approaches are available to assess the slope of
the pressure-gradient/flow-velocity relation. The first is based
on the measurement of the changes of the meun trans-stenotic
pressure and flow velocity from baseline conditions 10 maximal
hyperemia.'” A technically more complex approach is hased
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FIGURE 40-7, Instantancous hyperemic dinstolic pressurepradient/

flow-velocity relation for 12 stenoses of increaging hemodynimic sever
ity (from right to left and from bouom 1o top), MLCSA, minimum
luminal cross-sectional area.

NOQ. CATH. NO, MLCSA (mm) EQUATION
1 Q2707 0.21 ¥ = 21 + 3.7
4 92999 0.33 ¥ = =6 + 5.76x
3 921858 i.16 ¥y =2+ 20lx + 0.0275x¢°
+ 921132 0.49 ¥y =25+ 0.79x
5 920922 0.82 » =24 01l + 0473
6 922047 0.83 ¥ = L6+ 050 + 0.0035
7 930201 1,72 y = —4 + 0.28v + 0.009x°
3 920908 0.8% ¥y = —d4 + 0706x
9 921502 0.36 ¥ = ¢+ 0.0055

10 921504 i.19 ¥ = —0.1 + 00074

11 921448 4.61 ¥y = =1+ 023

12 921330 2.09 ¥ =5+ 0.0011x

on the assessment of the instantanecus pressure-gradient/flow-
velocity relation during the progressive flow decrease in mid
late diastele. The advantage of an assessment based on instanta-
neous instead of mean gmdient/fiow changes during the cardine
cycle is that the phases of acceleration/deceleration of How,
influenced by factors unrelated to stenosis resistance, can be
eliminated from the analysis. The pressure-pradient/flow-veloc.
ity relation can also be studied during a prolonged cardiac arrest
induced with a high-dose intracoronary bolus of adenosine
during papaverine-induced maximal hyperemia (Fig. 40-3). (n
principle, however, the pressure-grudient/flow-velocity relution
is independent from the hemodynamic conditions of assess-
ment, including the maximal level of flow and pressure pradi-
ent, and could give sufficient information to characterize steno-
sis severity also in resting conditions.

Mancini and coworkers'” have validated in dogs the slope of
the instantangous pressure-flow relation as an index of coronary
stenosis. This relation was compared with @ microsphere-de-
rived index of myocardial conductance, The instantaneous hy-
peremic flow versus pressure index demonstrzied no depen-
dence on heart rate, left ventricular end-diastolic pressure,
mean aortic pressure, of inotropic changes™- "% 7 The de-
crease in flow-pressure slope with the presence of stenoses of
increasing severity correlated well with the transmural and the
subendocardiat microspherederived measurements,

The feasibility and the reproducibility of the assessment of
the slope of the instantaneous diastolic relation berween coro-
nary flow velocity and aortic pressure during maximal hyper-
emia (IHDVPS) have been investigated in 95 patients.™™ It is
postuiated that the changes in coronary blood velocities re-
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corded by the Doppler wire are directly, and onty. related to
changes in flow (assuming a constant velocity profile and a
constant coronary diameter), to derive Mancini’s index from
velocity-pressure refation, In the arteries with less than 30%
dinmerer stenosis, blood flow velocity was measured in a regular
straight proximal-middle segment of the artery where an opti-
mal Doppler signal could be obtained. The Doppler signal was
acguired distal 1o the stenosis using a Doppler guidewire, The
proximal coronary pressure was measured through the guiding
catheter. Linear regression analysis was used to assess the slope
of the digitized pressurc-velocity relation (cm - sec™'*mm
Hg ") in four consecutive beats during maximal coronary vase-
dilation, A clear Doppler envelope allowing a reliable automatic
detection of the hyperemic diastolic peak velocity during four
conscecutive bears was obtained in 79 (83%) of 95 patients. A
CFR greater than 2 and an ITHDVPS greater than 1 were present
in 5 (21%) and 3 (12%), patients with greater than 30% diamcter
stenosis, In the normal group, a CFR and an IHDVPS equal to
or less than these levels were observed In 4 (7%) and 8 (14%)
arteries, respectively, Using these arbitmrily defined cutoff val-
ues, CFR and IHDVPS correctly identified 79% and 88% of the
arteries with grearer than 30% diameter stenosis and exeludeed
the presence of a stenosis in 93% and 86% of the 55 control
wrtenes (NS). On averape, the beatto-beat variability of the
pressure-velocity slope was 15+ §%.

A possible Hmitation of IHDVPS is the dependence of the
hyperemic pressure-velocity slope from the cross-sectional area,
25 expected for an index reflecting coronary conductance. The
inability to normalize coronary flow for the perfused myecardial
mass limits the comparability of measurements performed in
vessels of different dimensions. However, coronary How veloc-
ity shows only 2 moderate decrease from Iarge epicardial arter-
ics 1o the more distal branches, suggesting that a comparison
remains pessible in normak-sized proximal/middle epicardial ar-
terjes. The analysis of the pressure-velocity relation of long
diastolic pauses suggested that the Hnearity of the pressure/
flow-velocity relation observed during normal sinus beats can-
not be extrapolated over o larger mnge of pressures and flow
velocity, probably because of a significant reduction of arterial
cross-section at low distending pressures. This technique, there
fore, cannot be used for an accurate estimation of the zero-
flow pressure.

D¢ Bruyne and colleagues™ have compared the feasibility and
variability of IRDVPS, CFR, and FFRvyo. Both CFR and FFRMyo
could be calculated in all cases, but IHDVPS could only be
calculated in 82 (79%) of the 104 investigated patients, CFR was
sensitive to hemodynamic ¢hanges (atrial pacing, dobutamine
infusion). Conversely, IHDVPS and FFRyyo were not influenced.
Coefficients of variation between two consecutive measure-
ments were 4,2% for FFRMyo, significantly lower than 17.7%
and 24.7%, for CFR and THDVPS, respectively.

Quantitative Coronary Angiography,
Translesional Pressure, and Flow Velocity

The imperfect nature of angiography in assessing the func-
tional significance of coronary stenoses, mostly attributable to
large interobserver and intraobserver variability, has been well
documented. QCA was developed to overcome the Emittions
of visual interpretation, and its accuracy and reproducibility
have been demonstrated.’? On the basis of stenosis gcometry
and fundamental flui¢ dynamic equatiens, QCA methods bave
been able to provide mathematically derived translesional pres-
sure gracdients and coronary blood flow. QCA-derived hemody-
namic datz also provide an estimate of flow reserve attributed
to the corenary lesion (stenotic flow reserve).* Transtesional
pressure gradients are generated from fuid-dynamic formulas
validated in experimental models.* These pamameters were Cor-
related only with functional indexes of coronary stenoscs in
selected patients with limited coronary atherosclerosis,™** but
not when extensive atherosclerosis 'was present.™*

Comparison of QCA with pressure gradients and coronary
flow measurements with a Doppler wire has been performed
in several studies, Donohue and coworkers”™ have measured
CFR, translesional gradient at rest with a 2.2-French infusion
catheter, and QCA (Philips DCI or ImageComm [Statview Sys-
tem, Sunayvale, CAJ systems) in 33 parients.” There was a
weak correlation between angiographic lesion severity and cor-
responding gradients, and in the 40% to 60% angiographically
intermediate rnge, there was no correlation between lesion
diameter narrowing and gradient.

Angiographicaliy severe (concentric, >80%) lesions generalty
hadl significant (>30 mm Hg) gradients. However, the Lmita-
tons of angiography arc well known for both operater and
technical factors, making lesion mterpretation difficuit and, at
times, impossible, When studies of stenosis severity are re-
viewed, often a single “worst-cise” view will be reported. An
eccentric lesion with one view of 80% and one view of 40%
may not be associted with 1 translesional gradient. Conversely.
a moderate concentric lesion can frequently be associated with
a significant pradient.

More recently, Tron and associates measured translesional
hemodynamics in the same arterics in which QCA pressuce and
flow were measured (Philips DCIACA).™ Stenotic flow reserve
and baseline and maximal transiesional pressure gradients were
calculated from the worst QCA projection. Translesional pres-
sure gradients were mensurcd with a 2,.7-French fuid-filled
tracking catheter Intracoronary Doppler flow velocities at rest
and during maximal hypercmiz (ic adenosing) were measured
with a Doppler wire in 28 arteries from 25 patients. The results
of this study indicated that QCA did not correlate with mea-
sured gradients at baseline or at maximal hyperemia. No correla-
tion was found between QCA-predicted stenotic flow reserve

bm—————————— e

FIGURE 40-8. Prolonged diastolic pause induced by the intracoronary injection of 3 mg of adenosine during

maximal hyperemiz induced by papaverine, A progressive decrense of flow velocity and aortic pressure is observed
during the 6 seconds of cardiac arrest, In the fust beats, induced by ventricular pacing, note the pressure of a
large systolic flow component indicating refilling of the capacitnce of the cpicardial coromury artery. The dotted
tracing at the top of the Doppler envelope indicates the instintancous peak velocity {automatically detected on-
Line and used for the analysis of the pressure/velociry reiation),
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and measured CFR, For intermediately severe angiographic ste-
noses, no correlation existed among measured pressure gradi-
ent. CFR, lesion diameter, or crossscctional area, This study
suggests that because of inherent limitations of angiography,
state of the distal bed, and assumptions of the physiologic
state for fluid dynamic equations, QCA~derived parameters of
teansiesional physiclogy particulacly relevant for interventional
decisions do not corrglate with directly measured translesional
pressure and flow. But 2 limitation in this study could be the
use of a 2.7-French device to measure distal coronary pressure,
which could overestimate the true pressure gradient.

In a more recent study, QCA has been compared with FFRMYo
determined with a 0.015-in. {luid-illed pressure monitoring
guidewire (Premo wire).'* Quanttative assessment of stenosis
geometry was performed on-line using the ACA system. Before
angioplasty, QCA was obtined in 105 patients, and after the
procedure, pressure measurements and QCA were performed
again in 32 paticnts, With pooled preangioplasty and postangio-
plasty resuits, 2 curvilinear relation swas found berveen diame-
ter stenosis and myocardial ow reserve, and between MLD and
myocardial flow reserve, in agreement with previously pub-
lished data’* A linear equation was also found berween angio-
graphic stenesis flow reserve and FFRvyo. This suxly demon-
strated that in an unselected cohort scheduled for PTCA, an
overall correlation exists berween QCA measurements and
FFRyvO. There was a rather large dispersion of the dat never-
theless, the dingnostic accuracy of an MLD of less than 1.5 mm
and 2 diameter stenesis greater than 50% in detecting lesions
associated with an FFRuyo of less than 0.72 were 92% and $9%,
respectively.

Perfusion Imaging and Poststenotic Coronary
Biocod Flow

Clinical decisions for coronary interventions are often based
on the results of cut-oflabomtory physiotogic testing such as
stress thailium perfusion myocardial imaging. Because the physi-
ologic assessment of angiographically intermediate stenoses re-
mains problematic, functional measurements of poststenotic
intracoronary flow velocity reserve may be wseful in clinical
decision making. However, the correlation between poststeno-
tic CFR and hyperemic myocardial perfusion scintigraphic im-
aging was lacking. Miller and colleagues® studied 33 patients to
correlate stress myocardial perfusion imaging using technetium
99m sestamibl with poststenotic corenary flow reserve in pa-
tients with anglographically Intermediate stenoses. A Kappa
statistic measuring the strength of correlation among the veloc-
o imaging, and QCA variables wus computed. QCA stenosis
severity {2 50% diameter stenosis) and poststenotic coronary
Aow velocity reserve of 2.0 or less were correlated in 20 of 27
patients. Perfusion imaging abnormalitics and coronary angio-
graphic stenesis severity were correhuted in 28 of 33 patients,
The strongest correlation was noted between hyperemic post
stenotic flow velocity reserve and sestamibi perfusion imaging
in 24 of 27 patients. Nearly all padents with abnormal distal
hyvperemic flow velocity values had comesponding reversible
myocardial perfusion tomegmphic imaging defects. The high
correfation between two dilferent physiologic techniques 1o
assess myocardial perfusion in the poststenotic region suggests
that clinical decisions can be made in the laboratory in a fashion
similar to out-oflaboratory testing, The physiologic assessment
of coronary stenoses, gspecially those of angiographically inter-
mediate severity, may be improved by the use of poststenotic
flow velocity mensurements when perfusion imaging has not or
cannot be performed.

A similar correspondence berween poststenotic CFR and
myocardial perfusion imaging has been described by Joye and

coworkers,”™ wio compared single-photon emission<omputed
tomopgraphic (SPECT) thallium imaging to CFR in 30 paticnts
with intermediate coronary steneses, The poststenotic How
reserve and SPECT thallium studies were compared with
blinded interpretation of the results. A CFR of 2.0 or less was
considered abnormal, The sensitivity, specificity, and overli
predictive accuracy of Dopplerderived CFR with stress SPECT
thallizm 201 resules were 04%. 93%. and 94%, respectively.
More recently, Miller and associates'™™ have correlated regional
myocardial blood flew (RMBF) derived from [“G]H.O PET with
directly measured poststenctic intracoronary Doppler flow ve-
locicy under baszal conditions and dipyridamole-induced hyper-
cmia in 11 patients. There was a highly significant correlation
berwveen Dopplerderived CFR and PETderived myocardial per-
{usion reserve (MPR). There was a trend toward a correlation
berween Dopplerderived CFR and MLD, but no correlation
was found between PETderived perfusion reserve and MLD ot
dinmeter stenosis. This demonstrates that the correlation of two
physiclogic endpoints of coronary blood flow more accurately
reflects the funcrional severity of coronary swenoses than does
angiogrphy alone. These physiologic technigues provide objec-
tive evidence of lesion significance, which is useful to support
the decision for coronary revascularization interventions.

To address the relationship between artery stenosis and distal
corenary blood fiow, 35 patients with sinple-vessel coronary
artery disease undenwent {"O]H,O PET assessment of coronary
blood How at rest and during hyperemia (intravenous adenosine
140 pg kg™'-minT!' or dipyridamole 0,56 meske).'* Twenty-
one patients were studied as age match-contrel subjects. The
results indicated that basal myecardial blood flow (1,14 = 0.42
mL - min~' - g=') was similar between patients 1.13 = 0.26 mL
min~' - g~ ") and controls. However, during hyperemia, nmyocar-
dial Blood flow wasz lower in patients (2.10 vs. 3.37
mL-min~' g~ Basal flow remained unchanged regardless of
stenosis severity for diameter stenosis anging from 17% to
87%. Flow during hyperemia was inversely correlated with the
degree of stenosis severity and directly correlated with MLD.
CFR declined with diameter narrowing greater than 40% and
approached unity at stenosis severity of 80% or greater. These
datz are important relative to assessment of coronary blood
flow in patients undergoing coronary interventions that use
angiographic endpoints. Physiologic considerations using intra-
coronary Doppler techniques can identify residual Jurminal nar-
rowing of 40% or greater not appreciated by angiography.'™

INTRACORONARY DOPPLER IN THE
ASSESSMENT OF CORONARY
ENTERVENTIONS

Since the advent of coronary angioplasty, the assessment of
the acute results of interventions has been a source of debate
and discussion. In recent years, major efforts were mudie to
accurately measure the luminal area of the stenotic lesion hefore
and after coronary angioplasty using, QCA with computer-based
automatic edge detection.!™ '™ ¥ However, for the evaluation
of the angioplasty results, this technique has inherent limita-
tions. The disruption of the internal wall of the vessel following
the barotrauma of angioplasty cannot be casily delineated by
contour detection of the shadowgram obrained with coronary
angiography, " These Hmitations have prompted investigators
to use alternative methods based on the functional assessment
of angioplasty results.™ '*! The availability of the Doppler angio-
plasty guitdewire and pressure wires allows continuous manitor-
ing, of blood flow during a routine angioplasty and assessment
of the results of this inervention.
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Balloon Coronary Angioplasty

One of the earliest experiences in balloon PTCA was 1 study
of 35 patients performed in our lehoratory™ The angioplasty
guidewire was successfully used w cross the stenosis in 32
(89%) of 36 arteries. A flow-velocity recording was obtained
distal o the stenosis, hoth in baseline conditions and during
hyperemia (ic bolus injection of papavering: 8 mg for the RCA
and 12,5 mg for the LCA and saphenous vein bypass graft).
Intracoronary nitrates were used hefore the injection of papav-
crine to induce & maximal coronary vasodilation and avoid
chusnges in cross-sectional arga between baseline and postpapave
erine assessnent, The Doppler guidewire was left in place distal
to the lesion during the dilation procedure. The Doppler signal
wias continucusly acquired during balloon inflation and after
deflation to monitor the development of collzteral fiow, the
restoration of fow after balloon deflation, the phase of postoc-
clusive reactive hyperemia and, incidentadly, the development
of flow-limiting complications. Monitoring coronary blood flow
during intracoronary interventions has potential advantages as
an early indicator of acute closure, thrombus formation, or
visospasm. These events currently are detected only by re-
peated angiography. The quality of angiography and the clinical
effects of increased radiographic contrst mediu administration
are obvious but unavoidable limitations. During balloon infla-
tion a complete disappearance of flow was observed in 26
aricries (31%), In the rematning six cases (19%), the flow veloc
ity progressively increased during inflution, with a negative
flow-velocity signal in five patients indicating recruitment of
collzternl coronary flow, The rtestoration of antcrograde flow
could be immedistely detected during the deflation of the bak
loon, before the disappearance of the celectrocardiographic
chinges or of the symptoms. In three cases (9%) a sudden
decrease in blood flow velocity was the first warning signa} that
a flow-limiting wall dissection developed after angioplasty.

Cyvclic Flow Variations as a Predictor of
Intracoronary Thrombus Formation After
Angioplasty

In animal models with an artificially created coronary sienosis
and intraceromary thronbus, cyclic coronary blood flow variz-
tions can be abolished with antiplatelet or antithrombotic
agents.'* ' Similar cvclic flow variations have been reported
to occur in patients during coronary angioplisty.'** Cyelic flow
viriations in an artery with the porential for intraluminal throm-
bus formation appear to be a marker of continued prothrom-
botic activity that, despite adequarte anticoagulation, may result
in lilure of the procedure.

The endothelial damage associared with severe coronary ste-
nosis usually results in a cyclic pattern of flow reductions and
restorations related 1o recurrent episodes of platelet aggregation
and subsequent dislodgement of thrombus. ™™ 1 When platelets
aggregate, vasoconstrictor substinces, including serotonin and
thromboxane A,, are known to change vessel caliber, promote
rheologic disturbances, and induce [urther platelet aggrepation
and thrombus formation.’*'>" In patients, cyclic flow variations
mensured in the distal coronary actery bed may be the result of
mechanical vasoconstricter and plaelet aggrepatory effects.

The detection of intracoronary thrembus may be obscured
by angiographic difficultics related to the mechanical disruption
of the coronary intimal surface. Monitoring coronary blood flow
velocity in paticnts at risk for intracoronary thrombus may
provide an early indication of unsatistactory dilation or of the
need for increased beparin or thrombolytic therapy prior 1o the
potentially serious maragement problems of abrupt artery clo-
sure,
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The abrupt chunges in flow velecity observed during the
development of coronary spasm or of severe flow-limiting dis-
section and the persistent flow decrease in the presence of a
significant elastic recoil’™ can be distinguished from the cyclic
flow variations duc to the formation of thrombi, '™

A recent prospective investigation including the first 102
patients of the Doppler Endpoints Balloon Angioplusty Trial
Europe (DEBATE) study (described in the following paragraph)
has recently highlighted the relation between the presence of
cyclic flow variadon after angioplasty and immedizte complica-
tions,™ In 94 patients (92%0), a stable and reliable Doppler
signal could be recorded for 1% minutes after the procedure.
Cyclic flow variation defined as a gradua} decling in flow over
several minutes folfowed by sudden restoration to higher values
was observed in 4 patients. In 3 patients, immécdiate complic-
tion occurred: 2 intracoronary thrombosis and 1 acute closure.
None of the 90 patients without cyclic flow variation had an
acute closure during their hospital sty. This demonstrates that
coronary cyclic flow after angiographicaily successful elective
PTCA s rare (4.3%) but highly sensitive for the prediction of
abrupt occlusion, in agreement with the observation of Kern
and associates,”™ who found a higher prevaience of such
events, but in a more heterogenous population, including acute
myocirdial infarction, atherectomy, urgent stenting, and desob-
struction procedures.

Assessment of Results

In our preliminary study,” for the 29 coronary arteries with-
out acute complication, baseline average peak velocity in-
creased significantly from 16 % 9 cmy/sec before PTCA 10 27
+ 14 cm/sec after PTCA. A more than twofold increase was
observed for the average peak velocity recorded ar the maximal
effect of papaverine (27 = 17 cmy/sec before PTCA and 60 =
28 cm/sec after PTCA). The crosssectional area at the site of
the Doppler recording showed 2 nonsignificant change before
and after coronary angioplasty, suggesting that the vefocity
changes reflected a true flow increase after PTCA in baseline
and hyperemic conditions. CFR, as a ratio of the hyperemicto-
bascline flow-velocity measurements, showed a moderate but
significant increase after PTCA (from 1.75 = 0.55 to 2,39
= 0.75).

Segal and colleagues™ have also reported their results after
balloon angioplasty in 38 paticnts. Twelve patients without
significant coronary artery disease served as a control group.
Following angioplasty, the time-averaged peak velocity in the
distal vessel increased from 19 = 1210 35 = 16 am/fsec (P <
0.01), whereas in the proximal vessel velocity increased to a
lesser extent (34 = 18 em/sec before angioplasty versus 41 =
14 emy/sec after angioplasty: £ = 0.04). CFR did not increase
significantly after angioplasty, whether measured in either the
distal or proximal coronary artery. Similar findings have been
reported by Ofili and coworkers™ before and after angioplasty
in 32 patients. After angioplasty, improvement in the diastolic-
to-systolic velocity ratio and increases in the total velocity inte-
gral and in the peak diastolic velocity during hyperemia in the
distal region were noted.

In the peripheral circulation, a categorical cutoff criterion
based on Doppler measurements (maximal velocity after nitro-
glycerin distal to the stenosis =48 cm/sec) predicted 32 of 34
cases with a successful procedure based on angiography, IVUS.
and clinical zesults, ™

These data suggested that measurement of distal velociry
variables after coronary balloon angioplasty provides important
informarion concerning the immediate physiologic cutcome of
the procedure. However, acute changes in resting blood flow
together with changes in the anatomy of the stenotic lesion and
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concomitant persistent modifications of the hyperemic pres.
sure-velocity relationship should be considered when CFR i3
used for the assessment of the functional results.® ™ % (% The
aforementioned considerations are schematically iliustrated in
Figure 40-9.

Heller and colleagues have reported original data regarding
the RCA: rest average peak velocity, measured with a Deppler
wire, did not decrease distai to the stenoses (23.3 = 94 cm/
sec proximal vs. 20.2 & 11.1 emy/sec distal), proximalto-distal
velocity ratic was 1.4 x 0.9 before angioplasty and did not
significantly decrease after angioplasty. and diastolic-predomi-
nant flow afier angioplasty was not observed in the proximal or
distal RCA, but was present in the posterolateral and posterior
descending coronary arteries,’™

Clinical Outcome of Deferring Angioplasty
Based on Normal Translesional
Hemodynamics

The clinical significance of intermediate coronary stencses on
angiography frequently requires adjunctive noninvasive stress
testing. Dircct tansiesional flow measurements now available
correlate well with myocardial perfusion imaging studies and
may assist in clinjcal decision making, A prospective study was
performed to determing the feasibility, safety, and outcome of
deferring angioplasty in patients with such lesions. ™ Transle-
sional pressure and flow velocity data were obtained with a 2.7-
French infusion catheter and a Doppler wire in 88 patients for
100 lesions (26 singlevessel and 74 multivessel lesions), The
mean dinmeter stenosis by QCA was 54 = 7% (mnge 40% to
74%). Predetermined normal values of translesional flow veloc.
ity {proximalto-distal average peak velocity ratio) of less than
1.7 or a pressure gradient less than 25 mm Hg, or both, were
required to defer angioplusty. Patient follow-up ranged from 6
o 30 months (mean 9 £ 5 months). The tmnslesional hemody-
narics of the deferred angioplasty group were similar to those
of a normal reference group., By study design, translesional
pressure gradient in the deferred group was 109 mm Hg
compared with 45 + 22 mm Hyg in the angioplasty group. At
follow-up 4, 6, 0, and 2 paticnes in the deferred angioplasty
group required subsequent angiopiasty, required bypass surgery,
had a myocardial infarction, or died, respectively. One death
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FIGURE 40-9. Pressure/flow refationship in resting and hyperemic

conditions. The curved line indicates the flow increase in the presence
of a flowdimiting stenosis, Twe confounding factors may preciude the
assessment of the improvement (3) of corenary flow reserve following
a percutancous trinsluminal coronary angioplasty (PTCA) procedure:
an ingrease in resting blood flow (1) andfor acute or chronic changes
int the pressure-flow relationship during hyperemia (2). (From Secruys
PW, Di Mario C, Meneveau N, et al: Intrucoronary pressure and flow
velocity from sensortip guidewites: A new methodalegical comprehen-
sive approach for the assessment of coronary hemodynamics before
and afier coronary interventions. Am J Cardiol 17:411-5313, 1993

wias related to angioplasty of a nontarget lesion, and one death
wias the resule of ventricular fibriliation in 2 patient with severe
multivessel disease 12 months after lesion assessment. In the
10 patients later requiring coronary revascularization, only six
procedures were performed on previously assessed target arter-
ies that had a normal flow. Of the six procedures, four had
conversion from nermal to abnormal flow pattern. Ne patient
had a complication of rranslesional flow or pressure measure-
ments. The investipators conciuded that the safety, feasibility,
and clinical ourput of deferring angioplasty of coronary stenoses
associated with normal translesional hemodynamic varizbles
were satistactory. This assessment has since been further vali-
dated in other centers, '¢i-1%

Similar results have been reported using FFRMyo'™': in 100
consecutive patients in whom angioplasty was deferred because
measured FFRMye was 0,75 or greater, the MLD was 1,68 +
044 mm and the percentage diameter stenosis was 46,8+
9.4%. During a folow-up of 18 * 3 months, 2 patients died
from noncardiac causes and 89 remained free of any events. In
the © patients with coronary events, 2 had an infarction, € had
unstable angina followed by PTCA, 2 had elective PTCA, und 1
had elective CABG (but the last 3 were because of disease
progression in other vessels). A prospective. randomized trial
(DEFER) evaluating the sufety of this approach is engoing.

Given the practice of padforming anpioplasty without ische-
mic testing or when ischemic testing is inconclusive, tmnsle-
sional hemodynamic data can identify patients in whom it is
safe 1o forege coronary intervention. Coupled with the correla-
tion of poststenotic flow reserve with scintigraphic stress im-
aging, lesion assessment in the cardinc catheterization kibora-
tory can now become 1 costeffective method ro assess putients
before intervention.

Prognostic Value of Intracoronary Flow
Velocity and Diameler Stenosis in Assessing
the Outcome of Coronary Balloon Angioplasty

Uniil recently, no appropriately sized and prospectively con-
ducted study had assessed the value of flew-velocity indices
in predicting immedinte complications and the recurrence of
swenosis and symptoms after PTCA, The aim of the DEBATE
study was to identify Doppler flowwelocity indices predictive
of the short- and long-term clinical outcome after angioplasty.
The hypothesis was that a normalization of flow-velogity pat-
terns and rheology within the dilited segment would have a
tavorable impact on the restenosis process. The study popula-
tion consisted of 297 patients undergoing balloon angiopiasty
of a single major native corpnary artery,” Flow-velocity measure:
menis were realized with the Doppler wire in a proximal nor-
mil vessel sepment, and distal to the lesion, in baseline condi-
tions, and fter intracorenary administration of adenosine (12
ug in the RCA and 18 g in the LCA). Proximally and distally,
a distance from the stenosis preater than five times the vessel
diameter was maintained to avoid prestenctic acceleration of
flow or poststenotic turbulent flow, Recommendations were
given to disengage (whenever possible) the guiding catheter
from the ostium at the time of hyperemia to aveid impedance
of the maximal flow, At the end, flow-velocity recordings were
obtained in the same position as before dilation. Assessment of
the angioplasty procedure was based only on angiographic crite-
i (inmeter stenosis <S0M), wsing at lcast fvo cite angiograms
in orthogenal projections, At I month of follow-up, the patent's
anginal status was determined using the Canadian Cardiovascu-
lar Society Angina Classification and, whenever possible, a
symptomlimited bicycle stress st was alse performed. At 6
months, anginal status was reevaluated and 2 control QCA
(using the same projection) was made, Al the QCA measure-
ments were performed offline with the CAAS I system (Pie
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Medical, The Netherlands) by an independent core labortory,
which was blinded to the clinical and the Doppler information,

Because of baijout stenting or protocol violation, mztched
recordings of preprocedure and postprocedure CFR were avail
able in 225 patients leaving the hospital without any mujor
adverse cardiac event. A complete set of recordings preproce-
dure and postprocedure of the CFR, the ratio of average dia-
stolic-to-average systolic vefocities and the proximal-to-distal
velocity flow ratio were available in total in 187 patients. A
summury of angiographic and flow measurements Is illustrated
in Figure 40-10. Diameter stenosis decreased from 62 mm =+
9% to 37 x 8%, Distal CFR significantly increased from 1.60 =+
0.62 before PTCA to 274 mm £ (.94 after the procedure, No
difference was present berween the RCAs and the LCAs. Distal
baseline diastolicto-systolic velocity mtio increased from 1.71
+ 0.65 10 2.06 mm * 0.92 postprocedure. Pre-PTCA diastolic-
to-systolic velocity matic was sigpificantly lower in the RCA
compured to the LCA (144 = 0.35 vs. 1.82 £ 0.71), and the
dustolictosystolic velocity ratio remained unchanged in the
RCA after the procedure, confirming the observation of Heller
and associates, '™

After 4 weeks, 82% of patients were free of symptoms and
ischemic events, whereas 18% experienced either typical chest
pain or had an electrocardiographic positive exercise test, At §
menths, 224 patients (99.6% of the eligible population} were
monitored for the occurrence of any adverse major cardiac
event: no death or myocardial infarction occurred and 166
patients hud no target lesion revasculurization (TLR). At the
same time, 204 patients (91% of the eligible population) under-
went clinical evaluation and a bicycle test and 123 were free of
angina and/or ischemia. Control angiography was done in 202
patients: 130 had no restenosis,

Patients with or without symptoms and/or ischemia 1 month
after PTCA had simifar angiographic mensurements after PTCA.
However, among them, distal postangioplisty CFR wus signifi-
canty lower (2.38 £ 0.74) compared with the asymptomatic
patients (2.82 % 0.95). The dingtolicto-systolic velocity and
proximulro-distal mtios were similar and thus had no prognestic
vaiues. After 6 months' follow-up, angiographic measurements
were not different between patients with or without TLR,
whereas distal CFR was sigaificantly higher (2.80 = 0.95) in
patients without TLR compared with those with TLR (2.50 =
0.77). Postprocedural diameter stenosis was sipnificantly higher
in patients with angiographic restenosis at ¢ months (41 = 8%)
compared with patients free from restenosis (35 = 8%). Re-
ceiver openating characteristic curves analysis showed that post-
procedurnl CFR appears to have a modest prognostic value in
predicting the incidence of symptoms and/er ischemin at 4
weeks, Prognostic value for symptoms and/or ischemia and for
TLR at 6 months was weaker, with zn optimal prognostic cut-
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off of approximztely CFR = 2.5, Diumeter stenosis had a reason-
able prognostic vaiue in predicting angiographic restenosis and
symptoms and/or ischemia recurrence at 6 months, with an
optimal curoff value of 35%. Multivariate logistic regression
demonstrated that CFR and dizmeter stenosis had significant
independent prognostic value, which permitted categorization
of the population into subgroups: those with or withour a CFR
of 2.5 or less and those with or without a diameter stenosis of
35% or less. The subser with the best outcome was the one
chanucterized by 2 CFR of greater than 2.5 and a diameter
stenaosis of 35% or less (m = 44). Compared with the three
other pooled groups (n = 158), carly recurrence of ischemiz
was present in 10% versus 19% (P = 0.15) of the patients. late
recurrence in 23% versus 47% (P = 0.005), TLR in 16% versus
34% (P = 0.02), and restenosis mte in 16% versus $1%
7 = 0.002).

This study demonstrated that flow-velocity parameters re-
corded at the time of the procedure are the most important
prognostic indicators of eurdy dinical recurrence, whereas diam-
eter stenosis is a berter predictive marker of angiographic reste-
nosis. The combination of a1 CFR of greater than 2.5 and a
diameter stenosis of 35% or less is 2 predictor of G months’
recurrence of symptoms and TLR. A patient with a diameter
stenosis of less than 35% will have a 26% incidence of events
at 6 months, a patient with 1 CFR of greater than 2.5 will have
a 24% incidence of events, but a patient with a diameter steno-
sis of 35% or less and a CFR of greater than 2.5 will have the
best long-term result, with an event rate of 16%, comparable to
results so far obtained with stents.'™ In this trial, 20% o 23%
of the populution did not need further thempy to achieve a
ctinical outcome simikar to those observed after stenting. The
cost effectiveness of a therapeutic policy in which no steart is
implanted when the criteria of CFR greater than 2.5 and diame-
ter stenosis of 35% or less are present after conventional balloon
angioplasty is being investigated in 2 new ongoing trial: DE-
BATE I1.

The DESTINI study is also a trinl of provisional stentng in
which CFR and residual diumeter stenosis after PTCA are used
for clinical decision making.'*® The initizl results have shown
that 0% of the 305 Iesions teated with Doppler and QCa-
guided balloon angioplasty received a stent because the func-
tiorml or angiographic endpoints were not met. In both the
patients receiving a stent and the patients remaining in the
PTCA group, the inpcidence of inhoespiral adverse events was
Iower than 4%.

Nouballoon Coronary Interventions

Stent fmplantation
Angiography has clear Emitations in the assessment of the
hemodynamic severity of a dissection after balloon angioplasty,
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FIGURE 40-10. Summary of the acute angiographic and velocity measurements obuined pre-PTCA (A and post.
PTCA {B) procedure in the DEBATE study in 225 patients: minimum (B) luminal diameter (ML), diameter stenosis
(DS} and minimum lumingl crosssectional arex (MLCA) by densitometry, and average peak velocity (APY) in
bascline condition (Bas) and during hyperemia (Hyper), proximally and distally to the lesion. MLD increased from
106 = 0.27 10 1.7 £ 0.34 mm, with 2 decrease in DS from 62 + 9% to 37 & 8%. Distal coronary flow reserve
(CFR) increased from 1.6 = 0.6 t0 2.7 = 0.9, PTCA, percutanecus transluminal coronary angioplasty,
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FIGURE -0-11. A, Flow~velocily recordings immediately distal and within a stented coronary segment. Note that
the maximal velocity and velocity pattern are unchanged proximal 10 the stent (#pper loft fanel} and swithin the
stent (xepper Hebr pauel). ba \he lower left panel, an avrow Indicates tite position of the Doppler sample velume
proximal to the stent and two lines indicate the sample volume within the stent. Tn the flucroscepic image in the
lower right panel, arrows indicate the poorly madiopague stent. B, Finw-velocity recordings distal (B) and within
(€. a coronary stenosis after coronary balloan angioplasty: In the right upper pancl (4) the position of the
velocity recordings distal 10 the stenosis 15 indicated with an arrow and, more proximally, the tip of the Doppler
guidewire is positioned in the segment treated with balloon difaiion. Note the marked increase in flow velocity
from the distal wéerence segment (4) 1o the difated stenosis (C42), with an almost continuous flow and a negative
velocity component probably indicating a rerrograde filling of the anglographically visible dissection.
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Intrucoronary Doppler can deteat the presence of an impaired
flow distal to the dissection requiring weatment with coronary
stenting,'*” Stent implantation is the only coronary intervention
inducing 4 complete normalization of the arterial cross-sectional
area in most cases, This provides a unique opportunity to verify
whether a complere Alow normalization vecurs after the arterial
geometry normalization following stenting,

Coronary artery lumen enfargement with stenting, improving
coronary blood flow, has reduced the historically high resteno-
sis rate of balloon angioplasty.'™ ™ Reduced restenosis is re-
lated o blocking ¢lastic recoil, as well as improved blood
rheology. ™ '™ Coronary bleod flow reserve after balloon angio-
plasty has been persistently abnormal in more than 50% of
patients, attributed 10 microcirculatory abnormulity and/or inad-
equate epicardial lumen expansion not identified by successful
angiography. '™ *

A possible method of assessing the adequacy of the arterial
conduit obtmined after stent implintation is the measurement
of flow velocity immediately distal, within, and proximal to the
stent. The presence of an unchanged velocity and velocity
pattern directly demonstrates, based, on the continuity egua-
tion, the normalization of flow dynamics (Fig. 40-11).

Several authors have reported a statistically significant in-
crease in the CFR distal to a stenosis (WCFR) measured after
stent implantation, compared with the dCFR measured after the
angioplasty, but in mther small series of patients, ™ '™ A recent
analysis'™ of the first 27 patients who required a stent implanta-
tion for 2 nonoptimal angiographic resuit after FTCA in the
DEBATE study has demonstmted similar results: afier PTCA,
MLD increased from 1.05 £ 0.23 mm to 1.77 = 0.31 mm, and
after stent implantation, it increased to 2.57 = 0.35 mm. At
the same time, dCFR significantly increased from 138 + 0.4
before the procedure to 1.82 x 0.43 after PICA, and to 2.57 =
0.56 after steating. A similar improvement in the fluid dynamic
properties of stented epicardial vessels has been measured with
pressure wires by the assessment of the FFRmvo, ™

Role of Coronary Lumen Enlargement in
Improving Coronary Blood Flow After Balloon
Angioplasty and Stenting

A combined IVUS and Doppler flow imaging study 1o demon-
strare the role of the conduit Jumen on coronary blood flow
after balloon angioplasty and coronary stenting was performed
in 42 patients.'” Data were collected before and after angio-
plasty and again after stent placement. A subser of 17 patients
underwent IVUS examination of the target and reference seg-
ments afier each intervention, The angiogmphic percent diame-
ter stenosis decreased from 84 = 13% to 37 = 18% after
angioplasty and to § ® 8% after stenting. CFR was minimally
changed from 1.70 = 0.79 at baseline to 1.89 = 0.56 after
angioplasty and increased to 2.49 * 0.68 after stent placement,
a value similar to that of the reference vessel of 2.61 = 0.46
(Fig. 40-12). Comparing stenting and postangioplasty results,
IVUS cross-sectional area was 8.39 x 2.09 versus 5.10 = 2.03
mm? (£ < Q.01). Increasing CFR was correlated with increasing
lumen cross-sectional area as determined by IVUS and angtogra-
phy (Fig. 40G-13) and GCA percent area stenosis. The relative
CFR (CFRTARGET/CFRREFERENCE) Was (.65 + 0.03 before angio-
plasty, significantly increasing to 0.72 £ 0.21 after angioplasty
and pnormalizing to 1.03 2+ G.3 after stenting (normal relative
CFR should be 1.0 = 0.2),

For the entire subset of patients, the IVUS imaging data
demonstrated thar total vessel cross-sectional area was similar
for the reference segments before and after angioplasty and
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FIGURE 40-12. A, Individual patient data for coronary flow reserve
{CVR) measurements before (diamonds) and after (squares) percutane-
ous transtuminal coronary angioplasty (PTCAY and aguin after stent
plrcement (trinngles). 5. CVR in the reference segment (circle) versus
the stent segment {triangles), (From Kern MJ, DuPouy B Drury JH, ¢t
ul: Role of coronary artery lumen enlurgement in improving coronary
blood flow zfter balloon angioplasty and stenting: A combined intravas-
cular ulimsound Doppler flow and imaging study. | Am Coll Cardiol
29:1520-1527, 1997, Reprinted with permission from the American
College of Cardiology.)

steating (16 % 3 mm?), but there was an 80 = 59% increase
in lumen area from 5.1 to §.39 mim? after stenting,

Although angiography has been used to guide the endpoint
decision of coronary ungioplasty, the relationship of CFR 1o
residual conduit lumen Cross-sectional narrowing suggests than
an endpoint decision based solely on anztomy may be incom-
plete in some cases, Stenting appeacss 10 normalize absolute
CFR in most patients. For those with CFR of less than 2.0,
stenting normalized relative CFR in 95% of patients,

These data indicated that increases in CFR were associared
with increases in coronary lumen cross-sectioaal area in most
patients, The data further suggest that impaired CFR after angic-
plasty is more often related to the degree of residual narrowing
than the occurrence of microvascular flow impairnient, These
data also support a physiologically complemented approach
to balloon angioplasty that may improve procedural outcome
decisions for provisional stenting.

Directional Coronary Atherectomy

The clinical appli¢ation of intraccronary Doppler for the
assessment of directional atherectomy was limited in the early
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FIGURE 40-13. A, Relationship berween percent diameter stenosis
and coronary flow reserve (CVR), B, Minimum luminzl diameter (MLD3
and CVR for the prestent padents (circles), the postPTCA results
{squares), and the posistent results (diamonds). PTCA, percumneous
transluminal coronary angioplasty. {From Kern MJ, DuPouy ¥, Drury JH,
et al: Role of coronary artery lumen enlargement in improving coronary
blood fow after balloon angioplasty and stenting: A combincd intravas-
cular ultrasound Doppler flow and imaging study. J Am Coli Cardiol
29:1520-1527, 1997, Reprinted with permission from the American
College of Cardiology.)

days because of a practical limitation related to the incompati-
bility of the 0.018-in. Doppler guidewire with the lumen of the
devices used, which is now solved with the 0.014-in. model.
Nevertheless, observations have confirmed the potential use-
fulness of intmcoronary Doppler,'™ bur massive release of local
vasoactive factors due to extensive wall damage could hamper
an acute restoration of a normal coronary flow roserve,

Rotational Coronary Atherectomy

Rotwtional atherectomy is being performed with increasing
frequency in distinet subsets of patients with lesion characteris-
tics unfavorable for cither conventional balloon angioplasty or
directional atherectomy. Although satisfactory angiographic lu-
minal enlargement can be accemplished with rotational ablation
aione, documentation of the physiclogic influence of this tech-
nique and the heneficial effect of adjunctive angioplasty were
lacking. Khoury and associates'™ and, more recently, Bowers

and colleagues,'™ have investigated this issue, Khoury and asso-
ciates studied 14 arteries treated by percutancous translurminal
coronary rotational atherectomy (PTCRAY followed by angic-
plasty in 13 patients. MLD measured by quantitative angiogra-
phy increased after PTCRA from 0.7 = 0.4 mm 1o 1.9 =
0.4 mm, and a fyrther significant increase was obtained after
adjunctive balicon angioplasty (2.4 % 0.5 mm), Distal 1o the
stenosis, coronary blood flow at baseling, measured with a
Doppler wire, was 47 = 23 mL/min and 57 = 38 mL/min
during hyperemia {ic adenosine). After PTCRA, coronary bleod
flow increased to 104 = 59 mL/min at baseline and to 132 +
73 ml/min during hyperemia. Adjunctive angicplasty did not
significantly increase baseline and hyperemic flow compared
with PTCRA (84 = 40 ml/min and 143 = 81 mi/min, respec
tively). Poststenotic flow reserve, not significanty increased
afrer PTCRA alone (1.1 = 0.2 versus 1.5 +- 0.3), signihcantly
in¢reased after adjunctive balloon angioplasty (1.6 = 0.3). Simi-
lar measurements were found by Boswers and coworkers'™ in a
serics of 22 patients, They reported a sipnificant increase in
MLD from 0.8 = 0,110 1.5 & 0.2 after Rotablator atherectomy,
and a further increase to 2.0 = 0.1 mm after adjunctive batloon
angioplasty. There was 1 nonsignificant increase in baseline and
hyperemic distal average peak velocities. There was a significant
increase, versus baseline, in distal average peak velocity 1o 39.5
* 3.7 em/sec (53.4 em/sec during hyperemia} after adjunctive
PTCA. There was no sutistically significant increase in the CFR
after Rotablator or after balloon angioplasty,

The mechanism of rowmtonal atherectomy relics on plague
pulverization and embolization of microparticles, usually smull
enough to pass through the capiilary circulation, that are re-
moved by the reticuloendothelial system, ™ These rwo studies
demonstrte that after rotarional atherectomy and adjuncrive
balloon angioplasty, aithough a luminal enlargement is obtained
and coronary blood flow is improved, with a restozation of the
diastolic predominant pattern in the LCA, there is o persistent
impairment of CFR. Further studics are reqguired to understand
the possible underlying causes: residual stenosis of the epicar-
dial conduirt arteries, secondary impairment of the microcircula
tion, or transient secondary increase in basal flow velocity.

Laser-Assisted Angioplasty

Explosive gas bubble formation represents a2 mechanism of
tissue ablation during laser application, gxplaining the persis
tent high incidence of hserinduced dissections.™ The use of
intracoronary Doppler in combination with a laser catheter
has shown acoustic disruption of the Doppler signal that was
temporarily limited te the period of active laser firing, thus
confirming that gas formation is a normal operagive mechanism
of tissue ablation in vivo during Excimer laser angioplasty, car-
rying a potential risk of wall disscetion, 2

After multiple passages of laser probes, the obrained luminal
enlargement is insufficient in most cases to restore 2 normal
flow velocity both in coronary and peripheral arteries. After
completion of the procedure with balloon angioplasty, 2 nor-
madization of the indices reflecting flow dynamics across the
stenosis was observed.™ Similar results have been confirmed in
peripheral and corenary arteries by Isner and colleagues.™*

INTRACORONARY DOPPLER AS A
RESEARCH TOOL FOR THE STUDY OF
CORONARY CIRCULATION

Doppler Coronary Flow Velocity and Acute
Myocardial Infarction
Physiology of Acute Myocardial I'nfarclion

Coronary blood flow can be accurately measured using intra-
coronary Doppler blood flow velocity and compared with semi-
quantitative but ¢linically predictive Thrombolysis in Myocardial
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Infarction (TIMD angiographic flow, an established standard of
reperfusion therapies. To address the relationship of TIMI flow-
to-flow velocity, coronary fiow velocity was measured before
ang after primary or rescue angioplasty using o Doppler wire
in 41 patients with acute myocardial infarction.™ TIMI angio-
graphic flow grade was assessed by two independent observers
and also quantitated by frames-to-opacification method from
cinefilm. Before angioplasty, 34 patients had TIMI grade O or 1,
5 patients had TIMI grade 2, and 3 patients had TIMI grade 3
flow in the infarcted artery, Following angioplasty, diameter
stenosis improved from 95 & 7% to 22 + 10%. One patient
had TIMI grade 1, 5 patients had TIMI grade 2, and 35 patients
had TIMI grade 3 flow. Poststenotic flow velocity increised
from 6.6 % 6.1 cmfsec to 20.0 = 111 cm/sec following
angioplasty, Before angioplasty there were no statistical differ
ences between posistenotic flow velecity values among infarct
vessels with TIME grade 0, 1, or 25 however, TIMI gade 3 had
higher flow velocity (9.4 % 5§ cm/sec vs, 16 * 5.4 cm/sec).
Postangioplasty flow velocity correluted with angiographic
frame count. However, for TIMI grade 3, ther¢ was a large
overlap with low TIMI =2 flow velocity (<20 cm/sec), despite
frames-to-opacification below 60 (Fig, 40-14).

These results indicate that semiquantitative TIMI perfusion
grades are distinguished by differences in coronary flow veloc-
iry, with TIMI grade =2 consistently associated with low flow
values. On avesage, TIME grade 3 flow velocity s higher than
TIMI grades =2 flow, but there is a substantial overlap with
low flow values of TIMI =2 flow. Quantitative assessment of
flow velocity after reperfusion could potentially establish im-
portant physiclogic correlations among clinical outcomes after
various reperfusion therapies.

I'mpaired Coronary Flow Reserve Afler
Myocardial Infarction: Residual Stenosis,
Microcirculatory Stunning, or Botly?

CFR in target regions after myocardial infarction is frequently
impaired, Whether the sbnormal CFR is related to residual
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FIGURE 40-14. Comparison of distal 2verage peak velocity (APV) with
cine framesto-opacification (frame count): TIMI 3 flow (open squares),
TIMI =2 (circles), and clinical events (solid squares), There is a correla-
tion between distal APY and the frame count. Postunyocardial infarction
(salid squares) occurred in 9 of 11 patients with TIMI flow <20 cm/sec,
(Frem Kern M), DuPuoy B, Drury JH, et al: Determination of angiographic
[TIML grade] bloed flow by intmceromary Doppler flow velocity during
acute myocardial infarction. Circulation 94:1545-1552, 1994.)

stenosis severity and potential myocardial viability {microcircu-
Iztory integrity) was examined by Clacys and associates. ™ Distal
coronary blood flow velocity before and after angioplasty in 36
patients 13 + 7 days after acute myocardial infarcrion was
examined, and 38 patients with similar coronary artery disease
but without myocardial infarction served as controls. Residual
coronary Stenosis severity was analyzed by QCA and infarct size
was assessed by myocardial perfusion scintigraphy, For similar
degrees of angiographic stenosis severity preangioplasty and
postangioplasty, CFR was significantly lower in patients with
myocardial infarction compared with controls without myocar-
dial infarction (1.22 * 0.26 vs. 1.5¢ = 045 and 1,72 = 0.43
vs, 2.21 x (.74, respectively, before and after PTCA). Although
CFR increasced significantly after successful angioplasty in both
groups, abnormal CFR was present in 80% of infarct patients
and 44% of patients without infarct. Anpiographic stenosis se-
verity was the most important determinant of CFR in both
study groups. The investgators concluded that CFR is signifi-
cantly lower in patients with recent myocardial infarcrion both
Defore and after intervention. In addition 1o the presence of
postreperfusion coronary microcisculatory responses, CFR is
related mainly to stenosis severity rather than to residual myo-
cardial viability. These findings suggest thar limiting residual
fuminal narrowing by stenting in acute myocardial infarction
may immediately improve the physiologic responses.

Postmyocardial Infarction Risk Prediction

Intracoronary Doppler assessment of poststenotic reperfusion
CFR may be uschul a5 a marker of postinfarction risk, Miller and
colleagues"™ examined coronary Doppler flow and postmyocar-
dial infarcrion risk stratification mardkers in 41 consecutive pa-
tients after primary angiophasty. Coronary flow was measured
15 minutes after the intervention and SPECT perfusion imaging
and stress electrocardiographic 5T segment changes were mea-
sured 3 weeks following myocardial infarction. The infarct-
related artery diameter stenosis decreased from 97 = 8% to 24
=+ 10% with an improvement in TIMI grade flow from 0.5 to
2.8, Average peak velocity increased from 7 £ G o 19 % 8
cmy/sec. Postangioplasty, CFR was 1.6 = 0.6 and left ventricular
ejection fraction was 48 + 14%. At a follow-up period of 19 =
12 months. 1 multivariare regression revealed that following
successful primary angioplasty for acute myocardial infarction,
coronary flow-velocity reserve failed to predict future cardiac
events, whereas residual postperfusion left ventricular ejection
fracticn and SPECT perfusion imaging had incrementally de-
fined prognostic events. It should not be surprising that immedi-
ate postinfarction CFR is impaired and that the 3week follow-
up resuit may have significance for myocardial reperfusion bene-
fit.

Study of Collateral Cixrculation

Flow-Velocity Measurements in the Recipient
Vessel

Quantification of coronary collateral fiow has been performed
in experimental animal studics by direct measurement of rewro-
grade flow and pressure™ ™ or radionuctide microsphere flow
techniques, ™' In patients, only a qualitative and subjective
angiographic determination of mature epicardial collateral chan-
nels’™ 9 or acutely recruitable collateral vessels during, angio-
plasty"™-1*” has been achieved, The use of a Doppler guidewire
permits quantitative measurernent of coroniry blood flow veloc-
ity beyond severc and totally occluded arterial segments™ ™ 50
that collateral flow velocity can be measured. Although acutely
recruitable and mature collateral flow has been shown during
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angioplasty by both hemodynamic (coronary occlusion wedge
pressure)' ™ ™ and angiographic methods, > 7 neither tech-
nigue is sufficiently quantitative to assess collateral function
during hemodynamic or pharmacologic pesturbations. During
routine coronary angioplasty, retrograde collateral fow velocity,
observed during multiple coronary ballcon inflations as a repro-
ducible phenemenon, is associated with acutely recruited angio-
graphic collateral supply.™ ' To assess quantification of the
coronary coliateral circulation, flow-velocity data were obtined
during angijoplasty and compared with both angiographic grade
of coliateral flow and the spectrum of normal antegrade flow
patterns.

Twenty-one patients undergoing routine coronary angioplasty
had evidence of anglographically established coilateral flow
(z = 10) or had acutely recruitable collateral flow velocity
during balloon inflation (7 = 115

After a lesion was crossed with the guidewire and balloon
catherer, the balloon was inflated and flow-velocity data were
conzinuously recorded before, during, and for 120 seconds after
balicon deflation, Collateral blood flow was defined as retro-
grade or persistent antegrade flow during balioon occlusion. A
typical retroprade collateral Aow-velocity response is shown in
Figure 40-15. In some patients. continuous antegrade fow
during total arterial occlusion of balloon inflation was recorded.
These patients had septal to LAD or LAD to posterolateral
branch flow, wherein the flow was measured distal to the
contralateral collateral input origin,

The angiographic coliateral supply was assigned a collazeral
score based on opacification according te Rentrop and coworie-
ers,"* " whereby a score of 3 is dense, 2 is moderate, 1 is
faint, and € is no visible filling of collateral channels,

Retrogrde collaterat flow was observed in 17 patients. There
were no differences between lefttoright collateral flow pat-

LAD with Coliaterais

terns and no difference between systolic or diastolic velocity
between the RCA or the LCA. There was a poor correlation
berween magnitude of collateral flow velocity and angio-
graphic score,

The coronary collateral fiow-velocity response was character
ized by flow reversal or persistent antegrade flow during core-
nary balloon occlusion,™ '™ The phasic nature of the reversed
flow pattern appeared related to source artery and pathway of
the collateral channels, Large, completely epicardial collaterals
with grade 3 angiographic flow had the most clearly demarcated
phasic components, Coronary flow velocity reversal was ideat-
fied showing peak negative flow velocitics of 10 to 25 cm/
sec and flow panterns thatr recurred during multple balloon
occlusions, At the conclusion of the angioplasty, restoration of
the nermal coronary flow-velocity pattern was clearly evident.

The quantitative nzture of collatersl flow velocity provides an
excellent tool to evaluate pharmacologic nterventions postu-
fated to alter collateral supply, such as was reported by Do-
achue and associates, ™

Several potential applicatioss are immediately apparent for
collateral flow measurement in patients with ischemic heart
disease, The documentation of collateral flow in patients in
whom angiographic appearance is poor or absent might provide
an increased margin of safety for patients undergoing coronary
angioplasty. A Doppler guidewire may identify patents in whom
adequate collateral fow may obviate more invasive and poten-
tially compiicating hemodynamic support measures.

Measurement of Flow Velocily in the Donor
Vessel

As described in the previous section, Qow-velocity changes
in the recipient vessel during coronary occlusion provide infor-

Balicon Qcc%uséan

FIGURE 40-15,

Collateral
Flow

Spectral velogity (seale 0 to 200 cmy/sec) showing normal antegrade (upward directed from base)

flow pattern with phasic systolic and disstolic flow prier 10 coronary balloon occlusion, At balloon occluslon,
coronary flow poes 10 zero, After 10 seconds, collateral flow appears as reversed flow toward the guidewdre tip
(Inverted phasic signal bencath the bascline), On balloon defladon, anteprade flow is restored with postischemic
hyperemia, During balloon occlusion, the collateral flow velocity can be quantitated. (From Kern MJ, Donohue TJ,
Bach RG, et ali Quantitatng coronary collateral Sow velocity In patients during coronary angloplasty using a

Doppler guidewire, Am J Cardiol 17:34D-40D, 1993.»
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mation on collateral flow in a semiguantitative fashion, Experi
mental data, however, have indicated that flow-vclocity alter-
ations of the contralateral artery during sudden coronary
occlusion can be used for assessment of collateral flow.#* Coflat-
eral vasculur growth was induced in these experiments by
repeated brief coroniary occlusions. After collateral vessels had
developed, a reduction of clectrocardiographic and hemaody-
namic signs of ischemia during coronary occlusion was noted,
related 1o o transient increase in flow velocity of the contralat-
eral artery. A model was developed to express the growth of
the collateral circulation in terms of flow and resistance in the
setting of coronary angioplasty. It was based on recordings in
23 paticnts with singlevessel disease, ™

Angiography of the contrulateral artery was performed before
andt during balloon coronary acclusion to assess recruitability of
collateral vessels using Rentrop’s classification, ' Flow-velocity
assessment of the contralateral artery was performed with a 3-
French Doppler catheter (model DC-201, Millar Instruments,
Inc.) during the second and subsequent balloen inflations,

Assessment of flow-velocity changes in the contrulateral ar
tery by spectral analysis was pecformed by der¢rmining maxi-
mal diastolic flow velocity before (V). during (V2), and after
(V) balloon inflation. Cofluteral fiow was determined by the
decrense of maximal diastolic flow velocity after balloon defla-
tion (V, to V,), expressed as a percentage of the maximal
dinstolic flow velocity before balioon inflation (V; to VJ/V)),
according to a previously described method,™ Flow-velocity
changes of the contralater! artery were used, in combination
with the zortic and coronary wedge pressure, to calculate the
relative resistance of the collateral vascular bed ¥ 2%

The transient flow-velocity increase of the contrzlateral artery
duripg coronary occlusion was significantly less in the eight
patients without collateral vessels, as compared with the pa-
tents with collaterml vessels, A lower ratio between resistance
of the collateral vessels and arteriolar resistance of the donor
artery was observed in the presence of collatern] vessels during
coronary occlusion. Furthermore, when collateral vessels were
present during coronacy occlusion, the coronary wedge press
sure was higher (24 = 6 mm Hg vs, 40 £ 14 mm Hg) and less
severe electrocardiopraphic signs of ischemia were observed.

The positive predictive vaiue of a low relative collateral vascu-
lar resistance {mtio between the resistance of the collateral
vessels and arteriolar resistance of the donor artery <10), a
contraiateral ffow-velocity change preater than or equal to 10%,
ot a ceronary wedge pressure greater than 30 mm Hg, for the
presence of collareral vessels during coronary occlusion was
100%, 100%, and 78%. respectively. The negative predictive
vatue was 88%, 50%, and 55%, respectively,

The authors concluded that coliateral vessels are important
for prevention of clectrocardiographic signs of ischemia during
1-minute coronary occlusion. The beneficial effect of collaterl
vessels is exerted by a significant increise in flow of the contr-
Iateral artery in combination with a reduced resistance of the
collateral vascular bed, Flow-velocity assessment of the contm-
lateral artery is a rechnique providing quantitative information
on the development of the collateral vascular bed in obstructive
coronary artery disease. Similar results were also reported by
Yamada™ and Bach™ and their associntes.

More recently, Pick and colleagues™ studied the clinical,
angiographic, and hemeodynamic predictors of recruitable collat
eral flow using this methed in 105 patients, Duration of angina
{=3 months), lesion severity, and proximal lesion location were
independent factors positively associated with recruitability of
collateral vessels in a multivariate logistic analysis, with an
overall predictive accuracy of 80%, Conversely, nitrates exerted
an independent negative effect, Presence of recruitable collat-
el vessels during balloon inflation resulted in a higher coro-
nary wedge-to-aortic pressure ratio (0.35 = 0,13 vs, 0.27 *
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0.12), u lower relutive colliteral vascular resistunce (6.7 = 7.4
wvs. 21.3 % 1), and a reduction of electrecardiopraphic signs
of ischemia. However, the refative collateral vascular resistance
was the best predictor for recruitability of collateral vessels
compured with the other variables related to coliateral vascu-
Far growth.

Measurement of Flow Velocity in the Donor
and the Recipient Vessels

Tron and coworkers™ examined the fow-velocity patterns
of human coronary coliatemi circulation and chamcterized the
ipsilatern! coronary blood flow during coronary angioplasty, In
49 patients, angiographic collateral filling was categorized by
the Rentrop grwding system and by anatomic pathway (epicar-
dial, intramyocardial, or unknown, that was acutely recruited).
Coltateral blood flow velocity was mensured distal to the bal-
loon-occluded segment during balloon inflation. Collateral
hood flow velocity was characterized as predominantly sysiolic
ar diastolic flow, biphasic or monophasic (only systolic or dia-
stolic), and antegrade or retrograde, Biphasic fow was found in
47% of the paticnts, and predominantly systolic flow signal was
scen in 73%. Epicardial collateral pathways had the highest total
fow-velocity integral. There were no differences in the flow-
velocity integrals among the Rentrop angiographic grades of
collateral filling.

Pick and associates™® have also reported 3 comparison of
collatern] vascular responses assessed in the donor and the
recipient coronary artery during transient coronary occlusion
im 57 patients with single-vessel disease. Flow analysis was
performed with a Doppler catheter in the contralateral donor
artery or the ipsilateral recipient artery or both using a Doppler
catheter or wire, Ischemia was evalunted by §T segment shift on
a 1Xlead electrocardiogram at 1 minure of coronary occlusion,
Recruitable collateral flow was present in 39 patients and was
associated with an increase in blood flow velocity in the donor
artery and in the recipient artery, related to a reduced relarive
colluteral vascular resistance. Collateral flow in the recipient
artery was 2 better predicror for ischemian than was collatera
flow in the donor artery or anglographic grading of collareral
vessels.

Pharmacologic Modulation of Human
Collateral Vascular Resistance

Pick and colleagues™! recently evaluated the pharmacologic
responsiveness of the coronary collateral circulation in patients
with recruitable or spontaneously visible collateral vessels dur
ing bkalloon coroniary ccclusion using a Doppler wire in the
recipient coronary attery distal to the balioon, In 38 patients,
one guiding catheter was used for the introduction of the
Doppler wire and the balloon in the recipient artery and an-
other guiding catheter was used for angiography of the donor
coronary artery and the administration of adenosine (12 to
18 k) or nitroglycerin (0.2 mg). Diastolic blood flow-velocity
integral (dVi), aortic (Pa0) and coronary wedge (PW) pressures
were used o compute the collateral vascular resistance index

Reow. = (Pao — Pw)/dVi

and the peripheral vascular resistance index of the recipient
coronary arery

R4 = Pw/dVi

Using these definitions, the coronary wedge/zortic pressure
ratio can be expressed by



Tz T—EVALUATION OF CORONARY INTERVENTIONAL TECHNIQUES

Pw/Prno = R4/(RCOLL + R4)

The effect of bolus injections of adenosine and nitroglycerin in
the donor vessel on these variables was assessed during balloon
inflations, In patients with recruitable collaterml vessels, there
was no change in dVi and Pw-to-Pao ratio with adenosine or
nitroglycerin, In patignts with spontaneously visible collateral
vessels, dVi increased after adenosine and nitroglycerin. The
Pw-to-Pao mtio remained unchanged, bur Reow and R4 de-
cregsed. This study was the first one ro directly assess the
pharmacologic responsiveness of the cellateral circufaton. It
demonstrated that coronary coliateral blood flow can be in-
creased with adenosine and nitroglycerin in patients with sin-
gle-vessel disezse when spontancously visible collatern) vessels
are visible. This effect is a result of a reduction in the coliateral
vascular resistance and peripheral vascular resistance of the
recipient coronary artery. Because of the importance of the
collateral vessels in the outcome of acute coronary syndromes,
these findings might stimulate further research for the evalua-
tion of ¢ther pharmacologic agents that are effective in modulat-
ing coronary collateral vascular resistance.

Coronary Blood Flow Velocity During Aortic
Balloon Counterpulsation

Controversy exists regarding the ability of intraz-aortic balloon
pumping 1o increase coronary blood flow in patients with
obstructive coronary arery disease. To assess the effects of
intra-nortic balloon pumping on corenary hemodynamics, core-
nary blood flow velocity was measured with a Doppler guide-
wire in 15 patients who received an intra-aortic balloon pump
for typical clinical indications.™ 2'* In nine patients before
angicplasty, peak diastolic coronary flow velocity beyond the
stenosis was unaffected by intr-aortic balloon pumping. After
angioplasty, the improved corenary luminzl dizmeter narrowing
was associated with increased distal flow, further increased
with intrz-aortic balleon pumping, In the five normal reference
arteries, intrm-aortic balloon pumping increased flow

These data demonstzated 2 lack of significant flow improve-
ment beyond the most crifical stenoses with intra-zortic balioon
pumping, despite augmented diastolic pressure and the un-
equivocal restomtion and intm-aortic balloon pump-mediated
augmentation of both proximal and distal coronary blood Row
velocity after amelioration of severe coronary obstructions in
patienss after successful coronary angioplasty. The question of
whether 1 25% augmentation of distal mean ¢oronary flow by
intra-aortic balloon pumping provides substantial ¢linical bene-
fit cannot be completely answered. However, 2 modest inCrease
in distai velocity often is accompanied by a shift in the phasic
relationship of flow, with a decrement in systolic flow and
a significant increase in diastolic flow. Previous studies have
demonstrated that subendocardial perfusion occurs during dia-
stolic epicardial ¢oronary flow and that the systolic component
provides little contribution to subendocardial perfusion. By
shifting flow 1o digstele, the physioclogic benefit of increased
fiow may be more dramatic than can be inferred from a 25%
in¢rease in mean flow, Enhanced corenary blood flow velocity
in the setting of angioplasty for acute myocardial infarction
may assist in maintaining or promoting a reduced incidence of
postprocedural abrupt closure when intra-acrtic balloon pump-
ing i$ used as adjunctive therapy. s

More recently, Bach and coworkers™" studied the effects of
aortic counterpulsation on ceronary flow through coronary
perfusion balloon catheters. Intra-aortic balioon pumping in-
creased average peak and mean diastofic velocities. The investi-
gators concluded that intra-aertic balloon pumping significantly

augmented distal coronary blood flow during batloon pumping,
which may provide 2 mechanism to further reduce ischemia
and increase the safety of high-risk coronary angioplasty in
patients with hypotension who require perfusion balloon cathe-
ters,

Assessment of Endothelial Function

The in vitro observations of Furchgott and Zawadzki?'™
and the in vitre and in vivo reports from the group of Mon-
cada®™ =" have shown that an endothelium-derived relaxing
factor, identified as nirric oxide.*™ modulates vasculzr tone in
respense to physiologic and pathologic stimuli {e.g., increase
in wall shear stress, serotonin, bradykinin, sympathetic stimula-
tion, acetylcholine, endotoxins). Endothetial damage, feading o
a decreased formation or release of nitric oxide from its precur-
sor Larginine, or reduced penetration due to the presence of
subendothelial intimal thickening, is a possible explanation of
the impairment of endothelium-mediated vasodilation obsenved
in patients with systemic hypertension,™® hypercholesterol-
emia, dizbetes mellitus,™' and atherosclerosis, "™

The presence of paradoxic vasoconstriction induced by ace-
tyichcline has been shown in coronary patients at sites of
severe stenosis or moderte wall irregularifies™ and in angio-
graphically normal segments.** == Coronary spasm after acetyl-
choline infusion has also been demonstrated in patients with
variant angina, with and without angiographically visible
changes. ™™ ** The observed vasoconstriction or vasodilation
after acerylcholine is the net effect of the conflicting action of
this substance on the endothelial cclls (stimulation to the re-
lease of endothelium-derived relaxing factor) and on the smooth
muscle cells (vasocenstriction due to the direct effect on the
cholinergic receptors). With the use of intracoronary Doppler,
an impairment of the endothelium-derived vasodilation was ob-
served also after physiclogic stimuli such as the increase in
blood flow. -3 The flow-dependent vasodilation is an essential
mechanism of adjustment of coronary tonc to prevent endothe-
lial damage due to a pathologic increase in wall shear stress, An
abnormal vasoconstriction in response to sympathetic stimula.
tion™* or release of platcler-derived vasoconstrictors™» % was
observed if the direct effect of these substances on the muscular
media was not antagonized by a preserved endothelivm-medi-
ated vasedilation, Nitric oxide has alse a powerful antinggrepa-
tory activity, Yao and associates™® showed a protective effect of
endogenous nitric oxide in the prevention of cyclic flow varia-
tions due to platelet apggregation at the site of the endothelial
injury. Garg and Hassid** demonstrated also that nitric oxide
inhibits smooth muscle cell proliferation. Endothelial dysfunc-
tion, therefore, not only potentally aggravates ischemia in pa-
tients with coronary atherosclerosis but also increases the risk
of endothelial injury and impairs the antithrombotic reaction,
thus facilitating the development of acute corenary syndromes
and the release of platelerderived growth fctors that may
predispose to progression of atherosclerosis, An impairment of
endothelium-mediated vasodilation has been shown in patients
with rigle factors for coronary atherosclerosis but withour angio-
graphically visible atherosclerotic changes,?* 27 A possible imi-
tation of these studies 13 the poor sensitivity of angiography in
the detection of early atherosclerctic changes. More recently,
the presence of endothelial dysfunction also in paticnts with
structurally normal coromary arteries but with hypertension,
hyperlipidemia, family history of corcnary diseases, or a histery
of smoking has been confirmed using two-dimensional inteacor-
onary ulirasound® A progressive impairment of endothelial
function was observed in patients with different stages of ath-
erosclerosis. A complete loss of endothelium-mediated vasodila-
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tion was present inarteries with angographicaliy visible athero-
sclerotic changes, whereas a more selective impairment was
present in angiographically normal arteries of patients with
hypercholesterolemia, showing normal responses after fow in-
crease and abnormal vasoconstriction after acetylcholing,

The possible presence of opposite effects of acetylcholine
infusion on epicardial and resistance coronary arteries has been
reported by Hodgson and Marshall *** The observed increase in
coronary flow after acetylcholine was prevented by the pretreat-
ment with methylene blue, an inhibitor of endothelium-derived
reluxing factor, Zeiher and coworkers™ reported a significantdy
lower flow increase after acetylcholine in patients with coro-
nury antery disease than in control subjects. These findings
confirmed previous experimental results showing that the im-
pairment of endothelial function in atherosclerotic arteries may
involve also the coroniry microcirculation, > -#* The presence
of an impitired endothelium-dependent vasodilation of the resis
tunce vessels may induce or facilitate the development of myo-
cardial mchemia in response to neurohumoral stimulation or
increased myocardial work.

Using two-dimensional intracoronary ultrusound and Doppler
measurements, Reddy and associates® have demonstrated that
patients with one or more risk factors had an abnormal epicar-
dial artery cross-sectional area vasoconstriction response 1o ace-
tylcholing infusion. However, the patients who presented mini-
mal disease on wlrrasound (intimal thickening or small eccentric
plagque) did not respond differently from the patients without
demonstrabie disease on ultrasound.

The effect of the subsclective intracoronary infusion of in-
creasing doses of acetylcholine wus studicd in our Taboratory in
coronary arteries without significant coronary stenosis (<2 30%
dinmeter stenosis) it 29 patients undergoing PTCA of a different
artery,™ The changes in coronary diameter over a proximal/
middle segment and a distal segment of the studied artery were
ass d with QCA and correlated with the changes in tone of
the resistance vessels, witich in turn was assessed from the
flow velocity continugusly monitored using an intracoronary
Doppler guidewire. All vasoactive medications, with the exclu-
sion of shortacting sublingual nitrates, were withheld at least
48 hours before the catheterization.

A significant increase in flow velocity was observed within
30 seconds after the beginning of the infusion of the two
highest concentrations of acetylcholine (107 and 107°% M) in
most cases. Cyclic variations of flow velocity were observed in
the following minutes despite the constant mate of infusion
an¢! the stable hemodynamic conditions, A large increase was
observed after papaverine injection, with a peak velocity 2.8 =
0.8 rimes higher than in basal conditions. The injection of the
two lowest concentrations of acetylcholine induced a moderate
but significant reduction of the mean cross-sectional area in
both the proximal and the distal segments, A larger decrease
wis observed after the highest concentration of acetylcholine
(=24 & 20%), at which almost all the studied arteries showed
a variable degree of vasoconstriction. In no cases Wis 4 preater
thun 75% mean cross-sectional area reduction observed. A nor-
mal vasodilation of the studied artery was observed after bolus
injecdon of an endothelium-independent vasodilator such as
isosorbide dinitrate {+ 16 £ 26%).

A significant increase in coronary flow was observed only
after the maximal concentration of acetylcholine (+43 £ 83%),
but with 1 larpe interindividual variability. At the peak concen-
tration of acetylcholine, 10 patients showed a decrease in abso-
lute flow and an increzse in coronary resistance. The flow
velocity, cross-sectional aren, and flow changes after acetylcho-
linc showed no correlation with age, sex, presence of systemic
hypertension, total chofesterol, high-density lipoprotein (HDL)
cholesterol, HDL cholesterol-to-total cholesterol ratio, plasmz
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trvglicerides, type of studied anery, and basal corenary luminal
diameter. The presence of wall irregularitics was associated
with a larger decrease in luminal cross-sectional area and a
smaller flow increase after the last concentration of acetylicho-
fine,

Acerylcholine is the prototype and the most frequently used
pharmacologic stimulus, with a primary endothelium-indepen-
dent contractile action on the vascular smooth muscle cells and
an opposite endothelivm-mediated vasodilatory activity that is
predominant in normai conditions and at physiologic concentra-
tions, > #¢ Acetylcholine was used in the in vitro experiments
in which the role of intact ¢ndothetium in the regulation of
wascular tone wias estublished'™ and in the first in vive studies
showing that acetylcholine induces severe vasospasm in human
coronury arterics with significant stenoses.** The induction of
an endothelium-dependent vasodifation in canine femoral®” and
coronary® arterics after the application of acetylcholine on the
arterial adventitia suggests a role of acetylcheline, the medisitor
of the parasympathetic stimulation, in the modulation of vascu-
lar tene. The predeminance of the parasympathetic activity has
been advocated to explain the circadian thythm of acute coro-
nary syndromes such as vasospastic angina and myocardial in-
farction, Selective intracoronary infusion of acetyicholine clic-
ited vascular responses comparable to those observed after
serotonin, a substance that is released after intracoronary plate-
let activation and that may contribute to the developmient of
myocardial ischemia in acute coronary syndromes,? 23923

Experimental data have demonstrated that atherosclerotic ini-
mals show an abnormal endothelium-dependent vasodilation of
the coronary resistance arteries despite the absence of struc-
turad atherosclerotic lesions.®! The c¢omparison of the flow
response to acetylcholine in patients with coronary artery dis-
case and in control subjects has confirmed an impaired flow
increase in the coronary patients, despite the absence of sig-
nificant lesions of the epicardial coronary arteries. ™ In this
study, a large variability in the flow changes was observed after
the highest doses of acetylcholine. A dosedependent vasodila-
tion after acetylcholing was present in most cases, with flow
increase up 1o three times the bascline flow. In 10 patients,
however, a flow decrease was observed after the maximal con-
centration of acerylcholine, No clinical or angiographic pre-
dictors of these large individual differences could be observed.
A reduction of the endothelivm-dependent relaxation is present
in amimals fed an atherogenic diet with a high content of
cholesterol.** *** In hypercholesterolemic patients without angi-
ographic evidence of coronary artery disease, an impaired endo-
thelium-mediated vasodilation of the epicardial coronary arter-
ies and of the resistance coronary vesscls has been
demonstrated. * %7 Thirteen of the studied patients had a total
cholesterol level of 6.4 mmol/T, (250 mg/dL) or higher This
study showed no significant differences in terms of flow in-
crease and vascular diameter changes after acetylcholine. The
importance of the relative amount of HDL and low-densiry
lipoprotein chelesterol has recently been reposted to correlate
more closely than totnd cholesterol with the degree of impair-
ment of the endothelium-mediated vasodilation.®™ In the study
group, however, the additional use of the HDL-to-total choles-
twerol matio did not individuate a subsct of patients with a differ-
ent response to acerylcholine,

The flow increase or flow resistance decrease after the mad-
mal concentration of acetylcholine showed only a poor correia-
tion with the corresponding crosssectional aren changes. The
discrepancy between flow and crosssectional area changes after
acetylcholine reflects a different response of the conductance
and resistance arteries to acetylcholine. The large arteries are
the preferentizl tareet of the atherosclerotic process. At this
level the presence of intimal thickening may constitute & barrier
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to the diffusion of nitric oxide from the endothelial cells to the
muscular media, > A macrophagic infiltration or the presence
of a lipidic component of the intimal plaque may also accelerate
the degradation of nitric oxide and prevent its action on the
underlying muscular layer®® The importance of these mecha-
nismy in atherosclerctic human arteries is indirectly confirmed
by the possible development of focal vaseconstriction obsetved
after acetyleholine also in arteries with minimal wall irregulari-
ties, Myocardial perfusion is regulated predominantly by resis-
tance arteries less than 200 um in diameter,®™ These arteries
do not show signs of atherosclerotic involvement at histology:
suggesting that biochemical or ultrastructural changes are the
most likely mechanisms underlying the abnormal cadothelium-
dependent relaxation.

These observations have porential clinical implicatons. A
prolonged treatment aimed at the cegression of the atheroscle-
rotic intimal changes may be required to restore an impaired
endotheiium-mediated response when the presence of an inti-
mal barrier is the main operative mechanism,** On the contrary,
scute pharmacologic interventions or a short-lasting treatment
may be sullicient 1o nermalize the endothelial function when
metabolic abnormalities are involved, as occurs for the microcir-
culation, The possibility of normalizing the endothelial response
in hypercholesterolemia with a shortterm infusion of L-arginine
has been shown in animal experiments*™™ a5 well as in human
coronary arteries,”™ Similarly, different classes of drugs have

shown the ability to restore a normal endothelivm-mediated
vascular reactivity in experimental animals, ™' In humans,
beneficial effects on endothelial function, evaluated by a reduc-
ton of acerylcholine-induced vasoconstriction, have been dem-
onstrated for inhibitors of HMG-CoA reductase™®2* and with
angiotensin-converting enzyme inhibitor.®* The possibility of
delaying or even reversing the atherosclerotic process and im-
proving endothelial function is being studied in different ongo-
ing triats by the ¢combined use of intmavascular uitrasound, QCA,
and flow measurements with Doppler wire,

FUTURE DIRECTIONS

New Intracoronary Volumetric Blood Flow
Measurcment Method with Intravascalar
Ultrasound

Because of the already discussed limitations of true volumet-
ric flow estimation from the combined use of Doppler wire
flow measurements and angiographically derived cross-sectional
area evaluation, an aternative method has recengly been devel-
oped in our laboratory. This method is based on a unique
feature of the IVUS technique: the direction of blood fiow is
almost normal to the imaging plane, and when blood particles
move across it, the received radiofrequency echo signals decor-

FIGURE 40-16. Volumetric blood flow mea-
sirement in & right coronary artery with an
Intravascular ulrmsound (TVUS) catheter using
the unalysis of the decorrelation of the radiofre-
quency signals, Tap ek, A conventional IVUS
Image with the calculated coronary blood fiow
velocitics in diastole supesimposed gver the
crosssectional srea. The color scheme used
goes from dark red {10 emysec) to yeliow (100
cm/sec), Top feft, The decrease of coronury
flow in systole can be visualized with lower
velocities recorded over the arterial lumen, The
caleulated flow from the G0 consecutively ac-
quired frames s plotted (in white) below, to-
gether with the instantaneous pealk Doppler
velocity (DOP) {in blue, measured with 2 Dop-
pler wire advanced 3 cm more distally in the
artery), the wortic blood pressure (PRES) and
the electrocardiogram (ECG). This recording
was made during an intravenous infusion of
adenosine. The corresponding Doppler spec-
trum is at the bottom right. The Doppler aver-
ape peak velocity was 30 em/sec, The coronury
cross-sectional area measured with quantitative
coronary angiography at the level of the tip of
the Doppler wire was 7.42 mm?, The Doppler-
derived coronary biood flow (134 ml/min) is
in agreement with the mean fow fneasured
with the [VUS mdiofrequency processing (148
mL/min}. The coronary tlow reserve derived
from the IVLS method was 3 (baseling tiow not
illustrated: 48 ml/min), close to the Doppler
estimation: 2.8 (Qower left corner), See color
piate 2.
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relate at a4 rate proportional to flow velocitics. ™ Blood flow
velocity is estimated by decorrelation processing on a series of
acquired radiofrequency signals. Characterization of the rela-
tionship between the correlation of echo signals and the scat-
terer motion across the ultrasound beam has been evaluated,™

For 100 angular positions over the cross-sectional anerial
lumen area, the decorrelation rate is estirsated in small (~200
wm} consecutive mange windows, and the derived local trans-
verse velocity is plotted using a colorcoded scale, as illustrated
in Figure 40-16. Volume flow is calculated by integrating the
local transverse velocity with its corresponding area element
over the complete imaging plane. Because the motion of wall
tissues has much lower velocity than blooed, the contribution of
tissue velocitics can be automatically removed by setting a
thresheld, and thus, no contour tacing of the arterial lumen s
needed. Although the catheter modifies the velocity profile,
because all the velocities in the imaging plane are integrated,
the true volumetric flow across this plane can be estimated ™
Figurc 40-16 shows, during intravenous administration of aden-
osine (140 v ¢ kg~!' » min~"), the maximal flow present in
diastole (top right) and the lower flow in systole (top left) in
an RCA of a patient. The good phasic response of this method
can be appreciated with the simultaneously acquired instanta-
neous peak velocity measured with a Deppler wire 3 cm more
distally (blue curve). The mean flow measured was 145 ml/
min, in agreement with the flow estimated with the Doppler
recording {134 mL/min, shown in the boitom of the figure).
This methed has been calibrated in vitro on a flow phantom
and in & carotid porcine model using an electromagnetic
flowmeter. This method, presently under clinical evaluation in
our laboratory, offers a unique opportunity o simultancously
assess physiologic and anatomic parameters in coronary arterics
with the same catheter and should be useful during coronary
inrerventions.

CONCLUSIONS

The last few years have scen mpid advances in coronary
Doppler and pressure probes technology and the development
of new approaches to the interpretation of intracoronary hemo-
dynamic measurements. A complex technique reserved w a
few research laboratories has been tmnsformed into a reliable
diagnostic ool that can be used for the assessment of stenosis
severity, for the evaluation of the results of coronary interven-
tions, and for the study of coronary circulation. Combined flow
and imaging ulimsound can be applied for measurement of
absclute coronary flow as well as for the simultaneous study
of morpholegic and functional chamacteristics of the coronary
system. The development of combined Doppler-pressure sen-
sors on guidewires should facilitate a more complete assess-
ment of stenosis hemodynamics.

Techrical improvements alone, however, are Insufficient.
Knowledge of the recent advances in coronary flow physiology
is a prerequisite for the interpretation of the flow-velocity
changes and the development and the applicatdon of new meth-
odolegic approaches, A close collaboration between clinicians
and basic scientists is essential for the future development of
these techniques in the study of coronary artery disease,

Presently, with the refinements of pressure and Doppler
guidewire technology, the superiority of one technique is not
established, because pressure and flow represent the two sides
of the same coin—that of coronary flow resistance. Ambiguous
values obtained with one technique can be reduced or elimi-
nated using the corresponding alternative method. In the 25%
of the cwrent angioplasty population with stable chest pain
syndromes in whormn evidence of ischemia is lacking, using
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cotonary physiology, one might madify a widely practiced dic-
tum, “When in doubt, dilate”™ to “When in doubt, measure and
decider ™™
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Decreased Coronary Flow Reserve in Hypertrophic
Cardiomyopathy Is Related to Remodeling of the
Coronary Microcirculation

R.. Krams, MD, PhD; M.J.M. Kofflard, MD; D.J. Duncker, MD, PhD; C. Von Birgelen, MD;
S. Carlier, MD; M, Kliffen, MD, PhDD; FJ. ten Cate, MD, PhD; P.W. Serruys, MD, PhD

Background—Ischemia occurs frequendy in hypertrophic cardiomyopathy (HCM) without evidence of epicardial stencsis.
This study evaluates the hypothesis that the occurrence of ischemiz in HCM is related to remodeling of the

coronary microcirculation.

Metheds and Results—End-diastolic septal wall chickness was significandy increased in patents with HCM (25.8%2.9 mum)
in comparison with ¢ardiac sansplant recipients {control subjects: 11.4%3.0 mm; P<<0.05). Although the diameter of the
lefc antedor descending coronary artery was similar in both groups (3.0%0.8 versus 3.0£0.5 mm, P=NS)}, the coronary
resistance reserve (CRR=CRR ./ CRR peemic), corrected for extravascular compression {end-diastolic left ventricular
pressure), was reduced to 1.5%0.6 in HCM (P<.05; control, 2.60.8). Arteriolkr lumen (AL) divided by wall area was
lower in HCM (21 5% versus 3024%; P<.05), and capillary densicy tended ro decrease (from 1824+424 o 1445£513
per mm®, P=11) in HCM. CRR was linearly related to normalized AL according to the formula CRR=0.1 AL—0.45
(r=.37; P<.05). Further analysis revealed that CRR,, AL, and capillary density were all Enearly related to the degree of

hypertrophy.

Conclusions—Decrements in CRR were related to changes of the coronary microcirculation. Both the decrease in CRR and
these changes in the coronary micrecirculation were related to the degree of hypertrophy. All these factors might
contribure to the well-known occurrence of ischemia in this padent group. (Circulation. 1998;97:230-233.)

Key Words: cardiomyopathy ® arreries & capillades @ ischemia

Angin:d symptoms and signs of ischemia cccur fequendy in
patents with HCM without detectable lesions of the
major epicardial arteries,” suggesting that the presence of
ischemia is the result of abnormalities of the coronary micro-
circulation, Indeed, postmortem anmalysis of HCM hearss
showed the existence of arterioles with abnormally thick
walls.*” Furthermore, in experimentally induced hypertrophy,
it has been shown that the hypertrophic process is accompa-
nied not only by decrements in CFR but also by structural
changes in the coronary microcircuiation {coronary remodel-
ing), including a decreased capillary density.*" The resulting
increased diffusion distances for oxygen and the disturbed
perfusion of the capillary bed have been forwarded as an
explanation for ischemia*™*

Although the CFR. s decreased in HCM, in accordance
with the findings of experimennlly induced hypertrophy, ™ i
is unknown at present whether the decreased CFRis related to
the abnormal antedeles and whether 2 decrease in capillary
density accompanies this decrease in AL, To that end, we
measured CFR in combination with 2 quantitative analysis of
AL, wall area and capillary density in myocardial tssue ob-
wined during surgery {HCM) and obtaned from endomyo-
cardial biopsies (HTx).

Methods

Subjects and Protocol
Studies were performed in a group of patients with hypertrophic

. obstructive cardiomyopathy {HCM: n=10} who were referred for

cardiac catheterization. The control group consisted of asymptomatic
cardiac transplant recipients (HTx group; n=8) underpoing follow-up
coromary angiography after transplantaton. Informed consent was
obtained from all patients. Patients in the HCM group were symp—
tomatic {NYHA class II or IIT) despite B-blockade thermpy (n=5) or
therapy with calcium antagonists (n=35). These patients were consid-
ered candidates for surgery {myotomy/myectomy). Medieal therapy
was continued in both groups. Right heart catheterzation was
performed with a 7F balloon~tipped flow—directed thermodiludon
catheter, A 7F temporary pacemaker was positoned into the right
atrium. Left heart catheterizaion was carried out, after which left
ventricalar angiography and coronary artedography were performed
with standard techniques. A 0,.014-in Doppler quidewire with a floppy
distal end (Cardiometrics, [ne) was Introduced through an 8F puiding
catheter and positioned ac the midsegment of the LAD to measure
Doppler flow velocity at rest and after hyperemia. In both groups,
hearts were paced at a coustant hears rate of 100 bpm ro aveid
metabolic vasodilatation during determination of the CFR. After
optmization of the settings of the velodty sigmal and 3 to 5 minutes
after intracoronary injection of a belus of 2 to 3 mg isosorbide
dinitrate, baseline recordings of flow velocity and perfusion pressure
were collected and digitized at a sample rate of 125 Hz for off'line
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Sclected Abbreviations and Acronyms

AL = nomalized arteriolar lumen
CFR. = coronary flow reserve
CRR = coronary resistance reserve
BECM = hypertrophic cardiomyopathy

HTx #= cardiac rransplant
LAD = Ieft anterior descending coronary artery

analysis. Maximal hyperernia was induced by an intracoronary bolus
injection of 18 pg adenosine.'”

Doppler Measurements

The sample volume of the Doppler wire was positioned at a distance
of 5.2 mm from the transducer and was =~2.25 mm wide. After power
spectral analysis based on a2 fast Fourier transform algerithm, the
maximal Doppler shift (kHz) was automatically tracked and converted
to the instantancous velocity values {em/s), CFR was defined as
hyperemic divided by basal velocity (V). Coronary resistance was
defined 25 (P,,—P,)/V,,,., where P, it aortic pressure and P, is end
diastolic pressure. Py, was submacted to account for increments in
extravascular compression, CRR was defined o5 the ratio of basal
divided by hyperemic resistance,

Quantitative Angiographic Measurements

A validated on-line analysis system operating on digital irnages
(ACA-DCI, Philips") was used during the catheterization procedute,
With this system, the end-diastolic diameter of the LAD was derer-
mined in the segment of the LAD in which the sample volume of the
Doppler wire was located,

Echocardiographic Measurcments

Two-dimensional echocardiographic studies were performed (HP
Sonos 1300} with the heart being visualized from standard cross-
sectional planes while images were recorded on videotape (VHS) for
off-line analysis. Sepral wall thickness was measured in dinstole from
both the parasternal short-axis and long-axis views, From the record-
ings on videoupe, representative stop-frames from the various cross-
sectional planes were acquired to determine septal wall thickness with
the aid of 2 compurer and a dedicated software program. To obtain an
average for septal wall thickness, the various cross-sectional planes
were pooled, One patent from the control group was not analyzed
because of insufficient image quality. Thickness of the septal wall for
the HCM and the control groups was defined as the degree of
hypertrophy.

Histological Measurements

The myocardial tissues from the HCM group {n=9) and from the
control group (n=8) were obtuined from surpical myectomy (eft
wventricular sepul tissue; weight, 003 to 1 g} and myocardial biopsies
{(left venticular septal tissue; weight, 0.5 to 1 mg), respectively.
During catheterization, one HCM patient presented without a subval-
vular pressure pradient and was not operated on. The tissue was fixed
with paraldehyde and immersed in 10% buffered formalin. van Gieson
staining was used for identification and analysis of intramyocardial
small arteries. Arterioles were identified on the basis of the appearance
of 2 layer of media and diameter <<100 pm. Only artericles with
round cross sections and without side branches were analyzed.
Capillaries were identified with specific antibodies {CD34) against
endothelium. Quantitative morphometric analysis of the histolegical
sections occurred with an in-house—developed software program
applied to 2 morphometric systern (Clemex Technology Ing) that
calculated density of capillaries (capillaries per square millimeter),
aking tissue shrinkage into account. Five cross sections per patient
(=1000 capillaries) were analyzed. Tn addition, software was available
that allowed us to trace the artedolar Jumen-intima and adventitia-
media borders, which defined the lumen and wall thickness regions.
The areas of these regions were obtained from the number of pixels in
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the two repions, Normalized wall area is given by circular wall
area/(lumen area-+wall area), This value was calcuhted for 10 arte-
rgles per patient, Dui are presented a5 mean®5SD. Regression
amalysis, ANOVA, and ! tests were performed with standard sradiscical
software (SPSS). A value of P<C.05 was considered significant.

Results

The HTx recipients, who served as control subjects, had no
cardine complaints, and all of them had normal coronary
arteriograms. The time interval of catheterization after trans-
plantton was 42 years. Medication of HTx patients at the
time of catheterization was immunosuppression (n=8) Ca™"
antagonists (n=8), aspirin (n=3), and dipyridamole {n=4}. No
member of the control group had signs of rejection on the basis
of the biopsies. Age distributions between the HCM
(45.5£14.6 years) and contrel (48.726.0 years} groups were
similar. HCM patients were sympromatic (NYHA class IT or
113}, whereas all members of the control group were symptom
free (NYHA class T). HCM patienss had a subvalvular gradient
of 8831 mm Hg and a lower aortic pressure (10314 versus
120215 mm Hg, P<<.05}, 3 higher end-diastolic left ventrie-
vlar pressure (22x1 vessus 12%46 mun Hg, P<.05), a lower
cardiac index (2.7%£0.5 versus 3.5%0.7 L/m", P<.05), and a
lower heart rate during baseline conditions (F0£13 versus
97113 bpm, P<.05) than the control group.

End-diastolic septal wall thickness was significantdy increased
in patients with HCM (25.82.9 mm} compared with mem-
bers of the control group (11.4%3.0 mm; P<.05). All HCM
patients had nermal anglograms. The diameter of the LAD was
similar in both groups (3.020.8 versus 3.0%0.5 mm). Coro~
nary velocity during baseline conditions was higher for HCM
patients (3411 versus 2011 em/s, P<.05), whereas veloc-
ities during hyperemia were similar (4920 versus 33x22
cm/s), As a consequence, the CFR was reduced from 2.620.8
in the control group to 1.8%0.9 in the HCM group (P<.03).
Coronary resistance values, corrected for extravascular com-
pression (see above), were lower {3, 7%2.1 versus 63*22
mm Hg - s - cm ™', P<.05) during baseline conditions and were
similar during hyperemia (2.6£1.5 versus 2.6£1.0, P=NS) in
HCM. Censequently, the CRR. was lower (1.5£0.6 versus
2.6%0.8, P<.05) in HCM than in the control group. Arte-
riolar wall area was similar (57202130 versus
7107+ 3544 pm®; P=NS}, but lumen area (12732688 vensus
2260*1165 pm®; P<.05) and diameters were significanty
lower {19.6£4.5 versus 259143 um; P<.05) in HCM
compared with control values. Consequently, AL was lower in
the HCM (21£5%) than in the control group (30%4%;
P<.05), and capillary density tended to decrease from
1824£424 ro 1445£513 per square millimeter in HCM
{P=.11). In addition, beoth the CFR and the CRR. were
linearly related to AL according to the formula CFR=0.1
AL—0.45 (r==.57; P<.05) and CRR=0.07 AL+0.35 (r=.50;
P<C.05; Fig 1A}. Further analysis revealed that the degree of AL
(AL=—0.85 Hyp+43.7; r=71; P<.05; Fig 1B), the CFR
{(CFR=—0.17 Hyp+5.9; r=.80; P<.05), the CRR
(CRR=—1.2 Hyp+4.7; r=.7; P<.05; Fig 10), and the
capillary density (CD=-—51 Hyp+2750; r=.53; P<<.05; Fig
1D) were all inversely related to the degree of hypertrophy
(Hyp). In addition, a linear relationship between AL and
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capillary density was measured (AL=42 CD+577; r=54;
DP<.05).

Discussion
In symptomatic patients with HCM without evidence of a
functional stenosis of the epicardial vessels, decrements in
CFR. were detected, confirming earlier studies."™® Similar
decrements in CRR were measured, implying that these
findings could not be explained by increments in extravas-
cular compression.™® Abnormal arterioles with decreased
lumen were detected in HCM patients, suggesting that a
stractural change in the coronary arterial vascular tree might
be related to this finding. Indeed, a positive relationship
between both CFR. and CRR and AL, corrected for tissue
shrinkage by normalization to the wall area,” was detected.
Furthermore, an inverse relationship was noted between AL
and the degree of hypertrophy, confirming earlier postmor~
tem studies.” Because of this relationship, an inverse rela-
tionship between CFR and the degree of hypertrophy could
be meagured. Again, a similar relationship was found be-
tween CRR and degree of hypertrophy, implying tha
extravascular compressive forces were not essential for these
findings. In large-animal models of pressure overloads

induced left ventricular hypertrophy, vascular medial hy-
perizophy has been observed only when the coronary
circulation was exposed to high perfusion pressures. The
present arteriolar abnermalities were obtained at normal to
low aortic pressures and might imply that hypertrophy of
the arterioles, in parallel to the hypertrophy of the myocar-
dium, is an independent process.”

A decreased capillary density has been measured in several
animal studies with experimenmlly induced secondary hyper-
wophy and recentdy in humans with secondary hypertro-
phy."™?* Although differences berween the groups in capillary
density did not reach levels of statistical sigmificance, there
clearly was an inverse relationship between capillary density
and degree of hypertrophy. Furthermore, the decrements in
capillary density and decrements of AL are related in HCM.
These findings may imply that the decreased AL induces
periods of ischemia, which results in increased angiogenesis.
This angiogenesis normalizes the decrements in capillary den-
sity. However, because we did not analyze HCM myocardial
tissue without hypertrophy, we cannot exclude the possibility
that the occurrence of changes in the corenary microcircula-
ton in HCM is a more independent phenomenon and not
directly related to the degree of hypertrophy.®
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In conclusion, septal hypertrophy is associated with decre-

ments in CFR and CRR. in HCM patients. Arterioles of
HCM. patients exhibited 2 smaller lumen at similar wall
thickness, which correlated well with decrements in CFR. and
CRR. These findings suggest thar abnormal artericles might
contribute to the perfusion sbnormalities found in these
patients, resultng in recurrent myocardial ischemda.

=

o

References

. OrCannon RO, Schenke WH, Maron BY, Tracy CM, Leon MB, Brush JE,

Rosing DR, Epstein SE. Differences in coromary flow and myocardial
metbolism at rest and during pacing berween padents with obstructive and
patients with non-gbswructive hypertrophic cardiomyopathy. J Am Colf
Cardiof, 1987;10:53—62.

. Camici P, Chidard G, Lorenzoni R. Bellina RC, Gistf R, Itliani G,

Parodi O, Salvadord PA, Nista N, Papi L, L’'Abbati A. Coronary vasodi-
lauton is impaired in both hypermophied and non-hyperrophied myo-
cardium of padents with hypermophic cardiomyopathy: a study with
nittogen-13 ammonia and positron emission tomography. J Am Coll
Cardiol. 1991:17:879-886.

. Pasternac A, Moble ), Strealens ¥, Elie R, Henschke C, Bourmsa M.

Pathophysiology of chest pain in patients with cardiomyopathies and
normal coronary arteries. Cimulation, 1982:65:778—788.

. Nienaber CA, Gambhir 88, Vaghaiwalls F. Ratib O, Huang $-G. Phelps

ME, Schelbert HR. Regienal myocardial blood flow and plucose wili-
zation in symptoratic paicnts with hypertrophic cardiomyopathy. Ciru-
lation, 1993;87:1580-1590,

. Toshima H, Maron B, eds. Hyperroplic Cardiontyoparhiy. Cardiomyopathy

Update, 2. Tokyo, Japan: Tokyo Press; 1933,

233

6. Maron B], Wolfson JK, Epstein SE, Robert WC, Inmamurad {small vessel’)
corenary arery discase in hypertrophic cardionryopathy. J Am Coll Cardiol.
1986;8:545-557.

7. Tanaka M. Fuifiwara H, Onodenn T, Wau DJ, Masuda M, Hamashima ¥,
Kawai C. Quantimdve analysis of narrowing of intramyocardial small
arteries in normal heart, hypertensive hearts, and hearts with hypenrophic
cardiomyopathy. Circulation. 1987:75:1130-1139,

8. O'Gara PT, Bonow RO, Maron BJ, Damske BA, van Lingen A,
Bacharach SL, Larson SM, Epstein SE. Myocardial perfusion abnomalities
in patients with hypertrophic cardiomyopathy: assessment with
thallivm-201 emission computed tomography. Cirufarion. 1987:76;
1214-1223,

. Spaan JAE. ed. Coronary Blood Flour Mechanics, Distribution, and Control.
Developments in Cardiovascular Medicine. Boston, Massi Kluwer
Academic Publishers; 124; 1591,

o

10. Marcus ML, The Corenary Ciradlation in Health and Discase, New York, NY:

McGraw-Hill Publishing Co; 1983,

11, Serruys PW, di Mario C, Meneveau N, de Jaegere P, Smikwerda S, de

Feyter P], Emanuelsson H. Intracoronary pressure and flow velocity with
scnsor-p guidewires: o new methodologiea! approach for assessment of
coronary hemodynamics before and after coronary interventons. Am J
Cardiol. 1993:71:41D-53D.

Schwartzkopif B, Motz W, Frenzel H, Vopt M, Knauer §, Straver B.
Structural and functional alterations of the intremyocardial coronary
arterioles in patients with arterial hypertension. Cinwlation. 1993;88:
9931003

I

13, Rakusan K, Flamagan MF, Geva T, Southern ], Van Praagh R. Mor-

phometry of human coramary eapifiaries during normal growth and the
cffect of ape in left ventricular pressure~overload hypertrophy. Cindation,
1992:86:38—46.



Chapter 3

Acquisition of raw intracoronary Doppler signal
for better characterization of flows.

SG Carlier, E Gordov, E Gailly, G Van Camp, B Cosyns,
H Geschwind, JL Vandenbossche.

Compuiers in Cardiology, IEEE Computer Suciety Press, 1996; p 205-208.

63






Acquisition of Raw Intracoronary Doppler Signal
for Better Characterization of Flows

S Carlier, E Gordov', E Gailly”, G Van Camp, B Cosyns, H Geschwind', JL. Vandenbossche

CHU Saint Pierre, Free University of Brussels, Belgium
! CHU Henri Mondor, Université Paris X1, Créteil, France
? von Karman Institute for Fluids Dynamics, Brussels , Belgium

Abstract

Intracoronary investigations using Doppler-tipped
guidewires are now performed routinely to assess
severity of stenosis. Maximal peak velocity and average
peak velocity computed on-line are used to this end, but
when the guality of the Doppler signal is poor, the
conlour recognition fails to follow maximal velocity.

We describe a system allowing the acquisition of
intracoronary raw Doppler signals (7 and
components) with pressures, ecg... for recording and
postprocessing. The technigue of multiple beats
averaging allowed for obtaining improvement of signal
to noise ratio.

In-vitro experiments on steady and pulsatile flows in
small tubes were performed. Influencing factors such as
depth of measurements, rotations, quality of the signal
have been investigated.

Our system may help collect high quality Doppler
signals along with pressures which &s useful for
coronary blood flow assessment.

1. Introduction

Coronary angiography was thought to allow precise
anatomic evaluation of the extent of coronary artery
disease. Moreover, quantitative anglography has been
proved to allow repeat measurements to analyze
evolution of coronary atherosclerosis [1]. But an
anatornical approach, even based on computed
geometrical indexes, fails to give a reliable functional
assessment of coronary stenosis in unselected patients
with diffuse lesions [2,3]. Technological advances have
allowed the development and the availability in
catherization laboratories of very small Doppler and
pressure devices mounted on guidewires in order to
measure coronary velocities and pressures without
hemodynamic perturbation. This has zllowed functional
assessment of the severity of coronary stenosis which
could be well correlated with clinical evaluation of

0276-6547/96 §5.00 @ 1996 IEEE
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myocardial ischemia [3,4]. These approaches have been
proved to even allow deferring safely angioplasty of
stenosis which were not hemodynamically significant
[5].

By definition, coronary flow reserve is the ratio
between coronary flow during maximal vasodilatation
and baseline values. It is estimated with the Doppler
guidewire by the ratic of the velocities during
pharmacological hyperemia and baseline state. Tt has
limnitations because of its dependency on hemodynamic
conditicns [6]. Recent developments integrating
simultaneous measurements of aortic pressure and
intracoronary velocities have tried to overcome these
problems {7]. Such relation should be further
investigated, with assessment of the pressure-flow
relation distal to a coronary stenosis, in order to fully
describe its hemodynamic influence compared to 2 more
diffuse alteration of the distal vascular bed [8].

2. Aim of the study

Our aim was to develop 2 system allowing
acquisition of intracoronary raw Doppler signals along
with pressure, ECG and other signals. With raw Doppler
signals, all the information of the complete spectrum is
still available and can be stored for postprocessing, We
wanted to be able to investigate alternative maximal
frequency detection, power spectrum estimation
(autoregressive modeling ¢} and also to improve
Doppler measurements by multibeats averaging in order
to improve the signal to noise ratio. This should allow
finially more precise determination of functional severity
of stenosis then those achievable with conventional
technique.

3. Material and methods

The Doppler system unit investigated Is used
everyday for clinical cath-lab investigations and has

been validated in-vitro and in-vivo [9]. It is based on a
0.014 inch angioplasty guidewire, 175-cm-long flexible,
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steerable guidewire with z floppy distal end with a 15
MHz piezoelectric transducer mounted at the tip
{Cardiometrics Inc). It is basically a pulsed Doppler
system with a pulsed repetition frequency (PRF) ranging
from 15 to 120 kHz, allowing to measure velocities up
to + 2.4m/s. The depth of the sampling volume can be
adjusted. The clinical usual setep uses & depth of 5 mm,
which gives a width of 2.2 mm for the sample, due to the
diverging shape of the ultrasound beam. We have
compared two depths: 5 and 10 mm, A real time fast-
Fourier transform (FFT) computes the power spectrum,
plotted on the screen with a conventional gray-scale. A
maximal frequency estimation is performed also on-line
for cach spectral line to give the instantaneous peak
velocity (IPV)., With IPV, the maximal peak velocity
(MPV) and the average peak velocity (APV) over the
last 2 cardiac cycles are computed.

Fig 1: Hardcopy of the Cardiometrics screen during one
in-vitro experiment. The instantaneous peak velocity
plotted in white dots presents jittering and does not
follow the maximal contour of the spectrum in this case.

For the acquisition of the raw [ and Q Doppler signals
coming after conventional guadrature demodulation in
the Cardiometrics system, we used a system previously
described {10] but improved by using a high speed (1
MHz) A/D acquisition board {Wavebook 512, I0Tech
inc). [ and @ are sampled at the PRF, but with only a
period of 1 ps between them, minimizing mirror artifacts
(between forward and reverse flow occurring during
computation of the power spectrum, unless one uses
expensive sample and hold on the A/D board) [10]. Up
to six other channels were free to record ECG,
pressures.... Power spectrum is computed off-line, after
the acquisition, by FFT. The maximal frequency of each
spectral line is estimated with an improved method
proposed by Mo [11] and the maximal contour
recognized can be filtered, using information from
adjacent points to smooth it. For pulsatile fiow, the
variance of the power spectrum can be reduced by
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averaging multiple cycles (up to 20), in order to improve
the contour recognition [12,13].

For preliminary tests, we have developed a simplified
in~vitro model of a coronary artery, with tubes ranging
from 2 to 5 mm in diameter. Steady or pulsatile flows,
obtained with 2 roller pump from which a
synchronization signal was available, were used. The
fluid was a 4 % by volume of hardened red bloed cells
in physiological saline, which gives roughly the same
Doppler power as that obtained with 45 % hematocrit
{14}, To estimate the flow, we have used a simple
collecting bag suspended to a weighting system with an
analogic output which could be digitized simultanecusly
with the synchronization signal and the I and Q Doppler
signals, up to 60 kHz, directly to the hard disk, allowing
thus to record continuously seconds of signals, which
could be then easily archived, reviewed, zoomed on
screen and processed on a PC,

4, Results

Although the use of depth of 10 mm should allow to
increase the width of the sample volume in straight tube
{because of the diverging angle of the ultrasound beam)
in order to detect more eastly the maximal velocity in
the insonified profile, the quality of the Doppler spectra
was lower and the system failed to detect correctly the
maximal contour, This gave a statistically significant
difference (paired t-test) between APV (91147 vs 81136
cm/s) and MPV (109151 wvs 100+41) recorded
respectively for a depth of § and 10 mm in a set of 12
flows,

Figure 2 shows a pulsatile flow recorded with its
synchronization signal and the flow measurement,

i Rt Rt BN B O B 1
Fig 2: Presentation of the raw Doppler spectrum
recorded along with pseudo-ecg and the weight of the
collecting bag, with possibilities to zoom. to select, to
detect ecg.



We could verify in this in-vitro system with
transparent tubes that the alignment of the guidewire
with the flow is a major problem. MPV could change up
to 30% during a 360 degrees wire rotation, sometimes
abruptly, just because the wire was looking towards the
edge of the tube. This might lead to significant
underestimation of flow, and stenosis, under study

Figures 3 and 4 compare one selected pulsatile cycle
and the improvement in the signal to noise ratio, with a
decrease of the variance of the Doppler spectrum with
an averaging of 10 cycles. The contour detection was
dramatically improved. On a subset of flows where the
Cardiometrics system failed to recognize correctly the
maximal contour {(because there was not a sharp, well
defined spectrum like in figure I where underestimation
and jittering is present in the IPV recognized), this
postprocessing allowed with our system to improve the
contour detection (figure 4 compared to 1).

Fig 3: Selection of one cycle, with a noisy maximal
contour detected because poor quality of Doppler signal,

Fig 4; Improvement of variability and signal to noise
ratio allowing a better contour detection thanks to an
averaging of ten consecutive cycles.
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5. Conclusions

This system seems a valuable tool to study coronary
blood flow. It offers viewing, archiving and
postprocessing  utilities for Doppler intracoronary
studies. It can improve direct on-line measurements. It
should allow extensive studies of intracoronary fluid
dynamics for physiological assessment of stenosis for
example, thanks to the possibilities of simultaneous
recordings of pressures.
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Chapter 4

Randomized comparison of primary stenting and
provisional balloon angioplasty guided by flow velocity measurement.
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Circulation 2000, 102:2930-2937.

With the editorial "Provisional versus routine stenting. Routine stenting 18 here to stay”

by HV Vernon and BA Carabello,

69






Randomized Comparison of Primary Stenting and
Provisional Balloon Angioplasty Guided by Flow
Velocity Measurement

Patrick W. Serruys, MD; Bemard de Bruyne, MD; Stéphane Carlier, MD; José Eduardo Sousa, MD:
Jan Piek, MD; Toshiya Muramatsu, MD; Chris Vrints, MD: Peter Probst, MD;

Ricardo Seabra-Gomes, MD; Ian Simpson, MD; Vasilis Voudris, MD; Olivier Gurné, MD:,
Nico Pijls, MD; Jorge Belardi, MD; Gerrit-Anne van Es, PhD; Erc Boersma, PhD;
Marie-Angele Morel, MS: Ben van Hout, PhD; on behalf of the Doppler Endpoints Balloon
Angioplasty Trial Europe (DEBATE) II' Study Group

Background—Coronary stenting improves outcomes compared with balioon angioplasty, but it is costly and may have
other disadvantages. Limiting stent use to patients with a suboptimal result after angioplasty (provistonal angioplasty)
may be as effective and less expensive.

Methods and Results—To analyze the cost-effectiveness of provisional angioplasty, patients scheduled for single-vessel
angioplasty were first randomized to receive primary stenting (97 patients) or balloon angioplasty guided by Doppler
flow velocity and angiography (523 patients). Patieats in the latter group were further randomized after optimization 1o
either additional stenting or termination of the procedure 1o further investigate what is “optimal.” An optimal result was
defined as a flow reserve >2.5 and a diameter stenosis <36%. Bailout stenting was needed in 129 patients (25%) who
were randomized to balloon angioplasty, and an optimal result was obtained in 184 of the 523 patients (35%). There was
no significant difference in event-free survival at 1 year between primary stenting (86.6%) and provisional angioplasty
(85.6%). Costs after 1 year were significantly higher for provisional angioplasty (EUR 6573 versus EUR 5885;
P=0.14). Results after the second randomization showed that stenting was alsc more effective after optimal balloon
angioplasty (1-year event free survival, 93.5% versus 84.1%; P=0.066). '

Conclusions—After 1 year of follow-up, provisional angioplasty was more expensive and without clinical benefit. The
beneficial value of stenting is not limited to patients with a suboptimal result after balloon angioplasty. (Circulation.
2000;102:2930-2937.)

Key Words: stents = angibp[as[y m balloon = random allocation ® cost-benefit analysis

Ovcr the last 2 decades, percutancous transluminal coro- See p 2910

nary angioplasty has proven to be a safe and effective

option for treating paticnts with coronary artery disease.!
However, treatment results may be transient because - of
recoil, restenosis, and reocclusion. Although these disadvan-
tages are partly overcome by coronary stenting,?-¢ the costs
of coronary stenting arc high compared with balloon angio-
plasty, and the long-term outcome remains a matter of
concern.’®

It has been suggested that optimal balloon angioplasty
could yield a clinical outcome similar to stenting.?-12 The

Doppler Endpoints Balloon Angioplasty Trial Europe (DE-
BATE) I resuits support this hypothesis in that the outcome
for patients with both a diamecter stenosis {DS) =35% and a
coronary flow reserve (CFR) >>2.5 was comparable to that
achieved with stenting in the Belgian Netherlands Stent
(BENESTENT) trials.®®® Thus, the fellowing provisional
approach emerges: stent only those patients likely to reap an
additional benefit. Such an approach challenges the inter-
vener who must decide on overall patient care. “Provisional
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PRIMARY
STENTING GUIDED BA
N=106 (37) H=500 (523}
Excluded
—s
(N=12)
BAIL OUT
/<~“’°° (128)
OPTIMAL B4 SUBOPTIMAL BA
N=160 {184} Ne=2d0 {158}
Ry Ry
STENT sTOP STENT sTOP
N=B0 (7T} H=8g [107) N0 (112} N=120 (36)

Figure 1. Study flowchart, Ry indicates first randomization; Ra,
second randomization; ang BA, balloon angioplasty. Patient
groups with provisional stenting are framed in bold. Actual num-
ber of patients in clinical subsets lie between parentheses; theo-
retical assumptions are denoted by n. Twelve patients were
excluded from study between randomizations 1 and 2 (10 due
to ingonsistencies between randomization service and investiga-
tors, and 2 due to missing CFR values).

angioplasty™ refers to a status of angjoplasty that satisfics
predefined criteria of optimal results based on pressure
gradients.’! carly loss of minimal lumen diameter.'® or
intravascular ultrasound measurements.'? A failure to meet
the criteria would change the intended treatment and results
in stent implantation.

DEBATE I was a prospective, randornized study that used
criteria identified in DEBATE L. It addressed the following
questions. {1) Should clective treatment be by stenting or
balloon angioplasty (provisional angioplasty being guided by
the stated criteria)? (2) What is the relative cost/benefit ratio
of these strategics? (3) Do patients with optimal balfoon
angioplasty obtain an additional benefit from stenting?

Methods

Patient Selection

Patients were eligible for the study if they were scheduled to underge
angioplasty for stable or unstable angina pectoris (excluding Braun-
wald classification III),** documented myocardial ischemia duc to a
single de novo coronary stenosis potentially amenable to stent
implantation, or both. The target lesion was to supply viable
myocardivm and be <25 mm long. Excluded patients manifested
total coronary occlusion; lesions that were ostial or at a bifurcation;
lesions in vessels that were previously bypassed. tortuous, or
contained thrombus; or previcus Q-wave infarction (in the target
vesse! territory or from an evolving myoccardial infarction of the
previous week). The study was performed according to the principles
in the Declaration of Helsinki. Every patient provided written,
informed consent.

Study Objectives and Trial Design

The primary trial objective was to compare the cost-cffectiveness of
clective stent implantation {primary stenting) with provisional bal-
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TABLE 1. Baseline Clinical and Angiographic Characteristics

First Randomization

Primary  Guided Bajioon
Stenting Angloplasty
n g7 523
Male sex 72 73
Age, ¥ 60x10 59=11
Previous cendltions
Q-wave myocardial infarction 8 10
Non Q-wave myocardial Infarction 18 17
Caoronary artery bypass grafting 1 1
Angloplasty g ki
Dlabetes mellitus 10 1
Insulln-dependent 2 2
Hypertension 48 38
Hypercholesterolemla 48 52
Famlly history 43 38
History of stroke 2 2
Perlpheral vascular disease 7 5
Smoking history
Never smoked 35 36
Previous smoker 38 37
Current smoker 27 27
Stable angina 59 58
Canadian Cardiovascular Society ¢lassification
1 5 5
2 az 31
3 19 20
4 3 2
Unstable angina 39 3=
Braunwald classification
18 8 12
B 24 17
Ic 4 2
e 3 3
Slient Ischemia 2 B
No. of diseased vessels
1 g1 90
2 9 8
3 0 2
Target vessel
Right corcnary 26 30
Left anterior descending £ 53
Left clreumflex i3 18
Leslon type??
A 12 18
B1 23 26
B2 55 51
c 6 6
DS % 7012 Fo=11

Values are mean=SD or % of pallents, unless otherwlse indicated,
“Assessed by the Investigator during the procedure,
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TABLE 2. Angiography and CFR During the Procedure

Flrst Randamization

GBA: Second Randomization

GBA Stent: Stentt Balloon: Badioon:
Ps GBA Ballout Optimal Subeptimal Optimal Suboptimal
n 97 523 128 7 112 107 &6
{nitial DS, % 70x12 7011 72=11 B7x11 70x11 €3x12 §8=11
Initial CFR 1.6+0.6 16206 1.7=0.6 15+08 1.7x08 1.4=04
DS befare second randomlzation, % ver e 22=8 22+9 238 24=11
CFR before second randomization 31=05 2004 31=086 2.0=04
Leslon iength, mm 9x4 g9x4 g*3 9=4
Reference diameter, mm 278042 2732044 2712047 262045
Final DS, % 98 §=8 7+8 '
Stent length, mm 15x4 16x4
Balicen length, mm e 20x2 204
Finat CFR e s 33207 24207 e ven

Values are mean=$0. PS Indicates primary stenting: GBA, guided bailcon angloplasty.
Twelve patlents were excluded from the study after the first randomization: 10 patients due to inconsistencles batween randomization service and investgatars,

and 2 patlents due to missing CFR values,

loon angioplasty gaided by quantitative angiopraphy and Doppler
flow velocity measurements, The strategy after provisional angio-
plasty was to limit stent implantation to bailout situations and cases
in which an “optimal result” (DS =233% and CFR >2.5)" was not
achievable. The segondary objective was to evaluate the benefit
differences from additional stenting in patients with and without an
optimal result. Therefore, double randomization was required (Fig-
ure 1),

It would be incomect to estimate the costs and benefits of
provisionzl angioplasty using average costs and benefits combining
(1) paticnis with bailout stents, (2) patients with optimal balloon
angioplasty, and (3) paticnts with stenting after a suboptimal result,
Patients left after bailout stenting would then receive too much
weight, because the bailout decision was made before the second
randemization, leading 1o 4 groups instead of the 2 created by the
provisional angioplasty strategy. Therefore, a weighted average was
used that weighted bailout stenting by the probability of bailout
stenting and stenting in patients who did not require bailout stenting
by the probabilitics of belonging 1o either the optimal balioon

% of Patients
100% 7

30%

60%
405
209 A

50% 7
40%

Py
30% +]
=
|-

20

104z 4

05 = el o
D§% <35% <35% =35% =35%
CFR 225 <25 225 <25

Figure 2, Relative role of DS and CFR in classifying patients in
balioon angloplasty group (bailout patients not included).

angioplasty or suboptimal angioplasty groups. Thus, the provisional
angioplasty group is a constructed or virtual group.

Primary Stenting

A conventional guidewire was used in patients randomized to
primary stenting, and predilatation was performed in all patients
before stent implantation,

Guided Balloon Angioplasty

During guided batloon angioplasty. quantitaive angiography and
CFR measurements were made using standardized protocols'™ to
achieve an optimal result (criteria defined earlier in article).

A 0.014-inch Doppler puidewire {Cardiometrics FloWire, EodoSon-
ics) was advanced distal to the lesion, and velocity recordings were
obtained under basal and hyperemic conditions, Maximal hyperemia
was induced by adenosine, which was administered a5 an inTacorenary
bolus (right coronary artery, 12 ug: left coronary artery, 18 pa) orasan
intravenous infusion (140 pg- kg™ - min~*),'%1? These 2 methods were
proven o be equivalent.

If an optimal result was oot achieved, the eperator was urged to
perform iterative dilatations by upsizing the balloen, increasing the
inflation pressure, or both. Bailout stenting was allowed in the
presence of residual stenosis »50%; dissection types DL E, or T
persistent myocardial ischernia with dissection type C; reduction of
TIMI flow' by =1 prade; or the existence of TIMI grades O er L.
The final DS and CFR were assessed after an optimal result was
achicved or when the operater considered further improvement
anempts unsafe. A second randomization was then performed that
disregarded the measurements.

Efficacy End Points

The efficacy end point compiled major adverse cardiac events within
12 months of the procedure; these included death from any cause.
nonfatal myocardial infarction, and percutancous or surgical target
lesion revascularization, Myocardial infarction was defined as the
development of 2 new Q-wave or a rise of serum creatinine Kinases
with an abnormal plasma concentration of myocardial isocnzymes.
Enzymes were samnpled twice in the first 24 hours. Patieots visited
the outpatient clinic 1, 6, and 12 months after hospital discharge. At
each visit, records were kept of anginal status, cardiac medication,
12-lead ECG, and complete physical examination. No follow.up
angiogram was performed unless clinically indicated.
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TABLE 3. Frequency of Primary Clinical End Points at 12 Months In Descending Order of Severity
Frst
Randornzation GBA; Second Randomization
GBA Stent: Stent: Balleon: Balioon:
PS GBA Balleut Optimal Subaptimal Optimal Suboptimal
n o7 523 129 77 112 107 86
Death 2.1 1.3 08 2.6 0.8 0.9 23
Mi 4.1 36 7.0 2.0 6 1.9 35
Q-wave 21 139 31 0.0 18 19 1.2
Nen—0-wave 21 1.7 39 co 1.8 0.0 23
CABG 0.0 1.1 22 c.0 09 0.8 0.0
TLPR 7.2 938 7.8 39 54 121 208
MACE-free 85.6 84.1 8z2.2 935 883 84.1 733
Any MACE 13.4 15,9 17.8 8.5 107 159 26.7

All values except n are percent. Ml indicates myocardial Infarction; CABG, ceronary artery bypass grafting; TLPR, target lesion
percutaneous revascularisation; MACE, major adverse clinical events; PS, primary stenting; and GBA, guided bafloon angicplasty.

Tweive patlents were excluded from the study after the first randomization; 10 patients due to inconslstencles between the
randomization service and investigators, and 2 patients due to missing CFR values,

Costs

Cost analysis was limited to direct medical costs, which were
calculated as resource utilization volume X umit costs in 199% at the
University Bospital Rotterdam-Difkzigt, the Netherlands.?? Re-
sources included the materials used in the initial procedure (eg.
stents, balloons, and Doppler wires): length of stay in the intensive
€are Unlt, ¢oTOTArY care UNit, or general ward; mejor curative and
diagnestic procedures; and rchospitalization within 12 months of the
initial procedure. Although it could be expeeed that a guided
strategy would lengthen procedures, we decided not to cstimate the
cost consequences of such an action. We hypothesized that the
increased duration would not reduce the number of procedures
possible per day; thus, the “fixed costs” would remain fixed. Also,
the data may be biased by the time taken for a second randomization,
thus breaking the continuity of procedures,

Cost Effectiveness

‘The balance between costs and benefits was addressed by calculating
incremental cost-cffectivencss ratios (ie, additional costs per addi-
tional event-free survivor after 1 vear) and by cstimating the

£ 10

£ g5

Lit

& g0

5

2 851

E 80

=

w751

E 0.045.0.0. p[FC] = ©€.075: p[LA] = 451

w TOALLSLOS. pirT) » a0 piLa] = 0410

= T f : ; v '

= 0 80 16C 240 320 400
TIME (DAYS)

Figure 3. Event-free survival (Kaptan-Meier curves) at 12 months.
Patients with suboptimal and optimal ballcon angioplasty were ran-
domized to additicnal stenting or no further treatment. 08 indi-
cates optirmal stenting (n=77); SOS, suboptimal stenting (n=112);
OB, optimal balloon angioplasty {n=107); SOB, suboptimal balloon
angioplasty (n=86), FE, Fisher's exact test; and LR, log-tank test,
For defintions of optimal and suboptitnal, see text.
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probabilities that the provisional angioplasty was (1) more effective
and cost saving, (2) more effective and more costly, (3) less effective
and cost saving, or (4) less effective and more costly,

Sample Size

Assumptions for sample size calenlation were based on
BENESTENT-1, BENESTENT-2 pilot, and DEBATE I expericac-
eg, 203 Al additional benefits of stenting were attrfbuted to patients
with suboptimal results. With these assumpticns, it was calculated
that for the randomization scheme in Figure 1, 600 patients were
needed to detect, with §0% power, a difference {a=0.05) of ELR
680 between provisional angioplasty and primary stentng in cost-
cffectivencess per survivor {no major adverse cardiac event) after 1
year20

Statistical Analysis

Continuous variables are expressed as means=SD. Differences
between patient groups were studied using Student’s unpaired £ test
or 1-way ANOVA, whichever was appropriate, Categorical variables
are presented as percentages, and differences between groups were
cvaluated using Fisher's exact test. Kaplan-Meier event-free survival
curves were caleylated, and differences between patient groups were
compared by alog-rank test.
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Figure 4. Event-free survival (Kaplan-Meier curves) at 12
months in patients whe had primary stenting (PRIM; n=97) or
provisional angioplasty (PROV) n=523),
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TABLE 4, Costs and Event-Free Survival After 12 Months

Unit Cost per Optimal Optimal Suboptimal Suboptimal
Patient, € Ps PA* Stenting Balloon Stenting Balloon Baiout
No. of patients a7 523 77 107 112 86 129
Procedure and inltial
hospltalizaticn
Fixed procedure costs, € 1167 1167 1167 1167 1167 1167 1167
Resource use, Unlt per
patlent
Guiding ¢atheter 82 1.20 1.20 119 1.24 1.21 114 1.2
Guidewire a5 1.03 2.55 0.40 0.42 0.56 044 0.70
FloWire 483 026 1.08 1.12 10 1.07 107 1.07
Salloon 368 152 1.55 152 1.27 167 1.31 178
Mounted stent 817 058 0.41 0.57 0,04 0.49 007 0.2
Nonmounted stent 454 0.56 0.37 049 0.04 0.60 005 0.49
fRecperation 1021 Q.02 0.03 0.04 0.01 0.04 0492 0,05
IVUS catheter 545 0.05 0.04 0.03 0,02 0.06 0.09 0.05
Contrast medium, mi 0 249 284 333 253 301 w07 307
GCU days 856 0.58 Q.62 0.53 0.49 0.58 0.84 0.86
1CY days 941 0.00 om .00 0.00 0.00 0.03 0.05
Non—CCUACY days 305 336 276 243 227 308 2.40 3.00
Follow-up, Unit per patient
Second Intervantions 2800 016 0.18 c12 0.19 015 0.22 015
CARG 8622 0.00 0.02 0.00 .01 0.0 0.01 0.05
Recatheterization 1934 0.20 0.23 0.27 0.21 .27 0.3 0,22
Vascular surgery 1157 0.00 0.01 0.00 0.00 0.00 .00 Q.02
CCU days 856 022 6.1 0.09 0.18 G115 0.40 0.3%
ICU days 941 0.00 2.03 0.00 0,03 0.02 0.0 0.03
Non-CCUACY days 305 1.38 262 032 255 272 211 2.58
Costs of Initial hospitafization, € 4458 4488 4493 3608 4765 4084 5305
Caosts of follow-up, € 1420 2055 1738 1827 1995 2352 2330
Total cost, € 5885 6573 5632 5533 6784 6519 7763
Event-free survival, % B6.S 855 93.5 84.1 893 73.3 82.2

GGl Intficates coronary care unlt; KU, Intensive cara unll; CABS, coronary artery bypass grafting; PS, primary stenting; and PA, provisional angloplasty.
*Costs and effects of the provislonal angioplasty group were assessed by calculating a weighted average.

Because the costs and benefits of provisional angioplasty were
caleulated as weighted averages, bootstrapping techniques were used
to evaluate differcoces in the balance berween costs and benefits
after primary stenting and provisional angicplasty.>'** A total of
3000 bootstrap samples were drawn iteratively, with replacement
when sample sizes equalled the tom! number of patieats studied,
Qdds ratios and 95% confidence intervals are presented: a Breslow-
Day test for homogeneity of odds ratios between subgroups and ¥*
tests were also applied.

Statistical tests were 2-tailed, with significance stated at the 0.05
fevel, Uncertainties surrounding cost, benefits, and cost.
effectiveness were addressed by probability ellipses in the “cost-
effectiveness plane,™=t

Results

Patient Characteristics

Baseline characteristics of the patients in this trial arc
presented in Table 1. There were ne significant differences
between patients allocated to primary stenting and to guided

balloon angioplasty. Of the 523 patients randomized 1o
guided balloon angioplasty, 129 (25%) underwent bailout
stenting at the time of initial dilatation (n=103) or during the
optimjzation process (n= 26). Of the remaining 394 patients,
382 underwent the second randomization. Twelve were not
subrandomized for technical and logistical reasons.

Procedural Results

Table 2 summarizes the procedural results, and Figure 2
shows the relative roles of DS and CFR in classifying
patients. Optimal results, with an average DS of 2228% and
a CFR of 3.1+0.6, were achicved in 35% of patients. in the
suboptimal group, DS was 23%10% and CFR. was 2.0+x0.4.
Additional stenting in patients with optimal balloon angio-
plasty resulted in a DS of 8£8% and a CFR of 3.3=0.7: in
patients with suboptimal balloon angioplasty, additional
stenting resulted in a DS of 78% but 2 CFR of 2.4£0.7.
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Figure 5. Incremental cost-effectiveness of provisional angio-
plasty vs primary stenting. Duter ellipse defines smaflest area
{85% probabifity) containing incremental costs and effectiveness
of provisional angioplasty compared with primary stenting. Mid-
die and inner ellipses define smaltest areas {50% and 5% prob-
abilities, respectively). Center of cllipse represents point osti-
mate of incremental costs and effects. Prob indlcates estimated
probability that cost and effect are in respective quadrant;
MACE, major adverse cardiac events.

Primary Stenting Versus Provisional Angioplasty
Table 3 shows the incidence of major adverse cardiac events
in both the initial groups and the 4 subgroups. ranked in
hicrarchical order. In general, patients with optimal results
cxperienced fewer major adverse cardiac events than patients
with suboptimal results, and stented patients fared better than
those undergoing balloon angioplasty alone (Figure 3).

Freedom from these events, which were caleulated as
weighted averages, was similar for patients undergoing pr-
mary stenting {86.6%) and provisional angioplasty (85.6%)
(Figure 4). The weight for patients needing beilout stenting
was 129/(129+107+112+86+77) or 25.2%: the weight for
paticnts stented after a suboptimal result was 38.7% {(calcu-
lated as the probability of not nceding a bailout stent
[100.09%-25.2%="74.8%] muliplicd by the probability of a
suboptimal result {{112+86)/[77+1074+112+86]=51.8%} )
and the weight for patients with a stent after an optimal result
was 36.0% (calculated as the probability of not needing 2
bailout stent {74.8%] muitiplied by the probability of an
optimal result [100%—51.8%=48.2%]).

Table 4 presents cost estimates for the 2 initial groups and
4 subgroups. The cost of FloWire in the initial procedure was
only partially covered by the lower stent use, Costs for the
provisional angioplasty group during folow-up were higher
due to longer hospitalizations and surgical revascularization.
After T year, the costs of provisional angioplasty outweighed
those of direct stenting by EUR 68S. Figure 5 prescnts the
estimates of costs, benefits, and cost cffectiveness. The point
estimate of the incremental cost-cffectiveness ratio suggests
that provisional angioplasty is less cffective and more
expensive.

Stenting Versus Balloon Angioplasty After the
Second Randomization

The analysis of subrandomized patients in the balloon angio-
plasty group (Figure 6) indicates that stenting was associated
with fewer major adverse cardiac events than balloon angio-
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Figure 6. Relative risk ratios at 12 months for patients with sub-
optimal or optimal balioon angioplasty who survived evert-free
and were randomized to additional stenting or no further treat-
rment. Bars indicate 95% confidence intervals.

plasty alene in both patients with suboptimal (10.7% versus
26.7%: odds ratio, 3.0; P=0.005) and optimal results (6.5%
versus 15.9%: odds ratie, 2.7; P=0.066). The Brestow-Day
test for homogencity of odds ratios was not significamt
(P=0.865). The higher cumulative costs of balleon angio-
plasty alonc during the follow-up period almest matched the
high initial costs of balloon angioplasty followed by stenting.

Discussion
The main result of this study was a lack of significant
difference between clinical outcomes when comparing pri-
mary stenting and provisional balloon angioplasty. However,
with the current unit costs of FloWire and stents, a strategy of
provisional angioplasty is more costly than primary stenting.

Relevance and Critical Appraisal of
Cost-Effectiveness Analysis

Cost considerations dominate many decisions about therapeu-
tic interventions and are very relevant from a socictal view-
point. As emphasized in the literature, an independent person
without c¢ommercial affiliations must analyze cost-
effeetiveness in such studics w aveid financial bias.™ How-
ever, cost-cffectiveness analyses are limited by muldple
factors. First, cost data arc transient and arc affected by
product acceptance, market dynamics, and reimbursement
systems. Second, changing patierns of practice affect the
selection of treatment devices, how they are used, and overall
procedure time, Thus, the costs used here represent only a
snapshot in time. For example, direet stenting without predi-
latatien (an increasingly used technique) will undeubtedly
affect cost-cffectiveness in the future, but this method of
treatment was not applied here.

Two crucial factors in the present study exerted a major
influence on overall costs: the costs of FloWire and those of
stenting, When the study was designed. its power calculation
was based on market prices in 1996 and the cost estimates
related to bleeding complications and the longer hospital
stays agsociated with stenting. The reported cost estimates
were based on unit costs in 1999 (costs of primary stenting
versus provisional angioplasty, EUR 5916 versus EUR 6724;
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P=0.029). However, an application of 1996 unit costs does
not change the conclusion. The absence of expected differ-
ences is mainiy because in the year 2000, stenting is no longer
associated with bleeding complications and longer hospital
stays, whereas the bailout rate with the balloon angioplasty
group has increased from 15% to 25%.

Moreover, we did not take inte account differences in
procedure time. The time for guided angioplasty in the
preseat study was 26 minutes longer (mean) than that of
stenting, which further tipped the cost-cffectiveness balance
in faver of primary stenting.

The Additional Value of Stenting After Optimal
Angioplasty: A Flow-Mediated Phenomenon?
An unexpected observation in this study was a further
reduction in the rate of major adverse cardiac events in
patients stented after optimal balloon angioplasty. This ob-
servation was made possible by the trial’s double randomiza-
tion design. On the basis of stent-like angioplasty results in
other trials,®!32% we had hypothesized no such additional
benefits. However, the perceived benefits of additional stent-
ing may have resulted from a sclection process that ignored
the outcome of patients with unsatisfactory or complicated
ballocn angioplasty (i, bailout and suboptimal groups).
Although a similar DS was achieved in all patients stented
after angioplasty (79%), a diminished CFR persisted aficr
stenting in the suboptimal group (2.4) compared with the
optimal group {3.3). Fewer major cardiac svents were ob-
served in the latter group (10.7% versus 6.5%). Further
investigatiens are needed to fully understand the underlying
mechanisms.

Clinical Relevance of the Findings of This Study
The present study failed to demonstrate a favorable economic
profile for provisional angioplasty {guided by quantitative
angiography and Doppler flow velocity measurements) com-
pared with primary stenting. Indeed, although there was no
significant difference in clinical effectiveness, the data
pointed to higher costs with provisional angioplasty. Thus,
the current data do not provide cconomic arguments to switch
from primary stenting. cven though clinica! benefits result
when stenting follows optimal balloon angioplasty. A limita-
tien of our study was the inclusion of patients with only a
single, relatively short lesion. However, it would scem from
a literature survey that the paticnts studied represented
possibly up to 70% of patients presently treated by percuta-
acous technigques worldwide.3526

Appendix

Study Investigators, Their Location, and Number
of Patients Treated

The Netherlands: P.W. Serruys, M.v.d. Brand, 8.G. Carlier, P. de
Feyter, D. Foley, W.v.d. Giessen, J. Hamburger (n=67); J.J. Pick,
Fv.d, Wal {n=36); NHJI. Pijls, I.P.M. van Asseidonk (n=20);
V.AWM., Umans (n=13): G.J. Laarman, F. Kiemeneij (a=13);
Belgium: B. de Bruyne, W. Wijns, G.R. Heyndrickx (n=60% C. Vrints
{n=29); O. Gum¢ (n=24); C. Hanet, N. Decbbas, D. Huyberechts
{o=13}; Brazil: J.E. Sousa, L Pinto, L. Mattos, A. Chaves, A. Abizaid,

A. Sousa (n=43); Japan: T. Muramatu (n=32); K. Kurogane (n=>5}. S,
Mizuno (n=3); Austria: P. Probst, G. Porenta (n=28); Portugal: R.
Seabra-Gomes, J. Baptista, L. Palos, F.P. Machado (n=28); United
Kingdom: LA, Simpson, K.D. Dawkins, HH. Gray (n=2%); PM.
Schofield (n=14% C. lsley, M. Mason, M. Bustami (n=13) K.G.
Oldroyd (n=4); Greece: V. Voudrds, . Malakos, D.Y. Cokdinos
(n=27); Argentina: J. Belardi, L. Guzmin, Rubén Piraino, F. Cura
(a=17); France: I.-L.Guermonprez, F, Ledmu (n=15); P. Dupouy
(n=7); M. Bory (n=4) J. Puel (n=3); F. Tarragano (n=2); [taly: E.
Verma (n=13); Germany: AW. Frey, A. Grove, A. Heomng, V.
Bassignama (n=12); E. Fieck, E. Wellnhofer (n=11}; R, Simog, M.
Lins. P. Papechrysanthou (n=10); Iiracl: R. Beyar, M. Kapelovich
(n=10); M.S. Gotsman, M. Mosser {n=4); Denmark: P. Thayvssen
(n=T7), Czech Republic: P, Widimsky {n=5).
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Provisional Versus Routine Stenting
Routine Stenting Is Here To Stay

H. Vemon Anderson, MD; Blase A. Carabelio, MD

spread clinical usc in the mid-1990s was a significant

advance that almost rivals the introduction of balloon
angioplasty itself 15 years earlier. §t is noteworthy that the
success of stents required several paradigm shifts. For exam-
ple, higher-pressure balleon inflations and slight oversizing
were needed to achieve full stent expansion (anathema in
balloon angioplasty), and antiplatelet therapies were required
rather than anticoagulation, including a reduction and now
almost climination of heparin. Yet, these changes were
quickly accamplished. Technical advances in cquipment also
occurred, and now stenting. quite literally, has become the
standard in clinical practicc when it can be performed {which
is most of the time).

See p 2930, 2938, and 2945

One curious and intriguing question that arises with any
new device, and stents are no exception, is whether they are
needed in all situations where they are being used. Is it
possible that balloon angioplasty alone might be sufficient for
excellent immediate and long-term benefit, provided the final
procedural result is good enough? If one could determine this
0 be true, then such a strategy would avoid the additional
cost of a stent and the problem (or pscudo-problem) of
in-stent restenosis, However, a provisional stent strategy
raises the further and not inconsiderable question of how to
decide when balloon angioplasty results arc “good enough.”
The limitations of standard angiography notwithstanding, is
there anything better than the eyes and minds of experienced
angiographers? Additional “objective™ measures to assess
procedural results have long been sought. A number of
investigators have championed intracoronary ultrasound as
onc approach, whereas others suggest alternative methods,

In this issue of Circulation, 2 separate groups report their
findings using combined anatomic and functional coronary
measures to assess balloon angioplasty results for the purpose
of provisional stenting.'? These measures are on-line quan-
titative coronary arteriography (QCA) and coronary flow
reserve (CFR) measured with a Doppler wire. In addition, as
a worthy companion to these 2 reports on provisional stent-

Thc introduction of coronary artery stents into wide-
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ing, this issuc also contains a report from a large-scale clinical
registry, the National Heart, Lung, and Blood Institute
(NHLEBI} Repistry,? detailing the substantial improvements in
the outcomes of coronary interventions in the years 1985/
1986 through 1997/1998, during which time coronary stents
were introduced, We offer some analysis, interpretation, and
opinions on these reponts.

The NHLBI Dynamic Registry

First established in 1979 at the dawn of coronary angioplasty.
the NHLBI Registry has been a continuing source of valuable
information through the years. The data reported by Williams
ct al® compare the in-hospital and 1-year outcomes in patients
treated in §997/1998, which include those treated with stents,
with the outcomes of patients treated in 1985/1986, before
stents were used. Let us begir with the in-hospital cutcomes.
The Registry report decuments dramatic reductions in the
frequencics of adverse events occurring during index hospi-
talization for coronary intervention. The frequency of the
combined triple end peint of death, myocardial infarction, or
coronary bypass surgery (CABG) fell from 9.8% in 1985/
1986 to 5.9% in 1997/1998. This decline was due entirely w
reductions in myocardial infarction (from 4.9% 10 2.8%) and
cspecially CABG (from 6% 10 1.5%). because in-hospital
mortality was unchanged (1.4% versus 1.99%). The frequency
of stent usage in the 1997/1998 Dynamic Registry was 70%:
no stents were used in 1985/1986.

These findings are consistent with other recent, large-scale
reports and deserve bricf claboration here. Using Medicare
data from 1994 and 1956, Ritchic et al* found in patients
without acute myocardial infarction that the frequency of
same-adrission CABG was cut in half after the introduction
of corenary stents. In patients with acute myocardial infarc-
tion, the difference was even greater. Similarly, Hannan et
al,® using the New York State Coronary Angioplasty Regis-
try, found that stents reduced the frequency of same-
admission CABG at hospitals in New York by more than
one-third but did not change in-hospital mortality.

If the data from these 3 large reports™3 zepresenting
293 Q00 patients, are combined, the introduction of stents
reduced the already low CABG rates of the mid-1990s by
50% (from 2.55% to 1.26%) and the in-hospital mortality
rates by 15% (from 1.28% to 1.08%). These are impressive
numbers. Practicing interventionalists and clinicians have
many anecdotes that reinforce these statistics. Clearly, the
widespread use of stents has favorably influenced early
outcomes. The mechanisms for this benefit relate to the
stent's ability to prevent or treat threatening dissections and
abrupt closures. These are the most common causes of failed
balloon angioplasty leading to urgent bypass operations and
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TABLE 1. Routine and Provisional Stenting in 4 Trials
Routine Stenting Provisional Stenting
FROST DESTINI DEBATE-Il QPUS-1 FROST DESTINI DEBATE-1| QPUS-1
No. of patients 125 370 a7 230 126 365 523 245
Women, % 17 25 28 25 19 27 7 28
Diabetics, % 18 18 10 18 12 18 10 18
Unstable argina, % 67 46 39 T2 62 Ly 34 69
LAD feslon, % 56 41 61 32 43 38 53 a3
Type C leslon, % [clont 56t 85¢ 68" 60t 57t
Leslen fength, mm, mean 87 127 9 10 100 127 10
Reference diameter, mm, mean 07 309 2628 332 3.08 3.03 . 334
Final MLD, mm, mean 2.64 292 2,50 2.29/2,87% e
Final stenosis, %, mean 13.8 9.3 g 1 188 24.810.2¢ 9
End peints
Interval, mo 3 12 12 6 [ 12 12 6
Event (frequency) Angiographic TLR TR TLR Anglographic TLR TLR TLR
rastenesls {14.9%} (7.2%)# (5.2%)# restenosls {15.6%) {10.9%)% {14.9%H
(21.4%;) {27.1%)
e MACE MACE MACE MACE MACE MACE
(17.8%) (13.4%) (6.1%) {18.9%) {15.9%) 14.9%)
LAD Indlcates feft anterfor descending coronary artery; MLD, minimum lumen diameter.
*BorC
B2 or C.

$Values for nonstented group/stented group.
#Percutanecus coronary Intervention and CABG,

deaths. In addition to these immediate benefits, the initial
reports of 6-month and 1-year outcomes with coronary stents
were favorable, and these also contributed to the cagerness of
stent adoption. Howcever, keen observers during these years
noted that when balloon angioplasty results were good
(“stent-like™), then both short- and long-term outcomes were
favorable. Provisionalists used this to urge a cautious ap-
proach to stenting: if balloon angioplasty results were good
encugh, then stop: if they were not good enough. then stent.

Provisional Stenting
DiMario ct al,! for the Deppier End Point Sienting Interna-
ticnal Investigation (DESTINTI) study group, report no benefit
at 1 year with a provisional compared with a routine stenting
approach. Serruys ct al.? for the sccond Doppler End Points
Balloon Angicplasty Trial Europe (DEBATE-I) investiga-
tors, report that provisional stenfing has less favorable 1-year
cutcemes and is more expensive than routine stenting. These
2 mew rcports closcly parallel another reeent report on
provisicnal stenting by LaFont et al® for the French Random-
ized Optimal Stenting Trial (FROST) study group. Taken
together, these 3 studies constitute a uniform approach to
provisional stenting: they use similar technologies (on-line
QCA and Doppler CFR} and nearly identical definitions. In
FROST, optimal balloon angioplasty that would not require a
stent was defined as z final diameter stenosis <35% by QCA
and a CFR >22. In DESTINI, the definition of an optimal
result was a final diameter stenosis <35% and a CFR >2.0,
and in DEBATE-IL it was a final diameter stenosis <35%
and a CFR >2.5. Table 1 lists some of the important ¢linical
features of patients enrolled in these 3 provisional stenting

30

studies and the reported cutcomes. For additional compari-
son, we also included data from another recent provisional
stenting trial, the Optimum Percutancous Transluminal Cor-
onary Angioplasty Compared With Routine Stent Strategy
Trial (OPUS-1).7

In FROST, the study end point was angiographic restenosis
at 6 menths, This occurred in 21.4% of the routinely stented
group and in 27.1% of the provisionally stented group
(P=0.37). Importantly, 48.4% (61 of 126) of the provisicnal
paticnts required stents, In DESTINI and DEBATE-IL, the
end points were 12-month clinical outcomes, as determined
by a combination of major adverse cardiovascular ¢vents
(MACE). Target lesion revascularization (TLR} was also
important. Overall in both DESTINI and DEBATE-IL the
frequencies of TLR ranged from 7% to 16%., and the
frequencies of MACE ranged from 13% to 19%. In OPUS-1,
clinical outcomes were obtained at 2 shorter, 6~-month follow-
up, and beth TLR and MACE were significantly less frequent
in the routine stent group compared with the provisional stent
group (5.2% versus 14.9% for TLR and 6.1% versus 14.9%
for MACE: both P<0.01). The clinical ¢vent rates, as
cxpected, arc somewhat lower than the angiographic resteno-
sis rates found in FROST. Of interest, all event rates in the 4
studies are uniformly lower in the routine compared with the
provisional stent groups. Furthermore, a quick caleulation
reveals that the primary end points of either angiographic
restenosis or MACE occurred in 14.5% (118 of §13) of
routincly stented patients in these 4 studies and was meore
frequent (17.6%: 221 of 1254) in provisionally stented
patients (2-sided P=0.062).
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TABLE 2. Use of Stents in Provisional Arms of 3 Trials
Lesions Criteria Justifylng Provisional Stert, % of Stents Received
Randomized 1o Lesions

Provisional Receiving Diameter Deppler Both Diameter
Trial Am, n Stents, n Bailout Stenosls CFR and Ooppler
FROST 125 &1 28 18 33 21
DESTINI 284 218 1 10 35 44
DEBATE-H 38 241~ 25 4.5 51t Szt
Total 1021 520

“includes only stents deployed for ballout purposes or suboptimal results.

+Not mutually exclusive.

The small differences in angiographic and ¢linical out-
comes between these 4 studies might easily be explained both
by the slightly differcnt criteria for success (in terms of CFR,
where it was used) and the slightly different clinical charac-
teristics of the patients. Overall, there is a sense of harmony
in almeost all respects in these 4 studies. The randomized
lesions were short (=9 1o 12 mm) and were located in
medium-to-large arterics (~2.6 to 3.3 mm}. The left anterior
descending corenary artery may have been somewhat under-
represented in the provisionaily stented groups. The OPUS-1
and DEBATE-I trials are the only 2 with cconomic analyscs.
and both conclude that a provisional stenting strategy is more
cxpensive than routing stenting.

Frequency of Stenting in Provisional Arms
The important point about these provisional stent trials is this:
sterting was exceedingly common, ¢ven in these large and
sophisticated centers sceking to avoid ir. Table 2 lists the
frequency of stent deployment in the provisiona! arms of
FROST, DESTINI, and DEBATE-Il, which uscd similar
mcthodologies for decisicn-making. Owverall, stents were
needed for 520 of 1021 lesions (51%5), which is more than
half of the provisional lesions treated. In QPUS-1, stenis were
used in 37% of the 249 lesions randemly assigned to a
provisional strategy. The proportions of stents deployed
according to the specific provisional criteria are also listed in
Table 2. Often (11% to 28% of lesions), 2 stent was used for
a “bailout” condition, which was defined as either threatening
dissection or abrupt closure. Furthermore, it is apparent that a
failure to meet angiographic diameter stenosis crieria alone
was not that frequent (only =5% to 18% of lesions stented);
CFR criteria accounted for most of the provisionally stented
lesions. In other words, in these situations, the operators were
happy with the angiographic results and no threatening
disscctions were scen, but the CFR criteria were less than
desired. The physiclogical and clinical meaning of this is
presently unknown.

An evaluation of the immediate results of balloon angrio-
plasty and stenting by anything other than standard angiog-
raphy {(meaning the eyes and minds of experienced operators)
is not yet fully understood and aceepted. The only technique
that comes close is intravascular ultrasound, and its role has
maitly been to confirm full stent expansion, Only recently
have studies comparing various methodologics, including
cn-line QCA, fracticnal flow rescrve using a pressure wice,
intravascular ultrasound, and CFR using a Doppler wire,

begun to appear.t-13 Very importantly. these technologies are
not widely available, and there is as yet little agreement. even
among the cognoscenti (like us) whe use them occasionally.
The desire to avoid stenting even an acceptable bealicon
angioplasty result on the basis of its having a good CFR resuit
scems unwarranted at this time. Whether or not 2 stent can
actually be placed technically is another matter.

Optimal and Suboptimal Results

The DEBATE-I{ investigators included a second randomiza-
tion in their trial; it yiclded some new insights on the meaning
of good results and raised new questions. After excluding the
129 patients that required stents for bailout situations. they
were left with 382 patients that cither met the criteria for
optimal balloon angioplasty or had suboptimal results bur ne
threatening dissections or closures. These 382 patients were
then randomly assigned either to required stenting or o no
further treatments, This created 4 subgroups, 2 of which are
very interesting: a group with “optimal™ balloon angioplasty
that was stented anyway and a group with “suboptimal™
balloon angioplasty (but no threatening dissections) that
received no further treatmment. This last group would have
received a mandated stent in the FROST or DESTINT wials.

Table 3 lists the clinical outcomnes of these 2 interesting
groups from DEBATE-II along with the outcomes of the
baileut stent group from DEBATE-II and paralie!l groups
from DESTINI, For the patients in DESTINI and DEBATE-II
with optimal balloon angioplasty and no stents (e, acceptable
results with balloon angioplasty alone), the rates of TLR
(17.6% and 13%, respectively) and MACE (20.1% and
15.9%, respectively) were similarly good. However, for the
77 patients in DEBATE-II with optimal balloon angioplasty
that were stented anyway (achieving a final mean diameter
stenosis of 8%), the rates were significantly better: only 3.9%
underwent TLR and only 6.5% experienced MACE. Unac-
ceptable results with balloon angioplasty alone are also
revealing, In DESTINI, the provisional stent arm had 2 TLR
rate of 14.1% and 2 MACE rate of 18.0%. The equivalent
groups in DEBATE-II would be the suboptimal balloon
angioplasty group that was stented and the bailoutr group.
Interestingly, both had TLR and MACE rates lower than the
rates in DESTINI Finally, there were 86 patients in
DEBATE-II with suboptimal results after balloon angioplasty
{again, mostly on the basis of CFR criteria, because the final
diameter stenosis was no different from that of the optimal
balloon angioplasty group). These patients received no fur-
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TABLE 3. Treatment of Patients With Optimal and Suboptimal Results and 1-Year Outcomes

Acceptable Results With BA

Unacceptable Results With BA

DEBATE-l, DEBATE-Il,
Optimal Optimal DEBATE-Y, DESTI, DEBATE-,
DESTINI, SAandNo BAWith  Suboptimai BA Provislonal  DEBATE-H,  Suboptimal BA and
Optimal BA Stent Stent With Stent Stent Ballout Stent No Stent
No. of patients 159 107 77 112 206 129 BE
Final DS, %, mean 248 23 8 7 10.2 “er 24
TR, % 17.6 13.0 39 6.3 14.1 103 26.9
MACE, % 20.1 159 65 10.7 18.0 17.8 26.7

B4 indicates halloon angloplasty; DS, diameter stenogls.

ther treatments, and they had the highest event rates of all:
20.9% required TLR and 26.7% cxperienced MACE.
Re-examining these numbers leads to the conclusion that
stenting after optimal balloon angioplasty is best (MACE rate
of 6.5%), optimal balloon angioplasty without a stent or
suboptimal balloon angioplasty with a stent is next best
(MACE ratc of 11% to 20%), and suboptimal balloon
angioplasty with no stent is the worst (MACE rate of 27%).
This clearly means that when a stent cannot be used (for
whatever Teason), achieving an optimal balloon angioplasty
result s the next best thing, We all know and aceept this, But
why sheuld stenting a patient who has an optimal balloon
angioplasty result produce a more favorable long-term out-
come than leaving well cnough alone? The answer to this
gocs right to the core of whatever it is that stents do, whether
that means mechanically supporting small and invisible
disscctions, preventing late clastic recoll, or somehow alter-
ing the biological course of restenosis. Using a stent 10 obtain
a large, smooth (some would say “cosmeticatly pleasing™
lumen visualized by standard angiography to the satisfaction
of the operator seems to provide the best results yet achieved.

Long-Term Qutcomes
A final perspective on the long-term benefits of stenting in
the real world comes from 2 reconsideration of the NHLEI
Dynamic Registry that we started with, along with the
previously mentioned New York State Registry® and a recent
study from the British Columbia Cardiac Registries in Can-
ada.™ Table 4 lists the odds ratios for the long-term benefits
of stenting compared with batloon angioplasty for cach of
these 3 reports. Both the Canadian and New York State
Registrics noted significant long-term benefits with stenting.
In the Dynamic Registry, the I-year outcomes of the 1997/

TABLE 4. Long-Term Outcomies of Stenting and Baltoon
Angioplasty in 3 Studies

Canadian New York State NHLB! Dynamic
Reglstry Reglstry Registry
No. of patients 9584 19792 3990
Follow-up Interval 1 year 2 years 1 year
Qdds ratio for
Desth 114 0.78 0.9
TLR 0.72 0.65 0.6
Favors Stent Stent Stent era
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1998 collection (stent era} were sigrificantly better than those
in the 1985/1986 collection, Admittedly. these are retrospec-
tive data, However, the studics are methodologically sound.
and the results arc consistent. The routine use of coronary
stents is associated with improved clinical cutcomes at 1 to 2
years compared with performing conventional balloon
angioplasty.

Limits of Technology

The reasons why provisional stenting has not become com-
mon, and likely never will, are 4-fold. First, the proven results
of routine stenting are excellent. Sccond, a large number
(~=50%) of the lesions where stents might wish to be avoided
under a provisional strategy must be stented anyway. Third.
the technology required to undertake provisional stenting is
uncormrnon, and its applicability is unclear. This docs not
mean that intravascular ultrasound, QCA., and Doppler are
not useful. They clearly can be valuzbic on an individualized
basis. However, for the purposc of deciding whether to stent.
at the present time and for the foreseeable future, they have
not yet been proven to add anything of value to the cyes of
experienced angiographers. Finally, 2 current studies indicate
that routine stenting is less costly than provisional stenting.
‘Fhe increased procedurc time required to use the additional
technology and the greater numbers of repeat procedures in
the provisional strategy probably account for this. Given the
dramatic reductions in adverse clinical events that stents have
brought about, the indications that long-term stent results are
more favorable than balloon angioplasty, the high percentage
of provisional strategy paticnts that ultimately receive stents.
and the reportedly favorable economics of routine compared
with provisional stenting, it is fair to say that routine stenting
wins,

References

1. DiMurio C, Moses JW. Anderson TJ, ot al. Randomized comparison of
elective stent implantation and coronary balloon angioplasty suided by
online quintitative ogiography and intracoronary doppler. Circulation.
2000;102:2930-2937.

2. Serruys PW, de Bruyne B, Carlier S, ct al. Randomized comparison of
primisy steating and provisional balloon amgioplasty guided by flow
vclocity measurement. Circudation. 2000;102:2938~2044.

3. Williams DO, Holubkev R, Yeh W, et al. Percutaneous coronary inter-
vention in the current era compared witk 1985-1986: the National Hezrt.
Lung, and Blood Institute registries, Circudarion, 2000:102:2945-2951-

4, Ritchic JL, Maynard C, Every NR, et 4. Coroniry artery stent outcomes
in 2 Medicare populaticn: less emergency bypass surgery and lower
mortality rates in patients with stents. Am Hearr J. 1999:138:437-440.



2914

Circulation December 12, 2000

. Haonan EL, Racz MJ, Amni DT, et al. A comparisen of short~ und

long-term outcomes for balloon angioplasty and coronary artery stent
placement. J Am Coll Cardiol. 2000:36:395-403,

. LaFont A, Dubois-Rande JL., Steg PG, et al. The French randomized

optimal stenting trial: a prospective evaluation of provisional stenting
guided by coromary velocity reserve and quantitative coromary
angiegraphy. S Am Coll Cardiol. 2000;36:404-409,

- Weaver WD, Reisman MA, Griffin 11, ¢t sl Optimum percutanecus

transluminal corenary angioplasty compared with routine Stent strategy
izl (OPUS-1}: a randomised trial. Lancer. 2000:355:2199-2203.

. Kern MJ, Dupuoy P, Drury JH. et al. Role of ¢oronary artery lumen

enlargement in improving coronary bloed flow after balloon angioplusty
and stenting: a combined intruvuscular ultrasound doppler flow and
imaging study. J Am Coll Cardiol. 1997;25:1520-1527,

. Serruys PW, di Mario C, Piek J, &t al, Prognostic value of intracoronary

flow velocity and diameter stenosis in assessing the short- and long-term
outcemes of coronary balloon angioplasty. Circulation. 1997:96:
3369-337%.

. Abizaid A, Mintz GS, Pichard AD, ¢t al. Clinical, intravascular

ultrusound, and quantitative angiogruphic determinants of the coronary

flow reserve before and after percutincous transluminal ¢orogary 2ngo-
plasty. Am J Cardiol, 1998:82:423..428,

. van Liebergen RAM, Pick JI, Koch KT, et al. Immediate and long-term

cffect of bulloon angioplasty or stent implantation on the absolute and
relative coronary blood flow welocity reserve. Circulation. 1998:98:
2133-2140.

. Hanekamp CEE, Koolen 1, Piljs NHI, et al. Comparisen of quantitative

coronary ungiography, intravasculur ultrasound, and coromary pressurc
measurement [0 assess optimum stent deployment, Circutation. 1999:99:
10151021,

. Kern MJ, Puri 8, Bach RG. et al. Abnormal coronary flow velocity

reserve after coronary artery stenting in patients: role of relative coronary
reserve [0 assess potential mechanisms. Circuladon. 1999;100:
24912498,

. Rankin JM. Spinelli JI, Carcre RG, et al. Improved clinieal outcome after

widespread use of coronary-artery stenting in Canndi, N Engl J Med.
1999:341:1957-1965,

Key Worps: Editorials I stents B angioplasty



84



Chapter 5
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In Vitro Study of FFR, QCA, and IVUS for the
Assessment of Optimal Stent Deployment

K. Matthys, msc,* S. Carlier, mp,” P. Segers, msc, pha,’ J. Ligthart, esc,? G. Sianos, mp,?

P. Serrano, mp,” P. Verdonck, msc, pho,” and P.W. Serruys, mp, pho®

We tested whether fractional flow reserve (FFR) discriminates between suboptimaily and
optimalty deployed stents. Latex tubes (4 mm in diameter) with stenosis 40% {n=3}, 50%
(n = 3) and 60% (n = 3) were ested in a pulsatile flow system, using water. Measurements
were done at baseline {n = 9; FFR/QCA) and after suboptimal {SOD; 3-mm balloon at 8
atm} and optimal {OD; 4 mm balloon at 16 atm) deployment of a 35-mm stent (n = 6;
FFR/QCA/IVUS). Varying Q from 150 to 50 ml/min increcased FFR by 2-7%. Conversely, at
100 mi/min, FFR increased by only 0.8% from SOD to OD (P < 0.05). Extrapolating data to
blood flow, the gain in FFR from SOD to OD is less than 5% for Q = 100 mi/min, while FFR
may increase by 15-20% by changes in blood flow from 50 to 150 mi/min, We conclude
that IVUS and QCA are more appropriate for the assessment of optimal stent deployment.
Cathet Cardiovasc Intervent 2007;54:000~000.  » 2007 Wiley-Liss, Inc,

Key words: flow reserve; intravascular ultrasound; angiography; suboptimal stent de-

ployment

INTRODUCTION

Fractional fiow reserve (FFR) is defined gs the ratio of
myocardial flow in a stenosed coronary segment during
hyperemia (Q) to hyperemic flow through the same seg-
ment in the hypothetical case that thers is no stenosis
present (QY) [1.21. Pijls et al. [3] and De Bruyne et al. [4]
have shown that FFR can be obtained from pressure
measurements proximal and distal to the stenosis only
and that it assesses the physiologic significance of a
coronary stenosis [5]. The pressure-based FFR is easily
measured during transluminal interventions and normal
and cutoff values have unequivocally been determined
[6.7].

The availability of ultrathin pressure wires, permitting
accurate pre- and poststenotic pressure measurements,
has increased the use of FFR in clinical practice. Never-
theless, FFR has some important limitations. as FER is
determined by the pressure drop over the lesion. First,
this pressure drop is function of flow. FFR is thus by
definition sensitive to the flow level in the coronary
artery. Myocardial infarction may have a large impact on
maximally recruitable flow during hyperemia and. con-
sequently. on the calculated values of FFR. Second, FFR
has been proposed as a valuable tool to assess optimal
stent deployment during intervention [8]. This implies
that the difference in pressure drop over a sub- and
optimally deployed stent is large enough to allow dis-
crimination between both situations.

In this study, we use an in vitro sctup to address both
raised concerns regarding FFR, (1) testing the flow de-

© 2001 Wiley-Liss, Inc.

pendency of FFR. and (2) investigating whether FER is
able to discriminate between suboptimally and optimally
depioyed stents,

METHODS
Concept of FFR

The simplified model of the coronary circulation as
proposed by Pijls and De Bruyne and their coworkers
consists of a resistance representing the stenosis (R,)
placed in series with the myocardial resistance R (Fig. 1,
top). Pressure drops along these resistances are defined
as:

AP nonis = Py = Py
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AQ

=

APm;,-m:m'd =FP,— P,

where P, stands for mean aortic pressure. P, for mean
distal coronary pressure, and P, for mean central venous
pressure. P, Py, and P, need to be measured during
maximal coronary hyperemia when myocardial resis-
tance is minimal and assumed to be constant [6). This
condition is imperative for the calculation of flow in the
medel of Pijls-De Bruyne, as, in the case of constant
myocardial resistance, flow is directly proportional to the
pressure drop causing the flow movement. Maximal
myocardial ffow {Q) can then be written as:

APn‘,yocurdium _ 'Pa' - Pv

R TR

(o]

In the abscnce of a stenosis. Py would approximalg P,
(Fig. 1. bettom). In this hypothetical case. flow (Q7) is
given as

P,— P,

N =
@ R

and FFR can be expressed as

88

Fig. 1. Simplified model of the coronary cir-
culation as proposed by Pijfls and De Bruyne,
consisting of a resistance representing the
stenosis (R,) in series with the myocardiat
resistance (R). AO: aorta; P, aortic pres-
sure; Py pressure distal 1o the stenosis; P,:
venous pressure; Q: flow (Q% = Qwhen R, =
U); RA: right atrium. (Modified from Pijls and
De Bruyne [6).)

Q (Pd_Pp)'R (Pd”"P.‘)Achi

PR = v "R =Py~ (P =P P,

In Vitro Setup

The experimental setup comprises a cardiovascular
simulator to generate physiologic aortic pressurcs in a
closed hydraulic circuit, using water as the test fluid,
Water viscosity is roughly three times lower than blood
viscosity, In order to fulfil the requirements of fuid-
dynamic similarity between the experimental model {(wa-
ter) and the real {blood) flow in the coronary circunlation,
experiments are performed at low water flows (range:
50-200 mi/min). corrcsponding to blood flows of 150—
600 ml/min, largely covering the normal physiclogical
range of hyperemic coronary bloed flow. The conversion
is further addressed in detail in the discussion and in the
Appendix. Stenosed Latex tubes. representng diseased
cpicardial coronary scgments with different degree of
stenosis severity, were inserted in this circuit, We tested
nine Latex wbes (& = 4 mm) with stenosis length of 15
mm and a target diameter stenosis (DS) of 40% (n = 3).
30% (n = 3}, and 60% (n = 3).



Fig. 2. Schematic drawing of the in vitro setup. Top right: the cardiovascular simulator gen-
erating physiologic acrtic pressures. Middle: corenary artery phantom (h) mounted on a 3D

shape of 2 human heart (b), together with active ()} and passive () resistance models, Left:

afterload circuit (k).
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| 150 mm |

7

LA N

¢

| 40% DS: 2.4 mm
50% DS: 2.0 mm
60% DS: 1.6 mm

Fig. 3. Drawing of the coronary artery
phantom. A plastic substance is introduced
at the site of the narrowing (filling). The cias-
tic Latex compound is used solely for the
heaithy part of the corenary segment, De-
pending on the degree of diameter stenosis

wi p

s o
Latex wall Filling

The cardiovascular simulator. The cardiovascular
simulator was described in carlier work [9-11] and is not
discussed in detail. Figure 2 shows a schematic drawing of
the setwp of the heart {a) and coronaries. To simulate the
tortuous pattem of the coronary tree in an anatornically
correct way, the Latex coronary artery phantoms were
mounted on a three-dimensional (3D) shape of a human
heart, a thin-walled Latex “epicardial surface™ (b). We con-
nected the aortic outler of the original simulated heart, to the
inlet of this Latex epicardium, The normal flow path of
blood within the heart was bypassed by a V-shaped PVC-
wbe {¢). To have coronary inflow immediately distal to the
aortic valve, a bileaflet acrtic prosthetic valve (d) (St. Jude
Medical. St. Paul. MN) was placed at the V-tube outlet,
Intra-arterial pressure measurements show realistic aortic
pressure wave contours distal to the aortic valve af the
outlet (sce Fig, 5. bottony), which justifies this interven-
tion In the afterload of the simulator,

At the aortic outlet, a Latex aorta model (e} and two
epicardial coronary vessels can be connected (F.g). In this
study. we only used the connection in the LAD position
(g} to mount one of nine LateX coronary artery phantoms
(h), The epicardial segment is connected downstream to
a computer-controlled time-varying resistance (i), which
impedes coronary flow in systole. representing the myo-
cardial resistance vessels. This myocardial resistance is
then, in turn, connccted to a passive resistance clement
(j). modeling the capillaries of the myocardium.,

Coronary artery phantems. The stenotic epicardial
coronary segments were modeled as Latex tubes molded
in several layers on three tubular molds (& = 4 mm),
with different narrowing sizes in the middle according to
the desired stenosis severity (DS = 40%. 509, and
60%}). In previous attempts to dilate 100% Latex tbes by
means of a balleon catheter, the stenosed segment re-
turned completely to its original dimensions due to elas-
tic recoil. Therefore. we introduced a plastic substance at
the site of the narrowing, and used the clastic Latex
compound solely for the healthy part of the coronary
segment (Fig, 3). The elastic—plastic model thus obtained
suited the purpose of the tests of which the results are
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(40%, 50%, and 60% DS, respectively), dif-
ferent inner diameters (2.4, 2.0, 1.6 mm, re-
spectively) had to be accounted for.

commented below. We also refer to the discussion for
further details on the coronary artery phantoms.
Passive and active myocardial resistance. The pas-
give resistance element is composed of 29 capillaries
captured in a water-filled reservoir [10] (Fig. 4. right).
The resistance can be changed by increasing the pressure
in the water reservoir and thus occluding the capillaries.
Coronary flow. however, is inhibited during systole due
to the mechanical contraction of the heart muscle. and
myocardial blood delivery is maximal during relaxation
[6.12]. We therefore connected the passive resistance in
series with a time-varying resistance, which impedes the
flow during systole, and is minimal during diastele. A
10-ml syringe is used as an air-filled reservoir. with one
Eatex tube (representing a myocardial resistance vessel)
on the inside (Fig. 4, left). The air-filled reservoir of the
resistance 15 connected via an electromagnetic onfoff
valve to a buffer reserveoir in the pneumatic circuit of the
cardiovascular simulator. This way. the Latex tube is
collapsed—and myocardial flow impeded——in phase
with myocardial contraction. Figure 5 (top left) clearly
shows that without the myocardial resistance, maximal
flow is delivered during systole, which is not physiolog-
ically correct. Maximal blood delivery shifts to diastole
when the resistance is activated (Fig. 5. top right).

Measurement Protocol

Intra-arterial pressure was measured proximal (P,) and
distal (P,) to the stenosis at a sampling rate of 200 Hz,
using cpidural catheters connected directly to piczoclce-
tric pressurc transducers (Becton Dickinson, Franklin
Lakes. NI). The pressure catheters do not cross the ste-
nosis. Flow was measured proximal to the stenosis by
mezans of a two-channel ultrasonic flowmeter (Transonic
Systems, Ithaca, NY). A second flow probe was mounted
distal to the capillary resistance as control. Heart rate was
set to 60 bpm and initial mean aortic blood pressure to
100 mmHg. Throughout a single experiment, flow was
varied stepwise from 50 ml/min to about 200 ml/min by
changing the capillary resistance value.
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Fig. 4. The capillaries of skeletal muscles, tissue, and organs
are modeled as a passive resistance element {right side). The
contraction of the myocardial muscle is simulated by a time-
varying resistance (left side). When an clectromagnetic (EM)
on/off valve closes, the time-varying resistance becomes inac-

First, baseline (BL) measurements were done in all
nine stenotic Latex tubes (& = 4 mm). A 35-mm ACS
Multilink stent (Guidant/ACS. Santa Clara, CA} was
deployed in 6 tubes, with a 3-mm balloon at § atm. This
allowed us to simulate conditions of suboptimal stent
deployment (SOD). After hydraulic tests in the hydraulic
bench, the tubes were taken to the catheter laboratory for
intravascular ultrasound (IVUS) and biplane QCA with
the tubes tested under static pressure conditions at 100
mmHg. Stents were then further optimally deployed
(OD) under angiographic guidance using a 4-mm balloon
at 16 atn. QCA and IVUS were repeated, and the OD
tubes were taken to the hydraulic bench for Gow mea-
surement and assessment of FFR.

Data Analysis

Fractional flow reserve. Intra-arterial pressure mea-
surcments P, and P, were averaged over five heart cy-
cles. Fractional flow reserve (FFR) was calculated for
each twbe as PP, Values were averaged over three
tubes per target sicnosis severity and are given as mean
+SD,

QCA. The reference diameter (RD) measured in the
frontal and lateral view with the biplane QCA was aver-
aged, as well as the frontal and lateral minimal lumen
diameter (MLD). Diameter stenosis (DS) percentages
were then caleulated withs

in Vitro Study of FFR, QCA, and IVUS 5

Alterlond
Cireuir

tive, and flow passes through the Latex tube, enclosed in the
syringe (full line contour}. When the time-varying resistance is
activated, pressure is delivered from a buffer reservoir through
the: opengd on/off valve into the syringe and the Latex tube
collapses (dotted line contour).

RD,, — MLD,,,
RDa\'g

Intravascular ultrasound The IVUS images were
used in a qualitative way tw verify whether or not the
coronary stent was well opposed to the vessel wall. IVUS
procedurcs were done following clinical guidelines as
published by Di Mario et al. [13]. The data were analyzed
using two-way repeat-measurement analysis of variance
(ANOVA) to study the effect of flow and stenosis level
on pressure—flow relations and FFR., QCA data were
analyzed using one-way repeat-measurcment ANOVA,
The Bonferroni f-test was used as a post hoc test if
significance was reached (P < 0.05). FFR data were
analyzed at 100 ml/min, pooling data from all nine tubes.
Differences between BL. SOD. and OD were assessed
using paired ~tests,

DS = 100 -

RESULTS

Bascline QCA yielded effective DS values of 40%,
54%. and 59%. respectively (Table I). There was signif-
icant residual stenosis after SOD as confirmed by IVUS
and QCA (DS = 35 = 3%, 32 £ 1% and 39 = 2%,
respectively). OD reduced DS values down to 13 = 4%,
10 = 2%, and 10 = 2%, respectively, and IVUS images
confirmed overall contact of the stent with the vesscl wall
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Fig. 5, Intra-arterial pressure and flow
waves, measured distal to the aertic vakve
50 . — . . ; . (see Fig. 2d), Without the time-varying (TV)
0 1 5 3 4 5 6 resistance {on/off valve closed), maximal
flow is delivered during systole ftop left).
Ti Maximal blood supply shifts to diastole
ime [s] when the TV resistance is active {top right).
TABLE I. QCA Analysis Results
BL 50D oD
Turget DS (%] TFube # R [mum| MLL [mm] DS [%] RD [mm}| MLD [mm] DS (%) RD [mm] MLD imm] DS [¢]
1 9 2.6 33 4.2 15 15
40 2 32 1.9 40
3 4.2 2 37 4.3 19 10
4 39 2 33 a6 13
50 5 3.3 13 54
G 4.2 29 31 4.4 38 9
7 4.1 25 38 4.2 38 9
] g 4.0 i6 59
9 4.2 2.5 41 4.2 37 11

Reference diameter (RD), minimal Jumen diumeter (MLD) and diasmeter stenosis percentages (DS) are shown for buseline conditions {BL). suboptimally

deployed (SOD) and optuimally deployed {OD) stents,

(Fig. 6). The differences between BL. SOD, and OD
were significant (one-way ANOVA) when assessed by
means of QCA and IVUS, except for 40% DS (no dif-
ference between BL and SOD).

At BL. for @ = 100 mlVmin, FFR was 0.964 + 0.003,
0.947 £ 0.004 and 0.923 = 0,012 for 40%. 50% and 60%

DS, respeetively. FFR varied inversely with Q (P < 0.001,
2-way RM ANOVA) at BL. SOD ard OD (Fig. 7). At BL,
varying Q from 130 to 3¢ ml/min increased FFR by 2-7%.
For OD, variation is less than 5%. Pooling all data at 100
ml/min, FFR increased from 0.955 == 0.009 after SOD to
0.963 = 0,005 after OD (+ 0.8%: P < 0.03: paired r-cst).



In Vitro Study of FFR, QCA, and IYUS 7

Diameter

Diameter

.50
3.96

{

Fig. 6. Top: IVUS and QCA images for a suboptimally deployed (50D) stent, The minimal lumen
diameter is clearly detected via the QCA analysis; IVUS shows the loose struts of the malap-
posed stent. Bottom: IVUS and QCA for the same stent after optimal deployment {OD). There is
a minor residual stenosis; IVUS shows stent struts, well apposed against the corohary artery

wall.

DISCUSSION

In this study, we have used 2 hydraolic coronary artery
model to address some limitations of FFR in clinical
practice. We have demonstrated its flow dependency, and
assessed its (in)sensitivity to optimal stent deployment.

From a hydraulic point of view. the flow dependency
of FFR is casily demonstrated if P, is replaced in the
formula for FFR by its equivaleat, Py = P, — AP. where
AP is the pressure drop over the stenosis. FFR then
becomes

P, P,—APQ)  AP(Q)
FRR =5 =——Fp—— =1-—— =FR(Q)

AP is always function of flow. In the case of laminar
Poiseuiile flow, there is a linear relation between Q and
AP. Over a stenosis. this relation is quadratic [14], P, is
often taken the {mean}) central aortic pressure; it is rela-
tively insensitive to the flow level in the investigated
coronary artery. Note that AP is also function of bicod
viscosity. For the same flow. AP is higher if viscosity is
higher: the hematocrit or fibrinogen concentration may
therefore modulate FFR. A solution to enhance the flow
independence of FFR might be to measuarce pressure prox-
imal to the stenosis and not in the aorta (FFR = PP,
instead of P,/P,}. One should alse realize that in clinical
practice, catheters cross the stenosis, disturbing the flow

93



15 - 40% Q-AP
o BL
121 v sop %
%ﬂ 0 o oD
g o
CH g
T %
0 T Y T T 3
0 50 100 150 200 250
Q |ml/min}
1,00 40% Q-FFR
©
0.95 - (i %
goyo %
© BL
085{ ¥ SOD
o Qb
0.80 . . ; ; .
0 50 100 150 200 250

Q [ml/min]

s - 50% Q-AP 0. 60% Q-AP
12 ] 0y -
el el
9 18 4
g g
£, AR I }
: i° : by
R -1 6 - 5 F
R
i] T T T T 1 O T T T T ]
0 50 100 156G 200 250 G 50 100 150 200 250
QQ [mi/min] Q Iml/min]
&
0.95 ,8 =) 0.95 - O %
E ‘% o g n(} %
&= 0.90 %’ B4 0.90 | %
0.85 1 0.85 1 ‘L
0.80 v T r - — ) 0.80 T T T r —
0 50 100 150 200 250 0 50 100 150 200 250

Q [ml/min]

Q [ml/min]

Fig. 7. Top: measured flow values (Q) and pressure drops (AP) for baseline (BL), suboptimal (S0D), and optimal (0D} deployment conditions. Values are shown for each of the
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pattern and contributing to AP, Even for ultrathin wires
commonly used, their influence is not always negligible
[15.16].

In clinical practice, FFR is useful 1o assess the severity
of a coronary stenosis and to decide whether to perform
an intervention. A threshold value of 0.75 is used. This
value was assessed in patients with stable angina [5.17].
In patients with postmyocardial reperfusion or unstable
angina, maximal hyperemic flow could be lower than in
stable angina patients. As FFR is function of flow, the
0.75 threshold might not hold in these patients. This was
recently shown by Jeremias et al. [18], who demonstrated
that the FFR measurcd post balloon occlusion was lower
than post-adenosine hyperemia (0.58 = 0.2 vs. 0.63 *
0.23, P << ,001), This difference was related to a higher
hyperemic flow obtained after balloon occlusion than
after intracoronary administration of adenosine [18].

QOur study shows little discriminating power of FFR
between suboptimally (SOD) and optimally deployed
(OD) stent. Given the definition of FFR, this means that
the pressure drop over the tested stenosed Latex tube
docs not differ significantly between SOD and OD (at the
same flow level). In hydraulic terms, the pressure drop
over an SOD stent may arise from (1) pressure losses due
to the higher residual stenosis, or (2) pressure losses due
to flow turbulence around the loose struts in the flow, We
found little effect of the difference in residual DS (11 =
2% for OD, 35 = 4% for SOD) en the pressure drop and
FFR. This is not surprising. and confirms other studies
showing cffects of stenosis on pressure drops only for
high stenosis values [14]. More remarkable is the obser-
vation that the pressure losses attributable to loose stent
struts are not significant either. Some interesting studies
on flow turbulence due to the positioning of the stent
struts were performed by Peacock et al. [19] and Berry et
al. [20]. Unfortunately, these studies emphasized mainly
flow visualization and characterization, rather than the
guantification of pressure losses.

In recent work, Hanekamp et al. [8] tested the feasi-
bility of FFR for the assessment of optimal stent deploy-
ment. A cutoff value of 0.94 was propesed, with FFR
=0.94 indicating optimal deployment. The agrecment
between optimal stent expansion by IVUS, with (1) com-
plete apposition of all struts, (2) symmetry index >0.7.
and (3) in-stent minimal eross-sectional arca >90% of
reference arca. and an FFR of >0.94 was 91%.
Hanekamp et al. concluded that IVUS and FFR were of
similar value to assess optimal stent deployment and that.
for this purpose. coronary pressure measurement can be
used as a cheap and rapid alternative for IVUS. Although
the mean reference diameter (RD) in the study by
Hanekamp and colleagues is not given, it is expected that
it was ~3.0 mm, the most common size of a stented
coronary vessel [21.22]. In these conditions, a subopti-
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mal stent cxpansion with a suboptimal residual diameter
stenosis (DS) of 30% gives a minimal lumen diameter
(MLD) of 2 mm, whereas an optimaily expanded stent
with a residual DS of 10% is associated to aMLD of 2.7
mm. In our in vitro experiments performed with Latex
tubes presenting a mean RD of 4 mm, SOD stents, with
a mean residual DS of 36%. had a MLD of 2.6 rom. and
the OD with a mean DS of 11% had a MLD of 3.6 mm.
This may explain the discrepancy between our results.
demonstrating minimal change of the FFR between SOD
and OD stent expansion and the clinical data of
Hanckamp ¢t al. However., our IVUS pullbacks demon-
strated that although a sufficient MLD was restored to
give an FFR value of >0.9, large segments of stents were
still malapposed and were not detected by abnormal FFR
values. These extensive segments would have surely had
clinical implications such as (sub)acute thrombosis in a
clinical sctting.

In previous configurations of the cardiovascular sim-
ulator, the arteries were mounted in a horizontal plane.
neglecting the 3D component of the peripheral vascular
bed. The coronary arteries, however. arc particularly
tortuous. In order to respect their 3D anatomical shape,
we had to mount them on a Latex cpicardial surface, as
shown in Figure 2. This sctup more closely resembles
coronary anatomy but is still a merely static supporting
structure. A dynamically moving structure would further
decrease model limitations.

For the Latex coronary artery phantoms. we performed
a feasibility study comparing phantom fills of 100%
Latex with various types of plastic substances. We sim-
ulated a PTCA procedure, as well as the deployment of
(home made) stents [23], As a criterfon, we used the
residual stenosis percentage of the stenosed segment and
compared it to that what is usually observed in clinical
practice immediately after PTCA or {optimal} stent de-
ployment. Experiments led to the currently used config-
uration. Nevertheless, optimal stent depleyment still
yielded average residual DS of =10%. which. in clinical
practice, is an upper limit for OD deployment [24]. Thus,
further and more elaborate investigation of an appropri-
ale stenosed corenary artery phantom may be required.

With the time-varying resistance, we obtained more
realistic flow pattemns, realizing flow impediment during
systole. However, there are still some limitations leading
to perturbations during activation of the myocardial re-
sistance (Fig. 5). Replacing the simple on/off valve with
a regulating actuator would probably smooth out the fiow
wave, Furthermore, we only simulated one coronary ar-
tery with no side branches. In vive, the heart is irrigated
by a dense network of arteries, arterioles. and capillaries.
Extending our Latex model in greater detail, i.e.. more
epicardial branches and more myocardial resistance ves-
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sels, would also improve the physiological relevancy of
the simulated coronary flow patrern.

QCA and IVUS tests were done in the catheter labo-
ratory, while the hydraulic tests were performed in the
hydraulic laboratory. For practical and technical reasons,
it was impossible to use the cardiovascular simuiator in
the catheter laboratory. We therefore used 2 2D static
setup in the catheter laboratory, in which the coronary
phantom was inseried after previous testing in the hy-
draulic bench, There was no 31D supporting structure, nor
was there a pulsatile flow regime during QCA and IVUS.
The coronary artery phantoms were however filled with
water and contrast agent and then pressurized to 100
mmHg, similar to mean aortic pressure (P) in the hy-
draulic tests with the cardiovascular simulator.

Another limitation of our work is the usc of water for
test fluid. Being Newtonian, water has no shear-thinning
effects, but this aspect is less important as the dimensions
of the coronary phantoms largely exceed those of blood
particles, and velocity and shear rate are high enough to
neglect non-Newtonian effects. More important is the
fact that the viscosity of water s 3 10 4 times lower than
blood. Consequently, pressure drops are 3 to 4 times
lower as well, and calculated FER values are higher than
the valucs for blood at the same flow level. Nevertheless,
our results can be converted to blood flow using dimen-
sionless numbers and the theory of dynamic similarity
[25]. For cach FFR valuc at a certain flow level with
water experiments, there is a corresponding lower FFR
value for blood at a (higher) blood flow level, A detailed
outline of such a conversion is given in the Appendix, As
an example, for a coronary artery phantom with target
diameter stenosis of 60%, we found that after optimal
stent deployment (OD). FFR, ..., = 0.98 for Q.o =
30.54 ml/min. These values correspond to a blood flow
(Quiooa) of 168.47 mlimin, and FFR, 4 = 0.81 (sec
Appendix). The water experiments, covering a range of
50-200 ml/min. cover a blood range of 150-600 ml/
min. Figure § illustrates FFR values for water {upper
pancls) and the converted values for blood (lower pancls)
for BL, SOD. and OD a5 a function of MLD and DS,
Note that changes in flow have a much larger cffect on
FFR than going from SOD to OD.

In conclusion, we demonstrated that FFR is con-
founded by the blood flow level and the blood viscosity.
Further, we found only smail differences in FFR between
2 suboptimally and an optimally depioyed stent assessed
by IVUS (complcte stent apposition). Anatomical param-
clers postpercutancous coronary intervention remain
strong predictors of restenosis, for example. and assess-
ing optimal stent deployment is more dependent on an-
atomical measures than measures of functional perfusion.
Thus, we believe that IVUS and QCA are more appro-
priatc for the assessment of optimal stent deployment
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than FFR when a minimal lumen diameter has been
reached, normalizing the FFR to >0.9. In clinical con-
ditions such as unstable angina/postmyocardial infarction
reperfusion, cautious interpretation of FFR measure-
ments should be based on potential low-flow conditions,
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From the calculations done in apppendix.we conclude
that FFR,,. .., = 0.98. at a flow level of Quuer = 3054
mi/min, corresponds to FFR, 0 = 0.81 for Queey =
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APPENDX

Converting flow and pressure measurements for water
o results for blood requires two steps. First, extra pa-
rameters have to be calculated for water in order to derive
two nendimensienal numbers: Reynolds (Re,,,..) and
Enler (§,,,..). Sccond. applying the theory of dynamic
similarity., we express that Re,,.. cquals Re,,., and
Cwater €quals L o4 From these two equations, it is then
possible to obtain flow and pressure values for blood, as
demonstrated below,

Step 1 Rewater and ;watcr

Intcrnal diameter of the coronary artery phantom., as
well as the physical properties of water is given in Table
Al Cross-sectional area Ay, ., 18 calculated with

Am Heart J 1993:126:1243-1267. .
. De Scheerder IK, Wang K. Kerdsinchat P, Desmet W, Dens ], A=xn-D%/4
TABLE Al. Measured and Derived Parameters for Water
Parumeter Symbal [units] Formula Value
Tnternal diumeter [N ] 0.004
Cross-sectional area A g MM A ome D*4 12.6
Water density Paer [ke/m'] 1000
Wauter viscosity Veguer [P %] 0.001
. ==

Wauter velocity Uper |15 A 0.067
Water flow Quer | Mifmin] 50.54
Proximal stenosis pressure P warer iMMHZ! 106.55
Distul stenosis pressurce P e iMHEL 14,79
Pressure drop AP e ImmHg] AP =P, — P, 1.76

FFR = =
FFR, e (OD) FFR,.cr Py o.98

U-Dep

Re - ;

Reynolds,, . Reier % 268
_ AP

Buleryuer Eaner o 52
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TABLE All. Corresponding Parameters for Blood

13

Pasameter Symbol [units] Formula Vaulue
Reynoldsyu, Ry Repion © Rewuer 68
Internal Dizmeter D pamom 1M 0.004
Blood Density Potond him’] 1030
Blood Viscosity Wt [P 83 0,0035
. Ui ™ Repon” ‘m
Blood Veloaity U o [0048] D Pians 022
~ Cross-sectionul area Ao [0 A= w0 12,6
Blood Flow Qe [Mlfmin] C=U-4A 168,47
Bulerynm Ehlnnt Srtond = Swer . 52
Pressure drop AP og IMmHR]T B3Pl = Enond * Prtvod * U iloos 20.38
Proximal stenosis pressure Py o ImmHgl Powo = Fpvaier 106.35
Distal sienosis pressure Py IMmHE| Py = Py - AP 85.97
£y
FFR - " ]
FFRy, 0 (OD) FFR e B, 0.81

while water velocity Uy, is derived from the measured
flow Q,.er = 50.54 ml/min) with
2
U = —
A
Pressure drop AP, and FFR ... are derived from the
measured proximal and distal stenosis pressures with

AP=P, - F,
and
Pa‘

FFR:F

Id
resulting in AP, = 1.76 mmHg and FFR,,,,, = 0.98.
Finally, the Reynolds and Euler number (Re,u.. §
are calculated using
R U-0-p p . AP
o= ——— an = e
n Sopetf

giving Re,,,.. = 268, and £ = 52 (Tablc Al).

Wulcr)

wiler

Step 2: Quiooaq and FFRy00q

Calculations are 10 be done in an “inverse’ way, start-
ing from Re and {. Necessary physical properties for

blood are given in Tabie Al Blood velocity (U,,00) 08
calculated using

Mehiood
Ubtoos = Riutood ~ he

Phioex)
WIth Repi00d = RCyuer = 268, Bloed flow (Q,,,.0) 15 then
obtained via

Q=U-A

resulting in Q. 0q = 168.47 mi/min,
AS Lyuer 2quals &yjooq. 1t is possible to derive APy,
with

APpigos ™ Eplace ™ Plood * Uf;lood

giving 20.38 mmHg. Finally, stating that P, .4 equals
P. water P bioea €20 be found

Py=P,— AP
and also FFR ..
FFR 000 = %{
»

yielding a value of 0.81.
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PART 2

Intracoronary Flow Measurements with IVUS catheters
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Chapter 6

Flow estimation using an intravascular imaging catheter.
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Abstract

Coronary flow assessment can be useful for determining the hemodynamic severity of a stenosis and to evaluate the cutcome
of interventional therapy. We developed a method for measuring the transverse fow through the imaging plane of an intravascular
ultrasound (IVUS) catheter. This possibility has raised great ciinical interest since it permirs simultancous assessment of vessel
geometry and function with the same device, Furthermore, it should give more accurate information than combination devices
beeause lumen diameter and velocity are determined at the same location,

Flow velocity is estimated based on decorrelation estimation from sequences of radiofrequency (RF) traces acquired at nearly
the same position. Signal gating yields a local estimate of the velocity, Integrating the local velocity over the lumen gives the
guantitative flow,

This principle has been calibrated and tested through computer modeling, in vitro experiments using a flow phantom and in
vivo experiments in a porcine animal model, and validated against a Doppler element containing guide wire (Flowire®) in humans.

Originally the method was developed and tested for a rotating single element device. Currently the method s being developed
for an array system.

The great advantage of an array over the single clement approach would be that the transducer has no intrinsic motion. This
intrinsic motion sets a minimal threshold in the detectable velocity components. Although the principle s the same, the method
needs some adaptation through the inherent different beamforming of the transducer. In this paper various aspects of the

devetopment of [VUS flow are reviewed. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Blood flow; Decorrelation: Intravaseular uitrasound; RF data processing

1. Introduction

Currently, intravascular ultrascund (IVUS) is the
only clinically available technique capable of providing
real-time cross-sectional images of coronaries at high
resolution in vive. It delivers information that is not
available from X-ray angiography. As the number of
avallable interventional techniques for treatment of
atheroscierotic Iuminal narrowing Increases, specific
diagnostic information that can aid in the selection
becomes increasingly important. For this reason, IVUS

* Corresponding  author, Address for correspondence: Thorax
Centre, Ee 2302, Erasmus University, Rotterdam, PO Box 1738, 3000
DR Rotterdam, The Netherlands. Tel.: +31-10-408-8036:
fax: +31-10-408-9445.

E-mail address: vandersteen@teh.fgg.eur.nl
A, der Steen)

is more and more routinely used for guiding interven-
tional procedures {1] and for studying the mechanisms
for restenosis {2].

In the last couple of years the possibilities of accessing
a sufficient amount of RF data at adequate speed have
improved significantly. This has allowed us to study
IVUS data in a totally different way [3,4]. Traditionally.
the emphasis was on imaging itself, while RF analysis
also allows tissue characterization [5.6). elasticity
imaging [7-101, flow estimation and enhanced boundary
detection.

Assessment of blood flow has long been recognized
as an important approach to evaluate the functional
status of a diseased artery. Intracoronary Doppler is a
conventional ultrasonic method for measurement of
blood velocities, and has been appiied for coronary flow
reserve assessment and to evaluate the severity of coro-
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nary lesions [11]. The use of Doppler velocimetry alone,
however, does not allow direct measurement of fiow
volume. For quantitative measurement of flow volume,
the vessel cross-sectional area and the blood wvelocity
must be assessed ceincidentally in time and space. IVUS
is a tomographic imaging technique that allows accurate
measurement of the vessel cross-sectional area, irrespec-
tive of vessel geometry [12]. The feasibility of sirnulta-
neous use of intracoromary Doppler for velocity
measurement and IVUS imaging for area measurement
to estimate bloed flow has been demonstrated [13]. One
potential limitation of this approach is that the flow
volume is estimated from the mean Doppler velocity
with an assumed velocity profile. Additionally, the simul-
taneous use of multiple uitrasound transducers could
cause cross-talk between the Doppler and IVUS trans-
ducer [14].

A unique feature of IVUS techniques is that the
direction of blood flow is almost normal to the imaging
plane. As blood particles move across the imaging plane,
the reccived echo signals decorrelate at a rate propor-
tional to flow velocities. In this paper, we review a
method that allows a direct measure of local velocity as
well as volume flow by means of analysis of the intravas-
cular RF echo signals, The flow measurements obtained
with the decorrelation method (IVUS-flow) are com-
pared with the data of an electromagnetic flow meter
(EM-flow) in vivo under various flow conditions in an
animal model, Furthermore, clinical data are presented.

Since a rotating single element transducer suffers
from some inherent motion artifacts, we are currently
developing the method for an array transducer system.
These tramsducers get their inherent resolution and
irmage quality by synthetic aperture focussing techniques.
Since this is based on reconstruction of the image from
multiple pulses from different directions towards the
same ‘static’ object, this technique is not directly suited
for flow estimation, because the blood particles are
moving in the time course of the acquisition. The
scanning protocol of the array had to be changed. In
this paper another scanning protocol is described, based
on a computer medel of the array and included in an
intravascular ultrasound system, Preliminary patient
data using this catheter are presented.

Finally possibilities to use this method for automatic
boundary detection in IVUS are discussed.

2. Methods
2.1. Decorrelation of blood echoes

The displacement of an ultrasound-scattering mate-
rial such as biood moving through the beam of an

ultrasound transducer results in decorrelation in the
received echo signal. The decorrelation phenomenon can
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uttrasound beam

scan plan

Fig. 1. The coordinates of the IVUS imaging set-up. The scanning
plane is perpendicular o the direction of blood flow.

be clearly observed in the intravascular environment in
which the ultrasound beam is transmitted perpendicu-
larly to the arterial tissue and blood flow (Fig. 1). In
IVUS, it is commonly observed from real-tirne display
that the scattering pattern of flowing blood varies rapidly
over time, This is due to the fact that the flow stream
drives the randomly distributed blood particles con-
stantly in/out of the image plane, causing the received
echo signals to decorrelate with time,

Correlation has been found to decrease approxi-
mately Linearly with increasing fiow velocity. This result
suggests that if the velocity-correlation relation is pre-
quantified for the type of transducers used, the measured
decorrelation value from blood scattering signals can be
converted into flow velocity.

2.2, Decorrelation-to-flow quantification

The methed is based on decorrelation processing of
a series of RF signals (time RF sequence) acquired at
approximately the same transmission angle.

2.2.1. Spatial decorrelation model

Unlike most other medical imaging techniques, the
majority of IVUS signals are acquired in the near field
of the ultrasound beam (0.1-4 mm). The relationship
between the correlation of echo signals and the scatterer
motion across the ultrasound beam (lateral decorrela-
tion) can be approximated with a linear model in the
near ficld [15,16]. The slope, termed the displacement
decorrelation slope (mm™"), is characterized by the
beam. pattern. The linear dependence of signal correla-
tion upon the scatterer lateral displacement has been
validated in both computer simulation and in vitro with
a flow phantom. Our results show that, because the
beam pattern may change significantly in the near field,
the displacement correlation slope must be calibrated
for the type of transducer used [15,16].
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2.2.2. Time decorrelation measurement

At each transmission angle, a sequence of RF traces
separated by a fixed time interval is acquired at a high
pulse repetition rate. The decorrelation rate of the range-
gated echo is evaluated in two steps.

1. Align the RF traces across the sequence, using axial
cross-correlation. This procedure removes the decor-
relation due to the axial displacement (along the
ultrasound beam) of blood scatterers.

. Compute the correlation coefficient between aligned
RF pairs. A slope is obtained by fitting a linear
model through the correlation versus displacement.
The slope %, termed the time decorrelation slope
(87%), is related to the transverse blood velocity
(normal to the ultrasound beam) for a given beam
position.

2

2.2.3. Velocity estimation

Thus, the transverse velocity can be estimated at each
window position from the ratio between the calibrated
decorrelation function and the measured decorrelation
slope from a time RF sequence. Note that the calibration
procedure needs to be carried out only once for a specific
type of transducer.

2.2.4. Volume flow integration

Local velocities in small range windows can be
obtained throughout the lumen cross-section to provide
two-dimensional flow mapping. As illustrated in Fig. 1,
the volume flow is calculated by integrating the local
transverse velocity with its corresponding area element
over the complete imaging plane. Because wall tissues
move more slowly than blood, the contribution of tissue
velocities can be automatically removed by setting a
threshold. Thus, no contour tracing of the arterial lumen
is needed.

3. Results

The methods described above have been implemented
on a rotating single element [IVUS system
(DuMed/Endosonics Inc.) and validated in a number
of ways. In vitro data showed good agreement with a
calibrated electromagnetic flow meter [16]. In the
carotid artery of a pig the IVUS flow showed good
agreement with electromagnetic flow estimation
(Fig. 2) [17,18].

The relation, under a variety ol flow conditions,
approached unity. In patient studies the IVUS flow is
compared with the values obtained by a Doppler flow
wire [19]. Again a good agreement was found. This
method has been evaluated extensively in the catheteriza-
tion laboratory [17.20] (Fig. 3).
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Fig. 2. Flow curves of phasic EM-flow (dotted line) and IVUS-flow
(solid line) in a pig carotid artery. showing an almost identical beat-
to-beat change in blood volume flow [17.18].
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Fig. 3. Upper panel: coronary flow mapping obtained in patient [or
low (left) and high (right) Alow rates during the cardiac cycle. Lower
panel: IVUS flow curve showing a typical two-phasic diastolic flow
pattern of a coronary artery,

3.1. Influence of catheter

One important issue in this flow measurement is the
question of whether the catheter itself influences the
flow measurement. There are three important aspects
that should be addressed.

1. Is the flow profile changed by the catheter?
2. Does the catheter cause secondary flow?
3. Does the catheter impede the flow?

(1) This is indeed the case, but it does not affect the

flow estimation, since the values of the transverse veloc-
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Fig. 4, Intensity plots at a distance of 2 mm from an array transducer
that is operated in linear array mode using one, five or nine elements
[24).

ity profile are integrated over the full cross-section and
the exact profile is not important.

(2) The method is able to discriminate between axial
and transverse flow, but incapable of discriminating
transverse motion through the plane from in-plane
transverse motion. The latter is referred to as secondary

flow and a significant presence of this could cause a bias
in the flow estimation. This secondary flow has been
studied using finite element moedeling [21]. The flow
through a curved vessel with a catheter inside at a
variety of positions is compared with the flow without
a catheter present. The main conclusion of the study
was that the secondary flow with a catheter inside has
only a minor influence on the flow estimation [22]. A
peculiar fact is that secondary flow with a catheter inside
is even less than without a catheter. The catheter seems
to have a regulating effect on the secondary flow.

(3) The impediment of the catheter on the flow is
also under study. This is done in an in vitro set-up
where tubes with several stenoses are studied. The
pressure drop over the stenosis is established without a
catheter. with a guide wire and with a catheter.

This pressure drop is a direct measurc of the imped-
ance of the flow. Preliminary results show that if the
stenosis is severe enough. there is an influence of the
catheter on the Aow. The exact influence still has to be
determined.

3.2. Flow estimation using an array transducer

Although the flow estimation seems to work well on

a rotating single element catheter there are certain
disadvantages. One is the fact that motion of the catheter
with respect to the blood cannot be separated from
motion of the blood with respect to the catheter. In
principle, the decorrelation due to element rotation can
be corrected for. but two problems remain.

1. If the flow becomes very slow the relative decorrela-
tion due to rotation becomes significant. Therefore
only velocity components above a certain threshold
can be used.

. The correction is based on a uniform rotation of the

[ ]

Fig, 5. IVUS flow image (right) and automated detecied boundary from flow (left) obtained with an array catheter. Note that the resolution of

the image is limited because no SAFT was used [18].

108



A.F.W, van dor Steen ot al, [ Ultrasonics 38 (2000} 363-368 36T

clement. If this is not the case the results may

be biased.
For these reasons the methods are currently evaluated
on 2 phased array system. The tip of the catheter consists
of 64 static elements. The image is constructed using
synthetic aperture focusing techniques (SAFT) [23].
This is based on sequential excitation and receiving of
individual elements. For the reconstruction it is essential
that the imaged obicct does not move during the acquisi-
tion time. For bleod flow estimation this mode is not
suitable, The array needs to be operated in linear array
mode. This means that a number of clements are excited
simultancously and the same clements are used for
receiving. The influence of the number of elements that
need to be used for this has been studied extensively
[24] (Fig. 4). If the number is too low, the resclution is
poor and the ultrasound energy will be concentrated
close to the transducer. If the number is too high the
ultrasound beam will split. This is because, due to the
curvature of the surface. the far field of the transducer
can never be reached. For the 64-clement catheter, an
optimal number would be four or five elements. Another
aspect is the shape of the decorrelation curve of the
array system in linear array mede. For the near field of
the single element transducer it had proven to be close
to linear {15]. but for the array transducer this is not
necessarily the case. Computer modeling has shown that
for four elements the decorrclation at varying distance
is fairly linear, although a different calibration has to
be performed at different distances to the transducer
[25.26]. It scems that, in principle. the array is suited
for flow estimation. Currently it is evaluated in the
catheterization laboratory (Fig. 5) [20].

3.5. Automated boundary detection

Because the flow usually has a higher velocity than
wall motion, bloed echo signals decorrelate significantly
faster than those of tissues. The different correlation
time in the received RF signals between blood and tissue
has been documented in vivo in our earlier studies [27].
The time in which the blood RF signals maintain a
correlation above 0.2 is less than I ms, which is signifi-
cantly shorter than that measured in wall echocs
(>»6ms). In this way the regions that are potentially
identified as blood are distinguished from those that are
potentially identified as vascular wall. After this, addi-
tional image filtering is applied [4]. The result of this
automated detection of the arterial lumen boundary
based on RF processing techniques is illustrated in
Fig. 5.

Other methods of assessing the flow area have recently
been described [28-30]. Although not capable of quanti-
tative flow measurement, these are very capable of
detecting arcas with or without flow, making them well
suited for guidance of stent placement [31].

4. Conclusions

A method has been developed and tested for quantita-
tive flow estimation using an [VUS$ imaging catheter,
This method is currently under development for a phased
array system. A useful spin-off is the possibility for
automated boundary detection.
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Blood flow assessment with intravascular ultrasound catheters:
the ideal too!l for simultaneous assessment of the coronary haemodynamics
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Blood flow assessment with intravascular
ultrasound catheters: the ideal tool for
simultaneous assessment of the coronary
haemodynamics and vessel wall?

S. G Carlier®, E. I. Cespedest, W Li*,}, F. Mastik”,
A. F. W, Van Der Steen*,f, N. Bom*,§ & P. W. Serruys*,}

“Erasmus University Roterdam, Thoraxcentre, The Netherlands; TEndoSonics Corp., Rancho Cordova, CA. USA;
Finteruniversity Cardiology Institutz of The Netherlands

We present the potentials of a novel method of intracoronary flow visualization and quantification that is
based on conventional intravascular utrasound (IVUS) imaging catheters. The quantification of flow is
obtzined from analysis of the rate of decorrelation of digitized radicfrequency ultrasound echo signals, Flow
information is superimposed on the IVUS image using & colour scale. Integration of the blood velocity
components normmal to the scan plane permits calculation of the volume flow. Validation using IVUS and
electromagnetic (EM) flowmeter recordings were obtained in vive from instrumented pigs. IVUS flow (IVUS))
compared favourably to EM fiow (EM): IVUS,=1.0 EM;+5.72 co/min, #=0.98. Clinical results for the first
five patients investigated are reported. A Doppler wire was used to measure the flow in four corenary
arteries and one renal artery in baseline and hyperaemia conditions. 1VUS flow and derived coronary flow
reserve (CFR) demonstrated a very good agreement with the data derived from the combination of
quantitative angiography and velocity when measured with the Doppler wire (DOPy): {VUS=1.01
DOP,—20 ce/min, #=0.90 and IVUS_,=1.03 DOP,,—0.03, #=0.93. This demonstrates that simultaneous
morphological and physiological assessment of coronary or peripheral arteries with one IVUS catheter is
feasible. This method should be very useful for the evaluation of intermediate coronary stenoses or the
results of revascularization procedures,

Key words: coronary flow, intravascular ultrasound, radicfrequency signal

Introduction

The limitations of quantitative coronary arteriography
(QCA) for the physiological assessment of intermediate
coronary lesions in unselected patients with extensive
coronary atherosclerosis have been recognized {1, 21
The haziness of the borders of the vessel after PTCA
also limits the use of QTA for the assessment of the
acute results of an intervention. Intravascular ultrasound
(AVUS) assessment allows for a better characterization of
the vessel wall morphology and of the atherosclerotic
plague and for a direct zssessment of the arterial
remodelling process, which cannot be seen on the
luminograms obtained with conventional angiography
[3-3]. Although IVUS has already revolutionized the

Correspondence: 5, G, Carlier, Thoraxcenire, Experimental Echocardiography
Ec2302, Erasmus University, PO Box 1730, 3000 DR, Rotterdam, The
Netherlands,
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visualization of atherosclerotic disease and of the re-
stenotic process, the benefit in clinical outcome remains
under evaluation in ongoing trizls. However, IVUS is
simply another, albeit improved, tool to assess a lesion
morphology, and does not permit a precise evaluation
of the physiological importance of a coronary stenosis
{6]. Conversely, intracoronary velocity and pressure
measurements, derived from miniaturized Doppler or
pressure sensors mounted on 0.014-inch wires, permnit
the evaluation of physiological parameters like the
coronary flow reserve (CFR). The agreement of these
measurements with non-invasive scintigraphic or
echocardiographic stress tests is very good, and has
been extensively reported [7-10]. It has recently been
demonstrated that the association of a CFR>2.5 and a
residual diameter stenosis <35% after PTCA is a
prognostic factor for the recurrence of symptoms and
for the restenosis rate [11]. The safety of nat performing

© 1998 W.B. Saunders Company Ltd
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Figure 3. Schematic representation of the TVUS catheter in a coronary artery showing the flowing red blood cells crossing the ultrasound

imaging plane, together with 2 representative IVUS image,

an angioplasty for intermediate stenosis without a
functional significant severity assessed by flow or pres-
sure measurements has also been demonstrated [12, 13].
Intracoronary  physiologic assessments of coronary
lesions and interventions appear more and more to
complement coronary lumenclogy and morphelogy
assessments obtained with angiography and IVUS [14].
The possibility to obtain quantitative Aow informa-
tion using an IVUS catheter has recently been investi-
gated in our laboratory. This approach could be the
ideal one allowing simultaneous morphological and
physiological assessments of coronary arteries in the
catheterization laboratory. Blood flow quantification is
based on the measurement of changes in the received
radiofrequency (rf} IVUS signal as red blood cells
transverse the ultrasound scan plane [15-17],

Principie of flow estimation based on
the decorrelation approach

In essence, this approach quantifies changes in the rf
echo signals that result from flow of red blood cells, the
predominant scatterers in blood. through the ultrasound
beam (Fig. 1). This approach is totally different from
velocity estimation based on the Doppler effect, where
the ultrasound beam and the flowing red blood cells
must be optimally aligned. The details of the technique
have been previously reported [17—19]. The underlying
hypothesis is that the rate of rf signal decorrelation is
related to flow velocity: for a given ultrasound beam,
the faster blood particles move across the imaging
plane, the higher the decorrelation rate of the received rf
signals. This hypothesis was tested by computer simu-
lation and in an in vitro experimental set-up where the
echo correlation of a blood mimicking phantom was
measured at various flow velocities. The relationship
between echo decorrelation and flow velocity observed
was approximately linear, suggesting that if the
velocity—correlation relation is pre-quantified for the
type of transducers used, the measured decorrelation
value from biood scaltering signals can be converted
into How velocity. Since blood moves refative to the
stationary vessel wall, automatic discrimination of the
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arca of flow and quantification of flow wvelocity is
feasible based on echo signal analysis.

We modified the triggering mode of an available
IVUS scanner in order to obtain images comparable to
those of conventional echographic M-mode scanning,
the same position in space being sampled successively
by consecutive ultrascund bursts. We obtained the
velocity measurements for the corresponding angular
position of the beam. The calculation of flow involves
the estimation of echo decorrelation after removal of
echo shifts along the direction of the ultrasound beam.
This separation procedure isolates axial (along the beam
axis) and transverse (across the scan plane) velocity
components. The procedure is performed in small rf
signal windows and repeated for all angular positions of
the beam. Velocity estimates are superimposed on the
conventional IVUS image using a colour scale. The
resulting colour flow images can be displayed by video
animation.

A representative IVUS image with the corresponding
M- mode acquired at one angular position are shown in
Fig. 2. Note in the M-mode that the echo signal
undcrgoes little change in the arterial wall (W), since
Hssue is relatively static. However, the echoes from
blood change within the M-mode and particularly
toward the centre of the tumen, between the catheter
(C) and the wall. Quantification of these changes in
small regions of interest is used to estimate local blood
velocity. Integration of the spatial blood velocity distri-
bution over the entire lumen yields the volume How;
that is, the volume of blood crossing the image plane
per unit of time. Because the lateral motion of wall
tissues has a much lower velocity than blood, this
contribution can be automatically removed by setting a
threshold, Thus, no contour tracing of the arterial lumen
is needed.

The RF acquisition set-up

Radiofrequency echo signals were obtained in each
experiment using 4.1 French (1.36 mm diameter),
30 MHz center frequency Princeps™ IVUS catheters
(EndoSeonics/Du-Med, Rijswitk, The Netherlands)
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Figure 2. Af one anguler position, successive radiofrequency (rf)
signals are acquired for correlation analysis. Cn the caleulated
M-mode, the decorrelation rate can be estimated: nearly constant
echoes are found in the vessel wall (W), The caleulated corrolation
values between 1f pairs will be high in this region, with 2
corresponding slow decorrelation rate along time, On the contrary,
rapid changes are observed in the lumen, mainly in its centre,
corresponding to the rapidiy flowing red blood cells. At that level,
there will be a iow correlation between successive of traces, and an
high decorrelaticn rate along tEme. The posibion of the catheter is
marked by C.

driven by a modified EndoSonics/Du-Med scanner. We
obtained 1000 rf echo lines per revolution, at a frame
rate of 16 57 and M-mode pulse repetition frequency
of 156kHz, with a corresponding pulse repetition
interval of 64 us. The rf signals were digitized at
200 MHz and 8 bits, wsing a Signatec PC board
{Signatec, Corona, CA, USA), and stored in computer
memory for off-line processing of Row with subsequent
animation of the flow image frames. The memory
capacity of the acquisition system permits recording of
a total of 3.75 s of f data at 100 angles per revolution.
The system is also capable of simultaneous digitization
of the signal from an electromagnetic flowmeter or
other low-frequency signal sources (ECG, blood
pressure, etc).

Flow velocity was measured using the described
principle. The axial velocity component was removed
by aligning the rf traces before calculation of decorre-
lation as well as the decorrelation component due to
beam rotation related to the mechanical transducer,
giving only a pseudo-M mode. Decorrelation estima-
tion was performed on data windows (40 samples long)
with 50% overlap correspending to an axial resolution
of 0.I9mm. A temporal median filter was used to
recuce the number of spurious flow estimates.

Animal validation experiment

Mean and phasic measurements of carotid flow were
measured in vive In two 30-35 kg Yorkshire pigs [20].
The experimental procedure was approved by the
Comurnittee on Animal Experiments of the Erasmus
University Rotterdam. Following overnight fasting, the
pigs were sedated and subsequently intubated and
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mechanically ventilated. Under sterile conditions, the
left fermoral artery and vein were cannulated for infusion
of drugs and blood pressure monitoring. A pacemaker
lead was advanced to the right atrium via a jugular vein.
An electromagnetic (EM) flow probe was fitted on the
contralateral, exposed common carotid artery and
adequately calibrated. A 9-F guiding catheter was
advanced under fluoroscopy up to this carotid artery. A
sterile IVUS catheter was advanced into it to the
common carotid artery under flucroscopic guidance and
positioned 3 cm proximal to the EM probe. The dis-
tance corresponds approximately to I1 radii of the
artery, allowing near laminar flow at the location of the
EM probe. Data from the EM fowmeter was digitized
synchronously with the RF echo signals, Zatebradine
(UL-ES 49) 0.5 mg/kg was given to produce complete
AV block, and the pacemaker was set to approximately
60 bpm. In order to induce high-{hyperaemic) and
low-flow conditions, adenosine (0.5 mg.kg/min, i.v.) and
ergotamine (20 Ug/'kg) were infused, respectively.

Preliminary clinical experience

We studied five patients referred for percutaneous
coronary intervention with stable angina pectoris
related to a single vessel lesion (n=4} or with medically-
uncontrolled hypertension related to an ostial lesion of
the right renal artery (n=1). All the patients signed an
informed consent.

After intravenous administration of 10000 [U
heparin and 250 mg acetylsalicylic acid, an 8-F guiding
catheter was advanced up to the ostium of the artery to
be studied. After the intervention, a Doppler guidewire
(Piowire®, Cardiometrics Tnc.) was positioned into the
mid-segment of the vessel. After coronary injection of a
bolus of 2 mg isosorbide dinitrate, the Princeps™ IVUS
catheter was advanced on this wire, The imaging
transducer was positioned approximately 5 cm proximal
to the tip of the Doppler wire, to allow recovery of 2
fully developed velocity profile at the site of the
Doppler measurement. Simultaneous Doppler and [VUS
flow measurements were performed in baseline condi-
tion and during hyperaemia produced by an intravenous
infusion of adenosine {140 pglkg/min} to evaluate the
coronary flow reserve (CFR).

A cineangiogram was performed in two orthogonal
views, in order to estimate the lumen cross-sectional
area at the measurement site of the Doppler. The
guiding catheter, filmed devoid of contrast medium, was
used as 2 scaling device. A previously validated analysis
system (CAAS II, Pie Medical} was used for the
quantitative coronary analysis (QCAJ The two
measured diameters, 5 mm down the Doppler tp, were
averaged to compute a mean cross-sectional area at the
level of the velocity measurements. The Doppler
derived flow was computed as the product of the
cross-sectional area and the average peak Doppler
velocity (APV),
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Figure 3. Scatter plot of IVUS and EM flow measurements in the
validation study reafized in the porcine carotid model, for the low
{x), nermal (o) and high low (+) conditions. [VUS=1.0 EM,+5.7;
SEE=25.2 cc/min; P =0.98,

Results

Figure 5 shows a scatter plot of EM vs IVUS phasic
flow measurements for five recordings in the pig model.
One hyperaemic response was discarded because the
EM probe lost contact with the artery due to vaso-
spasm. Overall, the instantanecus volume flow ranged
from 20 to 557 cc/min, Each recording corresponded to
3—4 heart cycles. The overall mean values of the EM
and IVUS measurements were 175.8 and 181.7 cc/min,
respectively. The mean cross-sectional velocities ranged
from 3 to 79 cmfs. The mean vessel diameter was
4.3 mm with IVUS. As shown in the scatter plot, TVUS
and EM flow measurements were in good agreement
for low-, basal- and high-flow conditions. The linear
regression equation relating IVUS to EM flow was
IVUS=1.0 EM;+5.72 c/min, ¥ =0.98 (p<0.0001) and
the standard error of the estimate (S8E) was 25.2 cc/min.

No complications related to the IVUS flow measure-
ment were seen in our patients, Figure 4 fllustrates the
recording after a stent implantation at the ostium of a
renal artery [21]. Three IVUS frames (1, end systole; 2,
diastole; and 3, peak systole) demonstrate the change in
the colour velocity mapping correspending to the
change in the measured fow, with a maximum flow at
peak systole. The comesponding flow measured for
all the successive IVUS frames is plotted below,
together with the derived area, and the simultaneousky-
recorded bloed pressure, ECG and Doppler instan-
taneous peak velocity. A very good phasic response
of the IVUS flow can be appreciated. The mean
flow in this recording was 214 co/min. The recerding
obtained with the Doppler wire appears at the bottom
right of Figure 4, with an average peak velocity {(APV)
of 28 cm/s. The area at the level of the Doppler
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recording was 11.2 mm* (derived from the diameters
measured in two orthogonal angiographic views by
QCA}. The Doppler derived fow was 23 am/s
X 0.112 ¢m® X 60=188 crm’/min,

Figure 5 illustrates the assessment of the coronary
flow reserve in a right coronary artery. The difference
between the lower flow at end-diastole {on the left) and
the mid-diastole {on the right) is well appreciated with
the mapping of the velocities in the arterial lumen. This
recording was obtained during hyperaemia (adenosine
140 pglkg/min). The IVUS derived flow was 148 cc/
min. In baseline condition, the IVUS flow (not illus-
trated) was 48 cc/min, giving a coronary flow reserve of
3.1. The comresponding Doppler recording is on the
bottom right of the figure, baseline APV was 11 cm.s
and during hyperaemia APV reached 30 cm/s. The
Doppler derived coronary flow reserve was 2.8.

For the first five patients investigated, there was a
linear correlation between the IVUS derived and
Doppler derived flow (average of two measurements of
cach whenever possible): [VUS5=1.01 Dop;— 20,
r*=0.90. The mean difference between the two flow
estimations following Bland-Altman was 19 =29 co/
min, for a mean flow of 113 cc/min, ranging from
30-305 c¢/min {in one patient the IVUS flow was
assessed in two positions, once in the left main artery).
There was also 2 linear correlation between IVUS and
Deppler-derived coronary flow reserve: IVUS ;= 1.03
Dop,, - 0.03, r*=0.93. The agreement between the
twe methods was very good, with 2 mean difference
between the CFR estimations of — 0.01%0.21, for a
mean CFR of 1.9, ranging from 1.3-3.2. The mean
vesse! diameter measured by QCA at the level of the
Doppler Hp was 3.3 £ 0.7 mm.

Discussion

We have evaluated a technique for velodty imaging
and volume flow quantification and demonstrated appli-
cability in the catheterization laboratory. The quantifi-
cation capabilities of the decorrelation approach were
validated in vino by comparison of the results to
simultaneous readings from an electromagnetic flow-
meter, the gold standard in flow assessment. Preliminary
clinical data demenstrated the feasibility of this method
and a good agreement with flow estimated by the
combination of intracoronary Doppler and quantitative
angiography.

In the current implementation, rotation of the ultra-
sound beam during acquisition of the M-mode intro-
duces an undesired source of motion and gives only a
pseudo-M mode recording. Additionally, the variability
of this rotation exacerbates the problems, further limit-
ing the ability to reliably measure low-flow velodties,
In mechanical IVUS, such unavoidable velocity non-
uniformity in the rotation of the drving shaft is a
result of the typically tortuous path followed by the
catheter inside the arterial tree [22] An improved
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implementation of our flow measurement technique,
based on array-catheter technalogy that permits elec-
tronically scanned M-mode operation, is currently being
implemented [23]. Electronically-steered array transduc-
ers for IVUS offer the ideal scanning configuration for
flow measurements, since the ultrasound beam is static
during acquisition of a rf frue M-mode.

A number of limitations of the technique are cur-
rently being addressed. One is the influence of the
catheter itself on the flow: the Princeps catheter used is
a 4.1-F device. This corresponds to a diameter of
1.36 mm and a cross-sectional area of 1.45 mm™ In a
proximal coronary artery with a diameter of 3.5 mm,
the catheter occupies approximately 10% of the lumen
area, and should not increase the resistance of this
epicardial segment. On the contrary, once advanced
more distally, e.g. across a 50% diameter stenosis, two
potential problems arise: {i) the friction of blood along a
longer portion of the catheter; and (i) in the stenosis,
the catheter occupies 55% of the free lumen area. There
will be limitation of the flow, mainly in hyperaemia.
However, this problem could be overcome in the future
with the development of a smaller catheter. This trend is
observed with the newly developed IVUS devices. The
smallest systems available today are imaging core wires
which can even be advanced in the free lumen of
balloons 24].

The presence of the catheter in a curved artery
creates secondary flow components that are in the
imaging plane. This contributes to the decorrelation
rate among successively-recorded rf traces, but does
not participate in any net flow across the imaging
plane in the artery. Preliminary simulations by fnite
element modelling in our laboratory have shown that
the relative proportion of theses reciraulating Hows
is in the order of 1% [25]. The presence of turbulence is
another limiting factor, because it also induces a signifi-
cant decorrelation rate of the rf signals, In proximal
coronary segments, no significant turbulence has been
observed in an idealized set-up [26]. Depending
on the flow and the shear rate, the effect of red
biocod cell aggregation could alse potentially modify
the backscaltering properties and the decorrelation rate
as a funciion of flow [27, 28], This issue is currently
under evaluation in our laboratory by numerical
simulation.

In the catheterization laboratory, there is no true gold
standard for the invasive assessment of corenary blood
fiow. Doppler velocimetry with miniaturized wires has
emerged, but there are two crucial steps required to
accurately calculate absolute volume: (1) the calculation
of the mean blood flow velocity in a given vascular
cross-section; (2) the accurate measurement of this
cross-sectional area [29],

(1) The ultrascund beam must be optimally aligned
parallel with the centerline of flow, and the entire
flow profile or at least a significant proportion that
includes the maxima}l velocity must be insonified.
Moreover, the physical presence of the Doppler
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prebe should not modify the velocity profile at the
site of the Doppler sample volume. During our
recordings, care was taken to have a distance of
approximately 5 ¢m between the tip of the IVUS
catheter and the Doppler cystal. The Doppler
sample was 5 mm beyond the tip of the Doppler
wire. This permits recovery cf the velocity profile
[30]. According lo the Poiseuille equation, when
considering a parabolic flow profile, the mean vei-
ocity is the maximal velocity (V, ) divided by two
[29]. But the nen-Newtonian ¢haracteristics of blood
and the pulsatility of the fBow induce a blunted
velocity profile, so that the mean blood How wvel-
ocity may be underestimated by V, /2 [24, 31, 32].
Nevertheless, validation studies have shown a high
correlation both i wifro and in vive between volu-
metric flow measured with an electromagnetic
Rowmeter [33] or with a transit-time uitrasound
flowmeter [34] and fow derived from Doppler
measurements using V,,../2. Conversely, other
in vifro and i vive data using a 3-F Doppler system
(Millar) or the Doppler Flewire also demonstrated 2
very good correlation between the flow caleulated
as cross-sectional area X V. and the measured
reference [35—38), Since, in most of the recordings in
human coronary arteries, the assumption of a para-
bolic wvelocity profile is rarely encountered, no
definitive value can be defined and we used simply
V, .. In most clinical situations, it is the ratio of the
hyperaemic flow over the bascline flow that is
clinicalty relevant to estimate the coronary flow
reserve. In that case, CFR assessment could be
considered insensitive to a velocity profile that may
be assumed constant,

A high-quality anglogram, suitable [or measure-
ments of the ¢ross-section at the site of the Doppler
sample volume, must be performed. [t must be
noted, however, that more accurate measurements
are obtained when the probe is positioned in an
arterizl segment of uniform caliber, so that 2 mean
cross-sectional area over a short arterial segment
immediately distal to the Doppler probe can be
obtained. However, any error in the diameter
measurement will be squared in the cross-sectional
area estimate. Moreover, QCA is performed on an
end-diastolic frame and the variation of the cor-
onary diameter during cardiac contraction is
ignored. An alternative method is the combination
of intracoronary Doppler and IVUS. The approach
was first described by the sequential use of a 3-F
Doppler catheter followed by an IVUS catheter [37,
39]. The introduction of the Doppler guidewire
permitted easier simuitaneous assessments with the
IVUS catheter advanced over the Doppler wire {34].
We did not use the IVUS cross-sectional area,
because a long distance between the IVUS plane
and the Doppler measurement is present with the
Princeps catheter we used. Indeed, there is a rather
long distal monorail system separating the imaging
crystal from the tip of the catheter (~35 mm) and
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an additional distance was required to avoid turbu-
lence downstream of the IVUS catheter in the
Doppler sampling region (5—6 % the catheter diam-
eter {40]). For the same reason, it was crucial to
perform our recordings in long segments without
major side branches. An alternative, when flow in
the left main artery was evaluated, was to first
perform Doppler and QCA measurements, and then
advance the [VUS and record the 1f signals.

As reflected by our data, the Doppler measurements
were perhaps not the most robust gold standard for the
clinical evaluation of our method, in comparison to
the measurements obtained in the porcine validation
experiments, Nevertheless, the limitations related to
the unknown velocity profile and the exact cross-
sectional area at the Doppler tip are simplified when
computing the coronary flow reserve. We observed a
good correlation {close to identity) and a very good
agreement between the IVUS and Doppler derived CFR.

One of the advantages of our IVUS flow method is
the reduction in the number of intracoronary devices
intreduced. The results of coronary interventions could
be ideally monitored, and this approach could be more
cost-cffective, offering simultaneous information on
both the selection of balloon or stent size pre-
intervention, and concerning optimization of the mer-
phological and functional results. Evaluation of the
significance of intermediate lesions may also be poss-
ible, as well as the assessment of endothelial function
and arterial distensibility. Presently, most of these
studies have used QCA and/or intracoronary Doppler
during administration of acetylcholine (AcCh) [41-43].
As a consequence of its higher reselution, IVUS has
been used to measure changes in cross-sectional area
during similar pharmacologic challenges [44]. At the
same time, the visualization of atherosclerotic lesions
not visible on angiography allows for a better under-
standing of the response to the AcCh infusion {45). The
assessment of the contribution of different mediators,
such as nitric oxide or endothelin, have been studied in
complex protocols with simudtaneous intracoronary
IVUS and Doppler recordings during specific infusion of
inhibitors and/or precursors (46, 47]. We believe that
our simultaneous capabilities to assess fow and lumen
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area would constitute the ideal toel for such studies of
coronary haemodynamics and vessel wall,

Presently, IVUS flow is not obtained on-line: 3.75 s
of acquisition represents 128 Mbytes of data in the
computer memory that are first stored on the hard disk
in ~90s and then processed in ~3 min, thanks to a
newly implemented algorithm {48]. It is expected that
with the increasing speed and power of new computers,
processing time will go down. Implementation of a
digital signal processing board for on-line performance
is currently under study.

Finally, even in the cases in which the true fow is
being impeded with the IVUS catheter in a narrow artery,
a serni-quantitative assessment associated to colour-fiow
imaging could improve visualization of plaque dis-
sections, false lumens, automated lumenr area quantifica-
tion or detection of improperly expanded stents, as
recently reported [49, 50]. With conventienal IVUS,
detection of plague fractures and dissections remains
challenging: frequent saline flushes are often required.

Conclusion

Auxiliary use of echo signals available from conven-
tional imaging IVUS catheters can provide blood flow
information in additien fo the structural information
depicted by the echo image. Morphological and
physiological information may be simultaneously
obtained with a single ultrasound catheter. Notwith-
standing the preliminary nature of these developments,
we have demonstrated the potential of IVUS fow-
metry for sufficient accuracy and reproducibility to
warrant clinical applicability, Preliminary clinical data
have demonstrated the feasibility of the technique in the
catheterization laboratory.
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Figure 4. Recording performed in 2 renal artery after ostial stent implantation. Three representative IVUS frames {1-3) during one cardiac
cycle are depicted with a colour mapplag of the intraluminal blood velocity. High velecities (yellow) at peak systole (3) are clearly seen in
the centre of the lumen. The IVUS flow ealoulated on all the consecutive frames (1875} is plotted in white, bogether with the simultaneously
acquired ECG, blood pressurc and instantancous peak velocity measured with 2 Doppler wire. The mean IVUS flow was 241 cofmin. The
recorded Doppler signal is shown in the bottom right, The average peak Doppler velodity (APV) was 28 amfs, By quantitative angiography,
the cross-sectional lumen arca at the Doppler tip was 11.2 mm®, Doppler derived flow was 183 cm™/min.

Figure 5. Volumetric blood flow measurement in a right coronary artery. Top right frame shows, during hyperacmia, mid-diastole high flow,
On the top left, the decrease of coronary flow at end diastole is well visualized. The caleulated TVUS flow on the 60 consecutively-acquired
IVUS frames is plotted together with ECG, pressure and Doppler data as in Figure 4. The corresponding Deppler spectrum is shown at the
bottom right. The Doppler average peak velocity was 30 emfs. The ecoronary cross-sectional area measured with guantitative coronary
angiography at the level of the tip of the Doppler wire was 7,42 mm®, The Doppler derived mean coronary blood flow (134 ce/min) is in
agreement with the mean flow measured with the TVUS RF processing (148 c¢/min). The coronary flow reserve derived from the IVUS method
was 3 (baseline flow, not illustrated, was 48 cc/min), close to the Doppler estimation: 2.8 {lower left comer),
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Simultaneous Morphological and Functional Assessment of a
Renal Artery Stent Intervention With
Intravascular Ultrasound

Stéphane G. Carlier, MD; Wenguang Li, PhD; E. Ignacio Céspedes, PhD;
Antonius F.W. van der Steen, PhD; Jaap N. Hamburger, MD;
Nicolaas Bom, PhD; Patrick W. Serruys, MD, PhD

73-year-old woman with a history of high blood
pressure and hypercholesterolemia developed medically
uncontrolled hypertension (200/100 mm Hg). Serum creati-
nine level was 145 umol/L, and creatinine clearance was 34
mL/min. Renal ultrasound demonstrated a small right kidney
(80 mm long) compared with the left one (92 mm long). Left
ventricular hypertrophy was present on the ECG and was
confirmed by echocardiography. On isotope radiography with
“®Tc-mercaptoacetyliriglycine after oral intake of 25 mg
captopril, the right kidney was small, with delayed excretion
and impaired function (36%). Renal arteriography showed
subocclusive ostial stenosis of the right renal artery.

The lesion was related to a calcified plaque extending from
the aortic wall into the renal artery ostium (angiogram I in
Figure |, arrow). After an unsuccessful angioplasty attempt in
the interventional radiology department (failure to cross the
stenosis), the patient was investigated in the cardiac catheter-
ization laboratory. The lesion was crossed with a hydrophilic
guidewire and predilated. A short (9-mm) stent was then
implanted by use of a 4.5-mm balloon inflated up to 18 atm
for postdilatation (angiogram II).

The immediate result of the intervention was assessed by
both biplane angiography (angiogram III. anteroposterior
projection) and intravascular ultrasound (IVUS). Distal to the
stent. IVUS shows a normal arterial wall (panel 1 in Figure
1). A cross section within the stent (panel 2) demonstrates
good expansion and apposition of the struts (arrows). The
lumen area measured at this level was 18.9 mm’. The arrows
in panel 3 demonstrate the highly calcified plague at the
junction with the aorta.

The top of Figure 2 shows images obtained with a newly
developed method to quantify the blood flow with an IVUS
imaging catheter. They were recorded distally to the stent
at different times (a through e) during the cardiac cycle.
This blood flow measurement method has recently been
validated and calibrated in vitro against electromagnetic

flowmeter data and in vivo in porcine carotid arteries.' The
principle is based on the analysis of decorrelation of the
IVUS radiofrequency (RF) signals. Red blood cells flow-
ing in the ultrasound beam result in a decorrelation of
successively received RF signals. The rate of decorrelation
is proportional to the local blood flow velocity.>? These
are then converted into color maps representing local
instantaneous blood flow velocity in the arterial cross
section. The color scheme used goes from dark red (10
cm/s) to yellow (100 cm/s). Flow velocities are measured
at 100 angular positions, with a depth resolution of
160 pm. Cross sections with color flow data can be
recorded during a 4-second period at 16 frames per second.

The moment of each IVUS image with flow information in
the cardiac cycle is indicated at the bottom right of Figure 2,
showing flow traces recorded simultaneously with the ECG.
The instantaneous flow calculated with the IVUS method is

1 I
IT

Figure 1. Angiograms before (), during (ll), and after (lll) stent
implantation in right renal artery. Tight stenosis is indicated by
arrow in angiogram |. Intravascular ultrasound (IVUS) images (1
through 3) obtained after stenting at corresponding levels indi-
cated by arrows in angiogram lil. Arrows in IVUS panel 2 show
well-apposed struts of stent, and in panel 3, calcified plaque at
junction with aorta (Ao).
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Figure 2. Color mapping of blood flow velocity inside arterial lumen after procedure, at different phases of cardiac cycle (a through e),
calculated from intravascular ultrasound (IVUS) radiofrequency signal analysis. [VUS volume flow (green trace) and Doppler-based vol-
ume flow (blue trace) with corresponding ECG (black trace). Doppler-based volume flow is calculated from depicted Doppler sonogram
(range, 0 to 120 cm/s) and diameter measured by quantitative coronary angiography on angiogram |l at level of tip of Doppler wire.
IVUS volume flow is calculated by integrating velocity components over arterial lumen area. The two flow estimations are in good

agreement.

represented in green and the flow derived from an intravas-
cular Doppler wire in blue. In panel a, very low blood flow
velocities at end diastole are not encoded, because they fall
below the sensitivity threshold level, which is =10 cm/s.
With increasing flow in early systole (b). the color map shows
homogeneous blood flow velocities encoded in red. Maximal
velocities are reached at peak systole (c). The decrease in
blood flow in diastole is seen in panels d and e. Integration of
the velocities over the lumen area allows the computation of
instantaneous volumetric blood flow (green curve) during a
4-second period. The measurements are in agreement with the
blood flow simultaneously measured with the Doppler wire
(in blue: Doppler instantaneous peak velocity times the
cross-sectional vessel area at Doppler wire tip). The mean
IVUS flow was 238 mL/min, whereas the flow derived from
the Doppler wire measurements was 208 mL/min. This
demonstrates the feasibility of simultaneous assessment of
morphological and physiological parameters during interven-
tional procedures with an intravascular imaging catheter. The
method is presently being evaluated in coronary arteries.
This patient was discharged 2 days after the procedure and
is doing well. Good early and long-term results of stenting
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ostial renal lesions have been reported recently.* with a
restenosis rate of 10%, making this procedure the best current
therapy for renovascular disease related to critical ostial
stenoses.
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agreement.
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Chapter 8

Effect of catheter placement on 3D-velocity profiles
in curved tubes resembling the human coronary system.
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EFFECT OF CATHETER PLACEMENT ON 3-D VELOCITY PROFILES IN
CURVED TUBES RESEMBLING THE HUMAN CORONARY SYSTEM
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Abstract—Novel measurement techniques based on intravenous ultrasound IVUS) technology (‘TVUS-Flow-
metry") require the location of a catheter inside the coronary bed. The present study quantifics disturbances in
the 3-D velocity prefile induced by ¢atheter placement inside a tube, applying computational fluid dynamics. Two
curved, circular meshes (cadius K = 0.025 m and K = 0.035 m) with and without a catheter inside the lumen were
applicd. The catheter was located at the inner curve, the outer curve and at the top position. Boundary conditions
were: no slip on the wall, zero stress at the outlet, uniferm inflow with entrance velocities of 0.1, 0.2 and 0.4 m/s.
Curvaturc-associated centrifugal forces shifted the maximal velocity to the outer curve and introduced two
symmetrical vortices. Additional catheter placement redistributed the 3-B axial velocity ficld away from the
catheter, which was accompanied by the appearance of multiple low-strength vortices. In addition, peak axial
velocity increased, peak secondary velocitics decreased, axial pressure drop increased and shear stress increased.
Flow calculations simulated to resemble IVUS-based flowmetry changed by only 1% after considering secondary
velocity. In conclusion, placement of a catheter inside 2 curved tube resembling the human coronary system
changes the velocity field and reduces secondary patterms. The present study supports the usclulness of
catheter-based flowmetry during resting flow conditions. During hyperemic flow conditions, flow measurements
might be accompanied by large axial pressure drops because the catheter, itself, might act as a significant

stenosis.

© 1999 World Federation for Ultrasound in Medicine & Biology.

Key Words: CFD, Catheter placement, Coronary artery, Shear stress.

INTRODUCTION

Steady flow in cylindrical tubes distant from curved
segments and side branches may be considered parabolic
(“Poiseuille flow™). The velocity fleld, during these con-
ditons, is described by a velocity vector, oriented paral-
lel to the axes of the artery (Milnor 1982), The human
arterial system, however, is a complex three dimensional
(3-D) structure consisting of straight and corved seg-
ments with multiple side branches (Milnor 1982). During
these circumstances, nonaxially directed velocity com-
ponents (‘secondary velocity') have been identified (Kil-
ner et al. 1993; Moore et al. 1992), These secondary
velocities might be implicated in the progression of ath-
erosclerosis, and might affect the ultrasonic measure-

Address correspondence to: R. Krams, M.D., Ph.D., DeptHemo-
dynamics, Room 2322, P.O. Box 1738, Erasmus University Rotterdam,
Rotterdam, The Netherlands, E-mail: keams@®tch fgp eurnt
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ment of blood flow (Tortoli et al, 1995; Li et al. 1998,
1097: Carlier et al. 1998).

In general, ultrasound bloed flow measurement
techniques measure blood velogity in the direction of the
ultrasound beam and assume Poiscuille blood flow to
evaluate flow (Tortoli et al. 19935). Recently, a novel
technique for intravascular applications has been devel-
oped that applies a modification of the transit-time
method to estimate local blood velocity (Ui et al. 1997,
1998). Due to its high in-plane resolution, this method
not only enables caleulation of complete 2-D velocity
profiles but. due to its combination with intravascular
ultrasound, one can also measure cross-sectional area,
which allows the caiculation of blood flow (Li et al.
1698).

Early results are very promising (Li et al. 1997,
1698). but limitations of the method are stll under in-
vestigation. One of these limitations might be that ve-
locity in only two directions is estimated (i.e. along and
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Fig. 2. (A) Example of the curved mesh with a catheter located in the outer curve. (B) The calculated 3-D velocity
profiles in the axial direction (V,,;,) and secondary velocities (V. cona)-

evaluated at the inner and outer curve of the curved tube.
For each location, shear stress was normalized to the
shear stress values obtained before catheter placement. In
addition, a shear stress ratio is defined as the shear stress
at the inner curve divided by the shear stress at the outer
curve.

The pressure gradient was obtained directly from
the output of the FEM package. Pressure difference was
the total pressure drop and is reported in mmHg (1 kPa =
7.5 mmHg). To compare different tubes with different
lengths, we normalized the pressure difference per length
unit (mmHg/10 cm).

Reynolds number (Re = (v*d*p)/m) was calculated
during fully developed conditions. In these formulas, v
signifies the average velocity (m/s), d the tube diameter
(m). p density (kg/m®) and 7 viscosity (Pa.s).

RESULTS

Fully developed flow conditions and adequacy of mesh

The relative difference between the 3-D velocity
fields at subsequent cross-sections in curved tubes with-
out catheter placement decreased from 7.5% at Cross-
section 2 to less than 1% at Cross-sections 11 to 14. In
addition. increasing the mesh resolution by a factor of
1.5 did not change the 3-D velocity field by more than
1% at Cross-sections 11 to 14. A similar analysis after
catheter placement revealed fully development of the
velocity field at Cross-sections 5 to 15 and accurate
solutions at Cross-sections 9 to 14. Hence, Cross-section
12, which corresponds to an axial distance of 0.0295 m
(£ 10 times the diameter), was used throughout the
present analysis.

130

Axial velocity

In the absence of a catheter, the interplay of viscous,
inertial and centrifugal forces in the curved tube redis-
tributes the 3-D velocity field so that maximal axial
velocity (Viaax) is shifted outward (Fig. 1 and Fig. 2.
upper row and Table 1). The outward shift increases
linearly with entrance velocity, but is unaffected by the
radii of curvature as applied in the present study (Table
1). Insertion of a catheter modulates the distribution of
the axial velocity field (Fig. 2 and Fig. 3, first column) in
such a way that maximal axial velocity is shifted more
outward when the catheter is in the inner and top posi-
tion. When the catheter is in the outer curve, the velocity
field is shifted toward the inner curve, introducing high
gradients on the tube wall (Figs. 2 and 3. first column and
Table 1). The location (% shift) of the maximal axial
velocity is hardly affected by entrance velocity after the
insertion of a catheter (Table 1).

Vmaxax increased in parallel with entrance velocity
and after catheter placement (Table 1). The largest in-
crease of V... at 2 constant entrance velocity, was
calculated when the catheter was located in the inner
curve (22%, Table 1); smaller increments were calcu-
lated when the catheter was in the top (18%, Table 1) and
outer position (12%. Table 1).

Secondary velocity

In the absence of a catheter, two symmetrical vor-
tices appeared at Cross-section 12 for both curvatures
(Figs. 1 and 3, first row and second column). The distri-
bution of these secondary velocity patterns and the max-
imum of the secondary velocity field were affected both



306 Ultrasound in Medicine and Biology

A

Volurne 25, Number 5, 1999

B

Vsecond
wlne'!?:

Fig. 2, (A) Example of the curved mesh with a catheter located in the outer curve. (B) The caleulated 3-D velocity
profiles in the axial direction (V) and secondary velocities (V, cond)-

evaluared at the inner and outer curve of the curved tube.
For cach location. shear stress was normalized to the
shear stress values obtained before catheter placement. In
addition, a shear stress ratio is defined as the shear stress
at the inger curve divided by the shear siress at the outer
curve.

The pressure gradient was obtained directly from
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1% at Cross-sections 11 10 14, A similar analysis after
catheter placement revealed fully development of the
velocity field at Cross-sections 5 to 15 and accurate
solutions at Cross-sections 9 to 14. Hence, Cross-section
12, which corresponds to an axial distance of 0.0295 m
(£ 10 times the diameter). was used throughout the
present analysis,
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tributes the 3-D velocity field so that maximal axial
velocity (Vi ) is shifted outward (Fig. 1 and Fig. 2.
wpper row and Table 1), The outward shift increases
lirearly with entrance velocity, but is unaffected by the
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1). Insertion of a catheter modulates the distribution of
the axial velocity field (Fig. 2 and Fig. 3, first column) in
such a way that maximal axial velocity is shifted more
outward when the catheter is in the inmer and top posi-
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calculated when the catheter was located in the inner
curve (22%. Table 1); smaller increments were calcu-
lated when the catheter was in the top (18%. Fable 1) and
outer position (12%, Table 1).

Secondary velocity

In the absence of a catheter, two symmetrical vor-
tices appeared at Cross-section 12 for both curvatures
(Figs. 1 and 3. first row and second column). The distri-
bution of these secondary velocity patterns and the max-
imum of the secondary velocity field were affected both
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equations are soived with a standard, finite eclement
method, implemented in the finite element package Se-
pran (Sepra, Leiden, Netheriands). The non-linear con~
vective term in the Navier--Stokes equations is linearized
with a Newton—Raphson approach and selved with a
cut-off error of 107* (m/fs). To obtain the pressure un-
knowns from the discrete Navier—Stokes equations, a
penalty function approach was used, Eliminating the
pressure unknowns with the penalty method and linear-
izing of the convective term results in a set of linear
equations with velocity unknowns. A numerical sclver.
applying a dircct profile method, of the well-validated
(Bovendeerd et al. 1987), commercially available finite
clement package, which was implemented on a worksta-
tion (HP 715/80), solved the resulting matrices.

The following boundary conditions were imposed:
urniform steady inflow at the entrance of the vessel;
constant zero stress at the outlet:and no-slip conditions at
the tube wall (Bovendeerd et al. 1987). We further as-
sumed that blood behaved as a Newtonian fluid with a
density of 1050 kg/m® and a viscosity of 3¥1072 (Pa.s)
(Bovendeerd ct al. 1987).

Prorocols

Adequacy of mesh resolution and fully developed
flow conditions. To determine the cross-scction where
flow was fully developed, we calculated the relative
velocity difference, defined as (vi-v,_,/v;. )*100%. V; sig-
nifies the points of the 3-D velocity profile at cross-
section 1 and V,, the velocity profile at the previous
cross-section. A root means squared difference smaller
than 1% between successive 3-D velocity profiles was
defined as fully developed.

Second, subsequent increments in mesh resolution
by 50% were applied to evaluate if the lowest mesh
resolution was adequate to obtain accurate solutions. A
solution (3-D velocity ficld) in a given cross-section, was
defined as accurate when the 3-D velocity field did not
change more than 1% after increasing the mesh resolu-
tion. The difference between the 3-D velocity fields of
both meshes was defined as (vi-vy/v)*100, where Land h
refer to the low and high-resolution mesh,

Absence of catheter. 3-D velocity vector ficlds were
calculated in curved tubes with radii of curvature of
0.035 m and 0.025 m, and a tube diameter of 0.003 m..
To cover a wide range of Reynolds values, three different
entrance velocities (0.1 m/s, 0.2 m/s and 0.4 m/s) were
applied to each radius of curvature, adding up to six
different conditions.

Presence of catheter. We also evaluated to what
extent placement of a catheter inside the lumen of a
curved tube affected the 3-D-velocity field. As idealiza-

tions for the real situation, we positioned the catheter at
the inner curve {9 o'clock). the outer curve (3 o’clock)
and at the top (12 o’clock) position of the curved tube.
These catheter positions were studied at two different
curvatures {0.025 m and 0.035 m) and at three different
entrance velocities (0.1, 0.2 and 0.4 m/s). This adds up to
18 different conditions.

Effect of tube size. To study the effect of tbe size.
we used tubes with diameters of 4.003 m and of 0.002 m.
but catheter diameter was kept constant at 0,001 m.. The
catheter was located at the outer wall and the radius of
curvature was 0.025 m.. Entrance velocities were 0.1
m/fs, 0.2 mv/s and 0.4 mv/s.

Analysis

The three compenents of the velocity field (&, v and
w) were calculated. U and v are the cross-sectional in-
plane velecity compeonents and w the axial velocity com-
ponent (i.e. aleng the wbe). The in-plane velocity vectors
u and v were added (vector addition) and are presented as
secondary velocity components, Maximal axial (V.. .
and maximal secondary velecity (V.. ...) were calcu-
lated for each condition and normalized to mean entrance
velocity. In addition, the location of the maximal axial
velocity component with respect to the center of mass of
each cross-section was calculated. This location was
subsequently normalized to the radius of the tube, and
presented as percentage shift (Foshift).

Comparison between meshes of different size and
resolution was accomplished by interpolating the data
points of the mesh with the lowest resolution to the
resolution of the mesh with the highest resolution, ap-
plying a linear interpolation method (MATLAB, Math-
works Inc.. Natick, MA, USA).

To simulate conditions resembling IVUS fiow-
metry, we calculated flow in twoe ways: Total flow was
defined as the magnitude of the velocity vector mult-
plied with the cross-sectional area. Axial flow was the
product of axial flow and cross-sectional area, in which
axial velocity was defined as the magnitude of the
velocity vector multiplied with normal on the cross-
section. Due to the discretization of the mesh, we defined
both parameters locally and summarized over the ele-
ments of the mesh. Regional arca was calculated as
0.5(|cross(a.b)| + leross(c.d)}). where a, b, ¢ and d are
the sides of a quadrangle in the cross-section of interest
(cross signifies the vector cross product}. Local velocity
was calculated from the average of magnitudes of the
four velocity vectors located at the vertices of the local
area. The error in flow estimation was defined as ((rotal-
flow — axialflow)/totalflow)*100.

Shear stress, calculated from the product of viscos-
ity and the local gradient of the velocity field. was
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Fig. 1. (A) Example of the curved mesh with the catheter absent. (B) The calculated velocity profiles (V,,.,) and
secondary velocities (V,..ona)-

across the ultrasound beam), thereby missing the circum-
ferential component in the plane of imaging (Li et al.
1997). Hence, velocity components in the axial and in-
plane direction cannot be completely separated. Conse-
quently, significant secondary velocities could lead to an
overestimation of the true blood flow. One other inherent
limitation of the technique is introduced by the presence
of the catheter, which might increase the pressure differ-
ence or disturb the velocity patterns and preclude the
possibility of obtaining physiological velocity profiles in
vive (Wentzel et al. 1997).

The aim of the present study was multiple. First, the
relative contribution of the secondary velocity compo-
nents to blood flow was evaluated in curved tubes re-
sembling the curvature of the human coronary arteries
(Krams et al. 1997), before and after placement of a
catheter. Second, the axial pressure difference is reported
and, because the axial pressure difference is affected by
flow. vaseular resistance was evaluated, Third, due to the
reported effect of shear stress on atherosclerosis, we also
evaluated how shear stress is affected by the introduction
of a catheter inside the lumen. Finally, to understand the
nature of these disturbances in more detail, the modulat-
ing effect of the degree of curvature, tube diameter to
catheter radius and Reynolds number are evaluated on
these parameters,

MATERIAL AND METHODS

Simulated fluid flow can be studied in detail if the
equations of motion are sclved. Analytical solutions of
these equations are only possible under certain simplified

conditions (Bovendeerd 1987). For the present study,
these simplified conditions are not met and the full
non-linear partial differential (‘Navier-Stokes') equa-
tions have to be solved numerically (Bovendeerd et al.
1987). The numerical technique is based on the discreti-
zation of the region of interest with finite elements (‘3-D
mesh’).

3-D mesh formulation

To resemble the human coronary arteries (Krams et
al. 1997), we generated a 3-D geometry consisting of a
curved, circular tube with a radius of curvature of either
0.025 or 0.035 m and a diameter of 0.003 m (Fig. 1). The
resulting vessel segments, which occupied a quarter of a
circle, were represented by 16 cross-sections along the
tube. This resulted in an axial resolution of 2.45%10 m
and 3.45%107% m for radii of curvatures of 0.025 and
0.035 m. In the absence of a catheter, 32 elements were
placed in each cross-section. When a catheter was lo-
cated inside the tube, 80 elements were located in each
cross-section to account for the increased geometrical
complexities. The cross-sectional in-plane resolution was
2251077 m? for the 3-D-mesh without a catheter and
8.9#10™% m? for a 3-D-mesh with a catheter.

Computational fluid dynamics

Each 3-D element of the mesh consists of an
isoparametric hexahedral element with 27 nodes per el-
ement. At each nodal point, the nonlinear partial differ-
ential equations (‘Navier-Stokes equations') for incom-
pressible, isothermal fluids are implemented. These



Influence of catheter placement on velocity profiles @ R. Krams et al. 807

Table 1. Characteristic parameters obtained from the 3-D velocity field obtained from the solutions of the Navier—
Stokes equations.

Curvature 0.025 m

Curvature 0.035 m

Shifty, (%) Viwar (08 Viee (0/8) SHft, (%) Vi M8 Vi (45)
No catheter
10 em/s 8 0.19 0.0115 8 0.19 0.0088
20 cm/s 11 0.36 0.0334 11 0.37 0.0260
40 cm/s 15 0.68 0.0730 15 0.69 0.0586
Catheter out
1 mils 14 0.22 0.0092 14 0.22 0.0070
2 mfs 14 0.40 0.0254 14 0.41 0.0197
4 mfs 17 0.74 0.0578 17 0.76 0.0451
Catheter in
.1 m/s 16 0.23 0.0094 16 0.23 0.0074
2 mfs 20 0.44 0.0274 20 0.44 0.0226
A4 m/s 20 0.83 0.0677 20 0.83 0.0571
Catheter top
.1 mfs 17 0.22 0.0097 16 0.22 0.0075
2 mfs 20 0.43 0.0311 17 0.44 0.0232
4 mfs 17 0.81 0.0710 17 0.83 0.0572

% shift = relative position of maximal axial velocity with respect to the center of the wbe (%); V. ., = magnitude of maximal
axial velocity (m/s); V. sec = magnitude of maximal secondary velocity (m/s).

by entrance velocity (V. ., Table 1) and by curvature
(Fig. 3, second celumn). Placement of a catheter either at
the inner wall or at the top position shifted the vortices
further outward; placement at the inner curve moved the
vortices toward the inner curve (Fig. 3, second column).

Relative secondary velocities (i.e., normalized to
mean axial velocity) varied between 11 to 19% in the
absence of a catheter and between 9 and 18% after
introduction of a catheter (Table 1). Hence, the catheter
reduced secondary velocities.

Fig. 3. Color map and isocontour lines of the 3-D axial velocity field (first column) and 3-D secondary velocity field

(second column) at a curvature of 25 mm. The upper row is in the absence of a catheter (NO), a catheter in the outer

position (OUT), the third row in the inner position (IN) and the bottom row for a catheter in the top position (TOP). V
is the axial velocity (m/s): V...,.q signifies the secondary velocities (m/s).
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Table 2. Shear stress and axial pressure difference calculated from the solutions of the Navier—Stokes equations

Curvatare 0.025 m™'

Curvature 0.035 m™'

88, MN/m*) 88, (N/m®)  Ap, (mmHg)  Ap; (mmHg)  SS, (N/m) 85, OWm®  Ap, (mmHg)
bl .
No cutheter
1 mfs 0.727 1.049 040 NA 0727 0.996 0.53
2 mis 1383 2766 0.95 NA 1380 2635 1.22
A4 mbs 2.679 6411 2.35 NA 2.700 8.199 297
Catheter out
1 més 1117 0.225 0.72 3.55 1.200 0.231 0.96
2 mis 2,052 0482 202 7.27 2098 491 2.1
4 m/s 3818 1.107 3386 15.28 3.8%0 1.094 491
Caltheter in
.1 miés 0.240 1.564 0.68 Na 0.2057 1.517 1.01
.2 ms 0.513 4057 1.73 NA 0441 3.863 2.36
4 m/s 1.167 10.010 414 NA 1.051 10.010 5.27
Catheter top
g mis 1,119 1271 0.75 NA LIl 1.243 0.98
2 mfs 2116 3.484 170 NA 2.100 3291 220
A s 4024 §.595 423 NA 4.124 8.393 5.33

58, = shear stress ot inner eurve {N/m®); 8§

ol

= shear stress at outer curve (N/m®); Ap, and Ap, = denote the axinl pressure

differences (mmHg) for tubes of 0.003 m and 0.002 m diameter, respectively: NA = not avaitable,

Flow calculations

The rativ of axial regional flow over flow varied
between 0.5 and 1% and remained in this range after
catheter placement. Neither the different entrance veloc-
ity nor the placement of a catheter affected these values.

Shear stress

In the absence of a catheter, shear stress was higher
in the outer curve as compared to the inner curve, leading
to shear stress ratios of 144 for 0.025-m and 1.37 for
0.025-m curvatures for entrance velocities of 0.1 m/s. In
addition, the shear stress ratio increased to 2.00 and 2.39
with entrance velocity to 0.2 ms and to 04 m/s for
0.025-m curvatures and to 1.90 and to 2.30 for 8.035-m.
curvatures. Catheter placement decreases shear stress in
its own vicinity and increases shear stress at the opposite
free wall (Table 2). Consequently, the shear stress ratio
increases to values of 6.67, 7.87 and 8.53 for a catheter
located at the inner wall of a 0.025-m curved tube at 0.1,
0.2 and 0.4 m/s entrance velocity, Changes to 1,14, 1.65
and 2.14 for a catheter located in the top position for a
0.025-m curved tube was calcuiated at 0.1, 0.2 and 0.4
my/s. For a catheter in the outer position, inner curve shear
stress values increased over outer curve shear stress
values, leading to shear stress ratios of 0.19, 0.23 and
0.29 (Table 2). Minimal additiona! differences in the
effects were noted for 0.035-m curved vessels.

Pressure difference and tube resistance

The pressure difference calculated along the entire
tube varies linearly with entrance velocity from 6.4 t0 4.2
mmHg (Table 2). For comparison, between 0.025-m and

0.035-m curved tubes, we corrected the pressure differ-
ence for the different length of the wbes (Fig. 4). Cath-
eter placement approximately doubles the normalized
pressurc difference at each entrance velocity for tubes of
0.003 m. For tubes of 0.002 m in diameter, a 7-fold
increase in normalized pressure difference was noted
(Fig. 4). Note that tube resistance. which is the ratic of
pressure difference over flow, increases with entrance
fiow: 6.8, 8.7 and 10.4 mmHg.s/m” (i.e. 267%. 271% and
259% at 0.1. 0.2 and 0.4 m/s entrance velocity for tubes

— 40 r
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Fig. 4. Normalized pressure difference vs. entrance velocity for
different conditions, A and A denote absence of catheter; ¥ and
¥ denote catheter in outer curve; < and @ denote catheter in
the inner curve; O denotes catheter in the upper position. @
Catheter in outer position in 0.002-m tube. Open enclosed
symbels signify 0.025- and 0.033-m curvatures, respectively.
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of 0.003 m. independently of catheter location). For the
0.002-m tube, resistance increases up o 38.2 mmHg,s/m™,

DISCUSSION

The complex velocity patterns that have been iden-
tified in the arterial bed of humans (Milnor 1982 Kilner
et al. 1993; Moore et al, 1992) are of significance be-
cause specific characteristics of those velocity patterns
have been associated with the progression and regression
of atherosclerosis (Kilner et al. 1693: Moore ¢t al, 1992).
At present, the Doppler-based methods assume Poi-
seuille flow conditions te calculate particle velocity from
the Doppler shift. Recently, a novel technique. based on
IVUS technology, has been developed that overcomes
the simplifications induced by the Doppler methods (Li
et al. 1998),

Some potential limitations of this novel method are
currently under investigation. In this paper, we consider
the fact that secondary velocity is not fully taken into
account {L.i et al. 1998) and, second. that the catheter
itself disturbs the velocity profile. We applied a compu-
tational fluid dynamic {CFD) technique to quantify these
effects. We will first discuss disturbances induced in the
3-D velocity field, followed by the effect on shear stress,
flow and the pressure difference.

3-D velocity field

With laminar flow in a long straight mube with a
Newtonian fluid. the velocity profiles are parabolic with-
out secondary velocity components. In curved vessels,
the 3-D velocity profile is distributed toward the ocuter
curve, a phenomenon that is accompanied by secondary
velocities. These secondary velocities arise as a conse-
quence of the curvature-related centrifugal forces acting
on the fluid elements in combination with viscous and
inertial forces (Bovendeerd et al., 1987; Chang and Tar-
bell 1988: Nosovitsky et al. 1997). These forces induce
pressure differences perpendicular to the axial direction
of the tube, which induces the in-plane velocity {‘sec-
ondary velocity™). In the present study, secondary veloc-
ities in the order of 10-15% were calculated, which is
large compared to the values reported by Perktold et al.
{1991). However, these authors used smaller curvatures
than we did to simulate the coronary cpicardial bed. We
derived representative curvature values from 3-D recon-
structions obtained directly from the coronary system of
humans (Krams et al. 1997).

Secondary velocitics decreased after inserting a
catheter in the curved tubes. Insertion of a catheter also
induces a shorter entrance length for flow development.
These observations might be due to the existence of an
additional boundary layer surrounding the catheter,
which reduces the “freedom” to induce in-plane pressure

differences. Support for this explanation is found in the
fact that the effect of the catheter is the smallest where
the boundary layer is minimal (i.e. when the catheter is
located at the outer curve},

The observation that maxirnal axial velocity in-
creases after catheter placement, even when normalized
for mean velocity, might be explained by similar argu-
ments. Due to the additional boundary layer of the cath-
cter, the ‘effective’ fiow region decreases more than is
expected on basis of decrements in cross-sectional area
caused by the insertion of the catheter. Hence, a similar
flow has to pass through a smaller region and the fluid
clements need a higher velocity.

Because the secondary velocities do not add to the
forward flow, we also evaluated their effect on potential
errors in volume flow measurements based on transit-
time velocity measurement technique (“IVUS-Flow-
metry”). We calculated that, under the present condi-
tions, the secondary velocity components were in the
order of 5-15% of total velocity. We calculated a devi-
ation in the flow smaller than 1% when flow calculations
based exclusively on axial velocity were compared to
flow calculations based on the magnitude of the entire
velocity vector, The small ervor arises because the mag-
nitude of axial velocity is a projection {(cosine) of total
velocity vector. The estimated angle of the cosine was
approximately 8°, which leads to an errer of below 1%,

Shear stress and pressure difference

The catheter acts as a long stenosis and, conse-
quently, it affects the pressure difference in our flow-
driven system. We calculated an increase in pressure
difference of 2 mmHg for an area stenosis of 11%
(0.001-m catheter in a 0.003-m tube) and of [5 mmHg
for an area stenosis of 25% (0.001-m catheter in a
0.002-m diameter twbe). This highly nonlinear effect can
be reconciled by the nonlinear relationship between pres-
sure difference and area stenosis, which is due to the
fourth order relationship berween resistance and diame-
ter (Milnor 1982).

Shear stress at the wall decreases near the catheter,
but an increase in shear stress opposite to the catheter
position was noted, The latter finding may be explained
again by the existence of an additional boundary layer.
Therefore, velocity and shear rate decrease near the
catheter and increase distant from the catheter. At con-
stant viscosity, shear stress changes in parallel with shear
rate.

Limitations of the method

Entrance and outlet conditions and the grid resolu-
tion may affect computational fluid dynamics. We tested
if the flow was fully developed to evaluate if restrictions
imposed by the boundary conditions were of importance,
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It could be shown that the flow field at Cross-section 12
(60° of the bend) was fully developed and, hence, inde-
pendent of axial location in the tube. This finding is in
zccordance with theoretical estimates of 6 times the
radius of the tube for full flow development, which is
equivalent to 0.018 m of arc length (Olsen and Snyder
1985; Bovendeerd et al. 1987). The cross-section of
analysis (i.e., Cross-section 12) was positioned at ap-
proximately 0.032 m of arc length, Hence, the present
analysis is independent of in- and outlet conditions and
pertains to steady-state conditions. Increasing the reso-
lution of the mesh did not affect the 3-D velocity vector
field at Cross-seetion 12 under our conditions; hence, the
axial velocity compenent is accurately calculated by this
approach.

Although blood is a shear thinning viscoelastic fluid
(Bovendeerd et al. 1987), as a first approach we assumed
the fiuid applied in the present calcutations to be New-
tonian. This assumption is not very restrictive, because
the velocity gradients of the present calculations are
high, especially after catheter placement. Blood can be
considered Newtonian for shear rates higher than 100
s™!. Consequently. nonNewtonian effects are expected
to be minimal under the present conditions.

Coronary fiow and not coronary velocity is kept
relatively constant by the impedance of the microcircu-
lation, due to avtoregulation. However, the pressure dif-
ferences calculated in the present conditions were so
high that autoregulation would not be able to keep flow
constant. Furthermore, the same auntoregulation would
induce a shear-dependent diameter expansion in the ves-
sel segment under study. Hence, to avoid these complex-
ities, we have assumed constant entrance velocity. Con-
sequently. our data should be interpreted with caution
because, in practice, both above-mentioned factors {i.e..
velocity and shear stress) may change after catheter
placement.

We did not include side branches and elasticity of
the walls to make the problem easy to solve analytically
and numerically (Bovendeerd et al. 1987: Olsen and
Snyder 1985 Berger and Talbot 1983). In additien, out
of plane curvature has been measured in the human
coronary system (Asakura and Karino 1990}, The present
analysis should, therefore, be considered as a first order
analysis.

In summary, placement of a catheter inside a curved
tube resembling the human coronary system zffects the
distributien of the velocity field, and appears to have a
secondary velocity-reducing cffect. Because the effect of
secondary velocity on flow calculations is already small
in the absence of a catheter, the present study supports
the usefulness of catheter-based fiowmetry during resting
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flow condittons. During hyperemic flow conditions, flow
calculations might be accerpanicd by large axial pres-
sure drops because the catheter, itself, might act as a
significant stenosis, This effect s particularly pro-
nounced in small tubes and in the presence of a stenosis.
Consequently, hyperemic flow might be reduced despite
accurate measurement of flow.
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Abstract

In recent years, we introduced a new method to measure
transverse blood flow based on the decorrelation of the
Radio Frequency (RF) signals of Intravascular Ultrasound
(IVUS} scanners, We report here in vitro testing to evaluate
this decorrelation-based method using an intravascular
array catheter. First, a calibration file was produced using
a line-targer moved transversally across the uwitrasound
bearn. The autoconvolution of the measured acoustical
beam was used as the calibration of the decorrelation-based
method. Second, blood flow experiments were carried out
with different catheters in tube with a diameter ranging from
3 to 5 mm, Flow was measured with a calibrated Transonic
Sflowmeter (range: U 1o 341 cc/min). Excellent lincar rela-
tionships were found between the IVUS derived flow and the
calibrated flowmeter (all r>0.99). The catheter position
within the tube and the size of the ring-down were experi-
mentally and theorctically analyzed. These elements have
an important influence on the IVUS blood flow measure-
menis reflected by the affset and the slope of the linear rela-
tionships. Experimentally. the offset ranged from 6 o 182
cc/min and the slope from 0.13 to 0.39. However, by cor-
recting the offset -that can be measured by processing the
IVUS RF signals when the flow is interrupted- an excellent
agreement between the estimation of the coronary flow
reserve (CFR= flow / bascline flow) derived from the
Transonic and the IVUS measurements could be found: the
mean x standard deviation of the differences between the
wo methods was 0+0.19, for a mean CFR of 2.

In conclusion, the results of this in-vitro validation of the
decorrelation methed of RF signals of an array IVUS scan-
ner to derive guantitative volume blood flow and coronary
flow reserve are very encouraging and warrant further in
vivo investigations.

Introduction

Intravascular ultrasound (IVUS) has been used for many
purposcs as it provides real-time cross-sectional images of
blocd vessels at a high-resolution (Roclandt et al., 1993
Erbel et al.. 1998; Nissen and Yock, 2001). As an imaging
tool, IVUS allows to measure the lumen and vessel wall
{(von Birgelen et al.. 1998) and the progression of athero-
sclerosis and restenosis (Di Mario ct ak., 1998). Furthermore,
important applications of IVUS are the guidance of thera-
peutic interventions such as coronary stents implantation

(Schatz, 1989: Colombo et al., 1995: de Jacgere et al.. 1998:
Schicle et al,, 1998) and the evaluation of intravascular
intervention (Di Mario ct al., 1995; Blasini ¢t al., 1997:
Schwarzacher et al., 1997). Current research in IVUS has
focused on obtaining information concerning the acoustic
and elastic properties of the vessel wall and plaque for the
purpose of vascular fissue characterization (Bridal et al,
1997; Spencer et al,, 1997; Komiyama ct al.. 2000). RF-data
processing has significantly enhanced the potential of IVUS
(van der Steen et al., 1998) and aims now at obtaining infor-
mation concerning vessel wall and mechanical plaque prop-
erties (Bridal et al., 1997; Céspedes et al., 1997; de Korte et
al., 1998 de Korte et al., 2000). In addition, IVUS has been
applied to measure blood flow velocity and volumetric flow
(Li ¢t al.. 1996: Carlier ot al.. 1998: Li et al., 1998).

Methods to assess blood flow include Doppler processing
and time-domain correlation techniques (Isner et al., 1993;
Chou et al., 1994; Carlicr et al., 1998). Inravascular volu-
metric blood flow can be assessed with configurations such
as combined Doppler Flowire and IVUS or Doppler Flowire
and Quantitative Coronary Angiography (QCA) (Serruys et
al.. 1993: Sudhir et al., 1993: Doriot et al., 2000). A Doppier
Flowire is a guide wire with a Doppler transducer in the tip
(Doucette et al., 1992). However, these configurations do
not easily allow the operator to assess blood flow velocity
and lumen area simultancously and at the same location.
Moreover, the mean blood flow velocity is derived from the
assumption of a parabolic flow profile that is rarely encoun-
tered in human corenary arterics {Carlier et al., 1999).

Recent rescarch have rendered the measurcment of blood
flow velocity and the quantification of volume bloed flow
using a decorrelation-based method with a rotating single-
element catheter (Ui et al., 1998; Li et al., 1998). The corre-
lation of the received IVUS RF signals could be cvaluated
as a function of tme using z sequence of RF signals
acquired at a fixed pulse interval from the same angular
position. After gating the RF signals with a fixed window
length, the sequence of RF signal windows is phase-
matched to remove the axial motion of the scatterers and
then the correlation coefficients is calculated as a function
of time. Next. in a controlled experimental environment. the
corrclation coefficients have been obtained as a function of
wransverse displacements of the scatterers to calibrate the
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method, Thus, after the time and displacement correlation
functions have been established, the correlation coefficients
can be converted imio velocity, Assuming that the only
cause of decorrglation is the transverse displacement of the
scatterers (i.e. noise-less RF signals), the velocity can be
cbtained from the ratio of the correlation coefficient as a
function of displacement (calibration) and the corrclation
coefficient as a function of time (measured). First initial in
vive evaluations of volumetwic blood flow assessment based
on this method using a rotating single-clement catheter have
been presented {Carlier et al.. 1998; Céspedes et al., 1998
Carlier et al.. 1999).

The use of mechanically rotated transducer to measure flow
requires compensation for the intrinsic decorrelation due to
rotation. This could be cumbersome if the rotation is not
uniform. FVUS array catheters are not hampered by rota-
tonal problems. The array transducer is capable of trans-
mitting and receiving many echoes at a fixed angle. The
array is scanned electronically (Eberle. 1997). The decorre-
lation properties of the IVUS array catheter during trans-
verse blood flow have been simulated and recently reported
(Lupotti et al., 2000: Lupotd et al., 2001). The mean decor-
relation pattern for scattering media containing only point
scatterers, as red blood cells (RBCs). comresponded to the
autocenvelution of the acoustical beam.

During this study, ir virro recordings were performed to
cvaluate the decorrelation-based estimation of quanttative
volume blood flow using the autoconvolution of the meas-
ured acoustical beam as a calibration file, The experiments
were carried out for different lumen diameters. for several
catheters, and for different catheter positions within the
lumen. Coronary flow reserve was measurced from the data;
using a computer program, the influence of the catheter
position and the ring-down size on the blood flow measure-
ments was also studied.

Methods

IVUS rransducer

The IVUS array catheter is formed by 64 elements mount-
ed on a circular surface of a catheter tip with a diameter of
1.2 mm. The array transducer operates at a ceatral frequen-
¢y of 20 MHz and with a -20 dB bandwidth of 7.5 MHz
(Eberle. 1997: O'Dornell et al., 1997). The element size of
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the array under study is 0.7 mm in length and 28 wm in
width: the pitch of the elements was 59 um. The array trans-
ducer operates in synthetic aperture focusing mode for
imaging and linear mode for flow imaging. Synthetic aper-
ture focusing mode is not suitable for flow assessment since
the acoustical beam is formed over a time frame on the
order of milliseconds, during which, the red blood cells will
move through the beam and will influence flow assessment
based on correlation. Thercfore, in flow imaging, four ¢le-
ments are electronically ticd together and produce a burst of
ultrasound pulses in linear array mode. Then. the selected
elements are clectronically shifted by one and the next burst
is genersted. The circular array is linearly scanned and
pulsed 64 times to produce a frame.

Experimental setup for measuring the Acoustical Beam
The measurcment system was formed by a water tank that
held the motion system. the echosystem {JoMed Imaging,
Rancho Cordova, California 95670) with the TVUS array
catheter (20 MHz Vision 64F/X™, JoMed Imaging}. and
the A/D-converter PC (Figure 1}. The A/D-converier PC
contained a Pentiurn computer with an acquisition board
(Signatce, Corona, CA. USA) with 128 Mbytes to store the
RF data at a sampling frequency of 200 MHz in § bits. The
water tank was filled with degassed water at room temperature
(= 22° C). An ultrasoun:d absorber was placed on the bottom
and on both sides of the tank to reduce ultrasound reflec-
tions. The motion system, with a precision in the order of
microns, was a manual micrometer fixed to the water tank;
the micrometer was capable of moving a target in x (trans-
verse across the ultrasound beam) and z (along the ultra-
sound beam) directions. The target was a line reflector con-
sisting of a fiber of § um in diameter (Kevlar, Du Pont de
Nemours Int. S.A., Geneva. $witzerland). The line-target
was held in 2 ring fixed to the motion system placed under
the water level and positioned orthogonal to the axes of the
array transducer. Supported by a fixing system. the IVUS
arrzy catheter was placed under the water level between the
ultrasound absorber and the line-target (Figure 1). The dis-
tance between the line-target and the array transducer sur-
face was set by the motion system and depended on the
acoustical-beam depth of interest.

Measurement of the Acoustical Beam
The linc-target was moved across the vitrasound beam in

A/D Converter PC

Water tank 1 :

Water level

N e

US Absorber

E o
yo |

Ultranound

Transducer

o N\

Lupott et al,

Figure 1: Block diagram of the used set-up for measuring the ultrasound beam: the echosystem, the A/D-converter PC and the warter tank
with the motion syster; the [VUS array catheter connected to the echosystem and placed into the water tank.
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the transverse direction using the micrometer (Ax= 20 pum).
At each displacement, three frames containing the backscat-
tered RF signals (15 RF signals per angle for 64 angles)
were acquired by the A/D-converter PC and then saved to
hard disk. After the line-target was completely moved
across the ultrasound beam. the 15 RF signals from the
angle containing the ultrasound reflection from the line-
target with maximum amplitude were averaged to reduce
the electronic noise. This was performed over the three
frames and then an average of the three frames was calcu-
lated, The averaged RF signals were used to calculate the
autoconvolution of the acoustical beam. The experimental
setup allowed the rotation of the array catheter so different
clements of the array transducer -angles- could look
towards the lne-target. For the near field, the experiment
wag performed for § different catheters for 2 angles per
catheter; and for the far ficld, the experiment was performed
for 5 different catheters and for 2 different angles per
catheter. A higher number of experiments was performed in
the near field due to the observed irregularity of the acousti-
cal beam close w the array transducer,

Calibration Method

As it was explained in the introduction. the decorrelation-
based method needs to be calibrated in order to convert the
measured correlation coefficients as a function of time into
transverse velocity, Obtaining the correlation coefficients as
a function of mansverse displacements does this. The
process to obtain such a calibration is time consuming since
many experimental reakizations have to be performed. A
previous study (Lupotd et al., 2000) showed good agree-
ment between RF correlation coefficients as a function of
ransverse displacements and the autoconvolution of the
acoustical beam. Thus. the calibration of an ultrasound
beam for measuring quantitative volume blood flow using
decorrelation-based method could be assessed by only a
theoretical evaluation of the acoustical beam such as the
auroconvolution of the acoustical beam. The acoustical
beam was experimentally measured for depths ranging from
0.5 mm to 6 mm with steps of 0.5 mm and then by per-
forming the autoconvolution of the measured acoustical
beam the calibration file was produced.

Experimental Setup for Blood Flow measurcments
The experimental setup was formed by a water tank, the
echosystem and the IVUS array catheter, the A/D-converter

Tubiag
{40 em)

—
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PC and a transonic flowmeter (3¢ MHz transducer,
Transonic System Inc,, Ithaca, NY, USA} (Figure 2).

The water tank {40 cm long) was filled with degassed water
at room temperature (= 22° C) and an ulwasound absorber
was placed on the bottom and at both sides of the tank to
reduce ultrasound reflections, The IVUS array catheter was
placed inside four different 40-cm long straight tubes with
inner diameters of 3.0, 3.5, 4.0 and 5.G mm. The location of
the catheter inside the tubes was chosen to be preferably
eccentric with respect to the lumen of the tube (i.c. against
the tube wall). Laminar flow conditions were not required
during the experiments since in coronary arteries this con-
dition is hardly reached and thus flow in- and outcome
effects were not taken into account. A valve was placed just
after the upper bicker to regulate the blood flow, The man-
sonic flowmeter was connected 0 the tubing system just
after the exit of the water tank. Fifteen full frames for each
flow condition were saved to hard disk and then used to cal-
culate quantitative volume blood flow uging the decorrela-
tion-based method. The transonic flowmeter was previous-
ly calibrated using the same human blood sample. for a
range of volumetric blood flow from 0 to 250 ce/min, using
the conventional time-volume approach.

Blood preparation

Qutdated packs of concentrated red blood cells (RBC) from
the blood bank of cur hospitat were used during the exper-
iments. The blood sample was diluted with Hacmacel solu-
tion 1o reach normal hematocerit and preserved normal blood
viscosity, During the experiments, blood manipulation was
performed in such way to aveid cellular damage and
changes in the hematocrit and in the mean corpuscular vol-
ume (MCV), The blood temperature was kept low, around
235° C. to avoid red blood cell destruction. A blood test for
the RBC counts, hematoerit and MCV was performed just
before and after the experiments and the results showed
almost ne change in both parameters. The hematocrit was
0,249 L/L and 0.278 L/L and the MCV was 62.4 {fL and
62.2 fL, pre and post-experiments, respectively.

Simulation of zero flow RF signals plus noise

A computer simulation program (Borsboom et al., 2000:
Lupotti ¢t al., 2000), that simulates backscattered RF sig-
nals for the IVUS array catheter, was used during this study.
In the computer simulation program. four clements were
considered as one curved (convex) single clement; its arca

Tranmsonic
Flowmeter

AD-~Converter PC

Ul l .......:]

Lupotti ef al.

Figure 2: Block diagram of the blood flow setup used during the experiments; the echosystem, the A/D converter PC and the water tank: the
IVUS array catheter connected to the echosystem and placed into the water tank.

141



)

L)

; T
1 [ 1 :
5ol R
Z 0 forpidd 208
el '3 2 k1 f
s Y 1 T 2 .
[o:X 3 w06 T
3 Y £l
2 oa 2 04 ‘ vt
2 T = : i
£ Ll RN s i B
2 02— i ey I. =0z -3 . .
[ i 3 H
i b H\ 1 Ty |
: 1 ! k3PS ] } ¥ onirba,
Bl N N ! s T .
001 02 03 04 05 06 07 001 0F 03 04 05 06 07

Transverse Dikplucement [mm]

‘Transverse Diuplacement {mm)
Lupotti et af.

Figure 3; Comparison between the simulated (solid line) and the mean autoconvolution of the measured acoustical beam (circles = std).

a) Near ficld and b) Far ficld.

was divided into a grid of small areas with dimensions less
than a quarter of a wavelength. Thus. each small area trans-
mits an echo and the entire transducer receives the
backscattered response, The simulation program was used
to generate RF signals in order to produce frames with zero
transverse blood flow (i.e, all identical RF signals per angle
and per frame). Then. independent noise was added at each
RF signal at a given signal-to-noise ratio (SNR). The SNR
is defined as the ratio of the average signal power to the
average noise power. Next. the data was used to obtain the
mean flow over 10 frames for different region of interests
-circular regions of 3,0, 3.5, 4.0 and 5.0 mm in diameter- in
order to compare the results with the zero-flow offset
obtained from the experimental measurements.

Caleulation of the coronary flow reserve

Coronary flow reserve in patients is measured as the ratio of
the hyperemic flow measured during e.g. an infusion of
adenosine over the bascline flow. This parameter evaluates
the physiological significance of a coronary stenosis (Gould
et al.. 1990}, In our in vitro set up, with flow ranging from
0 to more than 250 ce/min. we have arbitrarily computed
the baseline flow for each catheter position and tube com-
binations as half the average of all the non-zero measured
flows, The “"simulated” coronary flow reserve for each
recording was then computed as the measured flow over
this defined bascline flow.

Calculation of ring-down ebscuring
Through a computer program., we studied the effect of the

ring-down size and catheter eccentricity on the obscuring of
the vessel lumen. The radius of the IVUS catheter was 0.6
mun and the ring-down sizes were assumed to be 0.3 and 0.6
mm in depth. These ring-down sizes are representative of
the Iimits in ring-down size from an IVUS array catheter.
The vessel lumen was considered circular with radius ranging
from 3.0 mum to 5.0 mm. The eccentricity of the catheter. in %.
is defined as the distance between the center of the lumen
of the tube and the center of the IVUS catheter divided by
the radins of the lumen. Eccentricity ) means a catheter
placed in the center of the vessel lumen and thus maximum
obscuring of the vessel lumen will oceur.

Results

The mean autoconvolution of the experimentaily measured
acoustical beam is shown in Figure 3 compared to the sim-
ulated one (Lupotti et al., 2000), for the near ficld and for
the far field, respectively. In the near field, the autoconvolu-
don of the measured acoustical beam is wider than the the-
oretical one, which may correspond to the effect of the ring-
down of the ransducers, However, good agreement is ¢lear-
Iy observed between curves in the far feld.

Figure 4 shows quantitative volumetric blood flow meas-
urements for different tube diameters versus calibrated
Transonic flowmeter. Good lincar relationships (all r
> 0.99) are observed between the calibrated Transonic
flowmeter and the velume blood flow measurement for all
tube diameters (see also Table 1), However, the slope and
the offset increase with increasing tube dismeter. The slope
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Figure 4: Decorrelation-based method versus calibrated transonic flowmeter, results for different tube diamerers (3.0, 3.5, 4.0 and 5.0 mm).
Linear polynomial approximates to the points with a high R®. The catheter was placed inside the lumen with maximum eccentricity,
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Figure 5: Offset in [oo/min] from the experimental measurements plotted as a function of tube diameter, The offset values are shown below

the 10 dB signal-to-noise ratio curve.

Table 1
Tube Catheter Eccentricity Catheter a b r
diameter position % # (cc/min)
{mm)
3 1 45 a 0.24 8.25 0.997
3 2 45 a 0.18 8.99 0.995
3 1 19 b 0.13 7.43 0.991
35 1 45 a 0.26 51.36 0.897
3.5 2 58 a 0.27 45.06 0.998
3.5 1 60 b 0.28 12.95 0.996
3.5 2 64 b 0.28 20.35 C.296
4 1 65 a 0.38 14714 0.894
4 2 59 a 0.34 96.81 0.999
4 1 37 b 0.18 50.06 0.99
5 1 67 b 0.3¢ 181.92 0.993

is in all the cases lower than 1 and the offset can reach up

182 co/min for 2 5 mm tube diameter. Table 1 summa-
rizes all flow measurcments for the different catheters,
catheter positions and tubes (see alse figure 6 for eccentricity).
There is a ¢lear increase of the offset b (in ¢co/min, corres-
ponding to linear regression: IVUS-flow = a x Transonic-
flow + b) as a function of tube diameter. In Figure 3, the off-
setin co/min is plotted as a function of tube diameter, which
clearly shows the increment of the offset as the wube diam-
eter increases. The curve for simulated data -no flow- with
a SNR of 10 dB is presented here. The offset values from
the experimental measurements are located below the 10 dB

curve, meaning that the RF signals from the experiments
were acquired with a SNR higher than 10 dB. .

Figure 6 illustrates the effect of the transducer ring-down in
masking blood near the surface of the catheter, Two IVUS
echograms are presented in the top of the figore. The ring-
down is less pronounced in the left one (estimated thick-
ness: 0.2 mm) than in the right one {thickness ~0.4 mm).
One RF signal per cchogram is shown below each
echogram. where at the beginning of the RF signals the
ring-down is manifested by an increase on the amplitude,
which shows amplitude saturation.

'
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Figure 6: top) Echograms of different catheters that show the ring-down size: the RF signals are pletted showing the signals saturation,
bottom) Curves from two different catheters where the ring-down produces a decrease in the offset; the catheters, low ring-down (dashed and
dotted line} and high ring-down (solid line), were placed in the tube lumen with 2 maximum eccentricity.
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Figure 7: Percentage of obscured area duc to catheter eccentricity for differcnt tube diameters when the eceentricity ranged from 0 (center of
the Tumen) to 60 %. Catheter radius of 0.6 mm with a ring-down size of 0.3 {thin black lines) and 0.6 {thick gray lines) mm in depth.

The results of percentage of the lumen area obscured by
ring-down as a function of tube diameter arc presented in
Figure 7 for five different tube diameters (3.0, 3.5, 4.0, 4.5
and 5.0 mm} and for two ring-down sizes {0.3 and 0.6 mm
in depth). In an artery of 3.5 mun in diameter, and for a
catheter ring-down of 0.6 mm, the obstructed area gocs
from 25 up to 40 % of the Jumen when moving the catheter
from the centric (solid line) to the most eccentric position
(dashed Line).

Processing of the IVUS RF signals when the flow is inter-
rupted (zero flow condition) gave values close to the offset
of the linear regression in each case between the IVES and
Transonic flow values {e.g. as illustrated on figure 4 for the
tube with diameter 5 or 3.5). These zero-flow recordings
(IVUS0) were not performed in all the configuration
tube/position/catheters. When they were available, the
IVUS flow was corrected with this measured offset. and
figure 8 shows (left. open diamonds) the excellent agreement
existing then between the IVUS derived and the Transonic
coronary flow reserve (CFR). The mean + standard devia-

ton of the differences between the two methods was
0+0.19, for a mean CFR of 2, For all the recordings, we also
approximated the offset to use to correet the IVUS flow by
computing the linear regression between the FVUS and
Transonic flows, Figure 8. right part (filled diamonds)
demonstrates that there was also then an ¢xcellent agreement
between the IVUS and Transcnic CFR.

Discussion

The mesn experimental and simulated autoconvolution of
the acoustical beam were shown in close agreement, in both
near and far field (Fig. 3a and 3b). In the near field, a wider
mean autoconvolution was observed., which could be
explained by the presence of a ring-down {ultrascund rever-
berations from the array transducer) at the distance of interest
(= 1 mm). The ring-down acts as a DC offset, widening the
autoconvolution curve. If not compensated, this widering
will introduce an underestimation of the bicod flow velocity
and the volumetric blood flow, In general. the acoustic ficld
along the axis of an ultrasound transducer cxhibits rapid
fluctuations in the near field and gradually decays in the far

4 = 45

4 =R’= = 4
. 35 e 36 ]
2 3 g 3
Ezu P 2 20
g oz AR -3
Qo1 S

\ PV sl -

on-——%{

o

CFRa- CFR1us:
2
k3
(3

moan {CFR vy, CFRmme}

mean (CFR tam, CFR yad

Lupotti er &,

Figure §: Comparison between the corondry flow reserve (CFR) derived from the flow estimated with the TVUS decorrelation methed and
the trug CFR computed on the measared Transonic flows, For cach series of tube and catheter position. the baseline Transonic flow used to
compute CFR was half the average of all flow measurements. On the left. the regression berween both CFR is plotted (upper corner) as well
as the Bland-Altman graph (difference versus mean), The baseline IVUS flow was half the average of all flows from which the zero-flow
measurement (when available) was subtracted, On the right, similar relationships are shown using all tubes and catheter positions combina-
tons and where the I'VUS flow was comrected by the zero-flow estmated from the linear regression between the Transonic and the IVUS

derived flows (y-intercepts on figure 4).
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field (Christensen, 1988). The standard deviations showed
an increase that corresponds to this irregularity of the ultra-
sound beam in the near field (Fig. 3a). However, in the far
ficld (Fig. 3b). a full agreement was shown between curves
and smaller standard deviations were also shown.

Results from experiments showed a good linear relationship
for all tube diameters (Fig, 4 and Table 1) meaning that the
decorrelation-based system is not being influenced by the
volume flow ranging from 0 to 250 ce/min. The reladonship
between offset and whe diameter could not be clearly esta-
blished. However, one could suggest that the reason for this
is noise integrated over the lumen arca. As the SNR is depth
dependent, the blood flow offset will increase as a function
of wmbe diamcter. Simulated data were computed: frames
with velocity zero were used in which noisc at a given level
was added to the RF signals. The measured data points at
zero-flow condition were under the curve determined by the
zero-flow simulated data with a noise level of 10 dB.

From the results, onc could think that the ring-down is the
reason of a slope lower than 1 (Fig. 4 and 7). The ring-
down, formed by the interaction of the ultrasound beam and
the packing material, obscures part of the lumen vessel area
where blood is flowing, which will produce an under esti-
mation of the measurements if the system is not compen-
sated for it. When the amplitude of the RF signals is satu-
rated (Fig. 6). no change due to blood flow can be detected
by the decormrelation-based method. Flow estimated in that
region is then null. The catheter with a smaller ring down
will give a higher offser and a higher slope for the relation-
ship between IVUS and Transonic flow values, The eccen-
tricity of the catheter was shown to have an important cffect
on the bleod flow measurements when ring-down is present.
From Fig. 7. the ring-down is shown to obscure up to 45 %
of the vessel lumen, Therefore, a maximum eccentricity of
the catheter is important during in vive recordings.

Absolute coronary blood flow would be the optimal para-
meter for intracoronary physiological studics. However,
intracoronary flow measurements have been simplified for
clini-cal practice. The most useful clinical index at the end
of an infervention such as a stent implantation is the coro-
nary flow reserve estimated from the ratio of the maximum
flow velocity measured with & Doppler Flowire during
hyperemiz to the bascline velocity (Di Mario et al., 2000;
Serruys et al., 2000). The results of our study suggest that
the coronary flow reserve could be estimated in patents
with an IVUS catheter. A limitation will be that the catheter
must occupy a relatively stable position in the coronary
lumen. ideally. at the most eccentric location, which can be
achieved, With combined catheters including a balloon distal
to the imaging transducer (Mudra et al., 1994), it is forescen
that the recording of the zero flow conditon, while the bal-
loon is inflated, will permit the estimation of the offset of
the IVUS flow method daring /r vive application. It would
also be very interesting to assess the reduction of the maxi-
mal flow through moderate coronary stenosis, beside their
conventional morphological TVUS assessment. However,
preseatly. the relatively large diameter of the IVUS catheter
{> 1 mm) would cause a significant increase of the pressure
gradient across the stenosis. since most of these lesions have

aminimal lumen diameter ranging between 1.5 and 2.5 mm.
Further miniaturization of the IVUS device will be neces-
sary for this application,

A factor, which was not considered here, is blood flow pul-
satility highly present in coronary arteries that produces
changes in the shear rates across the vessel lumen. In pul-
satile flow, the velocity profile changes significanty as a
function of the cardiac cycle (Milnor, 1989). The velocity
profile is nearly flat during carly systole, becomes almost
parabelic at peak systole, depending on the hematocrit, and
then flattens again during diastole. In the casc of ransverse
blood-flow, the change in blood velocity profile produces
significant velocity gradients, which in the present situation
seem to not affect the blood-flow measurements using a
decorrelation-based method, Aggregation of Red Blood
Ceils was also not considered here since previous results
suggested that aggregation of RBCs, at random lengths and
angles. does not affect the rate of decorrelation {Lupotti et
al., 2001}, Results from Clouticr (Cloutier and Shung,
1993) suggested that prolonged diastole is necessary to
observe an aggregate size enlargement in systole because
no cyclic variation on the Doppler power was found during
pulsatile flow at 70 beats/min and using whole porcine
blood. Rouleaux formation. during systole and at 70
beats/min, was not observed prebably because the red cells
do not have enough time in diastole te be brought inte contact
and to align themselves. As flow accelerates with a flat and
more parabolic profile in late systole. the aligned red cells
then probably form roulcaux until the shear rate within the
Doppler-samplc volume becomes sufficient to break them
totally or partly,

Conclusions

We have characterized experimentally some of the limita-
tions of the IVUS quantitative blood flow assessment. The
resuls clearly indicate dependence of the measure flow on
the magnitude of the inevitable ring-down artifact.
Additonally, the severity of this effect is dependent on the
position of the IVUS catheter within the lumen. In-place
noise is also construed as flow and thus the neise character-
istics of the entire system (IVUS instrument, catheter,
catheterization laboratory environment) have to be measured.
Despite the deleterious effect of the ring-down artifact, a
practical solution is proposed for the caleulation of flow
reserve. Since the position of the catheter is constant during
CTR measurement, the slope bias can be considered con-
stant, This practical solation presents an intermediate and
immediate solution to the limitation described in this paper,
However, further advancement in IVUS transducer techno-
logy would be required to maximize the value of quanti-
tative IVUS-based flow measurements. In conclusion, the
results of this in-vitro validation of the decorrelation-based
method o derive quanttative volume blood flow and coro-
nary flow reserve using IVUS RF signals are very encoura-
ging and warrant Turther /n vive investigations.
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Summary

Intravascular ultrasound clastography is a method for
measuring the local clastic propertics of coronary athero-
sclerotic plagues using intravascular ultrasound (IVUS).
Mechanical propertics of the different tssues within a
plaque are measured through strain. In the last decade, several
groups have applied clastography intravasculazly with
various levels of success. In this paper, the approaches of
the different research groups will be discussed and the focus
will be on our approach to the application of intravascular
clastography.

1. Introduction

Sudden death is the leading symptom of coronary heart dis-
cases in carly middle age and stands at the most dreadful
end of the spectrum of acute coronary syndromes. More
than 50% of sudden deaths are related to an atherosclerotic
plague rupture or ulceration triggering thrombus formation
and coronary occlusion.'* Acute myocardial infarction and
unstable angina are also related to a similar mechanism. A
coronary atherosclerotic lesion can evolve during years
without any clinical symprom and flow Hmitation.™ Acute
coronary syndromes frequently develop in arterial segments
demonstrating only a mild stenosis on available prior
angiograms.™ The plaque morphology. its composition and
the importance of the infiltration of macrophages and lym-
phocytes, more than the degree of stenosis, are the determi-
nants of acute clinical events.™ One of the major limita-
tions of coronary angiography, the gold standard for the
evaluation of symptomatic patients with coronary artery
disease, is the inability to visualize the arterial wall.™
Several techniques have becr developed and are under
development to characterize coronary atherosclerotic
plaques.” The life-threatening plaques, prone t rupture,
have been characterized by three major characteristics:
1) the size and structure of the atheromatous lipid core, ii)
the thickness of the fibrous cap {< 65 pm) and iii) the
inflammation within or adjacent to the fibrous cap.
Catheter-based IntraVascular UliraSound (IVUS) is the
only clinically available technique capable of providing
real-time  cross-sectional images of arteries in vivo.'**

IVUS provides quantitative information on the plaque bur-
den and the lumen, as well as qualitative information on the
plaque comnposition that has been compared with histo-
logy.'** However, identification of the different plaque
components Is still limited: hard fibrous and soft plaques
can show similar echo texture.*"” Especially, the sensitivity
to identify lipid pools remains low.™ Several IVUS-based
methodologies have been proposed to improve tissue
characterization™® and detect plaque vulnerability.®=
However, IVUS, as well as other methodologies developed!!
o detect rupture-prone plaques arc limited since they are
based on the measurement of indirect vulnerability para-
meters such as plaque geometry. content. color or tempera-
ture. Plaque valnerability is mainly a mechanical phenorme-
non: using computer simulations, concentrations of circum-
ferential tensile stress were more frequently found in unsta-
ble plaques than in stable plagues.®* For example. a thin
fibrous cap shiclding a iipid core from the bloed may rup-
ture since it is unablc to bear the high circumferential stress
due to the pulsating blood pressure {mechanical fatiguc).
These high stress regions can be caused by the geometry of
the plaque® or by local weskening of the plague due 1o
macrophage infiltration.™

In 1991, a new technique was propesed to dircetly measure
mechanical properties of tissue by ulirasound called clasto-
graphy.” This technique has emerged to improve tissue
characterization since a close correlation has been observed
between the modification of the elastic properties of a tis-
sue and the development of pathological processes. For
example, it has been shown that the Young's moedulus® (the
ratio of a given force applied (stress) and the resulting
deformation (strain)) of normal breast dssue is 20-40 kPa,
but raises up to >500 kPa in breast carcinoma™
Elastography was developed using phantom studies® and
evaluated in vivo." The underlying principle is that a force
(stress) is applied on the tissue and that the resulting sain
is a function of the local mechanical properties.™ The local
strain of the material is obtained by means of comparing sev-
eral ultrasound images acquired at different stress levels.
Currently, this technique is developed in our laboratory for
intravascular purposes. The objective of this paper is to give



a short overview of different implementations of elastogra-
phy. Next, the methods and results of our intravascular elas-
tography work will be presented and discussed.

2. Previous related work

Several techniques have been proposed to study the
mechanical properties of soft tissues using ultrasound. The
main differences are in the type of mechanical solicitation
of the tissue (vibration at low or high frequency. or quasi
static compression) and in the signal processing methods
used for estimating the Jocal elastic properties,

2.1. Sonoelasticity: vibration amplitude imaging

ierner and Parker presented preliminary work on vibration
amplitude *sonoclasticity imaging’.™ With this method. a
low-frequency vibration (20-500 Hz) is applied externally
to excite internal vibrations within the tissue under study. A
stff inhomogeneity surrounded by soft tissue produces a
disturbance in the normal vibration cigenmode patterns.
Doppler detection techniques are employed to make a real-
time vibration image, In some organs, modal patterns can
be created, revealing additional information to the shear
wave speed of sound of dssue.” Two real-time methods.
static strain imaging and vibrography (using 0.1-20 Hz
compressions) have been recently tested in phantom expe-
riments, Real-time performance with a PC is achieved
thanks to an original algorithm (phased root seeking tech-
nique) to estimate the strain, faster than the cross-correla-
tion methods.™

Recently, Sandrin et al, have reported the results obtained in
phantoms of a new method based on such a low-frequency
shear wave (200 Hz) visualized by means of an uitrafast
imaging system (up to 10.000 frames/s) composed of a linear
array of transducers at 3.5 MHz" Sonoclasticity has not
been evaluared for vascular tissue, but given the large wave-
Iengths and the level of inhomogencity in a diseased vessel.
it seems not to be the technigue of first choice. Ongoing
research mmvestigates the feasibility to use magne-tic reso-
nance c¢lastography using propagating acoustic shear
waves, "7

2.2, kHz dynarmnics: vibration amplitude imaging

In this technique. the tissue is excited using a 15-25 kHz
sound ficld and the amplitude of vibration is measured with
a 30 MHz transducer.® The amplitude of compression
waves is related to the mechanical properties of the tissue
but also on the size of the tissuc inhomogencities and resc-
nance phenomena. Because of the potential problems related
to the in vivo intravascular application of a 20 kHz sound
ficld. this approach has been abandoned for intravascular
¢lasticity imaging.

2.3. Ultrasound-stimulated vibro-acoustic spectrograpihty

Fatemi and Greenleaf have proposed an alternative method
based on the acoustic energy emitted from solids and tissue
in response o an oscillatory radiation force produced by
interfering focused beams of ultrasound. Interference in the
intersection regicn of the two beams produces sinuscidal
modulation of the ultrasound encrgy density that creates an
oscillatory force vibrating the object at the selected region
that can be measurcd some distance away. Using two coaxial,
confocal transducer clements of a spherically focused annu-

lar array. they could image excised human iliac arterics and
clearly detect caleified regions.”

2.4 Elastography: compression strain imaging
Elastography is an imaging technique based on the static
deformation of a lincar isotropic elastic material, The tissue
under inspection is externally compressed and the displace-
ment between pairs of A-lines with and without compres-
sion is determined using cross-correlation analysis.”* From
these data, the strain profile in the tissue under study can be
determined. Whercas Ophir et al did not explore intravascu-
lar application, our group has demonstrated the feasibility to
perform in vivo coronary clastography. The compression
can be obtained from the systemic pressure difference or by
using a compliant intravascular balloon.*® The following
techniques are all more or less based on this excitation prin-
ciple, but use a varicty of detection methods.

2.4.1. Envelope based intravascular elastography

Ryan and Foster developed 2 technique based on comparison
of pre- and post-compression of vessel mimicking phan-
toms.® The displacement in these phantoms was based on
speckle tracking in the videe signals. The strain is calculated
from this displacement. It was shown that phantom compo-
nents of different hardness had different displacement mag-
nitude. For use under physiological circumstances. the
method still needs quite some adaptation. A big advantage
of using the envelope is the fact that the correlation function
is smoother than the RF-based correlation function and that
the video signal is commonly available from any commer-
cial echosystem. The disadvantage is the limited resolution.
For intravascular applications, small tissue strains must be
measured and therefore the use of RF data dramatically
improves the resolution,

2.4.2. Spectral tissue strain

Talhami et al, introduced & technique that is capable of esti-
mating the global radial strain in a vessel.” The technique is
based on the Fourier scaling property of the signals and uscs
the chirp Z-transform. The envelope data are used for this
analysis. The result is displayed as a color-coded ring
around the image of the vessel. Initial results on vascular
tissug in vitro and in vive have been described, however
without a validation of the technique.

2.4.3. Phase sensitive speckle tracking multicompression
elasticity imaging

Shapo et al. developed another technique that is based on
crogs-correlation of A-lines** This group proposed a large
defermation to maximize the signal-to-neisc ratio of the
displacement and strain estimation. However, a large dis-
placement will decorrelate the ultrasound signals to such an
extent that corrclation detection is unreliable. For this rea-
son. the cross-cerrelation is calculated in several intermedi-
ate steps of intraluminal pressure. For detcetion, they use a
phase-sensitive speckle tracking technique. The technique
uscs an IVUS catheter that is inserted in a compliant bal-
loon. The balloon is used to strain the tissue up to 40%. The
feasibility of this technique was demonstrated In simula-
tions and tissue mimicking phantoms. Currently the tech-
nique is validated in vitro,



244, Broad-band radicfrequency-based elastography
Radiofrequency data are acquired at two levels of intralu-
minal pressure. The estimation of the deformation remains.
in general, a study of the correlation between signals
acquired before and after the application of a stress, The
most common signal-processing technique used in clasto-
graphy considers the local displacements within soft bio-
logical tissucs as simple translations. Within the RF signal.
these displacements will be translated by a delay of the
acoustical signatures of the respective tissue regions. This
results in a modeling of the post-compression signal as a
locally delayed replica of the pre-deformation signal. The
local tissue displacement is. in this case. a simple shift. It is
computed as the location of the maximum of the cross-coz-
relation function of gated pre- and post-compression echo
signals (me-delay estimation). The strain is then computed
as the displacement derivative.”* In the case of small defor-
mations [0-2 %], these technigues have proved to be effi-
cient and accurate. However, they fail rapidly with increas-
ing strains since then the signal is subjected to a variation in
shape that has not been taken into account.

Another appreach taking into account the change in shape
of the signals has been recently described (focal scaling
Sactor estimation).™ The signal after compression is
processed as a delayed and scaled replica of the signal
before deformation, These methods have been shown to be
more robust to large deformation. but the performance for
small strain values (<2%) remains low. An adaptative strain
estimation method based on the computation of local scal-
ing factors has been successfully applied to compute clas-
tograms of cryogel phantoms mimicking vessels and of a
freshly excised human carotid artery using a 30 MHz
mechanical rotating single element ultrasound scanner
(ClearView, CVIS, Boston Scientific Corp.).*

‘We will focus the rest of this review on the intravascular
elastography methods that have been developed in our lab-
oratory, Data are acquired at two levels of intraluminal pres-
sure, Displacement and strain are calculated from broad-
band RF traces. The strain information is presented as an
independent complementary two-dimensional image of the
echogram when it has been computed across the complete
vessel wall {elastogram) or as one dimensional color-coded
line congruent with the lumen perimeter when the strain is
computed only for the inner layer of the arterial wall (pal-
pogram,.”

3. Materials and methods

3.1. Materials

3.1.1. Phantom.

Vessel phantoms with the morphology of atherosclerotic
vesscls were constructed from solutions of agar and gelatin
with carborundum (SiC) particles used for scattering. A
hard vessel containing a soft lesion with no echogenicity
contrast between the wall and plaque was measured with
intraluminal pressures of 50 and 35 mmHg,™

3.1.2. Femoral and coronary arteries in vitro.

Atheroscierotic human femoral (n=10} and coronary (n=4}
arteries obtained post mortem were measured in vitro. Two
IVUS scans were acguired at 80 mmHg and 100 mmHg.
The vessel specimens were then fixed in a buffered

formaldehyde solotion (3.6%) and processed for roufine
paraffin embedding, For each segment. cross sections were
stained for collagen (picro-Sirius red stain). for smooth
muscle cells {anti-a-actin stain) and for macrophages (anti-
CD68 stain).®

3.1.3. Corenary arteries in vivo,

Data were obtained from patients (n=12) referred for per-
cutancous coronary intervention. After intravencus admi-
nistration of heparin and acetylsalicylic acid, a 6 Fr guiding
catheter was advanced up to the ostium of the involved
artery. After coronary injection of a bolus of 3 mg isosor-
bide dinitrate, pre-intervention IVUS assessment of the
lesion was performed.™

The acquisition and signal processing have been explained
in detail clsewhere® and are beyond the scope of this
review, In summary, in vitro experiments on human femoral
arterics were performed with a 4.3F Princeps® 30 MHz
catheter (Dumed) connected to a stepper motor. The in vitro
and in vivo coronary recordings were performed using a 64
F/X array IVUS transducer {EndoScnics/JoMed). In vivo,
lesions were crossed and imaged without complication. The
pressure was measured at the level of the coronary ostium
via the guiding catheter cormected to a standard fluid-line
system. Ten microseconds (~7.5 mm) of the 64 angles (n
Chromaflow mode) analog RF data output of the InVision
systern were digitized at high frequency (200 MHz. in 8
bits). Ten frames per second were acquired at cross sections
where the IVUS echogram revealed diseased vessel wall
and plaque. Due to the contraction of the heart, the catheter
is moving in the lumen. For large motions. the frames
acquired at the different intraluminal pressures may be mis-
aligned thus hindering adequate displacement estimates. An
algorithm to determine the similarity between sequential
echo frames has been used as a figure of merit for the
motion of the catheter in the lumen. Sequential frames with
a high likelihoed and a pressure differential large enough to
result in strain levels of the order of 1% were processed o
derive the elastograms.

4. Results

The principle of intravascular elastography is visualized in
figures 1 and 2: the echo signal of the soft region (light
gray) shows minute changes once the applied force has
compressed this tissue, whereas the signal from the hard
region (dark gray) remains nearly identical since the tissue
thickness in that region did not change, Figure 2 shows the
echogram of the phantom acquired at low pressure in the
upper left cormer. The echogram acquired at high pressure is
shown in the lower left corner. The soft plagque area is not
visible in the echograms. The local strain determined using
the cross-correlation based fime delay estimation algorithm
is shown on the right. The soft plaque region is clearly
visible in the elastogram from 7 to 11 o’clock.

An echogram, elastogram and histology of a human femoral
artery segment are shown in figure 2, The echogram of this
artery shows a slightly cccentric plaque with different echo-
genecities. Although the echogram perfectly reveals the
geometry of this plaque, its composition remains uncertain.
The clastogram reveals that the plaque can be divided into



uncompressed

compressed / m

Carlier et al., J of Cardiovascular Risk

Figure 1: Principle of elastopraphy: the echo signals of a soft material (left panel) show minute deformation once the material is compressed
by the applied force. The distance D, which can be measured by estimation of temporal shifts in the radiofrequency signal. is decreased to
Dyp. On the contrary, with the absence of compression of the hard material (right panel), there is no change in the radiofrequency signal and

DC‘DFDC o

four guadrants: (a) and {c) demonstrating a low-compres-
sibility. (b} and (d) with a higher compressibility. The strain
in the low-compressing parts {0,2%) indicates that this may
be fibrous dssue, which was confirmed by histology. The
histology of the regions with & higher strain values
(0.8--1% reveals fatty material with macrophage accumula-
ton, At each location investigated (n=43), 2 IVUS images
were acquired at different intraluminal pressures (8C and
100 mm Hg). Elastographic data and histology were
matched using the IVUS echogram. The cross sections were
segmented in regions (n=125} that were based on the strain
valucs on the elastogram. The dominant plague types in
these regions (fibrous, fibro-fatty. or fatty) were obtained
from histology and correlated with the gverage strain and
ccho Intensity, The strain for the 3 plaque types as deter-
mined by histology differed significantly (P=0,0002}. This
difference was mainly evident between fibrous and fatry
tissuc (P=0.0004). The plaque types did not reveal echo-
mtensity differences in the IVUS echogram (P=0.882)*

In all in vivo cxperiments, clastograms were determined
from two echograms acquired near end-diastole. Analysis

IVUS at
high pressure

Processing

of the likelihood curves revealed that the minimal motion of
the catheter was present in this part of the heart cy¢le for all
paticnts. There was on average a pressure differential of
approximately 5 mmHg between sequential frames in this
part of the heart ¢ycle. Figure 4 dermonstrates an echogram.
an clastogram and a palpogram of a human coronary artery.
The echogram reveals a large calcificd area (from noon
to 3 o'clock}). The clastogram and the palpogram identify
this arca as being composed of hard material since low
strain values are found in this region. Among the 12 patients
investigated. 3 demonstrated simifar calcified regions
(104+70°). The corresponding average strain was
0.20£0.07. Conversely. the average strain in all non-
calcified regions was 0.51£0.20 (p<0.001).

5. Discussion

Imaging tissue clastic parameters is rapidly drawing
attention for its ability to provide new information on bio-
logical tissue. Intravascular elastography has becn de-
veloped to assess the local mechanical properties of the vas-
cular wall. Knowledge of the mechanical propertics may
help the clivician in choosing the proper interventional
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Figure 2: Schematic representation of deriving clastograms. From 2 [VUS images acquired at low (upper panel) and high pressure (lower
pancl). no detection of the soft inclusion in this phantom is possible, However, using cross-correlation techniques, the local strain can be
measured and plotted as an additional image on the right, showing the softer region between 7 and 11 o'clock demonstrating o higher strin,
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Figure 3: [ntravascular echogram (top left) and elastogram (top right) of a diseased human femoral artery with corresponding histology: bol-
tom left, picro-Sirius red with polarized light microscopy (for collagen staining), bottom right. anti-CD68 antibody (for macrophage stain-
ing). Echogram shows a slightly eccentric plaque with different echogenecities. Elastogram reveals two sofi regions (b and d) and two hard-
er regions (a and c). Histology reveals that the soft regions b and d contain mainly fatty material and shows macrophage accumulation in d.

technique and in detecting rupture prone plaques.

The phantom experiments demonstrate that hard and soft
material can be identified by IVUS elastography, inde-
pendently of the echogenicity contrast of the materials.
The results of the in vitro experiments on human femoral
arteries support these findings. Fibrous material was identi-
fied by the low strain values as observed from the elas-
togram. In the specimen containing two plaque types. the
elastogram clearly revealed the fibrous and the fatty plaque
regions, This identification was not possible using the
echogram since both regions demonstrated the same
echogenicity.

These findings make the technique promising for the iden-
tification of rupture-prone plaques characterized by a
necrotic core and a thin, fibrous cap.’ The rupture of a
plaque often occurs at places with a high stress concentra-
tion.™ The elastogram does not provide information on the
source of this high strain region that can be caused by soft
material present in this region or by a stress concentration
caused by the geometry. Figure 3 shows that in this parti-
cular case. the high radial strain was related to the accumu-
lation of fatty material. Additionally, an increased
macrophage concentration has been observed in regions
with high strain values. The sensitivity and specificity of the
technique remain Lo be investigated to identify different
plaque components and vulnerable regions.

For in vivo elastograms of diseased human coronary
arteries, a dynamic instead of static pressure differential is
used to strain the tissue. The advantage is that this exci-

tation source is naturally present in the arterial system.
Using gated acquisition, different levels of intravascular
pressure are obtained. Our preliminary results indicate that
reproducible elastograms and palpograms can be obtained
with this acquisition set-up scheme. The elastographic fin-
dings could not be validated using histology during the in
vivo experiments. Therefore, only a partial validation has
been performed using the low resolution echogram
(64 angles of the Chromaflo imaging mode) to differentiate
between calcified and non-calcified material. Since echo-
graphy gives no information regarding the presence of lipid
or fibrous material, further validation has not been possible
at this point. A dramatic improvement in the RF signal
acquisition scheme has been obtained recently with a direct
digital interface incorporated in the Endosonics In-Vision
console that communicates directly with a PC in which long
sequences of RF echo frames at full rate can be stored in
random access memory. High-resolution IVUS images
(12 bits resolution, 512 phased-array angles) are now
available for comparison with the elastograms.

Compared with the in vitro experiments on human femoral
arteries, the pressure differential between the two frames is
smaller: 3-5 mmHg instead of 20 mmHg. A smaller pres-
sure differential will immediately result in lower strain
values. However, the strain values found during the in vivo
experiments are in the same range as the ones found in the
in vitro experiments indicating that the tissue during in vivo
examination is softer. A possible explanation is that the
elastic moduli of tissue will be elevated after excision of the
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Figure 4: /i vivo echogram (left panel). elastogram (center) and palpogram (right panel) of a cross section in the left anterior descending
artery of a patient. The echogram reveals calcified material between noon and 3 o'clock. In this region, a very low strain value was assessed

on both the elastogram and the palpogram (color-coded in red).



tssue™ and may even further increase after cold storage.
Additionally, since the in vitro study was performed at
room temperature, fatty tissues will be harder at room
temperature than at body temperature resulting in decreased
strain values.

One of the limitations of intravascular elastography present-
Iy is the computing time required and the use of only one-
dimensional echo-tracking. Elastographic metheds to com-
pute both lateral and axial swrains have recently been report-
ed.™ The palpograms have been developed n order to
improve the clinical applicability and the robustness in
presence of catheter movements in vive as well as to
advance coronary clasticity 1o real-time imaging.” This
technique preduces compound images of the strain obtained
of the first part of the arterial wall {user defined, typical
600 um) and conventional soncgraphic information.
Palpograms are computed by applying a two-dimensional
echo tracking technique. an outlier rejection filter and a
finite difference strain estimator. A composite palpogram,
as illustrated in figure 4 (right panel). reconstructed for each
cardiac cycle of a G-second acquisition can presently be
computed in less than one minute,”

A final limitation of intravascular elastography to stress in
is that so far we have computed maps of the strain inside the
arterial wall. but not of the Young’s modulus. Theorctically.
the recenstruction of the Young's modulus would improve
the accuracy of tissue characterization and would be inde-
pendent of the local stress magnitude and its inhomogenous
distribution. This final step in elasticity imaging has been
described for non-vascular applications®™® but is still under
preliminary investigation in our laboratory.

6. Conclusion

Intravascular clastography encompasses techniques based
on conventional IVUS providing a means for remote palpa-
tion and elasticity quantitation of the vessel wall. We have
obtained the first elastograms of diseased arteries in vitro
and in vive. The results show that tissue characterization
based on ¢lasticity information from regions with various
pathologics may be feasible. This method could potentially
improve the detection of rupture-prone plague based on the
assessment of locally incrcased strain. This information.
which is useful for diagnosis and for guiding interventional
precedures, is frequently inconclusive or unavailable from
IVUS echograms or x-ray angiograms.
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Aims Plaque compasition is a major determinant of cor-
onary related clinical syndromes, In vitro experiments on
human coronary and femoral arteries have demonstrated
that different plaque types were detectable with intra-
vascular ultrasound elastography. The aim of this study
was to investigate the feasibility of applying intra-
vascular elastography during interventional catheterization
procedures.

Methods and Results Dara were acquired in patients
(n=12) during PTCA procedures with an EndoSonics
InVision echoapparatus equipped with radiofrequency out-
put. The systemic pressure was used to strain the tissue, and
the strain was determined using cross-correlation analysis
of sequential frames, A likelihood function was determined
1o obtain the frames with minimal motion of the catheter in
the tumen, since motion of the catheter prevents reliable
strain estimation. Minimal motion was cbserved near end-

diastele. Reproducible strain estimates were obtained
within one pressure cycle and over several pressure cycles.
Validation of the results was limited to the information
provided by the echogram. Strain in calcified material
(0-20£0.07 %) was lower (P<0.001) than in non-calcified
tissue (0-510.20 %).

Conclusion In vive intravascular elastography is
feasible. Significantly higher strain values were found in
non-calcified plaques than in calcified plagues.
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Key Words: IVUS elastography, atherosclerosis, coronary
artery disease, uitrasound.
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on this article

introduction

There is a great variation in the stability of coronary
atherosclerotic plaques. When coronary flow is limited
by plaque. patients develop angina. which can be stable
for years, However, disruption of coronary plagues with
superimposed thrombosis is the main cause of acute
coronary events, such as unstable angina pectoris, sud-
den coronary death and acute myocardial infarction!- 2!
There are two major mechanisms underlying plaque
disruption®!: rupture of 2 fibrous cep of a lipid-rich
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plaque!™ and denudation and erosion of the endothelial
surface!™,

It is now widely accepted that the propensity of a
lesion to rupture is poorly predicted by coronary angi-
ography®®. A major problem is that vulnerability of
plaque is not directly related to plague size”® but that
the plaque composition is a major determinant’™. Using
intravascular ulirasound, the geometry of lumen, plaque
and vessel wall can be obtained and is closely correlated
to clinical angina"® However. identification of the
different plaque components is still limited! ¥
although some promising ultrasound based techniques
are currently being developed'®'%,

A wide range of techniques have the potential to
visualize or characterize the plaque. Using scintigraphy.
detection of plaque instability remained confined:'*= ",

43 2001 The European Society of Cardiclogy
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Other potential techniques may be magnetic resonance
imaging"'®?% or optical coherence tomography!®, With
spectroscopy®!  as well as with angioscopy™ and
Raman spactroscopy certain plaque components may be
detectable 12|, Promising new techniques are electrical
impedance imaging™® and thermal examination"#¥ of
plaque surfaces, since a positive correlation between
plague vulnerability and parameters obtained using
these techniques were found.

The main disadvantage of the technigues described
zbove is that plaque vulnerability is associated with
indirect parameters, such as plaque geometry, content,
colour or temperature, although plaque vulnerability is
mainly a mechanical phenomencn: using computer
simulations. concentrations of circumferential tensile
stress were more frequently found in unstable than in
stable plaques®®®. For example, a thin brous cap
shielding a lipid core from the blood may rupture since
it is unable to bear the high circumferential stress due to
the pulsating blood pressure. These high stress regions
can be caused by the geometry of the plaque®™® or by
local weakening of the plague due to macrophage
in ltration2,

In 1991, a new technique was proposed. called elas-
tography, which directly measures mechanical proper-
ties of tissue by ultrasound™. This technique was
develoPed using phantom studies®" and evaluated in
vivo®!. The underlying principle is that tissue is strained
and that the strain rate is related to the local mechanical
properties, The local strain of the material is obtained by
comparing several uhlrasound images. Currently, this
technique is developed for intravascular purposes®% '
and was recently applied in human coronary and fem-
oral arteries in vitro™®, These experiments revealed
that the local strain, as measured with intravascular
elastography is signi cantly different for brous and
fatty plaque components. Furthermore, this technique
had the potential to identify plague vulnerability, Since
the radial strain can be obtained. the technique may
detect regions with elevated stress: increased circumfer-
ential stress is associated with an increased radial strain
of the material.

In this study, the feasibility of obtaining elastopraphic
images in vivo has been investigated. Elastograms were
determined. using data cbtained from arteries, where a
PTCA procedure was planned. The pulsatile intracoro-
nary pressure was used to obtain different levels of strain
in the arterial wall. Since the catheter was moving in the
lumen due to the contraction of the heart, an algorithm
to determine the echo frames with minimal motion
artefacts was applied on the data. The elastographic
results were compared with echographic resuits.

Patient description and intravascular
ultrasound examination

Intravascular ultrascund data was obtained in patients
{n=12) referred for percutaneous intervention (Table 1).

Eur Heart ]

Table 1 Baseline clinical and intravascular wltraseund
characteristics

Patients, n 12
Age. years 56 £ 12 |36- 73]
Male, % 7 (58%)

Systolic blood pressure (mmHg)
Diastolic blood pressure {mmHg) 79 & 14 |57 107]
Stable angina. % 5 {42%)
Unstable angina, % 7 (58%)
Prior MI. % 4 (33%;
Risk factors, %

132 18 [98- 156]

Diabetes mellitus 1 (8%)
Hypercholesterolaemia 7 (58%)
Hypertension 4 (33%)
Smoking history 4 (33%)
Artery, %
Left main 1{8%)
Left anterior descending 3 (25%)
Circum ex 3 {25%)
Right coronary 4 {33%;
Renal artery 1 18%)
Lesion characteristics, %
e novo 10 (83%)
Restenotic 2 (17%0)
Concentric 7 (58%)
Eccentric 5 (42%)

All the patients signed an informed consent. The culprit
lesion to be treated was situated in the left anterior
descending artery (n=3), the circum ex {n=3} and the
right coronary artery (n=4). The left main coronary
artery was investigated in another patient and the renal
artery in the nal patiert. After intravenous admin-
istration of 10 000 IU heparin and 250 mg acetyisalicylic
acid, a 6 Fr guiding catheter was advanced up tc the
ostium of the invelved artery. After injection of & bolus
of 3 mg isocsorbide dinitrate. pre-intervention intravas-
cular ultrasound assessment of the lesion was performed
with a 35 Fr 64F/X intravascular ultrasound catheter
(h=5) or a MegaSonics@ (EndoSonics, Rijswijk, The
Netherlands), a combination device consisting of an
angioplasty balloon (3-35mm diameter, length
20 0 mm) and a 64 F/X array intravascular ultrasound
transducer proximal to the balloon (n=7). Lesions were
crossed and imaged without complication. With the
catheter crossing the lesions without inducing sympto-
matic ischaemia, a stable position was sought for the
transducer in the centre of the lumen, offering visualiza-
tion of signi cant plaque. The radiofrequency data were
acquired as described below. The pressure was measured
at the level of the extremity of the guiding catheter
connected to a standard uid-line system (Ohmeda,
Bilthoven, The Netherlands).

Methods

The 64-element phased array catheter was connected to
an EndoSonics InVision system. The system is equipped
with analog radiofrequency data output. This output
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provides the data for a ChromaFlo@ ow mode
image'l. In this mode, the catheter operates in linear
instead of phase array mode, thus providing low-
resolution images'®. Each frame contains 64 angles,
including & radiofrequency signal of 10 ps (correspond-
ing to 73mm). These data were digitized in a
custom-made acguisition system, containing a Pentium
computer with an acquisition board (Signatec, Corona,
CA, U.S.A.) with 128 Mbyte to store the radiofrequency
data at a sampling rate of 200 MHz in 8 bits.

Ten frames per second were acquired at cross-sections
where the intravascular ultrasound echogram revealed
diseased vessel wall and plaque. For determination of
the strair, cross-correlation techniques were applied to
the data™. First the movement of the tissue along the
ultrasound beam was determined. The local strain was
obtained from this displacement, Due to the contraction
of the heart, the catheter was moving in the lumen®®,
For in-plane mction (catheter moving in the imaging
plane}, correction algorithms were developed"”. For
large longitudinal motion (Le. moticn aleng the cath-
eter), the frames acquired at the different intraluminal
pressures may image different tissue. In this case, the
echo signals are not correlated. thus hindering adequate
displacement estimates.

An algorithm to determine the similarity between
sequential echo frames was used as a gure of merit for
the motion: of the catheter in the lumen. The normalized
absolute difference between two sequential echo frames
was determined using the likelihood between the frames:
0% corresponding to no similarity between the frames
and 100% was obtained when both frames were exactly
the same, Sequential frames with a high likelthood and a
pressure differential large enough (5 mmHg on average)
to result in strain levels between (0 and 1% were taken to
calculate the elastograms.The determined strain values
were tested on validity, using the relation between strain
and peak-value of the cross-correlation function'***l,
Erroneous strain estimates were replaced by the median
value of the surrounding strain estimates. The typical
number of erroneous strain estimates was 10%. Elasto-
grams with more than 35% erroneous strain estimates
were considered unreliable.

Since validation of the experimental results using
histology was not available, the elastographic exper-
iments could only be partially validated using the echo-
gram. Strain values for calci ed material, accurately and
speci cally identi ed using the echogram by the bright
echo and the distal shadowing, were compared 1o the
values corresponding to plaque accumulation and nor-
mal coronary segments. Low strain values were expected
in the calci ed segments.

Statistical analysis

Values are reported as means= SD. Analyses were
accomplished using a standard software package (SPSS
9.0, SPSS Inc. Chicago, IL, U.S.A). Differences in
strain between calci ed and non-calci ed regions were

evaluated by an unpaired Student s t-test. Comparison
between groups of patients was evaluated by one way
analysis of variance.

Results
Intra-cardiac cycle reproducibility

The acquisition of intravascular elastograms in vive is
illustrated in Fig. 1. The pressure curve (in blue) shows a
diastolic pressure of 105 mmHg and a systolic pressure
of 135 mmHg. The curve representing the resemblance
between the sequential echo frames is in green. Relating
this likelihood curve to the pressure curve reveals that
the sequential frames have the best match near end-
diastole. The maximum likelihood is present just before
the P wave of the ECG (in red}. The minimal motion of
the catheter in this phase corresponds well to the
absence of movement and contraction in this phase of
the heart cycle. As can be appreciated, the pressure
differential between frames at this point in the pressure
curve is in the order of 4 mmHg.

The intravascular ultrasound echogram (upper right
corner) reveals a concentric plaque in this artery. The
echogenicity of the plaque is lower than the echogenicity
of the wall. A strong re ection of the lumen- plaque
boundary is observed between 4 and 8 o clock. Between
11 and 1 oclock the echogenicity is low and the
thickniess of the plaque is small.

Three frames near end-diastole were taken to deter-
mine two elastograms. The pressure differential of
4 mmHg is large enough to strain the vessel wall and
plaque between 0 and 1% (colour coded from red to
green). Both images indicate that the region between 11
and 2 oclock has high strain values indicating soft
tissue. The region at 3 o clock is relatively hard, The
region between 3 and & o clock has intermediate strain
values at the lumen vessel wall boundary and high strain
levels distal to this region. The region between 6 and 11
o clock has low strain values. The similarity between the
two frames is high, indicating that the determination of
the strain values in one pressure cycle is reproducible.

Inter-cardiac cycles reproducibility

Data from another patient is presented in Fig. 2. Blood
pressure was between 100 and 150 mmHg. The itkeli-
hood curve {in green) again demonstrates that during
systole the resemblance between the frames is small but
that near end-diastcle the similarity between frames is
high, The pressure differential between sequential frames
near end-diastole is approximarely 5 mmHg.

The echogram of this cross-section shows an eccentric
plaque between 3 and 9 o clock. At 8 o clock. a calci ed
deposit is visible in the plaque, In all the eclastograms,
low strain values are observed in the corresponding
region, The arterial wall between 9 and 3 o clock has
moderate to high strain levels. The plaque area between
3 and 7 oclock has low strain estimates. It can be

Eur Heart ]
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Figure 1 The principle of acquiring an intravascular elastogram in vive. The likelihood curve (green line)
reveals a maximum near end-diastole. Three echoframes (9, 10 and 11) were taken to determine two
elastograms. Both reveal soft material between 10 and 2 o’clock, hard material between 7 and 10 o’clock and
mixed (soft material distal to hard material) between 2 and 7 o'clock.

appreciated that the elastograms have a similar appear-
ance over the sequential pressure cycles. At 3 o clock,
erroneous strain estimates can be observed caused by
not properly working transducer elements. This artefact
was also visible when the ChromaFlo@ mode was
activated.

The mean strain pro le with error bars is shown in
Fig. 3. Errorbars increase with increasing mean strain
value. For low strain values (<04%), a standard
deviation of 0 08% is present. The standard deviation
increases to 0 25% for strain values of 1%.

Strain estimates in function of plagque
morphology

In Fig. 4, two echograms and an elastogram are pre-
sented. The data for determining the elastogram were

Eur Heart J

acquired near end-diastole. The left echogram is the
original echogram as produced using the EndoSonics
InVision system. The echogram reveals a highly calci ed
wall between 1 and 9 o clock with distal shadowing. The
region between 9 and 1 o clock contains no calci ed
material. The low-resolution echogram in the middle is
the echogram determined directly from the radiofre-
quency data. Since the radiofrequency data is acquired
in ChromaFlo@ mode, only 64 angles are available at
low resolution. The elastogram (Fig. 4left) shows very
low strain values (average=015%) between 2 and 9
o clock corresponding to the calei ed area. The region
between 9 and 2 o clock has high strain levels (average =
0.76%). indicating soft material in this region.
Among the 12 IVUS cross-sections acquired in the 12
patients investigated, three demonstrated similar calci-
ed regions (104 =70°). The corresponding average
strain values was 0 20 & 0 07. Conversely, the average
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Figure 2 Reproducibility of the elastographic acquisition over several pulsations. Five elastograms are acquired at end-diastole in sequential heart
cycles. The elastograms show similar features in all the elastograms.
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Figure 3 Mean strain and standard deviation of five elastograms acquired over five sequential pulsations
(Fig. 2). The standard deviation increases for higher mean strain values. The high standard deviation near
elements 1 and 64 can be explained by the poor sensitivity of the elements at this side of the catheter.
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Figure 4 Echogram (acquired in image and ChromaFlo mode) and elastogram of a cross-section in the LAD. The
echogram (left) reveals calcified material between 12 and 9 oclock. The echogram acquired in ChromaFlo@ (middle)
reveals the decreased resolution of this acquisition mode. The elastogram shows low compression in this area and high
compression in the remaining region (between 9 and 12 oclock).

strain value in all non-calci ed regions was 051 +0 20
(P<0 001).

Patients characteristics are given in Table 1. No Identi cation of plaque vulnerability is crucial. Cur-
statistical differences in average strain value over each rently, there is no clinically available tool for reliably
cross-section were found in function of these character-  detecting vulnerable plaque. Elastography is a promising
istics (concentric/eccentric, stable/unstable angina, etc.). technique, capable of assessing the local mechanical

Discussion

Eur Heart J
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properties of the vessel wall and plaque'®: in vitro
experiments demonstrated that strain values obtained
with intravascular elastography differ signi cantly for

brous and fatty plague components, It was alsa shown
that fatty regions with an increased macrophage content
were co-localized with high strain values,

In this study. in vive elastograms of diseased human
coronary arteries are presented. Contrary to a previous
in vitro study®, a dynamic instead of static pressure
differential is used to strain the tissue. The advantage is
that this excitation source is already present in the
arterial system. Using gated acquisition, different levels
of intravascular pressure were obtained. These prelimi-
nary results indicate that reproducible elastograms can
be obtained using this acquisition scheme.

Compared to the in vitro study. the pressure ditferen-
tial between the two frames is smaller: 4-5 mmHg
instead of 20 mmHg. A smaller pressure differential will
immediately result in lower strain values. However, the
strain values found in this in vivo study were in the same
range as the strain values found in the in vitro study
indicating that the tissue in this study is softer. A
possible explanation is that the elastic moduli of tissue
will be elevated after the tissue is excised”® and may
even further increase after cold storage. Additionally,
since the in vitro study was performed at room
temperature, fatty tissues will be harder than at body
temperature!™ resulting in decreased strain values.

Another way to strain the tissue is to use a compijant
angioplasty type of balloon with the transducer in the
balloon, as proposed by Shapo e ofP¥, Although the
motion artefacts due to the contraction of the heart are
minimized, this technique has several disadvantages
(interruption of the blocd ow, non-radial expansion of
the artery when the lumen is not circular. movement of
the transducer in the balloon due to in ation of the
balioon, balloon dilatation in an artery segment which
may not require an angioplasty).

Contrary to the in vitro validation study, a phased
array transducer, used every day in our catheterization
laboratory for clinical purposes, was used for the data
acquisition. This monorail catheter presents better
trackability and pushability than single element cath-
eters and there is no artefact from the guidewire.
Moreover, the use of an array catheter removes the
artefacts due 10 non-uniform rotation. Therefore.
two-dimensional instead of one-dimensional cross-
correlation techniques might be applied to determine the
strain values. These techniques are currently being
implemented, In principle, two-dimensicnal cross-
correlation techniques are more robust and should lead
to more reliable strain estimates™®l.

Limitations

A major preblem of advancing intravascular elastogra-
phy to cardiac in vivo applications is the acquisition of
data in a pulsating artery located in a contracting heart.
The catheter will move in the lumen and this will result

in @ mismatch of the data acquired at the low and high
pressure, Correct strain estimates are only cbtained
when the two echoframes (at low and high pressure)
image the same cross-section. This study revealed that
the motion of the catheter is minimal near end-diastole
in the relaxed phase of the cardiac cycle. Figure 3 shows
that the standard deviation of the strain estimate in-
creases with increasing mean strain. This increased stan-
dard deviation is caused by decorrelation effects at
higher strain rates'”. The use of the high resolution
beam-formed data will improve the signal to noise ratio
and thus decrease the standard deviation.

Useful data were not obtained during all measure-
ments, In four other patients, the motion was still too
large even near end-diastole. This Jarge motion resulted
in an increased number of erronecus strain estimates
{more than 35%}). Currently, improved signal processing
tools are being develaped to increase the robustness of
the method™!, Another possible solution to this prob-
lemn is to obtain data during in ation of the angioplasty
balloon of the Megasonics catheter: by in ating the
balloon, the position of the transducer is xed in the
artery.

In this study, the pressure is measured in the ostium
using a uid lled line. Therefore, the pressure at the
cross-section of interest may have a delay and may
deviate from this pressure. For reconstruction of
Young s modulus images and to investigate the in uence
of a severe stenosis between the measured cross-section
and the ostium, the pressure would have to be measured
using a high delity pressure wire.

The elastograms presented in this study could not be
validated using histology. Therefore, the elastographic

ndings were compared with the echographic ndings.
Intravascular ultrasound echograms have proven to be a
useful tool for the detection of calei ed regions and
assessment of the morphology of the plaque and vessel
wall"® 3! However recent intravascular ultrasound
studies revealed that the correlation between echogenic-
ityand brous. bro-fatty or fatty plague compeonents is
low!* 1248 Additionally, intravascular ultrasound echo-
grams present limited information for the detection of
microcalci cation accumulation'®®, Therefore, no vali-
dation of the high strain regions in the elastograms was
performed. Currently, the technique is validated using
an atherosclerotic yucaran minipig animal model. Vali-
dation of the elastographic ndings in humans could be
performed using a directional atherectomy device. How-
ever, the correlation of the excised plague with the
intravascular ultrasound image in a radial and longitu-
dinal direction will be extremely difficult. Validation of
small spots would need a system that is able to deter-
mine the tissue type with a higher resclution. The
current developments in optical coherence tomogra-
phy'®!l and Raman spectroscopy™™® may allow perform-
ing such validation of intravascular elastography in vivo
in the near future®™. Plague unstability detected by
elastography will be compared in the future with
thermographic recordings, recently demonstrated as a
potential useful method#.

Eur Heart ]
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The resolution of the described system is 200 um in a
radial directicn. This resolution is above the thickness of
caps of rupture prone plaques that are typically thinner
than 100 um., Therefore, the thickness of the brous cap
will be over-estimated, However, a cap that is rupture
prone will have increased circumlerential stress val-
ues™!, The resulting increased radial strain is obtained
using elastography. The power of elastography is that
the actual strain is measured and is not based on
assumptions!*%,

We could demonstrate a signi cantly lower strain
value in the calci ed regions of the cross-sections re-
corded among these 12 patients than in the rest of the
vessel wall, as expected. However, no further differen-
tiation among these segmented regions in function of the
plaque composition (normal/necintimal thickening, soft/

brous plaque)*’ could be performed because of the
poor resolution of the acquired cross-sections in the 64
angles ChromaFlo@ mode, as illustrated on Fig. 4. This
is being currently improved on the new high-speed
digital interface available for the EndoSonics In-Vision
platform. It was also not possible to demonstrate strain
differences in function of the clinical presentation.
This will be investigated in the future among 2 more
important study population.

Conclusions

1z is feasible to apply intravascular elastography in vivo.
Using the pulsatile pressure as a mechanical stimulus,
different strain levels were measured for different tissue
components, The swrain in non-calei ed material is
signi cantly higher than in calci ed material,
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Abstract

This paper describes the first reported attempt to develop
real-time intravascular witrasonic palpation system. We
alse report on our first experience in the catherization labo-
ratory with this new elastographic imaging rechnique. The
protofype svstem was based on commercially available
intravascular ultrasound scanner thar was equipped with ¢
20 MHz array catheter: Digital beam-formed radio-freguency
(RF) echo data (i.e. 12 bits, 100 Hz} was captured at fiell
Sframe rate from the scanner and transferred to PC memory
using a fast data acquisition svstem. Composite palpograms
were creared by applying a one-dimensional echo tracking
technique in combination with global motion compensation
and multi-frame averaging 1o several pairs of RF echo
frames that were obtained in the diastolic phase of the car-
dige cycle. The guality of palpograms was assessed by con-
ducting experiments on vessel phantoms and on patients.
The results demonstrated that robust and consistent pai-
pograms could be generated in almost real-time using the
proposed system. Good correlation was observed between
fow strain values and regions of calcification as identified
Sfrom the IVUS sonograms. Although the clinical results are
clearly preliminary, it was concluded that the protorype sys-
tem performed sufficiently well to warrant further and more
in depth clinical investigation.

Key words: Atherosclerosis, clastography. elasticity
imaging, intravascular ultrasound, mulg-frame averaging.
palpation, palpegram, and tissue characterizaiion,

Introduction

Catheter based interventional techniques that are used for
treating atherosclerotic lesions such as angioplasty, stentdng,
and atherectomy are predominantly mechanical in nature.
Therefore the morphology and composition of atheroscle-
rotic lesion could influence their outcome. Additionally. cir-
cumferential stress is known to concentrate in the fibrous
cap overlying the lipid pocl making it prone to rupture
(Richardson ct al., 1989; Cheng ot al., 1993). Additionally,
it should be possible © identify vulnerable plaques by
imaging the clastic properties of vascular tissues,
Currently, intravascular ultrasound (IVUS) is the only
medical imaging modality that is able to produce rcal-time
cross-sectional images of the arterial wall in vive at high
resolution, Consequently, attempts have been made to ¢las-
sify the composition of different plague types based on their

backscatter signal strength (ic. their cchogenicity) (Di
Mario et-al., 1998). The problem with this approach is that
the echogenicity of soft tissues is highly dependent on scan-
ner settings. A problem that is circumvented by normalising
the echogenicity of the intima to the cchogenicity of the
adventia (Hodgson et al., 1993). Thus, an intimal thickening
with less echogenicity than the adventitia is considered as
soft plagque. whereas those with equal or higher.echogenic-
ity is perceived as hard plagues. However. It has becn
demonstrated that many plaques, which arc classified as
being soft, are often resistant to dilation (Hiro et al.. 1997).
thus indicating that there is no direct relation between tissue
stiffness and echogenicity. The presence of acoustic shad-
owing and reverberations are specific landmarks that indi-
cate the presence of caleification. However, densely fibrot-
ic plaques often produce bright echoes, and a high attenua-
tion of the ccho-signal can casily be misinterpreted as
acoustic shadowing (D1 Mario et al., 1998). Furthermore,
de Korte ot al. (2000) have recently demonstrated that no
correlation eXisTS between mean ccho-
genicity and tissue clasticity for non-calcified plaques. In
addidon to thesc problems large operator variability is
generally associated with such qualitative tissue characteri-
sation approaches.

It is envisaged that these limitations can be overcome using
a system that is capable of imaging tissuc clasticity.
Unfortunately, nene of the established medical imaging
modality such as Magnetic Resonance Imaging (MRI).
IVUS and X-ray angiography can provide a direct measure
of vascular elasticity. However, most can provide informa-
tion regarding induced mechanical response {i.e. strain or
displacement) that is related to dssue elasticity. Several
groups (Talhami ¢t al., 1994: Shapo et al., 1996: Ryan and
Foster, 1997) including ours (Céspedes et al,, 1997 de
Korte et al., 1997b: de Korte er af., 1998; Céspedes ct al.,
2000) have proposed various IVUS based clasticiry-
imaging techniques for characterising the composition of
different plaque types, and potentially for detecting vulner-
ablc plaques. The clasticity images of the intra-coronary
artery produced using these techniques generally possess
betier contrast compared to standard IVUS images. This
occurs beeause the ulzasonic properties of soft tissues are
related to bulk elastic properties, which generally does not
vary widely between different plaque types; Whereas, the
elastic property (i.c. Shear or Young's modulus) of different
tissue types generally spans scveral orders of magnitude.



In spite of this. more widespread clinical utilisation is cur-
rently limited by lack of a real-time intravascular elasticity
imaging system.

The long-term objective of this work is to develep a real-
tme clinical intravascular elasticity imaging system.
Currently, we are investigating the possibility of developing
such a system based on the intravascular ultrasonic palpa-
ticn approach proposed by Céspedes et al. (2000). This is
basically a low axial resolutior intravascular elastography
technique. In IVUS palpation radial strain is cstimated
using large non-overlapping® kernels and processing is
restricted to tissues within the inmer layer of the arterial
wall. Furthermore. the radial strain informaton is colour
coded and superimposed on the IVUS echogram at the
lumen-vessel interface to produce a compound image that is
known as a strain palpegram. The primary advantage of this
technique is that it is simple enough to be implemented in
real-time using relatively inexpensive hardware and in
exchange for reducing axial resolution we expect it to be
more robust compared to IVUS elastography.

Despite these desirable features catheter motion presents
problems in clinical utilisation of IVUS palpation.
Decorrelation noise due to catheter motion will either
degrade image quality or may even result in failure to est-
mate radial strain. One of the primary objectives of this
work wag to develop an clasticity imaging system that is
able 1o cope with this problem.

In addition to catheter motion there is alsc structural decor-
relation noise (Varghese and Ophir, 1997), which occurs
because the underlying tissue structure displaces in all co-
ordinate directions when soft tissues are deformed.
Structural decorrelation noise will corrupt the signature of
the post-deformed echo signal. and thus will limit our
ability to accurately track tissue motion in the presence of
large internal strain {i.c. internal tssue strain exceeding
2 %). The following techniques have been proposed to cope
with this problern: (a) temporal strefching (Céspedes and
Ophir, 1993: Varghese et al., 1996). (b) adaprive stretching
(Alam et al., 1998). (c} global and local companding
(Chaturved: et al., 1998a: Chaturvedi et al., 1998b), (d)
envelope racking (Doyley et al., 1996: Shiina ct al.. 1996).
and (¢) multi-compression processing (Varghese and Ophir,
1996).

Finally. there is random noise. which dominates in the
presence of low internal strain. The main contributors of
this source of measurement noise are: a) quanusation noise.
which occurs during digitisation. b} electronic noise, which
is associated with the ultrasonic imaging system, and ¢} bias
errors that are introduced by the curve-fitting interpolation
methods that are used for estimating sub-sample time-
delays (Céspedes et al., 1993). Quantisation errors can be
minimised by digitising RF echo signals to large aumber of
significant bits, whilst ¢lectronic noise can be minimised
using either a band-pass filter (Haykin. 1982) or by per-
forming signal averaging. Sampling nojsc associated with
the curve fitting interpelation methods that are used to
improve the resolution of dme-delay estimation can be
reduced using a reconstructive interpolation filter proposed
by Céspedes et al, (1995).

* Non-overlapping kernels are used because this generally produced

more robust (i.e. smaller variance) strain estimates but at the expense of
resclution (Céspedes et al,, 19950)

This paper described the first reported attempt to investigate
the feasibility of developing a real-time clinical intravascu-
lar clasticity imaging system. We also report on our first
clinical experience intravascular ultrasonic palpation.

Materials

Phantom

A 15 cm long vessel phantom, which had inner and outer
diameters of 3 mm and 20 mm, respectively was fabricated
from § % by weight porcine skin gelatine (Type A. approxi-
mately 175 bloom. Sigma chemical St. Louis, MO) and 1 %
by weight Agar (Boom BC, Meppel, The Netherlands) as
deseribed by de Korte er al. (1997a). Carborundum
particles (I % by weight. 3-10 um mean diameter) were
added to create acoustic scattering centres.

Patients

Elasticity measureroents were performed with the informed
consent on patients whom were referred for percutaneous
coronary intervention.

Methods

Data acquisition system

A schematic diagram of the equipment used for acquiring
data is shown in Fig. 1, Echo imaging was performed using
an InVision intravascular ultrasound scanner (JOMED,
Imaging, Rancho Cordova, CA, USA), which was cquipped
with a 26 MHz 64 F/X Visions catheter JOMED. Imaging,
Rancho Cordova, CA. USA). This scanner was equipped
with a RF interface to provide direct access to the high reso-
luticn digital beamn formed RF echo frames, and three syn-
chronisation signals: start of frame (SOF). start of line
(SOL) and pixel clock. A fast data acquisition system was
developed based on a modified PCI bus Coreco Viper digi-
tal frame grabber {Coreco inc. Quebec, Canada) and inter-
faced to the IVUS imaging system. Sequences of beam-
formed radio frequency (RF) echo frames were transferred
at 30 frames per second (fps) from the scanner directly in
random access memory using this system. All RF ccho
frames were digitised to 12 bits at a sampling rate of 100
MHz. Each digitised echo frame contained a total of 512 RF
A-lines, each consisting of 1024 sampie points (correspon-
ding to scan depth of 7.5 mm). The pressure within the
lumen was measured using a pressure sensor, which was
connected to a standard fluid line system (Ohmeda.
Bilthoven, The Netherlands). The resulting physiological
signals (i.e. electrocardiogram and pressure signals) were
digitised to 12 bits at a sampling frequency of 5 kHz per
channel using a multi-channel input-output (YO} PCI card
{National instruments). Both scts of data (i.c. low frequency
physiological signals and RF echo frames) were stored on a
450 MHz Xeon based PC.

Phantom study

The aim of this part of the study was to evaluate the
performance of the motion compensation and muiti-frame
averaging procedures, which we have developed te mi-
nimis¢ the primary noise sources incurred during IVUS
assessment. All measurements were performed in an 18 em
{long) by 8 cm (high) by 10 em (wide) water tank. which was
equipped with two sheaths (8 F). one was located at each side
of tank. The phantom was connected between both sheaths.
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Figure 1: Schematic diagram of the equipment used, for clinical elasticity imaging.

Evaluation of motion compensation

Data acquisition

The catheter was inserted in the proximal sheath and posi-
tioned approximately in the centre of the lumen. before
pressurising the vessel to 50 mmHg (l.e. reference pres-
sure), with a column-based system (de Korte et al., 1997a),
The pressure within the phantom was further increased to
produce applied strain of 0.2 %. 0.5 %. and 1.5 %. Eight
sets of RF images were obtained at the refercnce and afl
subsequent pressure increments. Rotational catheter motion
was simulated in software by rotating the echo frames
obtained at each sirain increment clockwise between 0 and
G° in steps of 0.7°, The backscatter signal strength is rota-
tional invariant for a phase array catheter; therefore the
simulated RF echo-frames were representative of that
incurred if the actual experiment was performed.

Pre-processing (motion compensation)
A localised moton compensation technique was applied to
pairs of RF echo frames prior to strain estimation. The aim
was to determine the in-plane translation T(r) and rotaton
R (o) vector, which maximises the similarity between a
series of kemels that were defined in pairs of IVUS sono-
grams, which were acquired at different pressures. The
similarity between a given pair of kernels was evaluated
using the sum-of absolute difference (SAD) method (Bohs.
1994}, This method has proven to be effective for intravas-
cular elasticity imaging (Janssen et al., 2000). Furthermore,
the accuracy of the SAD approach is similar to that of the
cross-correlation approach when performing 2D displace-
ment cstimation (Bohs, 1994). However, the SAD approach
has the distinct advantage over the normalised cross corre-
lation approach of being relatively easily implemented in
hardware and computationally less demanding.
To illustrate our motion compensation method lets consider
a pair of IVUS images. X and Y that were obtained at
different intra-corenary pressures. First, a small region of
data was selected from image X, which is generaily called
the reference kemel., The degree of similarity between the
reference kemel and similar size kernels within a pre-
defined scarch kernel that was defined in Y (L.e. the test
image) was calculated as follows:

L M

o3 @
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where L and M represents the dimension of the kemel in

polar co-ordinates, and r and represents the offsets in the
radial and angular direction, respectively. Finally. the
co-ordinate in Y wag adjusted so as to minimise the SAD
function. This procedurs was repeated for several kemels to
produce a vector of radial and angular offscts, which were
subsequently used to correctly position the observation
sight in the post-deformed RF echo frame (i.e. that corres-
ponding to a high intra-coronary pressure) during strain
estimation. All echo tracking was performed in the polar co-
ordinate systern, since this allowed us (o define rectangular
kernels.

Processing (strain estimarion})

The technique that was used to create palpograms can be

summarised inte the fellowing steps,

a) Detect the lumen-vessel interface automatically by
applying a simple threshold algorithm to the digitised RF
eche frames.

b) Estimate induced radial displacements of tissue within
the inner layer of the artery by performing one-dimen-
sional cross-correlation analysis on RF echo frames that
are obtained at different intracoronary pressure,

¢) Compute induced radial tissuec strains by applying a
finite difference strain estimator (Ophir et al., 1991) to
the measured displacements. The least squares
strain estimate approach proposed by Kallel and Ophir
(1997) gencrally produced better strain estimates (le. it
doesn’t amplify displacement errors). However, it is not
meaningful to apply it for only two displacements esti-
mates.

d) Reject crroncous strain estimates by applying an outlier
rejection filter to the strain estimates (see below).

e) Colour code valid strain estimates using a waffic light
notation {where red, amber and green represents low.
medium and high strain, respectively), and crroncous
strain estiroates as purple.

f) Super-impose the colour coded clasticity information on
the IVUS sonogram at the lJumen vessel interface.

The outlier rejection filter was based on decorrelation

model proposed by (Céspedes et al., 1999). The general

idea was to compute a theoretical estimate of the peak
cross-correlation cocfficient using the following expression

Dy = sinc(¢£,1) @

where € represents the measured strain, T represents the



length of the kernel used during cross-correlation analysis,
and f, represent the center-frequency of the ultrasound
transducer. A strain ¢stimate was considered erroneous
when the difference between the peak value of correlation
coefficients measured at two locations within the arterial
wall (i.c. Py and D5 ) was greater than 20 % of the computed
peak value of cross-correlation function for the measured
strain. This threshold represents the 95% confidence inter-
val that was determined by conducting experiments on
phantoms (Céspedes et al., 1995) for the range of strain that
are generally incurred in intravascular applications (< 2 %).
All cross-correlation analysis performed in both studies was
conducted using non-overlapping kemels that had an optimun
kernel size of 0.5 mm. which was determined empirically.

Evaluation of multi-frame averaging procedure

Data acquisition

Pulsatile pressure (1Hz) was generated in the vessel using a
programmable peristaltic pump (Watson and Marlow 5000),
that was connected to the proximal sheath, One hundred and
twenty-five subsequent RF echo frames were captured from
the scanner at 30 fps.

Frame selection

Processing was restricted to RF echo frames that were
acquired in the diastolic phase of the cardiac cycle using the
negative derivative of the intra-coronary pressure signal as
the primary frame selection criterion. The decision to limit
the processing 1o these frames was based on observation
that the contraction of the heart and therefore catheter
motion is relatively small in this phase of the cardiac cycle.
Additionally, in this phase of the cardiac cycle the intra-
coronary pressure decays relatively slowly and approxi-
mately constant compared to other regions (i.e. systole),
which should enable us to cope with structural decorrela-
tion noise.

Processing (multi-frame averaging)

A series of radial strain profiles were measured by applying
the single-step strain estimation produced described in the
previous part of the study to the selected RF echo frames.

All cross-correlation analysis was conducted using 1 mm
long kernels. .

Composite strain profiles were measured at each cardiac
eycle by computing the arithmetic mean of the valid strain
estimates at each angular position. The composite strain
profiles were colour coded as before and super-imposed on
the IVUS sonogram at the lumen vessel interface to produce
a compound image,

Data analysis

Performance was assessed using two different criteria:
a) qualitatively by viewing the palpograms and b) quantita-
tively by assessing the elastographic signal to noise ratio.
which was defined as follows:

Mg
SNR= " 3)

where |13 and &g represents the mean and standard deviation
of the radial strain estimated within an elastically homoge-
neous tissue region.

Patient study

The aim of this preliminary clinical study was to gain
insight into the performance of the strain estimation
approach before conducting large-scale clinical trial.

Data acquisition

A 6 Fr, guiding catheter was advanced up to the coronary
ostium of each patient after 10,000 IU heparin and 250-mg
acetylsali-cyclic acid was administrated intravenocusly. A
bolus injection of 3 mg of isosorbide dinitrate was adminis-
texed prior to IVUS assessment. RF echo frames were cap-
tured for 4 s from the scanner at a frame rate of 30 fps. The
arterial pressure was measured at the level of coronary ostium
via the guiding catheter, which was connected. to a standard
fluid line systemn {Ohmedz, Bilthoven, The Netherlands).

Frame selection

RF echo frames correspending to the diastolic phase of the
cardiac cycle were selected using the negative derivative of
the intra-coronary pressure signal.
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Figure 3: Strain filters measured frorn palpograms computed using multi-frame averaging (circle) and single-step (square) strain estimation

approach.

Processing

Composite palpograms were computed by applying the
multi-frame averaging strain estimation procedure
described in the phantom study to different comnbination of
RF echo frames before and after compensating for rotational
catheter motion, Cross-correlation analysis was performed
using kernel size of 0.6 mm (long) and 0.7 mm (long) for
case 1 and 2, respectively. The size of the kernel was
chosen based on the plaque thickness, which was
evaluated by visual inspection of the IVUS sonogram.

Results

Phantom study

Evaluation of motion compensation procedure

Figure 2 shows the effect of rotational catheter motion on
the elastographic signal-to-noisc ratio {(SNR) for different
tissue strain velues, which were computed before and after
the motion compensation procedure were applied. The
mean and standard deviation was computed from 512 inde-
pendent strain estimates, which were equally distributed
between (0 and 2ILNote the rapid decrease in SNR that
occurred in cases where the motion compensation proce-

dure was not applied prior to strain estimation, This rapid
degradation in image quality represents the change in the
beam pattern (i.e. decorrelation) that occurs as one moves
across the beam in the angular direction. It is also apparent
that increasing the tissue strain compromised the quality of
both sets of images (i.e. those computed before and after
global motion compensation), This behaviour represents the
effect of structural decorrelaton noise, which increases in
the presence of large internal tissue strain,

Evaluation of multi-frame averaging procedure

Figure 3 shows examples of strain filters that were derived
experimentally from palpograms, which were created using
the multi-frame averaging approach. and single-step
approach (i.e. without frame averaging). The characteristic
trade off that exists between structural decorrelation and
clectronic noise can clearly be seen in both cases. At low
strain the quality of the palpograms is limited predominantly
by random errors, and thus increasing the magnitude of the
internal tissue strain (i.c. the differential pressure) results in
a rapid increase in elastographic SNR. However, because
structural decorrelation noise also increases with increasing

Pressure {mmHg)

Stmilarity functien ] %]

80 100 120
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Figure 4: The pressure signal () with the comesponding similarity function (.....) of patient 1. The similarity function shows that catheter

motion is small near end-diastole,
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Figure 5: Examples of composite palpograms computed for patient 1, These palpograms were performed by applying the multi-frame strain
estimation approach before (A) and after (B) correcting images for catheter motion to consecutive pairs of RF echo frames (with an average
pressure difference of 2 mmHg) obtained near end-diastole, Showing a calcified spot at 6 o'clock.
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Figure 6: Example of composite palpograms computed for patient 1. These palpograms were produced by processing RF echo frames using
an inter-frame strain of 4 and pressure difference of 8 mmHg with the multi-frame strain estimation approach before (A) and after (B) cor-
recting images for catheter motion. Regions where it was not possible to compute valid strain estimates are denoted in purple.

applied strain there is an upper limit on the maximum SNR
that can be achieved by increasing tissue strain. Further
increase in tissue strain beyond the upper limit results in a
rapid degradation in the elastographic SNR (Varghese and
Ophir. 1997). Nevertheless, it is apparent that better images
were produced at all strain increments when palpograms
were computed using the multi-frame averaging approach.

Preliminary in vivo assessment

Patient 1

Figure 4 shows the pressure signal and the similarity curve
that was obtained in patient 1. Figure 5 (A-B) shows typical
examples of composite palpograms, which were computed

by processing pairs of RF echo frames using a pressure dif-
ference of 2 mmHg and an inter-frame interval of two. It is
clear from the IVUS sonogram that the catheter was eccen-
tric. Consequently, since we didn't correct for catheter
eccentricity the palpograms also appeared eccentric.
Nevertheless, it is interesting to note that we were able to
produce complete palpograms that possess good contrast
resolution in both cases (i.e. before and after correcting for
in-plane rotational catheter motion) using this inter-frame
increment and pressure difference. Additionally, no signifi-
cant difference was observed in the visual appearance of
palpograms that were created using both approaches.

A calcium spot can clearly be seen at 6 o'clock in the [IVUS
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Figure 7: Mean radial strain profile corresponding to Fig. 6. The error bar represents + one standard deviation computed over four cardiac

cycles.
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Figure 8: Pressure curve of patient 2.

sonograms, which appears as a localised region of low
strain (the mean strain computed in this region was 0.13%
+ 0.07 ) in the palpograms. Regions of high strain can clear-
ly be seen on the palpograms between 11 and 2 o'clock,
which could represent fatty material. An increased strain is
also found at 7 o'clock that corresponds to a transition area
between calcified and non-calcified material. It is known
that increased circumferential stress and thus increased
radial strain is present at these junctions, Furthermore, from
the global appearance of palpogram this plaque would
appear (o be composed predominantly of a harder material
such as fibrous tissue.

Figure 6 (A-B) shows examples of palpograms produced
using both strain estimation approaches using a differential
pressure of 8 mmHg and an inter-frame increment of four.
Note that in this case it wasn't possible to produce a com-

(A)

Frame Number Doyley et al.

plete palpograms (as indicated by purple area) without first
correcting for in-plane rotational catheter motion. Figure 7
shows the mean radial strain profile computed from four
palpograms (i.c. one palpogram was computed at each car-
diac cycle) that were produced using the motion compen-
sated strain estimation technique.

There is a region of elevated strain next to the calcified spot
(also visible in Fig SA-B and Fig. 6A) but is not visible in
Fig 6B. Note that at each angular position the mean and
standard deviation was computed from four independent
strain estimates. Increased error bars are observed for
increasing strain values. From Figure 3 it is known that for
strain values between 0.25 % and 1.5 %, the elastographic
signal to noise ratio is similar. Therefore, larger error bars
are expected for increased strain values.
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Figure 9: Examples of composite palpograms computed for patient 2. These palpograms were produced by processing consecutive pairs of
RF echo frames (i.e. using an inter-frame increment of | and a pressure difference of 3 mmHg) using the multi-frame strain estimation
approach, before (A) and after (B) correcting images for in-plane catheter motion, A large region of calcified material can clearly be seen
between 12 and 2 o'clock.
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Figure 10: Examples of composite palpograms computed for patient 2, which were produced by processing RF echo frames using an inter-
frame strain of 3 and a pressure difference of 7 mmHg with the multi-frame strain estimation approach, before (A) and after (B) correcting
images for catheter motion. Regions where it wasn't possible to compute valid strain estimates are denoted in purple.
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The pressure curve of this patient is shown in Figure 8.
Figure 9 (A-B) shows examples of composite palpogram
computed using a pressure difference of 4 mmHg and inter-
frame interval of one within diastole, before and after cor-
recting for in-plane catheter motion, Compared to the pre-
vious case this patient had a concentric plaque, and thus the
palpogram appeared concentric. In addition. no significant
difference can be observed in the quality of the palpograms
produced using the two strain estimation approaches, A
large region of calcification can clearly be scen in the IVUS
sonograms between 12 and 3 o'clock, which corresponds to
a region of Iow strain (mean strain of 0.15% + 0.06 ) in: the
palpograms.

Figure 10 (A-B) shows examples of palpograms that were
crecated using an inter-frame increment of three and a
pressure difference was 7 mmHg. As in the previous case
{i.c. patient 1) it wasn't possible to produce a complete pal-
pogram without applying the motion compensation proce-
dure. Increased strain values were found between 7 and 9
o'clock, This comresponds to a hypoechoic arca that can be
observed between 7 and 9 o’cleck. It was apparent from a
visual assessment of the IVUS cine-loop that this was due
to the presence of a side branch. This side branch may result
in increased strain values and thus an artefactual represen-
tation of the mechanical properties. Figure 11 shows the
mean radial strain profile computed over four cardiac cycles
from palpograms that were produced using a pressure dif-
ference of 4mmHg and an inter-frame increment of one
with the motion compensated strain estimation technique.
Catheter motion was quite severg in this case. since we were
unable to correct for out-off plane catheter motion. It is rea-
sonable 10 assume that the apparent degradation in the
repeatability of the palpograms represents the effect of out-
off-plane catheter motion.

Discussion

In this paper we describe a prototype elasticity imaging
systern, which was developed based on the intravascular
ultrasonic palpation approach that was proposed by
Céspedes ct, al.. (2000). The system was based on a com-
mercially available Endosonics InVision IVUS scanner that
was cquipped with a 20 MHz array catheter. A fast data

acquisition system was used to capture sequences of RF
echo frames from the scanner directly into PC memory at
fizil frame rate.

A, novel strain estimation strategy was developed and
incorporated on the system to minimise the primary noise
sources, incurred during clinical application, Decorrelation
noise incurred as a result of in-plane rotational catheter
motion was minimised using a motion compensation proce-
dure, which was developed based on the SAD approach.
Despite the effectiveness of this technique. which is demon-
strated in Fig. 2, compensating for catheter motion using
this technique significantly increases the computaticnal
load. For instance. it took § s to compute a compo-site pal-
pogram when the motion compensation procedure was not
employcd. This is assuming all consecutive pairs of RF
echo frames in diastolic cycle are processed (i.¢. 15 frames
processed, assuming a heart rate of 60 beats/min), Although
this is not real-time the presentation speed is
reasonable for most clinical applications. However. the
computational load was found to increase tenfold when the
motion compensation procedure was allowed to compen-
sate for rotational motion up to = 6°, Note that computa-~
tional load of the motion compensation procedure is highly
dependent on size of the reference and search kernels.

It was apparent from Fig. 2 that quality of the image degrad-
ed significantly in the presence of large internal
tissue strain, Incorporating either a local and/or a global dis-
tortion compensation procedure (i.e. either temporal
stretching or companding) prior to strain estimation should
circumvent this problem. However, we envisage that it will
be very difficult to implement such complex signal process-
ing methods in hardware, To cope with this problem pro-
cessing was restricted to RF echo frames that were obtained
in the diastolic phasc of the cardiac cycle. In this phase of
the cardiac cycle the intra-coronary pressure decays slowly
and approximately constant compared 10
systole. Therefore, by choosing appropriate pairs of frames
for processing (i.c. these corresponding to small pressure
difference) we were able to minimisc structural decorrela-
tion effects.

A muiti-frame averaging procedure was also developed and
incorporated on the system since it has been demonstrated
in elastography (O'Donnell et al.. 1994; Varghese et al.. 1996}
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that this sigral processing method has the distinet advan-
tage of improving the elastographic signal to neise ratio by
factor of &, where N is the number of elastograms {or pal-
pograms in our case} that arc averaged. Figure 3 demon-
strates that the quality of palpograms produced using the
multi-frame averaging procedure is superior compared to
those produced using a single-step approach. The quality of
both sets of palpograms was limited predominately by ran-
dom ecrrors when the internal tissue strain was small, and
thus increasing the magnitude of the applied strain results a
rapid improvement in image quality. However, there is limit
on the amount of improvement in image quality that can be
achieved by increasing tdssue strain since this aiso increases
structural decorrelation noise. It was also apparent from
Fig. 3 that palpograms should be created using larger inter-
frame interval (i.e. using strains on the order of 1 %) in
order to maxinise the clastographic signal to noise ratio.
" Incorporating an optimisation procedure in strain estima-
don technique should result in further improvement in
image quality. This could be accomplished by computing a
composite palpogram from a series of partial palpograms
that are created using all possible image combinations, but
at the expense of further increasing the computation load.
It is apparent from our preliminary clinical investigation
that the proposed system is able to produce consistent pal-
pograms, which possess good contrast resolution and
clastographic signal to noise ratio under physiological con-
ditions. We also demonstrated that because of swuctural
decorrelation, large variance will be incurred in region of
high tissuc strain,
If this system is to be clinically uscful. methods must be
developed to reduce strain projection artefacts that occur
when the radial strains and the sound beam are poorly
aligned {de Korte et al., 1999). This is important since the
catheter is generally eccentric in mwost clinical cases. A
crude global measure of the degree of catheter motion
incurred during pre-interventonal IVUS assessment can be
obtained by constructing a similarity function by computing
normalised sum of absolute difference beween consecutive
pairs of IVUS sonograms. We have observed that this func-
tion generally has a relatively broad peak near-end diastole
(Fig. 4), where the catheter is believed to be more stable
(i.c. small catheter motion) compared to other regions of the
cardiac cycle. Therefore, the computational efficiency of
the technique could be improved by incorporating the
similarity function as part of the frame selection criterion.
We estimate that it would take less than 4 s to compute a
composite palpogram if additional constrains is imposed on
the frame selection criterion using the similarity function.
Finally, it is important to realise that the signal processing
methods described in this paper can be applied to intra-
vascular elastography. but currently at a prohibitive com-
putational cost.
Study limitation
A limitaton of the study is the absence of histologic vali-
dadon. which was not possible since directional coronary
arhereétomy was not performed. Therefore, with the excep-
tion of calcified plaques, we could only speculate on the
composition of the plaque based on the palpogram. For
instance, regions of high strain can clearly be seen in the
palpograms corresponding to patient 1 (Fig. 5(A-B)) at
11 and 12 o'clock and 1-2 o'clock. Based on the magnitude

of the strain it is reasonable to assume that this represents
fatty tissue since the strain incurred in fatty tissues arc
higher compared to other tissue types. Similarly, two
regions of high strain can clearly been in the palpograms
corresponding to patient 2 (Fig. 9 (A-B}) at 4-6 o'clock and
10-12 o'clock. which is consistent with fatty material.
Further work is currently planned 1o validate our system in
vivo using an atherosclerotic animal-model, and to improve
our automatic contour detection algorithm.

Conclusion

We have demonstrated for the first tiroe that intravascular
ultrasonic palpation can produce clinicaly useful and reliable
information in almost real-time, under typical physiclogical
conditions in the catherization laboratory.
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Intracoronary brachytherapy has recently
emerged as a new therapy to prevent
restenosis, Initial experimental work was
achieved in animal models and the results
were assessed by histomorphometry,
Initial clinical trials used angiography to
guige dosimetry and to assess efficacy.
Intravascuiar ultrasound {IVUS) permits
tomegraphic examination of the vessel
wall, elucidating the true morphology of
the jumen and transmural components,
which cannot be investigated on the
lumenocgram obtained by angicgraphy.
This paper reviews the use of IYUS in

the ¢linical studies of brachytherapy con-
ducted to date. IVUS allows clinicians to
maike 2 thorough assessment of the
remodeling of the vessel and appears to
have a major role to play in facilitating
understanding of the underlying mecha-
nisms of action in this emerging field. The
authors propose that state-of-the-art
IYUS techniques should be employed to
further knowledge of the mechanisms of
action of brachytherapy in atheroscierotic
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Introduction

Cn the verge of an exponential increase of the use of
brachytherapy in interventicnal cardiclogy, it is appropri-
ate 1o keep in mind that this new therapeutic modality is
still in its infancy. The first case of brachytherapy was initi-
ated in Europe as recently as 1992 by Liermann ¢t al, in
patients who had undergone a femoral percutaneous
angioplasty.' Since radiotherapy has proven to be effective
in treating the exuberant fibroblastic activity of keloid scar
formation and other nonmalignant benign processes such
as ocular pterygia,®* it has been assumed that this adjunc-
tive treatment could inhibit restenosis. Mechanisms
involved in the restenosis process are elastic recoil of the
artery, local thrombus formaton, vascular remodeiing
with shrinkage of the vessel and an exuberant healing
process with neointimal cellular proliferation and matrix
synthesis = Stent implantation minimizes elastic recoil
and remodeling of vessels, but exacerbates the normal pro-
liferative reaction in response to the traumatizing inter-
vention.™ Depending on the type of lesions treated, a

significant restenosis rate of 15-50% remains the major
hindrance to the success of stent therapy and is mainly
caused by this exacerbated proliferative reaction.

Clinical coronary applications of brachytherapy were
carried out after the experimental work achieved mainly in
the United States by Wiedermann et al in New York,”
Waksman et al in Atlanta™ and Mazur et al in Houston,'
They demonstrated a reduction of intimal hyperplasia in
swine models of restenosis, initially using vy-radiation
("1r) and thereafter fi-sources.'? In patallel, Verin et al in
Geneva conducted experimental studies with the pure -
emitter *°Y in carotid and iliac arteries of rabopis*” Jon-
comitantly, Hehrlein et al demonstrated a marked
reduction of neointima formation in rabbits with low-dose
radicactive stents,” while Carter showed that the dose
response of a R-particle-emitting radioactive stent in a
poreine coronary restenosis model was actually complex,
presenting a bell-shape.'” These groups provided com-
pelling experimental evidence of efficacy of brachytherapy
in the prevention of restenosis. In these studies, the short-
and long-term results were evaluated by histomorphometry,
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measuring the amount of necintima formation after
balloon overstretch injury.

The objective of this review is to emphasize the poten-
tia! of intravascular ultrasound (IVUS) imaging in guiding
dose prescription, in assessing the results of brachytherapy
in dlinical trials as a surrogate of histomorphametry and in
reviewing the different modalities which have been imple-
mented so far.

Intravascular ultrasound

An update on its value in predicting restenosis

Coronary interventions depend mainly on imaging tech-
nigues as the source of guidance. Angiography alcne pro-
vides a good representation of the complete coronary
anatorry but a relatively poor image of the diseased vessel
wall. Anglograms that are difficult to interpret are fre-
quently encountered. These include images of ostial
lesions, tertuous vessel segments, vessel overlap, interme-
diate lesions, dissections and thrombus. Although the
value of angiography remains unquestioned, radiographic
imaging depicts a two-dimensional silhouette of the arter-
ial lumen. This lumenogram’ is 2 limited standard on
which to base therapeutic decisions,'* Angiography
demonstrates only Jumen narrowing well, but is inherently
limited in defining the distribution and extent of wall
disease. Furthermore, angiography is insensitive to early
atheromatous thickening of the arterial wall, partly owing
w0 vascular remodeling that allows plaque to grow 1o
occupy an average of 40% of the vessel cross-section
before luminal encroachment occurs.”” Plaque burden in
reference segments that are considered angiographically
normal can reach on average 35-40%."

In the late Eighties, IVUS emerged as a promising
imaging modality with which to assess vascular disease.”
IVUS provides real-time tomographic images of vessel wall
cross-sections, cluddating the true morphology of the
lumen and transmural components of atherosclerstic
arteries. The field of intwavascular ultrasound imaging has
led to improvements in the understanding of atherosde-
rotic disease and its response to various therapeutic inter-
ventions. However, a main thrust of this technique is the
guidance of therapeutic interventions, and controversial
data exist in the literature on the value of postintervention
IVUS parameters to predict the restenosis rate, For percuta-
rieous transluminal coronary angioplasty (PTCA), no crite-
ria were -found in the PICTURE study induding 200
patients,”® whereas Mintz et al found that the residual
plaque burden measured with IVUS was an independent
predictor of restenosis.® The final report of the GUIDE trial
that showed the predictive value of IVUS plague area and
minimal lumen eoss-section is still pending®' On the
other hand, it has been demonstrated that, based on TVUS,
it was safe 1o increase the nominal balloon-te-artery
ratio.® A low rate (14 %) of dlinical everits at one year has
been reported in a single-center nonrandomized study of
252 patients where the balloon sizes were based on the
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external elastic membrane diameters.™ For stenting, a very
recent combined analysis from three registries (MUSIC,
WEST-1I, ESSEX) and two randomized stent restenosis
trials (ERASER and TRAPIST) (n =800 patients) has
demonstrated that the IVUS criteria minimum lumen
oss-sectional area (MLCSA), mean in-stent lumen area,
stent length and lumen diameter were predictors of six-
month in-stent restenosis, defined as luminal diameter
stenosis >50% by quantitative angiography (QCA)* in
agreement with other reports which demonstrated also the
predictive value of an ostial lesion location and the prein-
terventional and residual lesion site plaque burden -
Finally, It remains also controversial whether IVUS guid-
ance may decrease in-stent restenosis and improve event-
free survival after an intervention.® In a study matching
patients between two centers, cne performing IVUS guid-
ance, the other using only angiography, there was a signifi-
cant decrease of the restenosis rate {9.2% versus 22.3%) at
an early stage where the IVUS citeria implied aggressive
dilatation using oversized bailoons.> However, this led 10
a high incidence of vessel ruptures. IVUS criteria were
modified, the balloon-artery ratio used was decreased to
achieve a stent cross-sectional area (CSA)} equal to or
greater than the distal lumen CSA, and no further dif-
ference in the outcome of the patients was found between
the angiographic and IVUS guidance groups.

IVUS guidance improved the minimal C8A in the stent
at the end of the intervention in the MUSIC trial, and com-
patison of angiographic data with earier studies
demonstrated that the improvement of this minimal
lumen diameter (MLD) {29 mm versus 2.5 mm} was
associated with a lower restenosis rate {9.7% versus 20%
respectively for the MUSIC and Benestent 1).54* When the
IVUS criteria for optimal stent expansion are met, the
restenosis rate is lower.” However, these aiteria cannot be
met in all patients, and the results of two randomized
uials (RESIST and OPTICUS) comparing IVUS with angie-
graphic guidance today show no difference in dinical and
angiographic outcome at six-month follow-up.***

On the other hand, it has been demonstrated that the
rate of target vessel revascularization in the randomized
CRUISE trial was reduced from 15.3% to 8.5% {P < 0.05)
in the arm with IVUS-guided stent implantation. The
results of AVID, a large multicentre and randomized study
including 800 patients, were recently revealed by Dr Russo
at the TCT'99 meeting. IVUS was used in one arm to docu-
ment the tesults of a stent implantation, and in the other
arm to guide optimal stert implantation using the follow-
ing criteria: (1) full apposition of stent struts; (i) MLCSA
>90% of the distal vessel CSA; and (iii) absence of major
dissection. In the IVUS-guided arm, 42% of the patients
required additional treatment. This led to a mean incease
of the MLD of 0.3 mm and of the MLCSA of 1.27 mm*®
(+20.3%). At 12-month follow-up, the primary end-point
(target lesion revascularization, TLR) was 12.4% in the
VUS-documented arm, and 8.4% i the [VUS-guided arm.
This difference did not reach statistical significance (P=
0.08). However, in subgroups, a strong benefit of IVUS
guidance could be demonstrated, for example when treat-
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ing saphenous bypass lesions (TLR 20.8 versus 5.1%;
P<0.01).

A major limitation of these studies is that there is no
comparison between quantitative IVUS and quantitative
angiographic guidance: only visual assessment of the
angiographic results was carried out. Recently, the concor-
dance between physiological (fractional myocardial flow
reserve: FFRmyo), IVUS and QCA data has been reported.
The best agreement was found between IVUS and FFRmyo,
with a concordance rate of 91%. The concordance rate
between QCA and IVUS was only 48%.*

Brachytherapy might be the ideal field in which to
apply the unique characteristics of IVUS." Indeed, with its
potential for tomographic imaging of the complete arterial
wall and quantification of different structures such as the
volume of plaque or in-stent hyperplasia, IVUS might fill
the gap between the experimental knowledge acquired
from histology and the results of ongoing clinical studies.

IVUS imaging

IVUS imaging is usually performed before an intervention,
or after the placement of a stent, and the interpretation is
based on the successive cross-sections obtained when
moving the transducer manually. A comprehensive review
of the clinical use of IVUS has recently been published by
the study group of intracoronary imaging of the European
Society of Cardiology.® A natural extension to cross-sec-
tional ultrasound imaging is three-dimensional (3D)
imaging. To obtain a 3D survey of the vessel, ultrasound
images are acquired during the ‘pull back’ of the imaging
catheter (20-30 frames per second). Typical velocity of the
pull-back ranges from 0.5 to 1 mm/s. The sequence of
images contains 3D information that can be presented in
various ways. A common form of presentation is the longi-
tudinal or sagital view, which shows one of the image
planes perpendicular to the set of cross-sectional images.
Since during the pull-back there is motion because of the
movement of the hean, longitudinal scans may have a
jagged appearance. Although this artifact does not impede
the understanding of the vessel structure, the use of ECG-
triggered pull-backs improves the reconstruction.’”
Recently, the fusion of biplane angiography and IVUS
images has been described for true 3-D reconstruction of
coronary segments for computation of parameters such as
wall shear stress."

Dosimetry evaluation from IVUS

Assuming that the catheter containing the radioactive
source is lying in the same position as the IVUS catheter, it
is possible to measure the distance from the source to any
vascular structure in one cross-sectional image, and to con-
struct isodose plots when the activity and physical
characteristics (dose fall-off with distance) of the source
are known." This is illustrated in Figure 1. Isodoses may
also be superimposed on the sagital view of the pull-back.
However, the evaluation of the overall dosimetry in the
arterial wall from successive cross-sectional images is diffi-

Figure 1

Lower left panel: & typical intravascular ultrasound (IVUS) cross-section
demonstrating a mixed plaque from 11 to 5 o clock, and highlighted
luminal (in red) and external elastic lamina (EEL) (in green) contours. Upper
left panel: isodoses of 8, 16 and 32 Gy coresponding to a *Sr B-source are
superimposed on the IVUS™SrY, Right panel: longitudinal reconstruction of
8 30 mm segment of a patient included in the BERT trial, acquired with an
ECG-triggered pull-back device, The position of a side-branch is indicated
by the amow, The 32 and 16 Gy isodoses permit a quick evaluation of the
dose delivered to the target, the adventitia, limited by the EEL.

cult. Dose-volume histograms (DVH) have been intro-
duced in radiotherapy to condense the large body of infor-
mation of the complete 3-D dose distribution data into a
plot summarizing graphically the radiation distribution
throughout the target volume and the anatomical struc-
tures of interest.**** The present authors recently described
the methodology for computing DVH for coronary
brachytherapy from 3-D IVUS data* and the clinical appli-
cations will be illustrated in the review of the clinical trials
which follows.

Overview of the use of IVUS in clinical
brachytherapy trials

The Venezuelan experience

Condado and colleagues in Venezuela introduced
brachytherapy in human coronary arteries using a hand-
delivered "™Ir wire into a non-centered closed-end lumen
catheter."” They explored the feasibility and safety of this
approach in 22 lesions in 21 patients. The doses were pre-
scribed at 1.5 mm from the source (single doses of 18 Gy,
n=1; 20Gy, n=11; 25Gy, n=9) using angiographic
assessment. Although reported as positive, an unexplained
early reduction of the minimal lumen diameter of 0.45
mm on average after only 24 hours might have blurred the
real efficacy of the applied radiotherapy in these patients”
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who presented no additional loss in MLD between 24
hours and six-month follow-up. However, doses of up to
92.5 Gy could have been delivered to the lumen wall
because of the non-centered device.¥ This may well be
aver the vascular tolerance limits. Such a high dose could
explain the observation that two patients experienced early
total vessel occlusion, and four others developed an
aneurysm at two-year follow-up. IVUS guidance could
have stressed cases with over-dosage administration.

The Geneva trial

In Geneva, Verin et al employed fi-irradiation in human
coronary arteries using a radioactive wire (*Y) in a center-
ing balloon device.* The dose prescribed was 18 Gy at the
surface of the balloon corresponding to the vessel luminal
surface. No IVUS assessment was performed. The findings
were disappointing, with a restenosis rate of 40% among
the 15 studied patients. A retrospective analysis of the dose
prescribed revealed that at a depth of 2 mm in the vessel
wall, the dose was only ~2.7 Gy, probably below the
nomiral effective dose against the proliferating cells
involved in the post-angioplasty restenosis process.*”

The SCRIPPS study

Shorly after Condado, Teirstein et al started to treat
restenosis lesions with y-therapy in a randomized placebo-
controlled study. They demonstrated a substantial reduc-
ton of the angiographic resteniosis rate (17% versus 54%)
among 55 patients presenting with in-stent restenosis.*®
The recently published two-year follow-up data demon-
strate the long-term efficacy of this new therapeutic modal-
ity: the target-lesion revascularization was significantly
lower in the **Ir group (15.4% versus 44.8%; P < 0.01).
Non-target-lesion revascularization was similar in the two
groups (19.2% versus 20.7%). The composite end-point of
death, myocardial infarction or target-lesion revasculariza-
tion was significantly lower in **Ir-treated versus placebo-
treated patients {23.1% versus 51.7%; P = 0.03).”

A sealed 'Ir vy-source in a non-centered catheter was
used {Best Medical/Cordis Corp, Warren, NJ, USA). This
study was the first where the dosimetry was based on IVUS
measurements. A seres of tomographic [VUS images were
obtained with a motorized pull-back apparatus. The dis-
tance between the center of the ultrasound catheter (sup-
posed equivalent to the source position) and the
adventitial border (the target) was measured every 1 mm
along the stented segment. As illustrated in Figure 2, the
aim was to adjust the dwell tire to administer 8 Gy to the
target farthest from the source (A), provided that no more
than 30 Gy was delivered to the closest target (B). The
importance of IVUS has been clearly demonstrated in a
retrospective subgroup analysis.™® Late luminal loss and
loss index were calculated for patients with diabetes, in-
stent restenosis or minimum dose exposure of the target of
8.00 Gy. Two-factor analysis of variance was used to test
for an interaction between patient characteristics and treat-
ment effect. Tn the treated group ('), late loss was par-
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Figure 2

In the SCRIPRS stidy, IVUS was used in arder to administer at least 8 Gy to
the target (exemal elastic lamina) farthest from the source (A), provided
that no more than 30 Gy was delivered 10 the ¢losest target (B}

ticularly low in patients with diabetes (C.19 versus (.46
mm), in-stent restenosis {0.17 versus 1.02 mm) and also
in patients who received 2 minimum radiation dose to the
entire adventitial border of at least 8.00 Gy (0.06 versus
0.92). The loss index in this subgroup was 0.03. The two-
factor analysis of variance demonstrated 2 significant inter-
action between treatment cffect (late loss} and the
subgroup characteristic of receiving a minimum dose of
8.00 Gy to the adventitial border (P = 0,009). This ilus-
trates the usefulness of IVUS in darifying results of a
brachytherapy trial.

The WRIST trials

The series of WRIST (Washington Radiation for In-Stent
Restenosis) trials addressed different issues: mative or
saphenous (SVG) bypass in-stent restenosis, long lesions,
£- or y-sources. They were initiated with a gamma ribbon
source (¥r) or placebe ribbon. Dosage prescribed was
15 Gy at 2 ram from the source in vessels of 2.0-4.0 mm
in diameter and at 2.4 mm. for vessels >4.0 mm in dia-
meter. The data recently presented for 130 patients (100
native, 30 SVG) have confirmed the efficacy of brachyther-
apy: the angiographic restencsis rate was significantly
lower (19% versus 58%; P<0.001) as were mortality,
myocardial infarction and repeat target lesion revascular-
ization combined end-points (29% versus 68%)."

In this seres, IVUS was not used for dosage prescrip-
tion, but was performed systematically afier irradiation
and at six-month follow-up for offline analysis. From
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these measurements, it couid be demonstrated that the
volume of intimal hyperplasia increased by 60 mm? in the
placebo group, but that in the treated group it was only
2 mm?, with patients even demonstrating a melting of the
residual intimal hyperplasia left at the time of the pro-
cedure. IVUS was also useful for estimating the minimum
and maximum dose administered to the lumen border
(7.3 Gy and 45 Gy, respectively).

Initially performed with a vy-source, the expanding
WRIST series has recently investigated R-radiation (with
the "V source of the Boston Scientific brachytherapy
system) for in-stent restenosis (beta-WRIST). With this
system, which incorporates a balloon to center the source
in the artery, 20.6 Gy was prescribed at 1 mm from the
surface of the balioon. The preliminary results recently pre-
sented of the first 49 patients with six-month follow-up
demonstrated a similar efficacy of R-radiotherapy for in-
stent restenotic lesions, with a 30% reduction in major
adverse cardiac events, compared with historical controls
from the y-WRIST.*

The BERT trial

The Beta Energy Restenosis Trial (BERT) was initially con-

_ducted in the United States. This study was designed to
evaluate the feasibility and safety of the delivery of 1216
Gy with a *Sr/Y source after balloon angioplasty of de
novo lesions. A special device (Beta-Cath, Novoste Corp,
Norcross, GA, USA) consisting of a hand-held hydraulic
delivery system was used to send 12 encapsulated sources
in a 5.4 F, catheter lying across the target lesion (total irra~
diated length: 30 mm). The results of the American arm
in which delivery of R-radiation was attempted in 23
patients were obtained with neither IVUS guidance nor
IVUS documentation. A late loss of 0.05 mm, 2 late loss
index of 4% and a restenosis rate of 15% were lower than,
in previous restenosis trials using similar angiographic
methods.” In the Canadian am initiated later, the 30
patients included were systematically documented by
IVUS. QCA data were similar, and the IVUS findings after
six-month follow-up were very recently reported™: there
was no significant change in lumen area (5.7 + 1.7 mm?®
post-treatment, 6.0 = 2.6 mm? at follow-up), nor in exter-
nal elastc lamina (EEL) area (13.7 + 4.5 mm? post-treat-
ment 10 14.2 + 4.7 mm?). With these IVUS findings, it was
suggested that fi-radiation inhibit neointima formation
with no reduction of total vessel area at six-month. follow-
up. The authors’ findings discussed in the following
section, and based on 3-D ECG-triggered IVUS assessment
of the treated area, are more in favor of an adaptative
remodeling with an increase of the vessel size (EEL) and
plaque.

The Thoraxcenter experience

One of the first IVUS scanners was developed in the
authors’ institution.™ IVUS is performed routinely and sys-
tematically in studies evaluating new antirestenotic strat-
egies, even when it is not mandatory for the trial,

Three-dimensional image reconstruction and analysis
systems have been introduced that can be used for com-
plete quantitative analysis of IVUS images**-** However,
image artifacts that result from cyelic changes in coronary
dimensions and from the movement of the IVUS catheter
in the arterial lumen limit the accuracy of the 3-D
boundary detection systems.® This led to the develop-
ment of a new approach. In order to limit cyclic move-
ment artifacts, an ECG-gated image acquisition
workstation is employed which controls a dedicated puli-
back device. The complete 3-D dataset of the coordinates
of the automaticaily detected lumen (corresponding to
the highly echogenic blood-vessel interface) and of the
echogenic media-adventitia interface {EEL) over the
complete length of the treated arca can be used to study
the change between baseline and six-month follow-up of
lumen, plaque and vessel volumes. Dosimetry evaluation
at the time of the iradiation is then feasible, when con-
sidering the source in the same position as the IVUS
catheter,*

Analyzing 21 patients consecutively included in the
European arm of BERT in the authors” institution, Sabate
et al have recently demonstrated that over the 30 mm of
the irradiated segments with the Beta-Cath delivery system,
mean EEL and plaque volumes increased significantly
{from 451+128 mm’® to 490:139mm’ and from
201+59mm® to 242+74mm% P=001 and P=0.001,
tespectively), whereas luminal volume remained
unchanged.®* On the other hand, edges of the weated seg-
ments presented an increase in mean plaque volume with
no net change in EEL, resulting in a decrease in mean
luminal volume, This very meticulously conducted 3-D
analysis could assess subtle changes in the remodeling of
human irradiated coronary arteries. This would otherwise
have only been possible in an animal study with serial his-
tomorphometric assessment, Analyzing a total of 206
coronary subsegments of 2 mm lying in the treated area, it
was possible to demonstrate that the independent predic-
tors of the plague volume at follow-up were the plaque
volume post-treatment, the type of plaque and the
minimal dose absarbed by 0% of the adventitial volume
(DV9Cadv).?

From the 3-D IVUS dataset, it has been also possible 10
compute DVH t¢ describe the cumulative distributon of
dose over three specific volumes: at the level of the

- luminal surface, the EEL, and in the volume encompassed

between the luminal surface and the EEL (plaque +
media). On average, DVH derived from the authors’ BERT
cases demonstrate that the minimal dose in 30% of the
adventitial volume (defined with a thickness of 0.5 mm
from the EEL) was 37 = 16 % of the prescribed dose; the
minimal dose In 20% of the plaque + media volume was
58 + 24% and of the luminal surface volume was 67 £
31%. The minimal dose in the 10% most exposed luminal
surface volume was 296 + 42%.%* Simulations of the use of
a y-emitter andfor 2 radioactive source train centered in
the lumen have also been evaluated, with a comparison of
the homogeneity of the dose distribution. A typical DVH is
illustrated in Figure 3.
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10.9% of targets would receive <7 Gy, believed to be sub-
therapeutic. With the angiographic model, the mean
minimal dose would be 7.51 + 1.44 Gy, but 38.7% of
patients would receive a minimal adventitial dose <7 Gy.
With a fixed-dose strategy of 15 Gy delivered at 2 mm
from the source, the mean minimal dose would be 8.59 =
1.64 Gy, with 17.9% of patients receiving <7 Gy at the
adventitia. However, with this strategy, 41.5% of targets
would receive >30 Gy. This demonstrates that probably
only IVUS permits the optimal dosimetry, adapted to the
remodeling of the specific lesion of a patient.

Limitations of IVUS for dosimetry

A major assumption made when using IVUS to assess the
dosimetry is to consider that both the imaging catheter
and the brachytherapy delivery system are following the
same course in the treated coronary segment. Compared
with a 5 F. (~ 1.7 mm) device such as the Beta-Cath, the
IVUS catheter, which is smaller (2.9 F. ~ 1 mm), will be in
a more eccentric position in the coronary lumen. However,
no easy correction can be applied since the channel source
in the delivery device is not in the center of the catheter.
When using a centering balloon for the source such as in
PREVENT or the Schneider Dose Finding Study, it is easy
to calculate the center of gravity of the lumen of each slice
from the 3-D [VUS dataset. However, even with the use of
radiotherapy and IVUS catheters of the same size, or cen-
tered, it is not certain that when advanced sequentially in
the arterial lumen, they will occupy the same position,
Although both catheters should be on the shortest 3-D
path in the lumen, coronary arteries have a complex
curved geometry in space, and are partially deformed by
the catheter lying in their lumen. Thus, catheters with dif-
fering rigidity will occupy different positions. These
methodological limitations could be partially overcome
with existing imaging wires which could be introduced in
the lumen of the irradiation delivery catheter itself.*
Another very interesting device, illustrated in Figure 5, has
recently been developed. The unique characteristic of this
catheter, designed for directional radiation (BRIGADE™,
EndoSonics Corp, Rancho Cordova, CA, USA) is the com-
bination of a solid-state [VUS imaging array proximal to
the site in the delivery system where the source lies.*” A
second unique feature of this device is a gold attenuator
surrounding the radioactive source asymmetrically, in
order to direct preferentially radiation in eccentric plaques.
The incorporation of the imaging possibilities allows for
rotation of the system towards the most eccentric plaque.
Clinical trials will soon be launched, after the demonstra-
tion of the feasibility of this new approach in an animal
model.

Figure 5

llustration cf a directional radiation catheter, including an asymmetric goid
attenuator encompassing only the top half of the area where the source is
positioned for coronary brachytherapy (bebween the two radiopaque
markers). This configuration offers an asymmetric dose distribution which
optimizes the dosimetry of eccentric lesions (panel). Optimal crientation of
such a device can only be performed thanks to the incorporated intravascu-
lar ultrasound transducer attached proximally in this combined device.

Conclusion

Radiation therapy bears some resemblance to antibacterial
therapy, which requires the right dosage to achieve its ther-
apeutic goal, without excessive toxicity related to overdose
or incorrect targeting (classically called by the radiothera-
pist a ‘geographical miss’). At the present stage, IVUS
appears to be an indispensable tool for understanding the
mechanisms of action of radiotherapy in the prevention of
restenosis and in finding the target volume. The confound-
ing and negative results of the early clinical studies, per-
formed without IVUS guidance, support the need to at
least document by IVUS the ongoing clinical trials, even
when there is no direct guidance of dosage administration.
To treat coronary arteries effectively, it seems necessary to
evaluate the dose absorbed in different arterial structures
since there is still controversy about the target volume to
be irradiated. This cannot be appreciated with angiogra-
phy, which gives only a lumenogram of the artery.
Methods based on the determination of specific
dose-volume histograms might be useful. Only the future
will tell us whether angiography is a sufficient guideline to
establish and apply the correct dose. The desire to simplify
the methodological approach of brachytherapy in this
early phase might be fatal for this technique in its infancy.
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Figure 3

Example of the integral dose-volume histogram at the adventitia level of the
patient illustrated in Figure 1, representing the fraction of volume (y-axis: %
volume) receiving greater than or equal to a specific dose (x-axis; dose
(Gy)). For this patient, 90% of the target volume for coronary brachytherapy,
believed to be the adventitia, receives a dose of at least 5.6 Gy,

Ongoing trials

There is a series of ongoing trials, recently reviewed by
Waksman,™ that is soon expected to shed light on the
utility of brachytherapy for prevention of restenosis.
Modalities of IVUS as used in these trials are very different.
In PREVENT, conducted with a **P 3-source delivered with
an automatic afterloader (Galileo™, Guidant Corp,
Houston, TX, USA), the radioactive wire is centered in the
target lesion (de novo or in-stent restenosis) in a helical
balloon which preserves distal perfusion (Figure 4). The
size of this balloon is based on the coronary dimensions
derived from IVUS measurements at the minimal cross-
sectional area in the lesion. Proximal and distal reference
segments are measured to estimate the mean vessel dia-
meter. This measurement is used to prescribe a dose of 16,
20 or 24 Gy at 2mm in the vessel wall.

[n GAMMA-I, a ""’Ir source or a placebo was manually
delivered following successful treatment for in-stent
restenosis in 252 patients. A dose gredter than 8 Gy but
less than 30 Gy was administered to the EEL, with a
similar [VUS guidance to that used in the SCRIPPS trial.
The angiographic outcome recently reported was a reduc-
tion at six-month follow-up of the angiographic restenosis
rate from 52% for the placebo group to 21.6% for the irra-
diated group.

In the ARREST trial investigating the restenosis rate after
PTCA and provisional stenting, a mechanical delivery of a
“Ir source in a partially centering balloon (3.2 F.) is used.
A dose greater than 8 Gy but less than 30 Gy is also pre-
scribed to the adventitia based on [VUS measurements.

There are also studies in which the dose is administered
at a given distance from the source, without the use of
IVUS. In the BETA-CATH trial (R- *Sr/Y source), itis 14 Gy
in vessels >2.7 mm and <3.35 mm, and 18 Gy in vessels
>3.35 mm and <4.0 mm; in the SMARTS trial, which is

SG Cariler, VIMA Coen, M Ssbaté et al

Figure 4

Pariel 1 shiows the lesion in the circumflex artery of a patient included in the
PREVENT trial in the authors' institution. After stent implantation {panel 2),
the helical balloon (panel o) used to maintain the **P wire in the center of
the lumen permits the preservation of distal perfusion (panel 3). Its size was
chosen using the IVUS stent diameter measured in panel © (3 mm), The
dwelling time of the source (seen in pane! 4} is calculated in order o give
16, 20 or 24 Gy at ¢ mm in the vessel wall. The size of the vessel is calcu-
lated as the average of the distal {pane! &) and oroximal (panel ¢} intravas-
cular ultrasound vessel size dimensians.

designed for small vessels (<2.75 mm), it is 12 Gy to a dis-
tance of 2 mm from a v-'*Ir source. In the ARTISTIC trial
investigating patients with in-stent restenosis, the same
mechanical delivery system of a '*Ir source as in ARREST
is used, but a dose of 12, 15 or 18 Gy is prescribed at 2
mm from the source. In the CURE study conducted with a
balloon filled with '"*Re, a dose of 13 Gy at 0.5 mm from
the surface of the balloon is prescribed.

Positive results are not obtained only when using IVUS.
The data of the Schneider/Boston Scientific f-intracoro-
nary irradiation dose-finding study very recently presented
by Verin at the European Congress of Cardiology
(Barcelona, August 1999) demonstrate that with 9-18 Gy
at 1 mm tissue depth, there was a significant dose-related
inhibitory effect on restenosis after PTCA and a beneficial
effect on remodeling. The delivery of 18 Gy at 1 mm tissue
depth resulted in a low overall restenosis rate of 8.3% and
an even lower rate of 4.3% in those patients treated with
balloon angioplasty and radiation alone. Measurements
were based on QCA. However, Russo et al have compared
the method of dosage using IVUS during the SCRIPPS trial
to a method based on an angiographic model and a fixed-
dose strategy.” From 119 IVUS pull-backs, the IVUS
method would give mean minimal and maximal adventi-
tial doses of 7.73+0.69 Gy and 25.81 +5.26 Gy, and
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In 1976, Anderson published the spacing nomo-
graph for 1, which was a rapid dose planning
method to facilitate interstitial brachytherapy of
the prostate [1]. Under this “dimension averaging”
technique [2], the three orthogonal lengths of the
prostate were measured operatively and averaged,
from which the total radioactive strength of the im-
plant was determined by a lookup table. The thera-
peutic dose was characterized by the matched pe-
ripheral dose (MPD) concept—a dose cloud having
the same volume as that of an ellipsoid constructed
from the three measured dimensions The lack of
technological sophistication, of course, reflected
the overall limitation of that era. However, the sim-
plicity of the method found ready acceptance in this
largely interventional procedure, even up to today.
During the course of the past 23 years, our under-
standing of clinical dosimetry for prostate brachy-
therapy has undergone fundamental changes. Sub-
optimal dose distribution due to technical limitatons
was identified as the possible cause of unfavorable
outcomes from the early series of open surgical im-
plants [3]. Transrectal ultrasound (TRUS) was used
to provide real-time visualization of the target vol-
ume in three dimensions [4], and was used to de-
velop quantitative dosimetric planning customized
to each patient [5]. Computed tomography was
used postoperatively to assess organ-specific dose-
volume histograms (DVH), which revealed that the
MPD was an unreliable indicator of dosimetric
quality {6]. Later, it was shown that the minimum
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peripheral dose was also an illusive parameter given
the inaccuracies in radiation source placement, and
that a dose to 90% of the target volume from the
DVH, Dgo, would be a more consistent parameter
for dose specification [7]. This conclusion was sup-
ported by a recent clinical study, which demon-
strated a clear dose response at 140 Gy for Doy [8].
Based on ongoing studies such as these, both the
American Association of Physicists in Medicine and
the American Brachytherapy Society recommended
reporting a handful of parameters obtainable from
the DVH as potentially significant indicators of
therapeutic effectiveness [9, 10].

As a case study in interventional radiotherapy,
this body of literature demonstrates the interesting
interplay between technological advancement and
clinical needs, It is the nature of brachytherapy to
accept rapid dose fall-off in the vicinity of the ra-
dioactive source. The actual dose delivered to a ra-
diation target is therefore not a single number, but
a range of values for different percentages of the
target volume. A dosimetric parameter based on
idealized geometries, such as the MPD, may not
correlate with any therapeutic outcome. On the
other hand, more complex characterization of the
dose distzibution, such as the DVH, requires serial
image acquisition, target identification, and com-
puterized dosimetry calculation, all customized to
each given patient. Wide availability of these tools
in tumn is expected to promote greater understanding
of dose response and radiation toxicity in a multi-in-
stitutional setting. In prostate brachytherapy, it may
be said that we have finally negotiated the leaming
curve and are ready to scale new heights.

In this context, it is particularly exciting to see
the paper by Carlier ¢t gl. [11] in this second issue
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of Cardiovascular Radiation Medicine. The authors
applied an electrocardiogram (ECG)-gated image
acquisition technique developed previeusly for in-
travascular ultrasound (IVUS) to control cardiac cy-
cle artifacts. Serial cross-sectional images were regis-
tered by means of constant-step pullback of IVUS as
controlled by the ECG trigger algorithm, which
also rejected premature beats. Analysis of the irradi-
ated segment was achieved using automated identi-
fication of the lumen-intima and the media-
adventitia boundaries. Based on this target-specific
information, the DVH was generated for the actual
radioactive source used in the study, and for simu-
lation of centered vs. noncentered irradiation from
both B and + sources. This picneering study dem-
onstrates the feasibility of IVUS-guided target-spe-
cific dosimetzy in intravascular brachytherapy at a
tire when reliable, detailed dosimetry information
is urgently needed to supplement the design and
analysis of clinical trials.

The current spectacular revival of prostate brachy-
therapy is due in large part to real-time TRUS guid-
ance. The growing emphasis on target-specific do-
simetry also motivated optimized inverse planning
of radiation delivery [12]. This technology enables
the clinician-user to define the dosimetric intent,
from which an optimized irradiation strategy is
generated automatically. The feasibility of using
this technology intraoperatively to perform real-
time planning has been demonstrated [13]. Whereas
Carlier et al. [11] recognized the lack of real-time
generation of dosimetry based on IVUS due to pro-
cessing speed, the challenge is likely to be met
soon. This era of accelerated growth of technology
has helped us shape the field of interventional ra-
diotherapy in many important ways.

As a case study in interventional radiotherapy,
intravascular brachytherapy and prostate brachy-
therapy have striking similarities: Both are amena-
ble to real-time ultrasound imaging. Uncertainty
exists in target movement and irregularity, and in
radiation source placement. The radiation dosime-
try is modified by the presence of calcification and
other tissue heterogeneities. There is a lack of con-
sensus understanding regarding the extent of the
target volume for irradiation. Finally, as in prostate
brachytherapy, there is some indication that a
dose—response exists, below which the effect of ra-
diation to prevent restenosis is diminished signifi-
cantly {14, 15], All these similarities point to the
importance of guantitative, volumetric dosimetry
analysis and reporting in the present context.

The DVH study reported by Carlier et al. [11] is
likely to be the first of a body of literature that, as
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in prostate brachytherapy, deepens our understand-
ing of this therapeutic modality. However, we are
now in a position to circumvent the learning curve
and proceed to new grounds.
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Purpose. We present in this paper the comparison, by simulation, of different treat-
ment strategies based either on B- or y-sources, both with and without a centering de-
vice. Ionizing radiation to prevent restenosis is an emerging modality in interven-
tional cardiclogy. Numerous clinical studies are presently being performed or planned,
but there is variability in dose prescription, and both ~- and B-emitters are used, lead-
ing to & wide range of possible dose distributions over the arterial vessel wall. This
paper discusses the potential merits of dose-volume histograms (DVH) based on three-
dimensional {3-D) reconstruction of electrocardiogram (ECG)-gated intravascular ultra-
sound (IVUS) to compare brachytherapy treatment strategies.

Materials and Methods. DVH describe the cumulative distribution of dose over three
specific volumes: (1) at the level of the luminal surface, a2 volume was defined with a
thickness of (.1 mun from the automatically detected contour of the highly echogenic
blood-vessel interface; (2} at the level of the IVUS echogenic media-adventitia interface
(external elastic lamina [EEL]}, an adventitial volume was computed considering a
0.5-mum thickness from EEL; and (3) the volume encompassed between the luminal
surface and the EEL {plaque + media). The IVUS data used were recorded in 23 of 31
patients during the Beta Energy Restenosis Trial {BERT) conducted in our institution.
Results. On average, the minimal dose in 0% of the adventitial volume was 37 = 16%
of the prescribed dose; the minimal dose in 90% of the plaque + media volume was 58 =
24% and of the luminal surface volume was 67 + 31%. The minimal dose in the 10%
most exposed luminal surface volume was 296 = 42%. Simulations of the use of a
wy~eraitter and/or a radioactive source train centered in the lumen are reported, with a
comparison of the homogeneity of the dose distribution.

Conclusions. It is possible to derive DVH from IVUS, to ¢valuate the dose delivered to
different parts of the coronary wall. This process should improve our understanding of
the mechanisms of action of brachytherapy. © 1999 Elsevier Science Inc.

Keywords: Brachytherapy; Restenosis; Vascular; Intravascular ultrasound (IVUS); Dosimetry.
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only revascularization procedure available up to 1977
was bypass surgery. Percutaneous transluminal coro-
nary angioplasty (PTCA) introduced by Andreas
Grimtzig [2] profoundly modified our therapeutic ar-
senal with a minimally invasive alternative. Presently,
interventional cardiology consists of several tech-
niques to cut, drill, scrape, burn, and otherwise re-
move atherosclerotic plaque [2]. With more than one
million interventions undertaken per year worldwide,
angioplasty is now a comerstone therapy for coronary
artery diseases. However, despite a high acute proce-
dural success rate, the long-term benefit is hindered
by the phenomenon of restenosis. Mechanisms in-
volved in the restenosis pzocess are the elastic recoil of
the artery, local thrombus formation, vascular remod-
eling with shrinkage of the vessel, and exuberant
healing process with neointimal cellular proliferation
and matrix synthesis [3-5]. Stent implantation mini-
mizes elastic recoil and remodeling of vessels, and
carefully controlled and randomized clinical trials
have demonstrated a significant decrease in the rate
of restenosis [6-8]. However, stents increase the pro-
liferative response of tissue to the intervention and,
depending on the type of lesions treated, a significant
restenosis rate of 15-50% rernains the key limitation
of transcatheter procedures. Restenosis is the subject
of numercus investigations to further improve appli-
cability and cost-effectiveness of angioplasty and to
reduce the need of reinterventions. Virtually all at-
tempts to limit restenosis with systemic drugs have
failed, with the recent exceptions of abciximab,
probucol, and cilostazol [9-11].

Some investigators have considered restenosis as
an accentuation of the wound healing process asso-
ciated with the trauma of angioplasty, and because
radiotherapy had proved effective for the treatrnent
of keloid formation and other nonmalignant dis-
cases, radiation therapy for intravascular applica-
tion: was attempted. The therapy was introduced by
Friedman et ai. [12] early in 1964, for the preven-
tion of atherosclerosis, and subsequent animal ex-
periments demonstrated a reduction of intimal hy-
perplasia  following endovascular irradiation.
Waksman [13] has recently reviewed these early
studies. Three clinical studies have been reported
that confirmed a significant reduction in the rest-
enosis rate using additional brachytherapy [14-16).

Currently, the vascular brachytherapy devices
available for clinical trials are radioactive stents and
catheter-based systems using a radioactive wire ad-
vanced with an afterloader, or radiocactive seeds
delivered with a hydraulic delivery system. Other
systems based on radivactive balloons are in devej-
opment. There is variability in the dose prescrip-
tion, and both v- and B-emitters are used. These
variations lead to a wide range of dose distributions
over the arterial vessel wall requiring a careful inter-

pretation and comparison of the results of the on-
going studies. The typical dose prescription distance
in the coronary arteries is in the range of 2 mm from
the source axis. Because of the steep dose fall-off,
particularty for p-emitters, accurate dosimetry re-
quires precise knowledge of geometry.

In this paper, we describe a dosimetry evaluation
tool for coronary brachytherapy based on three-
dimensional (3-D) reconstruction of electrocardio-
gram (ECG)-gated intravascular ultrasound (IVUS)
images. IVUS was developed to overcome the limita-
tions of x-ray angiography. Its methodology and clin-
ical applications have been reviewed extensively [17].
IVUS, by its tomographic approach, provides a mean
for the evaluation of both lumen and vessel wall
morphology. Assuming that the catheter containing
the radicactive source is lying in the same position
as the IVUS catheter, it is possible to measure the dis-
tance from the source to any vascular structure in
one c¢ross-sectional image, and to construct isodose
plots. IVUS recordings can be performed with a con-
stant speed motorized pull-back device (e.g., 0.5
mrn/s), which permits the evaluation of the length
of a stenosis. Recently, 3-D image reconstruction
and analysis systems have been introduced that can
be used for complete quantitative analysis of IVUS
images [18-21]. However, image artifacts that result
from cyclic changes in coronary dimensions and
from the movement of the IVUS catheter in the arte-
rial lumen Iimit the accuracy of the 3-D boundary
detection systems [22]. This problem led to the de-
velopment of a new approach in our institution. To
limit cyclic movement artifacts, we use an ECG-
gated image acquisition workstation that controls 2
dedicated puli-back device. Feasibility, reproducibil-
ity, and improvement in the quantitative parameters
analyzed have been reported recently [23, 24]. The
complete 3-D data set of the coordinates of the auto-
matically detected lumen corresponding to the
highly echogenic blood-vessel interface, and of the
echogenic media-adventitia interface can be used
for dosimetry evaluation.

Dose-volume histograms (DVH) are used every-
day in radiotherapy to condense the large body of
inforrnation of the complete 3-D dose distribution
data into a plot graphically summarizing the radia-
tion distribution throughout the target volume and
the anatomical structures of interest [25, 26]. We
have recently reported preliminary data on the
methodology to compute DVH for coronary
brachytherapy from 3-D IVUS data [27].

Material and Methods

Study population
We used the IVUS data acquired dunng the Beta
Energy Restenosis Trial conducted in our instita-
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tion (BERT 1.5 arm). Thirty-one patients were en-
rolled. We report the data of the 23 patients who
had an ECG-triggered pull-back available before a
stent implantation (18 men, 5 women, mean age:
58 x § years). All were in sinus rhythm. The Medical
Ethics Committee of our institution approved the
study and all patients signed a written informed
consent form. Before catheterization, the patients re-
ceived 250 mg aspirin and 10,000 TU heparine
pazenterally. If the duration of the intervention ex-
ceeded 1 A, the activated clotting time was measured
and intravenous heparin was used to maintain an
activated clotting time >300 s. The coronary seg-
ments examined were the right (7 = 7) and left (n =
10) anterior descending coronary arteries, arzd the
left circumflex coronary artery (n = 6).

Interventional procedure and BERT 1.5 trial

The BERT 1.5 trial was the European arm of a feasibil-
ity study of coronary radiation therapy with a *5r/Y
source delivered by a hydraulic system (Beta-Cath™
System, Novoste Corp., Norcross, GA) [16]. All pa-
tients had a singie de novo coronary stenoctic lesion
>60% with a maximal length of 15 mm and a refer-
ence vessel diameter of 2.5-3.5 mm. After successful
PTCA, gradiation using 2 5 Fr (~1.6 mm) over-the-
wire tripie-lJumen delivery catheter was performed,
The catheter has one open lumen and two closed lu-
mens. The open lumen allows for advancement of
the device over a 0.014-inch guide wire, and position-
ing at the site of the PTCA (Fig. 1). One of the closed
lumens permits the hydraulic advancement of the ra-
diation source train (12 independent cylindrical
sealed ?OSt/Y sources, total length 30 mm) to the le-
sion site. This advancement is performed manually,
with a saline-filied syringe connected to the delivery
system, The other closed lumen, in communication
with the first one at the tip of the delivery catheter,

SRR Rt

permits the opposite fluid flow direction at the end of
the irradiation time (~3 min) for the retrieval of the
sources into the back in the shielded transfer device.
A randomized dose of either 12, 14, or 16 Gy was pre-
scribed at a distance of 2 mm from the source axis.

IVUS image acquisition

IVUS was performed prior to the insertion of the ra-
diation delivery catheter. Intracoronary nitrates were
administered before the coronary segments were ex-
amined. The ClearView™ (CardioVascular Imaging
Systern [CVIS], Sunnyvale, CA) was used with IVUS
catheter incorporating 2 30-MHz single-element ro-
tating transducer in a 2.9 Fr sheath (~1 mm). The
ECG-gated image digitization system {EchoScan,
TomTec, Munich, Germany) received the video sig-
nal input from the IVUS console, and the ECG signal
from the patient. This system steered the ECG-gated
stepping pull-back device by increments of 0.2 mm.
Images were acquired at end-diastole for heart cycles
falling within: a predetermined range (C.125 s) around
the heart rate of the patient. Premature beats and
RR-intervals outside this range were excluded and
the IVUS catheter remained at the same site. By ex-
perience, we have noticed that with these settings,
on average 10-15% of the RR intervals are rejected,
and that for a heart rate of 60 beats/min, on average,
the pull-back speed is 1 cm/min.

Image analysis system

A contour detection program developed in our labo-
ratory [28] was used for the automated 3-D analysis
of the IVUS images corresponding to the irradiated
segment. Two longitudinal sections {corresponding
to the A and B lines on the [VUS cross-section in
Fig. 2) were constructed from the data set. The con-
tours of the lumen-intima (internal contour on Fig.
2, lower left panel) and the media~-adventitia {ex-

Figure 1. Angiograms of one patient included in the Beta Energy Restenosis Trial (BERT), (A) The initial lesion in the mid-portion of
the left anterior descending artery at a bifurcation point with a diagonal and a septal side-branches is indicated by an azrow. (B) The
angiogram after successful percutaneous transluminal coronary angioplasty (PTCA), (C) The wiple-lumen delivery catheter advanced to
the angloplasty site. The sealed radicactive cylinders (total length 30 mm) will be botween the two gold markers (small arrows).
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Figure 2. The three-dimensional intravascular ultrasound (IVUS) data set: the bottom left panel demonstrates an IVUS cross-section
image, with the catheter in the center, surrounded by bloed. The catheter is against the lumen wall at 2 o'clock. The first detected con-
tour that corresponds to the blood-vessel wall interface is highlighted. The sccond highlighted contour, more externally, corresponds
to the mediz-adventitia interface, which encompasses the residual plague lying between 11 and 4 o'clock, Lines A and B correspond to
the cutting planes of the corresponding longitudinal views on the right pancl, The isodoses of 32 and 16 Gy are superimposed on the
longitadinal views and on the TVUS cross-section of the upper left panel,

ternal contour on Fig. 2) boundaries were identified
using a minimum-cost-based analysis algorithm.
These longitudinal contours were used to guide au-
tomated contour detection in every planar cross-
sectional image. Scroiling through the entire data
set is possible in this Windows™-based program,
for manual corrections of the contours. From these
tracings, the total vessel area (encompassing the
media—adventitia border) and the lumen area were
determined for each c¢ross-section. The residual
plague burden (%) on each cross-section was calcu-
lated as total vessel area minus lumen area divided
by the total vessel area.

bve

Selection of the IVUS segment matching the irradi-
ated site was based on anatomical landmarks lying
next to the treated segment (side branches, bifurca-
tions, efc.). For example, the diagonal artery seen
on the angiogram of Fig. 1 is marked with an arrow
on the longitudinal IVUS pull-back of Fig. 2 (right
panel). The coordinate of the center of the IVUS
catheter was used as a reference, and was consid-
ered at the same location as the center of the radia-
tion train. This assumption is probably violated
when looking at the differences in size of the IVUS
and delivery catheters (2.9 vs 5 Fr), but it has to be
kept in mind that the source does not occupy the
center of the delivery catheter, and that no easy
correction might be applied. The radii of the lumen
and the media—adventitia contours were calculated
in 24 pie-slices (15%), in 21l the cross-sections corre-
sponding to the irradiated site (30-mm length of
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the train scurce). The number of required slices was
a function of their thickness, which was cn average
0.2 mm.

DVH describe the cumulative distribution of dose
over a specific volume, and summarize the dosime-
try that would otherwise have to be interpreted
from nurmerous IVUS cross-sections with superim-
posed isodoses plotted (Fig. 2, upper left panel).
Three volumes have been studied: the first one at
the level of the luminal surface is arbitrarily defined
with a thickness of 0.1 mm from the automatically
detected lumen contour. The second volume, de-
fining the adventitia volume, is computed consid-
ering a thickness of 0.5 mm from the second con-
tour detected, comesponding to the echogenic
media-adventitia interface. The third volume, cor-
responding to the plaque and media structures, is
encompassed between the two detected contours.
The dose distribution over the total vessel wall was
calculated with 0.1 mom spatial resolution. The
DVH provided a tool for reporting the actual deliv-
ered dose in different arterial structures, or to detect
excessive radiation at the luminal level. From the
complete 3-D IVUS data set, simulations of DVH of
alternative brachytherapy strategies such as the use
of a v-emitter or a centered radioactive source were
tested. To compute the isodoses and the DVH for
the Novoste system, we used the dose distribution
and dose rate around the source train as provided
by the manufacturer in the user manual. Calibration
was performed at the National Institute of Stan-
dards Technology, using both an extrapolation
chamber and GafChromic Dosimetry media. For the
y-source, data were derived from Amols et al. {29].
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Results

No complications related to the brachytherapy and
IVUS procedures were seen. Figure 1 demonstrates a
typical procedure on a lesion situated in the mid-
portiorn: of the left anterior descending coronary ar-
tery, at the level of the emergence of a septal and a
diagonal side branch. These anatomical Jandmarks
observed on the angiograms were used for position-
ing both the IVUS catheter and the irradiation de-
vice at the site of the lesion. The angiogram after
PTCA is shown in Fig. 1B. The corresponding ECG-
triggered IVUS pull-back performed at that time is
illustrated in Fig. 2. The position of the side-branch
is clearly seen on the mid-portion of the longitudi-
nal view {* and arrow in right panel of Fig. 2). After
withdrawal of the IVUS catheter, the brachytherapy
delivery catheter was positioned at the PTCA site,
using its two radio-opaque gold markers as land-
mark (Fig. 1C}.

Of the 31 patients included in the BERT 1.5, a to-
tal of 7 required stent implantation. In 3 of these
patients, the IVUS was performed before stenting.
Absence of an ECG-triggered puil-back or technical
problems limited the total number of analyzable
patients without a stent to 23. Quantitative IVUS
data analysis of these 23 patients demonstrated a
mean lumen area of 7.7 = 3.0 mm? (~150 cross-sec-
tions per patient). The mean vessel area was 14.8 =
3.9 mm?® and the residual plaque area was 7.1 + 1.6
mm?, corresponding to a residual plaque burden of
49 £ 8%. For each patient, the minimal, mean and
maximal distance {~radius r} between the center of
the IVUS catheter and the lumen or the media—ad-
ventitia interface were computed along the com-
plete pull-back. The minimal r was 0.51 = 0.02
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mm, the mean rwas 1.42 = 0.25 mm, and the max-
imal r was 3.36 = 0.70 mm. For the vessel (media—
adventitia interface} minimal r was (.88 * 0.17
mm, mean 7 was 2,07 £ 0.25 mm, and maximal r
was 3.80 x 0.63 mm. Computer simulation of the
placement of the IVUS catheter in the center of the
lumen in each cross-section of the pull-back dem-
onstzated a significant increase of minimal r (p <
0.0001): 0.67 = 0.17 mm and 1.23 £ 0.25 mm, re-
spectively, for the lumen and the vessel. In paraliel,
there was a significant decrease of maximal r {p <
0.0001): 2.46 = 0.42 mm and 3.41 = 0.41 mm, re-
spectively, for the lumen and the vessel.

On the longitudinal view (right panel) of the
IVUS puli-back in Fig. 2, and on one cross-section
(upper left panel), the isodoses corresponding to 8,
16, and 32 Gy are superimposed. The derived DVH
for this patient for the luminal surface and adventi-
tial volumes are plotted on Fig. 3. The minimal
dose in 90% (DV90ady) of the predefined adventi-
tial volurne was 479% (this corresponds to the x-axis
value of the DVH plot with the y-axis value = 90%).
Among the 23 patients, the average DV90adv was
37 = 16% of the prescribed dose and the minimal
dose in 90% (DV90urm) of the luminal surface vol-
ume was 67 = 31% of the prescribed dose, and was
58 = 24% in 90% of the plaque + media volume.
The average minimal dose in the upper 10%
(DV10adv) of the adventitial volume exposed to the
highest dose (the x-axis value of the y-axis value
10%) was 133 = 19% of the prescribed dose. For the
luminal surface volume, DV10ium was 296 = 42%,
Figure 3 summarizes these data with a plot of the
mean = SD of DV95, DV90, DV75, DV30, DVZS5,
DV10, and DVO3 for the luminal surface and the

3 4 5 G

dose/prescribed dose

Figure 3. Example of integral dose-volume histogramss (DVH) at the level of the luminal surface and adventitial volumes of the patient
iliustrated in Figures 1 and 2, representing the fractgion of volume (y-axis, % volume) receiving greater than or equal to a specific relative
dose (x-axis, dose/dose preseribed). For this patient, the minimal dose in 90% of the adventitial volume (DV%)ady) was 47% of the pre-
scribed dose, The superimposed plots with the error bars carrespond to the average among the 23 investigated patients of the DV93,
DV9o, DV75, DV50, DV2S, DV1C, and DVOS of the predefined luminal surface and adventitial volarnes.
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Table 1. Summary of the computer simulations of the use of & B- or a y-source {with the same dose prescribed at 2 mm from the center

of the catheter) or a centering device

Noncentered Centered
DV9) Dv10 DVID Dvig
B
Lum. 0.67 = 0.31*% 2.96 = 0.42*} 1,06 = 0.31 2.03 = 0,49+
P+ M. 0.58 = 0.24*% 2.16 * 0.32"+ 0.73 % 0.20% 1.66 = 0.35%
Adv, 0,37 = 0.16"F 1.33 £ 0.19"t .49 = Q.14 1.05 = 0.20
oy
Lum, 0.7% + 0.21* 2.34 + Q.31" 1.05 = 0.21 1.70=0.32
P+ M. 0.72 * 0.17* 1.78 = 0.21* 0.83 £013 1.48 = 0.23
Adv. 0.58 + 0,32 1.24 = Q.13 G.67 = 0.0% 1.05 =013

DV90 = relative minimal dose {dose/dose prescribed} of $0% of the predefined Iuminal surface (lum. thickness = 0.1 mm), adventitial
{adv. thickness = 0.5 mm), and plaque + media (P + M = between luminal and external elastic lamina contours) volumes. Means = 5D
for the 22 available electrocardiogram-triggered pull-backs performed during the Beta Energy Restenosis Trial (BERT) 1.5, Means were

compared by paired t-test.

*p < 0.0001, centered vs. noncentered radiation catheter; 1p < 0.0001, B- vs y=source,

adventitial volumes. By randomization, the actual
doses administered were 12 Gy in 8 patients, 14 Gy
in 6 patients, and 16 Gy in 9 patients. Plots of rela-
tive dose (dose/dose prescribed) allow the pooling
of data from patients who received different ran-
domized doses.

The simulations (assuming that the source was
centered in the lumen and/or the use of a y-source
["*1x]), with the same dose prescribed at 2 mm from
the catheter as in the BERT protocel, are summa-
rized in Table 1. A direct comparison of the homo-
geneity of the absorbed dose or of the high dose ab-
sorbed by the upper 10% of the luminal surface and
adventitial volumes is possible. Figure 4 illustrates
the improvement of the hornogeneity of the dose
distribution for the case of Figs. 1-3 when simulat-
ing 2 source situated in the center of the lumen.
Figure § illustrates similar improvement of the ho-
mogeneity when considering a y-source. Optimally,

100

DVH should demonstrate a right step at the dose
prescribed (x-axis = 1).

Discussion and Conclusion

Restenosis rates of 15-50% after percutaneous an-
gioplasty procedures are the major hindrance to the
success of transcatheter therapies. Supported by en-
couraging results obtained in animal models of cor-
onary restenosis [13], several clinical trials of vas-
cular brachytherapy have been designed, but with
different systems and isotopes [30]. The discussion
below focuses on the catheter-based device like
the one used in this work. Dosimetry for radic-
active stents has been described recently by Janicki
et al. [31].

In the ongoing clinical trials, there is variability
in the dose prescribed; the target site for the dose
prescription, and both y- and B-emitters are used.
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Figurc 4. lllustration of the beneficial effect of a centering device on the homogeneity of the dose disiribution for the same patlent as in
Figures 1-3. The dose-volume histograms (OVH} were recalculated simulating the irmdiation souzce (031/Y) lying in the center of the lumen.
The BVH curves for the centered posidon (Lumen ¢. and Adventitia ¢.) are steeper, with a DV10 for the lumen decreasing from 2.9 to 1.8,
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Figure 5. Nlustration of the improvernent of the dose homogeneity for the same patient as in Figures 1-3, simulating the use of a
y-source for which the same dose would have been prescribed at 2 mm from the center of the catheter (noncentered situation). The
DVH curves for the y-source (Lumen G and Adventitia G) are steeper, with a DV10 for the lumen decreasing from 2.9 to 2.3,

The consequence is a wide range of possible dose
distributions over the arterial vessel wall requiring a
careful interpretation and comparison of the results
of these studies. The typical dose prescription dis-
tance in the coronary arteries is in the range of 2
mm. As the dose fall-off at this close vicinity is
steep, particularly for B-emitters, accurate dosime-
try requires knowledge of the exact geometry,
which can be only partly assessed by coronary an-
giography.

Among the four published clinical brachytherapy
studies today, Condado et al. [14] used a manual af-
terloader, noncentered, in 22 lesions, with a %2t y-
source. The doses were prescribed at 1.5 mm (single
dosesof 18 Gy, n=1;20Gy, n=11; 25 Gy, n=9)
and only angiographic assessment was used. Al-
though reported as positive, an unexplained early
reduction of the minimal lumen diameter of 0.45
mm on average after only 24 h might have blurred
the real efficacy of the applied radiotherapy in
these patients [32] who presented no additional
loss in minimal lumen diameter at the 6 months
follow-up. However, doses of up to 92.5 Gy could
have been delivered to the lumen wall because of
the noncentered device. This maximum dose may
well be over the vascular tolerance limits [32]. This
finding could partly explain the observation that
two patients experienced early total vessel occlu-
sion, and four others developed a pseudoaneurysm
at 2 years follow-up. In Geneva, Verin ef al. [33] de-
veloped a mean for p-irradiation in human coro-
nary arteries using a radicactive wire °°Y) in a cen-
tering balleon device, The dose prescribed was 18
Gy at the surface of the balloon corresponding to
the vessel luminal surface. No IVUS was performed.
The findings were disappointing, with a restenosis

rate of 40% among the 15 patients studied. A retro-
spective analysis of the dose prescribed in the vessel
wall revealed that at a depth of 2 mm, the dose was
only ~2.7 Gy, probably below the nominal effec-
tive dose against the proliferating cells involved in
the post-angioplasty restenosis process [34]. The
only placebo-controlied study of coronary brachy-
therapy published to date demounstrated a substan-
tial reduction of the restenosis rate (17% vs 34%)
among 55 patients presenting with in-stent rest-
enosis [15]. A sealed P2Ir y-source in a noncentered
catheter was used. The dosimetry was calculated,
based on IVUS measurements, to be in the range of
8-30 Gy. Finally, King et al, {16] recently reported a
restenosis rate of 13% and a late loss index of 4%
for the American arm of the BERT, using the same
hydraulic delivery system as the one we used in this
study.

IVUS was developed to overcome the limitations
of x-1ay angiography, which portrays only ovetlap-
ping shadows of the lumen of the coronary arteries
(turninogram} {33]. In the field of vascular radiation
therapy it is important to characterize precisely the
dose prescribed in the vessel wall. [VUS imaging, by
its angiotomographic nature, can be used to evalu-
ate both lumen and vessel wall morphology. The
results of our preliminary investigation, using the
complete 3-D information available from carefully
recorded ECG-triggered IVUS pull-back, demon-
strate the potential applications for dosimetry and
the possibilities for the evaluation of doses in spe-
cific target volumes of the vessel wall. DVH appear
to be a valuable tool and summarize, in a graphic
form, the large amount of information included in
the dose distribution of the complete 3-D IVUS data
sets. DVH cannot be used alone because of the lack
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of information regarding the spatiality of the dose
distribution: [25]. For the spatiality, two-dimen-
sional isodose displays, such as in Fig. 2, superim-
posed on IVUS images will stil! be required for the
guidance of a vascular irradiation plan. In our
study, there was no dizrect guidance of the brachy-
therapy with IVUS because of the nature of this
trial, which was a feasibility study in which the pre-
scribed dose was predetermined. However, the data
set comstitutes a preliminary database for the assess-
ment of several radiation strategies, as illustrated in
Table 1. The homogeneity of the dose distribution
might be estimated by the difference between the
DV10 and the DV90. Ideally, a DVH should demon-
strate a steep curve around the desired prescribed
dose. Flattening reflects that some regions are un-
derexposed, whereas others are overexposed, Poten-
tial advantages of a centering device for a R-source,
as iflustrated in Table I and Figs. 4 and 5, are that
the DV90 increases for the [uminal (1.06 = 0.31 vs
0.67 = 0.31, p < 0.0001 by paired t- test), the adven-
titial {0.49 + 0.14 vs 0.37 = 0.16, p < 0.0001) and
the plaque + media {0.73 £ 0.20vs 0.58 + 0.24, p <
0.0001) volumes. In parallel, DV10 decreases for
the luminai (2.03 = 049 vs 296 & 042, p <
0.0001), the adventitial {1.05 = 0.20vs 1.33 = (.19,
p < 0.0001) and the plaque + media (1.66 = 0.35vs
2.16 = 0.32, p < 0.0001) volumes. As a conse-
quence, the homogeneity, which can be expressed
as DV1G — DV9Q, is immproved for the lumen (0.97
vs 2.29), the adventitia (0.56 vs 0.96), and the
plague + media (0.93 vs 1.58, respectively, for a
centered and a noncentered delivery system). How-
ever, only one number, such as DV10 — DV90, can-
not summarize a complete DVH curve. The com-
plete shape of the curve, as presented in the figures,
is important. Several other parameters have been
proposed [36, 37], but no definitive one has
emerged as a gold-standard to assess the dose ho-
mogeneity. Looking at the slope of the DVH, for ex-
ample, is a proposed alternative, but the slope will
vary with the interval chosen to compute it, The
DVH presented in this study are cumulative plots:
this integral format shows the fraction of volume
receiving greater than or equal to a specific dose.
Another format is the differential DVH constructed
by dividing the range of dose values intc equal in-
tervals and accumulating partial volumes in those
bins according to their dose values, Plots of dose—
volume distributions have alsc been proposed [38].
Qur definjtion of the thickness of the luminal and
adventitial volumes is arbitrary. The intima is
formed only by a superficial layer of endothelial
cells and a thin subendothelial layer of connective
tissue. Its thickness increases with age and reaches
250 pn at 40 years, Diffuse thickening is common
in older patients, even without atherosclerosis. The

adventitia is composed of loose collagen and elastic
tissue, which merge with the periadventitial tissue.
The normal thickness of the adventitia is 300-500
pwm {17], However, we evaluated these DVH for an-
other thickness (0.2 mm) and the results are in
close agreement with the data presented in Table 1
{J.P.A. Marijnissen ¢t al., personal communication}.
The differences found with the simulations of the
use of a y-emitter or a radioactive source train cen-
tered in the lumen are also present for the plague +
media volume for which no arbitrary choice has
been made.

On average, in the conditions of our study,
whereas only 10% of the advential volume were ex-
posed to 2 minimal dose 1.33 times the prescribed
dose, 10% of the luminal surface volume absorbed
at least 2,96 times the prescribed dose, For a pre-
scribed dose of 16 Gy, this correspends to an actual
dose of 47.2 Gy, which may well be above the rec
ognized vascular tolerance limit, The simulations in
Table 1 demonstrate that the use of a device to
maintain the scurce in the center of the arterial lu-
men would decrease this overexposure, which has
potential deleterious effect such as the develop-
ment of an aneurysm. With centering, the upper
10% of the luminal surface volume is exposed to a
reduced minimal relative dose of 2. Following our
results, the best strategy could be the use of a cen-
tered y-source: the minimal relative dose would
then be reduced to 1.7 for the upper 10% of the ku-
minal surface volume. No clinical data presently
support these potential advantages, and to our
knowledge, no trial is planned to address this issue,
Nevertheless, v-sources have other drawbacks, at
the radioprotection level, for example, because
these more penetrating radiations require stringent
shielding precautions [39]. These radiation safety
issues may be improved if lower energy gamma
sources can be manufactured.

There is an interindividual variability related to
the geometry of the lesion and the morphology of
different coronary arteries, as demonstrated by the
rather large standard deviations in Table 1. The
choice of the brachytherapy modality (centering
device of not, B- vs v-) cannot be only guided from
DVE, but must integrate all the information avail-
able from the angiogram and the 3-D IVUS pull-
back (such as morphology of the lesion, length, ec-
centricity of the plague). Potentially, catheters
combining IVUS and asymmetric scurces might be
helpful in the guidance of a radiation treatment for
eccentric lesions. Such a device with a C-shape
shielding screen around a radicactive wire has been
described recently [40].

Another limitation of our approach is that we re-
constructed an artificially straight coronary seg-
ment. However, this limitation might be overcome
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by image fusion of biplane angiography and IVUS,
as developed in our center, to assess the true 3-D
geometry of coronary vessels {41]. Presently, we
also do not implement different dose fall-off char-
acteristics in function of the type of plaque seen (fi-
bro-fatty, calcified, etc.). Although there are proba-
bly differences, no data are available.

One major assumption made in this work was to
consider that the IVUS and delivery catheters were
lying in the same position in the treated coronary
segment. It is important to realize first that because
the size of the IVUS catheter is smaller (2.9 Fr~ = 1
mm in diameter) than the brachytherapy device we
used (S Fr ~ = 1.6 mm), it lies in a more eccentric
position in the coronary lumen. However, no easy
correction can be applied because the channel
source in the delivery device is not in the center of
the catheter. The real average DV10fum in our pa-
tients is thus in the range 2.03-2.96 given in Table
1. Moreover, even with the use of radiotherapy and
IVUS catheters of the same size, it is not certain
that when advanced sequentially in the arterial iu-
men, they will occupy the same position. Although
they shouid be on the shortest 3-D path in the lu-
men, cotonary arteries have a complex curved ge-
ometry in space, and are partially deformed by the
catheter Jying in their lumen. Thus, catheters with
differing rigidity will occupy different positions. Fi-
nally, it is important to understand that the posi-
tion of a catheter inside the arterial lumen is not
fixed and varics zlong the cardiac cycle because of
ventricular contractions. These methodological
limitations couid be partially evercome with exist-
ing imaging wires, which could be introduced in
the lumemn of the irradiation delivery catheter itself.
Presently, another limijtation we face in our cathe-
terization laboratory is that DVH are not obtained
orrline, Further implementations with faster pro-
cessing of the 3-D IVUS data set for optimal auto-
matic coniour detection are under study.

In conclusion, we think that the body of addi-
tional information available from IVUS and derived
dosimetry parameters such as DVH should improve
our understanding of the mechanisms of action of
brachytherapy and be helpful for the comparison
of trials based on different dosimetry strategies. In
our center, we systematically assess the lesions
treated by vascular radiation therapy by IVUS.
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Residual Plaque Burden, Delivered Dose, and Tissue
Composition Predict 6-Month Qutcome After Balloon
Angioplasty and -Radiation Therapy

Manel Sabaté, MD; Johannes P.A. Marijnissen, PhD; Stéphane G. Carlier, MD;
L. Patrick Kay, MBChB; Willem J. van der Giessen, MD, PhD; Veronique L.M.A. Coen, MD;
Jurgen M.R. Ligthart, BSc; Eric Boersma, PhD; Marce A. Costa, MD;
Peter C. Levendag, MD, PhD; Patrick W. Serruys, MD, PhD

Background—Inhomogeneity of dose distribution and anatomic aspects of the atherosclerotic plague may influence the
outcome of irradiated lesions after balloon angioplasty (BA). We cvaluzted the infloence of delivered dosc and
morphological characteristics of coronary stenoscs treated with S-radiation after BA.

Methods and Results—Eighteen consecutive patients treated according to the Beta Encrgy Restenosis Trial 1.5 were
included in the study. The site of angioplasty was irradiated with the use of a B-cmitting *St/*Y source, With the side
branches used as anatomic landmarks, the irradiated arca was identified and volumetric assessment was performed by
3D intracoronary ultrasound imaging afier treatment and at 6 moaths. The type of tissue, the presence of dissection, and
the vessel volumes were assessed every 2 mm within the irradiated area. The minimal dose absorbed by 90% of the
adventitial volume (D,ppAdv) was calculated in cach 2-mm segment. Diffuse calcified subsegments and those containing
side branches were excluded. Two hundred six coronary subscgmeats were studied. Of those, 55 were defined as soft,
129 as hard, and 22 as normal/intimal thickening. Plaque volume showed less inercase in hard segments as compared
with soft and normal/intimal thickening segments (P<<0.0001), D sAdv was associated with plaque volume at follow-up
after a polynomial equation with linear and nonlincar components (r=0.71; P=0.0001). The multivariate regression
analysis identified the independent predictors of the plague volume at follow-up: plague volume afier treatment,

D.goAdv, and type of plague.

Cenclusions—Residual plague burden, delivered dose, and tissuc composition play a fundamentz] role in the volumetric
outcome at G6-month follow-up after B-radiztion therapy and BA. (Circulation. 2000;101:2472-2477.)

Key Words: balloon m angioplasty m radioisotopes m ultrasonics w restenosis

ndovascular radiation therapy is a promising new tech-

rique aimed at preventing restenosis after percutancous
coronary intervention.!-? Although its effcctiveness has been
proven in the treatment of in-stent restenosis,* the value of
intracoronary iradiation in de nove coronary lesions remains
1o be established. Radiation delivered to the coronary artery
by means of catheter-based systems can use both y- and
B-emitters.S Long-term results after treatment may be influ-
enced by absolute dosc and by the homogencity in dose
distribution. S-Emitters demonstrate a more rapid dosc fall-
off than ~-emitiers because of the short range of clectrons.®
This feature may lead to a less homogeneous dose distribu-
tion when trealing coronary segments with variable degrees
of curvature, tapering, remodeling, and plaque extent. The
usc of dose-volume histograms allows one to evaluate the
cumulative dose reecived by a certain specified tissae vol-

ume? and has been recently implemented in the field of
intraceronary brachytherapy as a tool for dosimetry.® Aims of
the study were (1) to determine, by the use of dose-vohume
histograms, the dosc distdbution of the B-emimer *Se™Y
along the coronary irradiated scgment when delivered by a
noncentered device, (2) to establish the dosc that couid
be predictive of efficacy in intracoronary brachytherapy, and
(3) to determine the intravascular altrasound (TVUS) predic-
tors of the plaque volume at 6-month foliow-up of coronary
scgments treated with balloon angioplasty (BA) fellowed by
B-radiation therapy.

Methods

Patient Selection
Eighteen consecutive paticats with single de.novo coronary stenosis
successfully treated with BA, followed by intracoronary B-radiation
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Figure 1. Longitudinal recanstruction and volumetric calcuiations (charts) of iradiated coronary segments after freatment (A and A’)

and at 6-month follow-up (8 and B

therapy were includeé in the stady. Patients receiving a steat were
excluded from the analysis. B-Radiation was delivered according to
the Beta Energy Restenosis Trial 1.5, The isotope selected was the
purc B-emitting *Sp/™Y, ond paticats were randomly assigned 1©
receive 12, 14, or 16 Gy at 2 mm from the source axis. The inclusion
and exclusion criteria of this trial have been previously reported.?
The delivery of the radistion was performed by the use of the
Beta-Cath System (Novoste Corp).2® The radiation source train of
this system consists of a scries of 12 independent 2.5-mm-long
cylindrical seeds that contain the ®St/™Y sources and is bordered by
2 gold radiopague markers at distal and proximsl parts scparated by
30 mm, ¢

IVUS Analysis

The treated coronary segment was cvaluated by means of 3D IVUS
imaging, whick allowed volumetric caleulations of the irradiated
arez. The selection of the area of intercst has beem reported
clsewhere,!? In brief, a few steps were followed: First, an angiogram
was performed after positioning the delivery catheter and the relation
between anatomic landmarks and the 2 gold markers were decu-
mented. The anatomic landrark closest to cither of the gold markers
was used as areference point. This angiographic reference point was
identificd during a contrast injection with the IVUS imaging clement
at the same position as the gold marker of the source. The image
frem the IVUS imaging clement was recorded and the reference
point identificd, During the subsequent puliback, this reference point
was recognized and used for sclecting the area subject to the
apalysis: 30 mm for the irradiated scgment.’? The system used for
imaging was 2 mechanical IVUS system (ClearView, CVIS, Boston
Scientific Corp) with 2 sheath-based IVUS catheter incorporating a
30-MEz, single-clement Tansducer rotating at 1800 rpm (Ultracross,
CVIS). The ransducer is placed inside a 2.9F, 15-cm-long sonolu-
cent distal sheath that alternatively houses the guide wire (during the
catheter introduction) or the transducer (during imaging). The TVUS
transducer was withdrawn through the stationary imaging sheath by
an ECG-triggered pullback device with a stepping motor.!2 The
ECG-gated image acquisition and digitization was performed by a
workstation designed for the 3D reconstruction of echocardiographic
irnages'? (EchoScan, Tomtec). Description of this system has been
previously reported in detail!2-3¢ In brief, the steering logic of the
workstation considered the heart rate variability and only acquired

214

images from cycles mecting a predetermined range and coinciding
with the peak of the R wave, If an R-R interval faled to meet the
presct range, the IVUS catheter remained at the same site uatl a
cardiac cycle met the predetermined R-R range. The TVUS trams-
ducer then was withdrawn 0.2 mm to acquire the next image.12-14
This system ensures the segment-to-segment independence by avoid-
ing taldng images during the axial movement of the IVUS catheter
that oceurs during the cardinc cycle. Given the slice thickness of
02 mm and the length subject to the analysis of 30 mm (distance
between the 2 gold markers of the radiation source), 150 cross-
sectiona! images per segment were digitized and agelyzed. A
scmigutomatic contour detecdon prograce was used for the 3D
analysis.’* This program constructs 2 longitudinal sections from the
data set and identifics the contours corresponding to the lumen-
intima and media~-adventitia boundaries. Corrections could be per-
formed interactively by “forcing” the contour through visually
identified points: the entire data set then was updated.*s Careful
checking and editing of the contours of the 150 planar images was
performed with an average of 43 mirutes for complete evaluation,
The arca encorspassed by the Jumen-intima and media-adventitia
boundaries defined the haniral and the total vessel volumes, respec-
tively. The difference between total vessel and luminal volumes
defined the plague volume. Because media thickpess cannot be
measured accurately, we assumed that the plague volume included
the atheroscierctic plague and the medin?® Volumetric data were
calculated by the formula V=3, A, + H, where V=volume, A=arca
of total vessel or lumen or plague in a given cross-scetional
ultrasound image, H=thickness of the coromary artery slice that is
reported by this digitized cross-sectional IVUS image, and n=the
number of digitized cross-sectional images encompassing the vol-
ume to be measured.’s At follow-up, meticulous matching of the
region of interest was performed by comparing the longitudinal
reconstruction with that after treatment as previously described'?
(Figure 1). The feasibility and intraobserver snd imterobserver
varizbility of this system have beea previously reported.it1317.8 For
the purposes of the stdy, the computed volume of the iradiated
segment was divided into 2-mm-Jong subsegments, Since the irradi-
ated segment measured 30 mm, 15 subsegments were defined per
paiient, cach of them with 10 TVUS cross sectons {0.2 owm per cross
section). All individual cross sections were stedied by 2 investiga-
tors, blinded to the dosimetry results. Type of plaque and the
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Figure 2. Dose-volume histegram showing cumulative dose
received at level of adventitial layer. Minimal dose received by
90% of adventitial volume (DyeAdy) is calculated.

presence of dissection were qualitatively assessed, Type of plaque
was defined in every cross section as intimal thickcning, soft,
fibrous, mixed, and diffuse calcified according to the guidelines
previously reporied.™ Tntimal thickening was defined when the
thickness of the intima-media complex was <<0.3 mm,'* Soft tissue
was defined when =80% of the cross-scctional area was constituted
by material showing less echoreflectivity than the adventitia, with an
arc of caleium <10°, fibrous plaque when the echoreflectivity of
2=80% of the material was as bright as or brighter than the adventitia
without acoustic shadowing. diffuse calcified plague when it con-
tained roaterial brighter than the adventitia showing acoustic shad-
owing in >90°, and mixed when the plaque did not match the 80%
criterion.!® We categorized the 2-mm-long subsegments as normal/
intimal thickerdng, soft, bard (fbrous and mixed), and diffuse
calcified when =80% of the cross sections within the subsegment
were of the sare type. In those cross sections containing up to 90°
of calcium arc, the contour of the external clastic merabrane was
imputed from noncaleified shices. Dissecton of the vessel was
defined as a tear parallel o the vessel wall.?® Changes in luminal,
piague, and total vessel volume between immediately after treatment
and at follow-up were also compuied per subsegment. Those
subsemments in which the origin of side branches involved =>90° of
the eircumferential arc in >50% of the cross sections or were deflined
as diffuse calcified were excluded from the analysis,

Dose Calculation

The actual dose reccived by the vessel was retrospectively caleniated
by means of dose-volume histograms? in every 2-mm-long subseg-
ment, This methed is based oa quantitative IVUS under the assump-
tion that the radiation source is positioned at the same place as the
IVUS catheter.? The distance between the center of the catheler and
media-advendtia interface was calcalated In 24 pic stices (15°) n 21l
cToss sections corresponding to the irradiated area.® Considering the
prescribed dose and the accurate geometric data obtained from the
IVUS, the curnulative curve of the dose-volume histogram for a
predefined volume (ie, adventitia as calculated at 0.5 mm outside the
external elastic membranc) can be obtained (Figure 2). From this
curve, the minimum dose Teceived by 90% of the adventitial volume
(DuwoAdv) was calculated, The methodology and feasibility of this
dosimetry approach in vascular brachytherapy has been previously
reported.®

Statistical Analysis
Data are preseuted as mean*SD or proportions. Differences in
quaatitative IVUS data between the types of tissuc were assessed by
means of 1-way ANOVA. Differences in quantitative IVUS data
between subsegments with and without dissection and with and
without calciune were evaluated by the use of an unpaired Student's
t test. To determine the relation between the dose received by the
adventitiz and the plaque volume at follow-up, lincar regression
anadysis was performed first. Then, ponlinear components were
added to the equation {x~* and x~* were added 1o describe the steep

ceeer | ESOR
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Figure 3. Changes between postprocedure and 6~-month mea-
surements in total vessel, plague, and luminal volumes regard-
ing different types of tissue. TVV indicates total vessel volume:;
PV, plagque volume; and LV, luminal velume.

increase of plaque volume at low dose), These components were
included in the modecl if they deseribed the relaton significantly
better. Finally, the model was cotrected for the plague volume afier
treatment. Mualtivariable regression analyses were performed to
identify independent predictors of plague velume at follow-up
among TVUS-derived (types of dssuc, dissection, and plague volume
after treatment) and dosimetric variables (DyeAdv). All tosts were
2-tailed, and a value of P<<0.05 was considered stanstically
sigmificant.

Results

Bascline Characteristics

Two hundred seventy subsegments were defined in 18 pa-
dents successfully treated with BA followed by intracoronary
brachytherapy. Sixty-four subsegments were excluded from
the final analysis because of cither diffuse caleified plaque
that precluded the quantification of the total vessel voiume
(1=30) or side branches that involved >90° of the circum-
ferential 2rc in >50% of the cross sections (n=34). There-
fore, 206 uradiated subsegments were the subject of the
study. Fifty-five (27%) subsegments were defined as soft,
129 (62%) as hard, and 22 (11%) as normalAintimal thicken-
ing. Disscction was observed in 34 (16.5%) subsegments,

Volumetric Changes and Desimetry

On average, tol vessel volume mcreased at follow-up
(32529 mm® afier treatment 10 35.5+11 mm?® at follow-up,
P<0.0001), accommodating a paralle]l increase in plaque vol-
ume (15326 1o 18.3=7 mm®, P<0.0001). As a Tesult, mean
luminal volume remained unchanged (17.1%7 to 17.07 mm®;
P=NS). Subsegments with hard tissue demonstrated less in-
crease in plague, resulting in an increase in Juminal volume as
compared with soft and normal/intimal thickening subscgrnents
(Figure 3). The behavior of those hard subsegments conteining

4 subscgments 525
3 peeieeenn

25 |-
20 -
15 - - P -t BRI

<d 4.5.9 6.-1.9 s..9 > Gy
0=55) (n=67) (w=d47) (o=28) (n~10}

Figure 4. Range of dose distribution in irradiated coronary sub-
segments as calculated by dose-voiume histograms.
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Figure 5. Relation between plague volume at follow-up and
DuaoAdv,

mexed calcified tssue {ap to 90° n=104) was comparcd with
those containing mixed noncalcified tissue (n=25), Mean
changes in plague and total vessel volumes were comparable
(Aplaque [mm®]: +1.3+4.2 in mixed czlcified vs +1.8£5.2 in
mixed nroncalcified; P=NS; Atotal vessel volume [mm?’]:
+2.6+6.2 in mixed calcified vs +4,2+5.8 in mixed nencalci-
fied; P=NS), resulting in a comnparable mean increase in luminal
volume at follow-up (+1.3%5.2 mm?® in mixed calcified vs
+1.9%5.7 mny’ in mixed noncaleified; P=NS). Dissceted sub-
segments demonstrated a tend toward a smaller increase in
plaque as comparced with nondissected subsegments (+1.2+3 vs
+3.3%26 mm?, P=0.08), The mean of all 3 prescribed doses at
2 mm from the source was 14*1.3 Gy. The calculated DygoAdv
was 55225 Gy (range 0.2 to 124). A wide range of dosc
distribution was observed in the irradiated coronary subsegments
{Figure 4). The association between DiygAdy with the plaque
volurne at follow-up is depicted in Figure 5. The mode] appeared

Predictors of Plagque Burden After Brachytherapy — 2475

Parameters Associated With Plague Volume at Follow-Up

Parameter Estimatz ~ 95% Cl a
Plaque voiume after 06 0.8/0.5  0.0001
treatment, mm®
Diwohdy, Gy -44 -56/~29 0.0001
Type of plague [hard vs other} ~1.6 ~3.4/0.1 0,06

to follow a polynomial cquation with Hnear and nonlinear
comnponents. Nonlinear componeats described the increase in
plaque volume at Jower doses, whomcas the residual plague
volime after treatment. accounted for the linear relation of the
curve. Changes in plagque volume appeared to decrease with dosc
(Figure 6). Four Gray was the minimum cffective dose to be
delivered to 90% of the adventitia becase subsegments receiv-
ing at least this dose demonstrated a significantly smaller
increase in plaque volume as compared with those receiving <4
Gy (P<0.001). As a result, luminal volume decreased signifi-
cantly less in thosc subscgments receiving =4 Gy and cven
increased when the wiobmal dese to the adventitia was =6 Gy.
Multivariable regression analyses identified plague volume after
treatment 2s a positive predictor of plaque volume at follow-up,
whereas DygAdv and type of plaque (hard) were negative
predictors {Table).

Discussion
This study demonstrates for the first time the relation between
plaque increase, as assessed by IVUS, and the dose received
by the adventitia, as caleuiated by mcans of dosc-velume
histograms. A plot of dose-volume histogram is a standard
method used in radiotherapy that condenses the large body of
information available from conventional 3D distribution data

ANOYA DELTA PLAQUE: p < 0.0001
ANOVADELTA TVV: p=NS§

ANOVA DELTA LUMEN: p < 0.0001

8.0-0.9 zI0 Gy

[I:_.—.mom TVV B Delta plaque —=Delta jumen I

Figure B, Changes in total vessel, plaque, and luminal volumes regarding 5 ranges of doses as calculated by dose-volume histegrams.,

TWV indicates total vessel volume.
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into 2 plot summarizing graphically the radiation distribution
throughout the target volume.?

The assumption of the adventitia as the target tissue is
supported by experimental studies.202! Scott et 2120 jocalized
the proliferating cells in the adventitia and their migration
into the neointima after angioplasty by using bromodeoxyuri-
dine immunohistochemistry. Similarly, Waksman ¢t aR!
demonstrated a greater cell proliferation in control vessels 3
days after angioplasty in the adventitia at the site of the
medial tear as compared with the medial wall in the same
region. In this study, the proliferation was significantly
reduced in irradiated vessels with either a source of *St/7Y or
*r that delivered 14 or 28 Gy at 2 mm into the artery wall. 2!

The actual dose received by the adventitia appeared to be
rather. low as compared with the prescribed dose at 2 mm
from the source, Furthermore, the dose varied considerably
between coronary subscgments, as demonstrated by the dose
distbution depicted in the Figure 4, The use of B-radiation
may account in part for this dose ithomogencity. As com-
pared with y-radiation, S-sources have more fall-off because
of the short range of clectrons.® This feature may become
crucial when treating vessels with a great degree of vessel
tapering or, alternatively, lesions showing positive remodcl-
ing where the distance from the source to the surrounding
adventitia may be smaller or greater than expected. In this
regard, the use of IVUS as a tool for dosimetry in B-radiation
therapy may become mandatory.

Dosc uniformity also may be influcnced by the source
centering in the lumen.? By the use of dose-volume histo-
grams, Carlier et al* demonstrated in 10 patients treated with
balloon angioplasty followed by intacoronary B-radiation
that the preseribed dose was administered in only 35% of the
adventitia. After centering the source in the lumen, up to 60%
of the adventitia may have received this dose.

The remnant plaque burden at the site of angioplasty
becomes a powerful predictor of the outcome. This is in
accordance with other studies that identified, either in non-
stented or stented coronary scgrnents, postintervention cross-
sectional area as a predictor of restenosis. ™ In this regard,
the uselfulness of a debulking technique before radiation
therapy should be addressed in further studics.

D.seAdv was also identified as an independent predictor of
the plague volume at follow-up. The relation between
D.Adv and plaque velume at follow-up appeared to be
polynomial with lincar and nonlinear components. This may
model the survival curve of mammaiian c¢lls,2 The minimal
cffective dose to be delivered to 90% of the adventitial
volume appeared to be 4 Gy, Further increase in dose resulted
in nect increase in Juminal volume at follow-up, Similarly, in
a subgroup analysis of the SCRIPPS trial, late loss was
significantly lower when the entire circumference of the
adventitial border was cxposed to =8 Gy.2* Radiation doses
>20 Gy have been suggested to be able to compleiely
climinaic the smooth muscle cell population from the treated
arca.¥ However, because cells from normal tissue have a
limited capacity to proliferate,? lower doscs probably would
be sufficient 1o permanently prevent restenosis.,

Finally, subsegments containing hard tissuc (fibrotic and
calcificd material up to 90° of the circumfercotial arc)

demonstrated a trend to be a negative predictor of plaque
volume at follow-up, Hard plaquc on IVUS consists of a more
mature tissue with low cellularity and high content of
extracellular matrix 2%2¢ These features may induce either a
physical barrier for migration of smooth muscle celis from
the surrounding layers or a reduced capacity to proliferaic
when injured as compared with that of the soft tissuc with a
high concentration of smooth muscle cells.?®-** Further, it is
hypothesized that tssue composition may potentially cxert a
different degree of shiclding effect on radiation and thus
become less effective. However, the degree of remodeling
was similar between the differcnt types of tissue, suggesting
that the effeets of attenuation of radiation induced by hard
malterial {cither containing calcium up to 90° of circumfer-
ential arc or mixed noncalcificd tissuc) may be negligible as
comparced with that of soft tissuc.

Study Limitations

We assumed that the TVUS and the delivery catheters were
lying in the same position in the treated coronary segment.
The size of the IVUS catheter is smaller (2.5F) than the
brachytherapy device (SF), which is thus 1¢ some extent more
centered in the lumen. Although the catheters should be on
the shortest 3D path in the lumen, coronary arterics have a
complex curved geomctry in space and can be partially
deformed by the catheters. Thus, catheters with differem
rigidity may occupy different positions, The development of
new systems incorporating the IVUS imaging clement on the
delivery catheter might resolve this drawback.

During irradiation, the position of the delivery catheter
inside the Tumen is not fixed and may vary aleng the cardiac
cycle because of ventricular contractions, which may Iead to
some degree of inhomogencity not assumed by data derived
from the statc end-diastolic IVUS images.

The behavior of diffuse caleified piaques after radiotherapy
has not been evaluated because the acoustic shadowing would
kave impeded the reliable analysis of total vessel and plaque
volumes, 19

It has not been possibie to differcntate those arcas that
have been traumatized and irradiated from those only irradi-
ated. Thus, no conclusions regarding the effect on radiation in
irradiated but noninjured segments can be drawn. -Further
studies will address this problem by defining meticulously the
injured and the irradiated areas cither on IVUS or quantitative
coronary angiography,

Finally, the dose as presented by the use of dose-volume
histograms is not a direct measurement. The theoretical value
obtained at the level of the adventitia is derived from the
fall-off of the isotope and the geometrical data obtained from
the IVUS study. The influence of the attenuation of the
radiation caused by different tissue characteristics has mot
been taken into consideration. Future investigations should
address the implementation of a dosimetry program on-line 10
preseribe the radiation dose in 2 more refined fashion.
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STRUCTURED ABSTRACT:

Aim: b-radiation reduces late lumen loss after PTCA.
However, this benefit is not observed in all patients. We
fvpothesized that this may be related to the dose delivered
to the coronary wall. Therefore we investigated by 3-d IVUS
the actual radiation energy deposited and correlated this to
6-month angiographic late loss.

Methods and results: B-radiarion was administered using a
“Sr’Y source. Twenty-seven consecutive patients with suc-
cessful PTCA of de novo lesions without stenting underwent
a retrospective analysis of the dose delivered to the treated
segment using an IVUS-based treatment planning system.
Daose surface histograms were calculated for the luminal
surface (lum) and the external elastic lamina (eel). The
minimum dose on 90% of lum (DSgglum) and eel (DSgpeel)
were 9.7x6.1 and 5.123.0 Gy, respectively. At 6-montih fol-
low-up. the patients with a DS90c¢el > 5.2 Gy (n=]]) had a
lower angiographic loss (-0.07x0.39 vs. 0.47£0.62 rm,
p=0.03) and late loss index (-0.4£58 vs. 442356 %,
p=0.06). These arteries were smaller {reference diameter:
2.67£0.52 vs. 3.17x£0.59 mm. p<0.001) but had a similar
relative gain {0.35 vs. 0.56 mm) post-angioplasty.
Conclusion: Angiographic loss afier PTCA followed by
b-brachytherapy is minimal when 90% of the eel receives a
minimum dose estimated from our study 1o be 5.2 Gray.

Abstract:

We have evaluared the dose delivered to the coronary wall
of twenty-seven patients treated with brachytherapy after
successful PTCA without stenting. The dose was measured
with an IVUS-based treatment planning system. Dose sur-
Jace histograms were calculated for the luminal surface and
the external elastic lamina (eel), At G6-month follow-up, the
patients with o minimum dose on 90% of the eel > 5.2 Gy
(n=11) had a lower angiographic loss (-0.0]1x0.39 vs.
0.47x0.62 mm, p=0.03). We conclude from this study that
the angiographic loss after PTCA jollowed by B-brachy-
therapy depends on the minimum dose delivered in the
coronary wall.

INTRODUCTION

Intracoronary radiation therapy is a new therapeutic modality
to prevent restenosis. Positive results observed in animal
experiments(1-3) have supported the blossoming of nume-
rous clinical trials. The strong reduction of the restenosis
rate for the treatment of in-stent restenosis using ‘y-radia-
tion(6-8) or more recenty P-radiation(9) contrasts with
more controversial data observed with the use of B-radia-
tion as adjunctive therapy after percutancous angioplasty
(PTCA) of de novo lesions(10). However, three recent
studies have demonstrated that a reduced late Iumen loss
could be achieved when treating de novo lesions by angio-
plasty followed by §-radiation.(11-13) The benefits were,
however, not observed for all the patients and the reported
late lumen loss demonstrates large standard deviation. We
hypothesized that this phenomenon may be related to the
dose of radiation delivered to the corcnary vessel wall,
Teirstein et al., for example. have already reported that
Y-therapy was only effective when the minimum dose to the
furthest point of the adventitia was at least § gray.(14)

The aim of this study is to demonstrate the relationship
between the angiographic changes and actual dosc in the
setting of catheter-based [-radiation, To this purpose, we
have correlated the dose delivered to different coronary
structures such as the luminal surface or the external elastic
lamina (eel) to the angiographic outcoms assessed by quan-
titative coronary angiography {(QCA). This dosc was
derived from dose-volume histograms (DVH) computed on
the three-dimensional (3-d) intravascular ultrasound (IVUS)
pullbacks using a method recently deseribed.(15. 16)

METHOD

Population

Twenty-seven consecutive paticnts presenting with de nove
corenary stenosis, successfully treated with balloon angio-
plasty followed by intracoronary B-radiation therapy were
included in this study. Patient characteristics are given in
table 1. Patients receiving a steat were excluded from the
analysis. Radiation was delivered within the framework of
brachytherapy trials conducted in our institution that were



Table 1: Baseline characteristics

Patients, n 27
Age, y 58.7 + 9.6 [39 - 75]
Male, % 21 (78 %)
Prior M, % 9 (33 %)
Diabetes mellitus 4 (15 %)
Hypercholesterolemia 9 (33 %)
Smoking history 16 (59 %)
Artery, %
Left anterior descending 10 (37 %)
Circumflex 7 (26 %)
Right coronary 10 (37 %)
Lesion characteristics, %
A 4 (15 %)
B 23 (85 %)
Dose prescribed at 2 mm off source axis
12 Gy 9 (33 %)
14 Gy 9 (33 %)
16 Gy 7 (26 %)
18 Gy 2 (8%)

approved by our Investigational Review Board. All patients
gave written informed consent. The isotope used was the
pure B-emitting *Sr/Y. Patients were randomized to receive
12 to 18 Gray at 2 mm off source axis. Brachytherapy was
performed with the BetaCath System™ (Novoste Corp.,
Norcross, GA). The radiation source train of this system
consists of a series of twelve independent 2.5 mm-long
cylindrical seeds that contain the *'Sr/Y source (total length
is 30 mm).(11)

Intravascular ultrasound image acquisition

The treated coronary segment was evaluated by means of
three-dimensional (3-d) IVUS imaging for volumetric esti-
mation of the irradiated area. The selection of the area of
interest has been reported elsewhere.(17, 18) In brief, selec-
tion of the IVUS segment matching the irradiated site was
based on anatomical landmarks such as side branches or
ostial locations. An angiogram was performed after the
placement of the delivery catheter to document the relation-

ship between the anatomical landmarks and the source
train. This angiographic reference point was again identi-
fied during a contrast injection with the IVUS imaging ele-
ment at the same position. The system used for imaging was
a mechanical IVUS system (ClearView, CVIS, Boston
Scientific Corporation, Maple Grove, NW) with a sheath-
based IVUS catheter incorporating a 30 MHz single-cle-
ment transducer rotating at 1800 rpm (Ultracross™, CVIS).
ECG-gated image acquisition and digitisation was per-
formed by a workstation designed for the 3-d reconstruction
of echocardiographic images (EchoScan, Tomtec, Munich.
Germany) as described before.(19)

Intravascular ultrasound quantification

A Microsoft Windows™-—based contour detection program,
developed at the Thoraxcenter, was used for off-line volu-
metric quantification following a methodology detailed
elsewhere.(17, 18) Briefly, this program identified the con-
tours corresponding to the lumen and eel boundaries in
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Figure 1: Top panels: typical IVUS cross-section and sagital reconstruction of an IVUS pull-back. The 24 points (+) of the luminal surface
(/um, in red) and external elastic lamina (eel. in green) where the dose has been calculated. considering that the Sr/Y90 source was lying in
the same position than the IVUS catheter, are superimposed on the cross-section. Bottom panel: the corresponding cumulative dose surface
histogram for the lumen (in red) and the eel (in green) are shown in the bottom panel. The prescribed dose was 16 Gy at 2 mm from the source
axis. DSgglum (8.5 Gy) is the minimum dose (x-axis) received by at least 90% of the voxels (y-axis) corresponding to the luminal surface
along the complete IVUS pullback illustrated. DS glum (53 Gy) is the highest dose received by at least 10% of these voxels. Similarly.

DS90eel (3.5 Gy) is the minimum dose delivered on at least 90% of the

eel.



successive cross-sectional images. Volumetric data of the
vessel segment of interest were calenlated as the sum of all
cross-section areas multiplied by the slice thickness (on
average 200 pm). Contours were checked and edited by
expericneed analysts,

Dose calculation

The dose delivered in the irradiated coronary segments was
calculated by means of dose-volume histograms (ODVH) and
dose-surface histograms (PSH) derived from the 3-d IVUS
pull-backs. DVH's summarize the dose distribution infor-
mation for a region of interest and identify characteristics
such as dose uniformity and hot or cold spots, To calculate
a DVH, the dose distribution data must be available for the
region of interest, The histogram is a plot of the accumulat-
ed volume of those elements receiving 2 dose in a specified
dose interval versus a set of equal-spaced dose intervals (see
figure 1). BSH's are computed for the surface area of vari-
ous target regions.

The contours of the EchoScan program were processed
with a software written in MatLab (The MathWorks, Inc.,
Natick, MA) to compute the distances between the centre of
the source and both the Jumen-intima and media-adventitia
(eel) interfaces in 24 pie-slices {15°) in all cross-sections
corresponding to the fully irradiated segment (25 mm),
excluding the dose fall-off zone. Because mediz thickness
cannot be measured accurately, we assumed that the plaque
volume included the atherosclerotic plaque and the
media,(20) The dose distribution over the luminal and cel
surfaces and in the plague+media volume was retrospec-
tvely computed using an intracoronary treatment planning
systern (/Plan™, Emory University, Atlanta, GA). This sys-
tem incorporates a dose calculation engine based on the
AAPM TG-60 formalism using catheter based delivery sys-
tems with the following radiation sources: ®Se/Y, P, ‘= and
"Ir, The dosimetry is based on the method discussed by
Soarcs et al. for calibrating B-sources and includes
anisotropy factors to account for the dose fall-off on the end
of the seeds in the ransverse axis.(21) The coordinate of the
center of the IVUS catheter was used as a reference, and
was considered at the same location as the center of the
radiation train. Validation of /Plan™ dosimetry calculation
has been previpusty reperted.(22) The average voxel dose
(Dsgy was compuied as well as the cumulative curve of

Table 2: QCA and IVUS results

the dose from which two measurements, Dy and Dy were
derived. Dy is the minimum dose reccived by at least 90% of
the voxels corresponding to the volume (or surface) of tissue
considered. D is the highest dose received by atleast 10% of
these voxels. DSgpeel is thus the minimum dose deposited on
90% of the eel surface. DVgop+m is the minimum dose
deposited in 90% of the plaque ples media volume.

Quantitative angiography

Quantitative coronary angiography (QCA) was performed
pre-, post-procedure and at 6-month follow-up in = 2 ortho-
gonal matched projections with the CAAS I analysis
systemn (Pic Medical BV, Maastricht, The Netherlands) after
intracoronary administration of nitrates. This method has
been extensively validated(23, 24) and applied in numerous
clinical trials. The following measurements were obtained:
minimum lumen diameter (MLD), reference diameter, per-
cent diameter stenosis (%DS). Acute gain was defined as
MLD post-procedure minus MLD pre-intervention. Late
lumen loss was defined as MLD post-procedure minus
MLD ar 6-month follow-up, The late loss index was com-
puted ag the ratio of the late loss over the acute gain.(25)
Relative gain and loss were computed respectively as the
gain and the loss divided by the refercnce diamecter.
Restenosis at 6 months was defined as a %DS>50 %. The
fully irradiated segment of the vessel was analysed.

Statistical analysis

Data are presented as mean = standard deviation, Sensitivity
{percentage of patients with restenosis that does exceed a
given dose threshold) and specificity (percentage of
restenosis-free patients that does not exceed a dose thresh-
old) were computed. Angiographic and IVUS variables
were compared for the groups of patients with a DSgpeel
lower or equal and a DSggeel higher than the dose corre-
sponding to the crossing of the sensitivity and specificity
curves, Receiver operating curves were constructed and the
area under the curve is reported.(26) Continuous variables
were compared with the use of unpaired Student’s t-test.
Binary variables were compared with the use of the chi-
square test with normal approximation or Fisher's exact
test, when appropriate. All tests were two-tailed and a
p valuc <0.05 was considered statistically significant.

preangioplasty  postirradiation

&-month foltow up

Reference vessel diameter (mm) 2.96+0.54 2.96+0.61 2.78+0.55
Minimal lumen diameter (mm) 0.92+0.39 1.98+0.42 1.71+0.62
Diameter stenocsis {%) 69211 3249 39+18
Acute gain (mm) 1.06+0.42

Late luminal loss (mm) 0.27+0.58
Loss index {%) 26460
Binary resténosis 7 (26 %)
Luminal volume (mm?) 225497

Vesse! volume (mm?) 423+127

Plaque volume {mm% 19749

Minimal jJuminal cross section area (MLCSA, mm?) 4.541.7

Vessel area at MLCSA (mm?) 11.4+3.9

Plaque at MLCSA {mm?) 6.9x£2.9

Residual obstruction at MLCSA (%) 59x11




Table 3: Minimum dose deposited on 90%, 50% and 10% of the luminal surface, of the external elastic lamina and in the plague+media volume

D 20 {Gy) D 50 (Gy) D 10 (Gy)
Lumen 8.7+6.1 23.328.6 49.0+7.8
Eel 5.1+3.0 11.6+4.5 28.126.0
Plague+media 7.0+4.C 16.1x6.0 35.116.4

RESULTS

QGCA and IVUS measurements

QCA and IVUS resuits are summarized in table 2. Patients
were comparzble to a Benestent-like population(27) with
unremarkable risks factors and non-compiex Icsions.
Angiographic acute gain and late loss were comparable to
similar PTCA patients in historic trials. The mean IVUS
lumen diameter, derived from the lumen volume divided by
the 25 mm of the puliback length (see figure 1), was 3.3 mm
and the mean vessel diameter was 4.6 mm.

Dogimetry

The minimum dose delivered on 90, 50 and 10 % of the
luminal and eel surfaces and in the plague+media volume
are given in table 3. On average, DSggeel was 5.1 Gy and
DVyop+m was 7.0 Gy. for an average dose of 14.1 Gy pre-
scribed 2 mm off source axis.

Seven patients had a diameter stenosis larger than 50% at
follow-up within the fully iradiated segment. The arca
under the ROC curves for DSggeel, DSgpeel. DVgop+m and
DVgop+m were respectively 0.56. 0.49, 0.54 and 0.51. As
shown on figure 2. the sensitivity and specificity curves to
predict a D8>30% at 6-month for DSggeel crossed at 4.5 Gy,
Sensitivity and specificity were then 0.58. No significant
threshold could be found for DSgglum and DS gplum. The
Beta-Cath source has been recently recalibrated by the
NIST and the doses prescribed to our patients were actuaily
15% higher than belicved (¢.g. a dose of 16.1 Gy has actu-
ally been given to the patients randomised to 14 Gy). The
threshold of 4.5 Gy that we have derived for DSgqecl cor-
responds 10 an actual dose of 5.2 Gy.

Late luminal loss in function of the dose delivered on the eel
A significantly lower loss (-0.01£0.39 vs. 0.47+0.62 mm.
p=0.03). relative loss (-0.007+0.158 vs. 0.15x0.21 mm,
p=0.04) and loss index {-0.4+38 vs 44256 %, p=0.06) were
found in the 11 patients with a DSgqeel > 5.2 Gy (see table 4).

Simijlar results were found for the patients with a DVggp-+m
> 7.1 Gy. There was no difference in the clinical character-
istics of the patients with a DSggec] < or > than 5.2 Gy.
Figure 3 demonstrates that the vessels with a DSggecl
> 5.2 Gy werc smaller, had less plaque accumulation, but
that the gain (1.1520.38 vs. 0.932£0.46 mm. p=ns) and the
relative gain (0.3620.10 vs. 0.35£0.15 mm. p=ns} were
sirnilar. None of the observed differences in the angio-
graphic and IVUS parameters could predict a lower
restenosis rate, loss and loss index at 6 month. Among the
11 patients with a DSggeel > 5.2 Gy. the binary restenosis
rate was 18% (2/11) compared to 31 % (5/16) when the
dose delivered on 90 % of the eel was £ 5.2 Gy, This dif-
ference did not reach statistical significance. Figure 4
demonstrates the cumulative plots of the minimum lumen
diameter (MLD) post-intervention and at 6-month follow-
up. The median loss of the patients with a DSggeel < 5.2 Gy
was 0.55 mm whereas it can be clearly appreciated that at
G-month follow-up, the majority of the paticnts with a
DSggeel > 5.2 Gy at least preserved their MLD, and that
40% demonstrated even a positive remodelling (larger
MLD at follow-up than post-intervention).

DISCUSSION

The objective of this study was to evaluate the relationship
between the quantitative angiographic changes and actual
dosc in the setting of catheter-based B-radiation. The major
finding is that the late angiographic outcome of patients
treated for de novo coronary lesion by angioplasty followed
by B-radiation therapy can be partially explained by the
dose delivered in the vessel wall. This dose can be derived
from dose volume histegrams computed from 3-d TVUS
pullbacks. A significantly lower loss (-0.01x0.39 vs,
0.47+0.62 mm. p=0.03) and reladve loss (0.15+0.21 vs. -
0.007+0.158 rom. p=0.04) were present at G-month follow-up
when the radiation energy deposited on the external elasde
larnina was higher than 5.2 Gy (see table 4).

DE%0eol

Fipure 2: Sensitivity (filled cireles) and specificity (open circles) curves 1o predict 6-month restenosis for DS90ccl. The two curves cross at
4.5 Gy for a specificity and a sensitivity of 58%.
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Figure 3: Comparison of the QCA and IVUS measurements of the 16 patients with a DSgyeel <5.2 Gy (4.5 x 115%. corrected dose, see text)
and the 11 patients with a DSyeel > 5.2 Gy. The arteries with a dose delivered on 90% of the eel > 5.2 Gy were smaller, had less plaque accu-
mulation. but had a similar gain and relative gain. None of the observed differences in the angiographic and [VUS parameters could predict

the lower loss and loss index observed at 6 months.

Dose volume histograms to predict restenosis

We have investigated whether a given threshold of the mini-
mum dose delivered on 90% of the external elastic lamina
(DSgpeel) is a predictor of restenosis at 6-month. The
threshold of 5.2 Gy for DSgpeel that we find is in agreement
with a previous IVUS analysis in which we have analysed
2-mm sub-segments of coronary arteries treated with
brachytherapy. We could demonstrate that there was an
increase of the luminal volume, related to an increase of the
vessel volume larger than the plaque growth. when the
DSyeel was greater or equal to 6 Gy.(17) Several
brachytherapy trials have demonstrated that in a majority of
patients the luminal diameter at the site of the treated lesion
may increase during the follow-up.(13) This phenomenon is
induced by the positive remodelling of the vessel wall as
demonstrated by IVUS.(17) We do not report the 6-month
IVUS data since an ECG-triggered pull-back was not sys-
tematically performed in our cohort.

The major determinant of clinical recurrence of symptoms
is the minimum luminal diameter (MLD) at 6-month.(23,
28). We have compared the lumen late loss in the 11
patients with a DSggeel > 5.2 Gy and the 16 patients with a

DSgpeel < 5.2 Gy. The arteries with a DSgyeel > 5.2 Gy
demonstrated a statistically lower loss (table 4). These
arteries were smaller (figure 3). which can be expected with
the prescription method used with the Beta-Cath system,
with a fixed dose prescribed at 2 mm off the source axis.
However, the relative gain was identical in these arteries
with a reference diameter on average 0.5 mm smaller. The
observed lower loss and loss index could not have been pre-
dicted in these conditions(25, 29, 30) and must directly
reflect the effect of radiation therapy which mainly leads to
a remodelling of the vessel, with an enlargement of the eel
with an adequate dose.(17)

The target volume of coronary brachytherapy

Animal studies showing the efficacy of intracoronary
brachytherapy were followed immediately by human clinical
trials. At the time that they were initiated there was little
information available as to the mechanism of radiation in
preventing restenosis. This situation continues today.
Various opinions exist as to the target cell of radiation in
preventing restenosis. Rubin has postulated the importance
of the monocyte-macrophage in regulating the development

Table 4: QCA and IVUS data in function of the dose delivered on 90% of the external elastic lamina surface (DS90eel)

DSggeel < 5.2 Gy (n=16) Preangioplasty Postirradiation 6-month Follow up
Reference vessel d. (mm) 3.12+0.58 3.17+£0.59" 2.9120.63

Minimal lumen d. (mm) 1.05+0.40" 2.20+0.38™* 1.73+£0.73

Diameter stenosis (%) 66:+11 3045 41+21

Acute gain (mm) 1.15+0.38

Late luminal loss (mm) 0.47+0.62"

Loss index (%) 44456

Luminal volume (mm?) 27694

Vessel volume (mm?) 496x112™

Plaque volume (mm?) 218+48™

DSgpeel > 5.2 Gy (n=11) Preangioplasty Postirradiation 6-month Follow up
Reference vessel d. (mm) 2.72+0.39 2.67+0.52 2.59+0.37

Minimal lumen d. (mm) 0.74+0.32 1.66+0.25 1.68+0.45
Diameter stenosis (%) 7311 36«12 36+14

Acute gain (mm) 0.93+0.46

Late luminal loss (mm) -0.01+0.39

Loss index (%) -0.4+58

Luminal volume (mm?) 150+31

Vessel volume (mm?) 316444

Plaque volume (mm?) 166+33

*: p<0.05. **: p<0.01; ***: p<0.001 — unpaired t-test, DSgeel < 5.2 Gy vs.> 5.2 Gy
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Fipure 4; Cumulative plots of the tinirnum humen diameter (MLD) post-intervention {filled markers) and at 6-month follow-up (open markers).
The round markers represents the 16 patients with o DSyeel < 5.2 Gy, The median loss of these patients was 0,55 mum, The square markers
represents the 11 patients with a DSggeel > 5.2 Gy. It can be clearly appreciated that at §-month follow~up, the majority of these patients (open
squares) at least preserved their MLD, and that 40% demonstrated even a positive remodelling (larger MLD at follow-up than pest-intervention).

of the proliferative neointima.(31. 32) Rebinson, Wilcox
and others have stressed the importance of the modified
smooth muscle cell in the development of the restenotic
lesion without invoking the monocyte-macrophage in the
process.(33-35) The site of origin of these modified smooth
muscle cells is however in dispute. Robinson has proposed
that these cells are most likely to originate in the torn edges
of the media. Wilcox has shown suggestive evidence that
the proliferative activity in the vessel wall is seen first in the
adventitia and only later in the media. suggesting that the
neointmal cells may have migrated there from the adventi-
tia. Thus there remains debate as to how deep from the
luminal surface the prescribed dose of radiation needs to be,
There seems to be consensus that in animal models the pro-
iiferative cells forming the cellular neointima does not orig-
inate from the entire circumference of the vessel wall but
primarily from the site of damaged wnica media. The pro-
lferation following PTCA in human coronary arteries
seems to occur similarly in a focal manner. Recently Mintz
and others have shown that shrinkage of the vessel (nega-
tive remodelling) may play the major role in late lumen loss
following coronary intervention (atherectomy, PTCA)L(36)
Waksman and Wilcox have shown that the adventitial
myocfibroblasts are responsible for this process as a result of
the contractile nature of these cells and their capacity to par-
ticipate in a form of scar contraction of the arterial wall
after angioplasty. This may present an additional reason to
target dose to the tissucs beyond the ecl.(37) Our data sup-
port that the target for brachytherapy lies at least at the level
of the external ¢lastic lamina and may be the adventitia
since the angiographic outcome was best correlated with
the DSgpeel, and not with the DSgglum.

The minimum dose to prevenr restenosis and to induce
remodelling

One thing that is clear from the preclinical studies of
restenosis is that a broad range of doses seems to be effec-
tive in preventing restenosis. Work carried out by the
Emory group with B- and - sources has shown that doses
of 3.5 to 56 Gy were all effective in reducing restencsis in
comparison to contrels.(2. 38) However, the data of the sub-
analysis of the SCRIPPS(14) and of the Dose Finding

Study(13) cleared demonstrated a dose-effect relationship
in @ narrower range of dose delivered to the vessel wall, In
SCRIPPS. there was no difference between the placebo
group and the patients who received less than § Gy to the
most distant part of the eel. In the Dose Finding Study, for
the patients treated by balloon angioplasty alone. the late
Tumen loss was (.31 mm in the group in which ¢ Gy was
prescribed 1 mm in the vessel wall, but -0.04 mm in the 18 Gy
group. These data support our findings of a significant rela-
donship between the dose deposited in the arterial wali and
the QCA outcomes. )

Limitations of the study

Dosc volume histograms {DVH} describe the cumnulative
distribution of dose over 2 specific volume(39) and sum-
marize the dosimetry that would otherwise have to be inter-
preted from numerous IVUS cross-sections with superim-
posed isodoses plotted. We have concentrated our analysis
on the mirimum dose delivered to 90 % of the eel (DSgqeel)
but we show that similar results could be derived from the
DVygp+m. Several other parameters can be derived from
DVHs. (40, 41) but no definitive one has emerged as a gold-
standard.

The reported doses were not directly measured. The theo-
retical value obtained at the level of the adventitia is derived
from the isotope dose distribution and the geometrical data
obtained with TVUS. The influence of the attenuation of the
radiation due to different tissue densities has not been taken
into consideration so far. However, this is Hikely to be signi-
ficant and warrants further investigation. It is expected that
a plaque heavily calcified will decrease the dose reaching
the eel (42)

A recognized limitation of coronary brachytherapy is the
development of 2 new stenosis at the edges of the irradiated
area. This has been likened to the radiation oncology con-
cept of geographic miss. where the radiation ficld does not
fully cover the target.(43) We limited our analysis to the
fully irradiated segrnent in order to draw unequivocal rela-
tionship between the angiographic loss and the dose, without
the possibility of geographical miss. The clinical outcome



depends also on other complications such as late thrombo-
sis.(44) Although it has been suggested that the higher the
dose in the adventitia is, the higher the thrombosis rate
15,(45) we did not include any patient presenting a late
thrombosis, which would have blurred the interpretation of
the loss and loss index. A larger group of patients would be
necessary for an analysis of the rate of thrombosis in function
of the dosimetry, as well as for a study of the influence of
the clinical characteristics (e.g. diabetes) or the type of
plaque. The analysis of the receiver operating curves
demenstrated that the dose is not the only parameter influ-
encing restenosis since the arca under the curves were not
statistically different from 0.5.

We assumed that the IVUS ané the delivery catheters were
lying in the same position in the treated coronary segment.
The brachytherapy device (5 Fr) is larger than the IVUS
catheter (2.9 Fr} and is to some extent self-centered in the
lumen. The tue dose delivered in different vessel wall
regions could vary from the data caleulated. When using a
centering balloon for the source.(12. 13} the center of gravity
of the lumen of cach slice can be calcnlated from the 3-D
IVUS to more corectly position the source.{46) For a non-
centered device, even with the use of a brachytherapy and
an IVUS catheters of the same size, there will always
remain an uncertainty on the location of the source in the
lumen. Moreover. the position of a catheter inside the
artertal jumen is not fixed and varics during the cardiac
cycle.(47) These methodological limitations could be par-
tially overcome with imaging wires, which could be intro-
duced into the lumen of the irradiation delivery catheter
itself.(48)

CONCLUSION

Dose volume histogram analysis of 3-d IVUS pullback per-
mits the evaluation of the mdiaton dose delivered to
different parts of the coronary wall. We have demonstrated
an inverse relationship between the minimum dose delivered
o 90 % on the external elastic membrane and the angio-
graphic loss and the restenosis rate,
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Cardiovascular Echography

Introduction

In 1953, Edler and Hertz [1] introduced the M-mode technk-
que in Lund, Sweden allowing the recording of the motion
pattern of cardiac structures along a single sound beam.
They described many of the presently Known echo patterns.
Furthermore efforts were carried out to show two-dimen-
sional sequential images of the heart. This was based on a
mirrar system with a yield of 7 frames per second (Asberg et
al. [2]). The phased array electronic sector scanner was
first described by Somer in 1968 [3]. This system, originally
introduced for neurology, has become the "working horse" of
cinical cardiology today. The phased array transduger with
its small "footprint” proved excellent for probe manocuvrabi-
lity between the ribs. First practical two-dimensional images
of the moving heart, however, were obtained with an elec-
tronic scanner presented in 1971 In Rotterdam by Bom [4]
and Kloster [5] and was based on the linear array technique.
A survey on use of acho techriques in cardiclogy in 1980 in
the Netherlands resulted in: a) application of M-mode with
finear array by 32 % of the clinicians, b) exclusive M-mode
by 32 %, ¢) M-mode with mechanical sector scan by 29 %
and d) M-mode plus electronic sector scan by 7 % of the
users, Thereafter the phased array technigue became
dominant in cardiology and linear arrays with the larger
transducer footprint were increasingly used outside cardiolo-
gy in for instance obstetrics, radiology and internal medici-
ne.

An early invasive, catheter-based system for ache studies of
the arteries and veins was deseribed by Wells in 1966 [8].
This was based on mechanical rotation of the acoustic ele-
ment. An electronic technique with 32 elements was descri-
bed by Bom et al. in 1872 [7].

COnly with the introduction of interventional cardiology and
the balloon dilation methods In the mid-eighties, intravascu-
lar echography became important. A practical, mechanically
rotated system was described arcund 1985 by Yock et al,
and patented in 1989 [8].

The evolution of non-invasive echocardiography seems logi-
cal: from information along a single sound beam towards
cross-sectional imaging. Thoreafter, increase of the number
of cross-sections (in the early years only two perpendicular
cardiac planes were studied) to today's first applications of
3-dimensional echocardicgraphy. Also intravascular and
intracardiac echography started with a single beam in one
direction only [9] and thereafter the imaging became 20 and
recently 3D {10]. Overall there was improvement of image
quality by better transducer characteristics and processing
techniques.

Probe size, scan depth and resoclution
versus frequency,

In Figure 1, the frequency range of varicus cardiovascular
applications is illustrated. Since attenuation increases with
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Fig. 1 Range of cardiovascular applications with optimal frequency.

frequency it becomes clear that for non-invasive echocardio-
graphy in adults (large depth range) low frequencles around
4 MHz must be used. The mid frequency range around 10
MHz Is indicated for esophageal echo werk in children or
intracardiac imaging. At the high frequency, intravascular
echography can be used since the distance from echo ele-
ment fo vascular wall to be investigated is very limited here.
As can be observed from the figure, the used transducer
size decreases with frequency. This is related with the
acoustic active transducer surface, which for proper beam
forming must encompass a given number of wavelengths.
Echo transducers must have a broad frequency spectrum
around the resonant frequency for proper depth resolution.
With the introduction of contrast imaging in cardiology and
based on the fact that In recent years the non linear proper-
ties of contrast as well as from tissue have been discovered,
second harmonic imaging is becoming 1o be integrated in
the echo instruments. This in turn requires very breadband
transducers. A method described by de Jong et al [11]1s
based cn integration of two phased array transducers with
different resonant frequancy inte ene. Apart from separation
between contrast and tissue, harmonic imaging alsc decrea-
ses transducer near field reverberation and side lobe effects
as illustrated in Figure 2.
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Fig. 2 Harmonic imaging decreases transducer near field rever-
beration as illustrated to the left. The harmonic beam pattern has
a lower grating lobe and narrower main lobe thus reducing image
artefacts (figure to the right),

Standard instruments versus small, battery-powered
instruments.

In the cardiology department the standard- or laboratory ins-
trument is rather bulky. It contains all the possible features
and is mostly permanently located in either the echo- or
function department, the operating theatre or the interven-
ticnal laboratory, The following list indicates what type of
parameters ¢an be obtained or studies can be carried out
with such machines:

* Measurement of cardiac anatomy, global function and
regional wall motion.

Vaive pathology, severity and hagmodynarmic conseguen-
ces {Doppler}

Presence of pericardial fluid and mass lesions

Dappler blood flow and tissue information (Tissue
Doppler, backscatter analysis)

= Detection of ischemia or viability by stress echocardiography.
Contrast agents can be injected to enhance the echo image.
This technique is used to better visualise endocardial bor-
ders, enhance Doppler signais and to study myocardial per-
fusion. Exercise and pharmacological stress is used to
induce ischaemic and regicnal motion abnormaiities under
stress conditions. Some applications require a transesopha-
geal appreach, On average an echocardiographic study in
the echo lab would take approximately 25 minutes.

*

Handheld portable echo devices have been recently introdu-
ced on a large scale. An early systern was the Minivisor.
Roelandt [12,13] described first clinical experience in 1978
and 1980. However, for widespread use it was too early at
the time. Now these systems are introduced for use in the
ambutance, outpatient clinic, intensive care, post operative
ward and at all other locations where in the hospital the car-
diologists’ advice is requested. Although the introduction is
oniy beginning, it is foreseen that these devices will in parti-
cular be used for screening purposes and quick observa-
tions such as:

* Measurement of chamber/structure size,

* Detection of abnormal wali motion

* Diagnoses of valve pathology

= Observaticn of presence of pericardial fluid, mass lesions.

From two-dimensional (2D) to three-dimensional (3D)
echocardiography.

Echocardiography is an interactive technique. The cardiolo-
gist or echo technician must aim the transducer at the dia-

gnostic area of interest. For a proper echographic survey
extensive experience in aiming at cardiac structures is nee-
ded. Since the heart is a complex three- dimensicnal organ
there may be variability in the interpretation of difficult patho-
legy amongst investigators. If the echo data were not limited
10 a number of selected cross-sectional imaging planes, but
the fult 30 data were available, then more accurate and
reprocucitie data ¢ould become available obviating geome-
tric assumptions, [n 3D, the acquisition could becorne more
standardised. in addition, observation may be carried outin
reconstructed diagnostic cross-sections not available in
standard 2D. Gradually all these advantages are becoming
clear. So far the vast arount of data, complex transducer
technology and display post processing time involved (ail 3D
results are not instantly available) have limited the advance-
ment of 30.

Free hand scanning.

In order to obtain spatially correct data, one of the appro-
aches is to track the motion of an ultrasound 2D probe in
space. This so-called “free-hand scanning” can be carried
out with an acoustic (spark gap) locator as described by
Moritz and Sherve in 1976 [14]. Electromagnetic location as
described by Raab et al [15] and mechanical articulated arm
reported by Dekker et al [16] are other methods.

Sequential triggered scanning.

With a stepper motar the acquisition plane is sequentially
rotated by, for instance, steps of 2 degrees. When acquisi-
tion is time gated by triggering derived from the electrocar-
diogram and respiration, all data become available to recen-
struct the moving heart in its proper geometry and time
sequence. Qbviously, the transducer should be held steady
duning the acguisition period otherwise motion artefacts are
introduced.

Fast acquisition systems.

Presently two systems have been described where the
acquisition is so fast that virtually no motion artefacts will
oceur. Firstly this is the electronic real time volumetric ultra-
sound imaging system developed at Duke University by Von
Ramm and Smith [17). They use a novel matrix phased
array transducer in which the elements are arranged in a
two dimensicnal grid. With insonification in a wide coene and
parallel processing in reception fast 3D (or selected 2D) dis-
play becomes available. Lancée and Djoa described anot-
her approach [18), They use a fast rotating phased array
transducer enabling acquisition of 16 volumetric data sets of
the beating heart per second. A photograph of this probe is
shown in Figure 3.

Sy S
Fig, 3 Fast rotaring phased array transducer for 3D acquisition.
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Display methods.

The collected two-dimensional images are digitised and
realigned according to their spatial and temporal seguences.
Interpolation algorithms are applied and as a following step
the display principle must be selected. Examples are:

» Mainplane (orthogonal)

= The anyplane method where arbitrarily diagnostic cross-
sectional views of the heart which are difficuit or physically
impossible to obtain from conventional acoustic windows
can be computed.

Paraplane views

A wire-frame display might be selected where 3D images
of a specific structure are presented.

Avolume rendered display for depth perception with for
instance gradient shading.

After surface detection reconstructions can be rotated in
space 1o look at them from different perspectives,

*

An example of a 3D rendered image ¢f the heart valves is
illustrated in figure 4 [19]. With the introduction of real time
acquisition of 3D and faster computers, the use of 3D will
become much more practical. Today the method is particu-
larly indicated for congenital diagnosis of heart disease and
for correct calculation of volumetric parameters.

A

o pp——

. i
Fig. 43D rendered image of the heart valves. Atachment of small
vegetation to the cusps of the aortic vaive (panel A) and the pul-
monary valve (panel B) are visualised, PV = pulmonary vaive. Ao
= gortic valve.

Intravascular ultrasound (IVUS)

The technique of intravascular ultrasound is based on the
tlex-shaft mechanically rotated single element or the electro-
nically steered phased array method, with or without the use
of a guide wire (figure 5). They produce cross-sectional vas-
cular real-time images of the lumen, plague and arterial wall
[20]. An example of an intravascular image of an artery is
shown in Figure 6. Mostly the intravascular procedure is
applied for further decision-raking when X-ray angiegraphic
data are less conclusive. For obvious reasons thers is a
strong urge to cormnbine "see and do” in interventional proce-
dures. This leads to catheters in which, for instance, an
angioplasty balloon is combined with ultrasonic imaging in
or close 1o the balloon, Other combinations may provide gui-
dance during stent implantation. Since intravascular ima-
ging provides accurate geometrical information within the
cross-section, combination with other interventional proce-
dures is likely to expand in future. In this category falls the
assessment of the dose deposited in the arterial wall during
intracoronary brachytherapy or by radioactive stents as
described by Carlier [21]

Additional parameters

Where present, intravascular scanners yield detailed cross-
sectional geometric information of the arteriat wall. For the
evalyation of the arterial function the remaining blood flow

Fig. 5 Schematic drawing of present intravascular ccho catheters,
Flex-shaft mechanically rotated element method (A). with guide
wire {B), electronical beam switching (C) and a combination of
clectronic switching with a the therapeutic stent placing technigque
(D),

through the obstructicn is also an impertant parameter.
Using a decorrelation technique with the Radic Frequency
(RF} echo signal, sequentially obtained at the same loca-
tion, it seems possible to combine imaging with measure-
ment of instantaneous volume flow through the lumen. An
example of this technigue is illustrated in Figure 7, where
blood velocity is colour-coded, and instantaneous flow esti-
mated aleng several cardiac cycles is in agreement with
flow derived from conventional intracoronary Doppier meas-
uréments [22, 233,

First attempts have shown that RF echo datz also enable
the assessment of mechanical properties of the arterial wall.
In this approach, the echo data are compared in the same
location, but at different pressures [24].

30 imaging and quantitative dala
All organs have a three-dimensional configuration and the-
refore the concept of ultrasenic 3D imaging has become

Fig. § Example of an intravascular image with a lesion between
10 and 2 o'clock

21 A Kiinische Fysica, 200055

235



100 cm/s

Flow (cc/min)

(=}
-

Fig. 7 Image and local colour-coded blood velocity yielding volume flow during various phases of the cardiac cycle (a, b and c) with corre-

sponding Doppler recording (bottont),

increasingly important. In non-invasive echo imaging real-
time volumetric echo data acquisition has been described. It
is not expected that this will become possible in real-time
intravascular methods since it will always require pullback of
the catheter in order to accumulate all the necessary data.
Such a device enables data acquisition for the construction
of arterial 3D images, which are very informative as illustra-
ted for control of stent deployment in Figure 8.

Based on 3D echo-data files, it has become possible, with
interactive semi-automatic contour analyses, to obtain preci-
se quantitative information on plaque volume and open
lumen over the entire arterial segment studied.

Conclusion

Echocardiography has seen an enormous development
from the first poor images up to now. It has (with integrated
Doppler which is dealt with in another chapter in this issue)
amongst the other imaging techniques such as CT or MRI
taken the position of primary diagnostic method in cardiolo-
gy. The 3D use is still in its infancy but undoubtedly it will
break through in the coming years. We have noted the intro-

duction of small rather cheap devices that will further
expand diagnostic echocardiography.

The use of echo catheters for intravascular applications is
much more recent, and it is limited by the expenditure due
to single use of these devices. If these catheters become
cheap, and combined with therapeutic devices, things will
change.

Future intravascular scanners will provide improved image
quality, have interventional therapeutic capabilities incorpo-
rated and possibly be combined with other diagnostic
methods such as Raman spectroscopy. Furthermore, 3D
display and quantitative data extraction will become more
and more routine rather than research.
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Fig. 8 Echo image of stent with struts{*) and corresponding 3D
image.
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Abstract

We compare three proposed indices of total arterial
compliance (Ctot) in normal volunteers {(r=9) and
patients with coronary artery disease (n=14} using a ron-
invasive  approach  {echo-Doppler and  carotid
tonometry): (1} the pulse pressure method (PPM), (2) the
area method (AM) and (3) the stroke volume-to-pulse
pressure ratio (SV/PP).

The best agreement was found between the PPM and
SVW/PP. Compliance estimates were lower in the patient
group (PPM: 12104 vs. 1.6:20.2; AM: 16406 vs
2.821.3; SV/PP: 1.840.6 vs. 2.440.4), being older (64244
vs, 3524 y) and with known atherosclerosis. The best
correlation between compliance and age was found with
PPM ( r’=0.52). AM varied with the chosen computation
interval in diastole. These preliminary data describing the
very first use of the PPM on non-invasive human
recordings suggest that PPM could be a more robusr
estimator of Ctot than the widely used AM, and that
SV/PP could be a reasonable simpler surrogate.

I. Introduction

Tota! arterial compliance {Crot) is by definition the
increment of volume of the systemic arterial bed (dV) for
an increment in distending pressure (dP): Ctot=dV / dP.

Ciot is an important determinant of ventricular
afterload and is directly related to the arterial stiffness of
the [arge arteries. It expresses the ability to store blood in
systole, mainly in the proximal aorta, without excessive
pressure rise. This biomechanical property also allows
optimal coronary flow in diastole.[1] Total peripheral
resistance, casily measured as the ratio of mean blood
pressure and cardiac output, reflects the non-pulsatile
cardiac load. Conversely, Ctot allows estimation of the
pulsatile load. Although very important to measure

0276-6547/98 $10.00 © 1998 IEEE 665

because of its changes with ageing[2] or with
physiopathological conditions such as hypertension[3],
direct Ctot evaluation can not be exactly performed in-
vivo because of the difficulty to measure dV. Morcover
the overall pressure-volume relationship of the arterial bed
is nonlinear and varies with the absolute level of P.[4]
Consequently, different indirect methods have been
proposed, but none has been universally accepted.[S]

Almost all estimations of Ctot rely on the assumption
that the vascular bed behaves like a windkessel (WK,
=capacitance chamber), following Hales' original idea.[6]
Early methods were based on the diastolic decay of the
blood pressure, approximated by a monoexponential. An
integral variation of this principle has been described by
Lia[7] and has been extensively used in various
physiopathological conditions.[8-10]

The ratic of stroke volume (SV) and pulse pressure
(PP=systolic P~ diastolic P) is a crude estimate of Ctot
which was introduced by Remington et al{11]. Although
it might violate the fundamental concept of the WK, the
interest of this readily obtained parameter, has been
stressed recently.[12, 13]

The pulse pressure method (PPM) has been introduced
by Stergiopulos et al.[14] PPM is based on a recursive
evaluation of Ctot by comparing the measured PP and the
one cormputed in a 2-clement WK with the measured flow
as input. Comparison with other methods has been
described in a computerized distributed model of the
artertal circulation.[5] The purpose of this study was (i) to
evaluate the feasibility of the PPM on non-invasive human
recordings, and (ii) to compare the three Ctot estimates.

2. Materials and methods

2.1. Patient data
In 9 normal subjects (34 = 5 yrs) and 14 patients (62 £
12 yrs) with known coronary artery disease, applanation
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tonometry was performed at the carotid level using a
Millar SPT-301 pen-like transducer. Calibration was
performed with the mean (calculated as [2x diastolic BP +
systolic BP)/3} and the diastolic brachial blood pressure
(BP sphygmomanometer). Simultancously, audio
Doppler signals from an echocardiographic system (ATL
HDI 3000) were acquired with an A/D board
{Wavebook/512, IOTech Inc.} and a laptop. Customized
software allowed spectral computation and automatic
detection of the maximal velocity contour. Aortic (Ao)
flow was computed as cross-sectional area of the left
ventricular outflow tract times Ao velocity (Doppler
echocardiography). The ECG was measured along the
complete procedure. Post-processing by averaging

multiple beats allowed reconstructing pressure (Pe) and -

flow data (Q,;) for one representative heart cycle. The
aortic PP was considered equal to the carotid PP.

2.2.  Total arterial compliance

In the 2-clement windkessel model, the whole arterial
tree is modeled as an elastic chamber with a constant
compliance (C) in parallel with the vascular resistance (R)

calculated as mean pressure/ cardiac cutput (CO). The
governing equation in the frequency domain is:

R
Zy=T—3=
1+ jwRC
where @=2xf, f is the frequency, Z, is the input

impedance, R is mean BP / mean Qao and C compliance.
In the arca method (AM), compliance is calculated as:

Iy
RC= [Pdti(P, - P,)
iy

where t; and t,= time of start and end of the interval for
Ctot evaluation, Py is pressure at t;, Pr att,

‘We compared the values of C derived for the intervals
[t1 ;2] corresponding (i} to the mid-third of diastole
{Camzn) 2nd (ii) 10 the last third of the diastole (Carsa)-

The pulse pressure method (PPM) is based on the
fact that the modulus of the input impedance of the arterial
system is represented very well by the 2-clement WK
model for the low frequencies (1™ to ~5™ harmonics). A
- gross low frequency feature like the pulse pressure (PP) is
thus similar in the true arterial tree and the 2-element WKL
The method is based on an iterative scheme based that
finds the value of C that gives the best fit between the
measured PP and the PP predicted by the 2-element WK,
using as input the measured flow (Q,.) and R,
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3. Results

3.1. Patientdata

An overview of measured and computed hemodynamic
data is given in Table 1. As expected, PPep Carpa, Creass
Csvpe were significantly different between the young
normal controls and the older patients presenting known
coronary artery disease, but Cuusn Wwas unable to
differentiate the two groups.

Controls Patients
n=9) (=14)
age (yrs) 3544 6414
5BP (mmHg) 133411 144116
DBF (mmHg) 91%7 8740
MBP (mmHg) 10547 106+10
HR (/min) 7148 70+9
CO (Vmin) 5.041.1 5.241.4
PP, (mmHg) 3146 454107
Camzs (mYmmHg) 28413 1.640.6"
Caron (ml/mmEg) 22405 2.140.8
Cepy (ml/mmEHg) 1.64502 1.240.4"
Csvrep (ml/mmHg) 24404 1.8%0.6°

Table 1. Mean value and standard deviation of
hemodynansic data (SBP, DBP, MBP: systolic,
diastolic and mean sphygmomanometric blood
pressure; HR: heart rate; CO: cardiac output), PP,
carotid tonometric pulse pressure, Camza compliance
with AM computed on last 2 third of diastole, Cpans &
computed on the last third of diastole, Cppuy
compliance with the PPM and Cgee compliance
calculated with the stroke volume-to-aortic pulse
pressure ratio. 'z P<0.001

3.2.  Relationship between Cpprs Carss Covpr

Figure Ia demonstrates the best correlation which was
found between Cpm and ngpp (Cs\rm:ljxci:m - 0.04,
=0.94). Canpn was poorly correlated with Cpey (figure
1b) and Cgvpe (= 0.35 and (.32, respectively). The
comrelations between Canpn and Cppyp or Csvp Were even
worse. There was a rather large difference between Cangs
and Cangp: the mean difference between individual values
of Caneas and Cuany was =0.1241.1, for an overall mean
value of C of 2.1 ml/mmHg.
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Figure 1: a) left: relationship between tota] arterial
compliance esiimated non-invasively by the pulse
pressare method (Cpem) and the stroke volume-to-
aortic pulse ratio (Csv/PP); b) right: relationship
between Cppy and the Ctot estimation from the area
method (Cypan)- (controls: open, patients filled circles)

3.3. Evolution of Ctot with age

The best correlation between Ctot and age, showing a
statistically significant decrease, was found with Cppy:
Ceru = 0.015 x Age + 2.145, =052, p=0.0002). As
illustrated on figure 2, the relationship between age and
Canmezn demonstrated more scattering of the data, with a r*
of only 026 (p=0.01). The comrelation with Coypp was
intermediate (P=0.45, p=0.0006). Ther¢ was no
correlation between age and Caan.
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Figure 2: The correlation between age and Cpypy, (filled
circle) was significantly higher than with C,, (open
circles).
4. Discussion and conclusion
We describe the first non-invasive evaluation of total
arterial compliance with the pulse pressure method in
human subjects. We have compared the results with two
previously reported methods: the area method and the
stroke volume-to-aortic pulse pressure ratio,

The area method was calculated over two different
intervals: the mid-third (Can2p) and the last third (Caypa)

667

of the diastole. It is believed that the chosen interval is not
important,[7] but our results demonstrated that the two
detived estimations of Ctot are not interchangeable, The
compliance derived from the area method is a value for
the mean pressure in the chosen interval of integration.
The compliance of the large arteries decreases non-
linearly with an increasing pressure.[4] This was not
reflected by the average difference between Canpy and
Cavsn that we found (-0.12 mimmHg). Moreover, there
was a large interval of agreement between Cuuzn and
Camyp: the standard deviation of the differences was 1.1
mlmmHg for an overall mean compliance value of 2.1
mimmHg. These discrepancies could be related to an
inherent additional noisc added on the pressure signals
that we recorded non-invasively with a tonometer at the
carotid level. We tied to reduce the anefacts by
maintaining # constant holding pressure of the transducer
and by using a representative pressure recording that was
the average of at least 5 107 good-looking cycles out of a
continuous recording of minimum 30 seconds, The AM,
which uses only the mean cardiac output to compute mean
peripheral resistance, does not take into account the whole
body of information included in the complete flow profile
available with simultascous Doppler echo-cardiography
performed at the level of the aortic valve.

The pulse pressure method and the stroke volume-to-
aortic pulse pressure ratio rely only on a gross feature of
the pressure recording: the systolo-diastolic pulse. In a
computer model of the arterial tree, Stergiopoules et al.
found that the PPM proved to be the most accurate of all
the methods reported to evaluate iotal arterial
compliance.[5] We demonstrated the feasibility to apply
the PPM on non-invasive human recordings. We found a
very close correlation between Cppy and Csype (F=0.94)
which was recently demonstrated as a very good surrogate
of Ctot (using invasive recordings of aortic pressure and
thermodilution in 31 catheterized patients).{13] A
limitation of our method is related 1o the assumption that
the carotid tonometric pressure is similar to the aortic
pressure, but invasive recordings have demonstrated a
very close similitude between aortic and carotid
recordings.[15} Moreover, possible other sources of errors
are introduced into our measurements via the calibration
of the tonometer to the mean and diastolic
sphygmomanometer pressure: diastolic blood pressure
presents probably a slow decrease along the arterial tree
and the computation of MBP=(SBP+2. DBP)/3 may vary
with age or cardiovascular disease. Nevertheless, the same
limitations are present for the area method. The PPM
demonstrated the best differentiation between the controls
and the investigated patients being older, with known
coronary artery disease and who were expected to present
a lower compliance.
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SV/PP estimates of compliance were higher than the
PPM. This is expected because the SV/PP method
assumes that the complete stroke volume is buffered in the
large elastic arteries in systole, without any flow to the
periphery. However, there is a continuous flow towards
the capillaries and the volume increase {dV) during the
ejection is only a fraction of SV.

With Cppy and Cay, Ctot is estimated at different
pressures: Cppy corresponds to the mean pressure whereas
Cam is the compliance at the mean pressure during the
integration interval. This can explain why C,yy was higher
than Cppp.

With ageing and the development of atherosclerosis,
stiffening of the arterial tree occurs, lowering Ctot, The
reported amplitude of the decrease of compliance with
age]8.12] was in good agreement with our findings. We
found that the rclationship between age and Cppy was
stronger (’=0.32, p=0.0006) than between age and Cay or
Csvpp-

In conclusion, we have demonstrated the feasibility to
estimate total arterial compliance non-invasively in human
subjects with the pulse pressure method, Our observations
suggest that overall, the pulse pressure method appears to
be a more robust estimator of Ctot for non-invasive
applications. The stroke volume-to-pulse pressure could
be a reasonable simpler surrogate.
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2000.—We fitted a three-segment transmission line model
for the radial-carotid/acrta pressure transfer function (TFF}
in 31 controls and 30 patients with coronary artery disease
using noninvasively measured (tonometry) radial and carotid
artery pressures (P,,,). Except for the distal reflection coef
ficient (0.85 = 0.211in patients vs, 0.71 % 0.25 in contrels; P <
0.05), model parameters were not different between patients
or controls. Parameters were not related to blood pressure,
age, or heart rate. We further assessed a point-to-point av-
eraged TFF (I¥F,,,) as well as upper (TFF_ ) and lower
{TFF ;) eaveloping TFF, Pulse pressure (PP) and augmen-
tation index (Alx) were derived on original and reconstructed
Peor Peor ). TFF,,, yiclded closest morphological agreement
between P, and P, (root mean square = 4.3 = 2.3
mmilg), and TTF,,, best predicted PP (41.5 £ 11.8vs. 41.1 *
10.0 mmHg messured) and Alx {—0.02 + 0.19 vs. 0.01 =
0.19). PP and Alx, calculated from P, or P, ,, were higher
in patients than in controls, irrespectively of the TEF used.
We conclude that I) averaged TFF yield significant discrep-
ancies between reconstructed and measured pressure wave-
forms and subsequent derived Alx; and 2} different TFFs
seem to preserve the information in the pressure wave that
diseriminates between controls and patients,

bleod pressure; model; applanation tonometry

KNOWLEDGE OF CENTRAL AORTA PRESSURE is clinically im-
portant because it permits, together with aortic flow,
one to compute arterial toput impedance and hemody-
namic parameters characterizing ventricular-arterial
interaction (wave reflection indexes, hydraulic power)
of diagnostic value in cardiology (1, 5, 14, 19). Using
tonometry, one can estimate, noninvasively, the cen-
tral aortic pressure wave by measuring the arterial
pulse I} at a superficial artery close enough to the
heart (subclavian, carotid artery) so that the effects of

wave distortion can be neglected (3, 5, 6, 14, 16}, or 2)
at a peripheral superficial artery (radial or carotid
artery) with use of 2 pressure transfer function (TFF)
to compute the pressure wave at the central aorta (4,
7-9, 12).

Averaging transfer functions, measured directly in
(relatively) large human populations, yielded general-
ized TFF for the radial-aorta (7, 12) and the carotid-
aorta (11) pathway. Such generalized TFF have been
integrated into commercially available systems, pre-
dicting central aortz pressure and derived indexes,
such as the avgmentation index (Alx), from the carotid
or radial artery pressure wave (4, 23). However, there
is large scatter in measured transfer functions, and the
morphology of reconstructed central pressure, using
such a generalized TFF, may differ considerably from
the directly measured pressure.

The aim of this work was to provide a method to
individualize TFF, based on a transmission line model
for the radial-aortic/carotid pathway (9). If model pa-
rameters characterizing the pressure transfer function
are related to easily measured patient characteristics
{age, blood pressure, etc.}, then TFF can be predicted
on a patient-to-patient basis, enabling a better esti-
mate of the central aorta pressure wave morphology.
First, we fitted the model to a published radial-aorta
pressure transfer function that was derived from inva-
sively recorded pressures (7). This way, we obtained
reference values for all model parameters. Second, we
fitted the model to (noninvasively) measured radial-
carotid transfer functions in controls and in patients
using a selected number of model parameters, and we
studied the correlation between these model parame-
ters and easily measured hemodynamic indexes. Be-
cause we were unable to assess any relation, we fur-
ther studied the impact of using upper and lower limit
transfer functions, enveloping measured data, on esti-
mated central blood pressure and oo derived tadexes
such as pulse pressure (PP) and the Alx.
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INDIVIDUALIZING PRESSURE TRANSFER FUNCTION

MATERIALS AND METHODS

Transmission Line Model For Radial-Aortic/Carotid
Pathway

The model simulating the aorta-radial pathway is ana-
loguous to the model used by Karamanoglu and Fenely {9) for
the finger carotid pathway and consists of 2 stepwise tapered
transmission line with three segments (proximal, middle,
and distal) terminated by a lumped parameter model (Fig. 1).
For each segment, the transmission line equations describing
the f:ropagation of pressure (P) and flow (Q) harmonics waves
apply

Plx) = Pre ™" + Ppe™
Q) = Qre ™™ + Qe
with x as the longitudinal coordinate and f and & indicating
forward and backward waves, respectively, The wave propa-
gation coefficient (y), accounting for wave propagation and
damping, is giver as
iwlc

YT TF,

with F,, as the Bessel function as given by Womersley (24)
and ¢ as the wave propagation velocity given as

¢ = gge™®

with ¢, as the inviscid Moens-Kortewey wave veloeity, Wall
viscosity is taken into account by the viscoelastic phase angle
6 as a function of frequency (w) (2, 9, 10)

8= 8y(1 ~ &™)

The relation between pressure and flow harmonics is given
by the characteristic impedance (Z)

Z_E,___&_ pelA
TR Q J1-Fy

with A as the cross-section of the segments and blood density
p = 1,050 kg/m® Values for vessel dimensions and 8, are
given in Table 1. The impedance mismatch between the
terminating windkessel model and the distal segment results
in wave refiection. Instead of explicitly medeling the termi-
nating lumped parameter model, the distal reflection coeff-
cient (' = P,/P, = —Q,/Q) is modeled as (9}

=T ™

where T, and T are the modulus and phase of the distal
reflection coefficient, respectively,

proximal

middle .
distal
LpZy Lo Zom LoZyy | Tot
PR e —

Fig. 1. Schematic representation of the radial-sorta/carotid trans-
mission line model. Model consists of 3 segments, cach charactorized
by its length (L) and characteristic impedance (Z,). The transmission
line termination is modecled as o reflection site determined hy the
modules of distal reflection coetficient () nnd phase of the distal
refiection epefficient (1),
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Table 1. Geometrical and mechanical characteristics
of the transmission line model segments fitting the
radial-aorta transfer function of Chen et al.

Terminal
Proximal Middle Distal Model
D, mm 12,5 8 4
fo, 5 7 9
L, em 24 27 15
eqr B0/3 6.89 5.46 6.51
Z,, mmHg- ml™* 571 0.44 133 4,08
Lo - 0.86
T, S 000

D, Scgment diameter; L, segment length; 8., viscoelastic phase
anple at high frequencies; e, mviseid wove veloeity; Z,, scpment
characteristic impedance; Ty and T are modulus and phase of the
distal reficetion cocfficient, respectively. The values corresponding to
I}, 9, and L were assumed; the others were the result of the fitting
procedure. Sce alse Fig, 2 for more information concerning the
transfer fanction of Chen et al. {7).

Assessing Reference Model Parameters: Fitting the Model to
the Transfer Function of Chen et al,

The modulus and phase angle data for the steady-state
radial-aorta transfer function of Chen et al. (7) were digi-
tized, and the complex form of the measured transfer func-
tion (T¥FF oy} was calculated. We then derived the transfer
function for the transmission line model (TFF . ..), Which
depends on the eight model parameters: length L and wave
propagation speed ¢, for each of the three line segments, and
two distal model parameters (Iy and 7). Reference values
for these parameters were estimated by fitting TFF 0001 t0
TFF ¢y eqs hereby minimizing the (compléx) sum of sguared
differences between TFFg, .. and TFF,.., (Matlab, The
Mathworks, Natic, MA). To reduce the nunber of parameters
in the minimization procedure, L was set to fixed values
between 10 and 30 cm for the proximal and between 15 and
45 cm for the middle and distal scgments. For each set of
segment lengths, the remaining five parameters were deter-
mined using a least square fitting algorithm. The goodness of
fit, expressed as the modulus of the root mean square (RMS)
value of the difference between TFFq,, and TFF ., was
stored for all combinations of segment lengths. The final set
of parameters, further considered as a reference, was the one
yielding the lowest [RMS/.

After assessing reference model parameters, we studied
the effect of changes in characteristic impedance (half and
twice the parameter values following from fitting Chen's
function) of the proximal segment and of 2l segments to-
gether, changes in vascular tone |, Le, the distal wave reflec-
tion coefficient (I, = G — 1), and the effect of a 20% variation
in gegment length,

Fitting Measured Radial-Carotid Pressure
Transfer Functions

In vive measurements. Applanation tonometry was per-
formed successively at the carotid (P,,,) and radiat (P,,)
artery with a Millar SPT-301 penlike transducer (5} in 31
controls and 30 patients, in three different centers, and by
three different operators. Patients were subjects with known
coronary artery disease confirmed by wall motion abnermal-
ities (rest and/or during dobutamine infusion) om a recent
echocardiographic examination andfor a positive treadmill
stress test. No patients with uncentrolled hypertensior were
included. The measured sequence of heartbeats was pro-
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A

0

- D
Fig. 2. With the use of the transmis- ooy
gion line model from Fig 1 and with & < &

the model porameters of Table 1, the B L 4
transfer function {TFF) of Chen et al, £ g
" (TFFene) (7) is well predicted. A: € 15/ . pi

transfer function medulus; B; transfer E 8
function phase angle. 0.3 e

0.0 - -
0 2 4 ] g 10 0 2 4 6 2 10
frequency (Hz) frequency (Hz)

cessed off-line. Using the measured electrocardiogram signal,
we identified individual heart cycles, and an average pres-
sure wave was calculated from at least five heartbeats. This
signal was then calibrated by setting its mean and diastolic
value equal to diastolic and mean brachial blood pressure
measured with a cuff sphygmomanometer. Fourier analysis
was applied on both pressure waves, and the ratio of corre-
sponding harmonics yielded the measured transfer function
(TFF pyous)s A maximum of 10 harmonics were taken into
account, and pressure or flow harmonics with a magnitude
<1% of the first harmonic were excluded.

Fitting the model to the measured radiel-carotid data. Te
fit the model to the measured radial-carotid pressure trans-
fer function, we used P_,_ as an input into the model, and the
computed distal model p pressure (Py ooqq) Was fitted to the
measured radial artery pressure (P,,,} by minimization of
Z(Py rmodet — Praa)® We first fitted the data by changing four
parameters: the characteristic impedance of the three seg-
ments (Zy,,, Zg . Zo4) and the modulus of the distal reflec-
tion coeffiient (I'g). The remaining four parameters were
given their reference value as obtained from fitting TFF ¢y -
Second, we further restricted the fitting to one single param-
eter: the characteristic impedance of the proximal segment
{2, ), with the remaining seven parameters fived at their
reference value, For both fitting methods, we studied corre-
lations between fitted model parameters and (sphygmoma-
nometer) brachial blood pressure, subject age, heart rate,
health condition (control subject or patient), and whether
model parameters were different for controls and patients,

Avergge TFF and Moximal end Minimal Enveloping
Transfer Functions

We derived an average transfer function (TFF,,} for the
whole group of 31 controls and 30 patients, Measured trans-
fer functions were resampled at 0.25-Hz intervals. Averaging
of all 61 transfer functions yielded TFF,, .. Furthermere, two
TFF were selected from all itted transfer fanctions, repre-
senting an upper and lower enveloping curve. Because the
law frequency harmonics are most important, we chose the
transfer function with the highest (TFF,.) and lowest
(TFF, ;) amplitude at 2 Hz,

TFFW, TFF min, and TFF,,,. were used, to recenstruct the
carotid artery pressure (P, from measured P, ,, with data
from all three centers included. We then calculated pulse
pressure (PP = systolic — diastolic pressure} and the Alx
from Pea, and P, Alx is caleulated as =(P,,., — P )VPP,
with P,,. being systob.c pressure and P, as the pressure
corresponding to the first inflection point on the carotid
pressure wave, Alx is positive when the inflection pressure
precedes systolic pressure and indicates an A-type wave (18);

it is negative when the inflection point occurs after systolic
pressure (C-type wave). We compa:ed PP and Alx derived
from P, and P, with TFF_; , TFF, ., an0d TFF _ using

linear regression analysls We fu.rther calculated RMS as
iz (Purr— Pc.u- B
‘\'I
with N as the number of sampling points, indicating the
accuracy with which carotid pressure merphology is recen-
structed. Finally, we also compared average values for PP
and Alx in the control and patient group. Groups were

considered statistically different if P < 0,05 {¢-test; Sigma-
Stat 2.0, Jandel Scientific).

RESULTS

Fitting Chen'’s Radial-Aorte Pressure
Transfer Function

The agreement between the fitted model TFF_ 4,
and TFFq.. i1s showa in Fig. 2. Both modulus and
phase angle were well predicted by the model. The
derived model parameters for the different segments
are given in Table 1. The characteristic impedance for
proximal, middle, and distal segment was 0.44, 1.33,
and 4.08 mmHg - ml™? - 57, respectively. The total
length of the model was 66 cm. The distal reflection
coefficient was practically constant (Uy = 0.86), inde-
peadent of frequency (v = 0.00).

With changing ZQ,P (proximal segment properties)
alone, transfer functions with very distinet morphol-
ogies were obtained (Fig. 3). A reduction of Z,,
increases the peak of the transfer function and shifts
it to lower frequencies. Because of a lower wave
velocity, the time delay between the proximal and
distal location increases, and the phase angle be-
comes more negative. These effects are amplified
with an overall change of Z,. With Z; divided by 2,
the TFF peak is still shifted to lower frequencies, but
there is hardly any amplification for frequencies <3
Hz, and the higher frequencies are damped out.
Vascular tone changes are modeled as changes of the
reflection coefficient. T, being real, does not change
the TFF phase angle or the location of the peak. Only
its magnitude increases with a stronger reflec-
tion (vasoconstriction}. The overall length of the path
was changed by £20%. A longer path length damp-
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Fig. 3. Changing the model parameters yields 2 wide range of transfer function morphologics (¢op: TFF modulus;
bottom: TFF phase angle). From loft to right, we show the cffect of changing 1) Z, of the proximal segment; 2) Z,
of all segments; and 3) changes in vaseular tone modeled by varying I'y from 0.86 (baseline) to 1,0, and 0.43; and

4} an = 20% change in path L.

ens the peak, shifts it to lower frequencies, and
increases the phase angle; the inverse is found for a
shorter path.

Fitting Measured Radial-Carotid Pressure
Transfer Functions

Hemeodynamic data for the complete population are
given in Table 2 as well as average values for Zg , Z¢ 1
Zy.4, and I'g, obtained from fitting the model o mea-
sured radial-carotid transfer functions. Overall, there
was good agreement between measured and fitted ra-
dial artery pressure (RMS = 3.3 *+ 2.0 mmTHg), but the

Average TFF and Maximal and Minimal Enveloping
Transfer Functions

The calculated point-to-point TFF, . is shown in Fig,
4, together with TFF_ ., and TFF_ . The error bars
indicate means *+ 2 SE. TFF . is the transfer function
with the highest amplitude at 2 Hz (2.0} and is caleu-

Table 2. Age, sphygmormanometric blood pressure,
and heart rate in control groups end patients with
Enown coronary artery disease

fitting was slightly better for the control than for the Contrele Fogomts
patient group (RMS = 28 =+ 1.4 vs. 3.9 + 25 mmHg;, * 353112 66‘3012*
P < 0.05). Zy,, and Z,, were higher in the patient §5% T, Radnbrd 143 =15t
group, whereas Zyq was higher in the control group, DEP, mmHg 8110 83=10
but differences were not significant. I'y was higher in  MAP, mmHg 97=10 103 =12
the patient group (0.85 = 0.21 vs. 0.71 * 0.25; P < I boats/min nel St
0.05). There was no correlation between any of the ’ & - - -
fitted model parameters and subject age, sphygmoma- Fitting four paremeters
nometer blood pressure (systolic, diastolic, or pulse EMS, mmHg - 28214 a9=250
pressure), heart rate, or the subject being classified as Zw ﬁ?ﬂ“ -1 "fg ;3;‘;2 1'1_2 ;‘fji“’
a patient or control. Zg:: mmHg ml~ '1 9.2%5.5 7.83=52
With the model fitted to the measurements using T, 0.71=025 0.85=0.21*
only Z,, the fitting is again better in controls Fitting onc parameter
(RMS 46*22vs. 5.4 *3.3mmHg). Z, is h;gher RMS, mmHg 46222 5.4=33%
in patients than in controls, but the difference is not Zg e mmHg ml™h 57 1.1020.64 1.21=0.60

statistically s:mﬁcant 1. 10 = 0.64 vs. 1.22 = 0.60
mmHg  ml™? - 57%), Again, there was no correlation
between Z,,, and subject age, sphygmornanometer
blood pressure (systolic, diastolic, or pulse pressure),
heart rate, or the subject being classified as a patient
or control.

Values are means = S0; n = number of controls and patients.
SBP, systolic blood pressure; DBP, diastolic bloed pressure, PP,
pulse pressure. Mean arterinl pressure (MAP) = DBP + PP/3. HR,
heart rate. Root mean square (RMS) and estimated meodel parame-
ters are given for the fitting algorithm, fitting 4 parameters (Z,,,
ZOW Zg,a0 204 Tp) or 1 single parameter (Z, ). *P < 0.05; 1P =

0.01.
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Fig.4. The model was fitted to radial and caretid artery
pressure measured in 31 controls and 30 patieats and
changiog 4 porameters; Zy 2, o, Zog, nd Tp. The
resulting (model) pressure transfer function is charac-
terized by its modulus and phase angle for the control
subjeets (A and B) and for the patients (C and D), E and
F show modulug and phase of the average of all 61
transfer functions (TFF,, ) and the transfer functions
with the highest (TFF,,,..; and lowoest (TFF,;,) ampli-
tude ot 2 Hz, TFF,,,, ond TFF,, , are derived wsing the

modulus TFEF (-}

=}

phasc angle TFF (%)

madel parameters ag given in the text, whereas TFFave 0
8 caloulnted a8 a point-to-point average of measured s}
data. The bars represent 2 SE on the mean volue.

modulus TFF ()

lated using 0.22, 1.15, and 5.34 mmHg - mi~t- s~ for
Zop Lo 2nd Zg 4, Tespectively, and 0.95 for T All
other paramefers have reference values (Table 1).
TFF i, 18 the transfer function with the lowest ampli-
tude at 2 Hz (0.9} and is calculated with 1.12, 2.39, and
4,32 mmHg - ml ™ - 577 for Z, . Zo o 2nd Zg 4, respec
tively, and 0.51 for T,

‘We reconstructed carotid pressure from measured
radial artery pressure using TFF,_.., TFF_.., and
TFFWF, respectively. For the whele data set, the aver-
age difference between reconstructed and measured
carotid pressure, expressed as the RMS difference, was
7.8 +£2.7, 6.9 * 3.4, and 4.3 * 2.3 mmHg, respectively.
The correlations between PP and the Alx, derived from
the reconstructed and measured carotid pressure, are
given in Fig. 5. Best results are found with TFF, .,
yielding an average of 41.5 + 11.8 vs, 41.1 * 10.0
mmHg measured. A paired ¢-test indicated that both

2 4 6 8 10 0 2 4 6 3 10
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F
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E | —— TFFram
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values were not significantly different (P = 0.59). Cor-
relations were less good for Alx. TFF,,, gave the best
results, with an average value of —0.02 * 0.19 vs.
0.01 = 0.19 mmHg measured directly on the carotid
artery pressure wave. However, values were not sig-
nificantly different (P = 0.22; paired #-test). PP and
Alx, caleulated from measured or reconstructed carotid
artery pressure, were finally grouped for patients and
controls (Fig. 6). PP and Alx were higher in patients
than in controls;irrespective the calculation on mea-
sured or reconstructed pressures.

DISCUSSION

This study is based on & transmission line model for
the aorta-radial pathway. The model is similar to the
finger-carotid model of Karamanoglu and Fenely (9),
consisting of three tube segments with the same values
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Fig. 5. Comparison of pulse pressure (PP, A) and augmentation index (Alx, B) derived from the measured corotid
artery pressure and from the reconstructed carotid artery pressure using TFF ., TFF ., and TFF . Solid line

is the regression line; dash-dot line is the line of porfeet agrecment.

for tube diameters and wall viscosity. We first assessed
reference model parameters by fitting the medel di-
rectly to a recently invasively assessed transfer func-
tion: {7, 8). The model parameters (Table 1) are within
physiological ranges. The total length of the transmis-
sion line 1s 66 cm and is close to the average length of
the arm (radial to sternum) that we measured in 13
subjects (66 x 6 cm). Pulse-wave velocity varies be-
tween 6.5 and 8.5 m/s and is within reported ranges (9,
17} A good fit to Chen’s data is obtained with a real
terminal reflection coefficient, in contrast to Kara-
manogla and Fenely (8). The magnitude (0.86) is
higher than what Karamanoglu and Fenely (9) found

A B

=== controls
e paticnts

PP (mmHg}
Alx ()

-0.15 j

measured  TFF, TFF-vg

measured  TFF,

at the finger level (0.64} but is close to the value of 0.8
reported for the femoral artery (15).

It was recently shown that a simple single tube with
a single distal reflection site can be used to medel the
transfer function for “single tubelike” acrtic branches
such as the carotid artery and to some extent the
brachizl artery (21). However, such a model is to0
simple for the radial-aorta pathway, consisting of mul-
tiple reflection sites, and it was impossible to £t such a
medel to Chen’s data. Using three tubes in series, three
reflection sites are generated: two sifes due to the
impedance mismatch between the segments and a dis-
tal reflection site at the model termination. Varying

Fig. 6. Comparison of averapge PP (A)
and Alx (B} ix the control (r = 31) and
patient (2 = 30) population, The bars
are means % SE, Data are derived from
the measured carotid artery pressare
and from the reconstructed carotid ar-
tery pressure using TFFp.,. TFF..,
and TFF,,. (*P < 0.05; +P < 0.0L
#P < 0.001),

TFF,

TFF,,,
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the model parameters leads to logical and expected
changes in the morphology of the transfer function as
shown in Fig. 3 and as summarized in REsuLTS.

The model was used to fit the measured radial-
carotid transfer function in 61 subjects. The fitting was
first limited to Z, ,, Zg m» Zo 4, and Ty Average model
parameters in the contrel and patient group are con-
sistent with reported physiopathological changes in
arterial mechanical properties. In hypertension, for
instance, the stiffness of the larger elastic arteries is
increased, but the effects are far less clear for more
peripheral, mausecular arteries such as the radial or
femoral artery (13, 20, 22). Nevertheless, individually,
there was no correlation between model parameters
and subject characteristics such as age, blood pressure,
heart rate, or subject classification as & confrol or as a
patient.

A whole family of TFF curves can be obtained only by
changing the characteristic impedance of the proximal
segment (Fig. 3). It is further expected that changes in
arterial mechanical properties are most pronounced for
the larger elastic vessels close to the heart (13, 20, 22).
Therefore, we studied whether the fitting could be
restricted to Z; , and whether this improved the corre-
lation between the fitted model parameter and the
patient data. Fittings were less good than with the four
parameters but still acceptable {overall mean RMS of
5.0 = 2.8 mmiyg). The resulting Z; , were comparable
to the values that were found when fitting four param-
eters (Table 2), with the same tendency for an in-
creased Z,, in the patient group. However, again,
there was no correlation between Z, , and subject char-
acteristics.

Zy p was not different between patients and controls
(Tabﬂe 2). A possible explanation is the limited number
of subjects included in the study. Also, blood pressure
is only slightly higher in the patient group, and the
difference in arterial compliance, most prominent in
the ascending aorta and aortic arch, may not be high
enough to yield significant differences in Z; ..

The absence of a (simple} relation between model
parameters and patient data inhibited the computa-
tion of individualized transfer functions. This may be
due to the simplicity of the model (and the fitting
procedure), with the model parameters not reflecting
physiclogical properties. We aiso applied a model with

INDIVIDUALIZING PRESSURE TRANSFER FUNCTION

reference parameter values derived for the radial-aorta
transfer function on measured radial-carotid transfer
fanctions. Still our approach is defendable. The radial-
aorta and radial-caretid pathway should at least share
the properties of the middle and distal segment; the
differences exist in the small part of the ascending
aorta and the carotid artery. We assumed the same
length for these segments, but their mechanical prop-
erties are effectively different: average Z,, for the
radial-carotid data (4 parameter fit) 15 1.08 mmHg -
ml~*- 57! and is higher thar Z, , that was fournd for the
radial-aorta fit (0.44 mmHg - 1™ - s7%). This agrees
with the smaller caliber of the carotid artery. One
might think of introducing arm length as a known
variable into the model. This will change the values of
estimated Z; ,, but it is unlikely that the introduction
of a parameter (radial-carotid path length), which can-
not be measured with great accuracy either, would
change cur cbservations. One should alse consider the
fact that not only the total path length but also the
relative length of the three segments determines TFF.

TFF,,, yielded the best approximation of PP and
ATx, whereas TFF_ . or TFF,;. pave (very) different
values for PP and Alx than the values derived from the
directly measured pressure wave. However, it is Te-
markable that when averaged over centrol subjects
and patients, PP and Alx were different for both
groups, irrespective the used transfer function. Thus,
when (generalized) pressure transfer functions are
used in clinical studies, comparing control subjects
with patient groups or comparing different interven-
tions, they may potentially vield reconstructed central
{aorta) pressures and derived indexes, diseriminating
between groups or interventions. Nevertheless, indi-
vidually, there are considerable differences for PP and
ATx derived from the measured or reconstructed ca-
rotid artery pressure, as indieated by the (modified)
Bland-Altman plot (3} in Fig. 7 (data shown for TFF
only). Furthermore, we feel that derived parameters,
such as the ATx, require reconstructed waves in which
enough high-frequency information is present to fully
eapture the details of the curve.’ Using other algo-
rithms, based on autoregression models (8), may give
better results than the frequency-domain approach we
used.

A B
20 . 6.50
. . 5 is * mean + 25D
Fig. 7. Difference between PP {4A) and = I —— e — B
ATx (B} derived from o reconstructed E B Y.t . L3 . se_*
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difference; the dashed lines arc the R - - rTT/TmmTTTT I
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This study shows that arterial pressure waves, re-
constructed using (generalized) tranmsfer functions,
carry analog information as the carotid blood pressure.
This, however, does not imply that these reconstructed
pressures are a better approximation of central aortic
pressure than carotid blood pressure. However, in clin-
ical settings, it is easier to monitor central pressure
from an easily accessible peripheral site such as the
radial artery, which is more appropriate for applana-
tion tonometry than the carotid artery. Applanation
tonometry at the carotid artery is more tedious, more
time consuming, and requires skilled people and aver-
aging of the curves, Furthermore, it is better to aveid
carotid applanation tonometry in people with carotid
plaque. In our study, we had t¢ exclude about 10% of
patients because no reliable carotid tonometric signals
could be recorded.

We conclude that using averaged, generalized TFF
leads to significant discrepancies hetween recon-
structed and measured pressure waveforms and sub-
sequent derived indexes. Nevertheless, very distinet
transfer funetions (TFF,,,., TFF,, ., and TFF,,,) seern
to preserve the information in the pressure wave that
is needed for the computation. of indexes as PP and the
Alx, discriminating patients from healthy sebjects.
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Running head;
A simplified index of contractile state

Abstract

Background: Cardiac reserve, defined as the change in
maximal ventricular power output (Pmax) has a prognostic
value in patients with ventricular dysfuncrion. We wanted to
investigate whether (1) maximal ventricular power output
and physiological cardiac reserve can be measured non
invasively with echo-Doppler and tonometry during exer-
cise; (2) a simplified index of power output (sPmax), the
product of peak aortic flow and mean blood pressure, yields
similar diagnostic value.

Methods: A toral of 14 patients with known or suspected
coronary artery disease and 11 normal control subjects
underwent supine bicycle exercise echocardiography to
measure aerobic exercise capacity (estimated by VO.max).
At rest and peak exercise, aortic flow was estimated from
echo-Doppler. and aortic blood pressure from arterial
tonometry, to calculate Pmax and sPmax. Cardiac reserve
was defined as the difference between peak exercise and rest
vealites,

Results: Recordings were successful in all subjects. There
was a strong correlation berween Pmax and sPmax
{r=0.97). Cardiac reserve derived from Pmax and sPmax
were significantly related to VOsmax (F=0.85 and 0.82,
respectively). In a multiple logistic regression, VOsmax was
independently predicted by the rate pressure product and
Pmax or sPmax, but not by steady power output,
Conclusions: A simplified index of ventricular power out-
put could be validated in a clinical exercise echo setting
and was found strongly correlated 1o a more burdensome
tonometric evaluation. Both indices add similar diagnostic
information to conventional hemodynamic and echocardio-
graphic parameters and could be useful for the evaluation
of left ventricular contractile state of patients.

Keywords: cardiac power output, stress echocardiography.
OXygen consumption

Condensed abstract

In 25 subjects, maximal ventricular power output (Pmax)
was measured non invasively with echo-Doppler and
tonometry during supine bicycle exercise, and compared to
a simplified index, defined as the product of peak aortic
flow and mean blood pressure. Cardiac reserve was esti-

mated by the difference of Pmax at peak exercise and buase-
line. Aerobic exercise capacity was estimated by expired
gas analysis (VOamax) and was found statistically correla-
ted to Pmax. There was a strong correlation between Pmax
and its simplified estimation yielding simiiar diagnostic
value in a multiple logistic regression of VOxmax determi-
nants, This simplified index may be useful and more practi-
cal to evaluate ventricular contractile reserve.

Background

Veniricular contractility is best asscssed with invasive
indices of the pressure-volume pump relationship.'®
However. their invasive nature precludes their widespread
application. Maximal ventricular power (Pmax. defined as
the maximum of the instantancous product of pressure
chamber and rate of volume change) has been proposed for
the assessment of ventricular function. Non-invasive cvalu-
ations have been based on echocardiography and central
aortic blood pressure estimation with arterial fonometry’,
pulse transduction* or automated cuff sphygmomanometry.®
Contractile reserve (CR) might be defined as the difference
of Pmax between peak stress and baseline conditions. In
paticats with heart failure, non-invasive CR has been
demonstrated to have a better prognostic value than ejection
fraction.® cenfirming, carlier observations by Tan ct al.™
Severe exertion is the most physiological stress for evalua-
tion of the functional reserve of the left ventricle. We have
recently reported the validation in dogs and preliminary
clinical experience of a simplificd index of Pmax, sPmax,
defined as the product of mean blood pressurc and peak aor-
tic flow!, which is casier to obtain than Pmax
during exercise echocardiography. We present in this paper
a validation of sPmax in a clinical setting where we evalu-
ated "true" peak power via tonometric and echocardio-
graphic measurements in subjects undergoing supine
bicycle exercise stress with metabolic testing,

aterial and methods
Rest and supine bicycle exercise echocardiography were
performed in 14 patents free of significant valvulopathies
and atrial fibrillation referred for evaluation of coronary
heart disease. and in 11 normal control subjects. All aspects
of this investigation conformed to the principles outlined in
the declaration of Helsinki. Approval to conduct the study



was granted by the local Investigational Review Board and
informed conscnt was obtained from each subject.
Exercise_echocardiography; Echocardiographic examina-
tions were performed using an ATL HDI 3000 machine
(Advanced Technology Laboratories, Bothell, WA) to
obtain standard views at rest, maximal excrcise and imme-
diately afterwards. Echocardiographic images were recorded
on (.5-inch VHS videotapes and also digitized ondine into
a quad-screen, cine loop format. gated to the R wave of the
clectrocardiogram {ImageVue. Eastman Kodak Health
Imaging, Allendale, NJI). All digitized images were stored
on 5.25-inch optical disks. Interpretation of the images was
performed by two observers using the standard 16-segments
LV model.”

Meagurement_of ventilatory responsg: Continuous cxpired
£as analysis was performed with & MedGraphics CardiO,
system (Minneapolis. MN). Nose clips were used to prevent
air leak from the nostrils. Breath-by-breath analysis of the
expired gas was performed, and results were reperied as
30-second averages. Oxygen consumption (VO,) and car-
bon dioxide production (VCO,) were measured at rest for
22 minutes before start of exercise and then continucusly
during exercise. Maximum oxygen uptake, correeted for
body weight, (VO.max} was defined as the oxygen con-
sumption at peak exercise. The respiratory exchange ratio
(RER) was calculated as the ratio of VCO, relative to VO,.
Exereise testing: All subjects underwent symptom-limited
exercise testing on a tltable supine ergometer (American
Echo, Kansas City. MO) using 2 minutc stages, with
25 Watt workload increments. Hemodynamic response,
symptom status and [2-lead elecirocardicgram were moni-
tored continuously. Brachial artery pressure was meagured
at the end of each stage with a mercury sphygmomano-
meter, based on phase 1 and 4 of the Korotkov sounds.
Maximal exercise was defined by attainment of > 85% of
maximum age-predicted heart rate response™,
Estimation_of aortic flow: In the absence of significant

mitral regurgitation. aortic fiow reflects the instantancous
rate of volume change of the left ventricle needed to calcu-
late power. To estimate peak aortic flow, aortic anmulus
diameter was measured from the parasternal long axis view
at rest, and assumed to remain constant with exercise®, At
rest and at peak exercise level, or failing that, immediately
on cessation of exercise, the aortic root was interrogated
from the apical five-chamber view using continuous wave
{CW) Doppler with optimal alignment of the ultrasound
beam in the left veatricular outflow tract {LVOT). Maximal
velocity, velocity-time-integral (VTI) and the RR-interval
were  manually measyred from the videotape,
Concomitantly, the audio Doppler signal output of the
echocardiographic machine was digitized with a cus-
tomized hardware and software interface previously
described,” Briefly, audio Doppler signals were acquired
with an analog/digital board {Wavebook/512, IOTech Inc.,
Cleveland. OH} and a laptop computer (Dell LM/PI33,
Austin, TX}. Fast Fourier Transform was computed on-line
to display the spectrogram, along with simultaneously
acquired tonometric and ECG signals. Data were archived
in binary files and processed off-line. Automatic detection
of the maximal acrtic velocity contour (V 5,) and computa-
tion of VTI required minimal uscr interaction with a soft-
ware developed in Matlab 4.2 (MathWorks Inc.. UK).
Instantaneous aortic flow (Q, ) was computed as the cross-
sectional aortic annulus area times V. Manual and aute-
matic measurements of peak V,, and VTI were compared
following Bland and Altman.™

Estimation of ¢central aortic pressure: Pmax should be com-
puted with left ventricular pressure. but aortic root blood
pressure (BP, ) is a valid alternative, ™ We performed non-
invasive tonometric recordings of the carotid and
radial arteries with a Millar SPT-301 pen-like transducer
(Millar Instruments Inc.. Houston, TX). Principles of
tenometry have been extensively described. Close agree-
ment at the carotid level with invasive high-fidelity BP,,

Table 1. Rest and exercise parameters in patients und controls and their univariate correlation with VO2 max,

Patients Controls  Correlation with VO, max
n=14 =11 ¥ (n=23} p

Rest:
Ejection fraction (%) 56+13 616 0.178 0.440
Heart rate (min™) 7010 70+10 -0.103 0.625
Mean arterfal pressure (mmHg) 106+10 1048 0.124 0554
Estimated aortic pulse pressure {mmHg) 45+10 32+5% -(3.505 0.01
Rate pressure product {mmHg/min x 10%) 10.1x1.7 8.2+1.2 -0.221 0.288
Cardiac output (Kmin) 5.3+1.6 5.4x1.2 0.272 C.188
Maximal power (Watts) 5.8+2.0 8.321.7 0.468 0.018
Simpiified maximal power (Watts) 5.0+1.4 5.5+1.5 0.524 0.007
Steady Power {Waltts) 1.2x0.4 1.3=0.3 0.326 0.111
Peak exercise:
Ejection fraction (%) 71213 7247 0.029 0.802
Maximal heart rate (min) 12021 160+13¢ 0.794 <0,001
Mean arterial pressure (mmHg) 134=13 137x12 0.175 0.403
Estimated aortic pulse pressure {mmHg) B68+14 80434 0.414 0.04
Rate pressure product {(mmHg/min x 107 25.1x4.7 32.3+4.9% 0.763 <0.001
Cardiac output (ifmin) 9.6£3.4 13.923.97 0.761 <0.001
Maximal power (Watts) 10.9+3.8 16.8+3.9% 0.825 <0.001
Simplified maximal power (Watts) 9.3+£2.8 13.2+2.91 0.805 <0.001
Steady power (Watts) 2.9x1.1 4.2+1.31 0.756 <0.001
VOamax {mikg/min) 186 35x8%

* p<0.05 T p=0.61

1 p=0.001, patients versus controis,



Table 2. Variation of the hemodynamic parameters (A peak exercise — baseline) and their univariate correlation with VO, max,

Patients Controls Correlation with VO,max
n=14 n=11 r {(n=25) p
A ejection fraction (%) 1645 124" -0.333 0.140
A mean arterial pressure (mmHg) 28+10 3247 0.106 0.614
A aortic pulse pressure (mmMg) 22413 48+£34* 0.577 0.003
Arate pressure product (mmHg/min x 103) 151240 23.0x4.9% 0.825 <0.001
A cardiac output {I/min) 4.3+2.6 8.5+3.2¢ 0.788 <0.001
Cardia¢ reserve (Watts) 5.0£2.3 10.5=2.4% 0.847 <0.001
Simplified cardiac reserve {Watts) 4.3+1.8 7.7¢1.6% 0.820 <0.001
Steady cardiac reserve (Watts) 1.6+£0.9 3.0+1.1¢ 0.782 <(.001

* p=0.05 + p=0.01

recordings has becn reported.® Consecutive calibrated
tonometric BP sigrals (ECG-gated) were displayed for
visual assessment of the reproducibility and the quality of
the successive recorded beats, along with the Doppler spee-
wgozram. For calibration, diastolic and mean (obtained by
integration over the heart period) tonometric BP were set
equal to the diastolic and mean cuff pressure measurements
at the brachial level. Mean sphygmomanometer BP was
computed as {2 x Diastolic BP + Systolic BP)Y3. At peak
exercise, no reliable tonometric BP recording at the carotid
level could be performed, due to deep respiratory move-
ment artifacts. Consequently, BP,,, was considered at rest
equal to the carotid tonometric BP, but at peak exercise,
BP,, was derived from the radial recordings on which a
validated transfer function was applied™, Aortic pulse pres-
sure (PP,,,) was calculated as systolic BP, , minus diastolic
BPso. We compared carotid and transformed radial
recordings at rest. Analyzed BP waves were the average of
5-7 beats giving a representative heart cycle. The standard
deviation of the reconstructed systolic BP (sdSBP) was used
as an index of the variability of the tonometric recordings.

Estimation of maximal power and physiclogical cardiac
reserve: Pmax was determined as the peak of the instanta-
neous product of realigned Q,, and BP,,”. sPmax was
computed as peak V ,, X aortic annulus cross sectional area
x mean BP. Steady (mean) power output (mP) was computed
as the product of mean BP,, and cardiac output’. CR, sim-
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plified CR (sCR) and mean CR {(mCR) were computed as
the difference of peak exercise and rest values of Pmax,
sPmax and mP, respectively.

Statistical methods: All values are expressed as meanstan-
dard deviation. Comparison of hemodynamic variables
between patients and normal subjects was performed by
t-test. For muitiple comparisons, analysis of variance with
Bonferroni’s correction was applied. Statistical significance
was defined as a two-tailed p value of 0.05. Pearson’s two-
tailed correlation and linear regression were used to com-
pare continuous variable. All parameters found to be signi-
ficantly cormelated to VOomax by univariate analysis werce
included in a multiple forward stepwise linear regression in
order to find the independent variables that predicted the
value of VO,max. Analyses were obtained with SPSS
release 7.5.2, 1997 (SPSS Inc., Chicago. IL).

Results

Patent characteristics; Of the fourteen patients (age 64+
14 years), five were femzle. one had a resting cjection frac-
tion <43%. twe had moderate mitral regurgitation.
Indications for evaluadon were known (3) or suspected (9}
coronary artery disease. The exercise echocardiograms
included 6 negative tests and 3 non-diagnostic tests due to
inadequate hear: rate response. Five tests demonstrated rest
or ¢xercise-induced wall motion abnormalities. All eleven
control subjects (age 34£5 years) were males, with normal

Figure 1: Upper panel: measured radial (dotted line) and carotid {solid line) calibrated tonometric pressure and the estimated aortic pressure
(broken line) via a transfer function applied to the radial recording (TF 4,). Calibration is based on sphygmomanometric mean and
diastolic pressure measurements. Radial and carotid pressure waves are the average of 5 to 7 individual beats, Lower panel: simultaneously
acquired and recomputed Doppler spectrogram with the automatically detected maximal velogity contour (+),



Table 3. Rest and exercise peak aortic velocity (V,,) and velocity-time integral (VTI), ot rest and pesk exercise, with manual and auto-

matic assessment of V0.

REST EXERCISE

Patients Controls Patients Controls

n=14 n=11 n=14 n=11
Manual tracing
peak Va, (M/s) 1.21£0.20T 1.17+0.13% 1.67£0.33" 2.04+0.20
VTI (m) 0.26+0.04" 0.23+0.031 0.28+0.06 0.28+0.05
Automatic assessment
peak Y, (m/s) 1.11x0.20% 1.10£0.15t 1.63:0.28" 2.0240.20
VI {m) 0.25x0.04 0.23+0.041 0.28+0.06 0.29+0.04

* p<0.05, patients versus controls ; T p<0.05, rest versus exercise

resting and exercise echocardiograms.

Hemodynamic an tabolic parameters at baseline an
peak exercise; Comparison of baseline and stress parame-
ters is shown in Table 1. With exercise, contrel subjects
achieved a higher heart rate, rate pressure product, cardiac
output, and VO,max. Patients achieved a VO,max of
18+6 ml/kg/min (range 11.7-27.3) correspending to 5.1
+1,7 metabolic equivalents (METS), with a maximum rate
pressure product of 23.1+4.7 10° mmHg.beats/min. RER at
peak exercise was 1.2x0.1, indicating good effort and
maximumn exercise. Three patients and one control failed to
reach a2 RER of 1.1, three other paticnts and one control
failed to reach 85 % of the maximum age-predicted heart
rate response. Table 2 summarizes the changes from base-
line to peak exercise. No difference was observed between

the patients with a negative, non-diagnostic or positive
exercise test.

Automated assessment of aortic flow: Comparison of auto-
matic and manual estimation of 'V, is given in table 3.
Including baseline and peak exercise valucs, the Bland and
Altman’s analysis revealed a elinjcally non-significant bias
of 0.06 nys for peak V,, The agreement interval was
[-0.20; 0.31] m/s, for an overall mean peak V,, of 1.5 mfs
{left panel of figure 2). For VTI, the bias was 0.005 m, and
the agreement interval {-0.06: 0.07] m, for an overall mean
VTI of 0.26 m (right panel of figure 1). The scatterplots
show a random distribution of the differences lying in the
agreement interval, with the exception of 2 measurements
obtained at peak exercise.

Estimation of cenfral aortic blood pressure: The upper part
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Figure 2: Bland and Altman’s plots of the differences against the mean of manual and computerized assessment oft (upper panel} maximal
aortic velocity (Vmax) at rest {filled circles) and at peak exercise (open circles); (lower panel} velocity time integral. Agreement interval

between manual and automatic measurements is mean + 2 sd.



Table 4. Multivariate analysis of VO,max (forward step-wise inclusion) of the hemodynamic variables and (i) tonometric indexes of con-
tactility (Pmax and CR), (ii) simplified indexes of contractility (sPmax and sCR) and (iii) steady power measurcments {mP and mCR).

Model Independent variables B SE P Adjusted r*
It (with tonometric power measurements) 0.833
Cardiac reserve 0.438 0.145 0.5
A rate pressure product 2.6 107 110% <0.001
Rate pressure product at peak exercise -2.110° 110° <0.005
Peak power at peak exercise 1.247 0.588 <0.05
Constant 16.9 7.2 0.05
(i) (with simpiified power measurements) 0.830
A rate pressure product 2910° 1100 <0.001
Simplified cardiac reserve 0.616 1.12 0.5
Rate pressure product at peak exercise -2.4.10° 110+ <0.05
Simpiified peak power at peak exercise 1.792 0.828 <0.05
Constant 155 & <0.05
(iif) (with steady power measuremenis) 0.739
A rate pressure product 110* 0.1 107 <0.005
A cardiac output 1.259 0.467 <0.05
Constant -0.8 3.8 0.8

B: unstandardized coefficients, SE= standard error.

of figure 2 illustrates, at rest. tonometric recordings at the
carotid and at the radial levels and the reconstructed aortic
BP via the transfer function. At the carotid level, at rest,
systolic BP tended to be higher for the patients {133
=14 mmHg) than for the controls (123210 mmHg. p=0.06).
The sdSBP was 3:2 mmHg. At the radial level. systolic BP
was 140+£16 mmHg. with no difference between patients
and controls and sdSBP was 32 mmHg. At peak exercise,
radial SBP reached 196+1% mmHg and 222+29 mmHg,
respectively for the patents and the controls (p<C.05).

The variability of the tonometric recordings was slightly
higher at peak exercise, with an average sdSBP of
5+2 mmHg. Systolic BP,, was not different among the
patients and the controls: 173x15 mmHg. There was a clini-
cally non significant bias of 2+5 mmHg between the rest
carotid systolic BP and the reconstructed systolic BP,,, via
the transfer function.

Comparison _between the tonemetric and simplified_peak
power indexes; Figure 3 shows that there was an excellent
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correlation between Pmax and sPmax. The corrclation
between CR and sCR was also very good: sCR = 0.64 x
CR +1.0, =094, p<0.001. Pmax, sPmax, mP, CR, sCR
and mCR were statistically lower for the patients (Table 1
and 2).

Corrglation between hemodynarie parameters and maxi-
mal_gxygen uptake: Therc was no comelation between
rest hemodynamic parameters and VO,max. Pearson’s
univariate correlation coefficients are summarized in Table I,
At maximal exercise, VO,max was highly correlated to
peak heart rate, PP, . cardiac output, rate pressurc product
and maximal power indexes. With the exceptions of cjec-
tion fractdon and mean arterial pressure, all the increases in
the hemodynamic parameters were correlated with VO.max
(Table 2), Figure 4 shows the strong correlation fourd
between VO,max and both Pmax and sPmax. Table 4 sum-
marizes the step-wise forward multivariate regression
between YO,max and hemodynamic parameters found cor-
related in the univariate regression, and (i) Pmax and CR,
(ii) sPmax and sCR, (iii) mP and mCR. With tonometric or

y = 0,7392x + 0.8788

R* = 0.9737

Simplifled Peak Power {\W}
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Figore 3: A plot of the simplified index of ventricular peak power output (sPmax), defined as peak aortic flow times mean blood pressure,
against the peak power derived from the tonometric and ccho-Doppler measurements (Pmax) during rest (filled circles) and peak exercise (open

circles),



simplified derived peak power parameters, the mode] was
similar (adjusted * was 0.833 and 0.830. respectively). Ne
steady power parameters were found independently corre-
lated to VOqmax,

Discussion

The major findings of this study are:

(i) an index reflecting contractile state, Pmax, and the
derived physiological cardiac reserve {(CR). could be fully
assessed non-invasively with the combined use of Doppler-
echocardiography and arteral tonometry:

(ii) a simplificd index, sPmax defined as mean arterial
blood pressure times peak aortic flow, more practical o
obtain in a stress-ccho laboratory setting., was highly corre-
lated to the more burdensome ternometric Pmax;

{(111) both measurcments were strongly corrclated to
VQ,max, and carried additional independent information
over peak exercise cardiac output and steady ventricular
power output,

Nom-invasive evaluation of Pmax and physiological
cardiac reserve:

Mean and pulsatile powers using tonometry and Doppler-
echocardiography have been invasively validated in sub-
jects undergeing cardiac catheterization by Kelly et al?
A coefficient of variation of <9% has been reported. During
stress-echocardiography. variability of Pmax cvaluation
might increase but it was not logistically possible to repeat

these measurements performed during the daily activity of
our stress-lab. Our study is the first to report rest and peak
stress Pmax determinations with tonometry. Cooke et al.®
have recently reported a coefficient of variation of 9.1% for
mP during exercise using the CO, method for evaluation of
cardiac output, The low standard deviation of the recon-
structed systolic blood pressure (sdSBP) we report, even at
peak ¢xercise (5+2 mmHg). supports a good reproducibility
of our measurements, The developed software and hard-
ware for on-fine assessment of the simultaneously recorded
tonometric and Doppler signals facilitated this achievement.
Pmax has been assesscd non-invasively using an alternative
to tonometry for the central BP evaluation in patient with
severe heart fajlure. During dobutamine-induced inotropic
stimulation, the preload-adjusted derived con-tractile
reserve has been demonstrated predictive of the functional
class,” and for paticnts in functional class HUIV following
the New York Heart Association, the cardiac reserve, and not
the ¢jection fraction, was statistically higher in those alive at
the 3-year follow-up. Pmax being preload dependent,
adjustment dividing it by the square of end-
diastolic volume has been proposed.”™ However,
Nakayama et al.* have recently demonstrated that the opt-
mal preload adjustment was dependent of the size of the
ventricle. Since we wanted to determine the overall cardiac
reserve, including the amount based on preload recroitrent.
we did not apply any correction based on ventricular size,
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Figure 4: Plots of the linear relationship between: (upperpanel) the cardiae reserve derived from tonometric measurcments (defined as Pmax
at peak exercise minus Pmax at rest) and aerobic exercise capacity, VO.max, for patients {open circles) and contrals (filled circles); (lower-
panel) the simplified index of contractile state (defined as sPmax at peak exercise minus sPmax at rest) and VO,max.



similarly to Tan and colleagues™®.

A simplified index of Pmax:

We could perform tonometric recordings in all our patients.
However, this technique requires an additional person and
extra time. At peak exercise, radial recording could only be
performed at the cessation of exercise. We demonstrate that
sPmax, validated in an open-chest dog setting” and easier
to obtain, is highly corrclated to Pmax. Determination at
peak excrcise requires only a Doppler recording in the
LVOT. quickly obtained during the recording of the con-
ventional views for stress echocardiography. Off-line deter-
mination of peak aortic flow can be performed from wape
recordings, or facilitated with an external setting. as the onc
we describe. There was a very good agreement between
manudl and automatic assessments of V,, and VTI, The
discrepancy was slightly higher during exercise. due to the
more unstable hemodynamic conditions at that time: as
soon as the exercise is stopped. pesk V,, decreases and
measurcments from the tape did not perhaps always exactly
match the timing of the computerized spectrogram analysis,
Functional capacity assessed by VO,max

The rate of maximal oxygen uptake (VO,max) is the best
test of overall functional reserve, In untrained normal peo-
ple, VO,max is determined by the cardiac output at maxi-
mal exercise™. For patients with heart failure or pulmonary
disease, YO,max is influenced by changes in peripheral
oxygen extraction and pulmonary gas exchange, reflecting
more the functional capacity of the whole organism, It is
thus the best objective index of aerobic work capacity™ that
we considered as our reference physiological cardiac capa-
city measurernent.

Although ¢jection fraction during exercise cchocardio-
graphy has predictve value in some settings such as chronic
mitral regurgitation™, measurements of resting cardiac
function do net predict functional reserve. There was no
comelation between efection fraction and VOamax.™ On the
other hand, contractility, pressure work and heart rate are
the major determinants of VO.max* and are refiected in the
evaluation of Pmax.

Respective correlation between Pmax, sPmax, mP and
VO,max

We found a direct linear relationship between VO,max and
Pmax, sPmax and mP, confirming previous reports'®™, In
the unjvariate correlation analysis, the correlation between
cardiac reserve (CR) and VO,max was even higher
{r=0.847) than with peak cxercise Pmax {r=0.823).
However, in the multivariate regression. CR was not inde-
pendently corrglated with VO,max when A(rate pressure
product), ratc pressure product at peak exercise and peal
exercise Pmax were included (table 4). With simplified
power measurements, a similar model with a close adjusted
* was found, supporting the hypothesis that sPmax might
yield similar diagnostic value than tonometry. Conversely. it
appears that mP docs not bring additional independent
information once the rate pressure product and cardiac out-
put are measured at rest and at peak exercise (table 4).
Cooke et al.” rcported indeed a correlation between
VQO.max and cardiac output at peak exercise higher
(r=0.922) than mP (r=0.872). The advantage of Pmax
might be to include the pulsatile load of the ventricle, in
comparison to only the steady component measured by mP,
Radial versus aortic blood pressure measurements:

Elevated blood pressure during submaximal exercise is
predictive of cardiovascular and myocardial infarction mor-
tality in apparcntly healthy male populations.** and is
strongly associated with coronary risk factors.™ The systelic
radial arterial pressure can be markedly modified by sum-
mation of peripherally reflected waves, with an overestima-
tion of systolic BP,, up to 80 mmHg during exercise.** On
the other hand. mean and diastolic radial BP have been
reported within 3 mmBg of aortc values™. supporting the
validity of our calibration procedure. In our population. at
rest. the radial polse pressure was statstically higher than
the carotid one (55£21 mmHg vs. 39£10 mmHg, p<0.001).
There was no clinically significant difference between the
measured carotid pulse pressure and the one derived from
the radial recordings on which we applied the transfer func-
ton published by Chen et al.™ (4114 mmHg). At peak
exercise, the radial pulse pressure was 10226 mmHg and
PPy, was 7325 mmHg. The use of peripheral systolic BP
would lead to an overestimation of Pmax.

Limitations:

A supine bicycle exercise test is less physiological than
walking on a treadmill and VO,max might have been slight-
ly lower”, explaining perhaps that the linear relationship we
found between VO,max and cardiac output at peak exercise
(CO, (L/min) = 4.2 + 3.6 VOymax {in L/min))
differs partly from previous reports: CO, = 4.0 + 6.0
VOamax for Jones ¢t al.™ and COp = 3.0 + 5.6 VO;max for
Cooke et al."

There were probably too few patients in each group (nega-
tve, non-diagnostic and positive exercise tests) to find a
difference in their hemodynamic parameters.

Mandarino et al. have reported on-line computagon of
Pmax based on the evaluation of the rate of change of the
ventricular volume by echocardiographic automated border
detection {ABD)" while we assess Pmax off-line, Increasced
computational processing capabilities could permit on-line
Vo ané Pmax asscssment. sPmax might be readily per-
formed on an cchocardiographic systern, with mean BP
entered from the keyboard and a horizontal cursor used to
visually follow peak V.

The noise generated during exercise is in the frequency
range of the Korotkov sounds™ and sphygmemanometer
measurements are more difficulr, with potential errors for
the determination of the diastolic BP very important for the
calibration of the tonometric measurements.

This study did not include patients with severe left veniri-
cular dysfunction. The asscssment of mean BP as (2 x
Diastolic BP + Systolic BP)/3 might not be always valid in
these patients, or in the presence of a modified arterial dis-
tensibility,

Finally, the transfer function used to estimate BP , , from the
tonometric radial recordings has only been validated at
rest,”

Conclusion

From simultaneously acquired tonometric and Doppler
echocardiographic recordings. we describe a fully non-
invasive assessment of maximal left ventricular power out-
put during exercise echocardiography. We could validate a
recently proposed simplified index cagier to obtain and
highly correlated with Pmax, Both indexes reflect con-
tractile state and demonstrate a strong lincar relationship



with VOamax and carry additional independent information
over more conventional hemodynamic parameters.
Additional prospective studics in patients with congestive
heart failure should be performed to further transfer bench-
work pressure-volume studies to the clinical arcna.

Acknowledgements. The authors would like fo thank all
the team of the Cardiovascular Imaging Department of the
Cleveland Clinic Foundation for their expert assistance.

References

1. Suga H, Sagawa K. Shoukas AA, Load independence of the instanta-
neous pressure-volume ratio of the canine feft ventricle and effects of epi-
nephrine and heart ryte on the ratio. Cire Res. 1973;32:314-322.

2. Fencley MP, Skelton TN, Kisslo KB, Davis W, Bushore TM, Rankin
J8. Comparison of preload recruitable stroke work, end-systolic pressure-
volume and dP/Adtmax-end-diastolic volume relations as indexes of left
ventricular contractle performance in patients undergoing routing cardiac
cutheterization, S Am Coll Cardiol, 1992:19:1522-1530.

3. Kelly R, Fitchett 1. Noninvasive determination of acrtic input imped-
ance and external left ventricular power output: a validation and repeata-
bility study of a new technique. J Am Colf Cardiol. 1992:20:952-963.

4. Aukhus 5. Seerlie C, Faanes A, Hauger $0. Bjoernstad K, Hatle L.
Angelsen BAJ, Noninvasive computerized assessment of left ventricular
performance and systemic hemodynamics by study of nortic root pressure
and flow estimates in healthy men, and men with acute and healed
myocardial infarction. Am J Cardiof. 1993:1993:260-267.

5, Marmor A, Raphael T. Marmor M, Blondheim D. Evilustion of con~
tractile reserve by dobutamine echocardiogruphy: noninvasive estimation
of the severity of heart fudlure, Am Hearr J. 1996;132:1195-1201.

6, Marmor A. Schneeweiss A, Prognostic value of noninvasively
obtuined left venmicular contractile reserve in patients with severe heart
failure. S Am Coll Cardiol, 1997:20:422-428,

7. Tan LB. Clinical and research implications of new concepts in the
ussessment of cardiac pumping performance in heart failure. Cardiovase
Res, 1990;8:613-622.

8. Tan LB. Littler WA, Measurement of curdiae reserve in cardiogenic
shock: implications for prognosis and management. Br Heart J,
1990:64:121-128,

9. Stelken AM, Younis LT. Jennisen SH, Miller DD, Miller LW, Shaw
LJ. Kurgl D, Chaitman BR. Prognostic value of cardiopelmonary exereise
testing using percent achieved of predicted peak oxygen uptake for
patients with ischemic and dilated cardiomyopathy, J Am Coll Cardiol,
1996:27:345-52,

10. Cooke GA, Marshall P. Al-Timman JK, Wright DJ, Riley R,
Huinsworth R, Tan LB, Physiological cardiac reserve: developments of u
nen-invasive method and first estimares in man, Hearr. 1998:79:289-294,
11. Armstrong GP, Carlier 8G, Fukamachi K, Cardon LA, Borden RA,
Thomus JD, Marwick TH. Estimation of cardiac reserve by peak power.
Validation and initial application of a simplified index. Hearr.
1999:82:357-364.

12, Schifler NB. Shah PM, Crawford M, DeMuria A, Devereux R,
Feigenbaum H, Gutgesell H, Reichek N. Sahn D, Schnittger 1, et al.
Recommendations for quantitation of the left ventricle by two- dimen-
sional echocardiography. American Society of Echocardiography
Committee on Standards, Subcommittee on Quantitztion of Two-
Dimensional Echocardiograms. J Am Soc Echocardiogr, 1989:2:358-67.
13. Americun College of Sports Medicine. ACSM's Guidelines for
Exercise Testing and Prescription. Baltimore. 1995 Willinms & Wilkins.
14, Russi A, Jr., Crawford MH, Richurds KL, Miller JE. Differing mech-
anisms of exercise flow augmentation at the mitral and aortic valves.
Circulation. 1988:77:543-31.

15. Carlier 8, Marwick T, Segers P, Verdonck P, Van Camp G. Cosyns B,
Thomas JD. Non-invasive evaluation of left ventricular power output by
simultaneous recordings of applanation tonometry and echocardiographic
Doppler signals. Compurers in Cardiology. 1997:223-226.
16, Bland TM, Altman DG. Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet. 1986:1(8476):

264

307-310.

17. Kass DA, Beyar R. Evaluation of contractile state by mastimal ven-
tricular power divided by the square of end-diastolic volume. Circulation.
1991,84:1698-1708.

18, Mandarine WA, Pinsky MR. Gorscan JIL Assessment of left
ventricular contractile state by prelond-adjusted maximal power using
echocardiographic automated border detection, J Am Coll Cardiol.
1998:31:561-868.

19, Drzewiceln GM, Melbin J, Noordergroaf A- Arterial tonometry:
review and analysis. S Biomechanics. 1983:16:141-152.

20, Kelly R, Karamanoglu M, Gibbs H, Avolioc A, O'Rourke M.
MNoninvasive carotid pressure wave registration as an indicator of ascend-
ing aortic pressure. J Vise Med Bisl. 1989:1;241-247.

21, Chen CH, Ting CT. Nussbacher A, Nevo E, Kass DA, Pak P. Wang SP,
Chang MS. Yin FC, Validation of carotid artery tonometry 25 a meuns of
estimating augmentation index of ascending aortic  pressure,
Hypertension. 1996:27:168-175.

22, Chen CH. Nevo E, Fetics B, Pak PH, Yin FCP, Maughan L, Kass DA,
Estimation of central aortic pressure waveform by mathematical transfor-
mation of radial tonometry pressure, Validation of 2 generalized wansfer
function. Cireulation, 1997:95:1827-1836.

23, McDonald DA. Blood flow in arteries. London: Edward Amold; 1974,
24, Nakayama M. Chen CH, Nevo E, Fetics B, Wong E, Kass DA,
Optimal prefoad adjustment of maximal ventricular power index varics
with cardiae chamber size, Am Hear! /. 1998:136:281-288,

25. Tan LB. Evaluation of cardiac dysfunction. cardine reserve and
inotrepic response. Postgrad Med J, 1991367 (suppi 1:510-820,

26. Stringer WW, Hansen JE, Wasserman K, Cardiac output estimated
noninvasively from oxygen uptake during exercise. J Appl Physiol.
1997:82:908-12.

27. Dell'kalia L, Freeman GL., Gaaseh WH, Curdisc function and fung-
tonal capacity: mmplications for the failing heart. Curr Prob! Cardiol.
1993:18:707-758,

28. Leung DY, Griffin BP, Stewart W], Cosgrove DM, 3rd, Thomas T,
Marwick TH. Left ventricular function after vilve repair for chronic
mitral regurgitation: predictive value of preoperative assessment of con-
trugtile reserve by exercise echocardiography. J Am Coil Cardiol.
1996:28:1198-205,

29. van den Broek SA. van Veldhuisen DI, de Graeff PA. Landsman ML.
Hillege H. Lic KL Comparison between New York Heart Association
clussification and peak oxygen consumption in the assessment of func-
tional status und prognosis in patients with miid to moderate chronic con-
gestive heart failure secondary 1o either bschemic or idioputhic dilated car-
dictayopathy. Am J Cardiel, 1992:70:359-63.

30, Rooke GA, Feigl EO. Work as 1 correfate of canine left ventrigular
oxygen consumption, and the problem of catecholamine oxygen wasting,
Cire Research, 1982:50:273-286.

31. Filipovsky J. Ducimetiere P. Safar ME. Prognostic significance of
exercise blood pressure and heart rite in middie-aped men, Mypericnsion.
1992:20:337-33%.

32. Mundal R. Kjeldsen 8E, Sandvik L, Erikssen G. Thaulow E, Erkssen
J. Exercise blood pressure predicts mortzlity from myocardial infarction.
Hypertension, 1996:27:324-329.

33, Mundal R, Kjeldsen SE, Sundvik L, Erikssen G. Thaulow E, Erikssen
J. Clustering of coronary risk factors with increasing blood pressure at
rest and during exercise, J Hypertens. 1998:16:19-22,

34, Rowell LE, Brenpelmann GL, Blackmon JR, Bruce RA, Murmay JA,
Disparities between aortic and peripheral pulse pressures induced by
upright exercise and vasomotor changes in man. Circalation,
1968;37:954-964.

35 Blum V, Carriére EGJ. Kolsters W. Mosterd WL, Schicrock P
Wesseling KH. Acrtic and peripheral blood pressure during isemetric and
dynamic exercise. Jnf J Sparts Med. 1997:18:30-34.

36. Puuca AL. Wallenhaupt 5L, Kon ND, Tucker WY. Does radial artery
pressuce accurately refleet aortic pressure ? Chest. 1992:102:1193-1198.
37. Shephard RJ. Standard tests of aerobic power, Int Shephard RJ, ed.
Frontiers of fitness. Springficld: Churles C Thomas; 1971,

33, Jones NL. Clinical exercise resting., Philudelphia: W B Saunders; 1988,
39, Ellestnd MH. Reliability of blood pressure recordings. Am J Cardiod,
1989:63:983-985,



SUMMARY AND DISCUSSION

265






SUMMARY AND DISCUSSION

Intracoronary Doppler and pressure measurements (chapters 1-5):

The last few years have seen rapid advances in coronary Doppler and pressure probe technology
and the development of new physiological measurements to assess the significance of coronary
lesions or the results of interventions. In chapter 1, we have reviewed in depth these technologi-
cal improvements and described methods such as the coronary flow reserve (CFR) for the assess-
ment of a coronary lesion. We have stressed the limitations of CFR, which is dependent on an epi-
cardial artery stenosis and on the microvascular bed. This ratio of the maximum hyperemic flow
over the baseline flow can also vary with changes in the baseline conditions, as observed during
coronary interventions. Most of the suboptimal CFR measurements after a balloon angioplasty are
related to increased baseline velocities.™* The advantages of alternative methods such as the fractional
flow reserve (FFR), based on the pressure gradient across a lesion during hyperemia, have been
stressed. However, from a fluid mechanics point of view, both pressure and flow are necessary to
fully characterize the coronary circulation and the influence of a stenosis. Indexes like the instanta-
neous hyperemic diastolic pressure velocity relationship have been introduced. However, they are
rather cumbersome to use and they present a large coefficient of variation that limit their clinical use.

In chapter 2, we show that septal hypertrophy is associated with decrements in CFR in patients
with hypertrophic cardiomyopathy (HCM), and that there is also a decrease in the coronary resist-
ance reserve, CRR, the ratio of coronary resistance during hyperemnia over baseline resistance.
Coronary resistance is defined as (Pao-Ped)/Vcor, where Pao is aortic pressure, Ped is end diastolic
pressure and Vcor the coronary velocity. Ped corrects the extravascular compression, which cannot
therefore be implied in the observed decrease of CFR and CRR. We show that capillary density
tended to decrease and that there was a positive relationship between both CFR and CRR and arte-
riolar lumen: patients with HCM have arterioles with smaller lumen at similar wall thickness that
can contribute to perfusion abnormalities. In these patients, the ratio of the slopes of the linear
regression of diastolic pressure and velocity data, which reflect coronary conductance, was more
sensitive than CFR to detect a decrease in coronary reserve [unpublished data], Since this index is
independent of extravascular compression, it has also the advantage to only reflect coronary vas-
cular remodeling.

In chapter 3, we describe an acquisition system to simultanecusly record raw Doppler signals
along with pressure, ECG and other physiological signals. The off-line post-processing of the
recomputed power spectrum using a fast Fourier transform permits a better determination of the
true maximum velocity contour. Averaging multiple cycles increases the signal to noise ratio and
further improves the detection of the maximum velocity. This system, studied initially in vitro, is
presently used on a daily basis in our catheterization laboratory. It provides improved archiving and
viewing possibilities than conventional videotapes. Studies of more complex indices of the coro-
nary circulation such as the coronary conductance reserve are possible. A recent comparison
between the on-line average peak velocity (APV) and the APV obtained by reprocessing the
Doppler spectrum showed excellent agreement. The average difference among 66 measurements
obtained in 11 patients was —0.7+1.2 cm/s when there was an optimal on-line detection. However,
in 12% of the recordings, the on-line tracking failed to recognize the true peak velocity and the



mean difference between the 2 methods was 3x8 cm/s, with a maximum difference of 15 cm/s. This
was clinically significant since the average underestimation of the derived CFR was -0.4+0.3
[unpublished data].

In chapter 4, we demonstrate another limitation of the CFR to guide interventions: its lack of cost-
effectiveness. There was no statistical difference in event-free survival at 1 year between primary
stenting (86.6 %) and provisional angioplasty (85.6%). However, the costs after 1 year were sig-
nificantly higher (EUR 6573 vs. EUR 5885, p=0.01) for the strategy of provisional angioplasty.
Moreover, the patients with an optimal angioplasty result who received a stent in the second ran-
domization tended to have an improved event-free survival at 1 year (93 5% vs. 84.1 %. p=0.066).
These data, as well as the results of the other studies discussed in the related editorial of the Debate
11 study, support the ever-increasing use of stents nowadays in interventional cardiology.

FFR is an alternative physiological method, based on intracoronary pressure measurements, that
has also been proposed to guide interventions, In chapter 5, we show that FFR fails to discrimi-
nate between optimally and suboptimally implanted stents in an in vitro setup. The FFR variations
related to the changes of the maximal flow between 50 and 150 ml/min were 5 to 10 times higher
than the variations related to the optimal or seboptimal expansion of the stents. The limitations of
CFR and FFR described in chapters 1-5, as well as others, recently reviewed,” support the alterna-
tive method of coronary flow measurement using an IVUS catheter that is described in the next part
of this thesis.

Intracoronary Flow Measurements with IVUS catheters (chapters 6-9):

Chapter 6 introduces the principles of the IVUS flow method that was originally developed by
W. Li et al. in our laboratory.* Flow velocity is based on decorrelation estimation from sequences
of radiofrequency (RF) IVUS traces.

The in vive validation reported in chapter 7 demonstrates a good agreement between the IVUS
flow method and electromagnetic flowmeter (EM) recordings in a porcine carotid medel (IVUS
f= 1.0 EM{ + 5.72 cc/min). In the early phase of the development of this technique using a single
rotating IVUS crystal. good agreement was found with intracoronary Dbppler measurements in
5 patients: the mean difference between the IVUS and Doppler derived CFR was —0.01x0.21, for
amean CFR of 1.9.

The study of the disturbances in the velocity profile induced by an IVUS catheter. applying com-
putational fluid dynamics, demonstrated that secondary velocity components were in the order of
10-15 %. However, the deviation in the flow estimation was less than 1 % when flow calculation
was based exclusively on the axia] velocity. The presence of an IVUS catheter (diameter of =1 mm)
in a curved tube of 3 mm in diameter induces a resistance of 10 mmHg.s/m2 for a flow entrance
with a mean velocity of .4 m/s. The resistance goes up to 38 mmHg.s/m’ in a tube of 2 mm, illus-
trating an important limitation of the IVUS flowmetry: a significant hemodynamic effect on the
flow in small arteries during hyperemia {chapter 8). This limitation will be improved once new
smaller IVUS catheters will be available.

Chapter 9 presents the in virro evaluation of the IVUS flow method using an IVUS array catheter.
Excellent linear relationships were found (all r>0.99) with a reference flow ranging from 0 to



341 ce/min, measured with a Transonics flow-meter, in tubes with a diameter ranging from 3 to
5 mm. However, an increasing offset (ranging from 6 to 182 cc/min) and a varying slope were
observed. These observations are related to the inherent electronic noise picked by the IVUS
catheter, and to the position of the catheter and the ring-down artifact. Nevertheless, a proposed
correction, based on the determination of the offset that can be estimated in a zero flow condition,
permitted the determination of a CFR in excellent agreement with the Transonic catheter. The mean
difference between the two CFR estimates was 0+0.19, for a mean CFR of 2. These results warrant
further in vivo investigations.

Characterization of Arterial Wall Mechanics by RF Processing (chapters 10-12):

IVUS elastography is a method for measuring the local elastic properties of coronary atheroscle-
rotic plaques. Mechanical properties of the different tissues within a plaque are measured through
the strain. We have reviewed in chapter 10 the work of several groups working on vascular and
non-vascular strain/stress assessment. We describe in detail the elastography method developed in
our laboratory, and present the preliminary results obtained in tube phantoms, and in human coro-
nary arteries. Chapter 11 focuses on the feasibility of recording elastograms during interventional
catheterization procedures. In 12 patients we obtained reproducible strain measurements at the end
of diastole, where the motion of the catheter is minimal. Although these recordings were obtained
with a low resolution imaging mode (64 angles of the "flow mods"), we partly validated our mea-
surements, demonstrating a significantly lower strain in calcified than in non-calcified regions
(0.20 vs. 0.51 %, respectively, p<0.001). A simplified, more robust and very fast real-time intravas-
cular ultrasonic palpation system is described in chapter 12. Composite palpograms are created
applying 2 one-dimensional echo tracking technique in combination with global motion compen-
sation and multi-frame averaging of several pairs of RF echo frames obtained in diastole. The RF
recording is based on digital beamed-formed RF echo data (512 lines) sampled to 12 bits at 100
MHz and directly transferred into the PC memory at fuli frame rate (30 fps). We demonstrated the
possibility to record consistent palpograms possessing good contrast resolution and elastographic
signal to noise ratio under physiological conditions. This work warrants further large-scale clinical
investigations. Comparison of elastography and palpography with histology to demonstrate
characterization of arterial wall mechanics is one of the ongoing studies that may validate the
clinical usefulness of this new imaging modality.

Intravascular ultrasound and intracoronary brachytherapy (chapters 13-16):

In chapter 13 we review the use of IVUS in the clinical studies of coronary brachytherapy. We
have been the first to describe the methodology to compute dose volume histograms from 3-dimen-
sional reconstruction of ECG-gated TVUS pullbacks.® Chapter 14 presents the comparison, by sim-
ulation, of different treatment strategies based on either (- or y-sources with and without a center-
ing device. We show that among 23 patients treated in the Beta Energy Restenosis Trial, the mini-
mum dose on 90% of the adventitial surface was 37+16 % of the prescribed dose, while 67+31%
of the prescribed dose was delivered to 90% of the luminal surface. In comparison, the use of a cen-
tered device or a g-source would have increased these values, and have decreased the minimum
dose on the 10% most exposed luminal and adventitial surfaces, thereby improving dose homo-
geneity. Although presently no clinical data support the potential benefits of an improved dose
homogeneity, our pioneering work demonstrates the feasibility of assessing the dose delivered in



the arterial wall of arteries treated with brachytherapy. The importance of this work was stressed in
the accompagnying editorial comments.

In chapter 15, we analyze a total of 206 coronary 2 mm sub-segments from 18 patients treated for
de novo lesion with angioplasty followed by (-brachytherapy. We demonstrate that at 6-month fol-
low-up, the volume of the hard plaques increased less compared to soft plagues and normal/intimal
thickening regions. We also illustrate that the minimum dose deposited on 90 % of the adventitial
surface (Dgpadv) is inversely related to the plaque volume at follow-up.

In chapter 16 we demonstrate that the 6-month angiographic cutcome of 27 patients treated for a
de novo lesion with angioplasty alone (no stent) followed by B-brachytherapy could partly be
explained by the dose delivered in the coronary arterial wali. The minimum dose on 90% of the
luminal surface (DSgglum), the external elastic lamina (DSggeel) and in 90% of the plaque+media
volume (DVggp+m) were 9.7£6.1 Gy, 5.123.0 Gy and 7.024.0 Gy, respectively. At 6-month fol-
low-up, the patients with a DSgqeel greater than 5.2 Gy (n=11) had a lower angiographic loss
(-0.0120.39 vs. 0.47+0.62 mm, p=0.03) and late loss index (-0.4x38 vs. 44+56 %, p=0.06). These
arteries were smaller, however the relative gain was identical and the observed difference in the loss
could only reflect the remodelling of the coronary segments receiving an adequate dose.

Transthoracic echocardiography for biomechanical assessment of the left ventricle and the
aorta (chapter 17-20):

Chapter 17 is an historical overview of the developments of cardiovascular echocardiography. In
chapter 18, we show that a recursive evaluation of the total arterial compliance (Ctot) based on a
2-element windkessel model (the pulse pressure method) is feasible using transthoracic echo-
Doppler and arterial tonometry. The evaluation of Ctot with the pulse pressure method is robust and
give, among 14 patients with known or suspected coronary artery disease (CAD) and 9 volunteers,
significantly different arterial stiffness estimation (1.220.4 vs. 1.6+0.2 ml/mmHg). It is also the best
method to find the expected inverse relationship of total arterial compliance and age, in compari-
son with the area method and the ratio of the stroke volume over the pulse pressure.

Chapter 19 describes the quest for an optimized transfer function (TEFF) allowing the reconstruc-
tion of aortic pressure from peripheral tonometric recordings at the level of the radial artery, We fit
a three-segment transmission line model for the radial-carotid pressure TFF derived from 31 nor-
mal volunteers and 30 patients with CAD. We only find a difference, between the patients and the
controls, of the distal reflection coefficient. We describe the average TFF computed, as well as the
ones derived from the minimum and maximum enveloping TFE. We show the variability resulting
from the use of each one on aortic derived pressure characteristics such as the central pulse pres-
sure or the augmentation index.

Finally, in chapter 20, we describe the assessment of left ventricular (LV) performance and con-
tractile reserve during supine stress echocardiography by the determination of maximum ventricu-
lar power output using simultaneous recordings of aortic flow by Doppler echocardiography and
aortic pressure by arterial tonometry. We demonstrate a good agreement between the data derived
from carotid recordings and from transformed radial recordings using a TFF. We also validate a



simplified index of LV power output that we first described in animal experiments®: the product of
peak aortic flow and mean blood pressure. This surrogate of the true peak power, which is less

cumbersome to obtain than invasive recordings or even arterial tonometry, showed the same corre-
lations with the VO,max recorded in these 25 patients.
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CONCIUSIONS AND FUTURE PERSPECTIVES

Miniaturized intracoronary Doppler and pressure wires offer today the possibility to study coronary
physiology in the cathiab. In clinical practice, the pressure measurements are gaining interest, often
in order to postpone an intervention. The assessment of the coronary flow reserve remains in a
research niche. The availability of a combined wire interfaced to a fully digital processing platform
would offer complete assessment of the coronary circulation.

A simultaneous morphological and physiological assessment of the coronary arteries with one
IVUS catheter may be the optimal tool to assess the results of a PTCA. However, further studies of
the reliability and limitations of the IVUS flow method will be necessary before full clinical imple-
mentation. IVUS flowmetry should be further investigated if we are to demonstrate that IVUS
guided stent implantation combined with physiological assessment is the most effective approach
for our patients.

Elastography will enter the clinical arena once it has been fully validated in vitro, with the deter-
mination of the mean strain vajues of different types of histology samples. When on-line robust
hardware processing will be implemented to offer rapid 3-d reconstructions of the mechanical cha-
racteristics of an arterial wali segment, this technique will help us detecting rupture-prone plagues.
Clinical studies will have to determine how many of these plagues are present among our patients.
If they were ubiquitous, then only a systematic treatment based e.g. on high-dose statins would be
applicable. If only one or two were found, one could attempt to heal these lesions by stenting. The
advent of drug-coated stents could permit to do so without a risk of restenosis. If these stents are
really as good as they seem to be presently, then brachytherapy will have problems competing with
this easier alternative to prevent restenosis. IVUS dosimetry will then become obsolete, Currently
IVUS dosimetry is utilized as a post-hoc analysis tool to understand QCA and IVUS results in
brachytherapy studies. Ideally, on-line treatment planning system should become available in order
to fully exploit this methodology.

There is great scope for the further development of the bioengineering technologies described in
this thesis. For non-invasive pressure and flow recordings, the described acquisition systems are
presently run in the Netherlands and overseas, in Brisbane, Australia. The author hopes that with
further investigations they will be used to improve patient outcome, as well as to prepare other
PhD’s. If a few engineers can also gain some usefyl information from this thesis to further under-
stand pathophysiological problems in order to develop improved diagnostic and therapeutic
devices, the author will give back a very small part of what he enjoyed learning, working in close
collaboration with some of their colleagues. Bioengineering is here to stay, and will hopefully
remain a multidisciplinary field of expertise and exchanges.
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Intracoronaire Doppler en drukmetingen (hoofdstukken 1-5):

Tijdens de laatste jaren is er veel vooruitgang geboekt op het gebied van coronaire Doppler en druk-
meettechnieken evenals op het gebied van de ontwikkeling van nieuwe fysiclogische metingen om
de ernst van coronaire lesies of het resultaat van interventies te bepalen. In hoofdstuk 1 hebben we
nanwkeurig deze technologische verbeteringen nagekeken en hebben het normale coronaire debiet
en methodes zoals "coronary flow reserve” (CFR) ter evaluatie van een coronaire lesie beschreven.
We hebben de beperkingen van CFR welke athangt van zowel het epicardiale als het microvascu-
laire bed benadrukt. Deze ratio van maximaal hyperemisch debiet over basaal debiet varieert ook
met veranderingen in basale condities zoals geobserveerd gedurende coronaire interventies: de
meeste van de suboptimale CFR metingen na ballonangioplastie zijn gerelateerd aan verheogde
basale bloedsnelheden. De voordelen van alternatieve methodes zoals de "fractional flow reserve”
(FFR). gebaseerd op de drukgradient over een lesie gedurende hypersmie worden naar voor
gebracht. Echter, vanuit hydromechanisch standpunt, ziin zowel druk als debiet noodzakelijk om
de coronaire circulatie en de invloed van stenose volledig te karakteriseren. Indices zoals de instan-
tane hyperemische diastolische druk-snelheid relatie worden geintroduceerd. Ze zijn echter vrij
omslachtig in gebruik en ze vertonen een grote variatiecoefficient welke hun klinische bruik-
baarheid beperken.

In hoofdstuk 2 hebben we aangetoond dat septale hypertrofie geassocieerd is met verminderingen
in CFR in patienten met hypertrofische cardiomyopathie (HCM), en dat er ook een vermindering
is in "coronaire weerstand (resistance) reserve”, CRR, de ratio van coronaire weerstand gedurende
hyperemie en basale weerstand. Coronaire weerstand wordt gedefinieerd als (Pao-Ped)/Vcor, waar
Pao de druk in de aorta is, Ped de einddiastolische druk en Veor de coronaire snelheid. Ped cor-
rigeert voor de extravasculaire compressie. Deze factor kon dus niet betrokken zijn in de vast-
gestelde gedaalde CFR en CRR. Er werd aangetoond dat de capillaire densiteit neigde te vermin-
deren en dat er een positief verband bestond tussen zowel CFR als CRR en het arteriolaire lumen:
patienten met HCM hebben kleinere arteriofaire lumina bij een zelfde wanddikte wat kan bijdragen
tot perfusiestoornissen. In deze patienten was de ratio van de helfingen van de lineaire regressie van
diastolische druk- en snelheidsdata, welke coronaire conductantie weergeeft, gevoeliger dan CFR
om een daling in coro-naire reserve te detecteren.[ongepubliceerde data] Gezien deze index
onathankelijk is van extravasculaire compressie, heeft het ook het voordeel enkel coronaire vascu-
laire "remodeling” weer te geven,

In hoofdstuk 3 beschrijven we een acquisitiesysteem om simultaan rawe Doppler signaten, druk-,
ECG- en andere fysio-logische signalen te registreren. De "off-line” bewerking van het
samengestelde power spectrum volgens een "fast" Fourier transformatie laat een betere bepaling
toe van de maximale snelheidscontouren. Het middelen van verschillende cycli verhoogt de sig-
naai-tot-ruis ratio en verbetert verder de detectie van de maximale snelheidscontour. Dit systeem,
initieel bestudeerd in vitro, wordt heden dagelijks gebruikt in ons cathaterisatielab en biedt, naast
verbeterde archivering en bekijk-mogelijkheden vergeleken met conventionele video, de
mogelijiheid tot het bestuderen van meer complexe indices van coronaire circulatie zoals coro-
naire conductantie reserve. Een recente vergelijking tussen de "on-line" gemiddelde piecksnelheid



("average peak velocity". APV) en de APV bekomen via herbewerking van het Doppler spectrum
toonde een excellente overeenkomst tussen de twee methodes (het gemiddelde verschil tussen
66 metingen in 1} patienten was —0.7x1.2 cm/s bij een optimale "on-line” detectie). Echter in 12%
van de registraties faalde de "on-line"” contourdetectie de echte pieksnelheid te herkennen waarbij
het verschil tussen de 2 methodes dan gemiddeld 3+8 cm/s bedroeg, met een maximaal verschil van
15 cmy/s, klinisch significant, gezien de onderschatting van de afgeleide CFR gemiddeld —0.4
+0.3 was.[ongepubliceerde data]

In hoofdstuk 4 tonen we een andere beperking aan van CFR om interventies te begeleiden: zijn
gebrek aan kosten-effectiviteit. De strategie van provisionele angioplastie, geleid door de optimale
resultaten van kwantitatieve angiografie en intracoronaire flow metingen, leidde in de 75% van de
patienten die geen "bailout stentingnodig hadden, tot een vergelijkbare "event-free” overleving na
| jaar als de strategie van primaire stenting (85.6 vs 36.6% respectievelijk). Echter, de kosten na
1 jaar waren significant hoger (EUR 6573 vs EUR 58835, p=0.01). Bovendien neigden de patienten
met een optimaal angioplastieresultaat die een stent kregen tijdens de tweede randomizatie. tot een
betere "event-free” overleving na 1 jaar (93.5% vs 84.1%, p=0.066). Deze data, evenals de resul-
taten van andere studies samengevat in de editoriaal over de Debate 1l studie, ondersteunen het
steeds groeiende gebruik van stents heden ten dage in de interventionele cardiologie.

In hoofdstuk 5 tonen we in een in vitro setup aan dat de FFR. een alternatieve fysiologische
methode gebaseerd op intracoronaire drukmetingen ter begeleiding van interventies, faalt om opti-
maal geimplanteerde van suboptimaal geimplanteerde stents te onderscheiden. De variaties van de
FFR gerelateerd aan veranderingen in maximaal debiet tussen 50 en 150 ml/min waren 5 tot
10 keren hoger dan de variaties van de FFR tussen stents met een residuele diameter stenose (DS)
van 35% aangetoond met QCA en met duidelijk slecht geappositioneerde struts aangetoond met
IVUS en volledige ontplooide stents. De beperkingen van CFR en FFR beschreven in hoofdstukken 1
-5, evenals andere beperkingen, recent gereviseerd® ondersteunen de alternatieve methode van coro-
naire flow metingen met een IVUS catheter zoals beschreven in het volgende deel van deze thesis.

Intracoronaire debietmetingen met YVUS catheters (hoofdstukken 6-9):

Hoofdstuk 6 introduceert de principes van de "intravascular ultrasound (IVUS) flow” methode die
oorspronkelijk ontwikkeld werd in ons laboratorium door W. Li et al *. De snelheid van de rode
bloedeellen is gebaseerd op de schatting van de decorrelatic van opeenvolgende radiofrequentie
(RF) tracees.

De in vivo validatie, gerapporteerd in hoofdstuk 7, toont een goede overeenkomst tussen de IVUS
flow methode en de electromagnetische debietmeter (EM) registraties in een varken carotis model
(IVUSf= 1.0 EMf + 5.72 cc/min). In de vroege fase van de ontwikkeling van deze techniek met een
enkele roterende kristal IVUS catheter , werd ook een goede overeenkomst gevonden met intra-
coronaire Dopplermetingen in 5 patienten: het gemiddelde verschil tussen de IVUS en Doppler
afgeleide CFR was -0.01x0.21, voor een gemiddelde CFR van 1.9. Studic over de storingen in snel-
heidsprofiel geinduceerd door een IVUS catheter, gebruikmakende van de hydrodynamica, toonde
dat secundaire snelheldcomponenten in de grootte-orde van 10-15% waren, maar dat de afwijking
in de schatting van het debiet kleiner was dan 1% wanneer de berekening van de flow enkel



gebaseerd was op de axiale snelheid. De aanwezigheid van deze catheter van ~1 mm in een gebo-
gen tube van 3 mm diameter induceert een weerstand van 10 mmHg.s/m* voor een debiet die
binnenkomt met een gemiddelde snelheid van 0.4 m/s. De weerstand loopt op naar 38 mmHg.s/m*
in een tube van 2 mm, wat een belangrijke beperking van IVUS debietmeting illustreert: een sig-
nificant hemodynamisch effect op de flow in kleine arterién gedurende hyperemie (hoofdstuk 8).
Deze beperking kan verbeterd worden door het beschikbaar stellen van kleinere IVUS catheters.

Hoofdstuk 9 stelt de in vitro evaluatie voor van de IVUS flow methode gebruikmakende van een
IVUS array catheter. Er werden excellente lineaire verbanden gevonden (allen r>0.99) met een
referentie flow gaande van 0 tot 341 cc/min, gemeten met een Transonics debietmeter, in tubes met
een diameter van 3 tot 3 mm. Echter, een toenetnende "offset” (gaande van 6 tot 182 cc/min) en een
wisselende helling werden geobserveerd. Deze observaties waren gerelateerd aan de inherente elec-
tronische ruis opgencmen door de IVUS catheter, aan de positie van de catheter en aan "ring-down"
artefact. Het "ring-down" artefact wordt veroorzaakt door het uitslingeren van de transducer nadat
er een puls opgezet is, Tijdens het uitslingeren (+ 1 us) kunnen geen betrouwbare signalen worden
opgenomen. Niettemin, een voorgestelde correctie, gebaseerd op de bepaling van de "offset” welke
kan geschat worden bij een "zero flow” conditie, liet de bepaling toe van een CFR welke excellent
overeenkwam met de gouden standaard gemeten met de Transonic catheter (het gemiddelde ver-
schil tussen de twee CER schattingen was 0=0.19 voor een gemiddelde CFR van 0.2). Deze resul-
taten beloven verder in vivo onderzoek.

Karakterisering van Arteriele Wand Mechanismen door RF Processing (hoofdstukken 10-12):
IVUS elastografie is een methode voor het meten van de locale elastische eigenschappen van coro-
naire atherosclerotische plaques. Mechanische eigenschappen van de verschillende weefsels in een
plaque worden gemeten via rek. In hoofdstuk 10 hebben we het werk gereviseerd van verschillende
groepen die werken op het domein van vasculaire en non-vasculaire rek/spanning. We beschrijven
in detail de methode ontwikkeld in ons laboratorium, en de voorlopige resultaten bekomen in tube
fantomen, en later in humane coronairen.

Hoofdstuk 11 handelt over preliminaire registraties in patienten, waarbij we het nut van elas-
togrammen tijdens catheterisatieprocedures konden aantonen. In 12 patienten konden we repro-
duceerbare rekmetingen bekomen in einddiastole, wanneer de beweging van de catheter minimaal
is. Ofschoon deze opnames bekomen werden via beeldvorming met een lage resolutie (64 hoeken
van de "flow mode"), konden we gedeeltelijk onze metingen valideren door een significant lagere
rek aan te tonen in gecalcifieerde dan in non-gecalcifieerde regios (0.20 vs 0.51% respectievelijk,
p<0.001). Een gesimplificerd, meer robust en bijna "real-time” intravasculair palpatiesysteem
wordt beschreven in hoofdstuk 12. Samengestelde palpogrammen worden gemaakt met een
l1-dimensionele echo "tracking” techniek in combinatie met globale bewegingscompenstie en het
"multi-frame” middelen van verschillende paren RF echo "frames” in diastole. RF registratie is nu
gebaseerd op digitale "beam-formed" RF echo data (512 lijnen) verzameld tot 12 bits bij 100 MHz
en direct getransfereerd naar het PC geheugen met volledige frame rate (30 fps). We konden regis-
traties maken van consistente palpogrammen met goede contrast resolutie en elastografische sig-
naal tot ruis ratio onder fysiologische omstandigheden, die vragen voor verder

klinische investigaties op grote schaal. Vergelijking van elastografie en palpografie met histolo-



gisch materiaal bekomen met directionele atherectomie is een van de aan de gang zijnde validati-
estudies welke het klinische nut moet bewijzen van deze nieuwe beeldvormingsmodaliteit die
karakterisering van de arteriele wand mechaniek toelaat.

Intravasculaire Ultrason en Intracoronaire Brachytherapie (hoofdstukken 13-16):

We hebben het gebruik van IVUS in de tot nu toe uitgevoerde klinische studies van brachytherapie
gereviseerd in hoofdstuk 13 waarin deze nieuwe therapeutische optie ook geintroduceerd wordt
voor de preventie van restenose. Hoofdstuk 14 stelt de vergelijking voor, door simulatie, van ver-
schillende behandelingsstrategicen gebaseerd op ofwel - of y-bronnen met en zonder een cen-
treringsmiddel. Het introduceert de bepaling van dosis volume histogrammen vanuit 3-dimen-
sionele reconstructie van "ECG-gated TVUS pullbacks” welke onze groep als eerste rapporteerde.”
We toonden in 23 patienten behandeld in the Beta Energy Restenosis Trial in ons instituut aan dat
de minimale dosis op 90% van het opperviak van de adventitia enkel 37x16 % was van de
voorgeschreven dosis, terwijl het 67+31% bedroeg op 90% van het luminale oppervlak. Door si-
mulatie zou het gebrujk van een centreringsmiddel of y-bron deze waarden verhocgd hebben eve-
nals de mi-nimaie dosis op de 10% meest blootgestelde luminale en adventitia oppervlakken ver-
minderd hebben, daarbij de homoge-niteit van de dosis verbeterend. Ofschoon op heden geen
enkele klinische data deze mogelijke voordelen ondersteunen, was het belang van ons pionierwerk
dat het nut aantoont van de evaluatie van de dosis neergezet in de arteriele wand behandeld met
brachytherapie, benadrukt in de editoriale commentaren van dit manuscript.

In hoofdstuk 15 toonden we aan door het bestuderen van 206 coronaire subsegmenten van 2 mm
in 18 patienten behandeld voor een de novo lesie met enkel angioplastie gevolgd door
B-brachytherapie, dat na 6 maanden follow-up het volume van de plague minder toegenomen was
in harde segmenten vergeleken met zachte segmenten en segmenten met normale/intimale
verdikking. We toonden eveneens aan dat de minimale dosis neergezet op 90% van het adventitia
oppervlak (Dggadv) omgekeerd evenredig was met het volume van de plague bij foilow-up. We
toonden ook aan in hoofdstuk 16 dat de 6-maand angiografische uitkomst in 27 patienten behan-
deld voor de novo lesie met angioplastie alleen gevolgd door B-brachytherapie gedeeltelijk kon
verklaard worden aan de hand van de dosis gedeponeerd in de coronaire wand. Minimale doses op
90% van het luminale oppervlak (DSglum), de lamina elastica externa (DSgqeel) en op 90% van
plagque+media volume (DVgyp+m) waren 9.7+6.1 Gy, 5.123.0 Gy en 7.0+4.0 Gy respectievelijk.
Nz 6 maanden follow-up hadden de patienten met een DSgpeel groter dan 5 Gy (n=11} een lager
angiografisch verlies (-0.01+0.39 vs. 0.47=0.62 mm, p=0.03) en "late loss index” (-0.4£58 vs.
44256 %, p=0.06). Deze arterién waren kleiner, maar de relatieve winst was identisch en het geob-
serveerde verschil in het verlies kon enkel de weergave zijn van de "remodelling” van de coronaire
segmenten die een adekwate dosis ontvingen.

Transthoracale echocardiografie voor de biomechanische evaluatie van het linker ventrikel
en de aorta (hoofdstukken 17-20):

Hoofdstuk 17 is een historisch overzicht van de ontwikkelingen van de cardiovasculaire echocar-
diografie waarbij studies geintroduceerd worden die gebaseerd zijn op de combinatie van simultane
registratie van non-invasieve druk en flow (via transthoracale Doppler echocardiografie).

In hoofdstuk 18 tonen we aan dat evaluatie van de totale arteriele compliantie (Ctot) gebaseerd op



een 2-element Windkessel model (de "pulse pressure method”) mogelijk is gebruikmakende van
transthoracale echo-Doppler en arteriele tonometrie. In een studie uitgevoerd in 14 patienten met
gekend of verdacht voor corenair lijden en in 9 vrijwilligers, was de evaluatie van Ctot met de
"pulse pressure method” robust en toonde een significant verschil in arteriele stijfheid (1.2+0.4 vs
1.6+0.2 mi/mmHg). Het was ook de beste methode om het verwachte omgekeerde verband te vin-
den tussen totale arteriele compliantie en leeftijd, in vergelijking met de "area method” en de ratio
van slagvolume over polsdruk.

Hoofdstuk 19 beschrijft de zoektocht naar een geoptimaliseerde transfer functie (TFF) welke de
reconstructie toelaat van aortadruk vanuit een perifeer tonometriesignaal ter hoogte van de arteria
radialis. We pasten een drie-segmenten transmissielijnmodel toe voor de radialis-carotis druk TFF
afgeleid uit 3 gezonde vrijwilligers en 30 patienten met corenair lijden.

Jammergenoeg konden we geen verschil aantonen in de parameters van dit medel tussen patienten
en controles, behalve wat betreft de distale reflectie coefficient. We beschrijven de gemiddelde
berekende TFFE, evenals deze afgeleid van de minimale en maximale omgevende TFF, en de vari-
abiliteit van de afgeleide aortadruk karakteristicken zoals centrale polsdruk of augmentatie-index.
resulterend uit het gebruik van elk,

Tenslotte, in hoofdstuk 20 beschrijven we de evaluatie van de linker ventrikel (I.V) functie en de
contractiele reserve gedurende liggende stressechocardiografie via de bepaling van maximale ven-
triculaire "power output” gebruikmakende van simultane registratie van aortaflow met Doppler
echocardiografie en aortadruk met arteriele tonometrie. We tonen een goede overeenkomst aan
tussen de data afgeleid van carotisregistraties en van getransformeerde radialisregistraties gebruik-
makende van een TFF zoals beschreven in hoofdstuk 19. We valideerden eveneens een gesimpli-
fiecerde index van linker ventrike! "power output” die we voor het eerst beschreven hadden in dier-
experimenten: het product van peak aorta flow en gemiddelde bloeddruk. Dit surrogaat van de
echte "peak power”, minder omslachtig om te bekomen dan invasieve registraties of zelfs arteriele
tonometrie, toonde dezelfde correlatie met de V0, gemeten in deze 25 patienten.
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