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OVERVIEW OF THIS THESIS

Knowledge of the characteristics of the atherosclerotic plaque (eccentricity,
composition, effect of initial dilatation or ablation) and of the flow modifications
induced by a coronary stenosis would establish more precisely the severity of the
lesion under evaluation, improve the planning and guidance of therapeutic
interventions, and facilitate the detection of subsequent complications. The
miniaturization of the ultrasound catheters and the development of Doppler probes
with guidewire technology have permitted the application of these techniques during
diagnostic or therapeutic procedures in the Cardiac Catheterization Laboratory. In this
thesis, the application of catheter-based ultrasound probes for the assessment of
function and morphology of the coronary arterial tree is addressed. In particular, after
a general introduction to the physical principles and probe technology in catheter-
based diagnostic intracoronary techniques (Chapter I), Chapter I and HI discuss the
application of intracoronary ultrasound for the guantitative assessment of arterial
dimensions and the reconstruction of three-dimensional images of arterial segments.
Chapter IV, V and VI report the results of experimental studies carried out to
validate the accuracy of intravascular ultrasound for the assessment of wall
morphology and pathology and of acute changes of arterial compliance and to study
the effects of changes of the angle of incidence of the ultrasound beam.

Using Doppler guidewires, changes in flow velocity distal to a stenosis can be
studied, providing information on the functional characteristics of the stenosis under
assessment complementary to the morphological evaluation obtained with two-
dimensional ultrasound imaging. In Chapter VII and VII the physical and technical
background of intracoronary Doppler is discussed and the advantages of a spectral
analysis of the Doppler signal are established based on the comparison with the
results obtained with a conventional zero-crossing detector. Based on the limitations
of the conventional indexes of stenosis severity in the assessment of the results of
coronary interventions (Chapter X}, alternative indexes based on flow wvelocity
measurements are proposed. Chapter IX explores the possibility of using the maximal
velocity of the stenotic jet in the evaluation of the severity of a stenosis based on the
continuity equation. Chapters X, XI and XII report the results obtained using a
simultaneous assessment of pressure gradient and flow velocity, allowing the
examination of stenosis hemodynamics as in an isolated hydraulic conduit. In Chapter
XIII the possibility to study the relation between coronary pressure and flow velocity
is tested in arteries with and without coronary stenoses. The potential usefulness of
this approach, validated in animal models, for the assessment of an impaired
coronary conductance due to the presence of a flow limiting stenosis or to the
presence of a reduced maximal vasodilatation of the distal resistance vessels is
discussed. In the final chapter of this thesis, the response of large conduit arteries and
resistance vessels to endothelium-dependent vasodilators such as acetylcholine is
assessed using quantitative angiography and intracoronary Doppler.
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CHAPTER 1

INTRACORONARY IMAGING AND NON-IMAGING
TECHNIQUES FOR GUIDANCE OF CORONARY
INTERVENTIONS

Carle Di Mario, M.D., Jose Baptista, M.D., Peter de Jaegere, M.D., Ph. D,
Pim J. de Feyter, M.D., Ph.D., Jos R.T.C. Roelandt, M.D., Ph.D.,
Patrick W. Serruys, M.D., Ph.D.

From the Intracoronary Imaging Laboratory and Cardiac Catheterization
Laboratory, Thoraxcenter, Rotterdam, The Nethetlands



INTRODUCTION

Coronary angiography is used during interventional procedures to assess the
morphologic characteristics and to measure the absolute and relative dimensions of
the stenotic segment. Computer-assisted quantitative coronary angiography has
greatly increased the accuracy of these measurements, yielding precise and
reproducible results [1,2]. However, multiple characteristics of the stenotic segment
(minimal luminal cross-sectional area and percent cross-sectional area stenosis,
length, entrance and exit angles) must be determined to assess the functional severity
of a coronary stenosis [3,4]. Angiographic measurements of the reference segment
can be misleading because of the presence of a diffuse atherosclerotic narrowing, of
post-stenotic ectasta or of intraluminal defects, as frequently observed after coronary
interventions. Further, angiography provides no information on plague composition
and no direct measurement of plaque thickness and eccentricity. Angiography has
also a low sensitivity in the detection of thrombosis and wall dissection. To
overcome these limitations, new techniques have been developed to obtain a more
complete and precise assessment of the morphological and functional characteristics
of coronary stenoses using intracoronary probes. This manuscript reviews the role
and limitations of four new catheter-based imaging and non-imaging techniques
during coronary intervention.

TWO-DIMENSIONAL INTRACORONARY ULTRASOUND
IMAGING

Intravascular ulirasound has the unique advantage of studying vessel wall mor-
phology and pathology beneath the endothelial surface [5,6]. Although earlier
prototypes have been described and tested in the seventies [7], the major impetus for
the development of intracoronary ultrasound into a practical tool was a consequence
of the introduction of catheter-based interventions for treatment of atherosclerotic
disease both in coronary and peripheral arterfes. The safety of the use of new
generation intracoronary ultrasound probes has been confirmed in a recent
multicentric survey, reviewing 1,904 examinations in 1,837 patients (Yock et al.,
personal communication). Minor complications (spasm, reversible occlusion,
dissection) occurred in 64/1904 arteries smdied (3.5%). Seven major complications
(myocardial infarction, bypass surgery) occurred and in 3 cases were considered
“certainly™ related to the ultrasound study (0.16%). No deaths were considered as
possibly or certainly related to the ultrasound study. The major complications
predominantly occurred (6/7) during interventional procedures.

Technigue
Two approaches are currently applied to obtain cross-sectional images of the vessel
wall. One approach is based on mechanical rotation of a single crystal (single

element mechanical system) while in the other several crystals are mounted around
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the tip of the catheter and used in sequence to scan arcund the circumference
(multielemnent electronic system). Advantages and disadvantages of the two systems
can be summarized as follows:

Single element mechanical systems: Mechanical rotation of the ultrasound element
permits to circumferentially scan the vessel wall perpendicular to the long axis of the
catheter. Rotating an acoustic reflector in front of a2 fixed transducer is an altemative
approach. The principle is simple but realizing a driving mechanism while keeping
the catheter fully flexible and steerable as well as its miniaturization are challenging
problems. Distortion of the image because of an unequal rotation of the element/mir-
ror at the catheter tip is a limitation of these systems. The advantages of the
mechanical probes are imaging with high resolution and absence of near-field artifact.
Muiti-element electronic systems: Sixty-four transducer elements ate mounted
around the circumference of the tip of a catheter which is as thin as an angioplasty
intracoronary catheter. The signal is processed and multiplexed via ultra-minjaturized
integrated circuits contained im the tip of the catheter. Each transducer element
transmits and receives independently. Thus, this dynamic aperture array differs from
phased array technology in which elements are activated in concert. Advantages of
the system are: the catheter shaft, containing conductive wires only, is very flexible;
a central lumen is available for guide-wire insertion; no distortion of the image due
to inhomogeneous mechanical rotation is present. Disadvantages are a near-field
artifact around the tip of the catheter, so that structures close to the catheter tip are
not imaged, and the limited resolution and dynamic range of the system.

ADVANTAGES OF INTRACORONARY ULTRASOUND

Intracoronary ultrasound has three major advantages in comparison with angiography
for the assessment of wall pathology.

1. Detection of wall pathology in apparently normal angiographic segments:
Glagov et al [9] have shown that coronary arteries undergo a progressive enlargement
in relation to increases in plague area, so that a reduction of lumen area is delayed
until the atherosclerotic lesion occupies more than 40% of the area circumseribed by
the internal elastic lamina. These findings explain why anglographically normal
arterial segments may show an extensive atherosclerotic involvement at autopsy [9],
by direct surgical inspection and on intraoperative epicardial high-frequency
echograms. Intravascular ultrasound has confirmed that significant and diffuse
atherosclerotic changes may be present in angiographically normal arterfal segments
(Figure 1) [9,10,11]. Furthermore, intravascular ultrasound can facilitate the
assessment of the severity of intermediate lesions or of lesions not clearly visualized
with angiography (ostial lesions, proximal lesions not clearly visualized in multiple
projections with angiography).

Detection of plague eccentricity: An accurate assessment of lumen eccentricity with
angiography requires an angiogram perpendicular to the maximal plaque thickness.
Angiography determines the eccentricity of a stenosis comparing the proximel and
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Fig, 1. Ultrasonic image (left panel, A) showing a large concentric plaque at the site of a moderate
stenosis in a proximal right coronary artery (position A, indicated with an amrow in the corresponding
angiogram, right panel). Also in the positien indicated with B, apparently normal in the angiographic
image, a diffuse intimal thickening induces a 43% cross-sectional area stenosis.

Calibration: 0.5 mm.

distal segments of the vessel, assumed as “normal” reference segments so that a
misinterpretation is possible if the eccentric plaque also involves the reference
segments. Intravascular ultrasound detects the eccentricity of the lesion from a direct
measurement of the maximal and minimal thickness of the plaque so that the
eccentricity index calculated with intravascular ultrasound is independent from the
characteristics of the contiguous segments [12]). The advantage of the direct
visualization of eccentric plaques is obvious in the guidance of percutaneous
recanalization techniques which allow selective removal of atheromatous plague,
avoiding potentially dangerous procedures in areas of thin, normal wall [13}.

Study of plague composition: Two types of atherosclerotic plaques can be distin-
guished (Figure 2). “Hard™ plaques are seen as highly echogenic lesions and are
likely to be composed of dense fibrous tissue. The additional presence of shadowing
and duplicate echoes indicates the presence of calcific deposits. “Soft” plaques are
lesions with low echogenicity and may consist of thrombus, fibromuscular tissue or
loose collagen. Occasjonally, markedly hypoechoic areas can be identified within the
plaque and are suggestive of lipid deposition or intraplaque necrotic degeneration.
Most atherosclerotic lesions are complex plagues with multiple components, thus



Fig. 2. Examples of different echographic characieristics of atherosclerotic plaques in 4 different patients.
Uppex left panel: predominantly “soft™ plaque with a small calcification with shadowing ag 9:00 o"clock.
Upper right pancl: eccentric non-calcific “hard” plaque. Note that the plaque echogenicity is similar to the
echogenicity of the vascular adventitia. Lower left panel: mixed plaque with an innet area of low
echogenicity surrounded by a more echogenic structure. The image is suggestive of an area of lipid
deposition enclosed in 2 fibrows cap. Lower right panel: diffuse subendothelial calcification with
shadowing and duplicate echoes (napkin’s ring).

explaining why most of the stenotic segments undergoing balloon dilatation show
areas of different echographic characteristics within the plaque (“mixed™ plaques).
Different echogenic characteristics of the culprit lesion have been reported in patients
with stable and unstable syndromes. A prevalence of soft plaques with fewer
intralesional calcium deposits has been reported by Hodgson et al {14]. In our
experience, although echogenically “soft” material was present in almost all the 57
unstable lesions studied, the overall echographic characteristics of the plagque were
similar in stable and unstable syndromes [15].

Knowledge of plaque composition may be helpful for deciding which lesions are
more suitable for which specific treatment modality. “Soft™ plaques are more likely
to be dilated by compression, stretching and superficial intimal tears. Alternatively,
“hard” or clearly calcific plaques have a higher risk of extensive dissection [16]. The
presence of diffuse subendothelial caleification is associated with a lower success rate
and higher risk of complications after directional coronary atherectomy, suggesting
that alternative techniques such as rotational atherectomy should be used [17]. Using



this last technique, intracoronary ultrasound has shown that the neo-lumen is more
circular and regular after weatment of “hard”/calcific lesions than after treatment of
“soft” plaques [18]. On the contrary, after directional atherectomy a smaller amount
of tissue is retrieved In the presence of “hard™ or calcific lesjions and more
complications occur [19]. However, when “hard™ lesions have been treated with
directional atherectomy, they seem to be less prone to restenosis [19].

Mechanism of coronary interventions and restenosis

The possibility to measure lumen area and area inside the external elastic lamina
before and after coronary interventions allows one to study the mechanism of balioon
dilatation. Wall stretching with or without wall dissection has been reported as the
main operative mechanism of balloon angioplasty in both coronary [20] and
peripheral arteries [21]. A significant plague compression (absolute reduction of
plaque area) has been more recently reported [22,23]. The evaluation of z single
cross-section, at the site of the minimal luminal cross-sectional area before and after
angioplasty, may be insufficient for a complete assessment of the mechanism of
balloon dilatation, thus explaining the differences in the results reported in the
literature. In 18 coronary stenoses treated with balloon angioplasty and examined
with three-dimensional intracoronary ultrasound, Mintz et al [24] noted the presence
of an axial redistribution of the plaque away from the narrowest cross-sectional area,
without significant changes in the total plaque volume. Intracoronary ultrasound has
shown that gain n lumninal area is primarily achieved by plaque removal with
directional coronary atherectomy [13,20] (Figure 3). However, the measurement of
plaque area before and after directional coronary atherectomy allows the detection
of individual cases with an unchanged or almost unchanged plaque area after
treatment. These different mechanisms may have a prognostic value to predict the
long-term result after atherectomy.

Immpediate complications and long-term results can be predicted based on the
morphological findings after the interventional procedure [16]. Pathology studies have
shown that intimal splits or cracks with Jocalized medial dissection are normal
operative mechanisms of balloon angioplasty. Extensive medial tears (> 50% of the
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Fig. 3. From left to right minimal luminal cross-sectional area (MLCSA), plague area and total area
changes in 16 patients treated with directional coronary atherectomy. Although a significant plague
reduction occcurred in most cases, accounting for most of the lumen gain, note the presence of individual
cases with a minimal plaque decrease and in whom wall stretching (total area increase) was the
mechanism of lumen enlargement.

8



vessel circumference), however, are at risk of abrupt closure {25,26]. A “smooth-
walled™ appearance is the most conunon angiographic pattern after balloon dilatation
(41%), followed by intimal flaps (22%) and intraluminal haziness {17%) [27]- The
presence of a dissection flap on angiography is a predictor of abrupt occlusion after
angloplasty, resulting in a 6.5 fold increase of a major complication in the following
24 hours [28]. The identification of patients at high risk, requiring a prophylactic
reatment such as stent implantation, however, is not possible based on the
angiographic findings. Furthermore, the presence of an angiographically visible
dissection immediately after balloon angioplasty is not a predictor of late restenosis
[29]). Intravascular ultrasound is more sensitive than angiography in detecting
development of dissections following interventional procedures [30-34] and can
identify circumferential and longitudinal extension of a dissection post-angioplasty
[35,36] (Figure 4). An increased risk of abrupt occlusion requiring stent implantation
or emergency coronary bypass graft implantation was observed in the presence of
circular dissections [20], major tears being observed 4 times more commonly in the
adverse outcome group. These lesions also showed an increased risk of long-term
restenosis (> 50%) [37]. At the other extreme, a higher restenosis rate has been
reported in the absence of intimal dissection, when only plaque stretching is the
mechanism of lumen enlargement [33].

Intravascular ultrasound has confirmed previous observations from in vitro models
showing that tears tend to occur at the junction between normal wall and plaque or

Fig. 4. Large dissection after PTCA in a large circumflex artery. The dissection starts at the origin of
the obtuse marginal branch (B) and forms a large false lumen (C) for around 1.5 cm distally. Note that
only an intraluminal filling defect is observed in the comrespending angiographic image.

Calibration: 0.5 mm,



between “soft” tissue and calcific plates [38]. The qualitative and guantitative
information provided by intravascular ultrasound may be used to reconstruct
computerized models of the vessel and measure the wall stress in order to predict
risk and location of wall dissections [39].

Intravascular ultrasound gives a new insight into the causative mechanism of
restenosis. Based on the results of serial intravascular ujtrasound studies [40], the
importance of neo-intimal hyperplasia in the process of restenosis has to be
questioned. The increase in plaque area observed at the stenosis site from the
measurements obtained immediately after angioplasty to the measurements obtained
at 6 months’ follow-up, accounted for only 32% of the loss in luminal gain [40].
Further, no significant changes of the echographic characteristics of the plague were
observed from the initial study to the follow-up study [41]. Based on these findings,
mechanisms which must be considered as an altetnative to or in combination with
neo-intimal hyperplasia are an overestimation of the initial Juminal area gain by
angiography because of undetected intraluminal flaps (pseudorestenosis), late
thrombotic obliteration of dissection planes and a process of chronic recoil.

The metallic struts of current generation stents are poorly visible with fluoroscopy
but are highly echogenic and show a clear and characteristic pattern with intravas-
cular ultrasound [42]. An incomplete apposition of the struts to the vessel wall results
in an increased risk of thrombosis and can be identified more easily with ultrasound
than with angiography. A more frequent situation is the incomplete expansion of the
stent due to the rigidity of the stenotic plaque. This suboptimal deployment,
especially if the expansion of the stent is asymmetric, is not easily detected by
angiography and prevents the normalization of luminal dimensions and restoration
of a regular circular cross-sectional area. Ultrssound-guided inflations of short
balloons within the stent can be used for the optimization of stent deployment.
Intravascular uitrasound can also elucidate the mechanisms of restenosis within the
stented segment and distinguish stent compression from neo-intimal proliferation
[43].

Limitations

The miniaturization of the currently available ultrasound catheter is still insufficient
to allow the study of a clinically significant stenosis and of distal coronary arteries.
Prototype catheter systems smaller than 3 Fr are now under clinical evaluation.

All the elements of the catheter, including the distal end where the echo-transducer
is mounted, must be fully flexible in order to allow safe and successful negotiation
of tortuous vessels, especially in intracoronary application. Furthermore, with
currently available intravascular ultrasound systems, the image quality is not
consistently adequate to allow a complete evaluation of vascular dimensions and
morphological changes.

Limited steerability of the intravascular ultrasound catheters precludes correction
for a non-coaxial or eccentric intravascular position. The perpendicularity of the
ultrasound beam to the vascular wall influences the intensity with which the structure
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is visualized and partial drop-outs occur above a critical angle of incidence [44]. In
addition, the “blooming ™ effect induced by off-axis position of the catheter results
in an overestimation of the vascular lumen and wall [45].

Intravascular ultrasound is an expensive technology. The additional diagnostic and
prognostic information during recanalization procedures must be confirmed in large
studies to determine if the expected benefit outweighs the cost.

Future developments

Efforts are being made to combine intravascular imaging with ablation techniques,
so that the echographic cross-sectional image can be used for accurate application of
the selected atherectomy technique aiming at maximal plagque removal without
damage to the underlying vessel wall [46,47].

Forward imaging would make assessment of vascular disease more comprehensive
and guidance of interventions more practical.

The implementation of software systems for on-line automatic quantification and
three-dimensional reconstruction [48], providing spatial orientation and safe
application of ablation devices, is a research goal (Figure 5).

Fig. 5. Three-dimensional reconstruction of a proximal left anterior descending coronary artery after
direetional coronary atherectorny, An zlmost complete normalization of the lumen has been achieved as
shown by the angiogram (left panel) and confirmed by the longitudinal view of the reconstructed segment
(lower image of the mid-panel). The longitudinal view and the three-dimensional image (right panel),
however, show length, thickness and circumnferential extension of a large residual plague, facilitating a
further selective plaque removal. In the three-dimensicnal images on the right panel, note the presence of
artifacts due to the catheter strut on the internal surface of the two half cylinders (“open-shell™ format).
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Analysis of the backscatier signals would allow a more accurate and quantitative
characterization of plaque components.

An improvement jn image quality and a further miniaturization and increased
flexibility of the ultrasound probes seem to be conflicting objectives with difficult
technical solutions. The use of a miniaturized motor umit which can rotate the
ultrasonic crystal at high speed avoiding 2 connection with an external unit is an
example of the many possible revolutionary technical solutions tested in this rapidly
evolving field.

FIBEROPTIC INTRACORONARY ANGIOSCOPY

The use of optical fibers in medicine has found a new application for the assessment
of the surface of the vessel wall. Although the initial experiences have been reported
in the early eighties, only in the last few years has a larger clinical application been
possible due to the miniaturization of the angioscopes, the improvement in resolution
afforded by the use of multiple microscopic fibers and the ncorporation of effective
systerns to occlude and flush the vessel proximal to the angioscope.

Technique

The angioscope used at the Thoraxcenter (ImageCath, Baxter Laboratories, Irvine,
California) is mounted at the tip of a Monorail type catheter with a diameter of 4.5 F
(1.43 mm). This catheter features a compliant cuff which can be inflated at low
pressure proximal to the stenosis to a diameter of up to 5 mum, a flush port distal to
this cuff and a movable optical bundle with an extension range of 5 cm. The imaging
bundle is composed of 3,000 individual optical fibers of 2 um diameter and
terminates at a grin lens constructed with a gradient index of refraction so that ail the
images tend to appear in focus regardless of the distance from the lens. The central
imaging bundle is surrounded by 12 light fibers of 120 pm of diameter, coupled to
a light source located at the base of the catheter and with an illuminating power of
100,000 lux, zlthough only an effective illumination power of 45 Iux is delivered at
the tip of the catheter. After positioning of the angioscope over the wire in the
segment to be examined, the balloon is inflated and a continuous flushing with
Ringer’s lactate is performed at infusion rates variable from 30 to 50 ml/min. Once
the crystalloid solution has cleared the image field from blood, the tip of the catheter
is advanced to explore the lesion under study.

Angioscopic characteristics of the lesicn
In vitro studies have confirmed the ability of intracoronary angioscopy to detect
ulcerated plaques and thrombi [49]. In a lustopathological comparison with

ultrasound [50], angioscopy showed a sensitivity of 100% for the detection of
thrombi, significantly higher than the sensitivity observed with ultrasound (57%).
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Fig. 6. Digital angiogram of the left coronary angicgram in a patient with post-infarction angina. An
eccentric lesion with smooth contours and without contrast staining is present in the mid-segment of the
left anterior descending coronary artery. The comesponding angioscopic image shows an area of mural
thrombosis proximal to the lesion and a red protruding thrombus at the site of the narrowing.

Angioscopy has been used intraoperatively to define the mechanism of unstable
angina, showing the presence of arterial thrombosis, undetected by angiography, in
the vast majority of the cases [51] (Figure 6). Our experience [52-53] includes 27
patients admitted to hospital within 2 weeks from the study because of unstable
angina, 11 patient with chronic stable angina, 17 patients with recurrence of pain
within 2 weeks after acute myocardial infarction. A complex lumen shape and an
uleerated vessel surface were present in 18 and 9% respectively of the patients with
stable angina but were predominant in the group with unstable and post-infarction
angina pectoris (48 and 50%, respectively, both p < 0.05). Thrombosis was present
in 74% of the patients with an unstable syndrome vs 18% of the cases with stable
angina pectoris. It is noteworthy that the thrombus had the characteristics of a mass
protruding into the vessel lumen in 14/23 patients (61%) with unstable syndromes.
Only mural thrombi were observed in the patients with stable angina. Different
characteristics of the thrombi were observed in patients with unstable angina and
after acute myocardial infarction, with a prevalence of occlusive thrombi and of red
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Fig, 7. Digital anglograms showing a complex plaque in the mid-segment of a saphenous vein graft 7
years after implantation. Three ultrasonic cross-sections obtained from proximal to distal at the site of the
lesion (top panel, A, B and C) show the presence of a soft eccentric piague containing a cavity
communicating retrogradely with the vessel lumen. The corresponding angioscopic image (fower panel)
shows a friable lesion composed of red-greyish material and suggestive of organizing thrombi.
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thrombi in this last group [54]. The greyish appearance of the thrombus in unstable
angina was correlated to the presence of a platelet rich matrix, as opposed to the red
appearance of the thrombus during acute myocardial infarction, composed of a red
blood cells trapped in a fibrin matrix. The same authors [55] have reported that
xanthomatous plaques are more frequent in unstable syndromes than in patients with
chronic stable angina. A high frequency of intravascular thrombi was observed also
in degenerated venous bypass grafts prior to balloon angioplasty [56]. Friable lesions,
composed of fragmented or loosely adherent plaque lining the vessel wall, and
spontaneous dissections were also frequent in degenerated grafts (Figure 7).

Application during coronary interventions

Angioscopy has a higher sensitivity than angiography in the detection of wall
dissections after coronary interventions [57,58,59]. Superficial dissections, appearing
as mobile whitish intraluminal fronds, may also be present before interventions, due
to the trauma induced by the angioplasty guidewire and are an almost constant
finding after coronary interventions. Plaque fractures, appearing as deep crevices
extending into the wzll of the vessel, are more rare (Figure 8). In comparison with
intravascular ultrasound, angioscopy has a higher sensitivity in the detection of small

Fig. 8 Right panel: quantitative angiographic measurements before and after angioplasty of a large
circumflex artery. Lumen enlargement after angioplasty is evident alse in the corresponding angioscopic
images before and after intervention. A deep tear induced by balloon inflation and not detected with
angiography is indicated by an arrow. ’ :
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superficial tears but, for deeper dissections, is unable to study depth and longitudinal
extension of the plaque fracture. In an in vitro setting angioscopy has also been used
successfully to remove experimentally induced intimal flaps using a microbiopsy
forceps under visual guidance [57]. In our experience including 17 patients studied
with angioscopy before and after balloon angioplasty and 12 patients studied before
and after directional coronary atherectomy, newly developed muliiple superficial
flaps or deep dissections were observed with angioscopy in 65 and 24% of the
lesions, respectively [60]. A newly developed thrombus or the increase of a
preexisting thrombus was also frequent after these interventions (38%) but remained
undetected by angiography and intravascular ultrasound. An increase of the amount
of thrombotic material in the first howrs after balloon angioplasty has been
documented with implications for acute complications and long-term restenosis [61].

The development of acute occlusion after angioplasty can be the result of a
massive thrombosis or of an extensive dissection. Angioscopy has the potential to
determine the mechanism of occlusion and provide information guiding appropriate
therapy. In 10 patients studied by angioscopy immediately following an abrupt
occlusion after PTCA, Jain et al. [62] reported that a dissection was by far the most
frequent cause of occlusion (80%).

During stent deployment, angioscopy can provide additional information with the
identification of presence and extension of wall thrombosis, visualization of plaque
bulging at the stent articulation and of incomplete stent apposition to the wall [63].

In 5 restenotic lesions late after balloon angioplasty, a pearl-white appearance was
observed, consistent with a fibrous proliferation [64].

Limitations and future developments

Fiberoptic angioscopy requires transient vessel occlusion and continuous flushing
with a transparent crystalioid solution. Although significant arrhythinias are not
normally observed during the short interval required for an angioscopic study
(60-90 s per insertion), discomfort to the patient remains a limitation of the
technique. The use of oxygen-carrying solutions has been proposed, with the aim to
prolong the study and reduce patient’s symptoms. Their high viscosity, however,
prevents an effective high-flow infusion.

The most frequent cause of inadequate visualization by angioscopy is the eccentric
position of the angioscope within the vessel lumen, with images limited to a small
quadrant of the vessel wall. Improved steerability of the catheter or of the optical
bundle may obviate this limitation in the future, An increase in the number of
imaging optical fibers is desirable to further improve resolution.

The subjective perception of colours is prone to a large interobserver variability,
increased by the effect of variations of light intensity. An automatic measurement of
colour intensity may facilitate a reproducible and objective classification of wall
changes and may show a better correlation with the morphologic characteristics of
the examined structures [65]. Angioscopy is unmable to provide quantitative
measurements of lumen dimensions. With the use of a light-wire projecting a
circumferential light bundle at a known distance from the angioscope, quantitative
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measurements have been obtained in our laboratory. A malalignment of the
angioscope with the long axis of the vessel, however, remains a potential limitation
[66].

The dream of the interventional cardiologist is the incorporation of the angioscope
in an interventional device, allowing a continuous visual assessinent of the plaque
removal comparable to the use of laparoscopy or endoscopy during percutaneous
cholecystectomy or sphynterotoray. The optical fibers used to deliver the laser energy
in the laser atherectomy catheters can also be used for imaging purposes. Further,
there is increasing evidence that the replacement of blood with saline required during
angioscopic runs, increases the efficacy of laser ablation. These two elements suggest
that efforts should be concentrated in the development of a combined laser
catheterfangioscope system.

TRANS-STENOTIC PRESSURE GRADIENT MEASURED WITH
PRESSURE MICROSENSORS

Andreas Griintzig, the inventor of coronary angioplasty, made use of the transstenotic
pressure gradient to guide the progression of the balloon catheter in the coronary tree
up to the targeted stenotic lesion, to demonstrate the severity of the stenotic lesion
and to assess the results of the intervention [67,68]. The physiological value of
measurements performed through the lumen of the balloon catheter has always been
questioned since the catheter impedes flow by its presence. Experimental data
obtained in dog femoral arteries suggest that the “true™ stenosis gradient is
overestimated in a predictable manner dependent on the ratio of the catheter diameter
over the stenosis diameter [69]. The forther miniaturization of the balloon catheter,
the introducton of the movable guidewire and of the Monorail technique socon
rendered measurement of pressure gradient less applicable.

The interest for the use of post-stenotic pressure measurements in the Catheteri-
zation Laboratory has been revived by the development of ultraminfaturized
transducers, allowing a high-fidelity measurement of post-stenotic pressure with a
negligible additional reduction of cross-sectional area [70].

Technigue

The pressure microsensor is located 3 cm proximal to the flexible tip of a 0.018"
guidewire (diameter 0.45 mm, cross-sectional area 0.17 mm?, Radi Medical Systems,
Uppsala, Sweden). Light is emitted from a control unit through a beam splitter and
is transmitted to the sensor element along an optical fiber integrated in the guidewire.
The sensor element consists of a silicon cantilever with a mirror integrated into its
free end. Deflection of the mirrer induced by the elastic movement of the sensor in
response to changes in the external pressure modulates the reflected light. The signal
is then transmitted back through the same optical fiber and is detected by a photo
diode in the control unit. The system has been validated in vitro with regard to signal
transfer characteristics, linearity and frequency response [70].

17



Fluid-filled guidewire systems have also been designed and successfully tested in
vitro and in vivo [71]. These transducers have the advantage of lower cost and ease
of use but cannot provide a phasic pressure recording.

Application for the assessment of stenosis severity

Baseline and hyperemic pressure gradients correlate well with angiographic
measurements and with stenosis flow reserve [72]. More recently, Pijls et al. [73]
have proposed a set of hydrodynamic equations based only on coronary pressure
measurernents to guantify separately the transstenotic flow from the contribution of
the coronary collateral circulation. Measurements of absoluote coronary flow using
positron erpission tomography have been used to validate in humans the myocardial
flow reserve calculated from pressure measurements. A practical drawback of the
technique is that a post-stenotic pressure during balloon occlusion (wedge pressure)
is required for the relative estimation of anterograde transstenotic flow and collateral
flow, limiting the application of this technique for diagnostic purposes.

POST-STENOTIC FLOW VELOCITY MEASURED WITH
A DOPPLER-TIPPED ANGIOPLASTY GUIDEWIRE

Technique

The Doppler angioplasty guidewire is a 0.018" or 0.014” 175 cm long flexible and
steerable guidewire with a floppy shapable distal end mounting a 12-15 MHz
plezoelectric transducer at the tip (Cardiometrics Inc., Mountain View, CA) [74]. The
sample volume is positioned at a distance of 5.2 mm from the transducer and has an
approximate width of 2.25 mm due to the divergent ultrasound beam so that a large
part of the flow velocity profile is included in the sample volume also in case of
eccentric positions of the Doppler guidewire. After real-time processing of the
quadrature audio signal a fast-Fourfer transform algorithm is used to increase the
reliability of the analysis [75], the Doppler system calculates and displays on-line
several spectral variables including the imstantaneous peak velocity and the time-
averaged (mean of 2 beats) peak velocity. The flow velocity measurements obtained
with this system have beep validated in viiro and in an animal model using
simultaneous electromagnetic flow measurements for comparison {74]. Mean flow
velocity is calenlated as time-averaged peak velocity/2, assuming a fully developed
parabolic flow velocity profile 76].

Application during coronary interventions
Monitoring and assessment of the results of coronary interventions
The Doppler guidewire can be used to assess the severity of the lesion to be treated

before angioplasty. During the dilatation, the Doppler guidewire is left in place distal
to the lesicn in order to continuously record the Doppler signal and monitor the
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development of collateral flow, the restoration of flow after balloon deflation, the
phase of post-ocelusive reactive hyperemia and, incidently, the development of flow
limiting complications. Immediately after the inflation, the balloon is withdrawn into
the guiding catheter in order to avoid the residual obstruction of flow due to the
presence of the deflated balloon across the lesion. The restoration of anterograde flow
can be immediately detected during the deflation of the balloon, before the
disappearance of electrocardiographic changes or of symptoms. The rapid flow
velocity increase in the phase of post-occlusion reactive hyperemia can be used to
assess the adequacy of lumen enlargement post-angioplasty immediately after the
deflation of the balloon (Figure 9).

FRFE-PTCA
BASFLINE
APV=E 33 em!

PUST.-PTCA
REACTY HYPEREMIA
P -

PRE-PTCA
PAFAVERINE
APVE 47 cor’

Fig. 9. Left panels: Flow velocity measurements distal 10 a severe stenosis of the right coronary artery
in baseline conditions and at peak hyperemia induced by the injection of papaverine intracoronary. APV=
time-averaged peak velocity.

Mid-panels: On-line quantitative angiographic measurement (Philips DCI ACA analysis package,
Eindhover, The Netherlands). Absolute and relative measurements of stenosis severity are showed 1n the
lower panel, reporting also a plot of the stenosis flow reserve.

Right panels: The black arrow shows a clear indentation of the balloon during inflation. Note the Doppler
guidewire, positioned distal to the stenosis (white arrow). Immediately after balioon deflation a rapid
increase of flow velocity occurs in the post-ischemic period. Note the increase in time-averaged peak
velocity and maximal diastolic veloeity (from 47 cmyfs and 52 em/fs before PTCA to 76 and 110 cmy/s after
PTCA, respectively). Note also the relative decrease of the systolic component after PTCA.

In a study by Serruys et al. [77] on 34 patients, coronary flow reserve, expressed
as the ratio of hyperemic/baseline flow velocity, showed a moderate but significant
increase post-PTCA. (from 1.75 £ 0.55 t0 2.39 + 0.75 ,p < 0.005). A comparable flow
velocity increase was observed post-PTCA in the phase of the maximal reactive
hyperemia recorded following balloon dilatation and at the peak effect of a

19



papaverine injection (45 +22 cm/s peak reactive hyperemia vs 47 + 20 crofs after
papaverine, NS). The ratio between mean diastolic and mean systolic flow velocity
measured during baseline conditions distal to the stenosis was 1.51 + 0.58 pre-PTCA,
significantly lower than the ratio measured in 39 normal/near-normal arteries
{2.09 £ 0.90, p < 0.001). After angioplasty, the diastolic/systolic flow velocity ratio
increased from 1.51 +0.58 to 2.16 £ 098 (p<0.001) and did not differ from the
control group.

Segal et al. [78] have also recently reported their results after balloon angioplasty
in 38 patients. Twelve patients without significant coronary artery disease served as
a control group. Following angioplasty, the time-averaged peak velocity in the distal
vesse] increased from 19+ 12 to 35 £ 16 cmys (p < 0.01), whereas in the proximal
vessel velocity increased to a lesser extent (pre-angioplasty 34 * 18 cm/s vs post-
angioplasty 41+ 14 cmfs, p=0.04). Coronary flow reserve did not increase
significantly after angioplasty whether measured in either the distal or proximal
coronary artery (p < 0.10). When measured distal to significant stenoses (> 70 %)
before angioplasty, the diastolic/systolic flow patterns were noted to be abnormal
with low diastolic to systolic flow ratios (1.3 +0.5) when compared to coromary
arteries in patients without significant stenoses (diastolic to systolic flow ratio =
1.8 £ 0.5, p < 0.01). Phasic velocity patterns nommalized with significant increases in
diastolic to systolic flow ratios (1.9 + 0.6, p < 0.01) within 10-15 minutes following
successful balloon angioplasty. In the proximal vessel, phasic diastolic/systolic flow
patterns were not significantly different than in normal vessels (diastolic to systolic
flow ratios = 1.8 + 0.8 vs 1.8 £ 0.5, p < 0.10) and diastclic to systolic flow ratios did
not increase significantly following angioplasty (p < 0.10).

Similar findings have been reported by Ofili et al. [79] before and after angioplasty
in 32 patients, 15 with angiographic normal arteries and 27 with significantly
stenosed arteries. After angioplasty, improvement in the phasic patiern, increase in
the total velocity integral and the peak diastolic velocity during hyperemia in the
distal region were noted. The mean and peak diastolic velocity during hyperemia
were also significantly higher in the proximal and dista] stenotic regions compared
to the pre-angioplasty values. An additional indicator of a satisfactory result was the
improvement in the ratio of proximal to distal mean velocity which correlated with
the angiographic success of the procedure. The distal mean velocity increased 200%
compared to 90% for proximal mean velocity (p < C.035), which resulted in near
equalization and normalization of proximal and distal velocities and significant
reduction in the proximal to distal mean velocity. Systolic velocity integrals were
also significantly lower following angioplasty (2.1 1.2 vs 1.2 £0.3, p < 0.02).

Rationale for application of velocity indices during interventions

Coronary flow reserve: The ratio of maximal flow to baseline flow (coronary flow
reserve, CFR) is a well-established methodology to provide a normalized index which
is comparable in arteries of different diameter and in different subjects and has been
shown to be well comrelated with the severity of coronary stenoses [80] (Figure 10).
The possibility of measuring coronary flow velocity with a Doppler guidewire
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Fig. 10. Flow velocity measurements distal to an angiographically intermediate lesion of the left anterior
descending coronary artery before and after intracoronary injection of 12.5 mg of papaverine i.c.

positioned distal to a stenosis avoids one of the major problems present with the use
of Doppler catheters, the necessity to maintain the probe proximal to the stenosis.
Confusing effects due to the interposition of side-branches between the site of the
measurement and the stenosis can preclude a correct assessment of the velocity
changes induced by the stenosis. As a ratio. however, CFR is influenced by changes
in resting myocardial flow and by factors modifying the slope of the flow-pressure
telationship during maximal hyperemia such as the presence of myocardial
hypertrophy and changes in pre-load, heart rate and myocardial contractility [81-83].
Furthermore, the ratio between maximal hyperemic flow, which is linearly related to
changes of driving pressure, and baseline flow, which is relatively independent from
pressure changes in the autorsgulatory range, is inherently variable with the level of
aottic pressure at the time of measurement [11]. Coronary flow reserve, measured in
clinical studies using Doppler or videodensitometry, correlated well with the
angiographically measured stenosis severity only in very selected subsets of patients
[84-86], but this index could not be successfully applied to a large population of
patients with cotonary artery disease [87]. Furthermore, after coronary interventions
the increase in baseline flow andfor the persistence of an impaired vasodilatory
tesponse of the distal vasculature explains the unsuccessful results obtained using
CFR for the immediate assessment of the effects of interventional procedures
[88,89,90,91,77,78,79].

Diastolic to systolic flow velocity ratio: In contrast with the flow characteristics of
most arterial beds, coronary arterial blood flow has a distinetive and unique phasic
pattern. Blood flow is higher in diastole and lower in systole (Figure 10). The
classical experiments of Sabistorn and Gregg have confirmed that the systolic
reduction of arterial coronary flow is due to the contraction of the heart [92].
Squeezing of the capillary network was considered the cause of the flow changes
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during the cardiac cycle and was attributed to the increase in tissue pressure
consequent to the myocardial compression in the presence of a high systolic
intraventricular pressure. More recently, an increased systolic stiffness of the cardiac
myocytes has been proposed as a possible alternative [93,94].

Experimental and intraoperative human studies have shown that the contribution
of the systolic components is increased distal to a stenosis [95-98]. A significant
difference between distal diastolic to systolic velocity ratic was observed between
normal arteries and arteries with significant stenosis [77,99,100] as well as in arteries
examined before and after coronary angioplasty [77,78,79]. A limitation o the
possible application of this index for the assessment of the hemodynamic severity of
individual stenoses is the different pattern normally observed in the right and left
coronary arteries and the variability of the diastolic to systolic velocity ratio and the
changes of this ratio due to changes in cardiac contractility.

Proximal to distal velocity rario: Only a moderate decrease of mean velocity,
inversely proportional to the moderate increase in total cross-sectional area, occurs
from proximal to distal segments in the epicardial coronary arteries. The uniform
paitein of velocity decrease in epicardial normal arteries is drastically modified in the
presence of a significant coronary stenosis, which induces a reduction of the post-
stenotic velocity due to redistribution of flow in the lower resistance branches
proximal to the stenosis. The ratio of proximal to distal mean velocity was
significantly lower in normal arteries than in arteries with significant stenoses (1.1+ 0.2
vs 2.4 £ 0.7, p<0.001) [101]. A trend towards a normalization of the proximal to
distal velocity ratio has also been observed after coronary angioplasty [78,79].
Despite these significant differences in the total population studied, a significant
overlap was observed in patients with and without flow-limiting coronary stenoses.
Furthermore, in the absence of important side-branches between the site of the
proximal measurement and stenocsis (very proximal stenosis, middle segment of the
right coronary artery, bypass grafis) no redistribution of flow may occur and, for the
principle of continuity of flow, constant proximal and distal velocities are measured.
Instantaneous hyperemic velocity-pressure or pressure gradient relation: To over-
come the limitations of the above mentioned indices, Mancini et al proposed the
assessment of the instantaneous relation between aortic pressure and coronary flow
during maximal hyperemia in the phase of progressive flow decrease (imid- and end-
diastole) [102]. In their experimental preparation, electromagnetic flowmeters were
used to measure coronary flow and left ventricular pressure was used to define the
start- and end-points for the measurement, avoiding the diastolic phase influenced by
the rapid cardiac relaxation and the phase of isovolumetric myocardial contraction.
In separate series of experiments {102-103], the slope of the instantaneous hyperemic
diastolic flow-pressure relation (IHDFPS) was shown to be independent from changes
in heart rate, preload, aortic pressure and cardiac contractility. The IHDFPS showed
a better cormrelation with the severity of coronary stenoses induced by epicardial
constrictors than the conventional CFR. The measurement of coronary conductance
obtained with this index was highly correlated with the measurement obtained using
microspheres. In humans, selective measutements of instantaneous coronary flow
cannot be easily performed in the cardiac catheterization laboratory. Intracoronary
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Doppler, however, can accurately measure instantaneous flow velocities during the
cardiac cycle [74,76]. Using Doppler-tipped guidewires the velocity measurements
can be obtained distal to the stenosis, so that the flow changes will certainly reflect
the severity of the lesion under study.

We have studied feasibility, reproducibility and independency from the hemo-
dynamic parameters at the time of the assessment of the IHDVPS in 52 arteries with
< 30% diameter stenosis {104]. Sensitivity and specificity of the THDVPS for the
assessment of a flow-limiting stenosis was established by comparing the measure-
ments of IHDVPS in the control group with the measurements obtained in 24 arteries
with 230% diameter stenosis.

Using a cut-off value of >0.8 cras™ mmHg™, the sensitivity and specificity of
this index in the detection of the absence of a 230% diameter stenosis were 95 and
91%, respectively, with a sensitivity slightly greater than coronary flow reserve.
Despite the potential interest of these initial observations, the assessment of a larger
group of patients with flow limiting stenoses is requizred to establish the potential
advantage of IHDVPS over CFR in the assessment of an impairment of coronary
conductance. Furthermore, additional studies should address the value of this index
for the assessment of changes of coronary conductznce after coronary interventions.
In this respect, the IHDVPS has the great potential advantage over CFR to be
independent from hemodynamic changes and from changes in baseline velocity.

The measurement of the relation between proximal coronary pressure and flow
velocity distal to the stenosis explores both the changes in coronary conductance due
to the presence of a stenosis and the vasodilatory capacity of the distal coronary
circulation. An independent assessment of these two components can be obtained if
the pressure distal to the stenosis can be simultanecusly measured.

In a serles of animal experiments performed by Gould et al. [105], the relation
between transstenotic pressure and flow velocity showed an excellent correlation with
the severlty of experimentally induced coronary stenoses. The simultaneous
measurement of the transstenotic pressure gradient and flow velocity has several
practical advantages. The possible misinterpretation of 2 low flow increase during
maximal vasodilation is avoided because the simmultaneous recording of the
transstenotic pressure gradient discriminates a low flow increase due to a hemodyna-
mically severe stenosis thigh pressure gradient) from a low flow increase due to an
impairment of the distal vasodilatory mechanisms or to a competition of flow through
a well-developed collateral circulation (low pressure gradient). Conversely, when a
low maximal flow is present due to factors not dependent on the stenosis resistance,
the measurement of a low transstenoctic pressure gradient can be misleading and
suggests the presence of a non-significant stenosis.

Although the maximal flow and, consequently, the maximal transstenotic gradient
is determined also by factors independent from the stenosis resistance, the pressure
gradient/flow relation is intimately correlated with the stenosis hemodynamics. Using
a high-fidelity pressure transducer mounted on an angioplasty guidewire in
combination with a separate Doppler guidewire, this approach has been recently
applied in humans [77,106,107]. The initial results of the analysis of the instan-
taneous pressure gradient-velocity relation suggest that this techpique can repro-
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ducibly and accurately assess parameters which meore precisely characterize the
physiologic significance of coronary stenoses.

CONCLUSIONS

Coronary angiography provides a rapid overview and effective road-map during
diagnostic or interventional procedures, has a low cost and enjoys a widespread
avaflability. These advantages, coupled with the continnous improvement in image
quality and possibility of on-line quantitative analysis, suggest that angiography will
continue to be the principal imaging technigue for coronary interventional procedures.
However, knowledge on the qualitative and quantitative characteristics of the plaque
is not available with angiography. Intracoronmary ultrasound can image and
quantitatively assess the vessel wall under the endothelial surface and is, at present,
the technique with the greatest potential to become an established diagnostic
technique for guidance of coronary interventions, especially when 2 selective plaque
removal must be performed. The fleld of application of angioscopy is more limited,
essentially including the qualitative assessment of the characteristics of the vessel
wall surface. However, for this specific application and especially for the study of
unstable plaques, angicscopy has an accuracy and resolution unmatched by any other
imaging modality.

The development of quantitative angiography and the introduction of new imaging
techniques can not replace the functional methods for the assessment of stenosis
severity. The measurement of the transstenotic pressure gradient and of the post-
stenotic flow velocity using minjaturized sensors with guidewire technology offers
an alternative to the conventional non-invasive methods which is immediately
applicable in the Catheterization Laboratory during interventional procedures. The
complexity of the coronary circulation, however, impairs the possibility to establish
simple cut-off criteria to identify the presence of a flow-limiting stenosis. For
intermediate lesions or in the presence of variable hemodynamic conditions, the
accuracy of the assessment can be improved by the application of mwore complex
indices proposed and validated in animal laboratories and based on the instantaneous
relationship between pressure or pressure gradient and flow velocity.

All these new techniques require technical improvements to further increase the
quality of the image/signal and facilitate the ictegration in interventional procedures.
Also at the present stage of development, however, the additional morphological and
functional information provided by these techniques can modify the strategy of the
operator in a substantial number of interveniions [63,]108]. However, still missing is
a clear evidence that the modification In treatiment modalities driven by these new
techniques leads to a consistent improvement of the immediate results of the
intervention and to a significant long-term clinical benefit. For intravascular
ulrasound and Doppler, pilot studies (GUIDE II, PICTURE, VALID H, DEBATE)
have been started to establish the ultrasonic/Doppler measurements and indexes with
the best diagnostic and prognostic accuracy and which should be used in larger
randomized trials aimed at the comparison of an interventional strategy based only
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on angiography and a strategy based also on these new diagnostic methods.
Ultimately, only a positive result of this type of trial may transform these promising
research tools into diagnostic techniques of daily clinical use during coronary
interventions.
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37. Intravascular ultrasound: An evolving rival for
quantitative coronary angiography

CARLO DI MARIO, JOS R.T.C. ROELANDT, PETER P. DE
JAEGERE, PIM J. DE FEYTER and PATRICK W. SERRUYS

Introduction

Quantitative angiography has been used to validate the accuracy of the
measurement obtained with the early intravascular ultrasound catheters [1—
3]. In more recent reports [4-12] it was suggested that intravascular ultra-
sound can be superior to quantitative angiography in the assessment of
complex lesions (eccentric stenosis, asymmetric lesions, vascular dissections).
In this article, advantages and limitations of the two techniques in the assess-
ment of vascular dimensions are discussed based on the results reported in
the literature and of our experience in 72 patients with coronary artery
disease.

Previous studies comparing cintravascular ulirasound and angiography for
the assessment of vascular dimensions

The results of 11 clinical studies in which quantitative angiography and
intravascular ultrasound were compared are summarized in Table 1. Differ-
ences in equipment and methods of analysis limit the comparison and inter-
pretation of data. Linear regression analysis is most commonly used as a
statistical test in these studies. However, a regression coefficient close to 1 is
not sufficient to cenclude that the two techniques provide similar quantitative
measurements [13]. The mean difference of the paired measurements and
indexes of dispersion along the line of identity are more meaningful par-
ameters but are not always reported. With the exception of Tobis [6] the
results indicate that there is a good correlation between intravascular ultra-
sound and angiographic measurements in normal or moderatey diseased
segments (Fig. 1). In general larger cross-sectional areas were measured with
intravascular ultrasound than with angiography [6, 8, 9, 11, 12]. A major
lmitation for a precise comparison is that the measurement of the same
arterial cross-section is difficult. This is especially true when a major change
of vascular cross-sectional area occurs along a very short segment. An angio-
gram of sufficient quality to be quantitatively analyzed can not be obtained
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Figure 1. Digital angiogram of a Palmaz-Schatz stent 4 months after implantation in a saphenous
vein graft used as aorto-coronary bypass conduit. In the fluoroscopic image the poorly ra-
dicopaque stent, indicated with arrows, is examined with a 4.3 rotating mirror ultrasound
catheter. The minimal lumen of the moderate (re-)stenosis observed within the stent (position
1) corresponds with ultrasound to a homogeneous area of poorly echogenic intimal thickening.
Note that intravascular ultrasound in this case overestimates the minimal luminal cross-sectional
area (4.94 mm® with angiography vs 7.10 mm” with ultrasound). A diffuse area of intimal
thickening within the stent is detected also in position 2, a relatively normal segment angiograph-
ically. Calibration: 0.5 mm.

during the echographic measurements since the catheter positioned in the
stenotic segment partially occludes blood flow and hampers the run-off of
contrast medium. In eccentric lesions or lesions treated with balloon angio-
plasty a poor correlation and a large scatter of the paired measurements was
found. After angioplasty, Tobis measured with intravascular ultrasound
cross-sectional areas which were up to 50% larger than the corresponding
angiographic cross-sectional areas calculated assuming a circular model [6].

Percent diameter and cross secrional area stenosis: Which technique provides
the correct measurements?

The use of different reference measurements for the calculation of relative

vascular dimensions with quantitative angiography and intravascular ultra-
sound explains the large discordamce of the results obtained with the two
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Table 1. Quantitative angiography vs intravascular ultrasound: clinical comparative studies.

Authors Patients Examined Arteries " SEE Mean %
Diff. Diff

Davidson et al.* 21 pts undergoing  femoroiliac arteries  0.97  1.83
cardiac cath.

Sheikh et al? 15 pts undergoing  femoral arteries 0.95 0.91
cardiac cath.
The et al.* § pts undergoing femorciliac arteries 0.96 0.47
cardiac cath.
Bartorelli et al.®  § prs undergoing normal common 0.9¢ 0.3 mm 4%
cardiac cath. femoral arteries
Tobis et a1.° 27 CAD pts normal sites 026 2.1mm®  30%
undergoing PTCA  stenosis post-PTCA  0.18 1.7mm"  51%
Nissen et al.” 8 normal subjects nomal coronaries  0.92 021 —0.05mm 1%
43 CAD pts coron. art. (all les.) 0.86 0.43 0.05mm—- 2%
eccentric lesions 0.77 077 0.06mm 2%
Werner et 215 14 CAD pts normal sites 0.86
stenosis post-PTCA  0.48
StGoar et al.”® 20 cardiac normal coronaries  0.86 0.07  0.04mm 12%
transplant (angiographially)
recip.
Jain et al.* 6 CAD patients SVBG 0.96

Hedgson ¢t al.** 34 CAD patients  reference segment  0.77
undergoing PTCA  stenosis post-PTCA (.63
Haase et al.’® 20 CAD patients  stenosis post-PTCA  0.53 23 mm?

CAD: coronary artery disease: PTCA: percutaneous transluminal coronary angioplasty: SVBG:
saphenous vein bypass grafts.

techniques (Fig. 2). Reference diameter and cross-sectional area are mea-
sured in an angiographically normal segment of the vessel with quantitative
angiography. In muscular arteries intravascular ultrasound allows a direct
measurement of the area inside the mmternal elastic lamina, the so called
original Jumen area which equals to the sum of lumen and plaque area. This
area 1s used as a reference in intravascular uitrasound. Intimal thickening
is often present in angiographically normal reference segments (Fig. 3).
Furthermore, a compensatory enlargement of the vessel can be present at
the stenotic site [14]. These reasons explain why the lumen cross-sectional
area used as angiographic reference is smaller than the ultrasomic reference
area [15] so that less severe percent diameter and cross-sectional area stenosis
will be calculated with quantitative angiography than with intravascular ultra-
sound. In the diagram of Fig. 2A, in the presence of a2 1/2 mm thick intimal
lesion in the reference segment, a major difference is observed in percent
diameter and cross-sectional area stenosis between quantitative angiography
and intravascular ultrasound. The practical occurrence of this phenomenon
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QUANTITATIVE ANGIOGRAFPHY
% DIAMETER STENOSIS = 33 %
% CSA STENQSIS = 55 %

] Ea
i

A

T

INTRAVASCULAR ULTRASOUND
% DIAMETER STENQSIS =~ 50 %
% CSA STENOSIS = 75 %

Figure 2. A) Calculation of percent diameter and cross-sectional area stenosis based on intravas-
cular vltrasound and quantitative angiographic measurements. The reference lumen diameter is
measured with guantitative angiography in the normal segments of the vessel while intravaseular
ultrasound directly measures the thickness of the atherosclerotic plaque at the stenosis site. In
the presence of compensatory enlargment of the stenotic site or. as in this example, of a
diffuse concentric intimal thickening nvolvirg also the angiographic reference segment. the
intravascular ultrasound reference diameter. traced within the black band representing the
muscular media, is larger than the angicgraphic reference diameter. As a result the angiogra-
phically moderate percent stenosis is considered more severe. “significant™ according to the
normally used criteria (=50% diameter stenosis and =75% cross-sectional area stenosis) with
intravascular ultrasound.

is illustrated in the example of Fig. 1B, showing the presence of a large
concentric plaque in the angiographic reference segment.

Percent diameter and cross-sectional area stenosis are physiologicaily im-
portant parameters and are major determinants of the pressure drop across
a stenosis [16]. However, the results obtained from animal models of acute
external constriction of normal vessels [17] can not be simply applied to the
percent lumen reduction measured with quantitative angiography. Harrison
showed that the stenosis-related impairment of post-occlusion reactive hyper-
emia can not be predicted based on the coronary angiographic assessment
of percent diameter and cross-sectional area stenosis [18]. Awareness of
these drawbacks has already contributed to focus the interest in the measure-
ment of absolute rather than relative lumen stenosis in quantitative angio-
graphy [19]. Intravascular ultrasound can directly measure plaque area and
avoid the use of a reference measurement in a potentially diseased segment
of the vessel. However, this reference area does not necessarily reflect the
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Figure 2. B} Digital angiogram of a right coronary artery with the reference diameter positioned
at the site examined with intracoronary ultrasound. Note that in this angiographically normal
reference segment intracoronary ultrasound shows the presence of a concentric plaque inducing
a 44% diameter stenosis. Calibration: 0.5 mm.

physiologically ideal vascular dimension because of the already mentioned
compensatory enlargement. In particular the presence of a crescentic plaque
with an outward remodelling of the vessel is likely not to influence the
dimension of the vascular Jumen. The presence of a reduction of the “ideal”
dimension of lumen cross-sectional area is more difficult to be judged in the
presence of a diffuse circular ring of intimal thickening (Fig. 3) [20]. There-
fore the assessment of the physiologic significance of a vascular stenosis
requires different approaches such as the measurement of trans-stemotic
velocity increase or of the pressure drop at maximal hyperemia across the
stenosis or the calculation of coronary flow reserve based on angiographic
or Doppler measurements.

Advantages of intravascular ultrasound

Advantages and disadvantages of intravascular uitrasound vs angiography
are summarized in Table 2.
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Figure 3. Digital angiogram of a right iliac artery showing multiple edge irregulaties and 2 mild
stenosis. The arrowheads indicate the position of the ultrasound transducer during the acquisition
of the displayed arterial cross-sectional images. Note the relatively concentric bright ring of
intimal thickening in the two upper images. corresponding to an apparently normal circular
lumen at angiography. In the following cross-section an eccentric, fibrocalcific plague is shown
in a segment of moderate lumen diameter stenosis with quantitative angiography. Note that
the two lowest ultrasonic cross-sections, corresponding to a normal angiographic segment at
angiography and showing a semilunar bright eccentric atheroscierotic plaque not protruding
inside the regular circular lumen at ultrasound. Calibration: 1 mm.

No calibration is required

For angiography the measurement of a radiopaque structure of known dimen-
sion is required for calibration. When the tip of the catheter is used as a
scaling device, possible sources of error are off-plane position of the catheter
and of the examined vessel, tapering of the catheter at the distal end and
discordance between true catheter diameter and the diameter reported by

39



Intravascular ultrasound 701

Table 2. Advantages and limitations of intravascular ultrasound for quantitative assessment of
vascular dimensions.

Advantages Limitations
of Intravascular ultrasound of intravascular ultrasound
1) No calibration required 1) Introduction of the catheter is necessary
2) Instantaneous and continuous 2) Potental errors due to
measurements available catheter malalignment
3) No contrast medium required 3)  Artifacts from non-uniform rotation’.
near-field artifacts™, low sampling rate”
4)  Independent of lumen eccentricity 4)  Automatic edge-detection difficult
or complex lumen geometry
(dissection)
5) Simuitaneous morphometric analysis 5) Reproducibility of the measurements not
of wall components yet tested

!Single element mechanically rotating systems: “multiclement synthetic aperture array systems.

the manufacturer [21]. Furthermore, calibration must be repeated for every
angiographic view. A potentially more precise but even more cumbersome
approach is the geometric correction for beam divergence, based on the
measurement of the distances between x-ray source, imaged object and image
amplifier (isocenter technique) [22].

The measurement of a distance with ultrasound is based on the wavelength
of the ultrasound beam and the velocity of sound in the medium. When the
instrument is calibrated for the ultrasound speed in blood (1.560 m/s) a
negligible overestimation occurs when saline is injected to replace the more
echogenic blood and delineate the intimal contour.

Instantaneous measurements are available

Recently introduced digital angiographic equipment allows the performance
of on-line measurements of vascular dimensions. As a consequence, quanti-
tative angiography can be used for guidance and immediate evaluation of
interventional procedures. The time required for the analysis, however, is
still considerable when compared to the really instantaneous measurement
available with ultrasound.

Neo contrast medium required: A continuous monitoring is possible

Angiography requires the injection of contrast material to delineate the
vascular lumen. As a consequence. angiography can not be used for a con-
tinwous menitoring of vascular dimension. Other disadvantages of the use of
contrast medium are the modification of the Intraluminal pressure during the
forceful injection of contrast and the vasoactive properties of these agents.
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Intravascular ultrasound allows a continuous real-time measurement of
vascular dimensions, a great potential advantage for monitoring interventions
and assessment of the effects of vasoactive agents on vascular dimensions
and dynamics [23].

Morphometric analysis of the vessel wall

Angiography provides only a shadowgram of the vascular lumen, so that the
presence of vascular lesions is derived indirectly from irregularities of the
luminal contour. The only information on the composition of atherosclerotic
plaques concerns the presence of fluoroscopically visible vessel wall calcifi-
cation. Pathology studies and. more recently, the application of intraoper-
ative and intravascular high-frequency ultrasound have shown that coronary
arteries undergo a progressive enlargement in relation with increases in
plaque area, so that a reduction of lumen area is delayed until the atheroscler-
otic lesion occupies more than 40% of the area circumuscribed by the internal
elastic lamina [14, 24, 25]. These findings explain why angiographically nor-
mal arterial segments may show an extensive atherosclerotic involvement at
autopsy and upon direct surgical inspection . Several reports have confirmed
that intravascular ultrasound detects atherosclerotic changes in angiogra-
phically normal segments [4, 9] (Fig. 2). Furthermore, intravascular ultra-
sound displays the components of the atherosclerotic plague with a different
intensity proportional to their backscatter power [26-28], allowing their
qualitative differentiation. In vitro studies have shown that intravascular
ultrasound has a high sensitivity and specificity in the detection of intimal
lesions and in the differentiation between fibrous, calcific and lipid-containing
plaques [29]. Plaque thickness can be measured, especially if the presence
of an echographically hypoechoic medial layer facilitates the delineation of
plaque contours and if no shadowing or attenuation from plaque components
is present [29].

The possibility to provide information on plaque morphology and dimen-
sich at the same time makes intravascular ultrasound an ideal technigue for
the assessment of the mechanism of the different coronary interventions and
the modalities of progression/regression of the atherosclerotic plaque. Wall
stretching and wall dissection have been reported as the main operative
mechanism of balloon angioplasty in both coronary [30] and peripheral
arteries [31]. A significant plaque compression (absolute reduction of plaque
area) has been more recently reported [32]. Standard methods used in quanti-
tative angiography for the assessment of regression of atherosclerosis are the
measurement of mean luminal area and severity of edge irregularities [33]
(roughness profile). A long-term follow-up of large cohorts of patients is
necessary to show a statistically significant trend towards regression or de-
layed progression of plaques in peripheral [34, 35] and coronary [36. 37]
atherosclerotic disease.

Intravascular ultrasound has the potential of detecting atherosclerotic wall
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ECCENTRICITY INDEX

INTRAVASCULAR ULTRASOUND

QUANTITATIVE ANGIOGRAPHY

Figure 4. A) Eccentricity index calculated with quantitative anpiography and intravascular
ultrasound. Intravascular vitrasound allows the direct assessment of the wall thickness (t) so
that the eccentricity index is based on the ratio between plaque thickness and thickness of the
opposite wall. Quantitative angiography estimates the eccentricity of a plaque from the distance
{d) between the center of the lumen and the Iuminal contours at the site of the stenosis. In this
example. however. the presence of a different thickness of the wall also in the angiographically
normal segment induces an underestimation of the plaque eccentricity.

disease in the prestenotic phase and allows the measurement of both lumen
and plaque area [38]. Dietary and pharmacologic interventions may cause a
more rapid and complete regression of the vascular changes in the early
“prestenotic” phase of atherosclerosis rather than in the more advanced
phases [39]. Animal studies have shown that intravascular ultrasound can
detect plaque progression earlier and more accurately than quantitative
angiography [40-42]. The possibility to differentiate lipid plaques, potentially
amenable to regression after interventions, from fibro-calcific plaques, less
likely to respond to such an intervention [43] is of particular interest,

Plague eccentricity

In most cases, with the use of multiple projections, an angiogram perpendicu-
lar to the maximal thickness of the plaque can be obtained. In less than
50% of the cases, however, appropriate orthogonal projections, amenable to
quantitative analysis. can be obtained to measure lumen area from its long-
and short-axis when an elliptical area is present [44]. Furthermore, angio-
eraphy determines the eccentricity of a stenosis comparing the proximal and
distal segments of the vessel, assumed as ““normal” reference segments so
that a misinterpretation is possible if the eccentric plaque involves also the
reference segments (Fig. 4).

Intravascular uvitrasound detects the eccentricity of the lesion from a direct

42



704 C. Di Mario et al.

ANTURCO-ROUBIN STENT

Figure 4. B) Digjtal angiogram showing a regular lumen after implantation of a Glanturco
Roubin stent in a proximal left anterior descending coronary artery. The stent is barely visible
in the fluoroscopic image obtained during the ultrasound examination but the circumferentially
arranged metallic wires of the stent show a high echogenicity with ultrasound. Note that an
eccentric residual plaque is shown despite the regular circular lumen (echographic images on

the right), with a small protrusion of the plaque tissue through the wires of the stent. Calibration:
0.5 mm.

measurement of the maximal and minimal thickness of the plaque. The
eccentricity index calculated with intravascular ultrasound is independent
from the characteristics of the contiguous segments [45]. The advantage of
the direct visualization of eccentric plaques is obvious in the guidance of a
selective removal of plaque, avoiding a potentially dangerous treatment in
areas of thin, normal wall [46].

Complex lumen geomerry (wall dissection)

Pathology studies have shown that splitting of the vessel wall is extremely
frequent after balloon angioplasty and is one of the major mechanisms of
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effective lumen enlargement [47, 48]. Only large dissections are angiogra-
phically evident after balloon angioplasty. Several reports [6, 30-32, 49-51]
have confirmed that intravascular ultrasound is more sensitive than angio-
graphy in the detection of plague rupture. The absence of echographically
evident plaque rupture has been recently reported to increase the risk of
restenosis [52]. The quantitative measurement of residual stenosis early after
balloon angioplasty is a poor indicator of the functional result of the proce-
dure as assessed by coronary flow reserve [53] and persistence of scintigraphic
and electrocardiographic signs of reversible myocardial ischemia. Several
reasons may explain this finding but in some cases the comparison between
echographic and quantitative anglographic measurements suggests that an
overestimation of the lumen really available for blood passage may occur
when a geometric technique {edge-detection) is used (Fig. 5). Densitometric
measurements have been suggested in order to overcome the limitations
of edge-detection in Jesions of complex geometry (including stenosis post-
angioplasty and eccentric lesions) [54]. Densitometry. however, requires a
homogeneous filling of the lumen with contrast and a perfect orthogonality
of the x-ray beam to the vessel lumen, is highly dependent on the radio-
graphic setting and modalities of film processing and cannot directly provide
absolute measurements [55].

Limitations of intravascular ultrasound (Tabie 2)
Necessity of catheter insertion

Intravascular ultrasound requires the insertion of the echo-catheter along the
entire vascular segments to be studied. Instrumentation of a coronary vessel
is the current practice for all the interventional techniques. However, espe-
cially in the examination of the coronary arteries, the insertion of the echo-
catheter increases the complexity and duration of the procedure and carries
out a potential risk of complications. Recent improvements in catheter flexi-
bility and miniaturization allow the examination of the proximal and middie
coronary arteries in most patients. A possible limitation, however, concerns
the examination of severe coronary stenosis before interventions, one of
the most interesting potential applications of intravascular ultrascund. A
quantitative angiographic study of large cohorts of candidates to balloon
angioplasty [56] has shown that the measured minimal luminal diameter °
before balloon dilatation (1.02 = .37 mm) is similar to the diameter of the
recently introduced second generation of catheters (from 3.5 to 4.3 French,
equal to 1.15-1.4 mm), Fig. 6.

The intravascular ultrasound examination after successful therapeutic in-
terventions is facilitated by the increased lumen diameter. However, recross-
ing large, unstable dissection flaps carries a potential risk of acute occlusion.
Furthermore, a correct assessment of the real morphology of a complex
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Figure 5. Intravascular ultrasound cross-sections of a severe stenosis in a left circumflex artery
before and after balloon dilatation. Note that the eccentric plaque has been dissected at the site
of its insertion on the normal wall. The complex lumen after angioplasty can not be correctly
measured in any angiographic projection, Note that in this case the increase in lumen area
seems to be largely dependent from the induction of a wall dissection and the stretching of the
arterial wall, while no significant changes were observed in the plaque dimensions. Calibration:
0.5 mm.

spiral dissection and the consequent impairment to blood passage is difficult
because it would require a three-dimensional reconstruction of the ultrasenic
cross-sections [57-61] and because the communication between true and
false lumen is modified by the physical presence of the catheter. Proximal
injection of saline or agitated contrast can help to delineate the lumen and
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Figure 6. The distal end of four intravascular ultrasound coronary catheters is shown. A) Single
element rotating mirror (arrow) catheter characterized by a completely independent external
sheath and inner catheter: this system has the potental for an extreme miniaturization (3.5
French catheters are in clinical use) but has the limitation that the insertion of the guidewire
requires the removal of the ultrasound catheter: B) rotating element 4.1 French 30 MHz
ultrasound catheter, characterized by a very small Monorail lumen at the distal end (DuMed.
Rotterdam, The Netherlands): C) Single element rotating mirror intravascular ultrasound ca-
theter (Cvis. Sunnyvale. CA., USA) allowing the continuous use of a guidewire using a Monorail
technique (diameter: 4.3 French): D) Multielement dynamic array catheter (a 5 French catheter
is shown but 3.5 French catheter and combined balloon/ultrasound catheters are available,
Endosonics. Costa Mesa. CA. USA): 64 clements are aligned circumferentially around the tip
so that & central lumen is available for catheter insertion and the shaft can be very flexible
because no driving cable is required: the small dimension of the clements, however, is responsi-
ble for a lower image quality in comparison with the mechanical scanners.

detect the presence of stagnant blood flow but an effective injection through
the proximal guiding catheter is not always possible with the relatively large
ultrasound catheters in place.

An example of another possible limitation of intravascular ultrasound in
the presence of wall dissection is shown in Fig. 7 in which drop-outs occur
in segments of dissected wall which are explored with an unfavourable angle
of incidence of the ultrasound beam [62]. Furthermore, the underlying struc-
tures cannot be imaged. In our experience, these complex artifacts are more
frequent in peripheral than in coronary arteries, because in these latter
small vessels the physical presence of the ultrasound catheter modifies the
orientation of the dissected flap.
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Figure 7. In vivo intravascular ultrasound image of a human femoral artery afier balloon
dilatation. The echogenic blood clearly delineates the vascular lumen. An almost complete drop-
out. however. occurs in the segments in which the vessel wall and the underlying perivascular
structures (arrows) are oriented at a narrow angle with the direction of the ultrasound beam.
This sudden disappearence of the vessel wall can be clearly distinguished from drop-outs due
to attenvation from blood, which would lead to a more progressive reduction in echo-intensity
and would mainly affect the wall opposite to the position of the catheter. Courtesy of Dr.
Pieterman/Dr. Gussenhoven., Radiology Department. Dijkzigt Academic Hospital. Rotterdam.
Calibration = 1 mm.

The combination of intravascular ultrasound imaging and balloon angio-
plasty or alternative debulking techniques in the same catheter can make the
evaluation with intravascular ultrasound before and after interventions easier
and more practical and can allow continuous monitoring and guidance during
the procedure. At present, however, only prototypes of catheters for di-
rectional atherectomy mounting ultrascund crystals are in the phase of pre-
liminary clinical evaluation and in the already available echo-balloon cath-
eters the transducer is mounted proximal to the balloon [63, 64]. This
configuration maintains a low profile of the balloon and avoids the artifacts
induced by the balloon membrane but precludes the possibility of a continu-
ous assessment before, during and immediately after balloon dilatation.

Catheter malalignmernt
A central position of the catheter in the vessel lumen is not frequent in

intravascular ultrasound. With a simple eccentricity of the catheter position,
the echographic cross-section is still perpendicular to the long-axis of the
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vessel so that no change in the measured area is expected. When the catheter
is not only eccentric but also mon-parallel to the long-axis of the vessel the
vascular Jumen is distorted, with an angle-dependent overestimation of the
vascular lumen. In a bending artery, however, despite the centering effect
of an over-the-wire system, the ultrasound catheter can frequently assume a
non-parallel orientation with the long-axis of the vessel. Fortumately, in
coronary arteries the small size of these vessels relative to the catheter
diameter limits the practical relevance of this problem [9].

Non-uniform rotation, near fleld artifact, inadequate sampling rate

‘With mechanically rotating catheters, a 1:1 rotation of the ultrasound element
(or mirror) can be impossible if the catheter is inserted in very tortuous
vessels, resulting in a variable distortion of the ultrasound image.

In the multiclement systems these artifacts are not present. A limitation
of these systems, however, is that the near-field artifact is partiaily obscuring
the structures close to the catheter.

Artifacts can also result from the systo-diastolic changes of vascular dimen-
sions or of the position of the catheter imside the vessel throughout the
cardiac cycle if a sufficiently high sampling rate is not obtained.

Application of automatic measurements

Sophisticated techniques of edge-detection or videodensitometry have been
developed for quantitative angiography [65]. The difference in brightness
between the radiographic contrast filling the vascular lumen and the back-
ground facilitates the application of the proposed algorithms for computer-
assisted automatic contour detection.

In intravascular ultrasound, on the contrary, the relatively similar echo-
reflectivity of blood in comparison with the underlying vessel wall is of
potential obstacle to fully automatic measurements of lumen area, The fre-
quently necessary manual corrections may increase the subjectivity of the
results [66]. In our Center a fully automatic technique, based on the measure-
ment of the vessel wall displacement from a semiautomatic defined template
image, 1s successfully used to measure the systo-diastolic changes of vascular
dimensions [67].

Reproducibility of the measurements

Changes in vascular tone, variability of repeated measurements, modifica-
tions of radiographic projections and setting. cardiac and respiratory move-
ments influence short- and long-term reproducibility of the angiographic
measurements, making the assessment of the development of real changes
in vascular dimensions more difficult. Intravascular ultrasound is not limited
by some of these factors. A crucial element for reproducibility of repeated
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Figure 8. Intravascular ultrasound cross-section of a proximal normal left circumflex artery 6
months after cardiac transplantation. The simultaneous recording in the same position of fiow
velocity with a Doppler guidewire (Cardiometrics. CA. USA) allows the calculation of the
instantaneous absolute flow. Calibrations: intravascular ultrasound = 1 mm: Doppler = 120
cm/s.

measurements, however, is a position of the catheter exactly at the same site
in the vessel, a trivial requirernent which is practically very difficult to satisfy.

No assessment of blood flow

Various angiographic techniques have been described which use the contrast
medium as a marker of flow and calculate relative changes of blood flow
based on contrast appearance time and/or on changes in the density of
the myocardium [68-70]. This principie is not applicable with the current
intravascular ultrasound imaging catheters. An alternative ultrasound-based
technique is the measurement of the Doppler shift induced by the motion of
the red blood cells to directly calculate blood flow velocity. Prototypes of
combined imaging-Doppler catheters have been described [71. 72] and
Doppler guidewires which can integrate the ultrasound imaging catheters are
in current clinical use [73-75] (Fig. 8).
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Conclusions

Intravascular ultrasound can accurately assess luminal dimensions and has
potential advantages on quantitative arteriography in the presence of ec-
centric lesions and lumens of complex geometry. The application of this
technique, however, increases duration, risk, complexity and cost of a con-
ventional diagnostic or interventional procedure based on a purely angio-
graphic quantitative assessment. In clinical practice, therefore, it seems un-
likely that guantitative arteriography can be replaced by intravascular
ultrasound as a routine technique of measurement of luminal dimensions.

Intravascular ultrasound has a potential role as a research tool for the
assessment of vessel dynamics and effects of pharmacologic interventions.
The information concerning characteristics and composition of the athero-
sclerotic plaque is not available with angiography and makes intravascular
ultrasound potentially more suitable than angiography for the folow-up of
interventions aimed at the regression of atherosclerotic lesions. Improve-
ments in catheter technology can make quantitative intravascular ultrascund
a valuable tool for the correct planning and guldance of interventional proce-
dures.
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THREE-DIMENSIONAL INTRACORONARY ULTRASOUND.
GOALS AND PRACTICAL PROBLEMS.

Carlo Di Mario, Li Wenguang, David T. Linker, Pim J. de
Feyter, Nicolaas Bom, Patrick W. Serruys, JosR.T.C. Roelandt

Introduction

In cardiovascular imaging three-dimensional recomstruction has been
applied to well established techmiques such as computed tomography,
nuclear magnetic resopance, transthoracic and transesophageal echo-
cardiography and digital angiography [1]. Many reasons explain why these
sophisticated image processing techniques were so rapidly applied to
intravascular ultrasound, a technique which is still under development
[2,3]. Consecutive ultrasonic cross-sections may show large differences in
luminal arez and in dimension and composition of the atherosclerotic
plaque (Figure 1).

To obtain a better understanding of the spatial distribution of the wall
changes one must be able to mentally reconstruct all these two-dimensional
images into the three-dimensional equivalent of the arterial segment.
Angiography gives no direct information concerning the presence and
characteristics of wall pathology but it has the advantage to immediately
display the relation of adjacenmt segments, thus providing essential
information for road-mapping. Three-dimensional reconstruction of
tomographic intravascular ultrasound images has the potential for a rapid
conceptualization of the spatial relations of these complex structures, thus
providing a complete assessment of lumen and wall changes.

In this article we describe the different techniques proposed for three-
dimensional reconstruction and review the initial results obtained in the
guantification of lumen/wall changes and in the assessment of vascular
interventions.
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Figure 1 - Digital angiogram of a proximal right coronary artery
with a severe stenosis and extraluminal contrast in a paiient
treated with intracoronary thrombolysis. Imtravascular ultra-
sound shows 1) a diffuse intimal thickening of the proximal
artery, 2) a dilatation of the prestenotic artery, filled with
inkomogeneous moderately echogenic material; 3) an echofree
space in the plague (at 3.00 o’clock) corresponding to the
apparently extravasal contrast. During directional atherecromy
thrombotic material ar various stages of organization was
retrieved.
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3-D reconstruction: techniques

Three-dimensional reconstruction requires four basic sequential steps. The
sequence of cross-sectional images must be correctly sampled and, after
digitization and application of the chosen algorithm, the three-dimensional
image can be displayed and the volumetric changes of lumen and wall
analyzed.

STEP 1. IMAGE ACQUISITION

The first step is the most crucial. A sequence of cross-sectional images
must be sampled in a known and predetermined format and with an
optimal constant grey scale. Two techniques can be used: a sequeniial
acquisition of adjacent cross-sections, interspaced by constant intervals,
and a continuous pull-back along the examined vascular segment. The
latter approach is facilitated by using motorized systems to achieve a

main unit L - —---

[ il o

sensing device

Figure 2 - Diagram showing the acquisition of a series of images from
an artery specimen using a dedicated sensor (parent pending). The
wltrasound catheter is introduced through a smail disposable unit and
its movement activates a roiating wheel connected to a potentiometer so
that advancement or withdrawal of the catheter is accurately measured.
The position of the cross-sections is displayed on-line and can be used
to guide the three-dimensional reconstruction.
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uniform speed. With these devices accurate measurements of axial
displacement are possible [4].

At the Thoraxcentre a dedicated disposable sensor was developed to
measure the depth of insertion of the ultrasound catheter and allow a
precise definition of the spatial relation of successive cross-sections.

STEP 2. DIGITAL CONVERSION AND IMAGE SEGMENTATION

The anzlog image must be converted intc a digital image using an
adequately small pixel size for optimal resolution and a sufficiently high
rumber of bits to define the grey level range of each pixel to preserve the
dynamic range of the image. There is obviously a trade-off between
resolution of the image and speed of computer processing.

Image segmentation is the second step necessary to proceed to the
reconstruction of the three-dimensional image. The "threshold method”
define a threshold intensity to obtain binary images in which all the voxels
with an intensity above or below the threshold are considered as belonging
or not belonging to the structure to be reconstructed. The advantage is that
this approach allows for a complete automatization but the loss of
definition of wall components remains a major limitation.

At the Thoraxcentre research in three-dimensional reconstruction of
vascular images has been focused on the automatic detection of the
boundaries of the lumen and the media, a preliminary but necessary step
for the three-dimensional quantification of lumen and wall changes. After
a temporal smoothing of consecutive frames to reduce blood echogenicity
and enhance the lumen borders, a semiautomatic method of contour
detection is used to define the leading edge of the biood-wall interface.
The method is based on the application of a minimum cost algorithm and
on the use of dynamic programming techniques to find an optimal contour
based on an ellipse model. The media bounded area is defined using a
manual tracing as the area included between the intimal contour and the
interface between the intima and the hypoechoic media (Figure 3). The
contours of this template image are then used as a model to define the
scarch region and resample the rest of the image into a polar coordinate
format. For each frame the edge strength of both the lumen border and
media is calculated separately in all resampled pixels and used to find the
optimal contours through the data representing the strength of the edges.
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This method has been extensively validated in vitro [5] and in vivo [€] and
has been successfully used for automatic assessment of dynamic systo-
diastolic changes of lumen cross-sectional area [7].

Figure 3 - Consecutive cross-sections obrained ar 2 mm intervals
in a lefi coronary artery afier balloon angioplasty using a diplace-
ment sensor. The above described method has been used 1o define
the boundaries of the lumen and of the media. A large eccentric
plaque, well defined by a thin hypoechoic media, is present along
the entire segment examined. An intraluminal dissection flap is also
evident in the first 5 cross-sections (from iop to bottom).
{Courtesy Dr. H. Pieterman).

STEP 3. 3-D RECONSTRUCTION

Table I lists the different algorithms which are presently used for three-
dimensional reconstruction.

In the wire-mesh model the contours of the objects are manually or
automatically defined and their contours on adjacent cross-sections
interconnected by straight lines. The polygon representation defines the
object surface. This technique is not ideal for representation of structures
of complex geometry and has been largely substituted by methods using
Individual volumetric units (voxels).

60



638 C. Di Mario et al.

TABLE I. ALGORITHMS FOR 3-D RECONSTRUCTION

MODEL ADVANTAGES DISADVANTAGES
WIRE-MESH simple structures require  not suitable for objects of
small computer memory complex geometry
BINARY IMAGE fully automated no definitions of wall
components
FULL GREY SCALE  visualization of watl large computer memory;
RECONSTRUCTION  components long processing time

Voxel modelling allows the reconstruction of the image using a categorical
cut-off threshold (binary image) or maintaining the grey scale of the
original ultrasonic cross-sections. The technical development in this field
has been so rapid that three-dimensional reconstruction at high resolution
and with fill grey scale range is now possible almost on-line.

Figure 4 - The resulting reconstructed artery is opened longitudinally 1o
visualize the internal structure of the vessel segment. The brightness of the
voxels is computed from borh the depth of the voxel, to provide depth
perception, and the gradient vector of the voxel.

{Courtesy Dr. H. Pieterman).
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At the Thoraxcentre a voxel modelling method is applied to reconstruct
three-dimensionally the lumen and plague from a sequence of cross-
sectional images after detection of the lumen and plaque contours [8].

STEP 4. IMAGE DISPLAY

When the three-dimensional reconstruction is complete, many possible
formats are available to display the examined arterial segment. The analysis
of the intimal surface is facilitated if the artery is opened longitudinally and
is appropriately rotated. Two-dimensional cross-sections can be obtained
from the reconstructed image along longitudinal, transverse and oblique
planes. A longitudinal format, displayed in multiple planes, is particularly
convenient to assess the longitudinal extension of wall dissections and to
determine the extent of the atherosclerotic involvement along the examined
segment. A combination of transverse and longitudinal sections, if available
on-line In the interventional suite, gives an ideal guidance to appropriately
position and orient the device used.

STEP 5. QUANTITATIVE ANALYSIS

The availability of a cubic matrix allows a direct measurement of volumes
after three dimensional reconstruction. The limitation remains, as for two-
dimensional intravascular ultrasound, the lack of a sharp definition of the
contours of the wall layers. Automatic methods are used to calculate the
lumen volume based on the possibility of a reliable automatic detection of
the lumen-intima interface in many cases. Plaque volume, on the contrary,
requires manual identification of the plaque contours in most cases.

3-D reconstruction: Clinical applications
ASSESSMENT OF LUMEN AND PLAQUE VOLUME

Rosenfield at al [S] have proposed the application of automated edge
detection aigorithms for the analysis of a three-dimensional lumen cast.
With this method a rapid assessment of the minimal cross-sectional area
before and after interventions on peripherzal arteries was possible on-line
in 19 patients.
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Matar et al [10] used a motorized pull-back handle to obtain a uniform
distance between consecutive cross-sections in the examination of 10 in
vitro arterial specimens and of the coronary arteries of 16 patients. The
volumes of the reconstructed lumen correlated well with the histology
measurements and with the results of biplane quantitative angiography.
The measurement of plaque volume opens allows a direct assessment of
the changes induced by pharmacologic or dietary interventions aimed at
regression of atherosclerosis [11,12] and by interventional procedures.
Galli et al [13] compared the true plaque volume of a vessel phantom and
the measurements of plaque volume based on planimetry of consecutive
cross-sections at a fixed interval and om direct three-dimensional
reconstruction. Plaque volumes measured with three- dimensional
reconstruction overestimated the true plaque volume of the phantom while
more accurate measurements were obtained from direct planimetry of the
echographic cross-sections.

ASSESSMENT OF INTERVENTIONS

Rationale: Intracoronary ulitrasound has the potential for an accurate
detection of plaque dimension and composition, an information of great
usefulness to decide type and dimension of the devices to be used and to
guide the intervention. Calcification of the target coronary lesion has been
reported in 76-83% of the patients undergoing coronary angioplasty
[14,15]. An increased incidence, depth and circumferential extension of
dissection after balloon dilatation have been reported in calcified than in
non-calcified plaques [15,16,17]. In the presence of diffuse subendothelial
calcifications a higher incidence of complications and a smaller amount of
retrievable material was observed after directional coronary atherectomy
[18]. Only with three-dimensional intravascular ultrasound, however, the
longitudinal extension and dimension of the calcific plaque components can
be assessed along the entire segment to be dilated.

Intravascular ultrascund has been used before and after interventions to
identify the mechapism of balloon dilatation. Wall stretching and wall
dissection have been reported as the main operative mechanism of balloon
angioplasty in both coronary [19] and peripheral arteries [20]. A
significant plaque compression (absolute reduction of plaque area) has been
more recently reported [21]. A possible reason of these discrepancies is the
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unavoidable difference in the examined arterial cross-section before and
after interventions. The measurement of plague volume after three-
dimensional reconstruction along the entire dilated segment can provide a
more reliable assessment of the plaque changes brought about by the
dilatation process.

Pathology studies have shown that diffuse plaque disruption is one of the
predominant mechanisms of lumen enlargement after balloon angioplasty
[22]. In the presence of complex intraluminal flaps angiography shows the
presence of filling defects in a minority of cases. Intravascular ultrasound
is more sensitive than angiography in the detection of intraluminal flaps
after coronary interventions [23,24,25,26]. The standard cross-sectional
display, however, does not show the longitudinal relation of these complex
intraluminal flaps. On-line three-dimensional reconstruction would allow
an immediate assessment of the wall changes induced by vascular inter-
ventions. The prognostic value of these findings in the prediction of
immediate outcome and restenosis has been recently reported [27].

Clinical application: From the on- and off-line analysis of the intravascular
ultrasound examination of 52 peripheral and 22 coronary arteries
Rosenfield et al {28,29] have shown that sagittal reconstructions facilitate
the analysis of dissections and the detection of tunnelling of a false lumen
in the recanalization of total occlusions. Coy et al. [30] have reported an
excellent agreement between three-dimensional reconstruction of intra-
vascular ultrasound images and pathologic findings in the evaluation of
length and depth of post-balloon angioplasty dissection in arteries without
diffuse intimal calcification.

Recent reports [31,32] have shown the usefulness of computer assisted
three-dimensional reconstruction in the identification of the true lumen and
of the length of dissection before stenting as bail-out for extensive
dissection after coronary angioplasty. After stenting three-dimensional
reconstruction allows the measuremenis of longitudinal and radial
dimensions of these poorly radiopacque vascular prostheses [33]. The
normal appearance of the stent in contact with the vessel wail has been
described and defined as a "cobblestoned” appearance. The technique has
been shown to facilitate the detection of an incomplete expansion of the
stent. Segments with an incomplete apposition between stent and vessel
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wall, a condition with increased risk of acute thrombosis, are more easily
identified.

Intravascular ultrasound has been reported as a clinically useful tool in
guidance of directional atherectomy [8,34]. Recent reports have shown that
three-dimensional reconstruction facilitates the orientation of the cutter in
relation to side-branches and the detection of deep cuts or spiral cuts from
rotation of the atherectomy catheter during cutting [35]. The clinical utility
of intravascular ultrasound in planning and guidance of a variety of
transcatheter treatment modalities have been reported in 88 patients. Mintz
et al has suggested a specific usefulness in these cases of on-line three-
dimensional reconstruction [36]. A more negative experience has been
reported by Ferguson et al {37]. The therapeutic strategy was influenced
by intravascular ultrasound in 39% of the cases but no changes in the
planned strategy were decided based on the results of the three-dimensional
reconstruction of the echographic cross-sections.

Limitations

The limitations of three-dimensional reconstruction are listed in Table II.

TABLE II. LIMITATIONS OF 3-D RECONSTRUCTION

IMAGE QUALITY SEQUENCE OF ACQUISITION
Incomplete definition of the contours of  Inaccurate longitudinal
the lumen and plague (blood reconstruction if the adjacent cross-
echogenicity, calcium shadewing) sections are not equidistant
non-coaxial position of the ultrasound curvature of the vessel induces a
catheter inducing an elliptical distortion  predictable distortion of the
of the image reconstructed image

non-uniform rotation of the transducer  twisting of the catheter during pull-

{mechanical probes) back induces a mismatch between
orientation of sequential two-
dimensional images
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LIMITATIONS OF 3D RECONSTRUCTION
OF CURVED VESSELS

COMPRESSION m‘.

Figure 5 - Diagram showing the principle of image
distortion induced by the three-dimensional recon-
struction process in the presence of curvatures ¢f
the vessel. Upper panel: two plaques of similar
thickness and length are present in the convexity
and concavity induced by the presence of two
opposite curves in the vessel. Lower panel: three-
dimensional reconstruction is performed along a
straight line, asswming a constant disrance of
adjacent cross-sections along both the opposite
segments of the vessel wall, as indicated by the
numbered lines. Consequently, smaller or larger
plague areas are shown according to the location
of the plagque in the convexiry or concavity of the
vessel.

The first critical factor
conditioning the results
of the three-dimension-
al reconstruction is the
quality of the acquired
echographic  cross-
sections. An insuffi-
cient delineation of the
intimal border or the
absence or incomplete
circumferential detec-
tion of the hypoechoic
media preclude quantit-
ative measurements of
lumen and plaque vol-
umes. Calcium shadow-
ing or intraluminal
flaps oriented tangent-
ially to the ultrasound
beam may also obscure
the underlying wall
[38]. The use of cross-
sectional images dis-
torted by the non-uni-
form rotation of the
echographic transducer
or by a non-coaxial
position of the catheter
inside the lumen may

create complex artifacts
in the reconstructed
image.

The second critical factor is the correct acquisition of the sequence of
images. The presence of a fixed difference between adjacent cross-sections
is mandatory but difficult to achieve also with sophisticated means such as
the use of a motorized pull-back or of sensors measuring catheter displace-
ment. The problem is the possible presence of bends of the ultrasound
catheter which may induce a difference between movement of the tip and
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of the proximal end of the catheter. Another potential source of error is
the rotation of the catheter during pull-back, causing a mismatch between
the orientation of sequential images. The use of a miniaturized receiving
antenna located at the tip of the ultrasound catheter and of an external
electromagnetic transmit antenna in a plane perpendicular to the catheter
axis has been proposed as a possible method to measure the orientation of
the ultrasound catheter [39]. Curvatures of the vessel may also induce a
predictable distortion of the three-dimensiona! image which is

reconstructed along a straight line connecting successive cross-sections
(Figure 5).

Expansion or compression of plaques may result in over/underestimation
of the volumes measured from the reconstructed image.

Conclusions

In conclusion three-dimensional reconstruction of intravascular ultrasound
images is a research tool of potential interest for the assessment of
volumetric changes of lumen and plaque. The recent development of
techniques of on-line reconstruction may allow the application of this
method for guidance and immediate assessment of vascular interventions.
High quality intravascular ultrasound cross-sectional images are mandatory
to achieve an accurate detection of vessel lumen and plaque. Inaccuracies
in image acquisition induce potentially misleading artifacts of the
reconstructed image.
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High-frequency mtravascalar ultrasound (30 and 40 MFLz) was applied to study 112
huwman vascular specimens. The ultrasound images were compared with histologic
cross-sections. In 44 out of 58 of the histologically classified muscular arteries, a
hypoechoic middie layer was seen in the vessel wall, giving it a three-layered
appearance. In 10 arteries, fibrous degeneration of the muscular media resulted in a
homogencous appearance of the vessel walls, whereas atherosclerotic plaque prechided
the visualization of the arterial media in four of the arteries, A three-Iayered
appearance was seen in seven of nine histologically classified transitional arteries, and a
homogencous arterial wall was seen in two of the nine. None of the 33 clastic arteries,
veins, venous bypass, and Goretex conduits showed a hypoechoic medial kaver.
Histologically proved fibrous intimal thickening was echopgraphically detected in 32 of
48 specimens (67%). It was noted that these intimal lestons were easier to detect with
40 MHz than with 30 M¥z transducers, Hypoechoic areas of lipid deposition were
detected in 32 of 36 specimens (89%) and could be distinguished from fibrous
plagues. Histologically evident ¢alcium deposits were detected with intravascular
ulrrasound in 35 of 36 specimens (97%). Measurement of plaque area was only
possible in cross secdons with a three-layered appearance. Quantitative analysis showed
a significantly larger lumen arex measured from ultrasonic images (26.3 = 21.3 mm®)
than from histologic cross-sections (21.8 = 16.6 am?, p < 0.001), probably because of
tissue shrinkage during processing for histology. & significant correlation (» = 0.96,

2 < 0.001) berween ultrasonic and histologic measurements of lumen areas was
observed, with and a negligible interobserver and intraobserver variability. Plaque area
and medral thickness correlated well with histology (v = 0.87, ¢ < 0.001 and » = .93,
2 < 0.001, respectively). It appears from this i vitro study thar inteavascular
ultrasound is an accurate technique for detection and characterizaton of
atherosclerotc lesions. Vessel lumen area can be measured in most instances, whereas
plague ares and medial thickness can only be reliably assessed in muscular arteries in

which the hypoechoic media serves as a reference, and shadowing by calcium or
attenuation by fibrous plaque components is absent. (] Am S0C ECHOCARDIOGR

1992:5:135-46.)
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Thc advantage of intravascular ultrasound over
other imaging rechniques is its wnique capability o
combine visualization of the vessel lumen and in-
spection of composition and extent of the atchero~
sclerodc lesion.

For better understanding and interpretation of in
vive Images,*” however, in vitro studies comparing
ultrasound images with histologic data are of para-
mount importance.** The complex morphology of



136 Di Mario ctal.

Journal of the
Amenean Society of

Echocardiopraphy
Table 1a  Criteria for histologie classification of arterial specimens (100 arteries) and intimal lesions
(111 vessels)
Type of actery Intirnal lesion Histology (%)
Muscular Prevalenee of smooth muscle cells in the medial 58 (58%)
fayver of the artery
Transitional Smooth muscie component sandwiched among 9 (9%)
muldple parallel clastic [amina (internal clastic
lamina well defined)
Elatic Densely packed mulriple elastic lamina in the me- 33 (33%)
dial layer {poorly defined internal elasne
larnina)
Notrmal intima Absence of 2 subendothelial ingimal layer, cvident 7 (6%)

Fibrous intimal thickening

Lipid deposits

Caletum deposition

ar low microscopic magmification (X 32). di-
viding, endothclium and internal clastic laming

Ditfine or focal intimal thickening withour lipid
or caleturn deposition

Focal plague within the intima having a core of
lipids and evident at low microscopic magnifi-
cation [ X 32)

Microacopically evident islands of calcium degen-
cration

the atherosclerotic lesions indicares that 2 large num-
ber of arteries must be studied o establish the sen-
sitivity and specificity of the crteria used for both
the derearion and the characterization of atheroscle-
rotic plaques with intravascular ulerasound.

Therefore, we examined and classified histologi-
cally 112 vessel specimens and compared these daga
with the results of qualitative and quantitative intra-
vascular ultrasonic analyscs.

METHODS

Vascular Specimens

Vascular specimens (n = 112} were collected cither
at surgery or at auropsy from 82 padents {mean age,
66 vears, range, 1 to 86 years; 31 men and 31
women) within § to 20 hours after dearh. A vascular
segment of 10 mm length was dissected from sur-
rounding ussue and studied with inwavascular ulra-
sound ar room. temperature immediately or after
frozen storage at —20° C and subsequent thawing.
In a preliminary study, an mrravascular ultrasound
examination of five arteries has been performed.
showing no changes of the ultrasonic appearance of
these specimens after freezing. The following vessels
were studied: 10 proximal and middle left and cight
coronary arteries; 21 internal carotid arterics and one
external carond artery; one subclrian artery; three
internal thoracic (mammary) arteces; one brachial
artery; four mesenteric, one renal, and four splenic
arteries; 33 iliac, 11 femoral, and one popliceal artery;

rwo pulmonary arteries; seven descending aorta;
six systemic and pulmonary veins; three coronary
and peripheral venous bypass grafts; and three
Garetex conduirs (Gore & Associates, Inc.. Elkron,
Marvland).

Histologic Examination

After the ultrasound examination, the proximal site
of the vessel was marked with India ink at the nwelve
o'clock position of the ultrasonic cross secton at
which ultrasound imaging was started. The vesscls
were then fixed in 10% buffered formalin for 12
hours, decalcified, and further processed for routine
parafiin embedding, Starting at the ink-marked level,
wo cross sections (thickness, 5 pum) perpendicular
to the vascular long axis were cur ar I mm intervals.
One slice was staned with Verhoeff's elasun van Gie-
son and the other with hemaroxyiin-azophioxin.
Qualitative analysis. The histologic examinadon
was aimed at the cassification of the rvpe of vessel
and characrerization of the vascular lesions on the
basis of criteria presented in Table la.
Quanutative analysis. Quantratve analysis of
the histologic sections was performed using a com-
mercially avatlable and previously described!® system
(IBAS, Kontron Instruments, Everett, Mass.). This
computer-assisted  analysis system allows contour
tracing and arca measurement of the digitized mi-
croscopic image. Lumen area was defined as the area
surrounded by the most inner vessel contour. Plaque
area was defined as the area lying berween the lumen
and the internal elastic lamina. Finally, the medial
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Table 1b  Criteria for ultrasonic classification of type of artery (100 arteries) and intimal lesions (111 vessels)

Typc of artery Latirgal lesion Introvascalar ultsownd o (%)
Three-layered appearance Presence of 1 hypoechoic middic layer 51 (51%)
Homogencous appearance Homogencous echointensity of the vessel layers 42 (42%)
Nonclassifiable Outer wall not imaged because of concentric atherosclerotic 7 (7%)

intimal lesion (shadowing or arcenuatgon)
Normal inttma

Single echoreflective line beoween vessel Jumen and hypoechoic 24 (22%)

intermediare layer or, in the absence of 2 hypocchoic media,
homogencous echointensiry of the vessel wall

Fibrous inimal thickening  Increased intimal chickness {when defined by 2 hypoechoic me- 32 (29%)
dia) or different indmal echointensity, withour ultrasonic
changes suggestive of lipid or calcium deposition (see

below)
Lipid deposits Markediy hypoechoic areas inside the indmal lesion 32 (29%)
Calaum deposition Highly echoreflecrive arcas with shadowing and/or reverbera- 35 {32%)

aons

arex was ¢alculated as the area lying berween the
internal and external elasnc laminae,

Intravascular Ultrasonic Imaging System

Two different systems were used. The first 55 spec-
imens were anatyzed using an 8F (diameter, 2.7 mm)
catheter with a 40 MHz single-clement wansducer.
Circumferental imaging was realized by motor-
driven catheter p rotation. To complere one cross-
sccdonal image, 20 s were required and a video-
scanned memory was used for image reconstruction.
The lacter 57 specimens were evaluated using a 5F
(diameter, 1.6 mm) catherer with a 30 MHz single-
crystal transducer mounted on 2 flexible drive shaft,
rorating at speeds berween 2 and 16 revolutions/s.
This system (DuMed, Rotterdam, The Netherlands)
allows real-ime acquisition, with a resoluton of
512 » 312 pixels and 256 grey levels.
Ultrasonic Examination
The specimens were embedded in a 1.2% agar-agar
solution, vertically posinoned, and their lumina filled
with water. After insergon of the catheter in the
proximal part of the vessel iumen, muldiple ulrasonic
cross sections were sequentially obtained from prox-
imal to distal at 1 mm intervals. Ultrasonic cross
sections were independently analyzed by two inves-
tigators, without knowledge of the histologic results.
One ultrasound cross section from each specimen was
selected for comparison with histologic sample on
the basts of the most significant lesion thickness,
Quulstative analysis. Type of vessel and presence
and characteristics of indmal changes were evaluated
on the basis of criteria that are currently used in our
laboratory for clinjcal studies (Table 1b),
Quantitative analysis. From the 57 specimens
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studied with the real-time ultrasonic system, lumen
arca, plaque area, and medial area were measured
using a computer-assisted analysis system.'® After
digitizanon of the video-recorded image of interest
by a DT 2851 framegrabber (Darta Transhdon, Inc.,
Marlboro, Mass.) and storage on the hard-disk of an
IBM compatible PC, a PC mousc was used 0 draw
the selected boundaries, as shown in Figure 1. To
test reproducibility of the measurements, the analysis
of the images was repeated in Two separate scssions
by the same observer and, independently, by a second
obscrver. The average of the three values was used
for comparison with histology.

Seatistical Analysis

Sensitviry, specificity, and positive and negative pre-
dictive values were calculated to compare the histo-
logic with the ultrasonic classification: of type of vessel
and atherosclerotic lesion.'” Correlations of the quan-
ttative ultrasonic and histologic measurements were
determined by linear regression anafysis for two var-
ables. The regression line was compared with the
idenurty line 1o test the level of significance. Analysis
of variance was applied to test the significance of the
differences for paired data.

RESULTS

Uluasonic Patterns of Vessel Wall

Histologic scations showed a ring of parallel smooth
muscle cells {muscular type of artery) in 44 of 51
specimens (86%:) with a three-layered appearance on
the ultrasonic image (Table 2). Mixed muscular and
elastic components {transiional type of artery) were
present in the remaining seven speamens (14%).
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Figure 1 A, Echographic cross-secdon of an iliac artery. Presence of hypoechoic middie
band, corresponding to muscular media, allows derection of a moderately echoreflective ho-
mogencous arca of intmal thickening (wrrew). At histologic examinagion, this bright arca
corresponded to an area of dense fibrous intimal thickening, withour lipid deposition or mi-
croscopically evident calcium degencration. Thinning of the medial layer undemeath the plaque
is evident. B, The echographic image after digital processing and manual contour of three
regions of intevest, Internal cirele marks the lumen area. The middle cirde is traced at the juncdon
of intimal layer {internal elastic lamina) and hypoechoic muscular media. The external dirde is
traced at the juncton of hypoechoic media and the more echoreflective adventitia,

Table 2 Histologic-echographic correlations: type of vessel

Histology (n} Latrovascular ultrasound n (%)
Muscular arreries (58) Three-layered appearance 44 (76%)
Homogeneous appearance (medial fibrous degeneradon) 10 (17%)
Concentric atherosclerotic lesions 4 (7%)
Transitional arreries 8] Three-layered appearance 7 (78%)
Homogeneous appearance 2 {22%)
Elastic arteries 33 Homogeneous appearande 30 (91%)
Qurer wall not imaged 3 (9%)
Veins and venous bypass ] Homogeneous appearance 9 (100%)
Goretex bypass conduits (33 Homogencous appearance with bright outer ting 3 (100%)

Fourtcen specimens were histologically classified as
muscular arteries but did not show a three-layered
appearance on the ultrasonic image. In 10 specimens
the smooth-muscle cells of the media were replaced
by collagen (fibrous degencration of the media), and
this layer was indistinguishable from the surrounding
wall structures on the wlerasonic images (Figure 2).
In four other specimens, the muscular media was not
detected on the ultrasonic images because of severe
medial thinning from atherosclerotic involvement or
diffuse shadowing induced by ealcific plaques.

A homogencous uhrasenic appearance of the ves-
sel wall was observed in 30 of 33 specimens (91%)
histologically classified as elastic arteries, Dense fi-
brous thickening of the intimal laver with marked
ultrasound attenuation or diffuse intimal calcification
with shadowing prevented ultrasonic evaluation of
the outer vessel wall in the remaining three speci-

mens. A homogenecous vessel wall appearance was
also observed in two specimens histologically clas-
sified as transitional.

All venous bypass grafts as well as systemic and
pulmonary veins showed a homogeneous ultrasonic
appearance of their walls. Gorerex bypass conduits
were characrerized by an external bright ring on the
ultrasonic tmages.

Ultrasonic Detection of Fibrous
Entiroal Thickening
Sensitivity, specificity, posidve and negative predic-
tive values, and interobserver agreement of intravas-
cular ulmasound in differendatng fibrous indmal
thickening from normal arteries or lipid/calcium de-
posits are reported in Table 3.

Histologically diagnosed fibrous intimal thicken-
ing was detected from ultrasonic cross sections in 21

75
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Figure 2 Hiwtologic (A) and echographic (B) cross-sectons of iliac arterv. Homogeneous
appearance of the vessel wall at ultrasound precludes the detection of a diffuse arca of dense
fibrous intimal thickening, dearly shown in the magnificd hisrologic cross section. For the
major part the muscular media is replaced by dense fibrous tissue. In the magnified histclogic
image (C) the two arvony indicate the well preserved, corrugated black lines of the internat
clasric lamina (fEL) and the fragmented external elastic lamina (EEL). In the enclosed medial
layer, the remauning muscular component (vellow-orange) can be distinguished by the prevalent
fibrous tissue (pink-purple). Arvow in A shows a small eccenmic plague in which an area of
lipid deposition is surreunded by a fibrocaleific shell. In the echographic image, shadowing
preciudes evaluation of composition and dimensions of plaque behind bright line of calcification
farren). (Verhoeffs van Gieson stain, magnification < 6.8 and > 102}

of 26 {81%) specimens with 2 three-lavered appear-
ance. In the remaining five specimens missed by ul-
trasound, only minimal thickening was present, Also,
farge areas of intimal thickening were not recognized
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in 11 of the 22 specimens (50%) without a three-
layered appearance. It is noteworthy that nine of
these 11 specimens belonged to the group of 55
specimens studied with a 40 MHz transducer, al-
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Figure 3 Histologic {A) and echographic (B) cross sections of an iliac artery. The well-
preserved muscular media is imaged as 2 hypoechoic middle laver. The arvows in both i images
indicate a small cocentric plague, hlstologcn.llv of fibrocellular nature, recognized at ulrascund
examinarion as reladvely “soft” area inside the brighter subendothelial line. Note that in the
segment of normal or near-normal thin intimal layer, the internal elastic lamina induces a bright
and thick echoline. (VerhoefPs van Gieson stain, magnification % 5.1.)

Table 3 Echographic detection of histologically proved vascular lesions

Histology Fonitlve predictive Negative predictive Intcrobserver
(No. of specl ) Senitiviry Specificlry value value agrecment
Fibrows intimal thickening  66.6% (52/48) 100% (64/64) 100% (32/32) 80.0% (64/30) 78A% (20/37)

(48)
Lipid deposits (36)
Calcium deposition (36)

88.9% (32/36)  100% (76/76)
97.3% (35/36)  98.7% (¥3/76)

100% (32/32)
97.2% (35/36)

95.0% (76/80)
98.7% (75/76}

85.7% (30/35)
97.2% (35/36)

though the 40 and 30 MHz groups had a similar
prevalence of ibrous intimal thickening,

The echointensity of the thickened fibrous indma
was variable; m 18 instances (56%) a low ¢choin-
wnsity was present, corresponding to cellular areas
with loose collagen and fibromuscular involvement
(Figure 3). Densely packed. almost acellular fibrous
connective tssue was present in 14 specimens (44%)
and corresponded to areas of high echointensity on
ultrasonic cross sections.

Ultrasonic Detection of Lipid Deposits

Ar histology, large intraplague lipid deposits were
seen in 36 specimens (32%) and consisted mainly of
farry debris or multiple cholesterol needkes embedded
in areas of loose collagen tssue with diffuse inter-
position of foamy macrophages. At intravascular ul-
rrasound 32 of 36 (89%) of these intra-plaque lipid
deposits were identificd (Table 3) and seen as hy-
poechoic areas covered by bright echoes (fibrous cap)
or mixed with bright spots with shadowing (Figure
4). Deposits of calcium were present in 16 of 36
specimens (44%). In four instances (11%), the lipid

deposits were not identified from the ulwrasonic im-
age (false negadve) because of massive calcium de-
position in the fibrous cap, masking the underlying,
lipid pool (Figure 2).

Detection of Calcium Deposition

With intravascuiar ultrasound the presence of his-
tologically proved calcium depositon was found in
35 of 36 (97%) specimens (Table 3). Calaum de-
posits were seen as bright areas, lines, or spots pro-
ducing shadowing and reverberadons (Figures 2, 4,
and 5}. In one specimen, small, diffuse calcium de-
posits were missed with intravascular ultrasound. In
another specimen, shadowing behind a thick, bright
intmal band was seen whereas histologic examina-
tion showed only densely packed fibrous connective
dssue without caldum deposits.

Quantitative Analysis

Lumen area. A rotal of 40 of 37 lumen areas were
analyzed from paired ulmasonic and  histologic
cross sections. In 13 specimens the vessel dimen-
sions were too large for the histologic analysis sys-
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Figare 4 Example of atherosclerotic plaque in an elastic artery (internal carotid artery). The
echographic <ross section (B) shows an echo-free arca (gpen #rrow) comresponding in the
histology image (A) to diffusc farty debris (gpen arvons), partially removed during histologic
processing. Calcium deposits induce an intenscly bright ine with posterior shadowing and
duplicate echoes (arvowieads in B), (Hematoxylin azophloxin stain, magnification % 6.8.)

tem. Four ultrasonic cross sectons could not be
analyzed or measured because of incomplete visual-
izazion mvolving more than 20% of the intimal ¢ir-
<cumference.

Minimal differences were observed in the measure-
ments performed by the same observer in two differ-
entsessions (26.1 = 21.3mm*vs26.3 + 21.3mm?,
N8} and by the two different observers (26.1 =
21.3 mm?® vs 26.4 = 21.4 mm®, NS), with a corre-
hation cocfficient of 0.99 for both comparisons.

Ultrasonic lumen areas were significanty larger
than those measured from histologic specimens
(26.3 = 21.3 mn¥ vs 218 = 166 mm?, p<
0.001). The regression analysis showed a highly
significant correlation (r = 0.96, ¢ < 0.001, Fig-
ure 6, A).

Plaque area. The border between the intimal area
and media could be identified in 12 specimens with
a three-layered appearance. The middle hypoechoic
fayer was needed as 2 landmark for analysis but, when
it was thinned or obscured by caldum-containing
lesions, the incomplete visualization precluded the
quantrtative measurements of plaque area. Both m-
tracbserver and interobserver variability of plague
area measurements were siightly larger than the van-
ability of the measurements of lamen area (8.6 = 5.4
mm?® vs 9.5 = 6.9 mm?, NS, and 8.6 = 5.4 mm® vs
9.5 = 7.1 mm?®, NS, respectively).

Plaque areas measured from ultrasonic cross-sec-
tons were consistently larger than those from his-
tologic examination (9.2 = 6.3 mm?® vs 6.2 = 6.8
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mm?, g < 0.01). The regression line is shown in Fig-
ure 6, B (r = 0.87, p < 0.001).

Medial thickness. In two of the 12 analyzable
specimens the external border of middle hypoechoic
layer could not be identfied with certuinty. Conse-
quently, medial thickness measurements were avail-
able from 10 paired cross sections. A moderate in-
traobserver and Interobserver variability was ob-
served (9.5 = 6.6 mm® vs 8.7 % 6.3 mm®, NS, and
9.5 = 6.6mm*vs 9.6 = 6.7 mm?, NS, respectively).
Medial thickness was slightly smaller ar ulrasound
than at histologic examinatdon (9.2 * 6.5 mm? vs
9.5 = 6.5 mm?*, NS). Figure 6, C shows the corre-
sponding regression line {» = 0.93, p < 0.001).

DISCUSSION

Ultrasonic Characterization of the

Axterial Media

On the basis of the presence or absence of a distiner
hypoechoic ring inside the vessel wall, the ultrasonic
appearance of the arteries can be dlassified into two
rypes, Such a simple classification has practical im-
portance because a distiner hypoechoic layer fadili-
tates the identification of the outer boundary of the
indmal layer and therefore allows the measurement
of intimal thickness. Hypoechoic arcas of Lipid de-
position and bright lines or spots corresponding to
calcification are readily detected in elastic type arteries
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Figere 5 Histologic (A) and cchographic (B) cross sectons of proximal Ieft anterior de-
scending coronary artery. A discontinuous but clearly defined hvacChQIC intermediate layer
(oper mrvowizends in B) corresponds to the muscelar media. In both imagies alosed arrows indicate
an area of calcium deposition inside 1 dense fibrous plaque. Note the marked brightness of
the central calcified core of the plague. Shadowing and duplicate echoes are evident behind
the caleified arca, (Hematoxylin-azophloxin stain, magnificadon x 17.)

that otherwise have a homogencous appearance.
However, relanively Iarge areas of fibrous indmal
thickening may be missed in some instances because
the echointensity of the thickened intima and of the
elastic media are similar. A higher ulteasound fre-
quency {40 MHz) may have advantages for this dif
ferentiacion, bur this advantage is outweighed by its
reduced penetration, a potential limitation when the
catheter is applied in vivo in an echoreflectve me-
dium such as blood.

Measurement of plaque area is limited o muscular
type arteries with a well-defined hypoechoic media.
However, the three-lavered structure was not seen
in approximarely 30% of histologically classified
rmuscular arteries. In some specimens diffuse athero-
sclerotie intimal changes disrupted the internal clastic
lamina with thinning or disappearance of the mus-
cular media, or calcificarion with shadewing pre-
vented recognition and measurement of both intimal
changes and plaque area. ''* In most of the specimens
diffuse fibrous degeneration of the media obscured
the interface between the media and the surrounding
infimal and adventnal layers. This fibrous degener-
anion was found also in arteries relatively free of ath-
crosclerotic intimal changes and may be related w
the arterial sdffening connected with the aging
process.™?

Ultrasonic Detection of Fibrous and
Atheromatous Dntimal Plagues

Fibrous or fibromuscular intimal thickening is a pro-
cess that begins ar young age.”! However, intimal

lesions with predominant fibrous components are
present also in atherosclerodc arteries, and most pa-
tenes have both lipid and fibrous plaques. ™ The
ulrasonic  disunction berween hypoechoic areas
caused by lipid depositon, loose collagen, or fibro-
muscular tissue is difficult and will definitely lead to
problems of interpretation in the in vivo sitaation.
Tvpically, lipid deposits are markedly hypoechoic and
are seen as black “lakes™ in the image. They can be
disunguished from fibromuscular plaques which have
a weak residual echointensity. However, the differ-
entaton remains difficult and subjective.

Calcificarion, a marker of pathologic vessel degen-
cration that is casily recognized from ultrasoruc im-
ages, occurs in both lipid and fibrous plaques. Dense
fibrous tissue may induce a marked ulrrasound at-
tenuadon and mimi¢ the bright echoes with shad-
owing that are observed with calcification. In most
instances, however, it iy possible to distinguish be-
oween the abrupt and complete shadowing behind
the bright lines caused by calcific tissue and the grad-
ual reduction of echointensity induced by dense fi-
brous plaques.

Echographic Quantitative Analysis

Free lumen and plague areas measured histologically
were 17% and 339% smaller than the COITCSPOl'ldin"‘
measurements with ultrasound. Processing tssue for
histologic study induces a variable shrinkage mainly
dependent on the tssue water content. Siegel et al.
compared lumen and plaque areas in fresh arterial
specimens and in the same histology-processed ves-
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Figure 6 Lincar repression analysis of the echographic-histologic measurements of Jumen
area (graph A), plaque area (graph B) and media thickness {graph C).

sels and observed 2 20% to 30% reduction according
1o the different modalities used for tssue processing
for histologic examination. The comparable differ-
ence observed in our specimens suggests that fration,
paraffin-embedding, and staining for histology were
responsible for the underestimation of the vascular
dimensions. The closer values reported m previous
studies may be related to the fixation under pressure™
or to the smaller dimensions (coronary arteries) of
the examined vessels.””

Angiography can derect atherosclerotic involve-
ment only when distiner changes in vascular lumen
occur. Consequently, nonstenosing plaques arc ob-
served at histology or high-frequency, intraoperative
echography in vascular segments with normal angio-
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graphic appearance. ™ Intravascular  ultrasound
makes it possible 1o measure in vivo the thickness of
the discased intima, Both this study and previous
repors”™ ™ have shown a sadsfacrory correladon with
histologic measurements. Even though ideal in vitro
conditions were used, we were able to detect the
extemnal intimal border along most of the circumfer-
ential profile of the vessel only in a limited number
of specimens and in none of the arteries with ho-
mogeneous appearance of the vessel wall,

Although the commonly used definidon of media
thickness has been maintained, in our study we used
a planimetric system for the measurernent of the hy-
poechoic middle layer of arteries with a three-layered
appearance. We fele that lincar measurement of thick-
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ness could be inadequare in the presence of focal areas
of medial thinning, as illustrated in Figure 1. Al-
though a satisfactory correspondence between paired
histologic and ulmrasound measurements and a low
intraobserver and  interobserver varability were
noted, the limited number of measurements suggests
thar intimal plaque components can mask the medial
contours in many atherosclerodc segments. The
slight underestimation of media area in the ultrasonic
images is probably related ro the increased thickness
of the internal clastic lamina (Figure 3). This art-
facrual thickening, caused by the “leading edge™ ef
fect, is possibly further magnified by the increased
echoreflectivity of the corrugated internal elastic lam-
ina of these undistended specimens.

Limittions of the Study

Histology is the reference method to study aspects
of atherosclerotic arterial disease and, therefore, an
in vitro almascund model was applied in this smady.
However, several imitaions prevent a direct extrap-
olation of these in vitro observations to the in vivo
situadon:

1. The specimens were examined at room wem-
perature. Moriuchi et al.” found no differences
in the qualitative characteristics of the echo-
graphic images cbrained ar 20° C and at
3 C

2. The specimens were examined without pressure
distension. The absence of a distending intra-
luminal pressure induces an arsifacrual thick-
ening of the vessel wall and a protrusion of the
intimal plagues into the vessel lumen. Thinning,
of the intermediate hypoechoic layer is ob-
served in vivo when 2 physiologic pressure is
present inside the vascular lumen.™ In a small
preliminary series (nine specimens), the arteries
were also examined under application of a fived
pressure of 100 mm Hg. In no cases did the
thinning of the medial layer preclude the de-
tection of a three-layered-appearance in the ex-
amined specimens. The uncompressibility of
the plaque components suggests thar significant
pressure-related changes of the echographic
characteristics of the atherosclerodc plaques are
unlikely.

3. The vessels were not examined in a system filled
by circulating blood. The acoustic backscatter
from the surronnding red blood cells ncreases
with the fourth power of the ultrasound fre-
quency, o that attenuation from blood is of
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concern with the high-frequency ransducers
used.® Previous in vitro experiences™ have
shown that the atrenuation of ulrasound does
not preclude the morphologic evaluation of the
vessel wall and the quantzadve assessment of
vascular dimensions. Furthermore, in our clin-
ical experience™ we observed that drculadng
blood behaves as a natural echo-contrast agent,
delinearing camplex wall changes as extensive
dissections or intraluminal thrombi, If neces-
sary., pressurc-injection of saline sohation close
to the tp of the intravascular uhrasound cath-
eter can induce ideal conditions for the exam-
ination in most cascs.

4. The examined vessels were fixed, with the cath-
cter in a stable central position. Rapid motion
of the arteries, as in the coronary tree, can result
in a blurring of the image if an inadequarely
low sampling rate is used. Furthermore, eccen-
tric, off-axis carheter positions inside the vessel
Lumen induce a change in the ideally perpen-
dicular angle of incidence of the ultrasound
beam with the vessel wall, with possible drop-
outs of the ¢cireumferential image and distortion
and incorrect measurement of the luminal di-
mensions.! The experience in peripheral arter-
ies with the 30 MHz intravascular ulwrasound
system used for the last specimens® and recent
reports of intracoronary applicarion™! suggest
that images of quality comparable to the results
of our in vitro smdy and amenable to quant-
tafive assessment™* can be obmained in vivo.

CONCLUSIONS

Comparison of histologic study with intravascular
ultrasound indicates that, Int most instances, with ul-
trasound the morphology of the vessel wall can be.
studied, the presence of intimal changes and calafi-
cadon detected, and lesions with large lipid deposits
can be differentated from mainly fibrodc plaques.
Although one should be caudous in wansferring
these in viro resulrs to the clinical semming, the pro-
posed criteria of dassificadon of the ultrasonic, in-
travasculer image have shown a sadsfactory sensitv-
ity and specificity in detection and charactertzaton
of histologically proved vascular changes. Problems
for ultrasound are (a) degenerative fibrosis of the
muscular media concealing the typical three-layered
zppearance of the muscular arteries, (b) diffuse in-
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timal calcification obscuring the vessel wall, and (<}
hyporefiecrive areas of loose collagen or fibro-
muscular tssue mimicking the presence of lipid de-
POSITS.

The highly reproducible measurements of the ves-
sel lumen show a close correlation with histology.
although there is a systematic underestimazion at his-
rology, probably because of tssue shrinkage during
histologic preparation. In most instances plague cal-
cification and an indistinct border berween plaque
and underlying wall structures in the absence of a
hypoechoic middle layer prevenr a quantitative as-
sessment of plaque area. It appears, therefore, thar
quandtarive assessment of atherosclerosis in its ad-
vanced stages will be kmited.

We thank Mzs. Coby Peekstok for preparing the histologic
secriens and Mrs. Cornic Eefting, for her experr seeretarial
SUPPOIT.
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ABSTRACT

Background: Previous studies have suggested that the compliance of large arteries
is a purely passive phenomenon, dependent only on elastin and collagen constituents
of the arterial wall. However, the presence of smooth muscle fibers in the wall of
these large arteries would suggest that arterial compliance might change in response
to vasoactive substances. Thus, the purpose of this study is to determine the basal
level of vasomotor tone in these arteries and to determine if the compliance of large
conductance arteries can be altered in-vivo by vasoactive agents.

Methods and Results: Proximal iliac arterial compliance was measured in 7
anesthetized pigs, before and during local infusions of adenosine and norepinephrine.
Luminal area was measured every 40 ms using a 30 MHz intravascular ultrasound
catheter and an automatic edge detection program. Simultaneous high-fidelity
pressure measurements were obtained using a catheter-tipped pressure microtrans-
ducer positioned at the origin of the iliac artery. Linear regression analysis of the
areafpressure relationship in 2 consecutive cardiac cycles (systolic phase only) was
performed before and during adenosine and norepinephrine infusions. The slope of
the areafpressure regression line was defined as an index of arterial compliance.
Measurements after 3 min of infusions of adenosine (5 - 5000 pg/min) and
norepinephrine (0.01 - 10 pg/min) were compared with the control measurements.
Even at the highest infusion rate, adenosine did not significantly increase arterial
compliance compared to baseline (25 =7 vs. 19 + 4 mm?/mmHg x1073, respectively,
p=ns). In contrast, norepinephrine decreased arterial compliance compared to the
second baseline control (13 # 3 vs. 20 * 3 mm2/mmHg x107>, respectively, p <0.01).
Conclusions: Arterial complance may be modified more by the acute infusion of
norepinephrine than of adenosine in large conductance arteries such as the proximal
ilac. Thus, in this animal model, smooth muscle tone tends to be minimal and
arterial compliance near maximal (i.e., mostly a passive phenomenon). However,
arterial compliance does not remain purely passive since smooth muscle tone can be
increased by norepinephrine (resulting in decreased arterial compliance). Intravascular
ultrasound allows continuous and accurate monitoring of these changes of arterial
dimensions, suggesting that this technique can be useful in the evaluation of
pharmacologically induced changes in compliance of large arteries.

Key Words: adenosine, norepinephrine, intravascular ultrasound.

INTRODUCTION

Previous studies have suggested that the compliance of large arteries is a purely
passive phenomenon - dependent only on elastin and collagen constituents of the
arterial wall [1-5] and the arterial distending pressure. However, the presence of
smooth muscle cells within the wall of large conductance arteries such as the iliac
would suggest that there may be an additive role for active smooth muscle
coniraction (increased resting tone) modifying arterial diameter and compliance.
Early studies of large artery compliance attempted to characterize the compliance
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in-vitro, where smooth muscle tone may not have been preserved [3,4,6]. More
recent work using external ultrasound in an in-vitro model has demonstrated changes
in vascular compliance Neural factors however, are absent in such a preparation [7].
In-vivo studies have demonstrated changes in large artery compliance in response to
neural stimulation {8,9] as well as to pharmacologic agents [10-13]. However, these
studies used external [8] or intraluminal [10,11] dimension gauges or surgically
implanted ultrasonic dimension crystals [9,12,13] which may alter the vascular
response to neural or pharmacologic agents and assume a circular shape to calculate
Iuminal area. The development of Intravascular ultrasound allows accurate in-vivo
measurements of arterial luminal area on a beat-by-beat basis [14-16]. Thus,
simultaneous measurement of arterial pressure and luminal area should allow accurate
calculation of local compliance without disturbing the artery. Accordingly, the
purpose of this study is: 1) to assess the feasibility of serial measurements of local
arterial compliance in a2 large conductance artery, 2) to determine if pharmacologi-
cally-induced changes in local compliance occur during in-vivo conditions, and 3)
to gain some insight as to the level of resting smooth muscle tone in the artery.

METHODS

Surgical Preparation:

After an overnight fast, cross-bred Landrace x Yorkshire pigs of either sex (n=7,
24-28 kg) were sedated with an intramuscular injection of 500 mg ketamine (AU V.
Cuijk, The Netberlands), anesthetized with 150 mg metomidate (Janssen Pharma-
ceutica, Beerse, Belgium) intravenously, intubated and ventilated, using a volume
controlled respirator, with a mixture of oxygen and nitrous oxide (1:2). Respiration
rate and tidal volume were regulated to maintzin arterial blood gases within the
physiological range: pH 7.35-7.43, pC0, 35-45 mmHg, and pO, 120-180 mmHg. A
catheter was placed in the superior vena cava via the left jugular vein for administra-
ton of fluids and sodium pentobarbital (Sanofi, Paris, France), 25 mg/kg during the
first half hour followed by a continuous infusicn of 10 mg/fkg/hr. An 8F micromano-
meter-tipped catheter (Honeywell-Philips, Best, The Netherlands) was placed in the
proximal left common iliac artery via the left carotd artery. To calibrate the
micromanometer-tipped catheter and to guide placement of the SF intravascular
ultrasound catheter (Du-Med, The Netherlands) an 8F fluid-filled sheath was placed
in the left femoral artery. The side arm of the sheath was attached to a pressure
transducer. Under fluoroscopic guidance the ultrasound catheter and the micromano-
meter-tipped catheter were advanced into the left common iliac artery from opposite
directions so that the ultrasound catheter was 1-2 cm distal to the micromanometer-
tipped pressure catheter. This pressure catheter also had a small distal side-hole
which was used for local infusions of adenosine and norepinephrine. To alter venous
return and thereby decrease systemic arterial pressure during norepinephrine infusion,
a SF balloon-tipped Swan-Ganz catheter was placed in the inferior vena cava via the
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right femoral vein. The balloon was inflated only if systemic pressure rose during the
higher doses of norepinephrine.

Data Acquisition:

Simultaneous pressure recordings and ultrasound images were acquired at each study
time point. The pressure signal was simultaneously acquired on the ultrasound
videotape as well as on a strip chart recorder. Simultanecus pressure calibration was
performed on both recordings. End-expiratory beart beats were used for all
subsequent data analysis at each drug infusion level. Ulirasound images were
acquired using a 30 MHz mechanically rotated transducer providing 16 frames per
second.

Experimental Protocol:

After a 20 min. stabilization period, baseline uitrasound and pressure measurements
were obtained. These were followed by intra-arterial infusions of increasing
concentrations of adenosine and later nmorepinephrine into the proximal left iliac
artery at rates of 1 or 2 ml/min. Infusions of adenosine (0.005, 0.05, 0.5, and 5.0
mg/min) or norepinephrine (0.001, 0.01, 0.1, 1.0, and 10 pg/min) were continued for
3 min. prior to data acquisition. There was a 3-4 mirn. waiting period between
different concentrations of each drug. There was a 15-20 min. washout period
between adenosine and norepinephrine infusions. Prior to the infusion of norepine-
phrine, a second baseline was obtained.

Data Amnalysis:

Luminal area of the left common iliac artery was measured on the intravascular
ultrasound images using a previously described semiautomatic frame-to-frame
tracking algorithm {14]. Briefly, this is a template-matching method which allows the
measurement of the frame-to-frame changes in the luminal cross-sectional area from
ultrasound images through the analysis of the regional wall displacement. The
matching is performed by calculating a cross-correlation coefficient between the
template image (taken at end-diastole} and the subsequent images throughout the
cardiac cycle. The optimal matching is determined using the minimal-cost algorithm.
This algorithm finds a path around the inner edge of the arterial wall based on the
quality of the match at different radial positions to satisfy the constraints of
smoothness and connectivity. This method proved to be more accurate for measuring
small changes in arterial lumen area as compared to manual tracing (percent
coefficient of variability 1.0% and 2.7%, respectively [14]). For each steady state
infusion rate, 2 beats were analyzed and the results averaged. The simultaneous
pressure was measured from the videotape to ensure no delays between the pressure
and the luminal area measurement. Pressure measurements from the strip chart
recorder were used to confirm the accuracy of the pressure measurements derived
from the videotape recordings.
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Local compliance of the left common iliac artery was calculated from matched area
and pressure measurements from 2 consecutive beats as the siope of the area/pressure
relatonship. To avoid variations in luminal area due to hysteresis, only the end-
diastolic and subsequent systolic data points were used. Depending on the heart rate,
8-15 data points were used to calculate the slope of the areafpressure relationship.
Luminal area at a given pressure of 80 mmHg was also calculated from the Hnear
regression equation derived from the areafpressure relationship.

Statistical Analysis:

Diffences between baseline and drug infusion values were determined by ANOVA
with repeated measures analysis. A p value of < 0.05 was considered significant.
Data are expressed as mean * sem.

RESULTS

Systemic Hemodynamics:

Systemic hemodynamic measurements at baseline and during increasing doses of
adenosine and norepinepbrine are shown in Table 1. Heart rate did mot change
significantly with adenosine infusion, but decreased slightly at the highest dose of
norepinephrine (10 ug/min). Systolic and mean arterial pressure did not change with
either adenosine or norepinephrine infusion. However, diastolic pressure was slightly
lower at the highest infusion rate of adenosine (5 mg/min). Baseline heart rates and
blood pressures pre-adenosine and pre-norepinephrine were not significantly different.

Arterial Compliance:

Arterial compliance of the fliac artery did not change significantly with increasing
doses of adenosine (Table 1). However, with norepinephrine infusion there was a
progressive fall in compliance. At a given pressure of 80 mm Hg, the luminal area
of the ifac artery did not change in response to increasing concentrations of locally
infused adenosine. In contrast, increasing concentrations of norepinephrine resulted
in progressively smaller luminal areas (Figure 1). There were no differences between
the first and second baseline values for either arterial compliance or luminal area at
80 mmHg.

DISCUSSION
This study demonstrates the ability of intravascular ultrasound to measure arterial
compliance in-vivo and to determine the resting tone of the artery by its response to

vasodilating and vasoconstricting pharmacologic agents. Arterial compliance of the
iliac artery was not significantly altered by the infusion of ademosine but was
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Fig. 1. Intravascular ultrasound end-diastolic images of baseline (upper left panel), during adenosine

(lower left panel), second baseline (upper right panel), and during norepinephrine (lower right panef)
demonstrate the absence of vasodilation in response to adenosine but the presence of vasoconstriction in
response to norepinephrine.

Table 1. Hemodynamic Parameters and Arterial Compliance

Adenosine (mg/min)

Norepinephrine (pg/min)

BL 005 .05 5 5 BL 01 1 1 10

HR %0 89 90 91 93 89 86 84 84 g2+
(1/min) +4 +4 *3 +3 £3 *4 +3 +3 *3 *2
SBP 110 110 112 109 105 110 103 102 103 106
(mmHg) +8 +8 +3 +7 +5 +7 +8 +7 +6 +8
MEP 86 85 87 34 77 85 82 83 83 86
{mmFig) *6 +6 *6 +5 +6 *5 *5 *% +5 +6
DBP 75 73 76 74 66* 73 71 73 74 76
(mmHg) x5 +5 5 4 4 +4 +5 *5 +5 +5
LA 80 21 20 21 21 23 21 20 21 19 13
(rnm?) =4 +3 £3 *3 3 =3 £3 3 3 *3
AC 19 25 16 19 25 20 18 15 14 13*
(mm?/mmHg) +4 +7 2 +4 *7 *3 +3 +3 +3 3
x 10°

Bl = baseline, HR — heart rate, SBP = systolic blood pressure, MBP =~ mean blood pressure, DBP ~
diastolic blood pressure, LA 80 = luminal area at 80 mmHg, AC = arterial compliance (the change in

areafthe change in pressure), * = p < 0.05 vs. baseline.
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significantly decreased by norepinephrine. Thus, it appears that resting large artery
tone in this experimental preparation is low. Previous smdies have suggested that
the compliance of large arteries is purely a passive phenomencn dependent only on
the elastin and collagen constituents of the arterial wall [1-5,17]. The present study
suggests that, in the resting state, the compliance of latge conductance arteries such
as the iliac is indeed mostly a passive phenomenon. However arterlal compliance
does not remain purely passive since smooth muscle tone can be increased by
norepinephrine resulting in decreased arterial compliance. Thus, large conductance
arteries are not purely passive conduits under all conditions.

Study limitations:

There are several potential limitations in this study. The method involves the use of
2 catheters, one to measure pressure and the other to measure luminal area. This
currently restricts the use of this methodology to large arteries. However, smaller
pressure and intravascular ultrasound catheters are being developed 1o lessen this size
limitation.

The invasive nature of the methodology raises the possibility that the catheter itself
may affect the accuracy of the measurement of compliance. If the catheters were
large relative to the arterial lumen, there could be a pressure gradient in the area of
the measurement. For this reason an artery was chesen that had a much larger
luminal area (approximately 5 times larger) than the size of the catheters. Arterial
spasm induced by the ultrasound catheter could also potentially alter the measure-
ment of arterial compliance. In this study it is unlikely that arterial spasm occured
since the artery did not dilate in response to adenosine but did constrict in response
to porepinephrine. If spasm had been present, one would have expected the artery to
have dilated in response to adenosine and to have not constricted in response to
norepinephrine.

The spatial and temporal resolution of the intravascular ultrasound system could
potentially limit the accuracy of the measurement of arterial compliance. The axial
resolution of the ultrasound imaging system was 80 um. The lateral resolution of the
ultrasound catheter used in this study was less than 225 pum at a depth of 1 mm.
Previous work has documented the ability of the intravascular ultrascund to
reproducibly detect changes in arterial area of 1-2% [14]. In the present study the
physiologic changes in luminal area exceeded these limits. However in smaller
arteries or in atherosclerotic arteries the spatial resolution or variability of the laminal
area measurements may not be sufficient to reliably measure changes in luminal area
in response to changes in pressure. The temporal resolution of the ultrasound system
was limited to 16 frames per second. It is possible that larger changes in luminal area
could have been detected if the temporal resolution was better.

Adenosine was chosen as the vasodilator to induce smooth muscle relaxation and
thus increase arterial compliance because of its rapid onset of action and its rapid
metabolism to allow serial studies in same animal. Adenosine has a major effect on
smooth tome at the arteriolar level [18], but it is unclear as to the extent to which
adenosine exerts an effect on the smooth muscle in larger vessels. However, previous
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work has demonstrated a significant vasorelaxing effect of adenosine on large
isolated, precontracted vessels [15-22].

Pentobarbital was used as the anesthetic in this study. In sheep anesthetized with
pentobarbital, the aortic smooth muscle response to methoxamine was attenuated
compared to the unanesthetized state [12]. Also pentobarbital has been shown to
atteniuate contractions of rat aorta strips induced by epinephrine, serotonin, and
potassium chioride [23]. However, other studies demonstrated changes in characteris-
tic impedance in response to o-adrenergic blockade with phenoxybenzamine in dogs
receiving pentobarbital anesthesia [13]. Thus, pentobarbital may have attenuated the
c-adrenergic response to norepinephrine by the porcine iliac artery used in this study.

In conclusion, intravascular ultrasound can be used to study the compliance of
large conductance arteries in the anesthetized swine. Under these experimental
conditions, vasomotor tone appears to be minimal and arterial compliance of the iliac
artery near maximal. However, vascconstriction in response to norepinephrine
suggests that even large conductance arteries can alter their compliance and thus
influence arterial impedance.
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The angle of incidence of the ultrasonic beam:
A critical factor for the image quality in

intravascular ultrasonography

The etfects of the angle of incidence of the ultraseund beam on the image quality were studied

in 21 pressurized arterial specimens examined with a 30 MHz intra

llar uk graphic

catheter. When the ultrasonographic catheter was in an eccentric position in the vessel lumen,
the videodensity of the segments of the vessel wall with the least faverable angle of
interrogation (a shift of 49 = 6 degrees from the tangent to the lissue surface) was 27% = 19%
iower than the videodensity measured with the catheter in the center of the tlumen. When the
catheter was placed in a position that was not parailel 1o the tong axis of the vessel, a further
decrease was ohserved, especially in the vessel wall epposite the position of the catheter. An
artificial dissection was induced in eight specimens. Dropouts that involved the dissection plane
and the underlying structures were produced with positiens of the echographic ¢atheter inducing

a narrow angle hetween d beam and dE:

tion plane. These experimentafly induced

artifacts were compared with similar findings from the in vivo evaluation of peripheral and
coronary arteries. The angle of Incidence of the uitrasound beam is 2 major determinant of the
image gquality in intravascular ultrasoncgraphy. Angle-dependent artifacts occur with eccentric

and nopcoaxlal pesitions of the ultrasonegraphic catheter and, in particular, with imaging of large
intraiyminal dissections. Awareness of this problem may prevent image misinterpretation and has
relevance for future improvement of catheter technology and design. (AM Heart J 1993;125:442.)

Carlo Di Mario. MD.? Stanley Madretsma, MD.? David Linker, MD,?
Salem H. K. The, MD.? Nicolaas Bom, PED.P Patrick W. Serruys, MD ?
Elma J. Gussenhoven, MD.? and Jos R. T. C. Roelandt, MD?

Rotterdam, The Netherlands

From “the Deportment of Cardiology, Thoruxc¢enter, Erasmus University
Retterdam and bthe Interuniveraity Cardiology Iontitute, The Netherlands.

Received for publieation Apr. 20, 1992; accepted Aug. 14, 1992

Reprint requestw Curlo Di Mario, MD, Thoraxcentre, Ee 2332 P.O. Box
1733, 3000 DR Rottordam, The Netherlangs.

Dr. €. Di Mario, Division of Cardiclogy, Viecenza, Italy, is the recipient of
the Eurepean Society of Cardiclogy Research Fellowship 1991,

442

96

Images that are obtaired with intravascular ultra-
sonography show great variability in quality and cre-
ate problems in interpretation.! An ideal, perpen-
dicular angle of incidence of the ultrasound beam to
the vessel wall requires a catheter position in the
center of the lumen and paralle] to the long axis of the
vessel. In practice, several factors (e.g., curvature of
Copyright ¥ 1993 by Moxby-Year Boak, Inc.
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Fig. 1. Three intravascular ultrasonographic images of a common carotid artery (elastic tyvpo of artery as
determined from histelogic studies) exnmined in vitro, with internal pressure maintained at 100 mm Hy
A, The catheter is in the center of the vessel lumen, and the vessel wall shows a uniform. intensity. B, The
catheter is eccentric in the lumen but parallel to the long axis of the vesgel. Note the well-preserved cix-
cular shape of the lumen, with a maximal videodensity of the vessel wall in the segment beside the catheter
and a minimal videodensity in the lateral walis. C, When the catheter is not parallel to the long axis of the
vessel, the lumen becomes elliptic, with a further decrease in videodensity of the vessel wall and espacially
of the segment opposite the cathetor (calibration = 1 mm). D, The drawing shows the position of the re-
gions of interest in which the videodensity has been measured.! The angle of incidence of the uitrasound
beaw is mensured a3 the angle included between the tangent to the midpoint of the intimal surface of the
segment of interest and the line joining this point with the center of the catheter.

the vessel, wall irrepularities, or dissections) may
preclude this optimal situation. In an attempt to im-
prove interpretation of in vivo intravascular ultra-
sonographic images we reproduced and quantita-
tively studied angle-dependent artifacts in in vitro
pressurized arteries with and without artificially in-
duced arterial wall dissections,

METHODS

Material. Twenty-one arterial specimens of 5 to 6 cm in
length were obtained from 13 subjects at autopsy (18 com-
mon or external iliac arteries and 3 common carotid art-
eries). One end of the arterial specimen was closed, and the
other was tied to & 7¥ valved sheath. Saline solution was
imjected through the side arm of the sheath, and the pres.
sure, which was menitored with a Gould P23ID preasure
transducer (Viggo-Spectramed Ine., Critieal Care Div.,

Oxmard, Calif ), was increased to 100 mm Hy and main-
tained at this level throughout the examination. A 5F 30
MHz rotating element ultrasornographic catheter (Du-
Med, Rotterdam, The Netherlands)® was advanced to the
midpeint of the arterial segment through the valved
shesth, The internal diameters of the examined vessels
were measured at 100 mm Hg with a previously described
analysis program® and ranged from 6.2 to 8.9 mrm. (meon,
74 + 1.4 mm).

Intravascular ultrasonographic exarnination. Cross-
sectional imaging was performed with the catheter posi-
tioned both in the center of the vegsel lumen and clese to
the vessel wall (Fig. 1, A and B). The time-gain compensa-
tion was unchanged shroughout the examination proce-
dure. Subsequently, the closed end of the vessel was taised,
which. siraulated a curvatare of 10 to 50 degrecs between
the proximal segment of the vessel that contained the
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echographic catheter and the imaged distal segment of the
vessel (Fig. 1, C). A previously described computerized
syster® was used to calculate the mean videodensity of four
regions of interest, which were situated along the circum-
ference of the vessel wall as shown in Fig. 1, 0. These mea-
surements were performed with the catheter positioned
centrally in the vessel lumen, close to the vessel wall {ec-
centrie position), and noncoaxial with the long axis of the
vegsel. The angle of interrogation of these regions was
measured as the angle between the tangent to the vessel
wall and the line that connected the midpoint of the inti-
mal contour of the region of interest with the center of the
catheter (Fig. 1, D).

In 8 of these 21 specimens an artificial dissection was
created by carcful separation of the internal and external
parts of the vessel wall through half of the eircumference
of the vessel. The specimens were then embedded in an
agar-agar selution with the induced flap largely protruding
inside the vessel lumen. Cross-sectional ultrasonic imaging
was performed with the ultrasenographic catheter placed
in various positions within the true and false lumens of the
vessel. The examined positions of the vessel were marked
with India ink and ¢orresponding histologic cross-sections
(5 pxe in thickuess) were obtained and stained with hema-
woxylin azophloxine and Verhoeff’s Elastin van Gieson.

Statistical analysis. Analysis of variance (Fisher’s exact
test) wag used to detect the presence of significant differ-
ences in videodensity for vach position of the transducer.
When this test was statistically significant (eccentric and
noncoaxial positions) a paired ¢ test was used to compare
each pair of regions of interest. An unpaired ¢ test was used
to compare the difference in videodensity of corresponding
areas that were examined with different positions of the
transducer.

RESULTS

As determined from histologic examination, 13 ar-
teries were classified as¢ rouscular, 5 as elastic, and 3
as transitional according to previcusly reported cri-
teria.f A thin layer of diffuse fibrous intimal thicken-
ing was observed in 19 arteries. Two arteries showed
an atherosclerotic plague in the studied cross-sec-
tion. In the eight arteries that were used as a model
of walj dissection, the dissected wall was composged of
athickened intimal layer in two cases, intima and the
full thickness of the medial layer in three cases, and
intima and part of the medis in three cases. With the
exception of the two arteries with focal atheroscle-
rotic plaques, the videodensity of the four regions of
interest (Fig. 1, D) was similar when the catheter was
in 4 central position in the vessel lumen (Fig, 2).

Eccentric position of the catheter. When the cathe-
ter was positioned close to the vesse! wall, the video-
density was higher in the segment close to the ultra-
sonographic transducer (segment A) and was lower in
the opposite vesgel segment (segment C} {Fig. 2)
(p < 0.01). The maximal reduction in videodensity,
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however, was not observed in the position of maximal
distance from the transducer but in the lateral seg-
ments {segments B and D in Fig. 2) (p < 0.01). For
these two areas the angle between the ultrasound
beam and the examined vessel segment was 49 + 6
degrees, and the mean videodensity was27% + 19%
lower than the videodensity that was measured when
the catheter was in a central position (p < 0.02).

Noncoaxial orientation of the catheter. In the model
that was used in this study, when the catheter was not
parallel to the long axis of the imaged vessel, the
catheter was also in an eccentric position in the ves-
sel lumen {Fig. I, C). Thus the observed changes in
videodensity were the combined result of the changes
in two planes of the angle of incidence of the ultra-
sound beam. In comparison with the measurements
in an eccentric but coaxial position, a further de-
crease in videodensity was observed, especially in the
segment opposite the position of the catheter (NS).

Wall dissection. In the presence of a dissected flap
inside the vessel Jumen, extremely narrow angles be-
tween ultrasound beam and plane of dissection ¢could
be induced by manipulating the catheter both in the
true lumen and the false lumen (Fig. 3). In these po-
sitions, the dissected flap could not be visualized with
ultrasonography. Furthermore, the disgected flap
concealed the underlying lumen and vessel wall so
that the identification of dimensions and shape of the
true and false lumens became impossible. These ef.
fects were dependent only on the angle of incidence
of the ultrascund beam. Thickness, severity of inti-
mal fibrosis, and presence or absence of medial
layer in the dissected flap did not influence the re-
qults.

Atherosclerctic plaques. I'ig. 4 shows that the de-
lineation and characterization with intravascular ul-
trasonography of the atherosclerotic plague is mote
difficult when this structure is imaged with an unfa-
vorable angle of incidence.

DISCUSSION

The ratio of the dimensions of the wavelength of
the incident beam to the dimensions of the target
structure is a major determinant of the backscattered
power. If the dimensions of the target are much
smaller than those of the beam wavelength, the ob-
ject behaves as an ideal point seatterer, and its back-
scatter is similar in all directions. On the contrary,
larger structures canse a directional backscatter that
depends on the skape of these structures, For a sim-
ple flat interface, the backscattered energy decreases
if the angle between the uitrasonic beam and the
normal to the tissue surface increnses. When these
basic principles are applied to intravascular ultra-
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Fig. 2. The graph shows the videodensity of the four selected regions of interest (as indicated in Fig. 1,
D) of 21 pressurized specimens. The videodensity is measured in arbitrary units. With the catheter in a
central position (upper fine) the regions of interest show a similar videodensity. The eccentricity of the
catheter induces fmiddle linel an angle of 49 = & degrees between the ultrasound beam and the tangent
to the vessel wall in regions B apd I and a consequent mean reduction of 27% of their videodensity. The
noncoaxial pesition of the catheter, with an angle of 20 degrees with the long axis of the vessel {lower Lne),
mduces a further decrease in videodensity, especislly in position € (epposite wall). The angles between ul-
trasound beam and tissue surface in segments B and D (lateral walls) are measured for eccentric positions

of the catheter according to the drawing in Fig. 4.

sonographic imaging, red blood cell dimensions are
similar to the wavelength of the high-frequency {30
MHz) transducers which are used so that the back-
seatter of blood can be considered omnidirectional.
The behavior of the vessel wall, on the contrary, is
inhomogeneons and dependent on the dimension,
shape, and orientation of its components, with the
presence of various levels of directional backscatter.
The uniform directional backscatter of the red blood
cells explains why areas of vascular lumen are well
delineated in Fig. 5, A and B, whereas the adjacent
vessel walls show large dropouts.

In vitro studies. Picano et 21,7 several years before
the development of intravascular ultrasonography,
reported that a strongly angle-dependent backscat-
ter is typical of calcific and fibrous plague compo-
nents, whereas fatty plaques have a less directive
pattern. More recently. de Kroon et al® showed an
anisotropic behavior of the muscular and elastic me-
dial layers, with a larger angle-dependent reduction
of the integrated backscattered power in planes that
are parallel to the long axis of the fibers than in planes
that are perpendicular to this axis. In these studies,
which were carried out with acoustic meicroscopes, the
focus was on potential interest in these changes for

tissue characterization. Nishimura et al.? used intra-
vascular ultrasonographic catheters to measure cir-
cular wells of known diameter. They observed that
the luminal dimensions did not change with the po-
sition of the catheter as long as it was parallel to the
long axis of the well. A noncoaxial orientation at an
angle of 30 degrees, on the contrary, resulted in an
increase of 20% of the luminal area, which became
elliptical.

Our experience suggests that eccentric or noneo-
axial positions of the catheter are not only important
for the accuracy of the measurements of the lumen
area but also that they also influence the quality of
the echographic images of both the normal wall and
the atherosclerotic plaques. The lack of steerability
of the present generation of ultrasonographic cathe-
ters precludes an effective correction of eccentric or
noncoaxial catheter positions. Improvement in cath-
eter technology and design (steerability of the cath-
eter, multiplane imaging) is desirable to overcome
the present limitations of intravascular ultrasonog-
raphy. A model of artificial dissection was used to
understand the images after balloon angioplasty. The
complexity of these images is caused by the very nar-
row angle hetween the dissected wall and the ultra-
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Fig. 3. Panels A-C show three intravascular ultrasonic cross-sections of an iliac artery in which an arti-
ficial dissaction of the vessel wall in largely protruding inside the lumen. Asterisks mark the positions of
the echographic catheter in the corresponding histologic croas-section (panel D) for ortentation, Complex
dropouts of the dissection plane and the underlying vessel wall are induced by narrow angles of incidence
of the ultrasound beam on the dissected flap (calibration = 1 mm). D, The histologic cross-section shows
that the dissection flap consists of a thickened fibrotic intimal laver and part of the degenerated museular

media (Verhoef"s atain; calibration = 1 mmx.)

sound beam. The failure to image the vessel wall un-
derlying these dissection flaps is likely to be the re-
sult of the decrease in ultrasound energy as it crosses
the dissected wall in both directions of the wave
propagation (from transducer to underlying struc-
tures and vice versa) above a critical angle of inci-
dence of the ultrasound beam.

In vivo studies. An eccentric position of the ultra-
sonographic catheter, close to the intimal surface of
the vessel, is the rule rather than the exception in in-
travascular ultrasonography. The angle between the
ultrasound beam and the vessel wall depends on the
dimension of the lumen, and wider angles are cb-
served in larger veasels. The coronary arteries have a
small diameter {normally 2 to 4 mm) relative to the
diameter of the currently used ultrasonographic
catheters (1.0 to 1.6 mm) so that presence and sever-
ity of angle-dependent artifacts in these vessels are
minimized. In larger vessels, however, partial or

100

complete dropouts of the vessel wall may occur. The
echogenicity and the omnidirectional backscatter of
blood may allow the tracing of the contour of the
vessel lumen despite the presence of relatively large
circumferential dropouts of the vessel wall. Corplex
artifacts, which are due to the presemce of large
intraluminal dissections, have been commacn in our
experience in patients who were undergoing balloon
dilatation of peripheral arteries. Examinations of
adjacent cross-sections and knowledge of the princi-
ples that underlie the specific features of these
images may facilitate their correct interpretation.
Unfavorable or eccentric catheter positions have al-
ready been reported as a cause of fajlure ot overesti-
mation and distortion of lumen area in intravascular
ultrasonographic studies of both peripheral’® and
coronary vessels. 13 The peculiar characteristics of
the artifacts that we observed with large protruding
dissections (Fig. 5), however, have not been previ-
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Fig. 4. A, Histologic cross-section of an external iliac artery, with a semicircular plaque composed of
stratified lamina of dense fbrous tissue and a well-developed muscular media. (Verhoeff's stain; calibra-
tion = 1 mm.) B, and C, Corresponding intravaseular ultrasonographic ¢ross-sections with the catheter ad-
jacent to the vessel wall and in the eenter of the lumen. The stherosclerotic plaque is well delineated when
the ultrasound bearn has a perpendicular orientation, whereas identification of the plague contours becomes
imapossible with a tangential orientation of the ultrasound beam to the tissue surface. Note the sonolucent
band corresponding te the muscular media,

Fig. 5. A, Intravascular ultrasonopraphic image of 2 superficial feraoral artery after balloon dilatation, The
catheter is positioned in a crescent-shaped lumen. which is included between the vessel wall and a large
intixnal Aap. Note that the false lumen and the opposite wall behind the dissection are visualized only in
the area of perpendicular orientation to the ultrasound beam, A dropout of the underlying structures is ob-
served in the presence of a narrow angle of incidence of the ultrasound beam on the dissection plane (ar-
rows,). B, Intravascular ultrasonographic image of 2 superficial femoral artery after balloon dilatation. Large
dropouts of the two extremitics of the dissected plane (curved arrows) and of the underlying vessel wall
and lumen cause interpretation problems. Note that the omnidirectional backscatter of blood clearly de-
lineates the half-moon shape of the true luen.

ously described. We observed these changes only in ~ against the opposite wall by the ultrazoncgraphic
peripheral vessels, probably because in the smaller  catheter, thus avoiding the development of signifi-

coronary vessels the protruding plaques that were  cant angle-dependent artifacts.

dissected from the balloon inflation were pushed Conclusions. The angle of incidence of the ultra-
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sound beam significantly affects the quality of the
echographic image in intravascular uitrasonography
and explains the image deterioration that occurs with
eccentric or honcoaxial positions of the catheter and
particularly in the presence of intraluminal dissec-
tion flaps that protrude inside the lumen. Awareness
of the imporztance of this phenomenon may improve
image acquisition and prevent misinterpretation of
intravascular ultrasonographic images. Future devel-
opments in design of intravascular ultrasonographic
catheters that allow steerability or multiplane imag-
ing may improve image acquisition and circumvent
these imitations.
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Dijgzigt. We thank Mra. Coby Peckatok for preparing the histo-
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PRINCIPLES OF DOPPLER VELOCIMETRY

An observer moving toward a sound source will hear a tone with higher frequency
than at rest. An observer moving away from the source, will hear a tone of lower
frequency. The same is observed when the source is moving and the observer is at
rest. This change in frequency is called the Doppler effect after Christian Johann
Doppler (1803-1853), an Austrian physicist who was the first to describe this
phenomenon. This principle is applied in practice by mounting a piezoelectric crystal
that emits and receives high-frequency sounds on the tip of an intravascular catheter.
Changes in the velocity of blood flow velocity alter the retumn frequency, causing the
Doppler shift. Sophisticated electronic circuits precisely determine the Doppler shift
and provide a continuous record of biood flow velocity. Coronary flow velocity is
calculated from the Doppler frequency shift (which is the difference between the
transmitted and returming frequency), using the following Doppler equation:
F, - Fp ©
(2F,) (Cos )
Where V = velocity of blood flow

T, = transmitting (transducer) frequency

F, = remrmning frequency

C = constant: speed of sound in blood

¢ = angle of incidence

Velocity =

Maximum velocity can be recorded provided the transducer beam is nearly parallel
to blood flow and ¢ is zero so that the cosine ¢ is 1. The waveform of the emitted
sound is also important. For example, if continuous sinusoidal waves are employed
(continuous wave Doppler), the Doppler signal will reflect all the flow velocities
encountered by the exploring uitrasound beam. In contrast, a pulsed wave Doppler
permits detenmination 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 coronary circulation. Doppler flowmeters
directly measure the red blood cell velocity so that flow markers are not required,
allowing a continuous assessment of flow. Since the catheter can be selectively
inserted in epicardial vessels, regional measurements are possible. There is a direct
relationship between velocity and volumetric flow, where blood flow = vessel cross-
sectional area x mean fiow velocity. The differences or changes in Doppler coronary
flow velocities, thus, can be used to represent changes in absolute coronary flow
provided the cross-sectional area remains constant. Intracoronary Doppler, however,
has also several limitations, The method is extremely “space dependent” and may be
affected by the stenosis geometry as well as by the intracoronary velocity profile [1].
The angle existing between the piezoelectric crystal and the main stream of the bloed
is critical for the estimation of flow velocity [2]. In addition, the sampling volume
can be rather Himited and does not necessarily represent the mean velocity of the
bloodstream [3]. These limitations have been partially solved by recent technical

106



developments, as discussed below briefly, describing the different Doppler
transducers available for intracoronary blood flow velocity measurements.

INTRACORONARY DOPPLER PROBES

1. Doppler probes mounted on angiographic catheters

In 1977 Cole and Hartley reported the recording of Doppler tracings at the ostium
of the native coronary vessels and of coronary venous bypass grafts using a 20 MHz
piezoelectric circular crystal mounted at the tip of a standard 8 Fr Sones catheter [3].
In 58 patients the velocity pattern could be recorded in basal conditions and the
hyperemic response to contrast media injection was measured.

Recently, Kern described a left Judkins angiographic catheter with a 20 MHz
crystal mounted candally (6:00 o’clock position) at the tip of the catheter [4].

With these systems, however, no selective measurements can be made in the
vessel(s) of interest and a contamination of the coronary flow due to aortic
components may be present. Furthermore, the presence of the relatively large catheter
in the coronary ostium may, to some extent, obstruct the coronary blood flow,
especially during hyperemia.

2. Intracoronary Doppler catheters

Side-mounted probes: At the University of Iowa, special suction mounted epicardial
Doppler probes were designed for intraoperative and experimental use [5]. In order
to apply Doppler velocimetry during selective coronary catheterization, a Doppler
crystal was mounted on one side of a 3 Fr Rentrop perfusion catheter with 2 flexible
guidewire at the tip [6]. The orientation of the beam at 45° from the long axis of the
catheter was designed to avoid flow interference from the catheter. Although this
design resulted in a reduction of the maximal recorded velocities due to the non
parailel orientation of the ultrasonic beam with the maximal flow velocity vector, this
limitation was accepted because the main goal of the investigators was the evaluation
of relative flow changes [7]. Despite fundamental design limitations, changes in
coronary blood flow velocity measured with this intravascular ultrasonic flowmeter
correlated well with flow measurement performed with microspheres, timed volume
collection of coronary sinus flow, electromagnetic flowmeter measurement and
coronary blood flow velocity recorded with epicardial Doppler probes [6,7].

With this system, a selective intracoronary measurement of flow velocities became
possible during cardiac catheterization. Further technical development allowed arn
easier and safer integration of Doppler measurements in the Catheterization
Laboratory during coronary interventions due to the availability of an intemnal homen
for a movable guidewire in the second generation catheiers.

End-mounted probes: Sibley et al. [8] obtained subselective Doppler recordings using
a circular end-mounted crystal on a flexible 3 Fr catheter amenable to guide-wire
insertion. This system was designed to minimize the angle between the ultrasonic
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beam and the centerline of the intravascular flow profile (subsequently called “theta™
angle}, thus allowing the measurement of maximal intravascular velocity. As evident
from the Doppler equation (page 2), with an end mounted crystal and a theoretical
“theta™ angle of 0°, changes of 15° in either direction would induce a npegligible
reduction (-3.5%) of the measured frequency shift. To contrary, the side-mounted
probes with an angle of 45° with the centerline of flow may have a change of the
“theta™ angle by up to 15%, resulting in a shift of Doppler frequency by as much as
23% from baseline [2].

The flow stream interference due to the presence of the catheter in the bloodstream

is of concern if velocities close to the transducer have to be measured. Tadaoka et
al [9] reported that in an in-vitro model a blunt or M-shaped velocity profile,
depressed at the centerline, is present several mm distal to the catheter tip, resulting
in underestimation of flow velocity away from the transducer. A distance of at least
10 catheter diameters was required to have a complete restoration of the flow-
velocity profile.
Double side-mounted probes: A possible solution to the angle dependency of the
Doppler flow velocity measurements is the use of two piezoelectric crystals located
on the side of the Doppler catheter in such a way that 2 right angle between the
transducers is obtained. A prototype of this still experimental system was validated
in an in vitro continuous flow model and yielded accurate flow velocity measure-
ments, independent of the catheter position [10].

3. Intracoronary Doppler balloon catheters

A prototype series of coronary balloon-catheters with an end-mounted 20 MHz
Doppler crystal have been successfully used at the Thoraxcenter to record
intracoronary velocities during and after successive balloon inflations {11]. The
system allowed the recording of high quality Doppler tracings distal to the stenosis
before, during and after balloon inflation. The maximal hyperemic velocity after
balloon inflation was found to be a useful guide for the assessment of the result of
angioplasty.

4. Doppler guidewire probes

Although side- and end-mounted Doppler catheters have been extensively used in
research cardiac catheterization laboratories, mainly for assessing relative changes of
coronary velocities, several limitations have prevented a more widespread clinical
application of these devices:

1) Catheters of a diameter of 1 mm are unlikely to be an obstacle to flow in
proximal coronary arteries with 2 diameter of 3-4 mm, as confirmed also at high flow
rates in experiments in calves. If, however, the recording is obtained across or distal
to a stepotic segment, the obstruction due to the catheter may induce marked
reduction or disappearance of the anterograde flow.

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

3) The small sample volume of the current catheters requires an optimal position
inside the vessel to record a high quality signal, including the highest blood
velocities. The lack of steerability of the present generation of Doppler catheters
results in a high number of unsuccessful procedures.

4) The 20 MHz transducers are currently activated with a pulse repetition frequency
of 62.5 kHz. Only velocities up to 110 cmfs can be recorded, so that the high
velocities across a stenosis can not be accurately measured.

3) Only zero-crossing detectors are commercially available in combination with these
Doppler probes.

The Doppler guidewire is available as an 0.014” or an 0.018", 175 c¢m long,
flexible and steerable with 2 12 MHz piezoelectric ultrasound transducer integrated
onto the tip. It has handling characteristics similar to traditional angioplasty
guidewires. The wire creates less disturbance of the flow profile distal to its tip when
placed within a vessel and can be passed into the smaller coronary arteries without
creating significant stenoses. The flexibility and steerability of the Doppler flowire
are designed for crossing intracoronary arterial obstructions and maintaining a stable
prolonged placement in the distal portion of the coronary artery during coronary
angioplasty procedures. Substituting Doppler-tipped guidewire for a standard
angioplasty guidewire, phasic coromary flow velocity measurements are easily
incorporated into an angioplasty procedure without adding unnecessary technical
maneuvers.

The forward diracted ultrasound beam diverges at 14° from the Doppler transducer
so that the Doppler sample volume is approximately 0.65 mm thick by 2.25 mm in
diameter when maintained 5.2 mm beyond the transducer, distal 1o the area of flow
velocity profile distortion induced by the Doppler guidewire [93. This broad
ultrasound beam provides a relatively large area of insonification, sampling a large
portion of the flow velocity profile. An adjustable pulse repetition frequency of 16-94
kHz, pulse duration of 0.83 ps and sampling delay of 0.5 us provides satisfactory
parameters for spectral signal analysis. The signal transmitted from the piezoelectric
transducer is processed from the quadrature Doppler audio signal by real-time
spectral analyzer using on-line fast Fourier transform providing a scrolling gray scale
spectral display. The frequency response of this system calculates approximately 90
spectrafsecond. The spectral analysis of the signal and the Doppler audio-signals are
videorecorded for later review. Simultaneous electrocardiogram and blood pressure
are displayed with the spectral velocity.

The Doppler guidewire has been validated during intravascular measurement of
coronary arterial flow velocity by Doucette et al [12]. The Doppler flow velocity
signal was recorded in model tbes with pulsatile blood flow. In four straight tubes
with internal diameters varying from 0.79 to 4.76 mm, the peak spectral flow
velocity was linearly related to absolute flow velocity measured by on-line
electromagnetic flow meters (r > 0.98 for each tube). 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 tortuous model segments. In
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four canine circwmflex coropary arteties, the electromagnetic flow probe and Doppler
flow vessel also demonstrated high correlations in both the proximal and distal
segments (= 0.93 to 0.99 in the proximal vessel and 0.86 to 0.99 in the distal
vessel). Using quantitative angiography to determine arterial diameter, quantitative
flow velocity correlations for the two technigues was r=0.95 in the model cannula
and r=0.85 in the proximal coronary artery. These data indicate that the Doppler
guidewire accurately measures phasic flow velocity patterns and linearly tracks
changes in flow rates in small predominantly straight coronary arteries.

The Doppler guidewire flow velocity signals were not importantly affected by
increasing heart rates to 150 beats/minute in the canine model. The motion artifact
of rapidly changing heart rate might influence flow velocity, but was not observed
in the initial validation smdies. Changes of pulsatility intensity examined in the in
vitro system demonstrated satisfactory tracking and correlation with electromagnetic
flow responses at rapid heart rates. During in vivo pacing experiments, an excellent
correlation was found between the average peak velocity of the Doppler guidewire
system and flow meter response.

The in vivo studies with the Doppler flowire established several important features
applicable to patient use [13]. The Doppler guidewire could be easily steered in the
proxima) and distal branches of the coronary arterial tree with handling characteris-
tics nearly identical to those of a normal 8.018" angioplasty guidewire. The phasic
velocity recordings had a high sigpal-to-noise ratio and were satisfactory for
prolonged monitoring periods in proximal and dista] vessels as small as 1.2 mm in
diameter. The Doppler spectra provided a precise estimate of forward and reverse
flow which were well separated across the zero line [13]. Low frequency wall motion
artifact was occasjonally encountered, especially at the onset of systole. These
artifacts, however, could be minimized by repositicning of the guidewire.

Comparison studies were performned using both an 8 Fr Judkins Doppler catheter
with a 20 MHz piezoelectric transducer embedded at its tip and the 12 MHz Doppler
guidewire. After the Judkins-style Doppler catheter was positioned in the left main
coronary artery, the 0.018” Doppler guidewire was advanced through the 8 French
Doppler catheter to sample an identical location within the coronary arteries. Arterial
pressure, electrocardiogram, phasic and mean velocity were displayed on a
multichannel oscilloscope recorder. Simultaneous flow velocity data were obtained
with both Doppler catheter techniques at baseline and following maximal coronary
hyperemia with 10 mg of intracoronary papavetine [14]. There was no significant
difference between the Doppler guidewire and Doppler catheter mean velocities and
coronary vasodilator reserve.

The safety of the instrumentation of normal and mildly diseased coronary arteries
with the Dopppler guidewire during diagnostic coronary angiography was assessed
in 120 patients. No complications related to the use of the guidewire were observed
immediately after the procedure and at a 6 months® follow-up [15].
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ANALYSIS OF THE DOPPLER SIGNAL: ADVANTAGES OF
THE SPECTRAIL ANALYSIS

1. Principles of analysis

Simple straightforward Doppler velocity registrations can be obtained with a zero-
crossing (ZC) detector. The interval between each pair of adjacent zero-crossings of
the same polarity is measured and the Doppler frequency shift is calenlated. Although
inexpensive, simple and convenient, this technique is less accurate than spectral
signal apalysis in areas of disturbed flow and is unable to detect the peak velocities
[2]. Coronary blood flow often has regions of varying velocity. The corresponding
Doppler signal is the sum of different velocity scatters and is best examined by a full
power spectrum provided by fast Fourier transformation. Spectral flow analysis has
the advantage in distinguishing laminar from disturbed turbulent flow patterns.

In the presence of composite flow signals, only the analysis of the frequency
spectrum of the Doppler signal can detect the maximal Doppler shift and can be used
to calculate the mean frequency by averaging the amount of power in the signal for
each frequency.

In vitro models: Tadaoka et al [9], using a straight tube perfused with continuous
flow, observed that the ZC detector underestimates the true velocities measured with
the fast Fourier transform (FFT) analysis. The ZC technique, however, seemed to be
sufficiently reliable for the evaluation of relative flow changes.

Animal experience: Kajiya et al {16] have reported that the velocity measured with
a ZC detector is consistently lower than the mean velocity obtained with the FFT
method in stenotic canine femoral arteries. In 2 canine model of adjustable cororary
flow, Sudbir et al [17] reported that the absolute flow measured with an electromag-
netic flowimeter could be successfully estimated using the maximal velocities
measured with the FFT. This value, however, was poorly correlated with the
velocities measured with a ZC detector. In a separate experiment the same group [18]
used stenosis phantoms of known diameter placed in canine coronary arteries and
reported that the peak velocity proximal and across the stenosis gave the best
estimate of the true cross-sectiomal area of the stenosis based on the continuity
equation. The velocity measured with a conventional ZC detector showed no
correlation with this area.

Tanouchi et al [19] reported that the flow velocity measured in the left anterior
descending coronary artery with the FFT spectral analysis cormrelated well with those
estimated by electromagnetic flowmeter (y = 88x + 9.7, r = 93, p < 0.001), whereas
the velocities measured with a ZC detector significantly underestimated those by
electromagnetic flowmeter (y = .23x + 1.6, r = .82).

Clinical experience: At the Thoraxcenter, a Doppler fast Fourier transform (FFT)
system was used to analyze the signal obtained using 20 MHz Doppler catheters {20].
The software of analysis included algorithms for the measurement of the instan-
taneous maximal and mean velocities and of the standard deviation of the velocity
distribution. The maximal velocity was defined as the 90th percentile of the velocity
distribution and the mean velocity was calculated as the intensity weighted average
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of the velocity specttum. Time-averaged values over 10 or 20 s of recording were
also calculated and displayed. The mean velocity measured with a ZC detector
(Millaxr MVD 20} was compared with the time-averaged maximal and mean velocities
easured with the FFT technique in the same period in 19 patients undergoing
percutaneous balloon coronary angioplasty [20]. The comparison with the maximal
and mean velocities measured with the FFT technique showed large differences
among the paired measurements (SD = £37% in both cases). Also the ratio between
maximal hyperemic and basal flow velocity (coronary flow reserve) calcuiated using
the ZC measurements and the maximal or mean FFT velocities showed large
individual differences suggesting that the two techniques of analysis are not
interchangeable also when relative measurements are required. Furthermore, only the
spectral amnalysis allowed the detection of frequency aliasing when the flow velocity
measurements were obtained within the stenosis.

The identification of the maximal velocity and the more accurate measurement of
the mean velocity are not the only advantages of the spectral analysis. This system
allows also the detection of morphologic modifications of the spectrum of velocity
distribution related to physiological flow changes. Denardo et al [21] calculated four
indices of coronary blood flow turbulence from FFT analysis of the Doppler signal
in 6 patients post-PTCA and 6 patients after coronary atherectomy: spectral
broadening index, coefficient of variation, coefficient of skewdness and coefficient
of kurtosis. They concluded that flow within post directional coronary atherectomy
regions was less turbulent than upstream; flow within post-PTCA lesions was more
turbulent.

Large differences between flow velocity measurements obtained with ZC and FFT
were also observed by Piek et al [22] in the assessment of collateral flow changes
during coropary angioplasty.

Iz 12 normal subjects, Yamagishi et al [23] used an FFT technique for the analysis
of Doppler signals recorded in the proximal left anterior descending coronary artery.
The percent variation in flow velocity obtained with cardiac pacing at increasing
frequency was compared with the increase of great cardiac vein flow measured with
the thermodilution technique. A high correlation of the percent increase measured
with the two techniques was observed.

CORONARY BLOOD FLOW VELOCITY PATTERNS

Pulsatile characteristics of coronary flow: The pulsatility of coronary arterial flow
was already described by Scaramucci in the late X'VIIth century [24]. In contrast with
the flow characteristics of most arterial districts, arterial coronary blood flow has a
distinctive and unique phasic pattern. Blood flow is higher in diastole and lower in
systole. Large differences, however, may be present between the flow pattern in the
left and in the right coronary artery (Figure 1). An opposite flow pattern is present
in the coronary veins, which are characterized by a predominant systolic component,
by flow variations during the cardiac cycle synchronous with the right atrial pressure
waves and by large phasic changes due to respiration (Figure 2). These opposite fiow
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Fig, I. Flow velocity measurements obtained in the Jeft main coronary artery (LMC) and the proximal
segments of the left anterior descending (LAD), left circumflex (LCX) and right coronary artery (RCA})
of a patient without epicardial corcnary stenoses. Note the prevalent diastolic component and the similar
pattern and maximal velocity observed in the left anterior descending and left circumflex arteries.

changes during the cardiac c¢ycle can be explained conly assuming the presence of a
blood reservoir between the arterial and venous side of the coronary circulation
(intramyocardial capacitance). The classical experiments of Sabistorn and Gregg have
confirmed that the systolic reduction of arterial coronary flow is due to the
contraction of the heart [25]. Squeezing of the capillary network due to the increase
in tissue pressure during myocardial compression related to the high systolic
intraventricular pressure was considered the cause of the flow changes during the
cardiac cycle. More recently, an increased systolic stiffness of the cardiac myocytes
has been considered a possible alternative. The different patterns of flow during the
cardiac cycle in the right and left coronary arteries is in part attributable to the
greater systolic compressive force of the left ventricle or to the higher stiffness of the
left ventricular myocytes during the contractile phase. Both theories can then explain
the presence of a reversal of flow during systole in some patients with severe aortic
valve stenosis or obstructive hypertrophic cardiomyopathy [26,27].
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LEFT ANTERIOH
DESC ARTERY

Fig. 2. Flow velocity measurements obtained in the coronary sinus {A) and in the left anterior descending
coronary artery (B). Note that the arterial flow is mainly diastolic while the flow in the coronary sinus
shows a systolic and a diastolic positive component and two retrograde waves corresponding to the “v™
and “a™ wave of the right atrial pressure.

Normal blood flow velocity and flow partern: Knowledge of normal flow velocity
range and of signal characteristics in normal proximal and distal coronary arteries is
an essential prerequisite for the evalunation of the flow velocity changes in patients
with coronary lesions. In order to define the normal range of coronary flow velocity,
the time averaged blood flow velocity was measured in 81 proximal mid coronary
arteries without hemodynamically significant coronary stenosis (diameter stenosis
measured with a computer-assisted automatic quantitative angiographic system
<30)%. A Doppler guidewire was advanced into a straight smooth and regular
proximal /middle segment of the studied artery and the flow velocity signal was
recorded during spectral velocity analysis. An on-line measurement of time-averaged
peak blood flow velocity and mean diastolic-to-systolic velocity ratio is automatically
available in the previously described Doppler guidewire system. In order to verify
the accuracy of the quantitation of the systo-diastolic components of the velocity
signal, the video-tecorded Doppler tracing was analyzed after digital conversion using
a custom-designed computer analysis system . After calibration, the contours of the
Doppler envelope were traced using a digitizing tablet. The systolic and diastolic
components were defined based on the simultaneously recorded electrocardiogram
(QRS complex), aortic pressure (dicrotic noich) and flow changes. A repeated
independent analysis of 10 Doppler tracings from the same observer or from a
second observer showed < 5% inter- and intraobserver variability for all the analyzed
parameters. The time-averaged peak velocity was 23 * 11 cmy/s (mean * sd of 21l the
arterial segments). A large range of velocity (9-61 cmfs) was observed. Maximal
blood flow velocity was 42 +17 cmfs (range 14-82 cmy/s). In Figure 3 the time
averaged velocity and the diastolic-to-systolic velocity is reported for the left anterior
descending, left circurnflex and right coronary artery. Significantly higher diastolic-
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to-systolic ratios of mean velocity and velocity integrals were measured in both
branches of the left coronary artery compared to the right coronary artery
(p < 0.0005).

Ofili et al [28] have recently reported the results of the apalysis of simultaneous
flow velocity measurements in 55 angiographically normal, proximal and distal
coronary arteries (right coronary artery = 12, left circumflex artery = 19, left anterior
descending coromary artery = 24) obtained both in baseline conditions and after the
selective injection of 8 - 18 pg of adenosine intracoronary. Proximal and distal
velocites in each artery were not different at baseline or hyperemia. Coronary flow
reserve (hyperemic/basal flow velocity ratio) was also similar in the proximal and
distal guidewire locations in all 3 arteries.

Thus, proximal and distal normal native coronary atteries have similar relative
flow velocity parameters and vascdilator reserve with a diastolic predominant pattern,
findings which are generally less marked in the right coronary artery.

The minor reduction of flow velocity observed advancing the Doppler probe from
proximal to distal is somewhat surprising when the large reduction of the correspon-
ding cross-sectional areas and, consequently, coronary flow is considered. The
maintainance of flow velocity across the length of the epicardial artery is due to the
gradually diminishing vessel area as volumetric flow is distributed to side branches
along the proximal to distal vessel course. Anatomically, the division of the coronary
arteries is extremely frregular, with the presence of small transmural arteries directly
branching from the major epicardial atteries and of a non symmetrical division of the
mother vessels into numerous smaller daughter branches. Stralker ordering and fractal
models have been proposed to describe the heterogeneity of the vessel distribution,
in analogy of other physiological structures such as the ajrways of the lung [29].

‘When only the increase of the total arterial cross-sectional area between mother
and daughter vessels in large epicardial arteries is considered, a progressive moderate
increase is observed, in accordance with the principle of limitedfadaptive vascular
shear stress, minimum vascular volume at bifurcations and with the principle of
minimum viscous energy loss. After three-dimensional reconstruction of the arterial
tree, Seiler et al {30] calculated a ratio between area of the mother vessel and mean
of the areas of the daughter vessels of 1.647, similar to the ratio predicted based on
the previously mentioned principles (1.588). These considerations explain with only
a moderate decrease, inversely proportional to the moderate increase in total cross-
sectional area, occurs from proximal to distal in the coronary arterial tree (Figure 4).
Flow velocity, therefore, is relatively uniform in the epicardial arteties of the same
patient and a rapid decrease indicates redistribution of flow in the lower resistance
branches proximal to a flow-limiting coronary stenosis.

The above considerations may explain the poor correlation between cross-sectional
area and flow velocity observed in our control population (74 cases). In normal
arteries or in arteries with early atherosclerotic changes not modifying the normal
arterial cross-section, the variability of the flow velocity measurements seems to be
dependent more on the variable basal flow requirements than on the anatomic
differences in dimension or distribution of the major epicardial arteries.
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LAD LCX RCA ~  LAD  LCX  RCA LAD  LCX  RCA
== p<0.05 (RCA vz LCX) -= p < 0.00005 (ACA v LCXAAD) = P < 0.00CC5 (RCA va LEXAAD)

Fig. 3. Time-averaged peak velocity, diastolic to systolic ratio of the mean velocity and of the velocity
integrals in the left anterior descending (LAD), left circumflex (LCX) and right coronary artery (RCA),

Flow velocity in saphenous veins and mammary arteries used as coronary conduits:
The saphenous vein grafts have a predominantly diastolic flow, similar to the flow
in native coronary arteries [31]. In the proximal saphenous veins used as aotto-

V=9cm/s
V=12 cm/s F = 0.26 ml/s
F=053mls
V=15cm/s
F=1.06 ml/s
g =3.0mm
CSA=71mm?
g =24mm
C8A=45mm* @ =1.9mm
CSA =28 mm?
Ay=228 A,

area increase per bifurcation = 1.26
prox. to distal vel. ratio per bifurcation =1.25

Fig. 4. Diagram showing a schematics of variations of vascular diameter (&), cross-sectional area (CSA),
flow (F) and flow velocity (V) from proximal to distal in the coronary arteries. In the example, the
division between mother artery (A, and daughter arteries (Ap) is symmetrical and obeys the principle
of limited/adaptive vascular shear stress. Note that the decrease in flow velocity from proximal to distal
is much smaller than the decrease in cross-sectionazl area and veolume flow.
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coronary bypass, however, large high-peaked systolic waves may be present,
probably reflecting the higher distensibility of these lopg thin-walled vascular
conduits, with a higher vascular capacitance than the shorter and smaller native
coronary arteries. In the proximal segment of in situ internal thoracic (mammary)
arteries anastomosed to coronary arteries, the phasic blood flow velocity resembles
the subclavian artery [31,32], with a predominant systolic peak velocity (diastolic-to-
systolic mean velocity ratio = 0.6 + 0.2). The velocity pattern changes in the distal
internal mammary with a predomirant diastolic flow. Saphenous vein bypass grafts
and mammary arteries also show significant differences in the absolute velocity
measurements. Diastolic peak velocity of 14 £ 6 cmys have been reported in venous
aorto-coronary bypass grafts. In mammary arteries diastolic velocities similar to those
recorded in native coronary arteries were observed (diastolic velocity = 45 £ 16 cmys)
[31]. A peculiar characteristics of saphenous veins used as sequential conduits is the
sudden decrease in velocity observed distal to a coronary anastomosis, in contrast
with the progressive velocity decrease observed from proximal to distal in native
coronary arteries. The low flow velocity consequent to the inability to adjust the
caliber according to flow demand may explain why saphenous vein grafts are more
prone to accelerated atherosclerosis than native coronary arteries or Inammary arieries
used as coromary bypass. The low flow velocity and shear rate may facilitate
thrombosis and greater interactions between blood elements and intimal surface. With
the use of an implantable ultrasonic Doppler miniprobe, the flow velocity in the
internal thoracic artery and gastroepiploic artery as measured 2 weeks after
implantation. Both grafts showed a significant increase during exercise and
dobutamine infusion but no changes after nitroglycerin or nifedipine [33]. Interes-
tingely, the gastroepiploic artery after coronary implantation continued to show a
large increase in flow velocity (+83 £ 48%) between 30 and 90 min after the patient
taking meals.

CALCULATION OF VOLUME FLOW FROM FLOW
VELOCITY MEASUREMENTS

Two crucial steps are required to accurately calculate absolute (volume) flow from
flow velocity measurements: the calculation of the mean blood flow velocity in a
given vascular cross-section and the accurate measurement of the cross-sectional area
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:

a) the ultrasound beam should be aligned parallel with the centerline of flow. The
Doppler guidewire has the piezoelectric crystal mounted at the tip so that a partial
malalignment of the probe would only minimally affect the velocity recording, an
angle of 30° with the wvelocity vector producing underestimation of flow of
approximately 6%;
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b) the entire flow profile or at least a significant proportion which includes the
maximal velocity must be insonified;

¢) the physical presence of the Doppler probe should not modify the velocity profile
at the site of the Doppler sample vohume;

d) a spectral analysis of the Doppler frequency should be performed to identify all
the different velocities in the sample volume, including the maximal velocity.
Theoretically, mean blood flow velocity can be measured from the weighted average
of the velocity spectrum [34]. Several technical shortcomings limit the practical
usefulness of the measurement of mean blood flow velocity from the velocity
spectinum:

1) the filtering process necessary to remove the high intensity/low velocity signals
from vessel wall contact artifacts (wall “thumps”) affects the accuracy of the
measurement of mean velocity;

2) measured from the intensity weighted velocity spectrum mean velocity is more
sensitive than the maximal velocity to a variety of noise components of the signai;
3) the mean velocity calculated from the intensity weighted velocity spectrum may
be inaccurate, if the entire parabolic profile of the artery is not included in the
sample volume. Accurate measurements can still be obtained from the maximal flow
velocity. Small changes in the position of the tip of the catheter inside the vessel, are
also more likely to change the mean than the maximal velocity;

4} the weighing factors for the different velocities of the velocity spectriun can not
be reliably determined as signal intensity is modified by several unknown parameters
such as roujeaux formation [35,36].

5) inhomogeneities in the distribution of ultrasonic beam power may cause significant
errors in the measurement of mean coronary blood flow velocity [37].

A different approach is based on the use of the maximal blood flow velocity which
is less sensifive to the presence of noise and is more easily included in the sample
volume based on the above described characteristics of the Doppler system. Mean
blood flow velocity can be estimated from the maximal BFV in the presence of a
laminar flow field and a fully developed velocity profile (Figure 5).

An Important limitation to the applicability of this formula is that the velocity
profile is assumed to be parabolic and fully developed. The distance L necessary to
allow the full development of 2 parabolic flow profile is defined by the equation
[38]:

L=003R)d

where R, is the Reyneclds number and d the diameter of the conduit. Consequently,
the velocity measurement should be taken at a distance of 4-6 timmes the vessel
diameter to allow a complete development of the velocity profile at the Reynolds
numbers present in normal epicardial corcnary arteries (150-200 units). The same
issues must be considered sampling velocity distal to major bifurcations of the vessel.
Also in the presence of changes of the vascular diameter, the measurement of mean
blood flow velocity from maximal velocity can be misleading if the stenotic segment
is too short to allow a full development of the velocity profile. The non-Newtonian
characteristics of blood will induce a flatter than expected velocity profile so that the

118



V, =~T%,P (r° -3

<<
=
2
!

= (APTR/8IL )/ 1r°

VMEAN = VMAX 2

Fig. 5. Diagram showing the fixed relation {2:1) between maximal and mean flow velocity in 2 conduit
with a laminar parabolic velocity profile. The fixed relation between maximal and mean velocity in a
conduit with a laminar parabolic velocity profile can be derived from the classical equations describing
the velocity of each streamline of flow according to its distance X from the centerline of flow and from
the Poiseuille equation.

AP = pressure gradient; g = viscosity; r = conduit radius; L = length of the segment.

mean blood flow velocity may be underestimated deriving this parameter from the
maximal flow velocity [39]. These considerations underline the difficulties in
obtaining reliable volumetric flow measurements based on blood flow velocity
despite the recent progress in Doppler probe techmology and signal analysis.
Nevertheless, recent validation studies have shown a high correlation both in vitro
and in vivo between volumetric flow measured with an electromagnetic flowmeter
and flow derived from Doppler measurements obtained with the Doppler guidewire
probes [12].
Assessment of the cross-sectional area ar the site of the Doppler sample volume: A
high quality angiogram, suitable for measurements of the cross-sectional at the site
of the Doppler sample volume, can be performed almost simultaneously with the
acquisition of the Doppler recording using the 0.018" Doppler guidewire. It must be
noted, however, that more accurate measurements are obtained when the probe is
positioned in an arterial segment of uniform caliber so that a mean cross-sectional
area over a short arterial segment immediately distal to the Doppler probe
(approximately 3 mm for the Doppler guidewire) can be obtained.

An alternative method is the combination of intracoronary Doppler and two-
dimensional coronary ultrasound imaging. A continuous recording of high-quality
echographic cross-sections, suitable for automated quantitative analysis, can be
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achieved with the modem ultrasound imaging catheters. Although prototype system
of combined Doppler-imaging ultrasound catheters have been tested [40,41], the
introduction of the Doppler guidewire allows a simultaneous assessment with
ultrasound catheters. The slighty different position of the Doppler sample volume and
of the echographic cross-section and the potential elecirical intetference are minor
limitations of this approach.

ASSESSMENT OF CORONARY FLOW RESERVE

Since the original work of Gould, Lipscomb, and Hamilton [58], the assessment of
coronary flow reserve has been viewed as a method to establish the severity of 2
stenosis located in one of the major epicardial vessels. It is assumed that the
reduction in hyperemic flow through the stenotic lesion would be an indicator of
stenosis severity. This assuraption is derived from the complex hemodynamic
principles regulating the coronary circulation. At rest, flow is independent from the
driving pressure over a wide range (60 - 180 mmHg) of physiological pressures, a
phenomenon classically described as autoregulation of the coromary circulation.
During maximal vasodilatation, flow becomes linearly related to the driving pressure
[59). The presence of a flow limiting stenosis in a major epicardial vessel generates
a pressure drop across the stenotic lesion which is the result of viscous and turbulent
Tesistances, so that the driving pressure distal to the stenosis decreases exponentially
in response to the flow increase [60].

The coronary flow reserve concept is appealing to the clinician because it
constitutes a functional surrogate to the anatomic description of the lesions located
in the epicardial vessels. Many investigators have shown in animal experiments that
a decrease in flow reserve may discriminantly detect lesions of increasing severity
[61]. Although the concept may be easily and accurately applied in an optimal
physiological situation in humans [62,63], it should be recognized that coronary flow
reserve 1s influenced by several factors independent from the hydrodynamic
characteristics of the stenotic lesion. Since flow reserve is, by definition a ratio,
similar values may be obtained at very different levels of resting and hyperamic flow.
Changes in basal resting flow without changes in hyperemic flow will considerably
affect the ratio. Furthermore, any factors affecting the hyperemic pressure flow
relationship would likewise modify the flow reserve and thereby change the
assessment of the severity of the coronary lesion under study. The hyperemic
pressure flow relationship is influenced by factors such as heart rate, preload,
myocardial hypertrophy or disease of the microvasculature [59,64].

Effects of the pharmacologic agents used to induce maximal hyperemia: An increase
in coronary blood flow can be observed eijther during reactive hyperemia induced by
transluminal occlusion or by pharmacologically induced hyperemia. Widely used
vasodilator agents are dipyridamole, nitroglycerin, papaverine and adenosine. The
hyperosmolar ionic and low osmolar non-ionic contrast media can not be used
because they do not produce maximal vasodilatation [63]. Nitrates have a predomi-
nant effect on large conductance vessels so that the flow changes due to peripheral
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vasodilatation are partially masked by the large simultaneous increase in cross-
sectional area in the proximal arterial segments. Continuous infusion of an adequate
dose of dipyridamole 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 & Higgins [65] have shown in dogs that the hyperemic response after
an intracoronary bolus injection of adenosine-triphosphate or papaverine is of the
same magnitude as that cccwring after a 15-second occlusion of the coronary artery.
The dose range of intracoronary papaverine needed to produce maximal coronary
vasodilation has been established in humans by Wilson & White [66]. Selective
intracoronary infusion of papaverine produced a maximal hyperemic response in most
(80%) coronary arteries after 8 mg and in all coronary arteries after 12 mg.
Papaverine in this dose range (8 to 12 mg} produced a response equal to that of an
intravenous infusion of dipyridamole in a dose of 0.36 to 0.84 mg/kg of body weight.

The coromary 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
hyperemic response, is about four tirnes shorter than that of papaverine (Figure 6)
[67]. Furthermore, adenosine does not prolong QT interval and avoids the potentially
dangerous ventricular arthythmias observed after papaverine [68]. Wilson et al [69]
recenily reported that an intracoronary bolus or infusion of adenosine increases
coronary velocity to levels similar to those recorded after papaverine without
significant systemic effects or symptoms. Adenosine can also be administered
intravenously. Kern et al. have shown that a continuous intravenous infusion of 140
pg/Kg/min induces maximal coropary vasodilation in the vast majority of patients
with the presence of mild hypotension and bradycardia [70]. The frequent develop-
ment of symptoms (flushing: 35%, chest discomfort: 34%, headache; 21%, dyspnea:
19%) and of 1st-2nd degree atrio-ventricular block (< 10%) rarely requires
discontinuation of the infusion [71]. In view of the extremely high safety profile of
low dose intracoropary adenosine, this agent and route is the pharmacologic stimulus
of choice.

Intracoronary papaverine has been reported to increase coronary blood flow
velocity to four-six times the resting value in patients with normal coronary arteries
[66,72]. In these series, however, a highly selected patient population was studied,
with the exclusion of myocardial hypertrophy, previcus myocardial infarction or of
any other condition known to increase the baseline flow (anemia, hypertyroidism,
ete).

Using papaverine 8-12.5 mg and a Doppler guidewire in an unselected series of
patients with coronary artery disease, we observed in 81 arteries without hemodyna-
mically significant coronary artery stenosis a coronary flow reserve of 2.9 + 0.95,
with a large individual variability (range 2.1-4.2).

Effect of the pharmacologic agent used to induce hyperemia on stenosis geometry:
The ideal vasodilator should dilate exclusively the resistance vessels without affecting
the geometry of the flow limiting stenosis in the epicardial coromary artery.
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Fig. 6. Flow velocity recording after selective intracoronary injection in the left anterior descending
coronary artery of papaverine (12.5 mg), adenosine (18 ug) and Iopamidol (7 ml, 370 pg Iodine/ml). Note
that the hyperemic response after contrast injection and adenosine are much shorter than the hyperemic
state induced by papaverine. The hyperemic flow velocity after contrast injection is lower than the flow
velocity observed after adenosine and papaverine.

Unfortunately, as indicated by our results with intracoronary papaverine [73], the
agents used to induce vasodilation of the resistance vessels also influence the
epicardial coronary arteries. The hyperemia induced by intracoronary papaverine
cannot be solely attributed to a fall In arteriolar resistance but is partially due to
changes in the geometry of epicardial stenoses. In other words, the methodologic
approach affects the investigated phenomenon, namely the pressure - flow
relationship of the flow-limiting stenoses.

Gould & Kelley found important changes in stenosis geometry caused by
papaverine induced hyperemia in dogs [74]. However, there are some qualitative
differences between their results and ours, due to the different nature of human
coronary atherosclerotic lesions and stenoses produced by an external constriction of
normal coronary arteries in dogs. In this study an isolated increase in “normal” area
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without change in the stenosis lumen area was observed. In our study [73], on the
contrary, the most significant change in stencsis geometry was the increase in the
cross-sectional area of the stenosis. Since change in vessel caliber caused by the
coronary vasodilator (dipyridamole, papaverine or adenocsine) may alter the
pressure/flow reladonship, administration of pitrates before the measurement of
coronary flow reserve is strongly advocated to negate the epicardial vasodilator
action of the drugs used for the induction of maximal hyperemia [73]

Facrors influencing the accuracy of Doppler-based coronary flow reserve as an index
of stenosis severity: The coropary flow velocity reserve is estimated by the ratio of
peak to resting flow velocity. One of the potential problems of this measurement is
that the flow velocity ratio can be affected by a change in resting flow velocity
caused either by factors increasing myocardial oxygen consumoption (e.g. thy-
rotoxjcesis) or producing a resting high flow state (e.g. anemia). Changes in arterial
pressure between measurements of resting and peak flow velocity can also affect this
ratio. To address this problem, an index of resistance has been proposed by Wilson
et al. 7] calculated as the quotient of:

mean aortic pressure and peak flow  and resting aortic pressure

peak flow velocity resting blood flow velocity

McGinn et al [75] have studied the influence of heart rate, arterial pressure and
ventricular preload on the long-term variability of serjal coronary flow reserve
measurements. In 45 patients with normal left ventricular function (38 cardiac
allograft recipients, five patients with normal coronary arteries and two patients with
minimal coronary artery disease (< 50% diareter stencsis), coronary flow reserve
measurements were highly reproducible in the absence of conditions known to affect
resting or hyperemic coronary blood flow. Increases in heart rate or preload reduced
coropary flow reserve because resting coronary blood flow velocity was increased
while hyperemic coronary blood flow velocity was unchanged. In contrast, changes
in mean arterial pressure did not alter coronary flow reserve. Interpretation of
coronary flow reserve measurements should account for the variable hemodynamic
conditions at which the flow velocity measurements are obtained.

A final technical note concerns the possible induction of flow obstruction due to
the large guiding catheter engaged in the ostium. In this case after selective injection
of the vasodilator, the catheter should be immediately pulled out from the ostium
without moving the Doppler probe. A careful monitoring of the pressure waveform
recorded through the guiding catheter can facilitate the detection of damuping of
velocity. Use of diagnostic coronary catheters (6-7 Fr) is an easier alternative
possibility to prevent flow obstruction allowed by the use of the Doppler guide wire.
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CONCLUSIONS AND FUTURE DIRECTIONS

The last few years have seen rapid advances in coronary Doppler probe technology
and signal analysis and the development of new approaches to the interpretation of
the flow velocity measurement. These changes have transformed a complex technique
reserved to a few research laboratories into a reliable diagnostic tool which can be
used for the assessment of stenosis severity and for the evaluation of the results of
coronary interventions. These technical developments have also facilitated and
increased the application of the technique in the study of coronary circulation. The
availability of smaller Doppler probes (0.014" guidewires) now allows the integration
of Doppler flow measurements in all coronary interventions. Combined Doppler and
imaging ultrasound systems will be applied for a continnous measurement of absolute
coronary flow as well as for the simultaneous study of morphological and functional
characteristics of the coronary system. The development of combined Doppler-
pressure sensors with guidewire technology can facilitate the assessment of stenosis
hemodynamics.

Technical improvements alone, however, are insufficient to establish intracoronary
Doppler as the ideal technique for the functional assessment of the coronary
circulation. Knowledge of the recent advances in coronary flow physiology is a
prerequisite for the interpretation of the flow velocity changes and the development
of new methodological approaches mutuated from the experimental animal
laboratory. The investigators using this technique in the clinical field, therefore, must
remember that a close collaboration with, basic scientists and coronary physiologists
has been started since the very beginning by the pioneers in this field and is essential
for the future development of the technique.
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Technical Note

Limitations of the Zero Crossing Detector in the
Analysis of Intracoronary Doppler: A Comparison With
Fast Fourier Transform Analysis of Basal, Hyperemic, and

Transstenotic Blood Fiow Velocity Measurements in Patients
With Coronary Artery Disease

Carle Di Mario, Mp, Jos R.T.C. Roelandt, MD, PhD, Peter de Jaegere, MD, David T. Linker, mMD,

Jan Qomen, PhD, and Patrick W. Serruys, mMD, PhD

The current clinfcal standard for the analysis of Intracoronary Doppler signals is the
application of a zero-crosaing (20} « Hi , the y of the method is
questionable, especially in areas of disturbed flow, as conflrmed by in vitro studies,

animal experl and intraop obser The aim of this study is the com-
ri: of & co i Lo and a custom-designed sp ] h {tast
Fourier transt FFT} in the lysis of v Doppler signal In 19

P going coronary ang! Y

A 3F cathetor with an end-mourted Doppler ceramic crystal was placed over an 0.0147
guldewire in 2 nomal or near-normal segment proximal to the lesion 10 be dilated. The
Doppler signal was recorded before and after Intracoronary infusion of 12.5 mg of pa-
paverine. in 8 patients high flow velocities could be recorded when the catheter was

d across the L

The biood fiow velocity btained whh ZC were significantly l1ower than
the maximal FFT flow velocity measurermnents (16212 cmvs vs. 2918 emv/s, p < 001} In
all the conditions of Doppler signal acquisition (baseline, hyperemia, stenosis) a [arge
scattering of the signed differonces between corresponding measurements was ob-
served. The standard deviation of the ditference ZC-FFT was =11 emv/s and x5 cm/s for
the maximal and mean FFT flow velocity, corresponding In both cases to %37% of the
mean of the ZC and FFT measurements. Large differences were aiso observed in the
values of coronary flow reserve (CFR) calculated as the ratio between ZC and FFT flow
velocity measurernents 30 s after papaverine | rary and at Ine. The
deviatlon of the difference ZC-FFT based CFR was =1.3 and +1.2 for the valusg derived
from the maximal and mean FFT flow velocities (percant difference +32% and £37%,
respectively).

in the <btained from the same intracoronary Doppier slg-
nal analysed with a ZC detector and an FFT technlque showed large differences in various
conditions. of flow and also in the of flow ¥ derived indlces
such as CFR. Spectral analysis should replace the current use of a ZC detector for the

evaluatlon of coronary Doppler gignals, even for the nt of ralative flow velocity

¥

changes. © 1933 Wilsy-Liss, tnc.
Key words: blood tiow velocity, Dopp
reserve

INTRODUCTION

Spectrad analysis has replaced the use of zero-crossing
(ZC) detectors in most applications of Doppler ultra-
sound in cardiology. With a ZC detector the Doppler
shift is measured from the interval between each pair of
adjacent ZCs of the same polarity. Although this tech-
nique is adequate for a simple sinusoidal signal, only a
rough approximation of the mean frequency is obtained
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when ZC is used for the analysis of composite Doppler
signals induced by the presence of scarterers of different
velocity in the Doppler sample volume [1,2]. The main
advantages of the analysis of the full frequency spectrum
of the Doppler signal are the detection of the maxirnai
Doppler frequency and the more accurate calculation of
the mean Doppler frequency from the weighted intensity
of the signal for each frequency. Furthermore. the pres-
ence of noise can be more casily detected and distin-
guished from the physiologic signal, Despite these ad-
vantages of spectral analysis, ZC detectors are almost
invariably used in recent reports applying intracoronary
Doppler [3-5]. The small sample volume of most intra-
coronary Dogpler probes and the use of relative rather
than absolute measurements are possible arguments sup-
portng the use of a ZC detector for the analysis of in-
tracoronary signals {6].

Aim of this study is the comparison of a conventional
ZC detector and a custom-designed spectral analyzer us-
ing a fast Fourler transform (FFT) algorithm for the anai-
ysis of intracoronary Doppler recordings. To this purpose
intracoronary Doppler signals have been recorded and
simultaneously analyzed with the two technigues in base-
line conditions, during pharmacologically induced hyper-
emia, and in areas of disturbed flow (stenosis) in 19
patients undergoing coronary angiopiasty.

MATERIALS AND METHODS
Patients

The Doppler studies were performed in 19 patients
{age 57 = 12 years, 11 men and 8 women) undergoing
percutaneous treatment of symptomatic high-grade cor-
onary stenosis (14 balloon angioplasty, 5 directional
atherectomy). The protocol was approved by the Ethics
Comminee Erasmus University/Dijkzigt Hospital (pro-
tocol #104.975/1990/55). Written informed consent was
obtained in all cases. The treated vessel was the left
anterior descending artery in 8 cases, the right coronary
artery in 6 patients, and the left circumflex artery in 5
patienis,

Catheterization Procedure

The Doppler ransducer consisted of a 20 MHz annular
piczoelectric erystal (7] mounted at the tip of a 3F (di-
ameter = 1 mm) intracoronary catheter (Schneider, Zi-
rich, Switzerland). After systemic heparinization with
10,000 L.U. and intracoronary injection of 2-3 mg of
isosorbide-dinitrate, the Doppler catheter was inserted
into the proximal coronary artery through the guiding
catheter and along an 0-014” guidewire (Monorail tech-
nique). The position of the Doppler probe was optimized
in order te obtain stable recordings in basal conditions.
Afterwards, 12.5 mg of papaverine was injected intra-
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coronarily through the guiding catheter and a new re-
cording was obtained after 30 s [8.9). The guiding cath-
cter was withdrawn from the coronary ostium to avoid
limitations of flow during hyperemia, Based on clinical
conditions and severity and characteristics of the stenosis
an attermnpt to advance the Doppler catheter across the
stenosis was performed in 14 cases before angioplasty
and in 4 cases after angioplasty. In 3 cases the severity of
the lesion precluded the passage of the Doppler catheter.
No complications related to the use of the Doppler cath-
eters occurred. The entire procedure of acquisition of the
Doppler wacings, from insertion to withdrawal of the
Doppler catheter, had a mean duration of 12 min (range
7-31 min}.

Doppler Recording and Analysis

The Doppler catheter was activated with an MVD
puised Doppler velocimeter (Millar Instruments, Hous-
ton, TX. USA) with a carrier frequency of 20 Mhz and
a pulse repetition frequency of 62.5 kHz, The gate con-
trol (sample volume of .46 mrn in depth, movable from
1 to 10 mm from the catheter tip) was adjusted from 2 to
4 mm to optimize the signal intensity and characteristics.
Low frequencies (<200 Hz) were partially removed us-
ing a high-pass filter, The quadrature audio signal was
simultanecusly analyzed with an internal ZC detector
and transmitted to a spectral analyzer. This system uses
an ADSP-2100A signal processor provided with two an-
alog/digital converters (AD 1332). The FFT analysis was
performed on 256 samples every 10 ms and transmitted
acToss a parallel interface to an Oliverd M250 PC. With
both systems the Doppler frequencies (kHz) were trans-
formed in velocity {em/s) by multiplying the frequency
shift by 3.75 times according to the Doppler equation.
After the recording of a calibration signal. the phasic and
tme-averaged (““mean'”) ZC velocities were continu-
ously recorded on a strip~chart recorder. When a stable
signal was obtained in basal conditions, across the ste-
nosis and 30 s after papaverine injection, the ZC veloc-
ities were recorded at 25 mm/s simulianeously to the
acquisition and storage of 10 s of signal processed with
the FFT analyzer (Fig. 1). The time-averaged (*'mean™)
ZC flow velocity was compared with the time-averaged
maximal and mean FFT simultaneously acquired flow
velocities automatically calculated as the 90th and 50th
percentile of the flow velocity spectrum distribution, re-
spectively.

Coronary flow reserve (CFR) was calculated as the
ratio between ¢oronary velocity 30 s after intracoronary
papaverine infusion and at baseline (Fig. 2).

Statistical Analysis

The statistical significance of the difference between
simultaneously acquired time-averaged ZC and maximal
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Fig. 1.

Example of Doppler blpod flow velocity recording in the
proximal (PROXIMAL) left anterlor descending coronary artery
and with the Doppler catheter advanced across the stenosis
{STENOSIS). Note that in the right upper tracing, recorded
across the stenosis and analyzed with the FFT technique, the
flow velocities higher than 120 crm/s are shown as negative be-
eause of frequengy aliasing. Consequently, the algarithms au-

and mean FFT measurcments and derived CFRs was
evaluated using Student’s test. The Ume-averaged
(**mean’") ZC flow velocity was compared with the cor-
responding maximal and mean FFT velocities using lin-
car regression analysis. The regression equation was sep-
arately calculated for the measurements at baseline,
during hyperemia, and across the stenosis. Subse-
quently, according to the method deseribed by Bland and
Altman for the assessment of the agreement between
different methods of measurement [10], the signed dif-
ferences of the corresponding measurements were plot-
ted against the mean of the measurements.

RESULTS

Forty-eight Doppler recordings were available for
comparnison (23 recordings in baseline conditions, 16 at
peak papaverine cffect, 9 across the stenosis). Papaver-
ine injection was net performed in 3 patients. In 4 pa-

tomatically applied for caleulation of maximal (Vmax) and mean
{Vmean) blood flow velocity underestimated the true flow ve-
lacity, In the ZC tracing (lower part of the ifllustration, with the
calibration signats for both phasle and time-averaged (“mean')
fiow velocity shown on the left) no clear evidence of the pres-
ence of frequency aliasing indicated that the ZC flow veloclty
measyrement was falsely low.

tients the measurements during hyperemia were impos-
sible because of frequency aliasing {2 cases) and of
signa] deterioration after papaverine infusion (2 cases).
In 3 of the 15 recordings across the stenosis a complete
obstruction was induced by the Doppler catheter, with
the development in 2 cases {excluded from this compar-
ative study) of collateral circulation (reversed flow with
very low negative flow velocity). In 3 cases frequency
aliasing precluded the analysis of the tracings (Fig. 1}. In
4 of the remaining 9 recordings mean FFT velocities
could not be measured because of the impossibiliry to
cormrectly analyze the flow velocity signal in the presence
of prominent artifacts from vessel wall movements.

Comparison Between ZC and FFT Flow
Velocity Measurements

The blood flow velocitics measured with the ZC de-
tector were significantly lower than the maximal FFT
velocities (16212 vs. 29*18 cny's, p < .001). No sig-
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Fig. 2. Example of flow veloclty measurement with the FFT analysis system used at the Tho-
raxcenter, The upper tracing (BASELINE) shows the spectral analysis of 10 s of Doppier flow
velocity recording in the left anterlor ¢escending artery In basal conditlons. The lower lines
Indicate the actomatically calculated maximal flow velocity (Vmax) and mean flow veloclty
(Vmean), In the lower tracing (PAPAVERINE) the biood flow veloclty increase 30 s after intra-
ceronary injection of 12,5 mg of papavering is shewn In the same patient and with the same
catheter position.

nificant differences were observed between ZC and
mean FFT flow velocity measurements (1612 wvs,
15£9 cm/s, NS).

In Figure 3 lincar regression analysis was used to com-
pare ZC flow velocity measurermnents with the corre-
sponding maximal (A) and mean (B) FFT flow velocity
measurements. As evident from the comparison in Fig-
ure 3A of the three regression lines with the line of
identity (slope of the regression line for the three series of
measurement = 0.55), the blood flow velocity measure-
ments obtained with ZC, a technique based on the aver-
aging of the Doppler signal, were lower than the maxi-
mal FFT coronary blood flow velocities. The overall
regression coefficient for the three serics of measure-
ments was 0.80. A better correlation was observed when

ZC and mean FFT measurements were compared (Fig.
3B), with a slope of the cumulative regression line of
1.06 and an r value of 0.89.

In Figure 4 the signed percen: differences of the cor-
responding ZC and FFT measurements are plotted
against their mean value. As predicted from the principle
of analysis of the ZC detector. negative differences were
observed in the comparison with the maximal FFT blood
flow velocity (mean —58%) while the mean difference
with the mean FFT flow velocity mcasurements was
—4%. With both techniques, however, a large scattering
of the signed differences was observed (sd of the ZC/FFT
difference= =11 and =5 cm/s for maximal and mean
FFT velocities. equal to 37% of the mean of the
ZC+FFT flow veloeity measurements in both cases).
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Fig. 3. Linear regresslon analysis of the 43 palred flow velocity measurements obtained with
a ZC detector (y-axls) and the FFT technique (x-axis., Imal (MAX) FFT flow velocity In A,
mean FFT flow velocity in B). The open boxes, triangies, and clrcles indicate the recordings in
basal conditions, 30 s atter Intracoronary papavetine infusion (PAPAV.) and across the stenosis
(STENOS,), respectively. For each set of the reg ion equation and coetflcient
are reported and the regression line is drawn (basal: lower line; papaverine: intermedIate line;
stenosis: upper line). The line of identity is also drawn for comparison,
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Flg. 4. Comparison of the FFT maximal (MAX, A) and mean (B) uous line Indicates the mean diffarence and the dashed lines
flow velocities with the corresp ing ZC meast The the standard deviation of the difference. Note the underestima-
mean af the FFT maximal/moan flow velocity measurement and  tion of the maximal FFT velogities and the large scattering of the
the ZC flow velocity measurement is plotted on the x-axis. On  data-points (SO= =37% for both maxlmal and mean FFT velog-
the y-axis the signed difference between ZC and FFT paired  Itfes) over the wide range of explored velocities and in condi-
measurements s piotted after normalization for the corre-  tions of basal and hyperernlc flow as well as in the recordings
sponding value on the x-axls {percent value). The thick contin-  across the stenosis.

Comparison of ZC vs. FFT Analysis: Coronary ments (3.243.1 vs. 2.4+1.4 and 3.2x3.1 vs. 2.3%1.4
Flow Reserve for maximaj and mean FFT CFR measurements, respee-

Higher values of CFR were calculated from the ZC  tively). Both differences. however, were not statistically
flow velocity measurements than from the FFT measure-  significant.
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Flg. 5. Comparison of the CFRs caleulated from the maximal (MAX, A} and mean (B) flow
velocities with the corresponding ZC CFR velues. The mean of the FFT maximal/mean flow
velocity messurement and the ZC flow velocity measuwmant is plotted on the x-axis. On the

ra.xls the difference between ZC and FFT corr

tor the corresp

P ls displayed after

g value on the x-axis. The thick continuous line indicates the

mean difference and the dashed lines the standard devlatlon of the difference,

When the difference of CFR calculated with the two
techniques is plotted against the mean of the two values
(Fig. 5). the presence of a large scattering of the values
is evident (SD of the difference between ZC and FFT
CFR measurements = £1.3 {+32%) and =1.2 (£37%)
for maximal and mean FFT CFR measurements, respec-
tvely).

Maximal Vs. Mean Fast Fourier Transform
Flow Velocities

The mean FFT flow velocity was obviously smaller
than the maximal FFT flow velocity (15=9 vs. 29+18
em/s, p < 01).

In Figure 6A linear regression analysis shows that the
relation between the paired mean and maximal FFT mea-
surements in basal and hyperemic conditions was defined
by a regression equatien with an intercept almost equal to
0 and a slope close 10 0.5.

Similar values of CFR were calculated from maximal
and mean FFT flow velocity measurements (2.4 1.4 vs.
2.3x1.4, NS).

As evident from the linear regression analysis of these
dara (Fig. 6B). maximal and mean FFT CFR values were
highly correlated (r= 0.95), with a regression line al-
most superimposed to the line of identiry.

DISCUSSION

The usefulness of the FFT analysis in the evaluation of
intravascular Doppler signals is supported by previous in

vitro and animal experience. Tadacka et al. [11]. using a
straight tube perfused with continuous flow, observed
that the ZC derector underestimated the tue flow veloe-
ities, which were comrectly measured with the FFT anal-
ysis. The ZC technique, however, seemed to be suffi-
ciently relizble for the evaluation of relarve flow
velocity changes. Kajiya et al, (12] have reported that the
flow velocity measured with a ZC detector 15 consis-
tently different from the mean flow velocity detected
with the FFT method in stenotic canine femoral arteries.
In a canine model of adjustable coronary flow, Yock et
al, [13] reported that the absolute flow measured with an
electromagnetic flowmeter could be successfully esti-
mated using the maximal velocities measured with the
FFT but was poorly correlated to the flow wvelocities
measured with a ZC detector. The same group in a sep-
arate experiment used stenosis phantoms of known di-
ameter placed in canine coronary arteries and reported
that the maximal FFT velocity proximal and across the
stenosis gave the best estimate of the wue cross-sectional
area of the stenosis based on the continuity equation
{14]. On the contrary, the comresponding flow velocities
measured with a conventional ZC detector were poorly
correlated with the cross-sectional areas where the sam-
ple volume was located. Tanouchi et al. [15] reported
thar the flow velocity measured in the left anterior de-
scending coronary artery with the FFT spectral analysis
correlated well with those estimated by electromagnetic
flowmeter ¢y = .88x + 9.7, r = .93), whereas the
velocities measured with a ZC detector significantly urn-
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Fig. 6. A: Linear regression analysis of the mean FFT {y-axls) vs. maximal FFT (x-axis) flow
vefoclty measurements, Symbols as in Figure 3, B: Linear regression analysis of the CFR
calcuiated from the mean FFT (y-axis) and the maximal {(MAX, X-axis) fiow velocity measure-
ments. The regression fine (continucus line) is almost superimpesed to the line of identity

{dashed Hne).

derestimated those by clectromagnetic flowmeter (y =
.23x 4+ 1.6, 1 = .82), Our study confirms that the agree-
ment between ZC and FFT flow velocity measurements
is too poor to allow the usc of these techniques inter-
changeably for the analysis of the coronary signal. In
principle ZC is an adequate technique for the assessment
of a Jaminar flow containing only scatterers of the same
velocity. In most of our FFT tracings. however, broad
veloeity spectra were recorded suggesting that the sam-
ple volume, despite the relatively small dimensions (lon-
giudinal depth of the three-dimensional volume of 0.46
mm}. included various blood (low lamina within the ve-
locity profile of the vessel. Furthermore, the sample vol-
ume should be considered not as a spatiaily well demar-
cated region cutside which no signal is received from the
ultrasound transducer but rather as the arca of greatest
sensitivity [1].

Although a high pass filter was used in all cases, the
Doppler signal was often disturbed by the presence of
Tow velocity/high intensity signals induced by the move-
ment of the coronary wall, a condition that further in-
creases the complexity of the recorded Deppler signal.
Experienced users of the ZC detector can adjust the po-
sition of the probe in order to improve the quality of the
Doppler signal based on the careful evaluation of the
audio feedback and the absenee of **spiking™ in the re-
cording. With the use of spectral analysis the wall
thumps are clearly distinguished from the flow velocity
signal and their presence does not influence the measure-
ments of maximal flow velocity. The ZC tracing, on the
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contrary, does not directly display these non-flow related
signals which arc averaged with the blood flow signal
resulting in a misinterpretation of the true flow velocity.

The presence of disturbed flow or turbulence is a con-
dition known to greatly impair the accuracy of the ZC
detector, as shown by previously reported animal expe-
riences [12]. In this study the scattening of the differ-
ences between corresponding ZC and FFT measurcments
was similar for the signals acquired across the stenosis
and in the proximal artery probably because the Doppler
system that we used was unable to record the true trans-
stenotic maximal velocity. The relatively large dimen-
sions of the catheter in comparison with the stenosis
diameter induced partial or complete obstruction to flow
and the high frequency and the pulse repetition rate of the
system precluded a reliable measurement of flow veloe-
ities > 120 er/s, The commesponding phasic ZC racings
(Fig. 1) showed ro clear changes warning that frequency
aliasing had occurred. inducing a falsely iow flow ve-
locity measurement.

An argument used to justify the use of the ZC detector
is that intracoronary Doppler is a technique already con-
fined to the assessment of relative fiow velocity changes.
for instance to study the effects of acute infusions of
drugs or of coronary interventions. because of its well-
known limitations for the measurement of absolute flow
velocities (malalignment of the catheter with the maxi-
mal flow velocity, inclusion of a limited area of the
velocity profile in the sample volume, presence of non-
flow related disturbing signals) [16,17). Our findings,



Fig. 7. Arlist’s representation of the effects of a change of the
position of the sample volume (dashed square) across the same
parabelic flow profile. A farge difference Is present in the cal-
culated mean velocity while no changes are observed when the

Imal velogity is d.t = time; v = veloclty.

however. do not corroborate the applicability of a ZC
detector even for this simple purpose. As previously re-
ported, Tadaoka et al, [11] found ZC relizble for the
assessment of relative flow changes. The in vitro condi-
tions of the study. in the presence of a continuous flow
and of a stable catheter position, are very different from
the more ¢omplex in vivo coronary application. In this
later situation the rough averaging process performed by
the ZC detector is less likely to be linearly correlated to
the true blood flow velocity changes.

The maximal blood flow velocity is detectable only
using techniques of spectral analysis. The Jower flow
velocity measurements obtained with ZC are a2 predict-
able result because this technique measures 2 mean of all
the Doppler shifts at a certain time. The use of the max-
imal flow velocity, however, gives substantial acvan-
tages over the Doppler measurements based on signal
averaging. including the spectral mean velocity [18].
The average of the flow velocity signal can be modified
by the presence of noisc or artifacts that frequently oceur
during the acquisition of intracoronary Doppler record-
ings due to coronary wall motion and insufficient in-
sulation of the Doppler catheter. The maximal velocity is
less influenced by the presence of noise. The use of the
maximal veloeity, moreover, can partially obviate one of
the most important limitations of intracoronary Doppler.
the cxtreme space-dependency of the technique. As
shown in Figure 7 changes of the position of the catheter
in the vessel and, consequently. of the sample volume
across the flow velocity profile can largely modify the
measured mean velocity. The maximal velocity, how-
ever. does not change as long as the centerline of max-
imal flow is included in the sample volume. Angther
disadvantage of the use of averaged Doppler measure-
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ments is the differeat echogenicity in the flow velocity
profile induced by the presence of varying conditions of
erytrocyle aggregation according to the varying shear
rate [19]. In our study when the mean velocity was mea-
sured using the FFT analysis. at lcast for the measure-
ment obtained in the proximal coronary segment, the
values were almost half of the corresponding maximal
velocity values. This proportion corresponds to the the-
oretical estimate of the maximal/mezn flow velocity ratio
in vessels with a fully developed velocity profile.

In this study no amempts were performed to correlate
the Doppler flow velocity measurements with an inde-
pendent method of measurement of coronary flow. Ya-
magishi et al. [20] have recently reported that the relative
changes of coronary flow measured with coronary sinus
thermodilution were well correlated to the changes of the
measured diastolic Doppler flow velocitics measured
with an FFT spectral analyzer.

CONCLUSIONS

The results of the analysis of intracoronary Doppler
signals recorded in various conditions of flow with a
conventional ZC detector and the FFT technigue of spec-
tral analysis showed a poor agreement between the two
techniques. even in the assessment of relative flow ve-
iocity changes. Based on these findings and on the well-
known principles of operation of the two techniques, we
suggest that spectral analysis should replace the current
use of ZC detectors for the analysis of intracoronary
Doppler tracings because of its unique capability to de-
tect the maximal flow velocity and more accurately mea-
sure mean flow velocity and of the casier deteetion of
frequency aliasing. wall motion artifacts, and other noise
components precluding a meaningful interpretation of
the Doppler recording or requiring a readjustment of the
probe position.
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Maximal Blood Flow Velocily in Severe Coronary
Stenoses Measured with a Doppler Guidewire

LIMITATIONS FOR THE APPLICATION OF THE CONTINUITY
EQUATION IN THE ASSESSMENT OF STENOSIS SEVERITY

Carlo Di Mario, mb, Nicolas Meneveau, mp, Robert Gil, mp, Peter de Jaegere, MD,
Pim J. de Feyter, mp, pho, Cornelis J, Siager, php, Jos R. T. C. Roelandt, mz, PhD,
and Patrick W. Serruys, MD, PhD

in vitro and animal experiments have shown that
the severity of coronary steneses can be as-
sessed using the continuity equation if the maxi-
mzi blood flow velocity of the sterotic et is mea-
suredd The large diameter and the fow range of
velocities measurable withowt frequency aliasing
with the conventional intracoronary Doppler cath-
eters preciuded the clinical application of this
method for hemodynamically significant coronary
stenoses in humans. This article reports the re-
sults obtained using a 12 Mz steerable angio-
plasty guidewire in a2 consecutive series of 52
patients undergoing percutaneonzs COTONary an-
gioplasty (61 coronary stenoses). The ratio be-
tween coronary flow velocity in a reference seg-
ment and in the stenosis was used to estimate
the percent cross-sectional area stenosis. A Dop-
pler recording suitable for quantization was ob-
tained In the stenctic segment in only 10 of 51
arteries (16%). The time-averaged peak velocily
increased from 15 + 5to 115 + 26 cin/sec from
the reference normal segment to the stencsis.
Wolumetric coronary flow calcuiated from the
product of mean fiow velocity and cross-secticnal
area was simiar in the stenosis and in the refer-
ence segment (332 = 14.9vs 335 = 17.0 ml/
min, respectively, difference not significant). The
percent cross-sectional area stenosis and mini-
mal lvminal cross-sectional area derived from the
Doppler velocity measurements using the conti-
nuity equation and calculated with guastitative
angiography were also simiar (Doppler, 86.7 *
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5.1% and 1.00 + 0.48 mny; quantitative angio-
graphy, 85.9 + 7.9% and 1.02 = 0.50 mm?). A sig-
nificant correlation was observed between Dop-
pler-derived and angiographic measurements
(percent cross-sectional areas r = 0.84, p <0.05;
minimal cross-sectional area: r = 0.69, p <0.05).
Although the percent cross-sectionat area steno-
sis and minimal cross-sectional area derived
from the Doppler measurements based on the
continuity equation were significantly correlated
with the comesponding quantitative angiographic
measurements, this determination could be
achieved in a minority of cases (16%), limiting the
practical application of this approach for the as-
sessment of coronary stenosis severity.

{Am J Cardiof 1993;71-54D-61D)

The principle of the continuity equation is
largely applied for the calculation of cardiac
valve areas from the integration of Doppler
flow velocity measurements and 2-dimensiopal
echocardiography.! Miniaturization of the Doppler
probes, tip-mounted on flexible catheters 1 mm in
diameter, has allowed the application of this equa-
tion for the assessment of the severity of coronary
artery stenoses.? In vitro studies in hydraulic mod-
els of coronary st¢aoses have shown an excellent
correlation between true cross-sectional area of
the stenosis and stenosis area calculated from the
ratio of the flow velocity in a normal segment and
in the stenosis.? Similar results were obtained also
in animal experiments® and, more recently, in
humans for the assessment of moderate coronary
stenoses (< 50% diameter stenosis).” The intracor-
onary Doppler catheters, however, cannot be used
in very severe coronary stenoses because their
relatively large diameter (1 mm) induces an almost
complete obstruction to flow when the catheter is



advanced into the stenosis. Adjustment of the
distance of the Doppler sample volume from the
catheter tip has been used to investigate the
stenotic jet without crossing the stemosis. This
technique. however, is applicable only for short
stenoses and induces an inaccurate estimation of
the velocity ratio if the change of position of the
Doppler sample volume is performed within the
area of flow distortion distal to the catheter tip (10
times the catheter diameter).® Further, frequency
aliasing precludes the recording of velocities higher
thar: 110 cm/sec because of the high frequency and
relatively low repetition rate of these systems, The
uitraminiaturized Doppler probes mounted at the
tip of a steerable angioplasty guidewire (0.018
ch) can be introduced through moderate steno-
ses without generally inducing a significant obstruc-
tion to flow. Further, the use of spectral analysis
and the lower frequency and higher repetition rate
of the Doppler guidewire system allow the record-
ing of velocities as high as 6 m/sec without fre-
quency aliasing.”

To assess the feasibility of the measurement of
maximal velocity in the stenosis with a Doppler
guidewire, velocity data were obtained in 52 consec-
utive patients during coronary angioplasty. The
accuracy of the relative measurements of cross-
sectional area reduction based on the ratio of the
velocity measurement in a normal arterial segment
and in the stenosis was also compared with the
corresponding quantitative angiographic measure-
ments.

METHODS

Study patients: The study group consisted of
52 consecutive patients (mean age 57 = 10 years,
43 men and © women) undergoing coronary bal-
loon angioplasty or other nonsurgical revasculariza-
tion procedures with the use of the Doppler
guidewire for the angioplasty. Arteries with com-
plete or functional occlusion (Thrombolysis in
Myocardial Infarction [TIMI] flow class 0-1) or
arterics with extreme tortuosity were cxcluded
from this study. In 9 patients the Doppler guidewire
was used in 2 arteries before dilation, so that a totat
of 61 arteries were studied. The Doppler guidewire
was successfully used o cross the coronary stenosis
in 58 arteries (95%). The study angioplasty artery
was the left anterior descending coronary artery in
36 cases (59%), the left circumflex in 7 (12%), the
right coronary artery in 13 {21%). and a saphenous
vein bypass graft in 5 (8%).

Catheterization procedure: After intravenous
administration of 10,000 IU of heparin and 250 mg

of acetylsalicylic acid, an 8 F guiding catheter was
advanced up to the coronary ostium. After isosor-
bide dinitrate (2-3 mg intracoronary), cineangio-
grams suitable for quantitative assessment were
obtained in 1-3 angiographic views,

The Doppler guidewire was advanced into the
artery 10 be dilated and a baseline flow velocity
recording was obtained in a straight angiographi-
cally normal or minimally discased segment of the
artery proximal or distal to the lesion. Care was
taken 10 avoid the presence of major side branches
between the site of the flow velocity measurement
and the stenosis. When prestenotic acceleration
and poststenotic deceleration of flow were identi-
fied, the guidewire position was readjusted. A new
angjogram was obtained with the Doppler guidewire
in place in order to locate the position of the
Doppler sample volume and measure the corre-
sponding cross-sectional area, When the guidewire
approached the stenosis. the probe was slowly
advanced and, if a high velocity signai was ob-
served, carefully rotated and/or moved in order to
optimize the Doppler recording. The duration of
these attempts before crossing the lesion ranged
between 30 and 560 sec (mean 140 sec).

Doppier guldewire and flow velocky measure-
ments: The Doppler angioplasty guidewire is a
0.018-in (diameter 0.46 mm}. 173-cm long, flexible
and steerable guidewire with a floppy distal end
mounting a 12 MHz piezoelectric transducer at the
tip? (Cardiometrics, Mountain View, CA). The
sample volume is positioned at a distance of 5.2
mm from the transducer. At this distance. the
sample volume has 2 width of approximately 2 mm
due to the divergent ultrasound beam so that a
large part of the flow velocity profite is included in
the sample volume also in case of cccentric posi-
tions of the Doppler guidewire. The pulse repeti-
tion frequency (17-96 kHz) varies with the velocity
range selected (50-600 cm/sec full scale) so that
flow velocities up to 6 m/sec can be recorded
without frequency aliasing (Figure 1). In order o
increase the reliability of the measurements, a
real-time fast Fourier transform algorithm is used
for the analysis of the Doppler signal¥® The flow
velocity measurements obtained with this system
have been validated in vitro and in an animal
model using simultancous clectromagnetic flow
measurements for comparison.” The Doppler sys-
tem calculates and displays on-line several spectral
variables, including the instantangous peak veloc-
ity and the time-averaged (mean of 2 beats} peak
velocity (APV). Mean biood flow velocity was
estimated 30% of the time-averaged peak velocity
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FIGURE L. Upperpane!' Doppler ﬂowvelocltyeadr:g proxi-

mad to a 70% [ area is of the leftan-
terior descending coronary artery (scale, 0—200 cm/sec).
Middie panei: when the Doppler probe is ady t into
the stenosis, the fiow velocity shows a isrge increase of
the average peal velodtyand especlally ofthe systolic
flow velocity il
e valocity ratio from L9 to i1 swle. 0--400 emfsec)
Lower panel: a further increase is observed after contrast-
Hnduced hyperemia. Note the perfectly definod Dopplor
despite the pr ofﬂowveloc!ﬂesdfs.S
m/sac (smla 6450 cm/sec). APV = time-averaged peal
ﬂuwvelodty {em/sec); DSVR = raﬂo of the tlme-avercxgod
i flow rits; NPV
maximat pcakvelodty (em/sec). All these measuremonts
wore actomatically performed after spectral analysls of
the Doppier signal (FloMap, Cardlometrics).

(APV), assuming & fully developed velocity pro-
file.*'® Coronary flow (CoBF) was calculated from
the corresponding mean blood flow velocity and
cross-scctional area (CSA) as:

CoBF (mL/min)
APV
= 0.6 x CSA (mm®} x — (em/sec)

whete 0.6 is the conversion factor for mm?/cm® and
min/sec (Figures 2 and 3). The Doppler-derived
percent cross-sectional area stenosis (CSAg) is
calculated from the following:

BCSAg, = (1 — APV /APVs) X 100

where APVg, is the reference APV and APV, is
the stenosis APV. Absolute minimal cross-sec-
tional area (MICSA) of the stenosis was calculated
as:

Doppler MICSA = CSAg,s X APV /APVg,

with the reference cross-sectional area (CSAg.r)
measured with quantitative angiography from the
corresponding diameter at the site of the Doppler
sample volume assuming a circular cross-section, !t

Quantitative angiographic measurements:
The guiding catheter, flmed without contrast me-
dium. was used as a scaling device.l2 A previously
vahdated on-iine analysis system operating on
digital images™ (ACA-DCI; Philips. Eindhoven,
The Netherlands) and a cine-film based off-line
system™ (CAAS System: Pie Medical Data, Maas-
tricht, The Netherlands) were used. After auto-
matic detection of the vessel centerline, a weighted
first and second derivative function with predeter-
mined continuity constraints was applied to the
brightness profile on each scan line perpendicular
to the vessel centerline to determine the contours
of the lumen.!! From the measured minimal lumi-
nal diameter (MLD), the minimal luminal cross-
secticnal area was calculated assuming a circular
cross-section {average of the measurements in the
8 patients in whom multiple views were acquired).
Percent cross-sectional arca stenosis was calcu-
lated using the cross-sectional arca at the site of
the Doppler measurement as reference using the
following formula:

%CSAST his (1 - CSASI/CSARcf) x 100
Siatistical analysis: A two-tailed paired Stu-
dent’s ¢ test was used to compare the differcnce
between the coronary flow calcuiated in the steno-

sis and in the reference segment and between the
Doppler-derived and the angiographic percent
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FIGURE 2. Uppor panals:
magnified digital anglogram of
the middie segment of a rlght cor-
onary artery with & severe coro.
nary st ks A, ¢ at
the slite of the Roppler sample
volume, distal to the stenosls; €,

Bl dE {Prilps
DCI-ACA analysis package).
Lower panels: flow velocity re-
cordings distal to the stenosis (B}
and In the stenosis (D), Note the
Large velocity increase (maximal
velectty of 210 com/sec). APV =
average peak velocity; CSA=
cross-sectional area (mm). Note
that the scale Is changed from
$~50 cm/sec in B to 0320 cm/
sec In D for Jet analysis,

cross-sectional area stenosis and minimal luminal  phy with the corresponding valucs derived from the
cross-scetional arez stenosis. Linear regression  Doppler flow velocity measurements. The differ-
analysis was used to compare percent cross- ence between Doppler-derived and measured ste-
sectional area stenosis and minimal luminal cross- nosis minimal luminal cross-sectional area was
scctional area measured with quantitative angiogra-  plotted versus the stenosis minimal luminal eross-

FIGURE 3. A, C, magnified digital
anglogram of a saphencus veln
bypass graft with a severe proxi-
el s Is (S2% zrea st Es),
B, D, corresponding Doppler flow
velocity tracings and antomatic
meastrements of & severe proxl-
mzl stenosis and of the site of
the flow velocky measurement in
the reference segment (in this
particutar example, necessarlty
distal to the very proximal stono-
sls). Note that the scale is
changed from (—30 to 0320 cm/
sac for jot anatysls.

APV 8.8 om)
ELOW ™ 28 mi/
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TABLE 1 Detection of High Transstenctic Flow Velocities In the —I r FLOW

HR{91/1,838) l0.90 9 28 1.00 86 26

Wh(92/1,132) 629 11 21 066 118 24
Mv{92/1,0685) 7.06 11 23 459 137 24
$M (92/822) 506 12 18 450 130 19
GF(S1/1,860) 610 18 33 .75 140 32
RA(92/1,792) 875 18 47 2.06 90 56
GF(92/1,504) 477 21 30 1.46 142 62
Mean 764 15 335 100 115 33.2
*8D 2.47 5 17.0 048 26 149

BFV = blood How velocity; CSA = ergss-sectional aroa,

sectional area according to the method proposed
by Bland and Altman.’* Statistical significance was
defined as p <0.05. All data were expressed as
mean = SD.

RESULTS

The minimai luminal diameter of the 61 studied
arteries was 1.07 = 032 mm (percent diameter
stenosis 62 = 6.8%). A Doppler signal could be
obtained in the stenosis in 17 arteries (28%). In
only 10 cases (16%), however, was the quality of
the Doppler recording satisfactory to allow the
measurement of the time-averaged peak velocity
(Table I). The flow velocity and the ¢ross-sectional
arca measurements in the reference segment and
in the stenosis are reported in Table II for the 10
arteries in which recordings suitable for quantita-
tive analysis were obtained. The time-averaged
peak velocity increased from 15+ 35 to 113 £ 26
¢m/sec from the reference normal segment to the
stenosis. An inverse change was observed in the
corresponding  angiographically measured cross-
scctional areas (7.75 % 2.55 vs 1.05 = 0.61 mm? for
the reference and stenosis areas, respectively).
Consequently, the coronary flow in the stenosis
and in the reference segment showed no significant

Study Population {ml/min)
Examined Vessel LAD  LCX RCA SVBG Toml 704
Vessels examined (n) 36 7 13 5 61 .
Detection of velocity In- 8 2 4 3 17 80433.5 33,2
crease In the stenos:s (22%) (29%) (31%) (60%) (28%) +£17.0 +14.9
Doppler recordings suitable 4 1 3 2 1o 501 - T
for quantlzatton (11%) (14%) (23%) (20%) (15Y%
= lef} anterlor doscendings LCX = fett clrcumiless RCA = right coronary artery: 40
SYRG = saphenrous veln bypass graft
=
30 7 =
v —
TABLETI Flow Velocity and Cross-Sectlonal Area 20 R ——-
Measurements and Estimated Coronary Blood Fiow in a i
Refe Ny | it and | j -
rence Normal Segment and In the Stenosis 10 NON-STENOTIS STENOSIS
Reference Stenosts
FIGURE 4. Diagram lllustrating the individual measure-
CSA  BFY Flow CSA  BFV Flow ments of coronary flow from the Boppler flow velocity and
Pattents mm?  omisec mL/min mm? cm/sec mb/min anglographic cross-sectional area measurements ina
CE2/2751 1210 2t 76 087 138 40 e reforence segmont and in the stenosis.
KD (92/239) 9.10 9 25 075 %0 20 ; .
ME©2/339) 630 18 34 127 77 289 difference (33.2 = 149 vs 33.5 = 17.0 mL/min.

respectively, Table II). Figure 4 illustrates the
individual differences between coronary flow caleu-
lated from Doppler velocity and cross-sectional
arca mcasurements in the stenosis and in the
reference segment.

The percent reduction of cross-sectional area
calculated from the quantitative angiographic
measurements and from the Doppler flow veloc-
ity measurements is plotted in Figure 5. The
Doppler-derived percent cross-sectional arca steno-
sis showed a significant correlation with the
angiographic percent cross-sectiomal area sten-
osis (86.7 = 5.1vs 859 = 7.9%;r = 0.64,p <0.03).
Similar minimal luminal cross-sectional areas
weTe caiculated from the stenotic velocity ratio and
from quantitative angiography (mean difference,
0.0-0.005 + 0.37 mm?, difference not significant;
Figure 6).

%CSA STEN. DOPPLER
100 Do

901

y= 0.42x + 51

80
° r=064
701 p< 0.05
. n=10
80 = ‘ ‘ 1
60 70 90 100

80

%C8A STEN. QCA
FGURES. I.Imarregresslon armlysisofthe pementauss—
sectional area st
quanﬂ‘laﬂve angography and derived from the Doppler
= cross-sectional area
(mm’) QCA = quanumwe coronary anglography; STEN, =
stenosis,
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DESCUSSION

Application of the conlinuity equation in the
assessment of stenosis severity: These results
demenstrate the ability of intracoronary Doppler
to obtain accurate flow velocity data in the normal
segment of the artery and, in conjunction, to
measure higher jet velocity within a severe stenosis.
In the first study consistently applying the principle
of the continuity of flow in the human coronary

circulation, Nakatami et als used 20 MHz Doppler -

catheters with a pulse repetition frequency of 62.5
kHz. With this systemn. unfortunately, flow veloci-
ties > 115 cm/sec were not recorded because of the
development of frequency aliasing. As a result of
this technical limitation, all the flow velocity mea-
surements were obtained only in mild-to-moderate
coronary stenosis, with a percent cross-sectional
arca reduction <75% (diameter stenosis <50%%).

In the current study, paticnts with significant
coronary stenoses undergoing coronary balloon
angioplasty werc studied. The use of steerable
Doppler guidewires with smaller diameter and
cross-sectional area (0.17 mm?). larger sample
volume, lower carrier frequency (12 MHz), and
higher pulse repetition rate (up to 96 kHz) allowed
the recording of higher jet velocities within severe
coronary stenoses. With these Doppler probes the
continuity equation can be applied also in severely
stenotic coronary arteries, providing a measure-
ment of percent cross-scctional arca reduction
independent of angiography.

This approach, however, has practical and theo-
retical limitations. The first problem is the choice
of the reference “normal” segment. Epicardial and
intravascular ultrasound has confirmed pathologic
findings showing that diffuse or focal intimal thack-
ening is present in angiographically normal arterial
segments.'®7 An abnormally high flow velocity
measurement s obtained in a segment already
narrowed by atherosclerotic wall encroachment. In
this case, the percent cross-sectional area stenosis
calculated from the velocity measurements will
underestimate the true hemodynamic severity of
the stenosis. The hemodynamic significance of a
coronary stenosis is influenced by all the elements
defining lesion geometry, including length of the
narrowed segment and inflow—outflow angles. The
stenotic velocity ratio, however, can calculate only
the percent reduction in cross-scctional area.

An additional problem with the usc of the
continuity equation is the interposition of major
side branches between the site of the measurement
and the stenosis. In particular, experience obtained

mm2 1 S
MEAN= 0.005
.5+ 8h= «/-0.37
c o ©
o 5y
OV 2
~0.51
o
c=1 : -
0 0.5 1 1.5 2 2.5
CROSS-SECTIONAL AREA CGCA (mm2)
FIGURE 6. The Jif bety infimal inminal cross-

sectionat area calculated from the Doppler measuroe-
ments and from quantitative anglography Is plotted
against the anglog

area. CSA = minimal luminal cross-sectional arga (mm3);
QCA = quantitative coronary anglography.

with the Doppler guidewire in intermediate steno-
scs has shown that io branching arteries the ratio
between the flow velocity recorded proximal and
distal to a stenosis can be used as an indirect index
of stenosis severity.!$ In the presence of severe
stenoscs, the flow will be preferentially directed to
the prestenotic branches so that high proximal-to-
distal flow velocity ratios will be obtained. Proximal
flow velocity was used when possible, assuming
minimal redistribution by intervening branches
and avoiding the segment of proximal lesion accel-
eration in the zone of convergence. In practice,
however, we were forced to record the reference
flow velocity in a segment distal to the stenosis in 7
of cur 10 cascs, possibly inducing a further obstruc-
tion to flow due to the guidewire.?

A more important limitation is related to the
mecasurement of the flow velocity in the stenesis.
The comparison of the time-averaged peak flow
velocities In the stenosis and in the reference
segment is based on the assumption that maximal
and mean velocities are linked by a fixed ratio in
the presence of a fully developed parabolic flow
velocity profile (2:1 for a perfect Newtonian fluid).
In the presence of abrupt changes of vascular
diameter, however, a vascular segment several
times longer than the vascular diameter 1s required
to obtain a fully developed parabolic profile, as
predicted from classic models and confirmed exper-
imentally.'® It is obvious, therefore, that for a short
stenosis the use of the maximal velocity will lead to
a predictable underestimation of the percent ¢ross-
scctional area stenosis. A possible alternative is the
dircet measurement of the mean flow velocity from
the Doppler spectrum, This measurement, how-
ever, is unreliable because of the unavoidable
presence of nonflow-related signals (wall thumps,

A SYMPOSIUM: DOPPLER FLOW VELOCITY 589D
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artifacts), the inability to inciude the entire velocity
profile of the artery in the sample volume, and the
different signal intensity induced by the higher
density of scatterers in the central flow lamina 202!

Despite all these theoretical limitations, in our
experience the percent cross-sectional area steno-
sis measured with quantitative angiography and
cstimated from the ratio of stenosis/reference
velocity showed a significant correlation, with closer
values being obtained in the most severe coronary
stenoses. The accuracy of the Doppler-derived
measurements in these cases cannot obscure the
fact that Doppler recordings suitable for quantiza-
tion were obtained within the stenosis only in a
mincrity of the study population. The inability to
record the flow velocity in severe stenoses is the
most important practical limitation to the applica-
bility of the continuity equation from Doppler
measurements obtained with guidewire-type intra-
coronary probes. The failure to record the Intraste-
notic velocities is in contrast with the high acquisi-
tion rate of adequate Doppler signals in normal or
near-normal arterial segments, proximal or distal
to the lesion.

Yuan and Shung® have shown that the ultra-
sonic backscatter from flowing whole blood is
dependent on the shear rate. The ultrasonic back-
scatter of porcine whole blood measured at a shear
rate of 22 sec™! was 15 dB lower than the ultrasonic
backscatter measured at a shear rate of 2 sec”!,
probably as a consequence of a reduced rouleaux
formation. In the stenoses evaluated in this study 2
much higher shear rate can be expected: a shear
rate of 2,600 sec™! can be estimated in the presence
of a peak veiocity of 100 cm/sec in a lumen of 1
mm. Consequently, the amount of intact rouleax in
the stenosis ¢an be minimal and explain the re-
duced echointensity of the stenotic jet. An alterna-
tive possible explanation of this difference is the
greater difficulty in orientating the Doppler sample
volume in the narrowed tapering segment immedi-
ately proximal to the lesion and the very small
dimension of the stenotic jet in comparison Lo the
Daoppler sample volume, leading to an unfavorable
signal-to-noise ratio. A more extensive manipula-
tion of the Doppler guidewire in front of the
stenotic lesion, reshaping the distal end of the
guidewire if necessary, might have resulted in a
higher success rate in the acquisition of high-
velocity signals in the stenosis. The potential risk to
induce flow-limiting intima] lesions while the ac-
cess to the distal vessel has not been secured makes
this approach hazardous and of limited clinical
applicability. The low success rate obtained in the

agsessment of flow velocity within the stenosis in
patients undergoing coronary angioplasty cannot
be extrapolated to the assessment of less severe
stenoses. The clinical appiicability of the use of
flow velocity measurements obtained with a Dop-
pler guidewire in moderate or intermediate coro-
nary stenoses as well as after coronary inierven-
tions remains to be tested.

Additional application of intracoronary Dop-
pler flow velocity for the assessmont of steno-
sis severity: Other indices than the coronary flow
reserve and the intrastenotic/normal segment ve-
locity ratio can be obtained from the measure-
ments of flow velocity distal to the sienosis. An
abnormal phasic flow velocity pattern recorded
during individual cardiac cycles and. in particular,
a low diastolic-to-systolic velocity ratic has been
proposed as an index of stenosis severity that can
be easily obtained in almost all the cases using the
Doppler guidewire,’5224 In zddition, in severely
stenotic arteries the velocity in the proxamal seg-
ment is much higher than the distal velocity,
because of preferential flow toward the prestenotic
branches of lower resistance, The presence of a
high proximal-to-distal velocity ratio appears to
differcntiate arteries with flow-limiting stenoses
from normal arteries.” More sophisticated indices,
based on the instantancous hyperemic diastolic
pressure—flow velocity relation and implemented
in animal experimental laboratories™ can be
applied in the catheterization laboratory with this
intracoronary Doppler guidewire technology.” Fur-
ther, the combined simultancous assessment of the
transstenotic pressure gradient and flow velocity
using Doppler and pressure microsensors with
guidewire technology provides all the elements
required for a complete hemodynamic characteriza-
tion of the stenosis severity.

CONCLUSION

The measurenent of blood flow velocity in the
stenotic jet in patients with severe coronary steno-
ses is possible with ultraminiaturized Doppler
probes tip-mounted on angioplasty guidewires.
High-quality Doppler recordings, suitable for quan-
tization, can be obtained only in a small subset of
the studied vessels. When measurable, however,
the percent cross-sectional area stenosis derived
from the stenosis velocity shows a significant corre-
lation with the angiographic percent cross-sec-
tional area stenosis. In summary, although accu-
rate for quantification of lesion significance, use of
the continuity equation employing intrastenotic jet
velocity recordings is difficult and impractical for
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clinical application even when using flow velocity
spectra obtained with a Doppler guidewire.

Ackmowiedgmernt: The contribution to the ac-
quisition of the data of the medieal, technical, and
nursing staff of the Catheterization Laboratory,
Thoraxcenter, Dijkzigt University Hospital, is grate-
fully acknowledged.

REFERENCES

- Hatle L, Angelscn B. Pulsed andd continucus wave Doppler in disgnosis and
assessment of various heart lesions. tn: Hate L, Anpelsen B. cds. Doppler
ulrasovnd in cardiology. Philadelphiz: Lea & Febiger, 198597282

2. Sibkey DL Millar HD, Hartley C1. Whitlow PL. Subsclective meisurement
of coronary blood fow velodty using a steeruble Doppler catheter. J Am Colf
Cardiol 1986;8:1332-1340.

3. Blasint R, Schad H, Hutd §, Mendler N, Blomer H. Intracoreninsy Doppler
cotheter: d ination of the cross-sectionol area of coromury arlery stenoses
by improved frequency analysis, {Abstr.) Eur Heart J 199213362,

4. Johnson EL, Yock PO, Hargrave VK, Monubens SM. Scitz W, Ports TA
Assesstent of severity of coronary stendses using a Doppler entheter, Valida-
tion of a method based on the continuity equation. Circulation 199%EkG25-615.
& Nakatami S, Yamagishi M, Tamai J. Taknd H, Hoze K, Miatake K
Quimtitative assessment of coronary anery stenosis by introvascular Doppler
cntheter technique. Cirewdotion 199285:1786-1791.

8. Tadaoka S, Kagivammo M. Hiramatsu Q. Accurscy of 20 MHz Doppler
catheter coronary artery velocimetry fer measurement of coronary blood flow
velocily, Cather Cardiovase Diggn 1990:19205-213.

7. Doucente TW, Corl PD, Payne HM, Flynn AE, Goto M, Nassi M, Segl 1.
Validation of u Doppler guidewire for intravascular measurement of coronary
antery fiow velodty. Ciraulation 199285:1895-1311,

8. D Mario C, Roclundt JRTC. de Jaegere P, Linker DT, Qomen J, Serruys
Pw. Limitations of the zere-rossing detector in the anadysis of intracoronary
Doppler. A comparison with fast Fourier analysis of basul, hyperemic and
trnskicnotic blood flow velocity mensurements in poticnts with corofiary artery
discase. Cather Candiovase Diagn 19952T.28:56-64.

9. D Mario C, de Feyter PJ, Stuger O3, de Jaegere P, Roclandt JRTC, Serruys
PW. Intrncoronary blood flow velocity and transstenotic pressure gradient using
sensor-tip pressure gnd Doppler guidewires, Cathet Cardiovese Diagn 199328:
(in press).

10, Caro CG, Pedlcy TJ, Schroer RC, Scod WAL The mechanics of the
circulstion. Ondord: Oxford University Press, 197853,

12, Refber JHC, Scrruys PW, Kogjman CJ. Wiins W, Slager CJ, Gerbrands 11,
Schumblers JCH. den Boer A, Hugenholtz PG. Assessment of short-, medi-
um-, ind long-term variations in arterinl dimensions from computer-asinted
quantization of coronary cincungiograms. Cirowdution 1985:71:280-288.

1. Di Mario C, Hermans WRM, Rensing B, Serruys PW. Calibrution using

angiographic cathcters as sealing devices, Importnce of filming the ctheters
not filled with contrast medium. Am J Cardiol 1992:6%1377-1378.

A3, Haase J. Di Murio C, Sluger {3, van der Giessen WJ, den Boer A, de
Fevier PJ, Reiber JHC, Verdouw P, Sermuzys PW, In-vivo validation of online
=nd off-line peometric corotury Meisurcments using insertion of stenosis phin-
10ms in porcine coronury aneries, Cather Cardiovese Dingn 1992:27:16-27.

%4, Di Murio C, e J. den Boer A, Reiber JHC. Serruys PW. Vidcodensi-
tometry versus edge detection for the assewment of in vive intrucronury
phuntoms, Amr Heart J 1992:124:1181--1139.

15, Blnd JM. Almnen DG. Staristical methods for assessing agreement be-
tween two metheds of clinical measurement. Lancer 1986:11:307-310.

18, Nissen SE. Gurley JC, Grines CL, Booth DC, MeClure R, Berk M, Fiher
€, DeMania AN, Intravascular uk d of Jumen size and wall
morphology in normal subjects and potients with coronary artery discase.
Circriiation 1991:84:1087-1069.

17, $tGoar FG, Pinte FJ, Alderman EL- Fitzgerald PJ. Stadius ML, Popp RL.
be scular ultrasound of ang hically normal coronary asteries: an in-

vivo compurison with quantitative angiography. S Am Coll Cargiol 1991:18:952-
958,

18, Donohue T, Kern MY, Bach RG, Aguires F. Bell C, Wolford T, Penick
D. Transstenotic pressure-gradient-fow velocity relstionships in patients with
coronary antery disexse. Ciradation 199286:1-855.
19. De Bruyne B, Vanirimpont P, J, Demoor I, E ick
Influcnee of a PTCA wire on stenosis dynumics, Crrrdanion 1992,86:1-322,
20. BEvons DH, Schlindwein FS, Levene ML The relationshipy betwesn time
averaped intensity weighted menn velocity and time averaged maximum veloc-
ity in neonatal corcbral aneries. Ultrasound Med Biol 198%:15:429-435.
21 De Kroon MGM, Sloger CJ, Gussenhoven W), Sernys PW. Roelandt
JRTC. Bom N. Cyelic changes of blood echogenicity in high-frequency uitra-
sound. Uirasound Med Biof 1991;17:TX3-728.
22 Yuan YW, Shung KK, Uitrusonic backsentter from {lowing whote blood. 1:
Dependence on shear mte and hemutocTit £ Acoust Soc Am 1988:84:52-58,
23. Ofili E, Kern M, Tatineni §, Deligonul U, Aguirre F, Serots H. Labovitz
Al Dewetion of coronary collateral flow by o Doppler-tipped guide wirc
duning coronery angioplasty. 4m Hearr J 1931,222:221-225.
24, Segul J, Kern MI, Seott NA. King SB. Doucette JW, Heuser RR, Qiili E,
Siegel R. Alterations of phosic coronary artery flow veloaity in humans during
p QuS COTOnATY angiopl I Arri Coll Cardiol 199220:276-286.
28 Mancinl GBI, Cleary RM, DeBoc SF, Moore NB, Galtugher KP. Insumta-
ncous hyperemic flow-versus-pressure slope indess microsphere vadidation of an
alternative 1 measures of coronary rescrve. Cimulanon 1961:84:862-870,
26. Mancini GBJ, McGillem MJ, DeBoc SF, Gallagher KP. The dinstolic
hyperemic flow vemus pressure relotion: o new index of coronary Stenosix
severity and flow rescrve, Circulation 1989580:941-950.
27. Scrruys PW, Di Mario C, Meneveau N, de Jacgere P, Strikwerda S, de
Feyter PJ, Emanuclson H. Intracorcnary prewsucs and flow velodty from
sensor-tip guidewires. A now methodologienl comprehensive approach for the
of coronary hemod: before ond after coronary interventions.
Am J Cardicd 1993:71:41-53,

GR

A SYMPOSIUM: DOPPLER FLOW VELOCITY 61B

147






CHAPTER 10

INTRACORONARY BLOOD FLOW VELOCITY

AND TRANSSTENOTIC PRESSURE GRADIENT

USING SENSOR-TIP PRESSURE AND DOPPLER
GUIDEWIRES

A new technology for the assessment of stenosis severity
m the Catheterization Laboratory

Carlo Di Mario, M.D., Pim J. de Feyter, M.D., Ph.D., Cornelis J. Slager, Ph.D.,
Peter de Jaegere, M.D_, Ph.D., Jos R.T.C. Roelandt, M.D_, Ph.D,
Patrick W. Serruys, M.D., Ph.D.

From the Cardiac Catheterization Laboratory, Division of Cardiology,
Thoraxcenter, Erasmus University, Rotterdam

Reprinted from: Cathet Cardiovasc Diagn, 1993.

149



Catheterization and Cardiovascular Diagnosis 28:311-319 (1363)

Intracoronary Blood Flow Velocity and Transsienotic
Pressure Gradient Using Sensor-Tip Pressure and
Doppler Guidewires: A New Technology
for the Assessment of Stenosis Severity in the

Catheterization Laboratory

Cario Di Mario, MD, Pim J. de Feyter, MD, Cornelis J. Slager, PhD,

Peter de Jaegere, MD, Jos R.T.C. Roelandt, MD and Patrick W, Serruys, mp

In a patient undergoing percutanecus balloon angioplasty of a stenotlc proximat right
coronary artery the transstenotlc pressure gradient was measured using a 0.0187
guidewire with a distal optical microsensor. Blood flow velocity was measured proximal
to the stenosls using a 0.018" Doppler guldewire. Transstenotic pressure gradient and
blood flow velocity were measured In baseling conditions and after intracoronary injec-
tion of 125 myg of papavetine. Corenary biood flow was calculated from the measured
blood flow velocity and the corresponding cro: ional area. The ed pressure
gradients were compared with the values derived from the stenosis geometry assessed
with g fve coronary angiography (a d edge detection ts i two
orthegonat views, assuming an elliptical cross-sectional area).

The measured transstenotic pressure gracient was 15 mm Hg in baseilne condltions.
and 42 mm Hy at the peak effect of the papaverine Injection. A 50% flow velocity increase
was observed at peak hyperemla {time-averaged maximal fiow veloclty = 30 cm/s before
and 45 em/s after pap: ine). The otic pressure gradient caléulated from the
measured slenesis geometry was 20 mm Hg and 42 mm Hg in baseline and hyperemic
conditions, respectively.

The combined use of 3 pressure and a Doppler guidewive provides a complete as-

of the wtle pressure/coronary flow vetoelty relation at rest and after
pharmacologleaily induced hyperemla and allows the characterlization of stenosis hetto-
dynamics and funclional severity. = 1993 Wiley-Lias, Inc.

Key words: quantitative coronary angiography, coronary blood flow, Intravascular ui-

trasound

INTRODUCTION

A 58 year-old man was referred to our Hospital be-
cause of disabling effort angina and presence during a
maximal bicycle stress test of borizontal ST-segment de-
pression at 125 Walts in the infere-lateral leads despite 2
wilored maximal medical therapy. Selective coronary
angiography of the native coronary arteries showed a
severe proximal stenosis of the right coronary artery
without visible collateral circulation from the left coro-
nary artery which was free from sigmificant narrowings.
Left ventricular function was normal. An 8F soft-tip Jud-
kins guiding catheter was used to selectively cannulate
the right coronary artery. Two coronary angiograms
were performed after infracoronary injection of 3 mg of
isosorbide dintrate in a 30° RAQ view and 2 60° LAQ
view. The catheter was filmed not filled with contrast
medium in the same projections for calibration [1] and

© 1993 Wiley-Liss, Inc.
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cincangiography was performed at 25 frames/s with a 5"
field of view. A previously described and validared
[2—4] computer-assisted automatic guantitative coronary
angiographic analysis system (CAAS) was used for the
analysis of the selected end-diastolic cineframe using a
geometric technique (Fig. 1A.B). The automatic mea-
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Fig. 1. Biplane orthogonal cineanglograms (A: LAD, B: RAD} of a right coronary artery show-
ing the presence of a significant concentrle stenosis of the middle segment. The magnified
image has been digitized Inte a 512 x 512 pixel matrix corresponding to < 0.1 mm/pixed with the
5" field of view of the image intenslifier used. The diagram shows the measured diameter of the
oxamined segment after automatic contour detection and the filled white areas outside the
stenosis lumen represent the automatically reconstructed (interpolated technique) original lu-
men profile where the diameter of the reference segment is measured,

surement of the reference diameter was performed with
an. nterpolated technique and was used for the calcula-
tion of percent diameter and cross-sectional area (CSA)
stenosis. Based on the measured stenosis geometry the
hemodynamic parameters were calculated according to
Appendix A.

After intravenous injection of heparin 10,000 L.U. and
acetylsalicylic acid 250 mg a 12 MHz 0.018" (diameter =
0.46 mm) Doppler guidewire [5] (Cardiometrics, Moun-
tain View, CA, USA) was introduced into the proximal
right coronary artery and blood flow velocity (BFV) was
measured in the first segment of the right coronary artery
(arrow in Fig. 2A). No major side-branches were inter-
posed between Doppler measurement site and the steno-
sis. Cincangiography (LAO 60°, Fig. 2A) was repeated
with the Doppler guidewire in place in order 10 measure
the vascular diameter at the site of the Doppler sample
volume (5.2 mm distance from the guidewire tip). A
constant CSA was assumed throughout the procedure as
aresuit of the pretreatment with intracoronary nitrates (6.
From the time-averaged maximali BV, automatically ¢al-
culated for two consecutive beats from the spectral Dop-
pler envelope (Fig. 3), mean BFVY was caiculated as

deseribed in Appendix B. Coronary blood flow was then
calculated as the product of CSA at the site of the Doppler
measurement times mean BFV. A 0.018” (diameter 0,46
rar} guidewire with a fiber optic pressure microsensor 3
e from its tip (RadiMedical Systems, Uppsala, Sweden)
was calibrated immediately before insertion and subse-
quently introduced into the proximal right coronary artery
[7]. After recording of the proximal intracoronary pres-
sure for comparison with the measurements obained in
the same position through the guiding catheter (Fig. 2C)
the pressure guidewire was advanced across the stenosis
(Fig. 2B} and the transstenotic pressure pradient was
measured (Fig. 2. The signals received simuitancousty
from the control unit of the fiber optic pressure sensor and
from a Statham-Gould pressure transducer connected to
the guiding catheter were transmitted to a computer-as-
sisted central work station. Systolic, diastolic, mean pres-
sures, and mean pressure gradient were automatically
measured from 4 sinus beats selected from a continuous
recording of 16 s [8] (Fig, 2C.D).

After intracoronary injection of 12,5 mg of papaverine
through the guiding catheter, the transstenctic pressure
gradient and BFY were continuously measured up 1o the
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Fig. 2. A: Cineangiogram of the right coronary artery showing the position of the Doppler
guidewlre, proximal to the stenosis (arrow). The position of the pressure sensor, at the junction
between more radicopaque tloppy distal tip and body of the guidewire, is better appreciated in
the image without contrast (B, arrew), In C and D the almost complete superimposition of

proximal and distal coronary pr

with the p

trar

proximal 1o the stenosis

(C) can be compared with the moderate pressure gradient observed in baseline conditions
when the guidewire was advanced distal 1o the stenosis (D).

end of the papaverine effect (return to baseline around 3
min after injection). An off-line beat-to-beat program of
analysis of the pressure signal was used t0 measure prox-
imal and post-stenotic coronary pressures comesponding
10 the video-recorded on-line measurements during the
pharmacologically induced hyperemic reaction [8} (Fig.
3). Thirty-five minutes was necessary for the complete
acquisition of the pressure and BFV signals and the quan-
titative angiographic procedure. The patient subsequently
underwent successful coronary balloon angiopiasty.

ANALYSIS CF THE RESULTS

The results of the QCA. Doppler, and pressure mea-
surements and derived parameters in baseling conditions
and at the peak effect of the papaverine injection are
summarized in Table I. Table II compares the trans-
stenotic pressure gradient measured with the microma-
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chined pressure optical sensor and the pressure gradient
estimated from the QCA geometric measurements and
the measured BFV. For this last calculation the CSA of
the pressure guidewire (0,17 mm?) was subtracted from
the C5A of the reference segment and of the stenosis.

The ipjection of papaverine 12.5 mg induced a pro-
longed increase of BFV and transstenotic pressure gra-
dient (maximal values reported in Table I and shown in
Fig. 3). In Figure 4 the proximal and post-stenotic cor-
onary pressures recorded following the injection of pa-
paverine (peak effect-restoration of baseling conditions)
are plotted against the comesponding BFVS {measure-
ment of two consecutive beats every 8§ s).

In Figure 5 the distal coronary pressure measurements
after papaverine injection are plotted against the measured
coronary flow, shown as a ratio to baschne flow at rest
according to the method proposed by Kirkeeide et al. [9).
With this methed coronary blood flow is aermally cal-
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MEAN GRADIENT= 2 mmHy

MEAN GRADIENT= |5 mmiiz

-~

Fig. 3. Simultaneous receording of proximal and distal coronary pressures and derlved tearns-
stenctic pressure gradient {lower Hne) immediately before injectlon of papaverine (baseline, on
the lgft), at peak hyperemla (migdle), and 3 min atter restoration of baseline ¢ondltions (on the
right). The corresponding Doppler tracings are shown In the lower Note the

detection of the maximal BFV (dotted line king the Doppler er Ined from the
spectrai analysis of the signal). The indicated tlme averaged maximal BFV (APY, cm/s) is au-

tomatically caleulated In the last 2 displayed beats.

culated assuming a mean BFV at rest of 15 cm/s. a value
exactly coincident with the measured mean BFV in this
patient, and the pressure gradient is calculated from the
stenosis peometry assuming 3 fixed mean proximal cor-
onary blood pressure of 100 mm Hg modified in this case
to 110 mm Hg to use a value closer to the true measure-
ment. The lower continucus line plots the relation be-
tween coronary perfusion pressure and coronary flow
under conditions of maximal vasodilatation. A coronary
closing pressure of 10 mm Hg and a coronary flow reserve
of 5.5 were assumed [10]. Note that the point of maximal
measured flow reserve increase (1.50 times bascline
flow) is not aligned on the theoretical relation distal cor-
opary pressure/coronary flow at maximal vasodilatation
so that a second Jine can be drawn to describe the mea-
sured pressurce/flow relation at maximal vasodilation.

DISCUSSION

An exampie of simultancous measurement of BFV and
fransstenotic pressure gradient was previously reported

by our group using a combined Doppler-balloon catheter
after PTCA [11-12]. The obstruction to flow due to the
relatively larpe diameter of the balloon catheter (0.64
mm?) precluded the application of this method to the
evaluation of a severe coronary stenosis before coronary
interventions. In a recent multicenter trial [13) quantita-
tive analysis of 636 stenoses before coronary angioplasty
showed a minimal CSA of 0.82 = 0.11 mm®, In mod-
erate or infermediate stenesis and after coronary angio-
plasty the measurement of the transstenotic gradient can
be obtained with conventicnal fluid-filled catheters with
a less severe obstruction (o flow. Also in these condi-
tions, however, when the measured transstenotic gradi-
ent is essential in the decision-rnaking process. the
higher accuracy of the measurements allowed by the use
of smailer high-fidelity pressure transducers is desirable.

The introduction of miniaturized pressure transducers
mounted at the tip of a flexible soft-tip guidewire of 0.17
mm? of CSA potentially allows the direct measurement
of the pressure gradient with a minor further reduction of
the stenosis CSA [14]. The use of miniaturized Doppler
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TABLE L. Anglographlc and Hemod P: it
Quantitative coronary
angiography LAD RAOQ MEAN
Lengmh Steaosis (mm) 1.55 1.10 132
Reference diameter (interpolated

technigee) (mum) 375 3.58 3.66
Minimn! lumen diameter (mm) 1.23 1.00 1.11
Diameter at the site of the

Doppler sampling volume

{mm) 3192 - 3.92
Percent diameter stenosis (%) 67% % To%
Reference cress-seetional area

(mm®) 11.07 10.08 10.57
Minimal cross-sectional rea

(znmn®) 1.20 079 0.97°
CSA at the site of the Doppler

sampling volume (mm?) 12.10 - 12,10
Parcent cross-sectional area

stenosis (%) 89% Q4% 1%
Doppler blood flow veleaty

(ems) BAS PAP
Average peak blood flow

velogity 30 a3
Mean bleod flow velocity 5] 2.5
Coronary blood flow (ml's) BAS PAP
Mean coronzgy blood flow 1.81 272
Pressure Measurements

(mm Hr) BAS PaP
Proximal systolic corgnary

blood pressure 157 143
Proximal diastolic coronary

blood pressure 87 82
Proximnal mean coroary blood

pressure 112 106
Post-stenotic systolic coronary

blood pressure 137 89
Post-stenotic diastolic coronary

blood pressure 73 51
Post-stenotic mean coronary

blood pressure 97 64
‘Transstenotic mean pressure

gradieat 15 a2

“Not measured beesuse of signifiennt foreshortening.
*Calculated from the minimol Jumen diameter in the two orthogomal pro~
Jjections assurning an elliptical model,

TABLE I M and Estl d Mean Predicted
Transstenotlc Pressure Gradients (mm Hg)
Baseline Papaverine
Measured  Estimated % diff  Measwred  Estimaed %6 oifl
(QCA) (QCA)
15 20 +33 42 42 0
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Flg. 4. Ploting of the measured proximal and distal coronary
mean pr vs. the sl 15 coronary BFV during the
effoct of the papaverine injectlon. The data-points Indicate sl-
multa measul over two cardlac cycles every B s,

transducers with a larger sample volume than the ¢on-
ventional Doppler catheters and the spectral analysis of
the Doppler signal allow a reliable BFV measurement
without any further obstruction to flow if the velocity
probe 1s positioned proximal 1o the stenosts. The pres-
sure and BFV measurements are complementary param-
eters in the characterization of stenosis hemodynamics.
A low increase in BFV may occur in a variety of condi-
tions including modifications of basal flow or impair-
ment of the vasodilatory mechanisms of the distal vas-
culature [15]. The simultaneous measurement of a major
increase of transstenotic pressure gradient confirms that
the flow limiting factor is the high resistance across the
stenosis. Conversely. the measurement of a rapidly in-
creasing transstenotic pressure gradient during vasodila-
tation does not fully define the functional severity of a
stenosis if the level of flow increase is pot simulta-
neously measured. In the model of Kirkeeide et al. [9] it
is assurned for the purpose of the assessment of the he-
meodynamic effects of the stenosis that the vasodilatory
capacity of the distal bed is intact and tha? collateral
circulation is absent. These reasons may explain why the
measured coronary flow reserve was lower and the post-
stenotic coronary pressure higher than predicted £ sm the
assumed theoretical model. The coronary distal 7 >ssure
and blood flow at maximal hyperemia are ultima.zly de-
termined by factors unrelated to the stenosis geometry
such as the vasedilatory capacity of the distal coronary
arteries and the resistance in parallel to the stenosis re-
sistance offercd by the collateral vessels.

The trajectory of the distal pressure/BFV curve, how-



316 Di Mario et al,
PREDICTED vs MEASURED

120 DISTAL COR. PRESSURE {mmkHg)

¢ PREDICTED
¢ MEASURED

o 1 2 3 4 5
CORONARY FLOW RESERVE (Q/Qrest)

Fig.5. Plotting of distal post-stenetic coronary mean pressure
after papaverine Injection vs. the ratlo to basellne coronary
flow, a~ proposed by Kirkeelde et al. [9]. Five measured data
points {diamond-shaped markers) are shown to Indicate the
trend o the relatlon from baseline flow (ratle = 1) to maximal
hyperemla (ratio = 1,50). The calculation of mean coronary di-
stal pressure was performed assuming a flxed aortle pressure
of 110 mm Mg and over a wider range of coronary flow, trom a
value corresponding to a ratio to baselline flow of 0.5 1o the
maximal predicted coronary flow (ratio to basellne = 1.91), cor-
responding {o the point In which the calculated distal pressure
Intercepts the theoretical reiation coronary flow/distal coronary
pressure {lower continuous line) [10]. The trajectories of the two
curves {dashed line = predicted, dotted line = measured) are
almost superimposed. Note that the maximal increase In coro-
rary flow is less than predicted from the theoretical relation
coronary flow/distal coronary pressure and is consistent with a
shift to the left of this relation (upper continuous line),

ever, is characteristic of the stenosis geometry and the
slope of this relation is an index of stenosis severity
independent of the values reached at maximal vasodila-
taton. The predietion of the pressure gradient under dif-
ferent regimens of flow is routicely provided by many
systems of computer-assisted quantitative analysis based
on the measurements of stenosis geometry [3.9.10.16].
The calculation of the transstenotic pressure gradients
based on coronary blood flows calculated from BFV and
CSA at the site of the Doppler measurement overesti-
mated the measured values in baseline conditions while.
during maximal hyperemia, the predicted pressure gra-
dient and the messured pressure gradient were identical.
Inaccuracies in the measurement of stenosis geometry or
in the calcujation of coronary flow as well as modifica-
tons of stenosis geometry in different flow conditions
can explain the small differences observed.

A, possible limitation of this ¢ase-report is the record-
ing of the BFV proximal instcad than distal 1o the lesion.
This approach, used in order to avoid the obstmction to
flow induced by the passage of two separate guidewires
across the stenosis precludes the possibility of the assess-

ment of alterations of the flow velocity pamern distal to
the stenosis such as a decrease of the diastolic/systolic
veloeity ratio [28]. A solution to this problem and a great
advantage in terms of practical applicability would be the
incorporation of both the Doppler and the pressure sen-
sors in a single guidewire system.

In conclusion, this first report of the combined use of
mipjaturized coronary pressure and Doppler probes
shows that the characterization of stenosis severity can
be obtained using a direct simultaneous measurement of
the transstenctic pressure gradient and BFV in baseline
and in hyperemzic conditions. With this approach, the
relation between transstenotic pressure gradient/distal
coronary pressure and coronary flow reserve can be fully
ascertained. allowing a complete assessment of stenosls
hemodynamics and the validation of the models pro-
posed for the estimation of these parameters based on
QCA measurements of stenosis geometry. The useful-
ness of this approach in the detection of the functional
significance of individual coronary stenoses, however,
must be studied in comparison with standard objective
tests of myocardia) ischemia in a large series of stenoses
of different angiographic severity.
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APPENDIX A

Computation of Hemodynamic Parameters From
Quantitative Coronary Angiography

The effects of changes in stenosis geometry on trans-
sienotic pressure losses were extensively studied by
Young et al. [17-20] using models of stenosis of differ-
ent length. shape, and percent diameter reduction. under
conditions of steady and pulsatie flow. The equation
validated by these authors, based on classic Newtonian
fluid dynamics, was adapted for tapering stenosis and
X-ray analysis by Brown et al. {16]. The algorithm im-
plemented in the software package of the CAAS system
uses the following formula:

Srull o 1
AP = i ——-—] @&
13 ar ¢ 0266 ( A,.) ¢ w

where AP is the transstenotic pressure gradient in mm
Hg. w is dynamic biood viscosity in Poise (assumed
equal t0 0.03). L is the length of the stenosis in mm, A,
is the CSA of the reference normal segment in mm®. A,
is the minimal CSA of the stenotic segment in mrm®, Qis
the mean coronary blood flow in ml/s, and p is the blood
density in g/ral (assumed ¢qual o 1.05).

This equation assumes that at the exit of the stenosis
flow completely separntes from the streamline contours
30 that large eddies develop in the divergent segment
distal to the stenosis. An exit half-angle of 15° has been
shown to be sufficient to induce a complete separation of
flow and this condition seems fulfilled in the examined
artery in which exit angles of 31° and 34° were measured
with quantitative angiography from the diameter profile
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in the LAQ and RAQ projections. The calculated pres-
sure gpradient, therefore, is described as the sum of the
losses due 10 viscous components and the losses due to
separation of flow at the exit of the stenosis and can be
written in the simplified form

AP = K,Q + K@ @)

where K, and Ky are the coefficient of pressure losses
due 1o, respectively. viscous friction and separation of
flow. In the hemodynamic report of the quantitative an-
giographic analysis using the CAAS system the pressure
gradients are calculated for volume flow rapging from 1
to 3 mi/s. In this case the volume flow was denived from
the mean Doppler BFV (see Appendix B) and the CSA at
the site of the Doppler measurement. calculated from the
angiographic diameter assuming a circular cross-section.

APPENDIX B

Doppler Measurements of Coronary
Blood Flow Velocity

The measurement of the mean BFV requires an ade-
quate sampling of the Doppler signal:

1. The ultrasound beam probe must be aligned with
the centerline of flow; the guidewire has the piezoelectric
crystal mounted at the dp so that a partial malalignment
of the probe would minimally affect the velocity record-
ing (underestimation of flow of 6% in the presence of an
angle of 30° with the velocity vector).

2. The entire flow profile or at least a largre part of it
including the maximal velocity must be included in the
Doppler sample volume; the ultrasound beam opens at
15° from each side from the wansducer so that even in the
presence of a non-ideal position of the Doppler
guidewire (eccentric, off-axis) a large part of the veloeity
profile will be examined.

3. The presence of the Doppler probe must not mod-
ify the velocity profile at the site of the sample volume.
In in vitro modeis Tadaoka et al, [21] has shown a com-
plete restoration of the flow profile at a distance equal o
10 dmes the diameter of the Doppier probe (the diameter
of the Doppler probe is 0.46 mm and the distance of the
sample volume was kept constant at 5.2 mm).

4. A spectral analysis of the Doppler frequency must
be performed to identify all the different velocities in the
sample volume, including the maximal velocity [22].
The frequency spectrum can then be easily converted in
the velocity spectrum based only on the knowledge of the
ultrasound frequency and the velocity of sound in blood.
Theoretically. mean BFV can be measured from the
weighted average of the velocity spectrum. This method.
however, requires a complete insonification of the ve-
locity profile of the examined vessel and is influcnced by

the presence of non-flow related signals [23] such as the
high inteasity-low wvelocity signals from vessel wall
movements during the cardiac eycle (wall thumps). The
final measurement, therefore, is critically dependent on
the modalities of signal processing. Also the weighing
factors for the different velocities cannot be rejiably de-
termined as signal intensity is modified by several un-
known parameters such as rouleaux formation [24.25].

A different approach is based on the use of the max-
imal BFV which is less sensitive to the presence of noise
and is more easily included in the sample volume based
on the above-described characteristics of the Doppler
systemr. Mean BFV c¢an be estimated from the maximal
BFV assuming Poiseuille flow using the equation de-
scribing the velocity of a laminar flow field:

Vo= o (= ) m
= — (3" — X~

T apL

in which V, is the velocity of the flow lamina x, AP is
the pressure gradient in the vascular segment of length L,
is bleod flow viscosity, a is the radius L is the length in
mm of the considered segment. X is the distance of the
lamina x from the vessel centerline. This last value is 0
for the centerline of flow s¢ that equation I can be re-
written:

AP

— "

)
L @

max =
Under the assumed conditions and if mean velocity fimes

CSA (A) equals blood flow (Q), from the Poiscuille
cquation follows that

(APwa®)

Q Spl
Voo = — = ———
e N 3

with A = =, equation 3 can be simplified using (2) to

APV,
Vmoun =—=

sul | 2 “

An important limitation 1o the applicability of this for-
mula is that the velocity profile is assumed to be para-
bolic and fully developed. The distance L necessary to
allow the full development of a parabolic flow profile is
defined by the equation [26]

L =(0.03R)d

where R_ is the Reynolds number and d the diameter of
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the conduit, Consequently, the velocity measurernent
should be taken not too close to the origin of the vessel
because a vascular segment of a length of 4—6 times the
vessel diameter is necessary for a complete development
of the velocity profile at the Reynolds numbers present in
norma epicardial coronary arteries ($50-200). The same
problem must be considered sampling distal to major
bifurcations of the vessel and. more importantly, in the
presence of changes of the vascular diameter so that the
measurement of mean BFV from maximal BFV can be
misicading across short stenotic segments, Also the non-
Newtonian characteristics of blood will induce a flatter
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velocity profile than expected based on the vascular di-
ameter and mean blood viscosity so that an underestima-
tion of the mean BFV can be expected deriving this
parameter from the maximal BFV [27]. These consider-
ations underline the difficulties to obtain reliable volume
flow measurements based on BFV measurements despite
the recent progress in Doppler probe technology and sig-
nal analysis. Nevertheless, recent validation studies have
shown a high correlation between flow measured with an
electromagnetic flowmeter and flow derived from Dop-
pler measurements obtained with the probe used in this
study both I vitre aad in vivo [5].
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16. Assessment of coronary stenosis severity from
simultaneous measurement of transstenotic pressure
gradient and flow. A comparison with quantitative
coronary angiography
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Introduction

Visual interpretation of the coronary angiogram is the method routinely used
to assess the severity of a coronary stenosis and to plan, monitor and judge
the results of coronary interventions. Quantitative arteriography allows ac-
curate and reproducible measurements of absolute and relative vascular
dimensions but, despite the progressive refinements of computer-assisted
analysis in the last years, eccentricity, diffuse atherosclerotic involvement
and vessel tortuosity remain major obstacles to a correct assessment. In
addition, following interventions, the damage to the vessel wall greatly im-
pairs the accuracy of quantitative angiography inducing haziness of the con-
tours and intraluminal filling defects [1, 2]. Under these circumstances, video-
densitometry was a promising alternative [3] but its application has been
preciuded so far by the presence of basic methodological limitations, requir-
ing further refinement of the technique {4, 5]. Intracoronary ultrasound has
the potential for a more accurate assessment of lumen dimensions in the
presence of luminal cross-sectional area of complex geometry [6. 7]. The
dimension of the currently available ultrasound catheters (diameter 1.0-
1.45 mm), however, limits the application of intravascular ultrasound to the
assessment of severe coronary stenoses. In addition, an accurate evaluation
of all the geometric characteristics of a coronary stenosis (diameter of a
normal reference segment, length of inlet-outlet segments and of the stenosis
and minimal luminal cross-sectional area) can be obtained only with an
automatic three-dimensional reconstruction of multiple ultrasonic cross-sec-
tions, a technology still in phase of development and requiring extensive
clinical validation [8]. A method alternative to the morphologic study of the
lesion is the use of the hemodynamic parameters which characterize the
severity of a stenosis, blood flow velocity and transstenotic pressure gradient.
A major technical development facilitating the acquisition of these measure-
ments in the Catheterization Laboratory was the introduction of minjaturized
pressure and Doppler sensors with guidewire technology, allowing a simulta-
neous measurement of post-stenotic flow velocity and pressure with only a
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moderate further obstruction to flow [9, 10]. Ajm of this study is the assess-
ment of the clinical applicability and usefulness of indexes of stenosis severity
based on the simultaneous transstenotic pressure gradient and flow velocity
measurements and In particular on the instantaneous relationship between
pressure gradient and flow velocity.

Metheds
Patient population

Twenty-one patients (age: 6210 years, 17 males and 4 females) undergoing
elective coronary angioplasty (n = 14) or scheduled for a possible angioplasty
procedure but with a stenosis angiographically of intermediate severity ( >
40% and < 60% diameter stenosis; n = 7) were studied with a simultaneous
measurement of flow velocity and post-stenotic coronary pressure. Patients
with acute myocardial infarction, arterial occlusion/subocclusion {Throm-
bolysis in Myocardial Infarction (TIMI) flow class 0-1}, valvular heart dis-
ease, extreme tortuosity of the vessel to be dilated or the presence of an open
aorto-coronary bypass graft on the vessel to be treated were not included in
the study. Systemic arterial hypertension was present in 5 cases (23%).
Previous myocardial infarction in the territory of distribution of the studied
artery was present in 7 cases (33%). All patients were under antianginal
treatment at the time of the study.

Catheterization procedure

After intravenous administration of 10,000 I.U. of heparin and 250 mg of
acetylsalicylic acid, an 8 French guiding catheter was advanced up to the
coronary ostium. After isosorbide-dinitrate (2—3 mg intracoronary), cineangi-
ograms suitable for quantitative assessment were obtained in one/three angi-
ographic views.

The pressure guidewire was advanced into the artery to be dilated and
the pressure sensor was positioned 1-3 cm distal to the stenosis (Fig. 1). The
Doppler guidewire was maintained proximal to the stenosis, avoiding the
presence of major side-branches between the site of the measurement and
the stenosis and the segment of pre-stenotic acceleration of flow. In 5 pa-
tients, due to presence of side-branches immediately proximal to the stenosis,
only the flow velocity recordings distal to the stenosis were used for analysis.
The proximal coronary pressure, the post-stenotic pressure and the proximal
flow velocity were recorded both in baseline conditions and after an intraco-
ronary bolus injection of papaverine (8 mg: right coronary; 12.5mg: left
coronary, saphenous vein bypass graft) [11]. Intracoronary nitrates {isosor-
bide dinitrate 2—-3 mg) were used before the injection of papaverine in order
to induce a maximal coronary vasodilatation and avoid changes in cross-
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Figure 1. Upper panel: biplane orthogonal digita angiograms (left: LSO. right: RSO) of a left
anterior descending coronary artery showing the presence of a significant concentric stenosis of
the mid-segment. The diagrams show the diameter function of the examined segment after
automatic contour detection. Bottom panels: the positions of the tip-mounted Doppler sensor
{D) and of the sensor of the pressure guidewire (P) are indicated with arrows.

sectional area between baseline and post-papaverine assessment [12]. Care
was taken to avoid impairment of flow during maximal hyperemia due to the
presence of the guiding catheter in the coronary ostium. If damping occurred,
the guiding catheter was withdrawn from the coronary ostium immediately
after the injection of papaverine. The Doppler guidewire was then advanced
distal to the stenosis and a new basal and post-papaverine acquisition was
obtained (Fig. 1).

Quanftitative angiographic measurements

The guiding catheter, filmed not filled with contrast medium, was used as a
scaling device. A previously validated [13] on-line analysis system operating
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on digital images (ACA-DCI, Philips, Eindhoven, The Netherlands) was
used during the catheterization procedure. In this system, after automatic
detection of the vessel centerline, a weighted first and second derivative
function with predetermined continuity constraints is applied to the bright-
ness profile on each scan line perpendicular to the vessel centerline [14].
From the measured minimal luminal diameter (MLD) the minimal luminal
cross-sectional area was calculated assuming a circular cross-section (in 15
patients (71%) as the average of the measurements in multiple views). An
interpolated technique was used to define the reference diameter. Percent
diameter and cross-sectional area stenosis were also calculated. A user-
defined diameter was measured at the site of the Doppler sample volume in
order to calculate coronary blood flow as the product of mean blood flow
velocity and cross-sectional area. ‘

Doppler guidewire and flow velocity measurements

The Doppler angioplasty guidewire is a 0.018" (diameter 0.45 mm, cross-
sectional area 0.17 mm®) 175 cm long flexible and steerable guidewire with
2 floppy shapable distal end mounting a 12 MHz piezoelectric transducer at
the tip (Cardiometrics Inc., Mountain View, CA) [9]. The sample volume is
positioned at a distance of 5.2 mm from the transducer in order to avoid the
area of distortion of the flow profile due to the presence of the Doppler
guidewire [15]. At this distance the sample volume has 2 width of approxi-
mately 2.25 mm due to the divergent ultrasound beam so that a large part
of the flow velocity profile is included in the sample volume also in case of
eccentric positions of the Doppler guidewire. The puise repetition frequency
(17 to 96 kHz) varies with the velocity range selected. After real-time process-
ing of the quadrature audio signal a fast-Fourier transform algorithm is used
to increase the reliability of the analysis [16], the Doppler system calculates
and displays on-line several spectral variabies including the instantaneous
peak velocity and the time-averaged (mean of 2 beats) peak velocity. The
flow velocity measurements obtained with this system have been validated
in vitro and in an animal model using simultaneous electromagnetic flow
measurements for comparison [9]. Mean flow velocity was calculated as time-
averaged peak velocity/2, assuming a fully developed flow velocity profile
[17]. Coronary flow reserve was defined as the ratio between maximal flow
velocity at the peak effect of the papaverine injection and in baseline con-
ditions.

Pressure guidewire and transstenotic pressure gradient measurements
The pressure sensor is located 3 cm proximal to the flexible tip of a 0.018"
guidewire (Radi Medical Systems, Uppsala, Sweden). Light is emitted from

a control unit through a beam splitter and is transmitted to the sensor element
along an optical fiber integrated in the gnidewire. The sensor element consists
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of a silicon cantilever with a mirror integrated into its free end. Deflection
of the mirror induced by the elastic movement of the sensor in response to
changes in the external pressure modulates the refiected light. The signal is
then transmitted back through the same optical fiber and is detected by a
photo diode in the control unit. The system has already been validated in
vitro with regard to signal transfer characteristics, linearity and frequency
response [10]. The pressure signal was calibrated immediately before inser-
tion and the accuracy of the measurement was checked by superimposing
the pre-stenotic coronary pressure measured with the pressure guidewire and
the proximal coronary pressure measured with the guiding catheter. The
mean transstenotic gradient was calculated as the difference of mean proxi-
mal and mean distal coronary pressure over 4 consecutive beats in baseline
conditions and at peak papaverine effect (Fig. 2). The coronary flow measure-
ments derived from the quantitative angiographic and Doppler measurements
and the pressure measurements were used to calculate the hyperemic flow
velocity-pressure gradient ratio and the delta flow-delta gradient ratio, calcu-
lated as the ratio of the differences of measurements of coronary flow and
transstenotic gradient at the peak eifect of papaverine and in baseline con-
ditions.

Comparison with physiclogical parameters derived from QCA measuremenis

Stenosis flow reserve has been proposed by Kirkeeide et al. [18] as a single
integrated index of stenosis severity and is based on the calculation derived
from the measurements of stenosis geometry, of the transstenotic maximal
pressure gradient and maximal flow increase under standardized conditions.
These authors validated in vivo [19] flow dynamic equations developed in in
vitro models by Young et al. [20, 21] and adapted for tapering stenoses and
X-ray analysis by Brown et al. [22]. The algorithm, implemented also in the
software package of the Philips DCI analysis system, uses the formula:

2
8mul kep ( 1 1 ) >
P= Q+ - Q°
1.33 A2 0.266

A A (1

where AP is the transstenotic pressure gradient in mmXHg, w is dynamic blood
viscosity in Poise (assumed equal to 0.03), L is the length of the stenosis in
mm, A, is the cross-sectional area of the reference normal segment in mm?,
A is the minimal cross-sectional area of the stenotic segment in mm?, Q is
the mean coronary blood flow in ml/s, p is blood density in g/ml (assumed
equal to 1.05) and k. is the expansion coetficient used to correct for the
entrance effect in order to apply the above equation in short stenoses as:

k. = 1.21 + 0,08 22X o)
RefD
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PRESSURE-VELOCITY RECORDING
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Figure 2. A) Stmultaneous recording of electrocardiogram. proximal and distal (post-stenotic)
coronary pressures, instantaneous peak flow velocity and transstenotic pressure gradient during
four consecutive cardiac cycles at the peak effect of papaverine.

B) Pressure gradient and flow velocity relationship of the same 4 cardiac cy¢les. The data
points corresponding to the phase of early diastolic relaxation and of early systolic contraction
and the remaining systolic data-points {empty squares) are not considered for analysis. The
dashed line is drawn from the exponential equation showing the best fitting for the mid-late
diastolic data-points (filled squares).

where Lprox is the length of the entrance segment, approximated as lesion
length divided by 2, and RefD is the diameter of the reference segment [23,
24]. Based on the post-stenotic pressure calculated from the above equations
and the measurements of stenosis geometry, stenosis flow reserve was calcu-
lated assuming a maximal increase in coronary flow of 5 times at a mean
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aortic pressure of 100 mmHg [25], a coronary venous pressure of 10 mmHg
and a mean blood flow velocity of 15 c¢m/s [18, 19].

Stenosis flow reserve was compared both with the measured coronary fiow
reserve and, to allow a comparison under more standardized conditions, with
the ratio between measured hyperemic mean velocity and basal mean velocity
assumed in the above equation (15 cm/s).

Equation (1) was used to calculate the baseline and maximal hyperemic
transstenotic pressure gradient using the real baseline and hyperemic flow
velocities to calculate the corresponding coronary flow so that estimated and

measured pressure gradient could be then compared at the same level of
fiow.

Instantaneous assessment of the pressure gradient-flow velocity relation

In 15 patients (71%) a continuous acquisition of the data was performed with
a 12 bits analog-to-digital converter (DataQ Instr., Akron, CH) connected to
a PC. Electrocardiogram, pre- and post-stenotic coronary pressure and peak
coronary blood flow velocity were continuously sampled at 125 Hz per chan-
nel and stored on the hard-disk for off-line analysis (Fig. 2A). Positive or
negative drifts of the O—pressure level of the fiber optic pressure sensor,
present in 7 patients (33%), and the phase delay of the pressure signal
recorded through the fluid-filled guiding catheter were corrected by superim-
posing the pressure recorded through the guiding catheter and the pre-
stenotic coronary pressure recorded through the pressure guidewire. After-
wards, the instantaneous transstenotic pressure gradient was calculated and
plotted against the corresponding coronary flow velocity using dedicated
software (AdvCodas, Data(}, Akron, Ohio), (Fig. 2B). Therefore, the trans-
stenotic pressure gradient/flow velocity relation was analyzed from the digit-
ized pressure and flow velocity during mid-diastole (start-poimt: maximal
diastolic flow velocity, end-point: rapid deceleration of flow due to the be-
gining of myocardial contraction). The phases of rapid acceleration/deceler-
ation of flow were not considered for analysis, as suggested by Gould et al.
[26], because the flow changes in these phases are dissociated from the
transstenotic pressure gradient changes and are also conditioned by factors
not related to the severity of the lesion (myocardial contractility, heart rate,
etc.). The systolic phase of the cardiac cycle was not considered in order to
avoid possible artifacts of the flow velocity signal, frequent during cardiac
contraction (wall thumps, motion artifacts). Four comsecutive beats were
analyzed at the peak effect of the injection of papaverine.

Staristical analysis
Regression analysis was used to compare the measurements of pressure
gradient and coronary flow and derived indexes with the minimal luminal

cross-sectional area of the explored stenosis and with transstenotic pressure
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Figure 3. Linear regression analysis of coronary flow reserve (A) and hyperemic coronary flow
(B) vs minimal cross-sectional area (MLCSA).

gradients and stenosis flow reserve. A best-fit analysis was used to assess
the relationship between instantaneous pressure gradient and flow velocity
(BmDP statistical package).Statistical significance was defined as p < (.05.
All data were expressed as mean%SD.

Results
Flow velocity and transstenotic pressure gradient measurements

The quantitative angiographic, flow velocity, pressure gradient and flow
measurements of the 21 patients studied are reported in Table 1. Coronary
flow reserve showed a partial but statistically sigmificant correlation with
minimal luminal cross-sectional area (Fig. 3A, r=0.44, p < 0.05). Baseline
coronary flow showed no significant correlation with the minimal luminal
cross-sectional area (r = 0.37, NS). Coronary flow during maximal hypere-
mia, on the contrary, was significantly correlated with the minimal leminal
cross-sectional area (r = 0.54, p < 0.01). (Fig. 3B). The baseline and hyper-
emic transstenotic pressure gradient showed a significant inverse correlation
with the minimal luminal cross-sectional area (r= — 0.66 and r = — 0.60,
respectively), (Fig. 4). An exponential increase in pressure gradient with the
decrease in minimal luminal area was observed.

The maximal hyperemic transstenotic gradient showed a significant inverse
correlation with the simultaneously measured hyperemic coronary flow, with
a trend towards an exponential increase in transstenotic pressure gradient in
the cases with the lowest maximal flow (r = 0.61, Fig. 5A). The non-signifi-
cant stenoses were identified by the presence of hyperemic transstenotic
gradients <20 mmHg  associated with a maximal coronary
flow = 150 ml/min. At the other extreme, the presence of large transstenotic
gradients during hyperemia associated with a low maximal hyperemic flow
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Figure 4. Baseline (A) and hyperemic (B) transstenotic pressure gradient plotted vs minimal
luminal cross-sectional area (MLCSA). An exponential gradient increase is observed with
decreasing cross-sectional areas.

identified the most severe stenoses. Similarly, when the pressure gradients
from baseline to maximal hyperemia were plotted against corconary flow
reserve, patients with moderate stenoses could be distinguished from patients
with severe coronary stenoses (Fig. 5B).

Combined flow velocity and pressure gradient measurements
The hyperemic flow velocity-pressure gradient ratio and, in particular, the
delta fiow-delta gradient ratio. derived as previously described from the

integration of flow and pressure gradient changes from baseline to hyperemia,
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Table I, Clinical and hemodynamic characteristics of the patients studied with a simultancous recording of transstenotic pressure pradient and flow
velocity.
INIT AGE SEX VES MLCSA CSA BAPY HAPYV CFR SFR  BAS HYP BAS HYP FLOW/

2

(yrs) mm Yo cm/s cm/s GRAD GRAD FLOW FLOW GRADI
mmHg mniHg mi/min  ml/min  ml/min/
mmHg
WA 60 m Tea 0.49 0.92 10 27 2.70 2 21 43 20 53 1.53
BIL 73 m svbg 021 0.98 7 11 1,57 030 42 46 20 31 2.85
FB 70 f rea 2.26 074 31 62 200 3.13 4 i7 84 167 6.44
BKT 59 m Fea 0.82 0.95 10 15 1.50 1.0 12 35 50 74 1,08
B} 62 m lad .78 0.87 34 45 1.32 2.21 38 46 65 86 2.61
RTR 69 m rca 0.33 0.97 8 11 137 049 38 39 24 33 9.00
SA 73 m svbg  4.78 0.68 18 56 341 314 5 1 81 252 28.50
wC 59 m lad 1.14 084 19 83 437 224 5 14 41 181 15.53
BI 55 m fad 1.10 086 66 141 2.14 266 5 18 157 336 13.74
DHTA 8 m rea 0.30 0.97 8 10 125 046 44 49 23 28 113
SEA 74 m rca 0.23 0.95 11 12 1.09 0.66 49 50 17 18 1.60
oMV 81 f rea 1.39 085 48 131 273 289 28 37 132 361 25.39
EC 57 m Tea 0.80 092 30 45 1.50 192 15 42 97 146 1.80
BW 67 m svhg  1.16 0.87 8 H 137 231 35 39 21 29 1.99
iB 63 f rea 1.00 082 13 20 1.54 287 13 29 23 35 0.77
LTW 50 m lad 1.19 071 21 KiY 1.86 424 28 65 33 56 2.05
WHP 41 m lex 1.89 0.77 i4 37 2.64 3.92 1 23 34 89 2.50
DAG 52 m rea 1.00 081 10 28 2.80  2.87 5 17 25 70 3.75
JKF 52 m lex 1.33 088 13 17 131 250 17 31 27 a6 0.60
GMIP 60 f lad 2.32 080 61 148 243 3.99 2 41 102 247 12.10
JAK 52 m ca .36 0.93 15 33 2.20 1.31 12 33 21 46 1.19
AVG 62 1.18 0.8 22 47 2.04 221 20 33 52 113 6.48
+ SD 10 1.02 009 17 44 0.81 120 16 15 41 105 8.15

BAPV = Baseline time-averaged peak blood flow velocity; CSA = cross-sectional area; CFR = coronary flow reserve; FLOW/GRAD I = (hyperemic
flow - baseline flow)/(hyperemic gradient — baseline gradient); HAPV = hyperemic time-averaged peak blood Bow velocity; LAD = left anterior
descending; LCX = left circumflex; MI = myocardial infarction; MLCSA = minimal luminal cross-sectional area (angiographic measurement minus cross-
sectional area of the pressure and (5 cases) Doppler guidewire); NORM BASG = normalized baseline gradient; NORM HYPG = normalized hyperemic
gradient; RCA = right coronary artery; SFR = stenosis flow reserve; SVBG = saphenous vein bypass graft.
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Figure 5. A) Relationship between hyperemic transstenotic pressure gradient and flow.

B) Baseline and hyperemic transstenotic pressure gradient, normalized for the corresponding

aortic pressure. are plotted against coronary flow reserve. Higher hyperemic flow or flow reserve
and low gradients indicate the ieast severe stenoses and viceversa.

showed a more strict correlation with minimal luminal cross-sectional area
than the other fiow velocity and pressure gradient measurements (Fig. 6, r =
0.54, p<<0.02 and r = 0.66, p << 0.001, respectively). In particular a delta
flow-delta gradient ratio << 3 ml/min/mmHg identified 14 out of 17 cases with
a minimal cross-sectional area < 1.5 mm®.

Measured and estimated flow reserve and transstenotic pressure gradients

No correlation was present between coronary flow reserve and stenosis flow
reserve (Fig. 7A). Despite a statistically significant correlation, measured and
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Figure 6. Linear regression analysis of the relationship between minimal luminal cross-sectional
arca (MLCSA) and (A) ratio berween hyperemic flow velocity and pressure gradient and (B)
ratio between the difference hyperemic-baseline coronary flow and pressure gradient. The latter
index showed a higher comrelation with ML.CSA than all the other flow velocity and pressure
gradient measurements.
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Figure 7. The stenosis flow reserve estimated from the angiographic stenosis geometry is plotted
against the measured coronary flow reserve (A) and the ratio between measured maximal
hyperemic flow velocity and mean velocity assumed for the caleulation of stenosis flow reserve
(15 mmHg). The dashed lines indicate the ideatity lines. The continuous lines indicate the
regression lines.

estimated stenosis flow reserve showed a large dispersion of the individual
measurements (r = 0.52, Fig. 7B}). A better correlation was observed be-
tween estimated and measured transstenotic pressure gradient in baseline
condition {r = (.65, p < 0.002, Fig. 8A). During maximal hyperemia, how-
ever, no significant correlation was observed between estimated and mea-
sured transstenotic pressure gradients (r = 0.13, Fig. 8B).
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Figure 8. Estimated and measured transstenotic pressure gradients in baseline conditions (A)
and at peak hyperemia (B). Dashed lines: identity lines: continuous lines: regression lines.

Instantaneous ussessment of the hyperemic coronary pressurelflow velocity
relation

A clear Doppler envelope allowing a reliable automatic detection of the
hyperemic diastolic peak velocity during four consecutive beats was obtained
in 12/15 cases (80%) (Fig. 9). A linear relationship between transstenotic
gradient and flow velocity was observed in 5/12 patients (42%). In the
remaining patients a quadratic equation had the best fitting for the data
obtained (7/12, 58%). In all but 3 cases an intercept close to 0 (= 10 mmHg)
was observed. Steeper increases of the transstenotic pressure gradient at a
given flow increase were measured in the arteries with the most severe
reduction in luminal cross-sectional area.

Discussion

The identification of a single hemodypnamic parameter, immediately measur-
able in the Catheterization Laboratory and predictive of the functional sever-
ity of a coronary stenosis would constitute an extraordinary diagnostic tool,
especially for the assessment of the immediate results of coronary interven-
tions.

Coronary flow reserve

Experimental reports have shown that 2 decrease in flow reserve may discrim-
inantly detect a lesion of increasing severity [27]. Although the concept may
be easily and accurately applied in an optimal physiological situation [28,
291, it must be recognized that coronary flow reserve is influenced by factors
independent from the hydrodynamic characteristics of the stenotic lesion
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Figure 9. Instantancous hyperemic diastolic pressure pradient/flow velocity relationship for 12
stenoses of increasing hemodynamic severity (from left to right and from bottom to top). The
corresponding minimal luminal cross-sectional area (MLCSA) is reported after subtraction of
the cross-sectional areas of the pressure and Doppler guidewixes.

Nb/INIT. CATH.Nb MLCSA(mm") EQUATION

1 BIL 92707 0.21 y =21 +2.72x

2 RTR 92999 0.33 y=—6+5.76x

3 JKF 921858 1.16 y=2+2.01x + 0.0275>
4 WA 921132 0.49 y =25+ 0.79%

5 BKJ 920922 0.82 y =2+ 0.11x + 0.073x°
6 DAG 922047 0.83 y = 1.6 + 0.50x + 0.0035x
7 WHP 930201 1.72 y=—4+ 0.28x + 0.009x"
8 IB 920908 0.83 y=—4+0.76x

9 JAK 921502 0.36 y =9 + 0.0055x°

10 LTW 921504 1.19 y= 0.1+ 0.0074x"

11 SA 921448 4.61 y=—1+ 023

12 FB 921330 2.09 y=15+ 0.0011x%

such as heart rate, aortic pressure, presence of collateral circulation, integrity
of the distal resistance coronary vessels [30, 31]. Several pathological con-
ditions (cardiac hypertrophy, myocardial scarring, hypercholesterolemia, sys-
temic hypertension, etc) have been reported to alter the normal reactivity
and impair the vasodilatory capacity of the distal coronary vasculature. In
these conditions, therefore, the severity of the stenosis would be overesti-
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mated if the low flow during maximal vasodilatation is attributed to the high
resistance across the steposis. Similarly, the presence of a well-developed
collateral low would lead to an overestimation of stenosis severity because
of the decreased maximal fiow through the stenosis. Coronary flow reserve
is by definition a ratio, so that similar ratios may be obtained at very different
levels of resting and maximal flow. Following coronary interventions, acute
changes in resting blood flow together with changes in the anatomy of the
stenotic lesion and concomitant persistent modifications of the hyperemic
pressure-velocity relationship considerably hamper the clinical usefulness of
coronary flow reserve for the assessment of the functional results. Qur re-
cently reported results with the use of a Doppler guidewire during coronary
angioplasty [32] confirmed previous observations [33-36] that an increase in
resting and maximal flow velocity occurs following angioplasty so that the
usefulness of coronary flow reserve is limited in this chinical setting. Similar
observations have been made by our group in the past, using Doppler tip
balloon angioplasty catheters [37].

Stenosis flow reserve

Stenosis flow reserve is an alternative approach, based only on quantitative
angiographic measurements, to evaluate in standardized conditions the sever-
ity of a coronary stenosis, regardless of the individual variability of physiol-
ogic conditions [18, 19]. As clearly pointed out by the proposers of this index
(18, 19], stenosis flow reserve can not be considered as an estimate of the
real coronary flow reserve, determined also by the hemodynamic conditions
at the time of assessment, the presence of collateral flow and the properties
of the microcirculation. In this respect, the use of standardized conditions
assumed in the calculation of this index has the advantage that only flow
limitations induced by the stenosis studied are considered. The assumption
of hemodynamic conditions not necessarily present in the studied patients is
sufficient to explain the poor correlation observed im this study between
estimated stenosis flow reserve and measured coronary flow reserve also
when a baseline velocity equal to the velocity assumed for the calculation of
stenosis flow reserve was used. A more consistent methodology to test
whether hemodynamic parameters calculated from quantitative angiographic
measurements reflect the real measurements is the comparison of the trans-
stenotic pressure gradient, assuming a coronary flow velocity and an aortic
pressure equal to the measured velocity and aortic pressure. This comparison,
however, showed large individual differences between measured and esti-
mated transstenotic pressure gradients, possibly as a consequence of the
unavoidable inaccuracies in the measurement of the multiple geometric fac-
tors which determine stenosis severity and of the limitations to the applica-
bility of the proposed equations, especially at high flows.
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Transstenotic pressure gradient

The importance of the dimensions of the pressure sensor used for the mea-
surement of the transstenotic pressure gradient has been reported and exten-
sively studied in the years following the introduction of coronary angioplasty,
when the pressure gradient recorded through the central lumen of the balloon
catheter was used for the immediate assessment of the results of the proce-
dure [38-40]. More recently, using a pressure guidewire as the angioplasty
guidewire, the large increase in pressure gradient observed with the balloon
catheter positioned in the lesion has been confirmed [10]. Despite these
Limitations, the chinical relevance of the residual transstenotic pressure gradi-
ent after coronary interventions has been confirmed by the presence of a
significant correlation between residual pressure gradient > 20 mmHg after
balloon angioplasty and development of restenosis [41]. The correlation
observed in this study between transstenotic pressure gradient and angio-
graphic lesion severity has been confirmed in a Jarger series of patients by
Emanuelsson et al. [42]. The dependancy of the pressure gradient on flow,
however, precludes a complete understanding of this parameter when the
flow level is not simultaneously assessed.

Simultaneous measurement of pressure gradient and flow velocity

The simultaneous measurement of transstenotic pressure gradient and flow
velocity avoids a possible misinterpretation of the changes of both these
indexes during maximal vasodilatation. When a low maximal fiow is present
due to factors not dependent from the stenosis resistance, the measurement
of a low transstenotic pressure gradient can be misleading, falsely suggesting
the presence of a non-significant stenosis. Conversely, only the simultaneous
measurement of the pressure gradient can discriminate a low flow increase
during maximal vasodilatation due to a hemodynamically severe stenosis
(high pressure gradient) from a reduction of the maximal transstenotic flow
increase due to an impairment of the distal vasodilatory mechanisms or
to competition of flow through a well-developed collateral circulation (low
pressure gradient). Although the maximal fiow and, consequently, the maxi-
mal transstenotic gradient are determined also by factors independent from
the stenosis resistance, the transstenotic pressure gradient-flow relationship
is intimately correlated with the stenosis hemodynamics. Two alternative
approaches have been used to assess the slope of the pressure gradient-
flow velocity relation. The first is based on the ratio of the differences of
transstenotic pressure gradient and flow velocity from baseline conditions to
maximal hyperemia. This index has the dimensions of flow conductance
(ml/min/mmHg) and, in this study, showed a higher correlation with the
angiographic minimal luminal cross-sectional area than all the single pressure
gradient and flow velocity measurements. A technically more complex but
promising approach is based on the assessment of the instantaneous pressure
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gradient/flow velocity relationship during the progressive flow decrease In
mid-late diastole. The advantage of an index based on instantaneous instead
of mean gradient/fiow changes during the cardiac cycle is that the phases of
acceleration of flow in early diastole and deceleration of flow at the beginning
of myocardial contraction can be excluded from analysis. In early systole,
cardiac contraction induces an increase of the distal coronary pressure, with
the possibility of a short reversed pressure gradient and a transient dissoci-
ation between transstenotic pressure gradient and flow [26]. An inverse
phenomenon is observed in early diastole, when a sudden decrease of distal
coronary pressure oceurs during the phase of rapid cardiac relaxation, preced-
ing the rapid increase in flow (Fig. 2). When only the passive, post-accelera-
tive diastolic data-points are used for analysis, pressure gradient and flow
velocity showed a high correlation in all cases, described by an exponential
(58%) or linear (42%) relationship. This approach can also detect sudden
changes in stenosis geometry from baseline to maximal hyperemia such as
those due to a partial collapse of the vessel wall consequent to a critical
reduction of the intrastenotic pressure [43]. In the presence of a fixed stenosis
and when a premedication with nitrates intracoronary is used to negate
diameter changes of the reference segments, the pressure gradient/flow velo-
city relationship is independent from the hemodynamic conditions of assess-
ment (baseline or maximal hyperemia). In this study, however, the assess-
ment was performed during maximal hyperemia so that the pressure gradient-
flow relationship could be evaluated over a larger range of measurements.
A possibility that we has been explored to evaluate the pressure gradient-
flow velocity relationship over a large range of flow velocities and up to very
low flow velocity levels is the induction of a prolonged cardiac arrest with
the use of an extra-bolus of adenosine during post-papaverine maximal hyper-
emia (Fig. 10).

Porential alternative analysis of the flow velocity-proximal and post-stenotic
pressure relationship

A more easily applicable method to assess the severity of 4 coronary stenosis,
based only on the simultaneous assessment of aortic pressure and coronary
flow (or flow velocity), has been proposed by Mancini et al. [44]. The slope
of the instantaneous coronary flow and pressure relationship was measured
during diastole in 43 dogs at 5 different levels of arterial pressure and inducing
coronary stenoses of increasing severity. The measured instantaneous dias-
tolic pressure/flow slopes were then compared with a microsphere derived
index of myocardial conductance. The instantaneous hyperemic flow vs pres-
sure index demonstrated no dependance on heart rate, left ventricular end-
diastolic pressure, mean aortic pressure or inotropic changes [45, 46]. The
decrease in flow/pressure slope with the presence of stenoses of increasing
severity correlated well with the transmural and the subendocardial micros-
phere-derived measurements.
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Figure 10. A) Long diastolic pause induced by the infusion of adenosine 3 mg intracoronary.
From top to botiom peak flow velocity, instantaneous transstenotic pressure gradient and
proximal and post-stenotic coronary pressure. B) Instantanecus hyperemic diastolic pressure
gradient/flow velocity relationship of the previously shown diastolic pause.

Feasibility and beat-to-beat variability of the assessment of the instan-
taneous flow velocity-pressure relationship in humans was assessed in normal
and stenotic coronary arteries using a Doppler guidewire [32, 47] (Fig. 11A).
A significant difference was observed between velocity-pressure slopes mea-
sured in stenotic and normal coronary vessels, with the presence, however,
of a partial overlap between the two groups. The measurement of a high
fidelity post-stenotic pressure allows a direct assessment of the resistive pro-
perties of the distal coronary bed, not taking into account the resistance
offered by the coronary stenosis. The integration of this approach with the
assessment of the pressure gradient-flow velocity relationship has the poten-
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tial for a complete characterization of the two resistances in series given by
the epicardial stenosis and by the distal vasculature. After normalization with
ballon dilatation or stent implantation of the epicardial arteries, the slope of
the post-stenotic flow velocity-pressure relationship before the intervention
can be compared with the flow velocity-proximal pressure slope after the
interventions, to assess possible acute changes of the vasodilatory capacity
of the distal coronary arteries. As evident from the example of Fig. 11B,
however, the flow velocity/post-stenotic pressure relationship can be assessed
only over a narrow pressure range in the presence of a severe coronary
stenosis. An exponential decrease of pressure for any given flow velocity
decrease seems to be present, possibly because of the rapid reduction in
cross-sectional area in the low pressure range, resulting in an overestimation
of flow using the corresponding flow velocity measurements. The consequent
reduction of arterial cross-sectional area induces an underestimation of the
true flow changes calculated only from the flow velocity measurements.

Limitations of the pressure gradient-flow velocity relationship for assessment
of stenosis severity

The pressure gradient-velocity relationship has great advantages for the as-
sessment of the hemodynamic severity of a stenosis but a precise characteriz-
ation of stenosis hemodynamics does not necesserily provide sufficient ele-
ments to confirm or rule out the presence of myocardial ischemia in the
territory of distribution of the examined artery. In particular, in the presence
of stenoses of similar hemodynamic severity, the development of myocardial
ischemia is influenced by the amount of recruitable collateral flow and by
the mass of viable myocardium perfused.

The presence and development of the collateral circulation can not be
determined based on conventional pressure-fiow velocity measurements. Re-
cently. Pijls et al. [48] has proposed a model using the post-stenotic pressure
during occlusion (wedge pressure} to estimate maximal fiow. This approach,
experimentally validated, requires a balloon occlusion at the site of the
stenosis so that its application is possible only during balloon dilatation.

Knowledge of the dimension of the perfused myocardial bed is essential
to detect a possible mismatch between maximal flow achievable through the
studied stenosis at a given aortic pressure and maximal blood flow require-
ment of the studied artery. The automatic measurement of the length of the
angiographically visible coromary bramches has been successfully used in
animals to estimate the perfused myocardial mass [49]. This method, how-
ever, seems not easily applicable for routine diagnostic purposes. It must be
noted that the pressure gradient-flow velocity relationship shows a steeper
increase in smaller arteries than in larger arteries for a given severity of the
coronary stenosis [S0]. The use of velocity instead of flow can be considered
a correction to this limitation because the characteristics of the coronary
branching systern result in a moderate reduction of flow velocity from proxi-
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Figure 11. Flow velocity-pressure foop for the same cardiac cycles of Fig. 2. On the Y-axis
proximal (pre-stenotic) and distal (post-stenotic) coronary pressure in A) and B). respectively.
Linear regression analysis is used in both cases to analyze the flow velocity-pressure relationship
in mid-late diastole.

mal to distal coronary segments despite the presence of large changes in
coronary flow.

The most important limitation of the proposed approach, however, re-
mains the complexity of the instrumentation required for the measurements.
The passage of two separate guidewires with a cross-sectional area of 0.17
mm” can induce a significant additional obstruction in the presence of severe
coronary stenoses [31]. Further, after coronary interventions the guidewires
can prevent a complete collapse of the wall in the presence of large dissection
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fiaps, preciuding a correct assessment of the obstruction to fiow. Whenever
possible, flow velocity was measured proximal to the stenosis to avoid the
simultaneous presence of two guidewires across the lesion. This approach,
however, precludes the possibility to take advantage of the availability, with
the Doppler guidewire, of a flow velocity signal distal to the stenosis, certainly
reflecting the flow limitations induced by the stenosis. Crossing of the lesion
with the Doppler guidewire was required in the cases with large side-branches
immediately proximal to the lesion and was felt to be mandatory for the
recording of the velocity waveform used for the assessment of the instan-
taneous pressure gradient-fiow velocity relationship. Prototypes of (.014"
Doppler and pressure guidewires are available but a real solution can be
obtained only with the combination of the two sensors in the same guidewire
system. The ingenious system used to obtain a high fidelity pressure in the
pressure guidewires has still practical limitations concerning the rigidity of
the segment mounting the sensor and the possibility of a shift of the 0-
pressure when this segment is positioned in a sharp vascular bend.

Conclasion

Miniaturization of flow velocity and pressure sensors with guidewire technol-
ogy now permits the application in conscious humans of a methodological
approach to the assessment of stenosis severity previously limited to the
animal laboratory. This initial experience suggests that the simultaneous
measurement of pressure and flow velocity can reproducibly and accurately
characterize the physiologic significance of coronary stenoses.
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intracoronary Pressure and Flow Velocity with
Sensor-Tip Guidewires: A New Methodologic
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The use of miniaturized pressure and velocity
sensors mounted on angioplasty guidewires ai-
lows the simuttaneous measurement of coronary
biood flow velocity and transstenotic pressure
gradient, 2 parameters that, combined, should
perfectly characterize stenosis hemodynamics.
Thwe afm of this article is assessment of the
changes in coronary blood flow velocity observed
with a Doppler-tipped angioplasty guidewire in 35
patients undergoing balloon angioplasty. We also
report our inftial experience in 16 pationts with
the combined use of sensor-dip pressure and
Doppler guidewires, and we discuss the applica-
Hon of new methodologic approaches for the
studly of the coronary circulation allowed by
these techniques, such as the instantaneous as-
sessment of the fiow velocky/pressure and
pressure gradient/fow velocity refations. Before
and after angioplasty, flow velocity measure-
ments were obtained distal to the stenosis, both
in baseline conditions and after intracoronary
injection of §~12 5 mg of papaverine. The Dop-
pler guidewire was left in place during the dilation
procedure and the Doppler signal was continu-
ously recorded during balloon inflation and after
deflation to monitor the developmesnt of collat-
eral flow, the restoration of flow after balioon
deflation, the phase of postocclusive reactive
hyperemia, and, incidently, the development of
flow-limiting complications. Merits and pitfalls of
several flow velocity parameters (average
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peak velocity, coronary Row velocity reserve, di-
astolic/systolic velocity ratio), as well as of pa-
rameters derived from the combination of pres-
sure and velocity measurements (transstenotic
pressure gradient/fiow velocity refation and in-
stantaneous diastofic hyperemic flow velocity/
pressure relation) were evaluated in 35 patients
with, and 37 without, significant coronary steno-
ses. Miniaturization of flow velocity and pressure
sensors has made these methodologic ap-
proaches applicable in the interventional suite,
yielding reproducible and accurate assessments
of parameters previously measured only in ex-
perimental animal models.

(Am J Cardiol 2993;71-41D-53D)

sessment of the acute results of interventions

has been a source of debate and discussion.
Several methodologic approaches have been consid-
ered and explored in the past.! Andreas Griuntzig,
the inventor of the technique, made use of the
transstenotic pressure gradient to guide the progres-
sion of the balloon catheter in the coronary tree
beyond the targeted stenotic lesion and to demon-
strate the severity of the stenosis.? Following dila-
tion, the transstenotic gradient was used to assess
the hemodynamic change brought about by the
dilating process, but no attempt in those early days
was made to assess the pressure drop across the
lesion during hyperemia. Subsequently, pressure
recording was progressively disregarded because it
was demonstrated that the measurement was not
always reliable ?

The physiologic value of these measurements,
even those obtained with the smallest catheters,
must be questioned, since the catheter impedes
flow by its presence. Experimental data obtained in

S ince the advent of coronary angioplasty, as-



dog femoral arteries suggest that the “true™ steno-
sis gradient js overestimated in 2 predictable man-
ner, dependent on the ratio of the catheter diame-
ter over the stenosis diameter. In addition, ferther
miniaturization of the balloon catheter and intro-
duction of the movable guidewire and of the
monorail technique soon rendered measurement
of pressure gradient less applicable.

In recent years, major efforts were made to
obtain accurate measurements of the lumen area
of the stenotic lesion, before and after coronary
angioplasty, using quantitative angiography with
computer-based automatic edge detection.’ How-
ever, for the evaluation of the angioplasty results,
this technique has inherent lirnitations. The disrup-
tion of the internal wall of the vessel following the
barotrauma of angioplasty cannot be easily delin-
cated by contour detection of the shadowgram
obtained with coronary angiography.® Videodensi-
tometry was a possible promising alternative, but
this method did not fulfill the expectations and
critical methodologic problems remained unre-
solved.™® These limitations have prompted investi-
gators 10 use blood flow measurement for the
functional assessment of angioplasty results, Vari-
ous digital angiographic techniques and Doppler
catheters were introduced and tested 312 The recent
minjaturization of pressure and velocity sensors!>!¢
has allowed the simultancous measurement of
intracoronary flow velocity and trapsstenotic pres-
sure gradient, the 2 parameters that characterize
the stenosis hemodynamics.

In this article we report the results obtained in
3% patients with a Doppler guidewire during coro-
nary interventions, as well as our initial experience
in 16 patients with the combined use of sensor-tip
pressure and Doppler guidewires, New methodo-
logic approaches allowed by these techniques in-
clude the instantaneous assessment of the flow
velocity/ pressure and pressure gradient/flow veloc-
ity relations.

MEIHCDS

Doppler guidewlro during coromary Interven-
tons: In 35 patients {31 men, 4 women, mean age
57 % 10 years) undergoing ¢oronary angioplasty
because of symptomatic coronary artery disease, a
Doppler angioplasty guidewire was used. Patients
who had acute myocardial infarction, arterial oeciu-
sion or subocclusion {Thrombolysis in Myocardial
Infarction [TIMI} flow class (-1), valvular heart
disease, extreme tortucsity of the vessel to be
difated, and the presence of an open aortocoronary
bypass graft on the vessel to be treated were not

420

included for study. Systemic arterial hypertension
was present in 9 cases (26%). Seven patients (20%)
had a previous myocardial infarction in the terri-
tory of distribution of the dijlated vessel (Q wave in
2 patients, nontransmural in 5 patients). Antiangi-
nal treatment, including in 21 patients (60%)
B-adrenergic blocking agents, calcium antagonists,
long-acting nitrates, or a combination of these 3
drugs, was not withheld. In 1 patient the Doppler
guidewire was used for a Z2-vessel angjoplasty
procedure. The left anterior descending artery was
the treated artery in 20 cases (56%). the left
circumflex in 4 cases (119}, and the right coronary
artery in 8 cases (229). Four stenoses of a saphe-
nous vein bypass graft were treated using the
Doppler guidewire as the angioplasty guidewire
(11%).

Catheterization procedure: After intravenous
administration of 10.000 IU of heparin and 250 mg
of acetylsalicylic acid, an 8 F guiding catheter was
advanced up to the coronary ostium. After isosor-
bide dinitrate (2-3 mg intracoronary), cineangio-
grams suitable for quantitative assessment were
obtained in 1-3 angiographic views.

The Doppler guidewire was advanced into the
artery to be dilated and a flow velocity recording
was obtained distal to the stenosis, both in baseline
conditions and after intracoronary bolus injection
of papaverine (8 mg, right coronary; 12.5 mg, left
coronary, saphenous vein bypass graft).® Intracor-
onary nitrates were used before the injection of
papaverine in order 1o induce a maximal coronary
vasodilation and avoid changes in cross-sectional
arca between baseline and post-papaverine assess-
ment.'® Care was taken to avoid the presence of
impairment of flow during maximal hyperemia due
to the presence of the gniding catheter in the
coronary ostium. If damping occurred (Figure 1),
the guiding catheter was withdrawn from the coro-
nary ostinm immediately after the injection of
papaverine. An appropriately sized balloon cathe-
ter (2—4 mm) was then introduced, using 2 MO~
rail technique in most cases, The Doppler guidewire
was left in place distal to the lesion during the
dilation procedure. The Doppler signal was contin-
uously acquired during balloon inflation and after
deflation to monitor the development of collateral
flow, the restoration of flow after balloon deflation,
the phase of postocclusive reactive hyperemia, and,
mcidently, the development of flow-limiting compli-
cations. Immediately after the end of the inflation,
the balloon was withdrawn in the guiding catheter
in order to avoid the residual obstruction of flow
due to the presence of the deflated balloon across
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FIGURE 1. Top, sinultanoous ro-
cordings of the pressure In the
cing aorta {Hp Yy}

and of the aortic prossure ro-
cordod with a Hluld-fifod 8 F guid-
Ing cathetor at the ostium of the
left coronary artery. At baseline
the 2 tracings are su,
Indicating that the veluminous.
Zuiding cathoter does nat impede

the flow in the mala stem. The
imiracoronary administration of

I ef% anterior d cfing artery.

the lesion. When the dilation was judged successful
(angiographic percent diameter stenosis <350%),
new bageline and post-papaverine flow velocity
measurements were obtained distal and proximal
to the lesion, taking care that flow velocity measure-
ments were repeated in the same positions as
before angioplasty.

Boppler guidewire and flow velocily measure-
ments: The Doppler angioplasty guidewire, a
0.018-in (drameter = 0.46 mm). 175-cm: long flexi-
ble and steerable guidewire with a floppy shapable
distal end mounting a 12 MHz piezoelectric trans-
ducer at the tip (Flowire; Cardiometrics, Mountain
Vigw, CA), has been described previously.!” The
flow velocity measurements obtained with this
system have been validated In vitro and in an
animal model using simultaneous electromagnetic
flow measurements for comparison.’” The Doppler
system performs a real-time spectral analysis of the
Deoppler signal'® and calculates and displays on-
lire several spectral variables, including the instan-
taneous peak velocity and the time-averaged (mean
of 2 beats) peak velocity. The time-averaged sys-
tolic and diastolic flow velocity components were
-analyzed off-line based on the fiow pattern and on
the simultaneous recordings of electrocardiogram
and aortic pressure (Figure 2). Coronary fiow
reserve was defined as the ratio between maximal
flow velocity at the peak effect of the papaverine
injection and in baseline conditions.

Quantitative angiographic measurements:
The guiding catheter. filmed without contrast me-
dium, was used as a scaling device.'® A previously
validated on-linc analysis system operating on
digiral images (ACA-DCI; Philips., Eindhoven, The
Netherlands®; n = 24) and a cincfilm-based off-
line system (CAAS System; Pie Medical Data,
Maastricht. The Netherlands®; n = 11) were used.
After automatic detection of the vessel centerline,

188

changes in fiow velocity are recorded using a Dopplor Zuldewlro

aweighted first and second derivative function with
predetermined continuity constraints was applied
to the brightness profile on each scan line perpen-
dicular to the vessel centerline. From the mea-
sured minimal luminai diameter (MLD), the mini-
mal luminal cross-sectional area was calculated,
assuming a circular cross-section (average of the
measurements if multiple views were acquired).
An interpolated technique was used to define the
reference diameter. Percent diameter and cross-
sectional area stenosis were also calculated. A
user-defined reference diameter was measured at
the site of the Doppler sampie volume in order to
detect changes of the position of the transducer
before and after angioplasty and to calculate the
maximal and mean coronary flow.182
Combination with transstenolic pressure
measurements: A total of 16 patients undergoing

INTRACORONARY DOPPLER MEASUREMENTS

ASPV: AVERAGE DIASTOLIC PEAK VELGCITY
ADPV: AVERAGE SYSTOLIC PEAK VELCTITY
APY: AVERAQGE PEAX VELOGITY
MPV: MAXIMUM PEAX VELOCITY

HGI.IRE 2. Dlagraun of a simaltanoous recording of eloctro-

aortlc p , and flow velocity. The sys-
tollcanddlaﬂollephasasofmwdlaceycleamldeml-
fod by vertical bars on the diagram. The R wave of the
mmmmmmmm«maoﬂc

seorve as landmarks of tho lic and &l

phase&meammlndmmthemaxhnmpoakﬂw
velocity.
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elective coronary angioplasty {n = 9) or scheduied
for a possible angioplasty procedure but with a
stenosis angiographically of intermediate severity
{>40% and <60% diameter stenosis: n = 7) were
studied with a simultanecus measurement of flow
velocity and poststenotic cerenary pressure, The
measurements were obtained in baseline condi-
tions and after papaverinc using the Doppler
guidewire positioned proximal to the stenosis and a
fiberoptic pressure microsensor advanced distal to
the stenosis. This pressure sensor is incorporated
in the flexible distal segment of a 0.018-in guidewire
(diameter 0.45 mm., cross-sectional area 0.17 mm?;
Radi Medical Systems, Uppsala. Sweden). This
system has already been validated in vitro with
regard to signal transfer characteristics, linearity,
and frequency response.!* The pressure signal was
calibrated immediately before insertion and the
accuracy of the measurement was checked by
superimposing the prestenotic coronary pressure
measured with the pressure guidewire and the
proximal coronary pressure measured with the
guiding catheter (Figure 3). A correction of a 5/15

mm Hg drift of the 0 pressure was necessary in 4
cases (25%). The mean transstenotic gradient was
caleulated as the difference of mean proximal and
mean distal coronary pressurc over 3 consecutive
beats in baseline conditions and at peak papaver-
ine effect (Figure 4). In order to facilitate the
comparisen of patients with different hemody-
namic characteristics at the time of the study. the
transstenotic pressure gradient was normalized for
the corresponding coronary proximal pressure.
The coronary flow measurements derived from the
quantitative angiographic and Doppler measure-
ments were used to calculate a flow/gradient index,
defined as the ratio between the difference of the
peak papaverine and bascline measurements of
coronary flow and transstenotic gradient.
instantaneous assessment of the flow veloc-
ity/pressure relation: Feasibility and reproducibil-
ity of the assessment of the relationship between
corenary blood flow velecity and aortic pressure
were evaluated in 31 patients with significant
coronary artery disease in a nontreated coronary
artery without diameter stenosis >30% and in 6

FIGURE 4. From top to bottom:

200
mmHg {

120

8o F

S DG WY W

eloctrocardlogram {ecg), proxd-
mal coronary pressure (prox. cor,
preas) recorded through the guld-
Ing catheter {mm Hg), dlstal coro-
nary pressure (dist. cor. press}
reded with a tp-

pressure guidewiro (mm Hg), cor-
onary flow veloclty rocorded with
a Doppler guldewire (cm/sec),
and transstienotic pressure grack-
ot (mm Hgl. Note that the sys-
Mlc.fdlas'tullc changes in flow

ecg

ProxX.cor.press

dist.cor,press

40 . pond to the pi
veloeity variations of the transstenctic
M\/\A\/\W dlent, with the maximal veloc-
smis gradient tty and gradlent In proto-mid-
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patients (8 angiographicaily normal arteries) 1-5
years after cardiac transplantation. The measure-
ment was performed in a proximal-middle scg-
ment of the studied artery (left anterior descending
in 18 cases [46%], left circumflex in 9 [23%], right
coronary artery in 12 [31%)] cases) in baseline
condition and after papaverine-induced hyper-
cmia. The proximal coronary pressure, measured
through the guiding catheter, and the instanta-
neous peak velocity were continuously acquired
using a 12-bit analog-to-digital converter at a
sampling frequency of 125 Hz (Data-Q Instru-
ments, Akron, OH). Linear regression analysis was
used 1o assess the slope of the velocity/pressure
relation (cm - s~ - mm Hg~!) in 4 consecutive car-
diac cycles during maximal coronary vasodilation.
The analyzed mid-to-late diastolic intervals were
defined using as start- and endpoints the maximal
diastolic peak velocity and the acceleration of the
slope of the velocity decrease induced by the
myocardial contraction (Figure 5). In 6 cardiac
transplant recipients left ventricular and aortic
high fidelity pressures were measured simulta-
neously using a double-sensor pigtail catheter (Sen-
tron, Roden, The Netherlands). In these cases the
analysis was performed using the digitized pres-
sure and flow velocity data obtained in the time
interval originally proposed by Mancini et al**%

{20 msec after the peak negative left ventricular
dP/dr-upstroke of the positive left ventricular 4P/
di). In the 8 arteries studied in cardiac transplant
recipients a bolus of 3 mg of adenosine was also
rapidly injected intracoronary during the maximal
papaverine effect so that the velocity/pressure
relation could be studied also during a series of
[ong diastolic pauses (up to 11 seconds). Right
ventricular pacing was used to restore a normal
cardiac contraction when necessary.

Statistical analysis: The differences between
flow velocity measurcments and derived indexes
before and after angioplasty were compared using
a paired Student’s ¢ test. The differences between
diastolic/systolic flow velocity ratio in the angio-
plasty patients and in the control group without
significant coronary stenosis of the studied vessel
were compared using an unpaired Student’s ¢ test,
The beat-to-beat variability of the slope of the
velocity/pressure relation was defined as the ratio
between the standard deviation and the average of
the slopes measured over 4 copsecutive cardiac
cycles. Ir the 8 arteries of cardiac transplant
recipients studied during a normal sinus beat and
duricg pharmacologically induced cardiac arrest,
the difference between the slopes of the velocity/
pressure relation ia normal cardiac cycles and
prolonged diastolic pauses was compared using a
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nonparametric (Wilcoxon) test. Statistical signifi-
cance was defined as p <0.05. All data were
expressed as mean * SD.

RESULTS

Monitoring of the angioplasty procedure with
the Doppler guidewire: The angioplasty guidewire
was successfully used to cross the stenosis in 32 of
36 arteries (89%). Stable Doppler recordings distal
to the lesion were acquired in all these cases.
During balloon infiation, a complete disappear-
ance of flow was observed in 26 arteries (81%). In
the remaining & cases {19%) the flow velocity
progressively increased during inflation (in 5 cases
with inpverted flow velocity signal), presumably
indicating recruitment of collateral coronary flow.
The restoration of antercgrade flow could be
immediately detected during the deflation of the
balloon, before the disappearance of the electrocar-
diographic changes or of the symptoms. In 3 cases
(9%} a sudden decrease of blood flow velocity was
the first warning signal of the development of a
flow-limuiting wall dissection after angioplasty (Fig-
ure 6). Two of these cases were successfully treated
with stent implantation and 1 patient required
cmergency bypass surgery. Coronary angioplasty
was judged angiographically successful in all the 29
remaining cases. Minimal luminal diameter in-

D " S e T it ST SN G S A—r
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creased from 1.02 + 0.72 mm before coronary
angioplasty to 2.12 = 1.6% mm after angioplasty
(p <0.001}. Minimal luminal cross-sectional area
stenosis increased after percutancous transluminal
coronary angioplasty (PTCA) from 0.84 = 0.41 to
345 =225 mm?® (p <0.001). Percent cross-sec-
tional area stenosis decreased from 80 = 9% to
46 = 19% after PTCA (p <0.001).

Baseline and hyperemic average peak veloc-
ity changes after angloplasty: Baseline and post-
papaverine flow velocity signals were obtained
before and after dilation in 29 coromary arteries
(81%: Figure 7). Bascline average peak velocity
increased from 16 = 9 10 27 = 14 cm/sec post-
PTCA (p <0.001). A >2-fold increase was ob-
served for the average peak velocity recorded at
the maximal effect of papaverine (27 = 17 and
60 = 28 em/sec before and after PTCA, respec-
tively; p <0.001). The cross-sectional area at the
site of the Doppler recording showed a nonsignifi-
cant change before and after PTCA (from
6.08 £ 3.73 to 5.74 = 3.68 mm? difference not
significant), suggesting that the velocity changes
reflect a true flow increase after PTCA in baseline
and hyperemic conditions. Coronary flow reserve,
as a ratio of the hyperemic/baseline flow velocity
measurements, showed a moderate but signifi-
cant increase after PTCA (from 1.75 = 0.55 to

FIGURE, 6. Coronary anglogram
bofore (A} znd after (B) abrupt
Arvelenrs Tl Dballoon dBa-

disappoarance of the flow volos-
Ry signal consequernt to the Sow-
Omiting dissection, & warning
signal proceding the electrocar-
dlographic changes and the de-
velopment of symptoms.

:
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2.39 £ 0.75; p <0.005). Comparable flow velocity
increases were observed after PTCA at the peak
effect of the papaverine injection and in the phase
of the maxamal reactive hyperemia recorded follow-
ing balleon difation in 14 patients (45 + 22 cm/sec
peak reactive hyperemia vs 47 + 20 em/sec after
papaverine, difference not significant). Figure 8
illustrates the relation observed between minimal
luminal diameter, before and after PTCA, and
maximal hyperemic flow velocity.

Changes in the diastolic/systolic flow veloc-
ity ratio after angioplasty: The ratio between
mean diastolic and mean systolic flow velocity
measured in baseline conditions distal to the steno-
sis was 151 = (.58 before PTCA, significantly
lower than the ratio measured in the 39 normal or
near-normal arteries (2.09 = 0.90; p <0.001). Af-
ter angioplasty. the diastolic/systolic flow velocity
ratio increased from 1.51 = 0.58 to 2.16 = (.98
{p <0.001) and did not differ from the control
group.

Flow velociy/transstenctic pressure gradi-
ent measurements: The quantitative angiographic,
flow velocity, and pressure measurements of the 16
patients studied with the combined use of Doppler
and pressure guidewires are reported in Table L
The maximal (post-papaverine) transstenotic pres-
sure gradient showed a significant inverse correla-
tion with the minimal luminal cross-sectional area

= —8.4r +45; r = —0.62; p <0.01). Coronary
flow reserve had only a borderline significant corre-

192

Iation with the minimal cross-sectional area
(y = 0.36c + 1.55; r=046; p <0.1). A param-
eter derived from the integration of flow and pres-
sure gradient changes from baseline to hyperemia
(flow/gradient index) showed a more strict cor-
relation with the minimal ¢ross-sectional area
(v = 5.6x + 0.6: 1 = 0.70; p <0.002). In particular,
a flow/gradient index <3 mL/min/mm Hg was
able to identify 10 of 14 cases with a minimal
cross-sectional area < 1.5 mm? (Figure 9B). When
the normalized transstenotic gradients were plot-
ted against the coronary flow reserve (Figure 9A),

Ditlal flow valesity (em/s)

FIGURE 8. Ralation hotweoon minkmal cross-soctional area
(MCSA,mnﬂamihymnﬂcMiﬂwmlodly 'I'heﬁﬂa
d bofore and after percut:
mmawmwmmdm
and Crossos, mpmu.ammmaﬂonmob-
Doty a plats above
uwvameofmsowonalamorz.swﬁ
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TABLE! Clinical and Hemodynamic Characteristics of the Patients Studied by a Simultaneous Recording of Transstenotic Pressure
Gradient and Flow Velocity
BAS HYP  Nem Nomm  BAS HYP AFtow/ A
Age MLCSA (SA  BAPY HAPY Grad Grad BASG HYPG  Flow Flow Grad (myy
Pt {y) Sex MI Vessel (mm?} {%} (cmrsec) {em/sec) CFR (mmHg) (mmHg ¢4 (%) (mumin) (mL/min) min/mm Hgl
WA 60 M Ne RCA 049 092 1o 27 27 21 43 23 51 20 53 1.53
aJL 73 M No SvAG 021 098 7 11 1.57 42 46 53 58 20 31 2.85
B 70 F Ne RCA 226 074 31 62 2,00 4 17 3 15 84 167 6.44
BKJ 5% M Ne RCA 082 095 16 15 150 1z 35 14 41 30 74 1.08
8 2 M Ne LAD 0.78 087 35 45 132 i 46 43 47 65 85 2.61
RTR 6% M No RCA 033 097 8 11 1.37 38 39 45 49 24 33 <.00
SA 72 M No SVBG 478 08B 18 %6 311 3 11 8 14 81 252 28.50
WE 59 M Ne LAD 1.14 084 19 83 437 5 14 5 19 41 181 15.53
B 55 M Ne LAD 11 086 G& 141 214 5 18 5 19 157 336 13.74
CHTA 80 M Yes RCA 030 097 8 10 125 44 49 49 57 23 28 113
SEA 74 M No RCA 0.23 0,95 11 1z 1.09 49 50 52 54 17 18 1.60
OMV 81 F No RCA 139 085 48 131 273 28 37 28 39 132 361 25.39
EC 57 M NonQ RCA Q.80 Q.92 30 45  1.50 15 42 13 39 a7 lag 1.80
Bw 67 M Yes SVBG 116 087 B8 11 1.37 35 39 42 45 21 29 1.59
1B 63 F Yes RCA 1.00 0.82 13 20 154 13 29 13 29 23 35 Q.77
tTw 50 ™ No LAD 1.19 071 21 39 186 28 65 28 63 33 56 2,05
Mean 66 112 087 21 45 196 23 36 27 40 55 118 7.24
=30 9 107 009 16 40 084 15 14 18 16 az 109 867
BAPY = baseline tmne-averaged prak blood Tiow velocity; BAS « baseline; C5A = - rosssectional ez, CFF + mnarynow reserve; AFLOW/AGRAD = (yperemic flow—Daseling
low)/ (hyparemic gradlent—basellng gradient); HAPY = hygcfcmlz ime-averaged pes ~ Hyparomit; LAD = left anterior descending M1 = myocandial
u«ammn MLCSA = minimal |uminal cross-sectional amea; W onhelzod b bmlme mdlent, NORM wps = normailzed hyporemic gradient; RCA = right cormnary artery;
SYBG = &phenous vein bypess graft.

3 subgroups of patients were identified. At one
extreme, the presence of large transstenotic gradi-
ents in baseline conditions and during hyperemia
(>40% of the corresponding aortic pressure),
associated with a minimal increase of flow during
hyperemia (<2 times baseline), identified the most
severe stenoses. At the other extreme, normalized
hyperemic transstenotic pressure gradients <20%
with an increase of 2-4 times the baseline flow
after papaverine characterized a group with non-
flow-limiting lesions. The intermediate group of
hemodynamically significant stenoses exhibited vari-
able pressure gradient/flow responses. Coronary
flow reserve and maximal (post-papaverine) trans-
stenotic pressure gradient showed a significant
inverse correlation (p <0.02; r = —0.56).
Instantanoous assessment of the hyperemic
flow velocity/coronary pressure relation: A clear
Doppler envelope allowing a reliable automatic
detection of the hyperemic diastolic peak velocity
during 4 consecutive beats was obtained in 31 of 39
cases {79%). The slope of the regression line was
1.86 = 0.84 mm Hg-cm™!-s L Negative inter-
cepts on the y-axis were calculated in 27 cases so
that a positive pressure at zero flow was estimated
in most cases, with a mean value of 34 = 16 mm
Hg. The applicability of linear regression analysis
to the study of the flow velocity/pressure relation
in the range of measurements obtained during a

diastolic interval of a normal cardiac cycle is
confirmed by the high correlation coefficients ob-
served (r = 0,95 = 0.03).

Table II reports the zero-flow pressure and the
slope of the hyperemic diastolic flow velocity/
pressure relation during sinus beats and during
long diastolic pauses induced by the injection of
adenosine in 8 angiographically normal arteries of
cardiac transplant recipients. The lower slope and
x-intercept of the long diastolic pauses as well as
the shape of individual curves (Figure 10) suggest
that the lineanty of the pressure/flow velocity
relation observed during normal sinus beats cannot
be extrapolated over a larger range of pressures
and flow velocity, and cannot be used for an
accurate estimation of the zero-flow pressure.

DISCUSSION

Practical and theoretical concerns of using
coronary flow reserve: Since the original work of
Gould et al? the assessment of coronary flow
reserve has been viewed as a method of establish-
ing indirectly the severity of a coronary stenosis. It
is assumed that the reduction in flow reserve
through the stenotic lesion would be an indicator
of stenosis severity. In fact, this simple assumption
is derived from the complex hemodynamic princi-
ples regulating the coronary circulation. In the
schematic description by Klocke? (Figure 11A},
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flow reserve at a certain level of pressure is defined
by the ratio between flow measured during maxi-
mal hyperemia and flow in baseline conditions. At
rest, flow is independent of the driving pressure
over a wide range of physiologic pressures (60-180
mm Hg). a phenomenon classically described as
autoregulation of the coronary circulation. During
maximal vasodilation, flow becomes linearly re-
lated to the driving pressure. The presence of a
flow-limiting stenosis in a major epicardial vessel
generates a pressure drop across the stenotic
lesion, which is the result of viscous and turbulent
resistances, so that the driving pressure distal to
the stenosis decreases exponentially with the veloc-
ity of blood.
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TABLE ! Instantaneous Hyperemic Diastolic Flow
Velocity/Pressure Relatlon in Normal Sinus Beats Versus
Prolonged Diastolic Pauses
Sinus Beats Pauses
Analyzed time interval (msee) 266 = 187 1852+ 1,100
Minlmal aortic pressure 64x4 3B=x§
{mm Hg)
Minimal blcod flow veloclty 4al=14 14 =8
{em - sec—!)
Zero-flow pressure (mm He) 38=9 0x8
Slope (e - sec~1 - mm Hg-1) 19x09 1206

The coronary flow reserve concept is mainly
appealing to the clinician because it constitutes a
functional surrogate to the anatomic description of
the lesions located in the epicardial vessels, and
mapy authors have shown that a decrease in flow
reserve may discriminantly detect a lesion of in-
creasing severity.?2 Although the concept may be
easily and accurately applied in an optimal physic-
logic situation, ! it must be recognized that core-
nary flow reserve is influenced by factors indepen-
dent of the bydrodynamic characteristics of the
stenotic lesion. Since flow reserve is by definition a
ratio, similar ratios may be obtained at very differ-
ent levels of resting and hyperemic flow. Changes
in basal resting flow without changes in hyperemic
flow will considerably affect the ratio so that
knowledge of the absolute flow values is a prerequi-
site to the interpretation of a relative measurement
such as coronary flow reserve. Any factors atfecting
the hyperemic pressure flow relation would like-
wise modify the flow reserve and thereby change
the assessment of the severity of the coromary
lesion under study. The hyperemic flow/pressure
relation is influenced by factors such as heart rate,

100 cm/s .
75 y= 162X -53
50 y= 1.06% -13
25
0— -
0 40 80 120
mmHg

FGURE 10. Flow volocity/ pressure loops during neaxiial
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preload, myocardial hypertrophy, or disease of the
microvascutature.””? Following coronary interven-
don, acute changes in resting blood flow together
with changes in the anatomy of the stenotic lesion
and concomitant persistent modifications of the
hyperemic flow/pressure relation considerably ham-
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per the clinical usefulness of coronary flow reserve
for the assessment of the functional results. The
aforementioned considerations are schematically
illustrated in Figure 11. Gur present results con-
firmed the observations made by other investiga-
tors,™11%33 namely that an increase in resting and
hyperemic flow velocity occurs following angio-
plasty so that the usefulness of coronary flow
reserve is limited in this clinical setting. Stmilar
observations have been made by our group in the
past, using Doppler tip balloon angioplasty cathe-
ters.!0

Flow velocity/pressure relation: As previously
demonsirated, the determination in absolute terms
(cm/sec} of the maximal hyperemic velocity may be
more indicative of the increase in coronary conduc-
tance achieved with balloon angioplasty, It must be
realized, however, that the interpretation of this
change in hyperemic response remains ambiguous,
since the limiting factor to its increase may be
either the persistence of a residual stenosis or an
impaired distal vasodilatory response. The simulta-
neous measurement of a pressure gradient across 2
stenotic lesion may clarify the situation and indi-
cate the reason why flow does not increase or
increases abnormally (see algorithm in Figure 11B).
Conversely, the sole measurement of the pressuxe
gradient during hyperemia has also inherent Hmita-
tions, The absence of a significant transstenotic
gradient, for instance, may be related either to the
absence of a flow-limiting stenosis or to the pres-
ence of a low flow across the stenosis due to either
an impaired distal vasoditation or a well-devetoped
collateral circulation.

A more accurate characterization of the severity
of a stenotic lesion may be defined by the slope of
the relation between mean gradient ané coronary
flow.* The slope of this relation is inversely corre-
lated with the resistance of the stenotic lesion.
However, this simplified assessment is only a lim-
ited estimation of the true physiclogic phenome-
non because mean gradient and flow velocities
instead of instantaneous values are employed and
because only 2 points (baseline and maximal hyper-
emia) are analyzed. A more complex but more
complete and accurate analysis of the pressure
gradient/flow velocity relation requires a continu-
ous assessment of the instantaneous pressure gradi-
ent/flow velocity changes during the cardiac cycle
in a beat-to-beat analysis *-% The combined mea-
surement of transstenotic gradient and flow veloc-
ity may provide a comprehensive interpretation of
the fluid dynamics across the stenotic lesion, as
weli as of the myocardial capillary circulation. The
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velocity ratio.)! As previously reported,!'? a normal-
ization of this index occurs in the minutes following
a successful angioplasty. The physiologic explana-
tion of this phenomenon remains controversial.
The normalization of the diastolic/systolic flow
velocity ratio after angioplasty may be intimately
refated to a rapid modification of the vasodilatory
capacity of the capillary bed after angioplasty,
possibly reflected by the slope of the instantaneous
hyperemic flow velocity/pressure relation. Never-
theless, the clinical applicability of the diastolic/
systolic flow velocity ratio, as an index capable of
describing the results of coronary angioplasty in
individual patients, requires a complete investiga-
tion of the factors that can modify this index
independently of the stenosis severity (heart rate,
contractility, type of studied vessel, etc.).

CONCLUSION

Miniaturization of flow velocity and pressure
sensors with guidewire technology now permits the
application in consciows humans of methodologic
approaches previously limited to the experimental
animal laboratory. The initial results based on the
slope of the instantaneous hyperemic flow velocity/
pressure relation and of the pressure gradient/
velocity relation suggest that these techniques can
vield a reproducible and accurate assessment of
parameters that more precisely characterize the
physiologic significance of coronary stenoses be-
fore and after interventions.
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SUMMARY

Background: The limitations and inaccuracies in the measurement of stenosis
geometry, especially after coronary interventions, have prompted investigators to use
functional indexes of stenosis severity, assessing the reduction of flow induced by
the stenosis under study. Coronary flow reserve is greatly affected by the hemo-
dynamic conditions at the time of the measurerent and can not be applied for the
immediate assessment of the results of coronary interventions.

Aim of the study: In this study the instantaneous relation between coronary flow
velocity and pressure in the diastolic phase has been assessed during maximal
hyperemiz in normal or near-nomoal coronary arterles (< 30% diameter stenosis) in
52 patients and in arteries with 2 30% diameter stenosis in 24 patients.

Methods: The instantaneous peak coronary flow velocity measured with a Doppler
guidewire was plotted against the simultaneously measured proximal coronary
pressure, recorded through the guiding catheter. The phase of progressive flow
reduction in mid-late diastole was selected in 4 consecutive cardiac cycles at the
maximal effect of 8-12.3 mg of papaverine intracoronary. To study the possibility to
determine the zero-flow pressure from the intercept of the velocity-pressure relation
on the pressure axis, a controlled diastolic cardiac arrest was induced by an
intracoronary bolus injection of 3 mg of adenosine in 9 cardiac transplant recipients.

Results: The slope of the instantanecus hyperemic diastolic flow velocity-pressure
relation (IHDVPS) could be assessed in 44/52 patients with < 30% diameter stenosis
(85%) and in 15/24 patients with >30% diameter stenosis (62%). The presence of a
flat diastolic flow velocity curve precluded the assessment of the THDVPS in the
patients with the most severe sienoses. The measurement of IHDVPS was highly
reproducible (interobserver difference = 2 + 1%) and showed a moderate beat-to-beat
variability (15 + 7%) The IHDVPS showed no significant correlation with heart rate,
mean diastolic aortic pressure, left ventricular +dP/dt, V., —dP/dt and 7, type of
vessel studied and cross-sectional area at the site of the velocity recording. The
THDVPS was significantly lower in arteries with 230% diameter stenosis than in
normal arteries (0.77 + 0.52 versus 1.65 +0.71 ¢cm s™' mmHg™, p < 0.0001).

The study of the velocity-pressure relation during long diastolic pauses showed a
curvilinear relation in the lower pressure range between velocity and pressure, with
an upwards concavity to the velocity axis and no intercept with the pressure axis in
most cases.

Conclusien: The instantanecus flow velocity-pressure relation during maximal
hyperermia can be reliably assessed using intracoronary Doppler in the Catheterization
Laboratory, has a low Inter-observer variability and a moderate beat-to-beat
variability, is independent from heart rate, aortic pressure or indexes of left
ventricular contractility-relaxation at the time of the assessment. The slope of this
relation can distinguish arterjes with and without significant coronary stenoses,
suggesting that this index is a potential alternative to coronary flow reserve for the
assessment of stenosis severity before and after coromary interventions. The
curvilinearity of the velocity-pressure relation during long diastolic pauses, possibly
due to a significant reduction of luminal cross-sectional area at low pressures,
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precludes the use of the flow velocity-pressure relation for the assessment of the
zero-flow pressure.
Key words: Coronary flow; Doppler ultrasound, Coronary circulation.

In the cardiac catheterization laboratory the severity of 2 coronary stenosis before and
after coronary interventions is assessed using morphological techniques to measure
absolute and relative dimensions of the stenotic segment. Computer-assisted
quantitative anglography has greatly increased the accuracy of these measurements
[I] and new techniques, such as intracoronary ultrasound, have the potential to
further improve this accuracy in the presence of a Jumen of complex geometry such
as after coronary interventions [2]. However, multiple geometric characteristics of the
stenotic segment (minimal luminal cross-sectional area, length, eptrance and exit
angles, etc.) must be determined to estimate the stenosis hemodynamics [3,4]. A
complete three-dimensional reconstruction of the stenosis geometry is beyond the
possibility of the techniques currently applied to study stenosis morphology, and
larger inaccuracies can be expected in the assessment of the results of coromary
interventions which induce a severe disruption of the vessel wall [5]. Furthermore,
the measurements in the reference segment for the assessment of percent diameter
and cross-sectional area reduction are often misleading due to the presence of a
relative stenosis due to diffuse atherosclerosis or of pre- or post-stenotic ectasia. The
use of physiological indexes of stenosis severity, assessing the reduction of flow
induced by the stenosis under study, may overcome these limitations. Baseline flow,
however, is reduced only in the presence of very severe stenoses, inducing a
resistance to flow exceeding the high basal resistance of the distal coronary
vasculature. An increase of myocardial metabolic demand or the use of pharma-
cologic agents inducing a maximal reduction of the distal coronary resistance is
required to assess the limitation to the maximal coronary conduectance induced by
less severe stenoses. The measurement of absolute coronary flow, normalized per unit
of viable myocardial mass, is an unequivocal indicator of the adequacy of the
maximal myocardial perfusion in the territory of distribution of the artery under
study. This measurement, however, can be obtained only with techniques not
applicable in humans (radiolabeled microspheres) or not irnmediately applicable in
the interventionzal laboratory due to their inherent techmical complexity (positron
emission tomography) [6,7,8]. The ratio of maximal flow to baseline flow (coronary
flow reserve, CFR) is a well-established alternative, well correlated in previous
experimental work with the severity of coronary stenoses [9]. As a ratio. however,
CFR is influenced by changes in resting myocardial flow and by factors modifying
the slope of the flow-pressure relation during maximal hyperemia such as the
presence of myocardial hypertrophy and changes in pre-load, heart rate and
myocardial contractility {10-12]. Furthermore, the ratio between maximal hyperemic
flow, linearly related to changes of driving pressure, and baseline flow, relatively
independent from pressure changes in the autoregulatory range, is necessarily variable
with the level of aortic pressure at the tirne of the measurement [10]. Coronary flow
reserve, measured in clinical studies using Doppler or videodensitometry, correlated
well with the angiographically measured stenosis severity only in very selected
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subsets of patients {13-15], but this index could not be successfully applied in a large
population of patients with coronary artery disease [16]. Furthermore, after coronary
interventions the increase in baseline flow andfor the persistence of an impaired
vasodilatory response of the distal vasculature, preciudes the use of CFR for the
immediate assessment of the results of this treatment in the interventional suite
[17-23].

To overcome these limitations, Mancini et al. [24] proposed the assessment of the

instantaneous relation between aortic pressure and coronary flow during maximal
hyperemia in the phase of progressive flow decrease in mid- and end-diastole. In
their experimental preparation, electromagnetic flowmeters were used to measure
coronary flow and left ventricular pressure was used to define the start- and end-
points for the measurement, avoiding the phase of rapid cardiac relaxation and the
phase of isovolumetric myocardial contraction. In four separate series of experiments
[24-27], the slope of the instantaneous hyperemic diastolic flow-pressure relation
(JHIDFPS) was shown to be independent from changes in heart rate, preload, aortic
pressure and cardiac contractility. The IHDFPS was well correlated with the severity
of coronary stenoses, showing larger decrements than CFR with increasing stenosis.
The measurement of coropary conductance obtained with this index was best
correlated with maximal subendocardial conductance measured using radiolabelled
microspheres. In humans, selective measurements of instantaneous coronary flow can
pot easily be performed in the cardiac catheterization laboratory. Intracoronary
Doppler, however, can accurately measure instantaneous flow velocities during the
cardiac cycle [28,29]. Using Doppler-tipped guidewires the velocity measurements
can be obtained distal to the stenosis, so that the flow changes will certainly reflect
the severity of the lesion under study.
Aim of the study: feasibility, reproducibility and independency from the hemodynamic
parameters at the time of the assessment of the slope of the instantaneous hyperemic
diastolic flow velocity-pressure relation was assessed in 52 arteries with <30%
diameter stenosis. Sensitivity and specificity of the THDVPS for the assessment of
a flow-limiting stenosis was established by comparing the measurements of IHDVPS
in the control group with the measurements obtained in 24 arteries with 230%
diameter stenosis. The possibility to estimate the pressure at zero flow (Pp.,) from
the extrapolation of the instantaneous diastolic velocity pressure relation was tested
in 9 cardiac transplant recipients after inducing a controlled prolonged diastolic
cardiac arrest.

METHODS

Patient population

Group I (normal arteries or arteries with < 30 % diameter stenosis; n = 32): This
group included patients undergoing coronary angiography because of suspected

coronary artery disease (n= 12), percutaneous coronary interventions in an artery
different from the vessel studied (n=31) and asymptomatic cardiac transplant
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recipients undergoing control follow-up coronary angiography 1-5 vyears after
transplant (n = 9). Age, sex, clinical characteristics and type of artery studied for the
patients undergoing a successful assessment are indicated in Table 1. The studied
arteries were examined by two experienced angiographers and classified as normal
{n = 23) or with minimal lumen irregularities (n = 29). The absence of 230% diameter
stenosis was confirmed, when necessary, using a subsequently described quantitative
angiographic technique. In no cases angiographically visible collaterals originated
from the artery studied. None of the cardiac transplant recipients had angiographi-
cally visible signs of small coronary vessel disease. In all cases left ventriculography
showed a normal left ventricular function in the tetritory of distribution of the artery
stadied. Twenty-nine patients (56%) of this group were under antianginal and/for
antihypertensive treatrnent at the time of the study.

Group II (arteries with > 30% diameter stenosis; n = 24): this group included 21
patients with >50% diameter stenosis studied before a coronary intervention and 3
patients with >30% but < 50% diameter stenosis undergoing a diagnostic coronary
angiogram. Patients with acute myocardial infarction, arterial occlusionfsubocclusion
{Thrombolysis in Myocardial Infarction (TIMI) flow class 0-1} or presence of an
open aorto-coropary bypass graft on the vessel studied were not included in the
study. Clinical characteristics and type of vessel studied in the group undergoing a
successful assessment are reported in Table 2. All patients of this group were under
antianginal treatment at the time of the study.

Catheterization procedure

After intravenous administration of 10,000 LU. of heparin and 250 mg of acetyl-
salicylic acid, a 7-8 Fr guiding catheter was advanced up to the ostium of the artery
studied. The Doppler guidewire was introduced into the proximal or mid-segment of
the vessel to be studied (Group I) or distal to the stenosis (Group II). After
optimization of the Doppler signal and 3-5 min after intracoronary injection of a
bolus of 2-3 mg of isosorbide-dipitrate, baseline flow velocity and proximal coronary
pressure were recorded and a cineangiogram was performed in order to measure the
cross-sectional area at the site of the Doppler sample volume and the geometric
characteristics of the stenosis {(when present). The flow velocity measurement was
then repeated at the peak effect of an intracoronary bolus injection of papaverine (8
mg: right coronary; 12.5 mg: left coronary and saphenous vein bypass grafty [30].
Care was taken to avoid impairment of flow during maximal hyperemia due to the
presence of the guiding catheter in the coronary ostium. If damping occurred, the
guiding catheter was withdrawn from the coronary ostium immediately after the
injection of papaverine. In 6 cardiac transplant recipients, left ventricular and aertic
pressure were measured simultaneously using a double sensor high-fidelity pig-tail
catheter (Sentron, Roden, the Netherlands). In these cases a previously described
autornated analysis system [31] was used to measuore peak positive and negative first
derivative of the left ventricular pressure (+dP/dt and —dP/dt), the maximal velocity
of left ventricular isovolumic contraction (V) and the constant of isovolumic
relaxation (t,). In all the 9 cardiac transplant recipients, during the phase of maximal
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Table 1. Clinical and hemodynamic characteristics of the patients studied with a simultaneous recording of Iransstenotic pressure gradient and flow velocity.

it Age ] Sex | Hypert [ Vesse! CSA2 Aanio pressure Flaw velocity CFR IHDVFS iHGyPS Pi=p Pi=g 2
{mm*<} range {mmibyg) ranga {em/s) variab, variab.
max min max min om/s/mmHg % mmHg %
g21137 &7 M ¥ LAD 4.07 96 71 83 39 2.4 1.2 5 32 12 085
921335 | 83 M n LCX 907 102 85 135 62 28 28 5 44 16 082
921343 | 67 M n RCA 938 % 64 63 28 25 08 13 14 53 .94
921248 43 M n RCA 4.71 108 a1 §24 65 29 1.3 15 22 o) 0.81
921233 55 M n LCX 4.10 i2 91 t3az2 54 25 2.4 15 66 i3 03
920859 | 45 M n LCX 585 112 85 176 93 30 285 9 43 15 094
S20931 70 M n LAD 334 109 ¥0 45 14 20 g 12 52 8 0.9
§21117 59 F il LAD 541 100 59 116 67 25 16 25 22 41 085
921146 45 M 1] 343 108 84 118 63 27 21 1¢ 51 7 045
921813 £8 M n ACA 7.05 a3 72 87 60 25 17 7 3 6 084
Y2053 £5 M n ECX 578 127 97 97 63 37 1.4 6 53 8 085
921803 42 M n LCX 9.49 g2 75 107 59 3.1 26 6 53 3 095
924671 59 M Y LOX 4.12 132 i12 108 76 .0 1 12 29 35 085
921878 45 M n LCX 859 107 8 131 &3 30 i.9 8 34 11 0.88
921787 § &4 F ¥ LCxK 7.31 111 [:5) 84 58 28 1 19 i 35 0.90
921453 71 M ¥ RCA §27 120 73 67 2% 22 0.8 iQ 37 40 972
921953 65 F ¥ 1CX 6.30 80 53 36 24 13 05 4 5 33 091
21645 52 M ¥ LCX 1.69 & &3 &2 61 1.7 1.1 11 55 079
921581 53 F " LAD 383 116 85 &4 35 21 08 7 44 11 091
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Pis Aos | Sex [ Hypsrt | Vesssl | C FOIEG prossure Flow veloeity CFR IHOVPS HOVPS Pt=g Pl-g 2
fmm<) range (mmhbig) 1ange femn/s) varfab. variab.

920813 | 81 M a LCX 334 75 ] 73 50 26 3z 15 55 3 0.85
e2705 | 45 F y LAD 14.1 103 87 89 % 46 16 13 a7 8 083
222007 58 M ¥ RCA 108 ) & 28 3.6 1.5 14 66 7 0.79
022008 | 56 M n LCX 03 84 103 88 32 1.5 x 34 a3 060
921757 | 42 M n 882 H &6 78 59 45 28 3 43 25 077
221478 | 61 M a LAD 201 192 76 16 58 35 23 8 48 3 093
S21097 51 M Y LAD 10.82 71 58 55 41 20 1.1 16 28 26 0.83
621384 | 0 M y RCA 75 [:3] 7 40 33 2.4 39 31 3% 0.75
920066 | B4 M y RCA - 82 2] 82 62 36 1.7 16 a3 2 0.85
92y | 80 M y LAD 6.12 165 93 143 2] 23 3.1 16 58 27 078
521922 55 M ¥ RCA - & 54 51 33 3.0 1.2 21 23 28 083
£20298 3 F y LCX 8.07 94 14 gt 5 38 1.7 13 36 57 08t
921961 { 57 M y LCX 7.55 108 79 100 70 33 09 14 10 49 082
920952 | 67 M n SvBG 866 21 100 &4 25 22 1.1 4 73 4 072
922002 67 M n SvBa 86 71 161 53 26 26 ! 44 7 078
921548 65 M ¥ LAD 17.5 90 73 73 4 1.6 1.6 8 44 & 087
930194 53 M n LEX 989 106 81 37 24 2.0 0.9 11 62 6 D89
£21983 48 W n LAD 956 90 i 4 7 49 1.7 13 34 16 G492
230053 46 M n LAD 383 23 83 127 85 28 28 28 55 13 0.87
030242 68 M ¥ 334 118 87 85 48 27 1.0 7 31 17 079
030264 | 68 M n RCA 7.02 98 8t 89 52 1.7 22 i1 58 ] 085
B0 73 F n LOX tAL i) 77 87 54 38 14 11 M 17 0.54
830399 47 F n LAD - 118 91 133 80 22 19 18 44 19 o84
83000 | 88 | M y RCA | 535 110 79 53 27 24 08 15 38 36 0.88
921884 57 M n LAD 726 83 73 93 52 38 t8 16 36 8 07
MEAN 55 L] 7 9« 55 29 17 14 az 22 085

+ 8D +8 *18 + 54 +32 24§ 07 207 8 18 +15 1007

CSA = cross/sectional area; CFR = coronary flow reserve; IHDVPS = instantaneous hyperemic velocily pressure slope;
Pry = (X-axis intercept); ©° = squared correlation coefficient,
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Table 2. Clinical and hemodynamic characteristics of the patients with > 30% diameler stenosis.

Pls Age | Sax | Mi | Hyp | Vesssl | DS % | MLCSA CSA Aortic Flow CFR 1 #HDVPS | IHDVPS Pi= Prap I
yrs ooppler prromu:'u vra!oo*:y mnn % varia, | mm var,
L] {mmHg} 4«'3?-)
mm? mm? max | min | max [ min % %

21680 3 F ¥y n LAD 35 182 33 Al 6 32 22 24 [chd 18 86 i 083
921858 52 M ¥y n LCX &7 1.1 10.2 98 81 2 15 2 4.2 13 7.8 27 095
921752 56 M y n LAD 55 183 875 95 73 47 29 +8 08 7 14.3 24 0485
820707 P L] [i] n RCA 78 0.5 95 84 54 50 32 1.5 06 19 [ 52 076
gatg22 59 M n n RCA 78 1.27 464 &3 57 41 18 1.8 i 14 45 5 0.82
920508 63 F n n RCA 55 1,67 870 101 78 33 0 5.5 05 24 34 42 085
921238 55 M Ll n £ 0.87 2.49 83 70 21 12 1.1 0.3 32 2 50 0.70
220945 £ M ¥ ¥ LAD 55 218 4.22 B3 75 i 21 1.7 08 8 23.7 12 0.72
$21504 50 M n ¥ LAD 45 1.46 62 96 7 57 30 19 o7 29 289 19 0.60
921034 4 F ¥ n RCA 63 0.59 85 1256 L] 50 18 1.3 05 12 266 22 092
92118 43 M y ¥ 58 1.06 547 95 80 5 52 1.4 o7 12 2 70 072
$21774 & M n n LAD i) 1.02 5.38 &7 5 u 2t 1.7 08 16 27.9 9 088
930228 L F ¥ n LAD 5 249 5.55 112 0 202 “ 33 23 11 20 27 093
930201 1 M ¥ n LA 52 207 b 114 75 61 ar 21 068 ] h] 48 094
922038 56 M ¥ n ACA £5 0.79 525 62 49 &7 ar 1.8 1.5 13 247 114 092
MEAN ] &0 1.2 620 %0 70 42 25 %4 07 6 234 28 0.79

% SD :oi £12 205 2239 16 | 250 | 214 | N 230. £0.3 +8 14 *19 201

MI = myocardial infarction; % DS = peicent diameter stenosis; MLCSA = minimal luminal cross-sectional area,
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CSA = cross-sectionat area; IHDVPS = inslantaneous hyperemic diaslolic velocity pressare slope; CFR = coronary flow reserve.



hyperemia after papaverine injection, an intracoronary bolus of 3 mg of adenosine
was used to induce a prolonged diastolic cardiac atrest. Ventricular pacing was used,
when necessary, to restore cardjac contraction.

Quantitative angiographic measurements

The guiding catheter, filmed devoid of contrast medium, was used as a scaling
device. A previously validated [32] on-line anmalysis system operating on digital
images (ACA-DCI, Philips Medical Systems, Best, The Netherlands) was used during
the catheterization procedure. In this system, after automatic detection of the vessel
centerline, a weighted first and second derivative function with predetermined
continuity constraints is applied to the brightness profile on each scan line
perpendicular to the vessel centerline. In all patients a user-defined diameter was
measured at the site of the Doppler sample volume and the corresponding cross-
sectional area was calculated assuming a circular cross-section. In Group I, minimal
luminal diameter (MLD) was measured and percent luminal diameter stenosis was
calculated using an autorpatic interpolated technique to measure the reference
diameter.

Doppler guidewire and flow velocity measurements

The Doppler angioplasty guidewire is a 0.018" (diameter 0.45 mm, cross-sectional
area 0.17 mm?) 175 cm long flexible and steerable guidewire with a very flexible
shapable distal end mounting a 12 MHz piezoelectric transducer at the tip
(Cardiometrics Inc., Mountain View, CA) [28]. The sample volume is positioned at
a distance of 5.2 mm from the transducer and has an approximate width of 2.25 mm
due to the divergent ultrasound beam so that a large part of the flow velocity profile
is included in the sample volume also in case of eccentric positons of the Doppler
guidewire. After real-time processing of the quadrature audio signal a fast-Fourier
transform algorithm is used to increase the reliability of the analysis [33], the
Doppler system caleulates and displays on-line several spectral variables including
the instantaneous peak velocity and the time-averaged (mean of 2 beats) peak
velocity (Figure 1A). The flow velocity measurements obtained with this system have
been validated in vitro and in an animal model using simultaneous electromagnetic
flow measurements for comparison [28]. Mean flow velocity was calculated as time-
averaged peak velocityf2, assuming a fully developed parabolic flow velocity profile
[29]. Coronary flow reserve was defined as the ratio between maximal flow velocity
at the peak effect of the papaverine injection and in baseline conditions.

Instantaneous assessment of the flow velocity-pressure relation
A continuous acquisition of the instantaneous peak Doppler flow velocity, of the
pressure measured through the guiding catheter and of the electrocardiogram was

performed with a 12 bits analog-to-digital converter (DataQ Instr., Akron, OH)
connected to a PC. Electrocardiogram, proximal coronary pressure and instantaneocus
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Fig. 1. Top panel) Flow velocity measurements dering maximal hyperemia in a left circumflex artery
with minimal wall irregularities (left side) and in a left anterior descending coronary artery distal to a
significant stenosis (56% diameter stenosis, right side). Mid-panel} From top to bottom electrocardiogram,
aortic pressuse and peak velocity of the same beats acquired in 2 digital format (125 Hz). The maximal
velocity and the rapid decrease in velocity due to the beginning of myocardial contraction are used as the
start and ead point for the analysis of the diastolic hyperemic pressure velocity relation. Bottom panel)
Pressure flow velocity [oop of the same beats. The regression line was calculated from the datapoints of
the mid-diastolic interval indicated above, Note the steeper slope of the pressure velocity relation in the
normal artery.

peak coronary blood flow velocity were sampled at 125 Hz per channel and stored
for off-line analysis (Figure 1B). Using dedicated software (ACodas, DataQ, Akron,
Ohio), the acquired signals were displayed in an X-Y scatterplot, so that the
progressive variations of the instantaneous peak flow velocity-pressure loop from
baseline to hyperemia could be monritored and 4 consecutive cardiac cycles without
recording artifacts could be selected at peak hyperemia. The diastolic interval to be
analyzed was selected using as start point the maximal diastolic velocity and as end-
point the beginning of the phase of rapid decrease of flow velocity induced by the
ventricular contraction (Figure 1C). After identification of the interval of analysis for
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each cycle, linear regression was used to calculate the individual ITHDVPS in order
to study the variability among different cardiac cycles. Afterwards, the data of the
4 selected diastolic intervals were pooled and the mean THDVPS was calculated. The
reproducibility of the measurements was tested in 10 randomly chosen cases of
Group I in which the same 4 cardiac cycles were independently assessed by a second
observer. In the 6 patients in whom a left ventricular high-fidelity pressure was
avajlable during the measurements, the slope of the hyperemic diastolic flow
velocity-pressure relation was assessed in the same beats using the start- and end-
points proposed by Mancini et al. (20 ms after peak left ventricular —dP/dt and
upstroke of +dP/dt) [24].

Velocity-pressure relation during controlled diastolic cardiac arrest

In 9 cardiac transplant recipients a second injection of papaverine intracoronary was
performed, followed after 30-45 s by an intraccronary bolus of adenosine 3 mg
(Figure 2). Using a previously introduced right ventricular pacing catheter, pacing
was performed when necessary (4 cases) to restore a normal cardiac contraction.
Flushing was reported by 4/9 patients. None of the patients complained of chest
discomfort.

Fig. 2. Prolonged diastolic pause induced by the intracoronary injection of 3 mg of adenosine during
maximal hyperemia induced by papaverine. A progressive decrease of flow velocity and aortic pressure
is observed during the 6 seconds of cardiac arrest. In the first beats induced by ventricular pacing, note
the presence of a large systolic flow component, indicating refilling of the capacitance of the epicardial
coronary artery. The dotted tracing at the top of the Doppler envelope indicates the instantaneous peak
velocity (automatically detected on-line and used for the analysis of the pressure-velocity relation).

Statistical analysis

The results were expressed as mean * standard deviation (8D). The beat-to-beat
variability of the IHDVPS was calculated as the ratio between the standard deviation
and the mean of the slopes measured over 4 consecutive cardiac cycles. The mean = SD
of the signed differences of comresponding measurements was used to test the
interobserver varlability and the variability of the measurements obtained defining
the diastolic interval of analysis from the flow velocity signal or from the left
ventricular pressure. Covariance analysis was used in Group I to estimate the
independency of the IHDVPS from heart rate, mean diastolic aortic pressure, cross-
sectional area at the site of the velocity measurements and left ventricular +dP/dt and
~dP/dt, Vmax and 1,. A two-tailed Student’s t-test for unpaired data was performed
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to compare the measurements of IFIDVPS in patients with and without > 30%
diameter stenosis.

To test the linearity of the individual velocity-pressure relations during long
diastolic pauses, the data were fit with a linear and a second order polynomial
function. A relation was considered non linear when the coefficient of the second
order term of the polynomial fit was significant at p < 0.01 and when the F-statistic
for the polynomial fit was statistically better at p < 0.01 than the linear fit [34].

RESULTS

Feasibility, reproducibility, beat-to-beat variability and dependence on
hemodynamic variables of the measurement of THDVPS

Feasibility: A reliable, automatic detection during maximal hyperemia of the
progressive decrease in flow velocity of peak velocity in mid-late diastole was
obtained in 44/52 patients of Group I (85%) and in 15/24 patients of Group II (62%).
A poor quality of the Doppler signal or the presence of multiple artifacts impairing
the accuracy of the automatic analysis was the reason for exclusion in all the 8 failed
measurements in Group I and in 4 failed measurements in Group II. In the remaining
5 patients excluded in Group II the reason of failure was the presence of a flat
diastolic flow velocity curve, without a clear proto-mid diastolic peak usable as start-
point for analysis. In all the patients with this pattern a severe coronary obstruction
(> 75% diameter stenosis) was observed.

Variability: The mean difference between measurements of IHDVPS performed
independently by two observers (n=10) was 0.004 +0.0001 cms mmHg™
(observer 1 minus observer 2), equal to 2+ 1% of the mean of the two measure-
ments. A beat-to-beat variability of 13 7% was observed in Group I (individual
measurements in Table I) and of 15+ 8% in Group I (Table H). The THDVPS
calculated using start- and end-points for the definition of the diastolic interval
derived from the flow velocity tracing or from the left ventricular pressure tracing
{n = 6) showed a mean difference of 0.009 +0.005 cms™ mmHg ' (measurement
with interval selected on the velocity pattern minus measurement with interval
selected from the left ventricular tracing, 3 * 2%).

Dependence on hemodynamic variables: In Group 1 IHDVPS showed no significant
correlation with heart rate, mean aortic diastolic pressure, type of vessel studied and
luminal cross-sectional area at the site of the Doppler sample volume. In 6 patients
of the same group in whom a high-fidelity left ventricular pressure was recorded, no
correlation between IHDVPS and +dP/dt, ~dP/dt, V. and T, was observed.

IHDVPS in patients with and without coronary stenoses
The patienis with and without > 30% diameter stenosis in the artery studied showed

no significant differences in heart rate (69 + 12 versus 63 * 7 beats/min, NS), mean
diastolic aortic pressure (88 + 13 vs 82 + 7 mmHg, NS) and cross-sectional area at
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the site of the Doppler measurement (6.9 3.1 vs 6.3 2.2 mm? NS). Maximal
diastolic velocity was significantly higher in Group I than in Group II (91 # 31 vs 54 £43
cmys, p < 0.005). Coronary flow reserve was also significantly higher in Group I than
in Group I ( 2.9 +0.7 vs 1.7 £ 0.3, p < 0.00005). The IHDVPS was significantly
higher in the normal or near-normal arteries of Group I than in the arteries with
>30% diameter stenosis (1.65%0.71 vs 0.77 £0.52 cms™ mmHg ™, p <0.0001),
(Figure 3). A significant correlation was observed between IHDVPS and CFR
(r=0.51, p<0.0005). In Group Il the THDVPS showed no correlation with the
angiographically measured minimal Iuminal cross-sectional area and with percent
diameter stenosis (r = 0.39 and 0.01, respectively, both NS).
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Fig. 3. Individual measurements of corcnary flow reserve and IHD'VPS in patients with and without
> 30% diameter stenosis. Both the indices showed 2 significant difference in the two groups. The
measurements of JTHDVPS showed z smaller overlap in the two groups and a slightly higher sensitivity
in the detection of the absence of >30% diameter stenosis.

IHDVPS during long-diastolic pauses

In 6/9 heart transplant recipients (66%) the injection of 3 mg of adenosine
intracoronary was followed by a diastolic pause sufficiently long to induce a
reduction of the minimal aortic pressure to £45 mmHg. Two of these patients were
excluded because of deterioration of the flow velocity signal in the lower pressure
range. Sinus node arrest was observed in 3 patients while a2 3rd degree atrio-
ventricular block was the cause of the arrest of the left ventricular contraction in the
remaining 3 patients.

The individual curves of the 4 longest pauses observed in these patients are plotted
in Figure 4. The curvilinear relation between velocity and pressure was confirmed
by the analysis of the residuals after fitting a linear and a second order polynomial
equation (Figure 5) and by the F-test, showing that the polynomial fit was better at
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Fig. 4. The instantaneous hyperemic peak velocity from maximal diastolic veloeity to the restoration of
cardiac contraction is plotted versus aortic pressure during a prolonged cardiac arrest inguced by an
intracoronary injection of adenosine 3 mg intracoronary. In all the cases a second order polynomial
equation is applied for analysis. In the case in the left upper panel, however, the F-test showed no
significant difference between a linear and the displayed second order polynomial function. The
curvilinearity in all the other cases is evident and was confirmed by the F-test. Note the absence of the
intercept on the pressure axis in these last three cases.

p<0.01 in 3/4 cases. In order to ascertain whether the curvilinear relation between
velocity and pressure was present over the entire range of measurements, an
automated calculation of IHDVPS was performed using linear regression over
progressively smaller ranges of measurements, starting from the lowest pressure
(Figure 6 A) and progressively increasing the lowest pressure by 1 mmHg up to a
final smallest rapge examined including the measurements obtained in the highest 15
mmHg pressure range (Figure 6 F). This series of slopes was then plotted against the
corresponding lowest pressure. The results of this analysis showed that a rather
constant THDVPS was present in a pressure range > 60 mumHg (Figure 6). Similarly,
the intercept with the pressure axis showed a progressive increase in the lower
pressure range, while stable higher values were observed in the physiologic pressure
range.
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calculated IHDVPS (Conductance, lower mid-panel) and Pr. (P, lower right panel} are plotted against
the lowest pressure of the sample analyzed. Note the progressive increase in the 30-45 mmHg range and
the more stable values at higher pressure.

DISCUSSION

The instantaneous velocity-pressure relation for the assessment of stenosis
severity

In this first application in humans of the index proposed by Mancini et al. [24-27],
special attention was paid to the assessment of the feasibility of the measurement. Tn
the vast majority of the studied arteries the IHDVPS could be assessed. A manual
tracing of the peak velocity from the Doppler spectrum could have increased the
number of cases with a successful assessment when the presence of artifacts in the
automatically detected peak velocity was the reason of failure. This method,
however, is cumbersome, requires an-off line analysis so that the results cannot be
immediately available at the time of the assessment and is prone to a considerable
subjectivity. The presence of a flat diastolic flow velocity curve was the second most
important reason of failure in the assessment of the IHDVPS. This pattern was
observed only in very severe stenoses for which the assessment of an additional
index of functional severity could be considered of limited additional clinical value.
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Despite a careful selection of the beats analyzed, a relatively large beat-to-beat
variability was observed. Respiratory changes can be advocated as a possible
explanation but the effect of respiration should be minimal during maximal
hyperemia. A techuical limitation is the most likely explanation of this variability.
The automatic detection of the peak diastolic velocity and, in particular, of the
maximal velocity which was used as the start point for analysis and is an essential
determinant of the final outcome of the analysis, is very sensitive to the presence of
noise. The original method proposed by Mancini et al. [24] required a high fidelity
measurement of the left ventricular pressure in order to detect the diastolic interval
of interest for analysis. Measurements obtained in a subset of patients demonstrated
that the simplified approach used in this study vields results similar to those obtained
selecting the interval for analysis from the left ventricular pressure tracing.

Mancini et al. [24-27] could independently manipulate the hemodynamic
parameters in the animal mode] used to assess the correlation of CFR and flow-
pressure slope with each hemodynamic variable. A similar approach could not be
used in a clinical study but the lack of correlation in the population studied between
THDVPS and heart rate, aortic pressure and indices of left ventricular contractility
and relaxation at the time of the assessment suggests that also in humans this index
is independent from these hemodynamic variables. The TEDVPS measured in arteries
with > 30% diameter stenosis was less than half the THDVPS measured in normal
or near-normal coronary arteries. Due to the small overlap between the two groups,
if an arbitrary cut-off of 0.8 cms'mmHg' was chosen, the semsitivity and
specificity of this index in the detection of the absence of a >30% diamster stenosis
were 95 and 91%, respectively, with a sensitivity only minimally greater than
coronary flow reserve and a similar specificity. The assessment of a larger group of
patients with flow limiting stenoses is required to establish the potential advantage
of IHDVPS over CFR in the assessment of an impairment of coronary conductance.
In particular, these studies should address the usefulness of this index for the
assessment of the changes of coronary conductance after coronary interventions. In
this setting, the TIDVPS has the great potential advantage over CFR to be
independent from changes in baseline velocity and from the hemodynamic conditions
at the time of the assessment.

A substantial difference between the approach of Mancini and our approach is the
use of flow velocity instead of absolute coronary flow normalized for the myocardial
mass. The approach used in this study has the advantage of an easier applicability
in the clinical setting but has also the potential disadvantage that the velocity-
pressure slope can be influenced by the dimensjon of the artery under assessment so
that slopes measured in arteries of different diameter can not be compared. The
results of this smudy in normal or near-normal arteries, however, showed that the
IHDVPS is Independent from. the cross-sectional area at the site of the velocity
measurement. In the coronary system, the presence of a progressive, moderate
increase in total cross-sectional area from proximal to distal has been suggested in
accordance with the principles of limited/adaptive vascular shear siress, minimum
vascular volume at bifurcations and minimum viscous energy loss [35]. After three-
dimensional reconstruction of the arterfal tree from orthogonal cineangiograms in
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humans, Seiler et al [35] calculated a ratio between area of the mother vessel and
mean of the areas of the daughter vessels of 1.647, similar to the ratio predicted
based on the previously mentioned principles (1.588). These considerations explain
why only a moderate decrease of mean velocity, inversely proportional to the
moderate increase in total cross-sectional area, occurs from proximal to distal in the
epicardial coronary arteries. The maintenance of a relatively constant flow velocity
despite the changes in cross-sectional area and in perfused myocardial bed partially
limits the inaccuracy consaquent to the lack of correction for the perfused myocardial
mass which can not be easily determined in humans.

The changes of flow velocity can be considered a reliable indicator of the changes
in coronary flow only in the presence of a constant cross-sectional area. The minimal
reduction in cross-sectional area occurring during the meso-telediastolic phase of the
cardiac cycle is likely to induce a negligible reduction in cross-sectional area and,
consequently, a negligible underestimation of the true flow-pressure slope estimated
from the flow velocity.

The THDVPS assesses changes in coronary conductance which can be induced
both by the presence of a severe epicardial stenosis and by the presence of an
impaijred vasodilatation of the coronary microvasculature. A different approach can
be used to distinguish these two components of coronary resistance, but this approach
requires the additional measurement of the post-stenotic pressure. Gould et al. [36]
correlated in dogs the severity of experimentally induced coronary stenoses with the
changes in the transstenotic pressure gradient-flow velocity relation. Using a high-
fidelity pressure transducer mounted on an angioplasty guidewire in combination with
a separate Doppler guidewire, this approach has been recently repeated in humans
[22,37]. A different analysis of the same recordings can be performed to study the
relation between flow velocity and post-stenotic pressure, an indicator of the maximal
vasodilatory response of the distal coronary bed. When a high-fidelity pre- and post-
stenotic pressure and flow velocity signals are available, two types of relation can be
used to separate the functional characteristics of the stenosis and of the distal
vascular bed: the instantaneous relation between transstenotic pressure and velocity,
assessing the stenosis hemodynamics as in an isclated hydraulic model, indepen-
dently from the hemodynamic conditions and from the properties of the distal
vascular bed, and the relation between flow velocity and post-stenotic pressure,
correlated to the conductance of the distal vasculature [22].

The instantaneous velocity-pressure relation for the assessment of the zero-flow
pressure

The extrapolation of the pressure-flow relation during a long diastolic pause was used
in the original report by Bellamy [38] to assess the pressure at zero flow. His
observation that P,., was higher than the coronary venous pressure has initiated a
great deal of experimental work to better define mechanism and physiologic and
clinical importance of this phenomenon.



Mechanisms of regulation of the Pryp

Bellamy, discussing the importance of a Pry greater than the coronary venous
pressure as a determinant of coronary resistance [39], interpreted this phenomenon
as the effect of a vascular waterfall due to active vascular constriction or to the effect
of a tissue pressure higher than the intravascular pressure. The lack of a direct
demonstration of vascular collapse at the arteriolar Jevel and the persistence of
venous cutflow after cessation of the arterial flow [40] have suggested alternative
mechanisms. The effect of capacitative flow due to the blood stored in the extramural
coronary arteries and discharged into the myocardium because of the progressive
reduction of epicardial arterial volume at low pressures, suggests that the P, at the
microvascular level is overestimated by a measurement in a proximal artery. After
correction for the capacitative effects, Eng et al. [41] calculated a P, similar to the
right atrial pressure during maximal hyperemia. Canty et al. [42], however, confirmed
the persistance of a P, during maximal hyperemia greater than venous pressure
using a capacitance free model. The presence of a large intramyocardial compliance
with long time—constants for blood discharge has been proposed as a model
alternative to the presence of a vascular waterfall to explain the cessation of flow in
the epicardial arteries at a pressure higher than the right atrial pressures [43].
‘Whatever mechanism is involved in the regulation of the P,_,, there is a consensus
that the presence of an elevated Pr; (up to 50 mmHg) occurs only in conditicns of
coronary autoregulation and that much lower pressures are present at the cessation
of the arterial flow when the coronary vasculature is maximally vasodilated [44].

Morphology of the diastolic pressure-flow relation

The diastolic flow-pressure relation during maximal hyperemia was found to be
concave upwards towards the flow axis in many experimental reports [41,42,45]. This
curvilinearity may be explained by a discharge of blood from the upstream epicardial
vessels and by a progressive increase in vascular resistance due to the pressure-
dependent decrease of arterial diameter [45]. If this curvilinearity is ignored or if the
pressure-flow relation is not explored in the low pressure range, falsely elevated
measurements of Py, are obtained. In this study the measurements were obtained
during a long diastolic pause, with pressures at the end of the period of cardiac arrest
<45 mmHg. However, the use of flow velocity instead of flow introduced an
additional bias in the estimation of the pressure-flow relation. If the arterial cross-
section at the site of the velocity measurement is reduced simultaneously to the
reduction in flow velocity, the velocity decrease underestimates the true flow
reduction. The phenomenon is relevant for flow velocity measurements obtained in
the low pressure range because a curvilipear relation between distending pressure and
arterial cross-section is present, with larger changes In cross-section in the low
pressure range {46]. Therefore, the marked curvilinearity present in the flow velocity-
pressure relation at low pressures, without a positive Intercept with the pressure axis,
precluded the use of the flow velocity-pressure relation for the assessment of the Py..
The simultaneous use of intracoronary Doppler and two-dimensional ultrasound
imaging has the potential to overcome this limitation and allow the estimation of the
P, in conscious humans in the catheterization laboratory [47]. In the physioclogic
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range of pressures, however, the relation between flow velocity and pressure
remained linear so that linear regression could be used to estimate arterial
conductance.

CONCLUSION

The instantaneous velocity-pressure relation during maximal hyperemia can be
reliably assessed using intracoronary Doppler in the catheterization laboratory, is
highly reproducible, has a moderate beat-to-beat variability and is independent from
heart rate, acrtic pressure or indexes of left ventricular contractility-relaxation at the
time of the assessment. The slope of this relation can distinguish arteries with and
without significant coronary stenoses, suggesting that this index is a potential
alternative to coronary flow reserve for the assessment of stenosis severity.

The curvilinearity of the velocity-pressure relation during long diastolic pauses
precludes the use of the flow velocity-pressure relation for the assessment of the
zero-flow pressure.
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19. Response of conductance and resistance coronary
vessels to scalar concentrations of acetylcholine.
Assessment with quantitative angiography and
intracoronary doppler in 29 patients with coronary
artery disease
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DE FEYTER, NICOLAS MENEVEAU and PATRICK W. SERRUYS

The in vitro observations of Furchgott and Zawadzki [1] and the in vitro and
in vivo reports from the group of Moncada [2, 3] have shown that an
endothelium-derived-relaxing-factor, identified as nitric oxide [2], modulates
vascular tone in response to physiologic and pathologic stimuli (increase in
wall shear stress, serotonin, bradykinin, histamine, thrombin, sympathetic
stimulation, acetylcholine, endotoxins, ete.). Endothelial damage, leading to
a decreased formation or release of nitric oxide from its precursor L-arginine,
or reduced penetration due to the presence of subendothelial intimal thicken-
ing, are possible explanations of the impairment of endothelium-mediated
vasodilatation observed in patients with systemic hypertension [4], hypercho-
lesterolemia, diabetes mellitus [5], atherosclerosis [6].

The presence of paradoxical vasoconstriction induced by acetylcholine has
been shown in coronary patients at sites of severe stenosis or moderate wall
irregularities [7] and in angiographically normal segments [8-10]. Coronary
spasm after acetylcholine infusion has also been demonstrated in patients
with variant angina, with and without angiographically visible changes [11,
12]. The observed vasoconstriction or vasodilatation after acetylcholine is
the net effect of the conflicting action of this substance on the endothelial
cells (stimulation to the release of endothelium-derived relaxing factor) and
on the smooth muscle cells {(vasoconstriction due to the direct effect on the
cholinergic receptors). With the use of intracoronary Doppler, an impairment
of the endothelial derived vasodilatation was observed also after more physio-
logic stimuli such as the increase of blood flow [13-15]. The flow dependent
vasodilatation 1s an essential mechanism of adjustment of coronary tone to
prevent endothelial damage due to a pathologic increase in wall shear stress
[12]. An abnormal vasoconstriction in response to sympathetic stimulation
[16] or release of platelet-derived vasoconstrictors [17, 18] was observed if
the direct effect of these substances on the muscular media was not antagon-
ized by a preserved endothelium-mediated vasodilatation. Nitric oxide has
also a powerful anti-aggregatory activity. Yao et al. [19] showed a protective
effect of endogenous nitric oxide in the prevention of cyclic flow variations
due to platelet aggregation at the site of endothelial injury. Endothelial
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dysfunction, therefore, is not only a potential mechanism of aggravation of
ischemia in patients with coronary atherosclerosis but it increases the risk of
endothelial injury and impairs the antithrombotic reaction, thus facilitating
the development of acute coronary syndromes and the release of platelet-
derived growth factors which may predispose to progression of atheroscler-
o0sis. An impairment of endothelium-mediated vasodilatation has been shown
in patients with risk factors for coronary atherosclerosis but without angio-
graphically visible atherosclerotic changes [9, 20]. A possible limitation of
these studies is the poor sensitivity of angiography in the detection of early
atherosclerotic changes. More recently, the presence of endothelial dysfunc-
tion also in patients with structurally normal coromary arteries but with
hypertension, hyyperlipidemia, family history of coronary artery disease or
smoking has been confirmed using two-dimensional intraceronary ultrasound
[21]. A complete loss of endothelium-mediated vasodilatation was present
in arteries with angiographically visible atherosclerotic changes. Angiograph-
ically normal arteries of patients with hypercholesterolemia showed a normal
flow-mediated vasodilatation following papaverine but an abnormal vaso-
constriction after acetylcholine [21].

The possible presence of opposite effects of acetylcholine infusion on
epicardial and resistance coronary arteries have been reported by Hodgson
et al. [22]. The observed increase of coronary flow after acetylcholine was
prevented by the pretreatment with methylene blue, an inhibitor of endo-
thelium-derived relaxing factor. Zeiher et al. [23] reported a significantly
lower flow increase after acetylcholine in patients with coronary artery dis-
ease than in control subjects. These findings confirmed previous experimental
results showing that the impairment of endothelial function in atherosclerotic
arteries may extend into the coronary microcirculation [24-26). The presence
of an impaired endothelium-dependent vasodilatation of the resistance ves-
sels may induce or facilitate the development of myocardial ischemia in
response to neurohumoral stimulation or increased myocardial work [27].
The epicardial arteries and the arterioles have large structural differences
and show a different involvement in the atherosclerotic process, mainly
confined to the large epicardial coronary arteries. Both types of arteries,
however, are likely to show a similar response to pathologic stimuli on the
endothelial cells impairing the intracellular production and release of nitric
oxide. The presence of an impaired diffusion or of an increased extracellular
degradation of nitric oxide in the thickened intima is a phenomenon limited
to the epicardial arteries and may explain 4n earlier and more severe Impair-
ment of the endothelivin-mediated vasodilatation of these vessels.

Aim of this study is the simultaneous assessment of the endothelium-
mediated vasodilatation of conductance and resistance vessels in coronary
arteries without significant stenosis (<30% diameter stenosis). During selec-
tive infusion of scalar increasing concentrations of acetylcholine the changes
of coronary cross-sectional area over a proximal/mid segment and a distal
segment of the studied artery were measured with quantitative coronary

223



Response to acetylcholine 331

angiography and correlated with the changes in coronary flow, derived from
the fiow velocity measured with a Doppler guidewire and vsed as an index
of vasodilatory response of the resistance vessels.

Methods
Patient population

Twenty-nine patients (age 57 = 9 years, 24 men and 5 women) undergoing
elective percutaneous transluminal angioplasty because of disabling stable
angina pectoris were studied. Previous myocardial infarction was present in
8/29 patients (26%), in no cases invelving the territory of distribution of the
studied artery. Systemic hypertension was defined as a chronically elevated
arterial blood pressure (=150/90 mmHg) and was present in 9/29 patients
(31%). Three patients were current smokers (10%). A previous history of
smoking was present in 18 patients (62%)}. No patient had anemia (mean
hemoglobin 8.8+0.57 mmol/l) or anamnestic/bichumoral signs of diabetes
mellitus or hyperthyroidism. The angiographic selection criteria included
absence of >30% diameter stenosis in one of the 3 major coronary arteries
without visible collaterals originating from this vessel and with a normal left
ventricular contraction of the segments of distribution of the studied artery.
Angiographically visible wall irregularities were present in 19/29 patients
(66%). The studied artery was the left anterior descending coronary artery
in 7 patients (24%), the left circumflex in 13 {(45%) and the right coronary
artery in 9 (31%). Written informed consent was obtained in all cases.
The protocol was approved by the Ethics Committee Erasmus University-
Rotterdam Dijkzigt Hospital (protocol #MEC 114.542/1991/61). All vasoac-
tive medication, with the exclusion of short-acting sublingual nitrates, was
withheld at least 48 hr before the catheterization. No sublingual, intravenous
oT intracoronary nitrates were used in the 6 hr before or during the catheteriz-
ation procedure.

Catheterization procedure

After systemic anticoagulation with 10,000 I.U. of heparin and 250 mg of
acetylsalicylic acid intravencusly and sedation with 5-10 mg diazepam intrav-
enously, the artery to be studied was instrumented using a 9F giant lumen
(inner lumen = 0.084") Amplatz or Judkins guiding catheter (left coronary
artery) or a 7F Judkins diagnostic catheter (right coronary artery). A 0.018"
Doppler angioplasty guidewire was then advanced to a normal or near-
normal straight proximal segment of the artery to be studied where a stable
flow velocity signal could be obtained. A 3.6 F flexible infusion catheter
(Tracker 25, Target Therapeutics, San Jose, CA) was then inserted over the
Doppler wire into the proximal segment of the coronary artery in order to
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obtain a selective injection into the left anterior descending or left circumflex
artery [28). Care was taken to avoid a too selective cannulation of the large
guiding catheter into the left main coronary artery in order to avoid limitation
of flow during maximal hyperemia. For the right coronary artery a selectively
engaged 7 F diagnostic catheter was used for the infusion. Heart rate and
mean aortic pressure were automatically measured using a previously de-
scribed computer-assisted system [29] by averaging 16 consecutive seconds
of recording. After the baseline acquisition of flow velocity, heart rate and
blood pressure, the measurements were repeated 30 s after a bolus injection
of 7mg of papaverine diluted in 1.5 ml. After a recovery period of 8§ min,
new basal measurements were performed followed by a cineangiogram suit-
able for quantitation. Scalar concentrations of acetylcholine at 37°C (0.036,
(.36, 3.6 pg/ml) were infused at a flow rate of 2 ml/min using a precision
pump-injector (Mark V, Medrad, Pittsburgh, PA). With these dilutions and
flow rates and assuming a coronary blood flow of 80 ml/min in the studied
artery, intracoronary blood concentrations of 107%, 107 and 107° M were
estimated. Five min after the beginning of the infusion of each concentration
blood flow velocity and hemodynamic measurements were acquired and
a new cineangiogram performed. Five min after the end of the series of
acetylcholine infusions a new baseline flow velocity was acquired and, 1 min
after a bolus injection of 3 mg of isosorbide dinitrate, a new cineangiogram
was performed.

Doppler guidewire and flow velocity measurements

The Doppler angioplasty guidewire is a 0.018" (diameter = 0.46 mm) 175 cm
long flexible and steerable guidewire with a floppy shapable distal end mount-
ing a 12 MHz piezoelectric transducer at the tip (FloWire, Cardiometrics
Inc., Mountain View, CA). The sample volume was positioned at a distance
of 5.2 mm from the transducer in order to avoid the area of distortion of
flow profile due to the presence of the Doppler guidewire. At this distance
the sample volume has approximately a diameter of 2.25 mm due to the
divergent ultrasound beam so that a large part of the flow velocity profile is
included in the sample volume even in case of eccentric position of the
Doppler guidewire. In order to increase the reliability of the analysis of the
Doppler signal [30] a real-time fast-Fourier transform algorithm was applied
to the quadrature audio signal. The Doppler system used (FloMap, Cardi-
ometrics, Mountain View, CA) performs a real-time spectral analysis of the
Doppler signal and calculates and displays on-line several spectral variables
including the instantaneous peak velocity and the time-averaged (mean of 2
beats) peak velocity (Fig. 1). The flow velocity measurements obtained with
this system have been validated in vitro and in an animal model using
simultaneous electromagnetic flow measurements for comparison [31]. Cor-
onary flow reserve was defined as the ratio between maximal flow velocity
at the peak effect of the papaverine injection and in baseline conditions.
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Figure 1. Flow velocity measurement in a proximal left circumflex artery before the injection
of increasing concentrations of acetyicholine (Baseline 2), 5 min after the end of the infusion
of acetylcholine (Baseline 3) and at the peak effect of papaverine and acetylcholine 107°M.
Note the stable flow velocity in baseline condition, the large velocity increase after papaverine
and the moderate increase after the maximal concentration of acetyicholine. APV = time-
averaged peak velocity.

Electrocardiogram, coronary pressure and peak coronary blood flow velo-
city were continuously sampled at 125 kHz per channel using a 12 bits analog-
to-digital converter. The ACodas software package (DataQ Instr., Akron,
OF) was used for off-line analysis.

Quaniitative angiographic measurements

The preformed coronary catheter, filmed not filled with contrast medium,
was used as a scaling device [32]. Before the study, when necessary, a
previously validated on-line analysis gsystem operating on digital images
(ACA-DCI, Philips, Eindhoven, The Netherlands) [33] was used to exclude
the presence of > 30% diameter stenosis. Coronary angiography was per-
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Figure 2. Quantitative angiographic measurements of the mean diameter of a proximal segment
of the left circumflex artery. Two side branches are used as landmark to facilitate consistent
repeated measurements of the same segment throughout the procedure. Note the severe de-
crease in mean coronary diameter (—22%) after the maximal concentration of acetylcholine
(Ach 107° M). ISDN = isosorbide dinitrate.

formed with a manual injection of 6-10ml of iopamidol (Topamiro 370,
Schering, Berlin, Germany). A 5" or 7" field-of-view of the image intensifier
was used. No changes of the position of the patient or of the X-ray gantry
were performed throughout the procedure. The same anglographic view was
maintained during the study, avoiding foreshortening or vessel superimpo-
sition of the arterial segments of interest. A previously validated [34] cine-
film based off-line system (CAAS System, Pie Medical Data, Maastricht,
The Netherlands) was used to measure the mean diameter over a 2-3 cm
long proximal/mid and distal coronary segment, using easily visible side-
branches as anatomical landmarks to allow the analysis of the same segments
in the successive cineangiograms (Fig. 2). In 14 cases (48%) a second order
arterial branch (diagonal, obtuse marginal, postero-lateral, right ventricular
branch) was analyzed as distal segment. In the remaining cases (15, 52%)
the distal segment of one of the three major coronary arteries was used.
After automatic detection of the vessel centerline, the system applies a
weighted first and second derivative function with predetermined continuity
constraints to the brightness profile of each scan line perpendicular to the
vessel centerline [35]. A user-defined reference diameter was measured at
the site of the Doppler sample volume [36]. Cross-sectional area was calcu-
lated from the corresponding diameter assuming a circular arterial cross-
section. Coronary flow was calculated as:

Coronary flow (ml/min)

Time-Averaged Peak Vel (cm/s) 0.6

= CSA(mm®) 5

where CSA is the arterial cross-sectional area at the site of the Doppler
sample volume. Coronary flow resistance was calculated as:
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Cor. flow resistance (mmHg-min-ml™*)

_ Mean aortic pressure (mm Hg)
Coronary flow (ml/min)

Statistical analysis

The significance of the differences between flow velocity and cross-sectional
area measurements and derived indexes in baseline conditions and after
papaverine, acetylcholine and isosorbide dinitrate was tested using a two-
tailed Student’s t test for paired data. A two-tailed Student’s t test for
unpaired data was used to compare the diameter and flow changes observed
in patients with different clinical angiographic characteristics. Linear regres-
sion analysis was used to correlate the changes observed in cross-sectional
area and in coronary flow and in coronary flow resistance. Analysis of vari-
ance for repeated measurements was used to test the time-response and the
variability of the flow velocity changes after infusion of acetylcholine. Statisti-

cal significance was defined as p <(0.05. All data were expressed as me-
an=SD.

Results

The heart rate was stable throughout the study, with a significant increase
in heart rate only after the bolus injection of isosorbide-dinitrate {Fig. 3A).
In two cases during the maximal infusion of acetylcholine short lasting epy-
sodes of Mobitz I atrio-ventricular block, not requiring ventricular pacing,
were observed.

Aortic pressure was stable in baseline conditions and during the infusion
of the different concentrations of acetylcholine. A slight but significant de-
crease was observed at the peak effect of the papaverine and isosorbide-
dinitrate infusions ( — 7 and — 5%, respectively) (Fig. 3B).

Flow velocity changes

Table 1 reports the individual changes in blood flow velocity in the studied
patients.

In Fig. 4 the changes of time-averaged peak blood flow velocity were
expressed as a percent of the baseline velocity (baseline 2). A moderate
decrease of blood flow velocity was observed between the first baseline
measurement (beginning of the study) and the second/third baseline mea-
surement (5 min after papaverine and after the maximal concentration of
acetylcholine, respectively, p < 0.035). On the contrary, a large increase was
observed after papaverine injection, with a peak velocity 2.8+0.83 times
higher than in basal conditions (baseline 2). The lowest concentration of
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Figure 3. A} Heart tate and B) mean aortic blood pressure during the various phases of the
study. ACH: acetylcholine: BAS: baseline; ISDN: isosorbide dinitrate.

229



0€T

Table 1. Clinical characteristics and flow velocity changes after papaverine and acetylcholine.

Patient Age Sex Hypert. Choles Vessel Wall BASI PAV  BAS2 Ach10°® Ach 1077 Ach 107 BAS3 ISDN
yIS mmol/l irreg.  cmfs cm/s  cmfs  cmfs cm/s cm/s cm/s cm/s
1 70 My 5.5 LAD ¥y 22 4 2 21 18 20 21 30
2 63 M n 5.7 RCA y 20 48 19 16 22 33 22 35
3 68 F y 7.3 RCA y 19 40 20 20 21 32 24 22
4 58 M n 4.9 LCX ¥ k| 60 26 29 24 50 26 24
5 49 My 5.8 LCX ¥ 44 79 2 25 25 23 23 28
6 59 M n 6.5 LCX ¥ 32 8 22 29 30 49 25 33
7 50 M n 6.4 RCA ¥ 11 41 14 19 19 26 15 24
8 53 My 5.6 ECX oy 23 w21 23 35 53 23 65
9 48 My 7.2 LAD y i7 ¥ 17 22 41 66 20 32
10 53 M n 5.5 LAD n 38 56 32 29 30 32 26 42
i1 66 F y 7.7 LCX ¥ 27 65 20 19 20 37 16 26
12 52 F n 7.4 LCX ¥ 25 8 19 19 35 44 17 25
13 59 M o 6.6 LCX vy 22 52 24 26 28 46 24 38
14 2 M n 5.2 LCX n 33 53 24 24 23 24 2 36
15 54 F n 5.9 LCX ¥ 28 71 28 28 27 43 28 43
16 d5 M n 7.1 LCX y 42 120 39 39 41 65 39 66
17 45 My 6.1 LAD n 27 7725 25 32 48 26 29
18 44 M o 7.7 RCA vy 32 68 23 21 22 7 23 43
19 67 M n 5.8 LAD n 27 w17 19 23 31 19 22
20 67 M n 6.9 RCA v 25 66 27 27 36 72 30 39
21 1 M n 4.7 RCA n 25 57 2 19 34 69 23 23
2 45 F 0 7.0 LAD n 36 % 55 40 35 120 n.r, I,
23 46 My 6.8 LAD n 23 44 21 16 24 17 17 18
24 58 M n 5.4 RCA n 26 66 24 20 20 18 21 30
25 66 M 4.9 LCX v 15 52 1 14 42 89 17 26
26 60 M n 5.4 RCA vy 28 65 28 28 27 29 25 40
27 65 M n 5.9 LCX 21 4 1S 15 2 39 21 24
28 54 My 5.3 RCA n 12 43 9 19 9 15 9 21
29 56 M n 7.1 LCX ¥ kY) 65 23 17 19 18 23 i9
Mean 57 6.2 26 625%  23% 23 27% 4o 2241 kVER
+SD 9 0.9 8 18 8 7 8 24 5 12

£ p < 0.02 vs BASL; $: p <0.005 vs BASL; *: p<0.05 vs BAS2; **: p < 0.002 vs BAS2. Ach = acetylcholine; BAS = baseline; Choles = cholesterol;
ISDN = isosorbide dinitrate; n.r. = not recorded; PAV = papaverine; yrs = years.
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Figure 4. Flow velocity changes expressed as a percent of the baseline flow velocity. Legends
as in Fig. 3.

acetylcholine did not induce significant changes in blood flow velocity. A
28+60% increase was observed after 5 min of infusion of acetylcholine 1077
M (p < 0.05). At the end of the highest acetylcholine concentration ;1/0_6 M)
a more than twofold increase in flow velocity was observed ( + 103+138%,
p < 0.001). :

S

Time-response of the flow velocity change and flow velocity variability
during acetylcholine infusion

In Fig. 5 the time-response of the flow velocity changes during the inf—ﬁs}(})n
of the maximal concentration of acetylcholine is reported for the entire group
(Fig. 5-A) and for all the individual cases. A significant increase of flow
velocity was observed within 30™ from the beginning of the infusion. After-
wards, during the remainming infusion period, no significant flow velocity
changes were observed in the overall study population. However, if the
individual response is considered, only in 10 patients (Fig. 5-B) a relatively
stable flow velocity was observed during infusion. In the remaining patients,
despite the constant rate of infusion and the stable hemodynamic conditions,
a large variability was observed, with cases showing a progressive increase
or decrease during the final phase of infusion (Fig. 5-C and D, respectively)
or a bell-shaped or biphasic response (Fig. 5~E and F, respectively; example
in Fig. 6). The variability was more evident in the patients with a large
velocity increase after acetylcholine.
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Figure 5. Temporal changes in flow velocity during infusion of the highest concentration of
acetylcholine expressed as a percent of the value before infusion (time 0). A: mean=standard
deviation: B: 10 individual curves showing a relatively stable flow velocity: C and D: 6 and 5
patients showing. respectively, a progressive increase and a progressive decrease from the
beginning to the end of the infusion; E-F: 3 and 5 cases with a bell-shaped or a biphasic response
during infusion. B: baseline 3 (5 min after the end of the acetylcholine infusion).

Coronary artery cross-sectional area

Table 2 indicates the individual measurements of the mean cross-sectional
area of the proximal and distal coronary segments. In Fig. 7 the changes in
cross-sectional area after the three increasing concentrations of acetylcholine
and the bolus of isosorbide dinitrate are expressed as-a percent of the
basal cross-sectional area. The injection of the two lowest concentrations of
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Figure 6. Continuous flow velocity (upper panel. VEL) and aortic pressure (lower panel. AoP)
recorded continuously during the infusion of acetylcholine {10™° M). Note the rapid increase
in flow velocity after the beginning of inflation (arrow). followed by a moderate decrease in
spite of a stable aortic pressure. Flow velocity variations are present also in the following
minutes of infusion. before contrast injection (5 min).

acetylcholine induced a moderate but significant reduction of the mean cross-
sectional area both in the proximal segment and in the distal segment. A
larger decrease was observed after the highest concentration of acetylcholine
(—24 £ 20% and —22 = 20% of the mean cross-sectional area of the proximal
and distal coronary segments, respectively, p < 0.00001). At this concentra-
tion almost all the studied arteries showed a variable degree of vasoconstric-
tion (26/29 arteries. 90%), (Fig. 8-A}. In no cases a > 75% mean cross-
sectional area reduction was observed. At the end of the infusion of the
highest concentration of acetylcholine, focal vasoconstriction of the more
distal branches of the studied artery was observed in § patients. In these
cases also quantitative angiography showed a more severe vasoconstriction
(—32 £25% vs —18 £ 22% cross-sectional area reduction of the analyzed
segments with and without focal arterial spasm, respectively, NS).

The presence of a preserved vasodilatory capacity of the studied artery
was confirmed by the diffuse cross-sectional area increase after bolus injection
of a direct smooth muscle vasodilator such as isosorbide dinitrate
{+16 £26% and +18 = 26% cross-sectional area increase vs baseline for the
proximal and distal coronary segments, respectively, p < 0.002}.

Coronary flow changes

A significant increase of coronary flow was observed only after the maximal
concentration of acetylcholine (+43 + 83%, p < 0.001). The large variability
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Table 2. Quantitative angiographic changes after acetylcholine infusion.

Patient Mean diameter proximal segment {mm) Mean diameter distal segment (mm)
BAS Ach 1078 Ach 1077 Ach 1076 ISDN BAS Ach 1078 Ach 1077 Ach 1075 ISDN
1 1.89 1.74 1.65 1.58 1.84 1.24 1.30 1.20 1.14 1.46
2 2.82 2.82 2.50 2.36 2.87 2.87 2.40 2.59 2.21 2.69
3 2.36 2.33 2.67 2.35 3.05 2.74 2.1 2.57 2.35 3.02
4 2.41 2.39 2.49 2.30 2719 1.78 1.82 1.69 1.60 1.94
5 2.48 2.069 2.15 1.59 2.60 1.74 1.50 1.34 1.36 1.8
6 2.87 2.19 2.2 2.22 2.86 2.27 1.86 1.66 1.83 2.42
7 4.00 4,08 4.13 4,28 421 223 1,95 1.89 1.92 2.06
8 275 2.57 2.73 2.60 3.16 1,58 1.55 1.40 1.57 1.95
9 1.48 1.28 141 1.15 1.54 1.17 0.97 112 1.10 1.44
10 1.67 1.42 1.52 1.52 1.92 1.32 1.30 1.37 1.26 1.67
I 3.00 2.98 2.85 2.62 3.06 1.40 1.42 1.39 1.21 1.47
12 1.66 .62 L.62 1.59 1.82 1.48 1,39 1.33 131 1.43
13 2.30 4. 1.97 1.38 2,02 2.15 n.a. 1.66 1.05 1.8
14 2.91 2.90 3.00 2.85 2.90 1.66 1.66 1.82 1.77 1.67
15 320 3.18 3.15 2.96 3.2 1.50 1.37 1.28 0.98 1.36
16 3.11 2.77 2.59 2.43 3.41 1.42 1.21 1.29 1.32 1.71
17 217 1.9 1.90 1.74 1.94 1.99 1.78 1.82 n.a. 1.77
18 2.69 2.51 2.54 2.41 2.96 1.33 1.21 1.26 1.40 1.52
19 2.59 2.28 2.23 2.07 2.62 1.60 1.32 1.31 1.30 1.76
20 3.13 2.52 2.72 2.42 i.16 1.78 1.57 1.67 1.69 1.83
21 2.96 327 3.14 3.15 3.57 1.71 1.73 1.54 1.60 2.08
22 1,52 1.43 1.62 1.49 2.2 1,36 1.46 1.42 1.09 1.9¢
23 2.22 2.24 2.06 2,12 2,26 1.76 1.76 1.74 £.88 2.12
24 3.03 2,70 2.91 2.41 3.23 2.35 2,23 2.35 2.31 2.62
25 2.28 1.0 1.77 1.39 2.37 1.66 1.55 1.48 1.18 1.94
26 272 2712 271 241 3.20 174 1.74 1.67 1.42 2.14
27 2.47 2.40 1.96 1,91 2.63 1.1t 1.17 0.95 1.69 1.23
28 3.16 3.22 3.28 3.28 39 1.90 1.77 1.73 1.67 1.75
29 2.47 2.26 2.18 1.81 2.68 1.46 1.31 1.29 1.29 1.56
Mean 2.56 2.42% 2.39% 2.23%%% 2.73%* 1,73 1.61* 1.58%* 1.50%%* 1.85%
+SD 0.56 0.62 0.62 0.66 0.60 0.43 0.38 0.39 0.38 0.42

*: p < 0.002 vs baseline; **: p < 0.0005 vs baseline; ***: p < (L0000 vs baseline; Ach = acetylcholine; BAS = baseline; ISDN = isosorbide dinitrate.
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Figure 7. Mean cross-sectional area changes in the proximal and distal segment expressed as a
percent of the baseline cross-sectional area. Legends as in Fig. 3.
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Figure 8. Cross sectional area {CSA} and coronary blood flow (CBF) in baseline conditions
(baseline 2) and after infusion of the maximal concentration of acetylcholine (Ach 1076 M). Note
the almost uniform decrease in cross-sectional area and the large variability of the individual flow
change.

of the individual measurements for the highest concentrations of acetylcho-
line is shown in Fig. 8-B. Note that at the peak concentration of acetylcholine
10 patients showed a decrease of absolute flow and increase in coronary
resistance.
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Correlation of the observed results with the clinical-angiographic
characteristics

The flow velocity, cross-sectional area and flow changes after acetylcholine
showed no correlation with age, sex, presence of systemic hypertension,
total cholesterol, HDL choelesterol, HDL cholesterol/total cholesterol ratio,
plasma triglycerides, type of studied artery and basal coronary luminal di-
ameter.

The presence of wall irregularities was associated with a larger decrease
in luminal cross-sectional area (—27 =20% change vs baseline in the 19
arteries with angiographically visible wall irregularities and —16 = 20% in
the angiographically normal arteries). The difference, however, was not
statistically significant. The arteries with wall irregularities showed also a
smaller flow increase after the last concentration of acetylcholine
(+47 £ 30% vs +68 = 56% in the group with smooth arterial contours, NS).

A poor correlation was observed between flow velocity changes after
acetylcholine and papaverine (r* = 0.18 for the maximal concentration of
acetylchoiine). Similarly, the percent increase of lumen diameter after isosor-
bide dinitrate was not correlated with the changes observed after acetylcho-
line infusion.

The flow changes and flow resistance changes after the maximal dose of
acetylcholine infusion showed a poor correlation with the cross-sectional area
changes observed in the proximal/distal coronary segments. Figure 9 shows
the linear regression analysis performed using the cross-sectional area
changes of the proximal segments. Also in the distal coronary segment
analyzed a very poor correlation was observed, with a squared correlation
coefficient of 0.01 and 0.05 for coronary flow and flow resistance.

Discussion

Acetylcholine is the prototype and the most frequently used pharmacological
stimulus with a primary endothelium-independent contractile action on the
vascular smooth muscle cells and an opposite endothelium-mediated vasodil-
atory activity which is predominant in normal conditions and at physiologic
concentrations [37, 38]. Acetylcholine was used in the in vitro experiments
in which the role of intact endothelium in the regulation of vascular tone
was established (1) and in the first in vivo study showing that acetylcholine
induces severe vasospasm in human coronary arteries with significant stenoses
[6].- The induction of an endothelium-dependent vasodilatation in canine
femoral [39] and coronary [40] arteries after the application of acetylcholine
on the arterial adventitia suggests a role of acetylcholine, the mediator of
the parasympathetic stimulation, in the modulation of vascular tone. The
circadian rhythm of the parasympathetic activity has been advocated to
explain the higher incidence of acute corcnary syndromes such as vasospastic
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Figure 9. Linear regression analysis of the percent changes in mean cross-sectional area (CSA)
of the proximal segment studied and of the percent changes of coronary flow and resistance,
Note the poor correlation over the entire range of measurements.

angina and myocardial infarction in the early morning. Selective intracoron-
ary infusion of acetylcholine elicited vascular responses comparable to those
observed after serotonin [41], a substance that is released after platelet
activation and may contribute to the development of myocardial ischemia in
acute coronary syndromes [17, 42, 43].

In this study, concentrations and flow rate of acetylcholine were the same
used in recent reports [14, 20, 23] in order to facilitate the comparison of
the results. Papaverine and isosorbide dinitrate were infused selectively in
doses sufficient to induce a maximal vasodilatation of the resistance and
conductance coronary arteries with a limited systemic effect [44]. With these
drugs, the presence of an aspecific impairment of vascular relaxation due to
structural changes of the epicardial and resistance coronary vessels could be
excluded.

Cross-sectional area changes

The arteries studied included both angiographically normal and minimally
diseased arteries. In this latter group the severity of coronary vasoconstriction
was similar to that reported in two comparable series of patients by the group
of Freiburg (~27% decrease in the present study vs —29% and —34%
cross-sectional area decrease from baseline at the same concentration of
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acetylcholine} [16, 23]. The angjographically normal arteries showed a 16%
decrease in cross-sectional area from baseline, similar to the 23% decrease
reported by Vrints et al. [12] for normal segments of the left anterior descend-
ing coronary artery at this concentration. In the present study the arteries
without angiographically visible lesions showed a less pronounced vasoconstr-
iction after the maximal concentration of acetylcholine. No significant differ-
ences were present, however, between arteries with and without angiograph-
ically visible wall imegularities. A possible explanation is that the athercgenic
factors that have already induced a severe symptomatic coronary stenosis in
our study population can be sufficient to induce the development of a diffuse
endothelial damage also in the absence of large atherosclerotic changes. An
alternative explanation is that angiography is not sufficiently sensitive to
detect initial atherosclerotic changes. Epicardial and intracoronary ultra-
sound imaging have shown that diffuse atherosclerotic changes are present
in patients with coronary artery disease also in segments which have an
angiographically normal lumen and smooth vascular contours [45-47]. Patho-
logical reports have explained this phenomenon with the presence of an
overall vascular enlargement able to preserve a mormal vascular lumen de-
spite large areas of wall encroachment [48]. In this study no patient showed
a severe focal or diffuse spasm inducing a critical flow reduction and the
development of symptoms and signs of myocardial ischemia. The character-
istics of the studied population, including only patents with stable angina
and, for the vast majority, single vessel coronary disease, may explain the
different results observed in previous studies [7, 11, 22]. The absence of
>75% cross-sectional area reduction from the basal measurement suggests
that the impairment of flow after acetylcholine is not due to a critical vaso-
constriction of the epicardial arteries. A flow limitation due to focal or diffuse
vasoconstriction of small distal branches, not analyzable with quantitative
angiography but visually detectable in 8 cases, is more difficult to be ruled
out. In these patients, however, the flow changes after the maximal concen-
tration of acetylcholine were similar to those observed in the remaining cases.

A diffuse vasoconstriction was present after the maximal concentration of
acetylcholine in 90% of the patients studied (26/29). A progressive dose-
response was observed with increasing concentrations of acetylcholine. The
proximal and distal segments showed a similar decrease of Jumen dimension.
A moderate difference between proximal and distal segments was observed
only after the intermediate concentration of acetylcholine (cross-sectional
area decrease from baseline —12*17% in the proximal segment and
—15+£15% in the distal segment, p <0.05). At the peak concentration of
acetylcholine, however, no differences were observed between proximal and
distal arterial segments. Vrints et al. [12] have confirmed the presence of
similar changes of proximal and distal segments of the left anterior descend-
ing coronary artery. A meore significant vasoconstriction after acetylcholine
of the distal coronary segments was reported by Rande’ et al. [49] in a
very limited patient population (5 cases). The variability of the response to
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acetylcholine of the proximal and distal segments observed in individual
patients can explain this difference and probably reflects a different severity
of atherosclerotic involvement of the two segments.

Coronary flow and flow velocity changes

Intracoronary Doppler was used to assess coronary flow velocity in this
study. Technical improvements have recently increased the reliability of this
technique for the assessment of coronary fiow velocity. In particular the large
Doppler sample volume and the use of peak blood flow velocity, allowed by
the spectral analysis of the signal, avoid changes of the measured velocity in
Tesponse to minor variations of the position of the Doppler probe inside the
artery. It was so possible to minimize manipulation and repositicning of the
Doppler probe and to avoid to exclude patients because of poor quality of
the Doppler recordings. The accuracy in the calculation of absolute coronary
flow from the corresponding mean flow velocity and cross-sectional area,
however, is still Bmited by the difficulty of an exact measurement of the
mean velocity and by the impossibility to acquire simultaneously the two
measurements. In the presence of rapid changes of flow and cross-sectional
area such as after the Injection of a bolus of nitrates, papaverine or adenosine,
the delay between flow velocity measurement and cineangiogram may result
in a significant inaccuracy of the flow measurements. In this study no cinean-
glograms were performed at the maximal effect of the injection of papaver-
ine. For this reason, absolute coronary flow after papaverine could not be
calculated. The presence of a larger cross-sectional zrea at the peak effect
of papaverine than in baseline conditions may explain the relatively low
coronary flow reserve (2.8:0.8) observed in this study. Based on previously
reported angiographic measurements after papaverine, a 15-20% undere-
stimation of the true flow reserve is expected [50, 51]. In this study, however,
papaverine was used only to confirm a normal response of the coronary
resistance vessels to a direct smooth muscle vasodilator to exclude structural
alterations of the microvasculature as the factor limiting the flow increase.
The lack of simultaneous flow velocity/cross-sectional area measurements
is a serious limitation also to explain the changes observed during infusion
of acetylcholine. Variations of flow velocity during infusion of acetylcholine
have not been previously reported. With the previous generation of Doppler
probes the Doppler signal was highly dependent from minor changes in the
position of the the Doppler sample volume [52]. These changes, therefore,
could have been musinterpreted as artifacts due to an unstable position of
the catheter in the artery. The previously described characteristics of the
Doppler guidewire and the modalities of signal analysis (fast Fourier trans-
form, continuous automatic measurement of peak flow velocity) are ideal
conditions for the assessment of these moderate flow velocity variations. Two
causes can be suggested for these flow velocity variations: a true change in
flow as the result of a variable vasodilatation of the resistance vessels over
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Figure 10. Pressure-flow velocity loop of 4 consecutive beats at the peak effect of the injection
of papaverine and after 5 min of infusion of the highest concentration of acetylcholine. The
regression line has been calculated from the mid-diastolic data-points. Note the steeper slope
of the pressure-velocity relation after papaverine and the lower pressure-intercept.

time, or a change of the cross-sectional area at the site of the Doppler sample
volume (flow velocity changes but coronary flow remains the same). In the
absence of a simultaneous continuous assessment of lumen cross-sectional
area the mechanism of these flow velocity changes remains speculative. In
the near future the combination of intravascular ultrasound imaging and
Doppler may allow a continuous assessment of coronary cross-sectional area
and flow velocity and facilitate the assessment of the dynamics of the flow/
area changes after acute pharmacological interventions [53].

In this study the flow velocity changes after acetylcholine have been
expressed as a percent change from baseline and not as a percent of the
maximal flow increase (after papaverine) because a moderate (—7%) but
significant aortic pressure reduction was observed at the peak effect of pa-
paverine. A constant pressure is a prerequisite for a reliable comparison of
a flow measured in autoregulatory conditions and during maximal vasodilat-
ation [54]. Recently, the slope of the instantaneous hyperemic diastolic pres-
sure-flow relation has been used in animal experiments as an index of coron-
ary conductance and has been shown to be independent from changes in
aortic pressure, heart rate and cardiac contractility [55, 56]. The instan-
taneous hyperemic diastolic pressure-flow velocity relation can be reproduci-
bly assessed also in humans [57, 58]. The possibility to measure an index of
coronary conductance independent from the hemodynamic conditions at the
time of assessment during different pharmacologic interventions and during
maximal vasodilatation is a of great potential interest (Fig. 10). This ap-
proach. however, still requires a more extensive clinical validation.

Experimental data have demonstrated that atherosclerotic animals show
an abnormal endothelium-dependent vasodilatation of the coronary resis-
tance arteries, despite the absence of structural atherosclerotic lesions [24].
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The comparison of the flow response to acetylcholine in patients with coron-
ary artery disease and in control subjects has confirmed an impaired flow
increase in the coronary patients, despite the absence of significant lesions
of the epicardial coronary arteries [23]. In this study a large variability of
the flow changes was observed after the highest doses of acetylcholine. A
dose dependent vasodilatation after acetylcholine was present in most cases,
with flow increase up to 3 times the baseline flow. In 10 patients, however,
a flow decrease was observed after the maximal concentration of acetylcho-
line. The mean flow increase from baseline was +44 = 24% at the maximal
concentration of acetylcholine, an increase much lower than the flow increase
observed in normal controls at the same acetylcholine concentration [23, 59].
No clinical or angiographic predictors of these large individual differences
could be observed.

A reduction of the endothelium-dependent relaxation is present in animals
chronically maintained at an atherogenic diet with an high content of choles-
terol [60, 61]. In hypercholesterolemic patients without angiographic evi-
dence of coronary artery disease, an iImpaired endothelium-mediated vasodil-
atation of the epicardial coronary arteries and of the resistance coronary
vessels have been demonstrated [16]. Thirteen of the study patients had a
total cholesterol level =6.4 mmol/l {250 mg/dl). This group, however,
showed no significant differences in terms of flow increase and vascular
diameter changes after acetylcholine. The importance of the relative amount
of HDL and LDL cholesterol has recently been reported to correlate more
closely than total cholestercl with the degree of impairment of the endo-
thelium-mediated vasodilatation [62]. In the studied group, however, also
the use of the HDL/total cholesterol ratio did not identify a subset of patients
with a different response to acetylcholine.

Correlation of coronary arealflow changes after acetylcholine

In this study mean arterial cross-sectional area of the epicardial arteries and
coronary flow have been considered as independent indices of response
of conductance and resistance coronary vessels. This assumption has three
potential limitations: the possibility that a flow-limiting vasoconstriction oc-
curs in an epicardial artery; the development of a vasodilatation of the
epicardial arteries secondary to the increase of flow; the use of a cross-
sectional area measured along the analyzed segment to calculate coronary
flow. In spite of all these potential reasons for interdependance, the flow or
flow resistance changes after the maximal concentration of acetylcholine
showed only a poor correlation with the corresponding cross-sectional area
changes. The discrepancy between flow and cross-sectional area reflects a
different response of the conductance and resistance arteries to acetylcholine.
The large arteries are the preferential target of the atherosclerotic process.
At this level the presence of intimal thickening may constitute a barrier to
the diffusion of nitric oxide from the endothelial cells to the muscular media
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[63]. A macrophagic infiltration or the presence of a lipidic component of
the intimal plague may also accelerate the degradation of nitric oxide and
prevent its action on the underlying muscular layer [37]. The importance of
these mechanisms in atherosclerotic human arteries is indirectly confirmed
by the frequent development of focal vasoconstriction after acetylcholine.
Myocardial perfusion is regulated predominantly by resistance arteries < 200
micron [64]. 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 endothelium-dependent
relaxation.

These observations have potential chinical implications. A prolonged treat-
ment aimed at the regression of the atherosclerctic intimal changes may be
required to restore an impaired endothelium-mediated response when the
presence of an intimal barrier is the main operative mechanism [65]. On the
contrary, acute pharmacologic interventions or a short lasting treatment may
be sufficient to normalize the endothelial function when metabolic abnormali-
ties are involved. The possibility to normalize the endothelial response in
hypercholesterolemia with a short-term infusion of L-arginine has been
shown in animal experiments [66] as well as in human coronary arterjes [49,
67). Similarly, different classes of drugs have shown the ability to restore a

normal endothelium-mediated vascular reactivity in experimental animals
{68-70].

Conclusions

In angiographically normal or minimally discased arteries of symptomatic
patients with coronary artery disease, also very low doses of acetylcholine
induced a significant coronary vasoconstriction of the epicardial coronary
arteries. The resistance vessels showed a variable response, with a trend
towards a moderate vasodilatation (flow increase in 2/3 of the patients after
the highest concentration of acetylcholine). The presence of hypercholestero-
lemia or wall irregularities was not correlated with the diameter/flow changes
after acetylcholine. The poor correlation observed between cross-sectional
area and flow changes after acetylcholine suggests that different mechanisms
induce impairment of endothelium-mediated vasodiiatation in conductance
and resistance coronary vessels.
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CONCLUSIONS

Coronary angiography provides a rapid overview and effective road-map during
diagnostic or interventional procedures, has low cost and enjoys widespread
availability. These advantages, coupled with the continuous improvement in image
quality and possibility of on-line quantitative analysis, suggest that angiography will
continue to be the principal imaging technique for coronary interventional procedures.

However, the importance of knowing the morphological composition and functiona
significance of coronary stenoses is increasingly being recognized. The two
intracoronary ultrasound techniques described in this thesis provide a unique insight
into the nature of a coromary lesion. Recent investigations with intracoronary
ultrasound imaging and Doppler have contributed significantly to owr knowledge of
coronary artery disease and to our understanding of the response to therapeutic
procedures.

Whether these two techniques will prove to be cost-effective and find their own
niche in clinical practice or whether they will be limited to academic research
remains to be determined. As a logical continuation of the work reported in this
thesis, our group has promoted or is participating in on-going multicenter studies
addressing this question (GUIDE II and PICTURE for ultrasound imaging, DEBATE
for intracoronary Doppler).
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SAMENVATTING

Het hemodynamisch belang van een vernauwing kan beter worden vastgesteld, indien
we geinformeerd zijn over de morphologische kenmerken van de atherosclerotische
lesie (bv excentriciteit, samenstelling van de lesie) en indien we de verandering van
de bloedstroom ten gevolge van de vernauwing nauwkeurig hebben vastgesteld.

De toepassing van ultrageluid en Doppler gedurende diagnostische onderzoekingen
en therapeutische procedures in het catheterisatie laboratorium is mogelijk geworden,
doordat de ultra geluids catheters uiterst klein zijn gemaakt en door de recente
ontwikkeling van een Doppler-piezo-elektrisch kristal die gemonteerd is op een
voerdraad.

Het hoofdthema van dit proefschrift is het onderzoek naar de morphologische en
functionele karakteristiecken van vemauwingen in het coronair systeem met
intracoronair ultrageluid.

In hoofdstuk 1 wordt een algemene inleiding gegeven betreffende 2-dimensioneel
intracoronair ultrageluid. In hoofdstuk 2 worden de voor- en nadelen van intra-
coronair ultrageluid en kwantitatieve angiografie om vasculaire afmetingen vast te
stellen beschreven. In hoofdstuk 3 worden de problemen van de 3-dimensionele
reconstructie op basis van opeenvolgende intracoronaire ultrageluidsbeelden belicht.
In de hoofdstukken 4 en 5 worden de resultaten van twee studies beschreven die de
nauwkeurigheid van intravasculair ultrageluid bestuderen om structuur en samenstel-
ling van de normale en zieke kransvatwand en de veranderingen van de vaat
elasticiteit bij pharmacologische interventies vast te stellen. In hoofdstuk 6 wordt het
effect van de variaties van de invalshoek van de geluidsbundel op de intensiteit van
reflectie van de geluidsbundel door de wand van de kransslagaderen beschreven.

Hoofdstuk 7 geeft een algemene inleiding van het tweede gedeelte van het
proefschrift. Hierin worden de nieuwe mogelijkheden beschreven welke intracoro-
naire Doppler biedt ora het belang van coronaire stenosen vast te stellen.

In hoofdstuk 8 worden de voordelen van spectrale analyse boven de zero-crossing
techniek beschreven. In hoofdstuk & wordt de emst van een kransslagzder vernau-
wing bepazald met behulp van de maximale bloedstroomsnelbeid ter plaatse van de
vernauwing, gebruikmakend van de continuiteitsvergelijldng. In hoofdstuk 10 worden
de beperkingen beschreven van het bepzlen van de “coronary flow reserve” om de
resultaten van ballon angioplastiek vast te stellen. In hetzelfde hoofdstuk en de
hoofdstukken 11, 12 en 13 worden andere mogelijkheden voorgesteld om de ernst
van coromaire stenoses vast te stellen gebaseerd op de relate tussen gelijktijdig
getegistreerde transstenotische druk gradient en bloedstroom snelheid tijdens de
hartcyclus.

In het laaste hoofdstuk wordt een studie beschreven die werd uitgevoerd bij 29
patiénten om het effect van selectieve infusie van de endothelium afhankelijke
vaatverwijder acetylcholine op de afmetingen van de epicardiale kransslagaderen en
de bloedstroom spelbeid vast te stellen. Door middel van deze methode werd de
relatie tussen endothelium afhankelijke veranderingen van de epicardiale en de
weerstands kransvaten onderzocht.
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