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CHAPTER 1

PURPOSE OF THE STUDY -~ A BRIEF SKETCE

The introduction of the prototype of an ultrasonic linear
array scanner in 1971, confronted us with a type of diag-
nostic information which was different from conventional
cardiac imaging technigues. With the use of ultrascund,
cardiac structures were now displayed in a direct and
positive manner rather than as shadows or negative
impressions in contrast media as seen with X-ray and
angiccardiographic techniques. Imaging in multiple new
planes through the heart now became possible. These planes
were difficult or impossible to visualize with other
technigues. Therefore hardly any knowledge about the
anatomic information in these images existed. The major
aim of this thesis is to present the implementation into
the clinical practice of cardioclogy of the linear array
system which was developed at the Thoraxcenter in
Rotterdam.

The chapters 2-4 introduce the ultrasonic method and

give some background for the reader not entirely familiar
with cardiac ultrasound. Chapters 5-7 describe the first
¢linical results, the progress in examination technigue,
and potential applications. Indeed, our first concern

was to establish standardized transducer positions on

the chest wall to produce consistent results and to
identify the cardiac structures in these various cross-
sections. These c¢linical studies were also necessary to
investigate which cardiac abnormalities could be best
studied with this new method. Their publication created
considerable interest in real time cross-—-sectional
analysis of the heart all over the world.
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The new technique allowed one to obtain information about
ventricular size, shape, wall dynamics, and a measure-
ment of both the long axis and surface area of the left
ventricle. Thus, gquantitation of left ventricular per-
formance was attempted by applying formulae largely
tested on quantitative single plane angiocardiography.
Initial results in a small series of patients were
promising and are given in chapter 8. However, the poor
correlation coefficient and the large standard errors
found in a series of 50 consecutive patients studied
subsequently (chapter 9} indicated that a reliable
relation was not present in all conditions.

In addition, there was a low success rate in obtaining
the necessary cross-sections for quantitative analysis.
The reasons for these unsatisfactory clinical results
were analysed and published in 1976. Its content
constitutes chapter 10.

The first clinical results with the dynamic focused
linear array system, yielding a bketter guality image,
were published in 1977. However, the success rate in
cbtaining the required good quality images for quantita-
tive analysis of the left ventricle was still too low
to consider repeating the studies. Thus, further effoxts
were made to evaluate the potential of the method in
obtaining qualitative diagnostic information about
cardiac structure orientation and dvnamics.

One interesting method which complements the ultrasonic
imaging capabilities is the use of the echo contrast.
The peripheral venous injection of e.g. dextrose 5% in
water produces dense clouds of echoes in the bloed and
hence allows one to cobserve the blood flow through the
right sided cardiac cavities. The contrast method
requires good quality images and offers the unique
potential of noninvasively demonstration of intracardiac

right to left shunts. Our experience with this new
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diagnostic application is described in chapter 11.

The availability of electronic integration techniques
and a small display monitor recently made it possible
to construct a miniature hand~held and battery-powered
real time scanner. After favorabkle initial clinical
experience,detailed in chapter 12, the device has been
extensively tested in an attempt to establish its

potential clinical applications in cardiology (chapter 13).

This thesis is completed by a discussion of the present
status of ultrasonic cardiac imaging with the author's
personal view on the future (chapter 14).
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CHAPTER 2

INTRODUCTION TO M~MODE AND TWO-DIMENSIONAL ECHOCARDIOGRAFPHY

hmong the new diagnostic methods in cardiclogy, cardiac
ultrasound is certainly one of the most informative and
intriguing. Its major advantage is early diagnosis and
clinical insight inte advanced-treatment techniques.

The technique was intrcoduced in Sweden by Edler and EHerz
in the early fifties (1). Its clinical application remains
a striking example of productive interaction between car-
diologists, rhysicists, and industry {(2). The single~
element ultrasonic systems consisted of a piezoelectric
transducer driven by pulse-echo transmit receive electro-
nics. A time-motion display of intensity-modulated echoes
representing cardiac structures versus depth c¢an thus be
obtained {(M—mode echocardiography). The method, however,
did not immediately find widespread acceptance by cardic-
logists. Reasons for this were mainly technical, especially
the sensitivity of the systems and the lack of appropriate
recorders. This situation changed dramatically in the late
sixties when more sensitive ingtruments and more important-
ly, strip chart recorders became available. These develop-
ments stimulated improvements in examination techniques
and allowed a more accurate interpretation of the recor-
dings and hence, a more relaible diagnosis of a wide
variety of cardiac diseases. This resulted in an explosive
interest in the method and the rapid acceptance of M-mode
echocardiography as an effective methed for cardiac diag-
nosis. This widespread use also demonstrated the specific
limitations of the use of a single sound beam and the need
for two-dimensional cardiac imaging methods. When these
instruments became available in the early seventies, they
further accelerated the application of cardiac ultrascund.
Thig chapter will provide a rather broad view of the under-
lying principles of both M-mode and two~dimensional echo-
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cardiography and an appreciation cof the type of information
they provide.

2.1 ULTRASQUND BASICS

Ultrasound refers to sound waves with a freguency above
the range audible tc¢ man (20.000 Hertz). In cardiecleogy,
frequencies ranging from 2 to 7 MegéHertz (MHz) are em-
ployed. These sound waves are propagated as longitudinal
vibrations at a velocity determined by the molecular
structure of the medium through which they pass. To gene-
rate such ultrahigh frequency scund waves, piezoelectric
crystalline material is used which converts electrical
energy to mechanical (ultrasound wave) energy and vice
versa.

Such crystals form the core of the ultrasonic transducer.
The diagnostic value of ultrasound waves is the result of
partial reflections of these waves when they strike boun-
daries between media of different acoustic impedance
(defined as the velocity of sound transmission x density).
The returning sound energy on the transducer is converted
to an electrical impulse which can be displayed for ana-
lysis. The elapsed time from transmission of the sound to
reception of the echo is measured to convert this time
into distance relative to the transducer. Assuming a con-
stant speed of 1580 meters/sec for sound in soft biclogic
tissue, the time for - a round trip from transducer to re-
flecting surface indicates the distance. In fact, part of
the sound energy is reflected from each subsequent tissue
interface along the sound beam pathway and distance measu-
rements to all echoproducing interfaces encountered are
available from individual pulses. The greater the diffe-
rence in accustic impedance between the media, the greater
the amount of enexgy reflected. The intensity of the echoes
is further dependent upon the angle at which the socund
beam strikes the boundary and energy attenuation with in-

creasing distance. Since ultrasocund does detect minor
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tissue differences, soft tissue structures can be outlined
in a manner not possible with ceonventional radioclogic
methods.

Most instruments transmit ultrasound during 1 microsecond
and receive echoes for the next 999 microseconds yielding

a repetition rate of 1000/sec. Because of this high repe-
tition rate, resclutiocn in time is excellent and the motion
analysis of cardiac events is more precise than with cine-
angicgraphic technigues.

The relation between the velocity of sound which is appro-
ximately constant in biclogic tissue, wave length and fre-
quency (velocity = wave length x frequency) dictates that
wave length decreases with higher frequencies. The pulse
length determines the axial resoclution or ability- to re-
solve two adjacent structures aligned along the sound beam
axis. Short pulses are more easily created when using
higher freguencies. Unfortunately there is a reciprocal
relationship between resolution and depth penetration. The
ultrasonic frequency employved must therefore be a compro-
mise between these two objectives.

Ultrasonic sound waves of a relative low frequency (2.25
MHz) penetrate to deep structures and are used in adults.
In contrast, higher frequencies (5 - 7 MHz) with a better
axial resolution but less penetration are used in paedia-
tric applications. The width of the ultrasonic beam deter-
mines the lateral resolution or ability to distinguish two
adjacent structures in the directions perpendicular to the
sound beam axis. Beam width is a function of the transducer
size and the frequency at which it operates. As the ultra-
sound beam is formed its width does not change over a
certain distance termed the near field and then begins to
diverge in the far field. In the near field, the beam width
is approximately egual to the active surface of the trans-
ducer. The latter can be selected relatively "small”.

The narrow beam and concentrated energy make the near field
therefore desirable for recording. The length of the near
field is determined by the relationship: near field
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length = transducer radius squared divided by wave length.
Thus decreasing the size of the transducer will decrease
the near field length and using lower freguencies will
have the same effect. Beam divergence in the far field is
calculated from equation; Sin @ = 1.22 x wave length divi-
ded by transducer diameter. It is apparent from this
equation that beam divergence increases with smaller crys-
tals and lower freguencies. Beam divergence is an impoxr-
tant factor and degrades the accuracy for examining struc-
tures in the far field by limiting the lateral resoclution.
A wide beam causes superimposed echoes of laterally spaced
targets on the display and may pose serious problems in
correct interpretation of clinical echocardiograms. A par-
tial sclution to delay divergence of the beam is to use
acoustical lenses. Unfortunately, the segment of the beam
in focus where the resclution is good, is not very long.
Therefore, transducers focussed at 5,7 or 10 cm are avai-
lable for more accurate data acgquisition at the focal
length indicated.

The power density used in diagnostic ultrasound systems is
well within known limits of safety ( 3,4). At present
there is no clinical evidence ¢f hazard associated with
ultrasound examination.

2.2 M~MODE ECHOCARDIOGRAPHY

The echoes received by the transducer are electronically
processed to produce three types of oscilloscope display
{figure 1).

18



M-mode B-mode A-mode

T afo
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Figure 1.
Schematic cross-section of the heart from the base towards the apex
with cardiac structures included. The single element transducer (T) in

front is aimed so that the sound beam traverses fram anterior to pos-
texior; the chest wall (CW), the anterior heart wall (aHW), right
ventricle (RV), interventricular septum (IVS), left ventricular cavity
(IV), the tips of the mitral valve leaflets and the left ventricular
posterior wall (LVPW) . The echoes which originate fram these bounda~
ries are classically represented in three types of oscilloscope dis-
play and are referred to as the "A", "B" and "M-mode". For further
explanation, see text.

Ap: aorta; aML: and pML: anterior and posterior mitral valve leaflets;
Ia: left atrium; LAPW: left atrial posterior wall; afoW and pAdW:
anterior and posterior aortic walls; ppm: postercmedial papillary
mscle. .
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In the "A-mode", the height cr amplitude of the echces
repregents reflected energy from the boundaries. The dis-—
tance of the boundary relative to the transducer is repre-
sented on the vertical axis {figure 1). Proper display of
the signals requires the use of logarithmic amplifiers to
compress the wide range of echo amplitudes and to match
them to the display. Most instruments allow to control the
gain as & function of time or depth {(time gain compensa-
tion). Automatically adjusting time sensitive gain systems
are now being introduced (5).

The "B-mode” is an intermediate step where the "A-mode”
echoes are converted to dots and the brightness corres-
ponds to the echo amplitude. The "B-mode™ is well suited
to produce a record of echo motion or "M-mode". This is
realized by moving a reccrding surface such as photc-
graphic paper at a constant speed past the B-mode display.
An electrocardiographic tracing is recorded simultanecusly
for timing purposes. Measurements are aided by centimeter
depth markers which are displayed on the oscilloscope at
calibrated time interwvals of 0,5 second. The M-mode dis-
play permits recording of both the depth and motion
pattern of intracardiac reflective surfaces relative to

a fixed spatial reference and time. Time exposure or
Polaroid photography allows to obtain good guality pic-
tures of this information directly off the oscilloscope.
However, the number of cycles recorded is limited and the
pictures are small resulting in a large measurement error.
Modern echocardiography utilizes fiberoptic strip chart
recorders with high sensitivity and definition which
allow echoes of cardiac structures to be recorded con-
tinuously on a handy paper strip and M-mode scanning to
be performed (figures 2 and 3).
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Figqure 2.

Schematic cross section of the heart. A sector scan or !*scan is per-
formed when the transducer is swept fram the aorta (direction 1} to-
wards the apex (direction 4). For akbreviations see figure 1.

RVOT and ILVOT: right and left ventricular outflow tracts.
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Figure 3.

M-mode scan of the heart following the sagittal plane through the long
axis of the left ventricle. The directions of the sound beam labelled

1 to 4 on the diagram of figure 2, correspond to the areas labelled

1 to 4 on this record. For abbreviations see figure 1.

(from: Roelandt J.: Practical Echocardiclogy, Research Studies Press,

Forest Grove, 1977).

Using the M-scan technigue it is possible by sweeping the
sound beam from one area of the heart to another while re-
cording, to derive information ¢oncerning the spatial rela-
tionship ©f the structures examined.

This permits a more accurate identification of cardiac
structures and in some conditions an anatomical diagnosis
to be made. However, skill and experience to obtain these
M-scans are reguired and the analysis is difficult as the
resulting display is not simply related to the cardiac
anatomy. The scans also vary with the speed and path of
transducer movement and hence are gqualitative at best.
Indeed, the apparent lateral distances between the intra-

cardiac structures on the M-scan recording reflect the
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speed of transducer motion rather than the lateral anato-
mical dimensions. In addition the observed amplitude of
motion is diminished by the angular relationship. Cnly the
vectors of motion parallel to the sound beam are correctly
displayed. As a result complex motion patterns are not
accurately assessed. Furthermore, some distortion is also
introduced as the cardiac cross-section scanned from a
fixed point on the chest wall has a wedge shape which is
represented in a rectangular format on the tracings. Yet,
the method is accepted as a poweful diagnostic method for
a variety of cardiac diseases (&, 7).

The continued need, however, for more guantitative spatial
information concerning cardiac structure and function led
to the development of real time two-dimensional imaging
systems.

2.3 TWO-DIMENSIONAL ECHOCARDIOGRAPHY

The basic unit of information, the echo signal indicating
the presence and the location in depth of a cardiac struc=
ture in the direction of the sound beam is the same for
both M-mode and two-dimensional echocardiography. The
principle of all these systems is that an acoustic beam
scans a cardiac cross-section at a high rate in order to
obtain instantanecus two-dimensional structure information
and thus moving cardiac anatomy (see chapter 3).

The fundamental difference lies thus in the spatially
oriented display which permits information to be apprecia-
ted and utilized which is meaningless in the absence ¢f a

spatial reference. This is illustrated in figure 4.
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A. ONE DIMENSIONAL B. TWO-DIMENSIONAL
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M-MQDE ECHO MONITOR DISPLAY

Figure 4.

Diagrams illustrating the difference in display of echo data between
M-mode echocardiography {one-dimensional) and a two—dimensional echo
system. A pendulum is considered as the target under study. The M-mode
displays the distance from transducer to the target as a function of
time. Thus, only the vector of motion of the pendulum parallel to the
sound beam axis is recorded. No information about its shape is ch-
tained. On the cross-sectional display, the shape of the target and
its motion in all directions are recorded. A pendulum is readily re-
cognized from the monitor display whereas it is not from the M-mode
echocardiogram.

Let us suppose that the target of interest is a circular
structure which swings in a plane following the sound beam

axis of a single element transducer. The circular struc-
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ture will be seen on the M-mode echcecardiogram as parallel
moving echoes. Their amplitude of motion only represents
the vector of motion of the pendulum which is parallel to
the scund beam axis. Both the shape of the target and the
vectors of metion which are perpendicular tc the sound
beam axis are not recorded on the M-mode echocardicgram.
With a two-dimensicnal imaging system, both the shape and
the motion in all directions are identified and the pendu-
lum is readily recognized from the monitor display. Thus,
real time cardiac imaging provides both the pictorial
image and a record of the motion of each echoc signal.

This allows identification of cardiac structures from
both their anatcmical relationships and specific motion
patterns which is particularly helpful when studying un-
familiar cross-sections. Real time two-dimensional cardiac
images relate clcsely to known, gross cardiac anatomy and
loock therefore more familiar to the cardiologist than
M-mode echocardiograms. In addition, real time images
yield an immediate visual feedback which allows the exa-
miner to optimize gain setting controls and more impor-
tantly to adjust the transducer until the best cross-
section is obtained.

2.4 RELATIVE ADVANTAGES OF M-MCDE AND TWO-DIMENSIONAL
ECHCCARDIOGRAPEY

Two—dimensicnal images are build up by many sound beams
which scan the tomeographic cardiac plane. This is time
censuming and hence results in a limited frame rate in

the order of 30 to 50 Complete images per seccnd. The re-
solution of motion of two-dimensional imaging systems is
limited by this frame rate which is too low to reccrd very
rapid events like fluttering of valves, their opening and
closing rates, etc. As a consequense, two-dimensional
techniques are better able to visualize anatomic and
structural rather than functional abnormalities.

The M-mode echocardiogram is sampled with a very high
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repetition rate (1000 transmit receive cycles per second)
and is therefore superior in demonstrating functional

abnormalities (figure 5}.

Figure 5.

Ciagrammatic illustration of the relationship between a two-dimensional
cardiac image and the M-mode display. The sampling rate of 1000 per
second as used in !tmode echocardiography vields a clear definition

of a small part of the mitral valve and an excellent resolution of

its motion. However, this disvlay gives little information on its
anatomical relationships. This is present on the two-dimensional
display. However the lower sampling rate of the two~dimensional images
(30 to 50 per second) results in a lower resclution of motion.

Thug, it appears that both methods are complementary and

mutually supportive in cardiac conditions where anatomic

and functional abnormalities overlap.
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CHAPTER 3

ULTRASONIC TWO-DIMENSIONAL IMAGING SYSTEMS

Rapid advances have been made in c¢ross-sectional ultra-
sonic imaging of the heart since its introduction in the
late sixties. The early instruments never reached routine
clinical application. It was the introduction of the
linear array system at the Thoraxcenter in Rottexrdam which
in 1971 stimulated considerable interest in real time
cross—sectional imaging of the heart. The enthusiasm of
the clinicians whe saw these images which looked like
¢rude angiccardiograms generated a great deal of interest
and investigation in the subject. In a few years, this
system along with several others were developed into prac-
tical clinical toocls.

3.1 EARLY DEVELGCPMENTS

The ultrasono-tomograph described by Ebina et al (1),
using a water bath B-scanner was able by rapidly angling
the transducer, to produce real time images, in addition
tc compound B-scan images. A cinematographic technique,
described in 1967 by Asberg (2), used a reciprocating
mirror system contalning two reflectors and two trans-—
ducers toc cbtain two-dimensional images at a rate of 7
frames per second. About the same time, Flaherty et al (3}
developed an ultrasonic scanner which worked in conjunc-~
tion with a flucroscopic image to locate both the ultra-
sonic transducer and the cross~section being explored.
With this instrument, sectors from 10 to 30 degrees at
rates up to 40 frames per second could be obtained.
Patzold et al (4) used a sound source rotating in the
focal area of a parabolic mirror so that parallel sound
beams would produce a rectangular scan (Vidoson system) .

Images at a speed of 15 per second were obtained. Hertz

29



and Lindstrom (5) alsc employed a water bath contact for
their scanner. Fast sweeping of the sound beam across a
cardiac cross—section resulted in images at a speed of 16
frames per second. Eggleton et al (6) originally devised a
catheter with four small transducers at its top for intra-
cardiac scanning. They modified this technique for intra-
oesophageal and later, precordial examination of the heart
(7). Their experience cbtained with these technigues
finally resulted in the design of a mechanical hand-held
sector scanner (7, 8). The practical clinical use cof the
earlier mechanical sector scanners {1, 3, 5) was limited
by difficulties resulting from their complexity for routine
application (large size transducers, water bath contact)

and technical problems (gear wear, limited scanning rates).

3.2 CURRENT SYSTEMS

3.2.1 Mechanical sector scanners

Most technical problems were partially cvercome with the
introduction of the ultrascnocardictomeograrh (9) and the
hand~held mechanical sector scanners (8, 10, 11).

The iatter are at present the simplest and conseguently

the least expensive of the real time ultrascnic scanners.
The principle of image formation relies on the rapid
pivoting motion about a fixed axis of a single transducer
by means of an electrical motor contained within the trans-
ducer assembly (figure 1A). Signals from the transducer and
an angle indicator are employved to generate videc disvlay.
The resulting image is of a sector format. The frame rate
is typically 30 frames per second with a field of view of
45 degrees. Larger fields of view are difficult to cbtain
because of skin contact problems at larger scan angles.

As an alternative to mechanical crankdriven pivoting
systems, magnetic deflection or rotation mechanism (12)

are also used to angle the transducer.

More recently, the spinning wheel mechanical scanners were
introduced (figure 1B).
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Figqure 1.

Schematic representation of transducer designs from the four common-
ly used real time two-dimensional echocardiographic systems on the
chest wall. The long axis cross-section of the left wventricle is
visualized.

With three or four transducers on a rotating wheel it is
possible to create sectorial beam deflection at a high

repetition rate. EBEach transducer is active when it passes
an acoustic window in the housing. A wider field of view

of up to 90 degrees is obtained at a frame rate of 30
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frames per second. The trangducer is usually larger as
compared to that of other real time scanners.

Advantages of the mechanical sector scanners is that they
are easily adapted to existing M-mode units and that only
a small acoustic window on the heart is reguired.

3.2.2 Linear array scanners

Meanwhile, at the Thoraxcenter in Rotterdam, Bom et al
(13-15) developed the multi-element linear array scanner
{multiscan). This instrument consists of a number of
individual crystals arranged side by side in a single
transducer assembly. Cross-—sectional images are produced
by seguentially transmitting on each of the array elements
or overlapping subgroups of elements and by receiving the
echo information with the same elements for each B-mode
line in the final display. Rapid electronic switching
allows cardiac scanning at a high frame rate (50 per
second} in a rectangular image format (figure 1C). A
movie showing real time cross-sectional images of the
heart was produced with the first prototype in 1971
(figures 2 and 3).

The first clinical studies were published from 1973 on
(16-20). This instrument undoubtedly stimulated most of
the subseguent interest in dynamic cardiac imaging.
Similar approaches for cardiac imaging have been used
later by other investigators (21, 22). The principle

and technical aspects of thig linear array scanner are

more extensively discussed in chapter 4.
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Prototype of linear array scammer with which the first ultrasonic real

time images from the heart were obtained in 1971.

Figure 3.

First two-dimensico—
nal ultrascnic image
cbtained from a npa-
tient with severe
pericardial effusion.
The stop—frame re-
presentation does
not readily allow
structure identifi-
cation. This was
easier fram the

moving images. The anterior wall (alW) is barely visible and is separa-
ted from the chest wall by the effusion. The poor sensitivity of the
instrument did not allow the display of weak reflectors.
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3.2.3 Phased array sector scanners

As early as 1968, Somer (23), from The Netherlands, repor=-
ted on an electronic sector scanner for ultrasonic diagno-
sis (Electroscan). The scanning action produced by the
transducer is based on electronic "beam steering" rather
than electronic "beam stepping” as used in the multiscan.
This means that by changing the firing sequence of the
individual elements of the transducer, the scund beam can
be swept thrcugh a cardiac sector up to 90° at a rate of
30 images per second (figure 1D). Unfeortunately this
investigator designed his system for the real time study
of intracranial vessels, the brain being a more popular
application of ultrasound than the heart at that time.
Investigators from Duke University have subsequently
succesfully applied this technique for analysis of the
heart (Thaumascan) (24, 25). These type of scanners are
the most complicated and, hence, the most costly. Advan-
tages of these systems are thelr high resolution and the
small transducer size allowing excellent maneuverability
within the confinements of a small ultrasonic window.
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CHAPTER 4

THE MULTI-ELEMENT LINEAR ARRAY SCANNER {(MULTISCAN)

Since the aim of this study is to describe the clinical
implementaticn of the multiscan, it seems appropriate to
briefly describe in this chapter the variocus aspects of

this instrument which are pertinent to the clinician.

4.1 BASIC MULTISCAN PRINCIPLE

The early clinical instrument was based on the use of a
linear array of 20 parallel single elements, packed in a
trangducer of & cm length and 1 ¢m width (figure 1}.

Figqure 1.
Multiscan trans—
ducer. It contains
20 elements and
the active surface
has a width cf 1
and a length of

8 am.

Beginning at the top of the transducer each single element
{or a combination of elements) in sequence transmits a
single sound beam into the tissues and receives echoces
from the underlying acoustic boundaries. While the sound

beam is scanned across the transducer probe, the imadge is
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Transducer Cross-section Oscilloscope display

.,

Dimansions Eche retum time

Figure 2.

Schamatic representation of the sagittal left ventricular long axis
cross~section with multi-element transducer placed in front and shown
to the left. The drawing illustrates how ultrasonic images are created
using this electronic scanning device. The crystals in sequence from
top to bottam transmit an accustic pulse into the tissues and subse—
quently switch intc the reception mode. Received echoes from the
acoustic boundaries (i.e. cardiac structures) are electronically con-
verted to brightness dots (B~mode) and displayed along a heorizontal
line on the oscilleoscope display. Eche pesitions on the display thus
represent the cardiac dimensions in depth along that echo beam. On the
vertical axis of the display, each echc line corresponds to the rela-
tive position of each crystal in the transducer. On the display, the
cutline of the cardiac cross-section is represented by brightness dots
as indicated con the diagram. Fast electronic switching from one crystal
to another results in real time visualization of the cross-section
studied in its correct anatomic format. Abbreviations: Ao: aorta;

aML and pML: anterior and posterior mitral valve leaflets; IVS: inter-—
ventricular septum; LA: left atrium; IV and RV: left and right ventri-
cle; LVPW: left ventricular posterior wall.

(Reproduced with permission from Roelandt and Bom (1)).
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simultanecusly created on the display oscilloscope screen
and the horizontal lines are traced in positions correspon-
ding to each beam arising from the transducer. The cardiac
cross—-section beneath the array of elements is visualized
in real time by very fast electronic switching from one
element to ancther (figure 2).

The cardiac cross-section visualized measures 8 cm (length
of transducer) by 16 cm (determined by the transmit-receive
cycle duration when the ultrascund wvelocity is approximate-
ly 1580 meter per second). Simultanecusly with the cross—
sectional images, patient identification symbols and the
date of examination are displayed on top of the images. The
electrocardiogram is at the bottom. Its right end edge in-
dicates the timing of the cross-sectional image within the
cardiac c¢ycle. Actual cardiac cross-sections as oktained in

1973 are shown in figure 3A and B.

Figqure 3A.

A long axis cardiac cross-—sec—
tion cbtained from a normal
subject with a 20 element li-

. 'CRSE-826 DATE-19837% SC-20MM/DIV

near array transducer in 1873.
For orientation see figure 2.

I: inferior; S: superior.

Figure 3B.

A short axis cross—sectional
image obtained with the 20 ele-
ment linear array transducer
in 1973 from a normal subject.
The left ventricular cavity

appears as a circle. This exa—

mination is unigue to ultra-
sound and is not available in real time in any radiographic technigue.
Abbreviations: LV: left ventricle; S: interventricular septum; RV:

right ventricle.
40



4.2 RECORDING OF THE ULTRASONIC IMAGES

The rectangular image format is very suitable for direct
conversicon to video format. This allows the use of TV monitors
for display and provides advantages for image recording
since a video camera with inherent losg in image guality is
not required. The conversion to video format is accomplished
by a line converter which transforms the duratiocn ¢f each
single echo data line (200 microseconds) to the standard
videc line duration (64 microseconds) (2). This is per-—
formed by storing the echo data temporarily into an elec-
tronic memory. At an appropriate moment in the video frame
cycle, this memory is read out 5 times faster than the
loading speed and the duration of the echo data line is so
reduced from 200 to 40 microseconds. Thus, approximately
two thirds of the TV gcreen width is used for display. The
conversion is done for each eche data line, the patient
identification characters and the electrocardiographic data.
A frame counter adds a number to each frame (figure 4).
This is helpfull for analysis and timing of events. At a
frame rate of 50 per second the interval between two con-
secutive images is 20 milliseconds.

Digital processing ¢f the basic echo information from adja-
cent crystals available from the line converter permits
creation of additional interpolated display lines resulting
in a higher line density per frame.

Standard video interlacing technigues eventually allow a
further increase of the line density (figure 4).

"High line density" on the display should not be confused
with "high acoustical resclution”. This misconception pro=-
bably originates from radiclogical methods where resoclution
is expressed in terms of the number of lines per inch that
can be resoclved on the X-ray picture. The difference and
interrelationship between line density and acoustic
resolution is diagrammatically represented in figure 5.
When a transducer consisting of 11 elements with a high
acoustic resolution (i.e. narrow sound beams) is placed in
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Figure 4.

Sagittal left ven-
tricular cutflow
tract or long axis
cross-section ok~
tained from a nor-
mal individual with
a 20 element linear
array scamner and a
320 line density
display. For orien=-
tation, see diagram
of figure 2. The

horizontal lines
x and y indicate two elements that are selected from the transducer
for simultanecus or dual M-mode display. This facility permits the
identification of the sound beam pathway, a more acourate analysis of
motion patterns and measurement of time intervals between opening and
closing of semilunar and atrioventricular valves (3).
Abbreviations: Ao: aorta; aMl. and pML: anterior and posterior mitral
valve leaflets; IVS: interventricular septum; La: left atrium; LV and
RV: left and right ventricle; IVPW: left ventricular posterior wall;
c: aortic valve; RVOT: right ventricular outflow tract.
(Reprocduced with permission from Roelandt (4)).

front of two point reflectors "a" and "b" which are just
in front of a crystal, both reflectors "a" and "b" will
be displayed. In a high accustic rescluticon-high line
density system, the ideal "ultrasonic imaging” instrument,
the picture would be as shown in the upper left panel.
When half the number of crystals or a low line density
display is used, only the reflector "a" will be seen

{high acoustic rescluticn - low line density:; lower left
panel) . However, with a low acoustic resolution or diver-
gent bheams, the situation changes. Crystals that are
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Figure 5.
Diagrammatic representation of the difference between line density on
the display and acoustic resolution. For explanation, see text.

exactly positioned in front of a reflector will again
correctly position the target echc on the display.
Adjacent crystals however will, due to the beam spreading,
alsc receive the target echo. As a consequence an erro-
neous echo display will occur. Following the same reaso-
ning, reflecter "b" will also be "seen" by the crystals at
both sides and an echo will appear on their disﬁlay axes
as well (low line density - low acoustic resolution; lower
right panel).

Increasing the number of display lines by interpclaticn
will not result in an improved resolution but increase the
number of "off-axis" echoes and accentuate the distortion
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(low acoustic resolution - high line density; upper right
panel). These effects are applicable to c¢ross—-sectional
images whether produced with a sector scanner or a linear
array system. Nevertheless, the guality of the still
frames obtained with a high line density is more wvisually
pleasing although the ultrasonic information is basically
not different.

4.3 THE RESQLUTION PROBLEM

The limitations of diagnostic ultrasound methods are
caused by a variety of physical factors. These include the
high dynamic range in echo amplitude and as a result dif-
ficulties in capturing all important information (e.g.
weak reflectors may not be visualized).

The finite pulse length of the transmitted ultrascound
energy is a major factor in determing the axial resolution.
The axial resolving power of an instrument transmitting
pulses 2 microseconds long is + 1.5 mm. This is sufficient
for diagnostic cardiac application.

By far the most serious limitation of cross-sectional
imaging systems is their limited lateral resolution as a
result of the finite sound beam width. The diverging beam
causes spurious echoes on the display. These produce some
distortion of structures and cavities since individual
points on a structure are mapped into curved lines (figure
5 = upper right panel). These problems and their clinical
importance are extensively discussed in chapter 10 and
they deserve continued emphasis by the clinicion. The
instrument resolutions published in the literature are
difficult to compare because there is usually no indica-
tion of how, at what distance, at which gain settings and
in what direction beam width measurements were made (5).
The experienced echocardiographer, however, often makes a
fairly reliable estimation of the resolving power of a
particular instrument by viewing clinical results. Impro-
ving the lateral resolution of the imaging systems has

44



been a major concern to all those involved in research and

development of diagnostic ultrasound instruments.

4.4 DYNAMIC FOCUSSING

To improve the lateral resoluticon, dynamic focussing capa-
bilities have been incorpcorated intc the multiscan system
(6). The linear array consists now of 51 smaller crystals
¢f which sub-sets of 12 (n) elements are coperating as
phased arrays. This results in narrower parallel sound beams
which scan the cardiac c¢ross—section.

Each subsequent scan is performed with a new sub-set con-
sisting of n-1 elements used for the previcus scan and one
new adjacent element. This enables one to realize 40 sub-
sets of n elements and scans. Two focussing techniques are
further employed (figure 6).
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Figure 6.
Principle of dynamic focussing with a linear array transducer consisting
of 51 elements. Sub-sets of 12 elements are used as phased arrays for
both transmission and reception. The focussing principle during trans—
mission is shown in the wper part and focussing Auring reception in the
lower part of the diagram. For further explanation see text.
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By firing the ocuter elements first and those to the middle
progressively later with a very short time delay (tl-t2),
an axicon focus is created in transmission (sub-set A of
the upper part of the diagram).

The principle of focussing during the reception is indica-
ted in the lower part of the diagram for the elements 40
to 51. The time during which echoes from a given depth
area travel to the transducer is known and determined by
the sound velccity. Echoes from a nearly reflector will
arrive first. During this period, short delays in recep-
tion between the different elements are electronically
introduced to cause the echo wave front to be in phase and
hence to obtain a focussed image in the reflector area.
The delays are seqguentially adjusted for six depth zones.
The same sequences are then repeated for all sub~-sets of
12 elements used to create a complete cross-sectioconal
image. The actual cardiac cross—-secticon obtained with

the dynamic focussed linear array consists of 40 display
lines. Examples are shown in figure 7.

4.5 ANALYSIS OF TWO-DIMENSIONAL IMAGES

A significant problem for analysis of real time two-dimen-
sional images forms the large amount of data that becomes
available. The imaging rate of ultrasound real time sys-—
tems is typically between 30 and 50 complete frames per
second. This is much lower than the repetition rate used
in M-mode echocardiography but dynamic structure informa-
tion is now available in a spatially oriented format. The
advantage is the capability to study dynamic cardiac ana-
tomy ‘but the encrmous amcunt of data which results per unit
of time creates difficulty for the analysis. To cope with
this problem, and as a first practical step, the wvideo

processcor is very useful since the moving images can be
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Figure 7.

Diagtolic (upper
frame) and systolic
{lower frame) cross-
sections obtained
from a noxmal sub-
ject with the dyna—
mic focussed linear
array system. Note
the anterior position
of the anteriocr mi—
tral valve leaflet
{aML,) in diastole
and its clesed posi-

tion during systole.
Abbreviations:

Ao: aorta; c¢: aortic
valve cusps; IVS:
interventricular
septum; LA: left
atrium; LV and RV:
left and right ven—
tricle; I: inferior;
S: superior.

directly recorded on video tape and analyzed later at ac-
tual speed, slow motion or still frame (2) (see under 4.2).
Pclarcid photographs for documentation can then be made
from a slave TV monitor.

An additional facility of the instrument allows one to
select any individual or twe crystals simultaneously

(dual M~mode) and to record the basic echo data from the
B-mode on the two—-dimensional images, in the M-mode (3).
This principle is illustrated in figure 4 of this chapter
and figure 5 of chapter 2.

It is exactly the same apprecach as emploved in guanti-
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tative angiccardicgraphy where analysis of video lines is
used rather than the complete images to track motion
patterns of specific cardiac structures (7). The advantage
of selecting individual crystals from the multiscan
transducer is that the scound beam pathway through the
cardiac structures is easily identified. This allows a
more accurate measurement of motion and dimension cof the
structure under study. Alterations of these parameters
which result from beam angulation (only the vector of
motion along the sound beam axis which dimishes by the
angular relationship is recorded) can be accounted for.
However, this process of analysis is very time consuming
and as yet not very practical. More recently, a recording
system for direct storage of a time series of cross-—
sectional multiscan images in digital format has been
developed (8). This will make rapid processing and advan-
ced analysis of two-dimensional echo data possible in
near future (9).
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CHAPTER

5

Overdruke uit Hart Bulletin 4:51, 1977

Multiscan echocardiography

Description of the system and initial results in 100 patients

J. ROELANDT, F. KLOSTER, F. J. zen CATE, N. BOM,
C. T. LANCEE and P. G. HUGENHOLTZ*

Summary

A multicclement  ultrasound  system  has  been
developed to provide instamtancous two-dimensional
cross-sectional images of the beart in motion. The
system cxpands the capabilities of echocardiography
by providing unique information regarding anatomic
relationships and fumction. A systematic technique for
clinical studies has been evolved and initial results in
100 patients indicate that records of satisfaciory
quality can be obtained in most patiemts. The
multiscan  system appedrs to be of comsiderable
promise for won-imyesive studies of the beart.

Samenvatting

Eer micuw wltrageluid systeemt waarbij gebruik ge-
mazkt wordt van meerdere akoestische elementen
wordt beschreven. Hiermee is het mogelik de bewe-
gingen van ket bart twee-dimensionaal weer te geven.
Dit systeem verruinz de mogeliikheden van de echo-
cardiografic omdar belangrijke anatomische en fume-
tioncle informatie wordt verkregen. De onderzockme-
thoden en klinischc toepassingen worden besproken.
De resultaten wverkregen in 100 patiénten laten mu
recds toe te stellen dar het “Multiscan® systeem cen
belangrijke aanwinst is in cardiologische diagnostick.

Introduction

Since 1954 when Edler and Hertz' first applied
pulsed reflected ultrasound as a method for cardiac
examination, many studies have demonstrared its
clinical usefulness™*, Echocardiography is now
established as a valuable non-invasive procedure
for the assessment of many cardiac abnormalities.
Despite this rapid advance as a diagnostic aid, there
remain distinct limitations to the method, chiefly
because thusfar single element transducers have
been employed. These produce a ‘flashlight beam’
image rather than an ‘overview’ such as occurs
with X rays. Aiming the probe requires skill and
experience, and recognition of the origin of the
echo is often difficult because the recorded image
bears little resemblance to the anatomical
boundaries of the heart. Furthermeore, in the recent
applicadon of ultrasound to the analysis of
ventricular dimensions and intracardiac volumes
serious difficulties have been encountered because
of the variations in ventricular geometry in cardiac
diseases. There is also uncertainty as to the
agreement between the echo axis of the left
ventricle and the true apatomical minor axis.
Several attempts have been made recently to obtain
more reliable direct amatomical information™?,

* ‘Thoraxcenter, Deparmment of Clinical Echocardiography,
Medical Faculty, Erasmus University Romerdam, the
Netherlands

However, these adaptions have been associated
with additional problems such as bulky
transducers, the necessity for tdggering the ex-
posure from the ECG, a limited scanning rate and
2 prolonged image assembly time. Consequently, 2
new approach not subject to these drawbacks has
been sought for.

This study presents the data obtained in 100 con-
secutively studied patients from a new instrument
of which an array of 20 fixed ultrasound elements
forms the core. By means of fast electronic switch-
ing from one element to another, a real-time two-
dimensional view of cross-sections of the moving
heart is obtained.

Description of the system

The Multiscan 20** principle can be best described as the
use in rapid succession of 20 parallel single elements with
display from each clement in the brightaess mode {(B-mode)
at almost the same instant. The system has been described
elsewhere by Bom et al ™"

The tramsducer. The transducer consists of 20 piezo-
crystals (figure 1). Eack element measures 4 by 10 mm and
the active arca of the entire transducer is 80 by 10 mm. The
pumber of 20 crystals on the line array of 8 cm is a
compromise between the length of the cardiac cross-section
to be viewed in adults, the desired manoeuvrability of the
probe, the latera] resolurion near the posterior wall and the
line density on the display. The frequencies are the same as
nsed in conventional echocardiography, 225 MHz. and 4.5
MHz, For optimal depth resolution 2 short acoustic pulse

*+* ECHOcrdioVISOR (01), Organon Teknjka, Oss, the Netherlands

Harr Builetin 4:51, 1972
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Figure 1 - Multisean 20 cabinet and display monitor, The
reansducer is shown in the insert.

must be transmitted and therefore a 4 cm backing fayer of
tungsten (92%) and araldite (8% was used. The inherent
drop in senmsitivity was compensated by means of 1 con-
tinuous wave cxcitation of T 2 microsec. Selecred depth
penetration is 16 cm and the cross-section covered measures
about § X 16 ¢m.

The apparatus and clectronic circuitry. In  working
conditions, a sinusoidal current of short duration is fed into
one single eclement of the transducer generating 2 short
acoustic burst of a2pproximately the same duration, Then, the
element is switched in the reception mode for the nexr 200
microsec. The echo signals arriving at this element are
amplified and fed into the processing part of the apparatus.
This cycle is then repeated for each element in sequence by
fast electronic switching, resulting in a repetiion rate of 160
complete frames per second.

Propagated sound is in gemeral always attenuated by
spherical spreading and absorptom. Reflectivity of the
acoustic boundaries and the angle at which the ultrasonic
beam hits this boundary will also influence the amount of
reflected  sound energy. To compensate for this, an
independent time-sensitive gain correction is employed so
that the depth gain be adjusted for an optimal display of
specific portions of the cross-section. This consists of §
levers, each selecting the amplification over a range of 80 dB
at a different depth and independent of any of the other
levers, The front panel is very simple, as shown in figure 1.
In addition to the § depth control levers, an on-off switch,
settings for patient identification data and controls for video
processing are preseat. The dimensions of the Multiscan
cabiner without displays are 42 X 45 X 17 c¢m and its
weight is 15 kg.

Display and storage of the images. For each element, the
video signal of the returning echoes is converted to intensity
or brigheness dots (B-mode) and displayed on the horizonral
axis of the oscilloscope. On the vertical axis of the oscillo-
scope, the height corresponds to the relative position of each
element in the transdocer.

The patient identification symbols, the continuous electro-
cardiogram and the cross-sectional image are displayed
simuleanecously on the oscilloscope face.

For routine studies, all data are stored on magpetic video-
tape which allows playback for motion studies fater. How-
ever, about 30% of the quality of the original image is lost
in this process. For quantitative analysis of the data, other

methods of image display are. possible. The first utilizes 35
mm movie film recorded from the oscilloscope.

However, the camera speed is limited compared to the
high frame repetidon rate of the Multiscan and resuls in
smearing of the echo dots. Single frame polarcid photo-
graphs from the oscilloscope screen have also been taken,
but the size of the pictures is rather small for measurements.
A third display method for quantitative amalysis employs a
line scan recorder conmected ditectly to the Multiscan, Any
line in the B-mode can be fed int the recorder and
displayed in the M-mode. This facilitates measurements on
selected lines of which the position through the cardiac
cavities is known.

Calibration, Range calibration can easily be performed in
the same way as with conventonal echo systems, using a
calibrated perspex block. Marks on the escilloscope screen
then allow easy adjustment to the proper 8 X 16 em viewing
area.

Resolution. The depth resolution depends largely on pulse
wave length, The Multiscan pulse length of 2 microsec. is of
the same order as presentdy available pood quality single
element systems. Lareral resolution depends on many factors
such as the dypamic range of the system, selected gein
scttings and probe frequency. The lateral resolution of the
Multisean will be discussed extensively elsewhere®,

Intensity level. Ultrasonic intensity is usually expressed as
average intensity In wams per square centimer. The average
acoustic intensity ar 2.25 and 4.5 MHz. was measured ir a
water tank to be less than 2 milliwans/cm® 6 cm in front of
the center of the transducer and is within known limits of

safety®,

Technique of examination

Efforts have been made in the first 100 patients
to establish the most efficient examination
procedure and to establish standard views for rapid
recognition of the different cardiac structures and
cavities.

Patient position. The patients were examined in
the supine position with the head of the bed raised
about 20° to 30°. A change in the position of the
patient has occasionally, though not significantly,
enhanced the images.

Transducer position. In the oblique position the
rransducer is placed to the left of the sternum with
the upper end at the costo-sternal border. The lower
end is angled laterally about 25° from the midline
(figure 2A). This produces 2 sagittal cross-section
through the heart in a plane from the base of the
heart towards the apex (figure 2B). When the probe
is pointed straight posteriorly, the aortic (Ao) root
is the first structure jdentified. Slight tilting of the
probe to the right or left establishes thar position in
which both the Ac root and the cusps are
seen. In this position the left amium (LA) is
posterior and part of the right ventricular (RV)
cavity and/or pulmonary outflow tract are anterior
to the Ao. Also, the anterior leafler of the mitral
valve (aMVL) can be seen as it exzends downward
in direct continuity with the posterior Ao wall. The
interventricular septum (IVS} is usually less clearly
identified as the structure which extends directly
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Figure 2 - A schematic drawing of the transducer in the
oblique position to the sternum on the chest wall is shown
on pancl A. Pancd B shows the cardiac structures lying in the
plane under the twansducer. (abbreviations: RV: rigat
ventricle; IVS: interventricular septum; Ao: aorta; LA: left
armium; aMVL and pMVL: antetior and postedor mitral
valve leaflet; I.VPW: posterior left ventricular wall)

from the anterior Ao wall into an anterior
direction. Improved definition of the wall of the left
atrium (LA} and the postetior wall of the lefe
ventricle {LVPW) can be obtained when the
transducer is aimed to the paticnts left. When the
probe is directed to.the right of the patent, the IVS,
RV cavity and pulmonary outflow tract will be
better defined. Figure 2B shows diagrammatcally
the cross-section of the heart visualized with this
transducer position and figure 4 shows systolic and
diastolic frames taken with a polaroid camera from
the oscilloscope screen. In the borizomtal position
the transducer is placed to the left of the stermum
nearly perpendicular to the oblique position and
approxmnately along the 3rd or 4th intercostal
space. The upper end of the transducer is to the
patients right and forms the top of the image on

the oscilloscope (figure 3A). The resulting image is
a cross-section through both the RV and LV ata &
90° angle with the long axis of the hearr. It is
diagrammatically shown in figure 3B. The LV is
posterior to the RV with the IVS at a slight angle
from the upper right to the lower left. A tilt in
superior direction establishes that position where
the cross-section RV and LV is largest and where
the IVS is best defined. The aMVL can always
clearly be identified by its movement in the LV
cavity. Directing the probe further superiorly shows
the IVS merging into the anterior Ao wall and the
aMVL into the posterior wall.

Limitations. The Multiscan is subject to the same
physical limitations of sound transmission and re-
flection as conventional single element systems. The
commonest cause of failure is a small pericardial
window due to pulmonary emphysema or an ante-

Figure 3 - The transducer in the horizontal probe position
on the chest wall is shown in panel A, Panel B shows
cardiac cross-section and structares fncluded. (abbreviations:
RV: mght ventricle; IVS: interveatricular septum; LV: lefr
ventricle; aMVL: anterior mitcal valve lcaflet and LVPW:
left ventricular postetior wall)
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Figure 4 - Systolic and diastolic frames photographed from the display oscilloscope using a polaroid eamera. Orientation
is as in figure 2B. The Ao root is seen in the upper center with the cusps visible in diastole. The IVS is in continuity with the
anrefior Ao wall and the aMVI, with the posterior Ao wall. The aMVL is in the open posidion near the IVS in diastole and
in a more posterior position when dosed in systole. The right end of the ECG tracing indicates the position of the frame in
the cardiac cycle. On top, the patient code number and date of study ate visible,

rior chest wall deformation. Intervening dense
tissue such as heavily calcified ribs may obscure
strips of the image, especially in elderly people.
However, considerable detail is still often visible
between the obscured arcas, much like looking at a
chest X-ray. Distortion of images behind ribs
because of higher ultrasound velocities in bone has
not been observed. Difficult or unsatisfactory
studies sometimes occur due to a large antero-
posterior chest diameter with resulting greater
depth of the structures to be studied.

Resulrts
1. Recognition of specific cardiac structures

The frequency and quality with which specific
cardiac structures were recognized in 100 patients
are shown in figure 5. These patients were in all
age groups representing a wide spectrum of cardiac
disease. Quality of the images was graded subjec-
vely from 1 to 5 as excellent, good, fair, poor or
not seen. The dominant echoes or the Ao root are
usually the best recognized structures during 3
Multiscan examination. The quality of the Ao root
image was good or excellent In 75% of the cases.
The Ao cusps were scen during diastole in most of
the patents in whom a good Ao root picture was
obtained. In a few patients the cusps were seen
against the Ao wall during systole as well.

Good or excellent pictures of the aMVL were
obtained In 67%s of the cases. The pMVL was well
defined (good or excellent in 54%s). The anterior

leafler of the tricuspid valve was not seen in most
cases, No conmsistent attempts were made 1o
visualize the pulmonic valves. The IVS was seen
with good or excellent detail in 58% of the cases;
the left side was often betrer defined than the right
side. The LVPW was usually clearly seen (good or
excellent in 80%) but no artempt was made in this
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Figure § - Multiscan image quality in 100 patieats.
Structures were evaluated on the monitor display and graded
excellent (1), good (2), fair (3), poot (4) or not seen (5).

The height of the bars gives the resulss in percemt.
{abbreviations: aMVL and pMVL: anterior and posterior
mitral valve leafler; aTVL: anterior twicuspid valve leafler;
AoC: aormc cusps; 1VS: interventricular septum and LVPW:
left venericular posterior wall)
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study to differentiate the endocardium from the
epicardium. In patients with smaller ventricles the
apex was often clearly seen.

2. Qualitative analysis: anatomy and motion

The cross-section of the heart obtained by the
Multiscan with the probe in the oblique position is
the same as the plane through which the single ele-
ment is rocked performing the standard M-mode
sweep from the apex towards the base of the heart.
The anterior and posterior aortic walls present as
two parallel echoes which move anteriorly during
systole and posteriorly during diastole. The sinuses
of Valsalva narrowing into the aorta can usually be
owlined. The cusps are seen centered in the Ao
root in diastole and in excellent studies can be
followed during opening and in systole as well.
Immobile and calcified cusps in cases with aortic
stenosis are seen as dense fixed echoes.

The aMVL is a direct continuation of the
posterior Ao wall and terminaies in the region of
the posterior papillary muscle. The aMVL is
usually best seen with the probe in the vertical
position and appears as a thin, freely moving
structure which cravels anteriorly in early diastole,
partially closes, then re-opens during atrial
contraction. The M-shaped motion pattern known
from single element studies can be recognized from
this. It is difficult to define the free edge of the
aMVL as it often appears as a continuous structure
from the posterior Ao wall to the posterior
papillary muscle, including the cherdae. The pMVL
appears much shorter and less mobile and moves in
the opposite direction as the aMVL in diastole.

In mitral stenosis, aMVL motion becomes jerky
and stiff with decreased amplitude, and the valve
apparatus as 3 whole seems to bulge anteriorly in
diastole. With severe mitral stenosis the aMVL
becomes fixed. Occasionally, one could see the
pPMVL moving in the same direction with the
aMVL in diastole instead of in the opposite
direction, as occurs normally.

Fibrosis and calcification of the valves are indi-
cated by a dense and/or a thickened echo. In cases
of prolapsing mitral valve syndrome, a flailing
exaggeration of the normal diastolic movement and
occasionally the aMVL prolapsing past the pMVL
was seen in systole.

The LV epicardium and pericardium are the best
reflectors for ultrasound of the heart and the
LVPW is clearly delincatred posteriorly by these
echoes. Anterior to these are multiple echoes seen
which represent myocardium and endecardium. In
good studies, the higher amplitude of motion of the

in time-motion on the line scan recorder. The
cavity of the RV and the pulmonary outflow tract
are only well delineated when RV hypertrophy or
dilation is present.

The RV cavity in normals is often filled with
echoes, perhaps because of the high degree of
trabeculation, and definition of the endocardial
surfaces is difficult with the transducer in the
oblique position. In the horizontal position the RV
cavity was more frequently well circumseribed.
Most apparent however was the pivoting motion
around a point in its middle of the IVS in RV
overload conditions. In these patients an
exaggerated up and down movement of the
pulmonary outflow tract was consistently seen.

3. Quantitative analysis: dimensional measure-
ments

In the first 100 patients an attempt was made to
evolve a relatively standard technique for probe
positioning, an efficient examination procedure and
standard views for anatomic interpretation. No
systematic attempts for guantitation and dimen-
sional measurements were made. Definition of the
anterior and posterior Ao wall is of sufficient
quality that accurate measurements of the Ao di-
ameter are possible. The LA cavity is usually well
delineated and its diameter can be compared to
that of the aortic root using the obligue transducer
position. In mitral stenosis, the LA diameter is
considerably higher than the Ao diameter.

When the IVS and LVPW are displayed
simultaneously, dimensional analysis of the LV can
be performed. On records from the line scan
tecorder using a selected single line passing through
the LV cavity, good definition of the left side of the
IVS and the posterior LV endocardium are often
obtained. In patients where the apex is visible, the
major axis of the LV can be measured, and in
optimal records outlining the entire ventricle is
possible, allowing LV volume calculations using the
angiocardiographic formula. When the apex is
lacking it is still possible to select the most
representative  diameter of the ventricle and
calculate the rate of midwall circumferential fiber
shortening® and volume data using previously
proposed echocardiographic  formulasg®’. RV
dimensional measurements  will probably be
possible only in patents with RV dilation and
hypertrophy. The possibilities for analysis of
ventricular images obtained with horizontal
transducer position are still being assessed.

endocardial echo in relation to the epicardial echo Comments

was striking. This was also demonstrated by Echocardiography is a unique non-invasive

recording the echoes of each line of the Multiscan procedure and yields important dizgnostic
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infermation in many cardiac conditions™4,

However, with use of a single element in the M-
mode, only a selected narrow portion of the heart
in depth is studied as a functon of time. This
representation gives no information about adjacent
cardiac structures and their anatomical relation-
ships nor about activity of .the heart as a whole.
For these reasons, attempts have been made to
solve these limitations and to obtain images of the
heart in their real anatomic relationships?.

The Multiscan. system overcomes the limitations
inherent in the single element technique as well as
problems encountered with the other mult-
dimensional systems, and provides instantaneous
two-dimensional moving cross-sections of the hearr.

Important anatomic and functional information
abour the heart can be obtained with the
Mutltiscan. The anatomic relasionships of different
cardiac structures are visualized withour distortion.
This facilitates the overall orlentation and
recogpition of echoes from specific structures. It
also permits precise localization of structures, and
its use in congenital heart discases is a promising
application. Qualitative motion analysis of specific
cardiac structures such as the valves and ventricular
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CHAPTER 6
British Heart Journal, 1974, 36, 26—43.

Multidimensional echocardiography
An appraisal of s clinical usefulness

J. Roelandt, F. E. Kloster, F. J. ten Cate, W. G. van Dorp, J. Honkoop,
N. Bom, and P. G. Hugenholtz

From the Department of Clinical Echocardiography, Thoraxcenter, Erasmus Umversity, Rotrerdam,
Netherlands

Multiscan is a new concept in echocardiography providing instantansous cross-sections of the heart in motion
without distortion. The examination technique and the present display and recording methods are described and
discussed in some detail.

Multiscan provides important anatomical and functional information in the non-invasive diagnosis of
congenital malformations and of valvular keart disease. The size, shape, and overall function of the left
ventricle can be assessed,

Localized disorders of wall motion are also detected, making the tnstriment useful for the study and follow-
up of patients with coronary artery disease.

Quantitative measurements of cardiac dimensions and caleulation of left ventricular wolumes using the
area-length method can be obtained. From the results presented in this paper one may conclude that the con-
cept of Multi-element echocardiography is a valuable extension of the now widely accepted single element
technique and offers vast possibilities for the screening, study, and follows-up of patients with cardiac disease.

Echocardiography is now established as a2 unique
non-invasive diagnostic aid for many congenital and
acquired cardiac diseases (Gramiak and Shah, 1971;
Feigenbaum, 19723 Meyer and Kaplan, 1973; Popp
and Harrison, 1973). However, in most studies
where single element probes are used, only a selected,
narrow, portion of the heart is explored in depth and
recorded as a functon of time (ime-motion or M-
mode). Therefore, no direct information about the
anatomical relations of specific cardiac structures or
abour the acuvity of the heart as a whole is available.
Yet, the importance of and the need for a multl-
dimensional echographic display of cardiazc struc-
tures has been dernonstrated by the many attempts
over the last few years to visualize the entire cardiac
configuration. with its true anatomical relations
(Asberg, 1967; Ebina er al., 1967; King, 1973;
Kikuchi and Okuyama, 1970; Hertz and Lind-
sdm, ¥972; Gramiak, Waag, and Simon, 1972).
Such a cross-sectional image should afford great
advantages in the study of patients with valvular
and congenital malformations. In additicn, it would
allow determination of the ventricular volumes and
wall motion. Techniques described so far, however,
Reecived 31 August 1973-
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produce ‘frozen’ images of the heart (Ebina et al.,
1967; King, 1973; Kikuchi and Okuyama, 1970) or
have limited frame rates (Asberg, 1967; Hertz and
Lindstrom, 1972; Gramuiak ez al.,, 1972). In fact,
real time informaton about the dymamic funcron
of the heart cannor be obtained with these tech-
niques.

The present study provides the first clinical
evaluation of a system with which two-dimensional
cross-sections of the heart were recorded in real
tme with good resolution at 8o frames a second.
Cardiac structures are visualized in their true
anatormical relations and important functional in-
formation is obtained. In this paper, the examina-
tion technigues and the clinical applicatons of the
system will be described in more detail.

Methods

The technical aspects of the multple eiement echo
system” have been described in detail in previous papers
(Bom et al., 1971, 19733; Bom, 1972; Roelandr er al.;
1975). The core of the systern consists of an 8 ¢m hinear
array of 20 fixed ultrasound elements. From each element,

1 ECHOcardicVISOR. or, Organon Teknika, Oss, The
Netherlands.
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the video signal of the returning echoes is converted to
intensity or brightness dozs {(B-mode) and displayed on
the horizontal axis of the oscilloscope. The antertor chest
wall is always to the left on the display. The location of
the signal from each clement on the vertical axis of the
oscilloscope corresponds to the position of the element in
the transducer. Rapid electronic scanning of all elements
and approprizte display of the echoes results in the
instantaneous display of moving structures. Presently a
40 line oscilloscope image is produced by an ‘inter-
lacing’ technique (alternating shift of 2 mm of the image)
to provide a more pleasing image. This reduces the
effective frame rate to 8o frames a second or half the
original repetition rate. Patient identification symbols,
the continuous electrocardiogram, and the cross-sectional
image are displayed simultanecusly on the oscilloscope
face. By means of display of the elecrrocardiogram of the
three preceding seconds at the bottom of each frame, the
exact correladon with the cardiac cyele is achieved.

Depth calibration can easily be performed in the same
way as with conventional echo systems using a calibrated
perspex block. Markings on the oscilloscope screen
allow adjustment to the approximate 8 x 16 cm viewing
area. For the Sgures shown in this paper, a correction
factor can be caleulated, as the height of 2 frame always
corresponds to 8cm in the original recordings. The
energy levels of the ultrasound in the system were
measured in a water tank. Ultrasonic intensity is usually
expressed as average intensity in wars per cm®: the
average acoustic intensity was found o be o-6 mwarts/
cm? ar 225 MHz. Ar 45 MHz it was 2 mwatts/cm?.
Both were measured 6 ¢m in front of the centre of the
transducer in a water tapk, Peak intensity was measured
10 be o7 watts/om® and 3-6 watts/cm?, respectively.
These intensities are well within recognized limits of
safety (Woodward, Pond, and Warwick, 1970; Ulrich,
1971

Recording techniques

While the best images are those directly available on the
oscilloscope display at the time of study, permanent
records are required for subsequent analysis. However,
production of a ‘hard copy” of the same quality as the
original study poses serious problems. In our laboratory,
several recording methods are used and bave bean
assessed for specific applications.

Magnetic videotape

For routine studies, 2ll data are stored on magnetic
videotape which allows playback for motion studies later.
It was found that about 3o per cent of the quality of the
original image is lost in the process. This is chiefly be-
cause of the rather slow frame speed of the video system
as compared to the muitiscan frame rate and the time-
constant and limijted sensitivity of the video camera.
Motion, however, is preserved though the details of
finer structures, such as valve cusps, may be lost,

Cinematographic film

The original oscillescope image can be recorded on
16 mm and 35 mm cine film. However, since the camera

speed is less than the frame rate of the multiscan, the
echo dots are superimposed on one film frame. This
results in smearing. Increasing the film speed to 8o
frames per second creates probleras with film exposure
time and synchronization. The guality of the images is
good when viewed in motion but the quality of each
individual frame is poor. However, interpretation and
qualitative assessment of left venptricnlar dynamics is
quite possible with the cine film recordings.

Polaroid photographs

Single frame photographs can be made from the oscillo-
scope screen by Polaroid camera, Their quality is reason-
ably good for quantitative measurernents. 1Tiggesing
from the QRS complex allows the recording of frames at
selected motnents in the cardiac cyele, such as end-
systole and end~diastole. Polaroids are presently used for
outlining the left ventricle and calenlation of volumes.
Furthermore, they are quite suitable for documentation
of specific anatomical abnormalities but, with this record-
ing technique, motion is not preserved. Most of the
fgures included i this paper are Polaroid photographs,

Individual element recording

The signal from any selected element of the multiscan
transducer can be recorded on the line scan recorder® in
the M-mode. This combines the two-dimensional
orientation facility of the multiscan with single element
recording and facilitazes measurements on selected lines
of which the position through cardiac structures is
known. The resolution and definition of specific echoes
is comparable to conventional single elemen: M-mode
recordings.

Line scan records

Complete frames can be recorded on the hne scan
recorder.! The formar of these images is small (19 x40
mm), being limited by the recorder paper speed. An in-
crease in size of the images by a factor of 2 would cail for
increase of recorder paper speed from 500 t¢ r0CO mm/
sec in order to keep the cross-sectional geometry correct.
However, definidon of the echoes is good and this re-
cording technique is most promising. These ‘postage
stamp size’ pictures are recorded at 25 frames a second
simultaneously with the electrocardiogram.

Examination technique
Position of patient
Patients are examined in the supine position, with the
head of the bed raised about 20° to 30°. A change in the
position of the patient occasionally enhances the images.
In our experience, turning the patient slightly on his left
side allows better visualization of the interventricular
septum and left ventricular posterior wall simultaneously.
This is especially impottant for dimensionzl measure-
ments and the outline of the left ventricle for the calcu~
lation of left ventricular volumes.
1 Honeyweil 1856 Visicordez.
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Transducer positions

The transducer can either be held in a fixed position on
the chest or 2 scanning movement ¢an be performed. It is
clear thar the exact position and direction of the probe
will differ from patient to patient and the described
technique is oaly applicable when no significant changes
in the configuration ot position of the heart ate present.
A routine multiclernent echographic examination should
always consist of displaying the long-axis cross-section
first, followed by a transverse cross-section through the
left ventricular cavity and a transverse scan.

Long-axis or oblique position In this position, the
wransducer is placed obliquely to the left of the sternum
with the upper end at the costosternal border. The
lower end is angulated laterally about 25° from the mid-
line. This produces a cross-section through the long axis
of the heart in 2 sagittal plane from the base of the heart
rowatd the apex (Roclandr er al., 19733 Kloster er al.,
19734}, When the probe is pointed straight posteriorly,
the aortic root is the first structure identified in the upper
part of the screen. Slight tilting of the probe to the right
or left establishes that position in which both the aortic
root and the cusps are scen. In this position the left
atriwm is posterior and part of the right ventricular
cavity and/or pulmonary outflow tract are anterior to the
zorta. The anterior leaflet of the mitral valve can be
seen as it extends downward in direct continuity with the
posterior aortic wall {mitral-aortic continuity). The inter-
ventricalar septurm is usually less clearly identified as the
structure which extends directly from the adterior aortic
wall (septal-sortic continuity) into an anterior direction.
Improved definition of the wall of the left atrium and the
posterior wall of the left ventricle can be obtained when
the transducer 15 aimed 1o the patient’s left. When the
probe is slightly directed to the right of the patient, the
interventricular septum, right ventricular cavity, and
pulmonary outflow tract can be berter seen,

Transverse position and scan In -the transverse
position the transducer is placed to the left of the
sternum perpendicular to the Iong-axis position and
approximately along the 3rd or 4th intercostal space.
‘The upper end of the transducer is 1o the patient’s right
and forms the rop of the image on the oscilloscope. The
resulting image is a transverse cross-section through both
the right and left ventricle at a +90° angle with the long
axis of the heart (Roclandt er al., 1973; Kloster et al.,
1973a). The left ventricle is postetior to the right ventricle
with the interventricular seprtum at 2 slight angle from
the upper right to the lower Ieft. By tiltng the trans-
ducer in 2 superior or an inferior direction, a two-
dimensional transverse scan of the heart along the long
axis can be performed (Fig. 1). A tilt in a superior direc-
tion establishes that position where the cross-sections of
the right and left ventricles are largest and where the
interventricular septum is best defined (Fig. 24). The
anterior leafler of the mitral valve can be identified by
its movement in the left ventricular cavity. Directing
the probe slowly superiorly shows the interventricular
septurn merging into the aoterior aortic wall (septal-
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aortic continuity) and the anterior leaflet of the mirral
valve into the posterior aortic wall (mitral-aortic con~
tinuity). In the transverse cross-section when the base
of the aorta is seen, the left atrium is sometimes clearly
outlined posterior to the aorta (Fig. 2B). During this
scan, the anterior tricupsid valve often becomes visible
in the cross-section just below the aorta. In infants,
where calcified structures in the anterior chest give no
impediment to sound transmission, it is actually possible
to displace the transducer stepwise from the apex towards
the base and the great vessels, resulting in successive
paraliel cross-sections. The transverse scan and/or step-
wise displacement of the transducer is very important
for the diagnosis of congenital malformartions, as cross-
sectional anatomy can be assessed without any distor-
tion.

Results

Up to the time of writing, 296 patients have been
studied with the system. In the first 100 patients,

FIG. I A schematic drawing of the transducer in
the transverse position on the chest. The upper end of
the transducer is to the patient’s right and is the top of
the c¢ross-section displayed om the oscilloscope. By
tilting the transducer a two-dimensional transverse
scan along the long axis of the left wentricle is per-
Sormed. The resulting image in position A is & trans-
werse cross-secrion through both the right and left
wventricle. In position B, the roor of the aoria is
visualized with the right ventricular ocurflow tract
anterior and the left atrium posterior to it (see Fig. 2).
During this scan a large part of the left venrricle can
be studied and the sepral-aortic and mitral-aortic
continuity can be examined.



32 Roelandr, Kloster, ten Cate, van Dorp, Honkoop, Bom, and Hugenholtz

A

FI1G. 2 Two transverse cross-sections are showm with the transducer in positions A and B as
showr in Fig. 1. The anterior chest wall is to the left. The resulting cross-section in position A
is scen in parel A. The left ventricle (LV) is posterior to the right ventricle (RV) with the inter-
ventricular septum (IV'S) ar a slight angle from the upper right to the lower lefe. (LVPW = left
ventricular posterior wall.) The lower cross-section is obtained with the transducer in position B
(Fig. 1). The root of the aorta (Ao) is clearly delincated with the left arrivon (LA) posterior
and part of the right ventricle (RV') anterior o it. The cross-sections were oblained in a patient
with cardiomyeparky. The size of the left ventricle is enlarged and there is also left atrial enlarge-

ment due 1o mitral incompetence.

efforts were directed 1o develop the most efficient
examination technique and to establish standard
views for rapid recogmition of the different cardiac
structures and cavities, as described above. Clinical
evaluation forms were used to determine the cap~
abilities of the system, including the overall quality
of the study, the frequency and quality of recog-
nition of specific structures, and the possibility of
making a clinical diagnosis from the oscilloscope
display. The results are described in detail elsewhere
(Roelandt ez al., 1973; Kloster er al., 19732; Bom
et al., 1973b). In brief, good or excellent studies with
satisfactory recognition of the mitral and aordc
valves and left vemtricular walls were possible in
over two-thirds of all adults and in nearly all in-
fants and children. Specific cardiac diagnoses could
be made in about 40 per cent of patients.

Applications of system in diagnostic cardiology
Normal cardiac cross-sections The cross-
section of the heart obtained by the multiscan with
the probe in the oblique position is the same as thar

plane through which the single element is rocked
when one performs a sector scan from the apex
towards the base of the heart (Feigenbaum, 1972).
However, these structures are now visualized two-
dimensionally in their true anaromical relations and
in real time motion. Such a cross-section is shown
in Fig. 3 in diastole and systole. The anterior and
posterior aortic walls present as two parallel echoes
which move anteriorly during systole and poster-
iorly during diastole. The sinuses of Valsalva can
usually be outlined and the cusps are seen centred in
the aortic root in diastole. In the best studies they
can be followed during opening and throughour
systole as well. As the left atrium is posterior to the
aorta and its dimension normally never exceeds
that of the aorta, confusion with this scructure is
impossible. The anterior leaflet of mitral valve is a
direct contnuation of the posterior aortic wall
(mitral-aortic condnuity) and terminates in the
region of the posterior papillary muscle. Therefore,
the antertor leaflet of the mitral valve is usually best
seen with the probe in the long zds position. It
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aMVL,
FIvew

26-4-1973

FIG. 3 End-diastolic (A) and early systolic (B) long-axis cross-sections are shown. For orienta-
tion see diagrams. The aortic root (Ao) s seen in the upper centre with the cusps vistble tn diastole,
The right ventricular outflow tract (RVQ) is anterior 1o the aorta and the left atrivm (LA)
postertor to it. The interventricular septum (IV'S) is in continuity with the anterior aortic wall
(sepral-gorric conrinuity) and the anterior mitral valve leafler (aMV L) with the posterior aortic wall
(mitral-gortic contimary). The antertor mitral valve (aMVL) in diastole is in an open anterior
position and in a posterior and superior position when closed in systole. Theright end of the elecrro-
cardiographic tracing indicates the position of the cross-section in the cardiac cycle. (LV =left
ventricle; LVPW = left ventricular posterior wall.)

appears as a thin, freely moving structure which
travels anteriorly in early diastole, closes partally,
then reopens during atrial contraction. During
systole, closure of the mitral valve takes place
primarily by a posterior and superior movement of
the anterior leafler of the mitral valve against the
posterior leaflet. It is difficualt to define the free edge
of the anterior leafiet as it often appears as a con-
tinuous structure from the posterior aortic wall to
the posterior papillary muscle, including the chordae.
The moton of the posterior leaflet of the mitral
valve varies berween individuals, bur is always much
shorter, less mobile, and moves in the opposite
direction from the anterior leaflet in diastole. The
interventricular septum is in continuiry with the
anterior aortic wall (septal-aortic continuity). In
general, the left side of the interventricular septum
is clearly seen whereas the right side may only be
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definable when some right ventricular enlargement
is present. The left ventricular epicardium and
pericardium are the best reflectors for ultzasound of
the heart and the left ventricular posterior wall is
clearly delineated posteriorly by these echoes.
Anterior to these, muldple echoes are seen which
represent myocardium and endocardium. This was
verified by recording the echoes of each line of the
multiscsn in tme-moton on the line scan recorder.

The cavity of the right ventricie and the pul-
monary outflow tract are only well delineated when
right ventricular hypertrophy or dilatadion is present.
Of great importance is the study of the movement
of the left venrricular wall. The long-axis cross-
section closely resembles the outline of the left
ventricular cavity as seen on the Ieft ventricular
angiograms in the right anterior oblique position.
Therefore, it is possible to analyse the conrraction
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in cnd-diastole

FIG. 4 ZTransyerse cross-sections
and end-systole in a normal individual are shown. The
left wentricular cavity is clearly outlined. Morion of
the venericular walls in this cross-section was sym-
merrical and this could easily be assessed om the
oscilloscope display.

pattern and motion of the seprum and posterior
left ventricular walls. Furthermore, with the trans-
verse s$can, the contraction of the left ventricular
myocardiurm can be studied in different cross-sec-
tions and a greater percentage of the left ventricle is
accessible for wall motion analysis than with con-
ventional angiographic techniques. By way of ex-
ample, Fig. 4 shows a diastolic and systolic trans-
verse cross-section of the left ventricle. Though in
this single frame representation real-time motion is
lacking, the symmetrical contraction of the left
ventricle is clearly shown.

Valvular heart disease In mirral stenosis gltera-
dons are seen in mobility and thickness of the
anterior leaflet of the mitral valve. In mild mitral
stenosis the anterior leaflet appears stff, and motion
is jerky and decreased in amplitude. There may
even be anterior diastolic bulging. With severe
stenosis the leaflets are fixed and the entire valve
moves as a unit (Fig. 5, 6, and 7). Except for some
cases with mild mitral stenosis, one sees the posterior
leaflet of the mitral valve moving in the same direc-
tion with the anterior leafiet in diastole instead of in
the opposite direction, as occurs, normally. A fibrotic
and/or a calcific valve is indicated by dense, thickened
cchoes most apparent in the anterior leafler (Fig.
3, 6, and 7). The enlarged left atrial cavity is usually
well delineated; its cross-sectional dimension is
larger than the aortic diameter and the increase is
proportional to the degree of enlargement (higher
LA/Ao ratio) (see Fig. 3, 6, and 7). With pulmonary
hypertension, the right venmtricular cavity is en-
larged and the tricuspid valve becomes visible. The
presence of concomitant mitral regurgitation in
patients with mitral stenosis cannot be diagnosed
with the muitiscan system. However, in some cases
with predominant mitral regurgitation, an increased
excursion. of the anterior leaflet of mirral valve is
seen. The presence of an enlarged left atrium
together with an increased left ventricular volume
supports further the diagnosis of mirral regurgita-
T10IL.

An exaggerated movement of the amplitude of the
anterior leaflet of the mitral valve is seen in patients
with prolapsing mitral valve syndrome during
diastole. Actual prolapse in systole of the anterior
leafler past the posterior leafler has been scen in two
patents. The posterior leafler of the mirral valve
rarely shows this excessive movement. Thickening,
calcification, and decreased mobility of the cusps can
readily be seen in aorte valve disease (Fig. 5, 6, and
7). In severe calcific aordc stenosis, the valve appears
as a series of dense, thick echoes in diastole which
separate incompletely during systole. In mild aortic
stenosis, either an immobile anterior (right coronary)
cusp or posterior cusp can be seen (Fig. 7). Con-
comitant features are poststenodc dilataton of the
aorta and increased left ventricular wall thickness.

Coronary artery disease A geperal qualirative
assessment of the state of left venmicular function
can be made immediately from cardiac size, shape,
and wall morion. In general an enlarged left ventricle
has a more round geometric shape while its dimen-
sicns are increased. The motion pattern can be
studied, and localized or generalized disorders of
contracuon detected. The sagittal long-axis cross-
section shows the interventricular septum and the

61



END-DIASTOLE

Multidimensional echocardiography 35

END-SYSTOLE

2161973

FI1G. § EBnd-diastolic and end-svstolic frames in a paticnt with severe calcific aortic and mitral
stenosis. Both the anterior and posterior mitral vaive leaflets are fixed and the entire valve (MV)
moves as a unit, anteriorly in end-diastole, and posteriorly in end-systole. The tmmobilized calci
fied aorric valve remains visible during the whole cardiac cycle in the widdle of the aortic (Aoe)
root, (RV = right ventricle; LV = lgft ventricle; IVS = interventricular seprum.) The left atrium

is extremely large.

left ventricular posterior wzll. By trangverse
scanping along the long axis, extensive sections of
the left ventricle become accessible for study. Most
difficult to display are the apex and part of the
anterior wall mercly because they are outside the
pericardial window., Regional akinesis, hypokinesis,
or dyskinesis can be recognized when the behavicus
of these areas is compared to the normal or exag-
gerated contraction of the rest of the left venrricle.
Furthermore, quantitation of left ventricular vol-
umes and calculatdon of ejection fractions is possible
with the area-length methed.

Congenital heart discase Since cardiac struce
tures and their relations are visualized without
distortion with the multscan technique, cross-
sectional anatomy can be assessed. This makes the
diagnosis of congenital malformations a major
potental application. Thus far, however, our ex-
perience has been limited. Mitral-aortic and septal-
aortic continuity or discontinuwity and the size and
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orientation of the great vessels relative to the posi-
ton of the venwicles are visualized, providing
important information in many forms of complex
cyanotic congenital malformations. Septal over-
riding of an enlarged aorta has been observed in
patients with tetralogy of Faliot.

In padents with small lefr-to-right shunts no
specific abnormalites were seen. With larger shunts,
however, eplargement of the right ventricular
chamber because of the volume overload becomes
apparent. The most specific changes are related to
the interventricular septum. The interventricular
septum commonly runs posteriorly instead of
anteriorly from rhe aortic root in the presence of a
significant shunt lesion (Fig. 8). Systolic anterior or
paradoxical septal motion has been described as a
reliable finding in right ventricular overload and
can be seen clearly with the multiscan display. We
have the impression thar the paradoxical motion
never involves the whole Intraventricular septum.
The upper part moves always anteriorly and the
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F1G. 6 A transyerse scan in the same parient as shown in Fig. 5. Panel A shows that cross-
section where the root of the aorta (Ao) is visualized with a dense thickened echo of the calcified
cusps (€. Part of the caleified anterior mirral valve (aMVL) is seen in continuity with the
posterior aortic wall. The much enlarged left arrium (LA) is visualized posterior to the aorta. In
an intermediate position (panel B), the tnrerventricidar septum (IV'S) is seen ar the sone depth
as the anterfor aortic wall in panel A demonstrating sepral-aortic continuiry. There is a dense
thickened anterior mirral valye echo (aMVL) and the left arrinm is sill visible ar this level.
Further tilting of the transducer (see position A in Fig. I) shows a cross~section through both the
right ventricle (RV) and left ventricie (LV'). A dense echo, most probably of caicified chordae,

1s visible i1 the left ventricular cavity.

lower part posteriorly. The point around which the
interventricular septum pivots is lower in the
septum when larger shunts are present but no
systematc study has been undertaken yet. In all
patients with right ventricular chamber enlarge-
ment, the wicuspid valve is visualized and has in-

creased motion amplitude. In the record shown in
Fig. 8 the pulmonary cusps were visualized also.

Cardiomyopathies In the hyperwrophic types,

recently unified and described as asymmetrical
septal hypertrophy (Henry, Clark, and Epstein,
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FI1G. 7 Long-axis cross-section in another patient
with caletfic aortic and mitral valve disease. A dense
echo of the posterior coronary cusp of the aorta re-
mains vistble during systole. (RV =right ventricle;
IV S =interventricular scprum; Ao=aorta; LA=
left atrium; aMVL =anterior mitral valve leafler;
LV =left ventricle; LV PW = left ventricular posterior
wall)

1973), the most apparent features are increased
thickness of the intervenrricular septum and a
banana-like shape of the small-sized left ventricle.
Moton of left vearricular walls is normal or even
exaggerated. An enlarged left atrium points 1o co-
existent mitral regurgitation. Where abnormal sys-
tolic motion of the anterior leafler of the miteal
valve was present, it resulted in a narrow left ven-
tricular outflow tract in those patients in whom an
outflow gradient was found during left ventricular
heart catheterizadon. Fig. 9 shows the rtypical
appearance of the multscan echocardiogram in a
patient with asymmetrial septal hypertrophy and a
left ventricular outflow gradient. Asymmetrical
septal hypertwrophy is an instance which strikingly
illustrates the unique qualities of the multiscan for
instantancous and complete diagnosis. In the dilated
or congestive types of cardiomyopathies a large left
ventricle of globular shape with generalized hypo-
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FIG. 8 A long-axis cross-section in a patient with
arrial sepral defect (secundum type) and pulmonary
hypertension. A greatly dilated right ventricle (RV) is
apparent and the movements of both the tricuspid
valve (TL=tricuspid leaflet) and pulmonary valve
(Pagh in the vight ventricle) were seen on the oscilloscope
display. The structures were identified by their typical
motion paitern on the M-mode recordings made from
the selected single clements passing through these struc-
tures. The interventricular seprum (IVS) runs
posteriorly instead of anteriorly as seen normally (see
Fig. 3). Thisis a common finding with right ventricular
dilatation. Note also the enlarged left arrfum (LA).
(Ao =aorta; aMVL=anterior natral valve leaflet;
LV = lefr ventricie; LVPW = left ventricular posterior
wall.)

kinesis is so characteristic that the diagnosis is made
immediately (Fig. 2 and x0). The increased distance
between the anterior leaflet of the mutral valve and
the interventricular septum in contrast to the de-
creased distance in the hypertrophic types is another
characteristic finding. In all patients studied the
left atrium was greatly enlarged (Fig. 2).

Pericardial effusion A few patients with peri-
cardial effusion were studied. Small amounts of
fluid, detected with the single element technique as
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FIG. 9 The typical fearures found in patients with
asymmetrical septal hypertrophy are seen on this cross-
section. The thickened septum (IV'S) as compared ro
the left vemtricular posterior wall (LVPW) is clearly
shown and the banana-like shape of the left ventricle
1s_striking. The frame shows a sysiolic cross-section
and the anterior mitral valve leafler (aMVL) is in an
abnormal anterior position, close 1o the interventricular
septum instead of in @ posterior and superior position
as seen normally. This causes narrowing of the left
vengricular outflow, and in this patient an outflow
gradient of 60 mmHg ar rest was measured during
cardiac catheterizazion.

an echo free space between posterior epicardium and
pericardium during systole, were not visualized with
the multscan. Larger amounts, seen on the M-mode
as an anterior and a posterior echo free space, were
always detected with the multiscan. An example is
given in Fig. 11, This patient had massive peri-
cardial effusion and a large amount of fluid in the
anterior pericardial space. In this case, an oscillar-
ing anterior-posterior movement of the whole heart
in the pericardial fluid was seen. This total cardiac
displacement has been described as a common find-
ing when large pericardial effusions are present
(Feigenbaum, Zaky, and Grabhorn, 1966).

END-DIASTOLE
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FI1G. 10 End-systolic and end-diastolic long-axis
eross-sections obtained from a patient with a dilated
congestive cardiomyopathy. An extremely large ven-
tricle of a globular shape is seen. Generalized hypo-
kinests was immediately diagnosed from the oscilloscape
display and is here shown by the small changes of a left
ventricular dimension between cnd-diastole and end-
systole (8-9 cm vs. 8-5 cm).

Applications for quantitation and dimensional
mMEASUrcTmacnts

In a first attempt to employ the system for quanti-
tative analysis, a comparison was carried out in 23
patients of the aortc root diameter measured from
calibrated angiograms and from videotape record-
ings of multiscan images. A significant correlaton
was found (P < o001, ¥? test) with a smai] standard
error (Kloster e al., 19732). When the interventric-
ular septum and left ventricular posterior wall are
visualized and recorded simultancously, dimen-
sional analysis of the left ventricle is possible. On
records from the line scan recorder with a selected
single line passing through the "left ventricular
cavity good definition of the left side of the inter-
ventricular septum and the posterior left ventricular
endocardium is usually obtained (Fig. 12). By selec~
ton of the most representative diameter of the left
ventricle, it should also be possible to calculare the
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FIG. IX

In this patrient with massive pericardial
effusion, a large echo~free space is recognized anterior
1o the hearr. (PF=pericardial fluid.) The whole heart
was displaced and the posterior heart wall was at a
depth of abour 16 em. On the oscilloscope display, an
oscillating movement of the entire heart was demon-
strated.

rate of midwall circumferential fibre shortening, as
suggested by Paraskos ¢t al. (1971) and Cooper et al.
(1972). In, addition, data on cardizc volumes with
the echocardicgraphic formulae proposed by Popp
and Harrison (1970), Pombo, Troy, and Russell
(1971), and Feigenbaum er al. (1972) should be
obtainable. As it is also possible to record both the
endocardium and pericardium separately, by chang-
ing the depth gain compensation, measurements of
left ventricular posterior wall and interventricular
septal thickness come within reach (Fig. 12). How-
ever, since multiscan provides instantaneous left
ventricular cross-sections suitable for the calculation
of Jeft ventricular volumes from generally accepted
and anatornically correct angiographic formulae, this
approach was first pursued (Greene et al., 1967;
Sandler and Dodge, 1968). When the whole left
ventricle is visualized it proved possible to measure
the long axis and to ourline the left ventricular
cavity. Fig. 13 shows an end-diastolic and end-
systolic frame used for these rneasurements. To
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assess the possibilities and feasibility of this method.
left ventricular volumes cajculared from multiscan
frames and quantirative left ventricular angiograms
have been compared in 14 patients.

Muldscan end-diastolic volume showed a high
degree of correladon with angiographic volumes
{mean values gor4 versus ¢5-9 mljm?; r=0'92).
However, end-systolic volumes determined by
multiscan were consistently larger than those de-
termined by angiography (562 versus 44-5 ml/m?;
r=0-89), s0 that the stroke volume by multiscan was
consistently smaller. As a result the left ventricular
¢jection fraction by multiscan as compared 1o that
by angiography is lower. This was also found with
other techniques of volume measurement which
similarly indicate that assessment of end-systolic
volume by angiography shows a systernatic under-
estimation of volume (Bartle and Sanmarco, 19663
Hugenholtz, Wagner, and Sandler, 1968). The
methods and results will be discussed elsewhere in
greater detail (Kloster et al., 1973b).

Discussion
At present there are many echocardiographic tech-
niques available to obtain rwo-dimensional informa-
tion about the heart. All techniques based on B-scan
(Ebina er al., 1067; Kikuchi and Okuyama, 19703
King, 1973) produce ‘frozen’ images of the heart at
a selected part of the cardiac ¢ycle. As many cardiac
cycles are required to coastruct the image, changes
in cardiac position and difficulties caused by irreg-
ulariries in thythm render these systems suboptumal
for clinical application. Asberg (1967) obtained two-
dimensional information with a mechanical mirror
system rotated over an ar¢ of about 30° at a rate of
seven frames a secomd. Hertz and Liindstrém
{1972) obtained 16 frames a second with a similar
system. For these mechanical rocking systems lim-~
ited scanming rates, bulky transducer size, difficult
transducer aiming, and image distortion are some of
the problems. Gramiak ez al. (1972) developed a
technique which produces ultrasonic cross-sectional
images of the heart in moton. Howaver, cine-
ultrasound cardiography is time consuming and
there is some Image distortion as the wedge-shaped
section of the heart obtained by the sound beam is
represented in a rectangular format. None of these
drawbacks pertains to the multiscan system pre-
sented here. Thus, the capabilities of diagnosde
ultrasound are expanded by instantaneous two-
dirnensional moving ctoss-sections of the heart.
Furthermore, when compared to the negative
shadow images obtained with angiography, there is
the advantage of a positive cross-section of the heart
with all its strucruzes visualized in a manner familiar
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FIG. I2

This M-mode tracing is recorded from a single clement of the multiscan rransducer.

The selected signal s the bright line running through the left ventricular cavity, secn on the insert
photograph. The patient has coronary artery disease with a hypokineric posterior wall and an en-
larged left ventricular cavity. Both the interventricular seprum and left ventricular posterior wall
are recorded with satisfactory resolutton. Changing the time gain compensarion allows measure-
ments of interveniricular septum and left ventricular postevior wall thickness. This record is most
suitable for dimensional left ventricular measurements and calcularion of derived volwme data.
(LVID, and LVID,=lefr ventrictdar internal dimension during systole and diastole; ch=
chordae echo; ¢ = endocardium; p=pericardium; IV S =tnterventricular septum, LVPW =left

ventricular posterior wall.)

to those who know cardiac anaromy. In addition,
information on the relatdons of cardiac structures is
provided without distortion.

Congenital malformations, especially in newborns
and infants, offer 2 major potential gpplication for
the system particularly when the risk of unnecessary
catheterizadon may be avoided by appropriate pre-
selection of candidates by means of the echoscan.
Qualitative valve motion analysis in valvular heart
disease and evidence of thickening and/or calcifica-
uon in cases with rheumatic mitral and aortic valve
disease is immediately available. Furthermore, the
size, shape, and contraction patiern of the left
ventricle can be interpreted and a qualitative assess-
ment of the Ieft venrricular function made. Evalna-
ton of left ventricular function and detection of

localized disorders of wall motion in patients with
coronary artery discase is a most promising area for
investigadon. When the long-axis cross-section and
a transverse scan are performed, a large part of the
left ventricle becomes accessible for study.

While the most unique applicadon of the system
is the study of the dynamics of cardiac contraction
and valve motion, it allows also quanrtitative measure~
ments of cardiac dimensions and left ventricular
volurmes. This is an area of major interest in clinical
cardiology today. Despite the excelient correlations
between echo and angio volumes found in some
studies using the single element echocardiographic
techniques, it is not known if the echo axis truly
approximates the angiographic short diameter of
minor axis of the left ventricle {Pombo er al., 19713
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F1G. 15 Examples of end-diastolic and end-systolic
Frames used for calcularion of left ventricular volumes
are shown. The crossesection resembles the lefr ven-
tricular image obtained with angiocardiography in the
right anterior obligue position bur is ¢ mirror image of
it as the apex s to the left on the multiscan images.
The aorta and mitral valves are clearly seem, and it is
posstble 1o outline the interventricular septum and the
left ventricular posterior wall readily. Calculations of
polumes are performed using the area-length method.

Feigenbaum et al., 1972). Indeed, to calculate the
volume from echo-determined left wventricular
dimensions, one has to assume that the measured
dimensions have constant relations to the axes of
the left ventricle both at end-systole and at end-
diastole. This is not true for dilated ventricles and
patients with segmental abnormaliries of contraction
due to coronary artery disease. The muldscan
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system appears to offer a ready solution, since the
precise location of each echo axds through the left
ventricle is known. As both the seprtal and posterior
left ventricular endocardial echoes are displayed on
M-mode recordings of a selected element from the
transducer, this information is also present on the
two-dimensional images (Fig. 12). Therefore a real
cross-section of the left ventricle is obtained com-
parable to the shadow of the left ventricle during
angiography in the right anterior oblique position.
The area-length method proposed by Greene ez al.
{1967) can be applied and, since both length and
area are measured, this method is applicable to
ventricles of all sizes and shapes. The initial resulrs
of studies in 14 padents are encouraging. End-
diastolic volumes calculated from multscan frames
agree well with angiographically calculated volumes.
There is a consistent overestindation of the multiscan
end-systolic volume compared to angio, resulting in
a smaller stroke volume and an underestimation of
left ventricular ejection fraction. However, a syste-
matic underestimation of end-systolic volumes by
cineangiography has been found with other indicator
dilution. methods (Hugenholtz er al., 1968; Bartle
and Sanmarco, 1966), and may simply reflect
methodological differences. The fact that these
qualitative analyses and quantitative measurements
can be made in a non-invasive manner with an
unlimited frequency opens new areas for clinical
investigation as well as for teaching and training.

Some problems have still to be resolved in dis-
playing and recording the multiscan information.
Different display and recording methods are still
under evaluation (Fig. 14). Considerable technical
improvements in the instrument are also possible
and will increase the capabilites of the system.

In general, the muldscan is subject to the same
physical limitatdons of sound transmission and re-
flection as comventional single element systems
(Bom, 1972 ; Bom et al., 1973a). Significant distortion
of images behind ribs because of higher ultrasound
velocities in bone has not been observed. Insufficient
lateral resolution, a problem of all echo systems,
continues to be 2 limitation (Bom er al., 1973a). Alsc
echoes originating from side lobe beams can de-
form the display of specific structures. Though
these side lobe effects were negligible in in vitre
experiments, their overall effects in the clinical
situation remain unpredictable (Bom, 1972), and
practical experience will have 1o be collected before
a definite statement as to their influence can be
made, The commonest cause of failure is the pre-
sence of only a small pericardial window, for ex-
ample, when pulmonary emphysema or an anterior
chest wall deformation is present. Intervening dense
tissue, such as heavily calcified ribs, may obscure
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LONG-AXIS
CROSS-SECTION

TRANSVERSE
_CROSS- SECTION

FI6. 14 Seven cross-sections recorded on the Homeywell 1856 Visicorder with the transducer
tn the long~-axis and rransverse positions arc shouwnm together with the electrocardiogram. The for-
mat of the images ts small but the definition of the echoes s quite good. These stampsize’ pictures

are recorded at z§ frames/sec.

parts of the image. This factor is operative especially
in elderly people. However, considerable derail
remains visible between the obscured areas, and
structures can be recognized by extrapolation.
Difficult or unsatsfactory studies occur particularly
with a large anteroposterior chest diameter resulting
in greater distance of the structures from the probe.

From the results presented in this paper one may
conclzde that multscan echocardiography is a
valuable extension of the now widely accepted single
clement technique and will become a fundamental

addidon to non-invasive merhods for the study of
the normal and diseased heart.
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CHAPTER 7

EVALUATION OF STRUCTURE RECOGNITION WITH THE
MULTISCAN ECHOCARDIOGRAPH

A COOPERATIVE STUDY IN 580 PATIENTS
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Abstract— Real time, two-dimensional, images of the heart can now be obtained with the multiscan ulira-
sound system recently introduced. To assess the clinical usefulness of this technique a cooperative study
was carried out in four cardiac centers. This paper describes the experience with and the results in 580
patients with different ages and disorders.

Since a unique feature of multiscan is the instantancous display of cardiac geometry and anatomy,
sITucture recognition was chosen as the most important parameter o analyze. Image guality or recog-
nition levels for eight specific cardiae structures were documented. Resolts also mclude recognition levels
for different age and disease groups and a comparison between the four centers. In addition, information
was gathered on the general diagnostic capability of the multi-element system and the possibility of
quantitatien of dimensions.

Aortie root, anterior mitral valve lcaflet and left ventricular posterior wall were the structures most
readily recognized, Excellent or good images were seen in two-thirds of all patients. Best visualization
was obtained in young patients. A positive diagnosis could be made or confirmed in about one half of the
patients with valvular, congenital or myocardial disease and in nearly all patients with pericardial effusion.
As experience was gained. the diagnostic importance of the technique shifted from structure recognition
towards analysis of left ventricular function.

It is clear that the multiscan system does allow excellent orientation and yields quick. non-invasive
information of pertinent clinical value, The method provides an immediate overall impression of the
heart, It is foreseen that this technique in combination with existing time-motion recording methods will
cxpand the use of echocardiography drastically.

Key words: Echocardiography, Non-invasive techniques, Ultrasound, Echotomography.

INTRODUCTION et al., 1971; Bom et al., 1973). In contrast to
A NEW ultrasound two-dimensional cardiac stopaction techniques (Ebina, 1967; Tanaka,
imaging technique has been developed for non- 19711 Gramiak, 1973; King, 1973) which sum-
invasive cardiac diagnosis. Details of the ap- mate echoes of the heart structures in a single
paratus have been described elsewhere (Bom plane, this new method is based on the rapid

243

71



244

CASK-164 DATE-288373

VS

' CASE-I8T DATE-RORE7I

N. Bom et al.
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Fig. 1. Echograms obtained with the multiscan technique. A schematic image construction is shown in

the bottom diagrams (Ao = aorta: IVS = interventricular septum; LA = left atrium: LV = left ventricle;

RV = right ventricle: aMVL = anterior mitral vaive leafiet: pMVL = posterior mitral valve leaflet). The

timing in the cardiac cycle is indicated by the arrow on the electrocardiogram. The echograms show

respectively the 20 line image quality as used in this study (A) and more recent images as obtained with a

40 line display (B and C). Due to limited transducer length (8 cm) the apex is not shown on the echograms
when the probe is positioned to show the aortic region.

successive transmission of sound pulses and
reception of echoes by 20 small elements
positioned in a row and contained in a trans-
ducer of 8 cm length and 1 e width which can
readily be aimed in different directions. The
echoes are displayed on an oscilloscope as
brightness modulated dots on lines where line
height corresponds to element position in the
transducer. The image covers 8§ x 16 crn. With
20 line images the frame repetition rate is
approximately 150 frames/sec.

Preliminary feelings concerning the advan-
tages of two-dimensional display methods have
been described recently (Roelandt ez al., 1973,
1974; Kloster et al., 1973). Excellent orientation
could now be combined with a direct overall
impression of a moving cross-section through
the heart. Two standard transducer positions
have been established. One position produces
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a sagittal cardiac cross-section in the plane of
the septum (see Fig. 1). The other position
shows a horizontal section across the ventricles.
The importance of a scan techmique in the
transverse position is assessment of congenital
malformations verifying mitral aortic and septal
aortic continuity and normal or abnormal great
vessel orientation. Varicus recording techniques
and an extensive discussion on the limitations
of this two-dimensional image system have
been described elsewhere (Bom ez al., 1973). It
was felt that poor lateral resolution was par-
ticularly bothersome in a two-dimensional
system. As a result details of deeper structures
are sometimes hard to recognize.

From an early stage in the multiscan develop-
ment 1t was realized that this method would
help overcome one of the major limitations of
conventional echo techniques. These are due in
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part 10 the use of single clement transducers
where the narrow sound beam does not yield
information of adjacent structures, This results
in orientation problems which in turn require
4 high degree of experience, The limited use of
conventional technique for diagnostic purposes
in complex congenital malformations is an
example of this aspect. No immediate overall
impression of cardiac dynamics can be obtained
from the time-motion registration as recorded
with the conventional technique.

The multscan systemn yields best results with
direct observations from the oscilloscope. This
does allow an overall impression of the heart.
The additional spatial information also greatly
facilitates orientation and thereby recognition
of echo origin. .

Future combination of both multiscan two-
dimensional direct visualization with conven-
tional single element time-motion recording
was envisaged from the start. When ecarly in
1973, the prototype instrument became available
for evaluation, no “‘conventional wisdom™
existed as to which structures could be easily
recognized. It seemed thus important to obtain
more information of the recognition capabilities
of the new multiscan technique alone. It was
also not known in which type of patient or
disorder the apparatus could be applied with
greatest usefulness. It scemed very important
therefore 10 explore the capabilities of the
instrument on a larger scale and preferably with
several independent investigators. The purpose
of this study thus could be described as the first
evaluation of the multiscan technique, all by
itself, with emphasis on structure recognition
capabilities. To accomplish this goal, the instru-
ments were evaluated in four separate clinics,
in which each of the responsible investigators.,
while experienced in the use of conventional
ultrasound for diagnostic purposes, was un-
familiar with the new apparatus. The present
study contains the description of their findings
with the multiscan technique in 580 patients
with a large spectrum of disorders.

METHODS AND MATERIALS

The cooperating centers were located in
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London (Hammersmith Hospital), San Diego
(University Hospital), Stanford (Medical
Center) and Rotterdam (University Hospital,
Thoraxcenter). The instrument was identical
for all centers and contained the multiscan
prototype with oscilloscope display and video
recording facilities. The instruments were sup-
plied with 2-25 and 4-0 MHz probes. Data were
collected on a standardized form from February
1973 to May 1973. For cach patient a form was
completed which included descriptive infor-
mation about the patient, the recognition level
of eight cardiac structures, the possibility of
making a diagnosis directly from the display,
and an estimate of quantitation (see Appendix).
Structures such as pulmonic valve which are
rarely seen with ultrasound were excluded from
the form. During the study each patient was
examined on only one occasion.

Since the method was new and unfamiliar it
was anticipated that the answers to some
questions might depend strongly on the in-
vestigator’s ability to develop techniques and
new criteria. Results would strongly depend
on individual judgement factors. To minimize
this effect the forms were completed according
to prospective criteria. Structure recognition
grading was to be selected between “excellent™
and “‘not seen™.

Asan example, for the aortic root 2nd cusps the grading was:

excellent : if root was excellently visualized and cusps
clearly visible in diastole and parzially in systole

good ¢ if root well seen, cusps clearly visible in diastole

fair . if' root clearly outlined. cusps barely or inter-
mittently visible

poor - if root fuzzy and indistinct

none - if not seen.

For the mitral anterior leaflet the grading was:

excellent : if clearly visible over essentially the complete
length of the cardiac cycle

good  : ifclearly visible, but obscured in a minor part of
the cardiae cycle

fair : if visible but obscured in an appreciable portion
of the cardiac cycle

poor 1 if barely visible

none : if not seen,

All data were coded and recorded on punch
cards. The editing program stored data for cach
center separately. Results were graphically
printed out in a varety of parameter com-
binations, for each center separately and com-
bined. Records are available in each of the 580
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patients. Of these 94 were from London, 81
from Stanford, 109 from San Diego and 296
from Rotterdam. Results were reviewed by all
investigators at the end of the study.

RESULTS
(a) Patient material and overall results

Patients have been divided in eight age
groups (Fig. 2). Group 1 contained infanis
under one year only, group 8 contained patients
over 60 years, and all other groups represent
increments of 10 years of age. With the exception
of group 1, the patients from Rotterdam and
Stanford are well distributed in all age groups.
The patient population from London contained
60 per cent patients older than 41 years. In San
Diego on the other hand 67 per cent of all
patients were less than 20 years old. The
accumulated data show good representation
over all age groups.
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Fig. 2. Subdivision of patient material in age groups. The
distribution is shown for cach center and for all cases
together,
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In Fig. 3 a subdivision vs disease is shown.
From 580 cases approximately 25 per cent were
patients with congenital disease. Many of these
patients were from the Pediatric Cardiclogy
group at the University Hospital in San Diego.
The largest group was made up of patients with
valvular lesions (34 per cent).

In Fig. 4 the grading for recognition of eight
cardiac structiures is shown as calculated from
the accumuiated cases. Although investigators
were requested to report their findings for all
eight structures, on the average 521 of the 580
forms were completed correctly. The highest
score for correct completion was for the inter-
ventricular septum with 539 cases and the lowest
score was for the apex of the left ventricle with
483 cases. In Fig. 4 the percentages on the
vertical axis indicate the subdivision in various
recognition rates as calculated for each par-
ticular structure separately,
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Fig. 3. Subdivision of patient material by disease category.
shown for each center and for all cases rogether.
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Fig. 4. Cardiac structure recognition level with five gradings
ranging from excellent (1) to not seen (3) for eight cardiac
structures. Graphs are derived from data representing all
patients in four clinical centers. (abbreviations: aMVL and
pMVL = anterior and posterior mitral valve leaflet;
aTVL = tricuspid valve leaflet: AoC = aortic cusps:
AR = aortic root; 1VS = interventricular septum:
LVPW = left ventricular posterior wall).

The aortic root (AR), anterior mitral valve
leafiet (aMVL), left ventricular posterior
wall (LVPW) and the interventricular septum
(I'VS) were in general the best recognized struc-
tures, with either excellent or good images in 75,
66, 66 and 55 per cent respectively. Only 20
per cent of the tricuspid valve leaflet (aTVL)
observations fall in this category. Although the
time required to obtain these data is not shown,
ready orientation and rapid recognition is usual
since with the multiscan technique most impor-
tant cardiac structures are displayed simul-
taneously. High scores in column 5 may be due
to the investigator’s tendency to Jimit his search
for a cardiac structure when it does not seem
refevant to the diagnosis of the patient under
investigation,

(b) Structure recognition

Cardiac structure recognition in the two age
groups are compared in Figs. 5 and 6. Figure 5
shows data obtained in 95 patients between
1 and 10 years of age. Figure 6 is based on 94
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Fig. 5. Cardiac structure recognition with multiscan for
patients it the 1-10 year age group.
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Fig. 6. Cardiac structure recognition with multiscan for
patients in the 51-60 year age group.

cases in the age group from 51 to 60 years.
Without exception all structures are better
visualized in the younger age groups. One of
the largest differences occurs with the recog-
nition of the tricuspid valve leaflet. A logical
explanation for this finding is the decrease in
ultrasound transmission through the sternum
in adults. The overall poor recognition of the
apex also may be due to unfavourable specular
reflections from apical structures. In general, a
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paucity of calcification in the chest cage of
children allowed a large variety of different
transducer positions to be used. The analysis
of several different cardiac cross-sections
allowed therefore a high rate of structure
identification. In addition, congenital heart
discase represents in a majority of patients the
kind of structural abnormalities of the heart,
which are particularly amenable to elucidation
by cross-sectional echocardiography. Therefore

the rate of recognition of structure and of

detailed diagnosis is relatively high in the
pediatric population with complex anatomic
malformations.

Findings in 66 patients with coronary disease
are shown in Fig. 7. Similar graphs were pro-
duced for patients from various other disease
groups. The aortic root, antenior mitral feafiet
and left ventricular posterior wall, proved again
to be the best landmarks. For instance in
patients with valvular disease, either excellent
or good recognition grading was obtained in 80,
75 and 62 per cent respectively.

Since length and weight were available for
most patients a linearity index was calculated.
This was employed as an indication of body
habitus. In each age group this index was com-
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Fig. 7. Cardiac structure recognition in patients with
coronary artery disease.
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pared to the standard findings for that group.
As an example, Rotterdam patients were divided
in three sub-groups, one containing heavy (635
cases), one with normal (103 cases) and one with
thin patients (74 cases).

It appeared that the recognition level of
gither excellent or good for the aortic root, the
anterior mitral valve leaflet and the left ven-
tricular posterior wall was consistently higher
in the thin group compared to the heavy group
79 vs 59 per cent, 72 vs 42 per cent and 78 vs
67 per cent respectively.

For all structures the recognition level has
been plotted as a function of increasing in-
vestigator experience judged by the sequential
patient case number. This is shown in Fig. 8 for
the anterior mitral valve leafiet and the posterior
left ventricular wall. From these two examples
it may be seen that the mitral leafiet was well
recognized from the first patient on, Also a
more or less constant recognition level was
obtained for the posterior left ventricular wall
after the first 3040 patients. Plots from other

RECOGMITION LEVEL

toveraged over 10 sequenticl numbers)

excellent Rotrerdam

” N\/J\/\/\f

anterior miteal leafiet

poor
not seen r v -
100 200 300
casenumber
excellont
008
fair
pasterior loft ventricular woll
poor

not seon

100 200 300

Fig. 8. Recognition level of anterior mitral valve leaflet and

posterior left ventricular wall. Average recognition values

for ecach ten consecutive cases are plotted as function of

sequential case number, thus demonstrating the time course

of recognition level and reflecting the influgnce of experience
of learning,
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structurcs indicated that these were usually
recognized at a constant level after an initial
brief period of training. Fluctuations in these
curves may reflect the investigator's interest in
a particular structure, and no general trend
could be detected.

For the graphical representation of Figs, 4-7
all accumulated data has been used. Since the
apparatus was first available in Rotterdam, the
number of patients from this center is higher
than the total patient number from all other
centers combined. Rotterdam data have there-
fore biased the study. In order to show the
extent of this effect. the individual differences
between the centers are shown for the anterior
mitral leaflet in Fig. 9. The accumulated results
as used so far (A), and a normalized group (B).
are given. In the graph the normalization was
obtained by an equal weighting of the data of
cach center in the total result, Although a
difference existed between the centers it
appeared that in the overall data no significant
change occurred in the interpretation if no
normalization was used.
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Fig. 9. Recognition level for anterior mitral valve leafiet
compared between centers. The normalized plot (B) is
obtained by cqual weighting for cach center. Compared to
(A) this shows the influence on the overall results of the
higher number of cases documented in Rotterdam.

U.M.B, Vol |.MNe, 3> B.

249
(c) Occurrence of poor results. Probe frequencies

Investigators were asked to report possible
reasons when poor results were obtained. In
only 14 per cent of all cases any such comment
was given. Documented reasons included: a
small acoustic window, emphysema, dense
calcification of the ribs and insufficient ex-
perience.

All instruments were provided with probes
of eight centimeter length and a frequency of
respectively 2-25 and 4 MHz. The instrument
switched automatically to the correct frequency
upon insertion of the corresponding probe.
When probe frequency was plotted vs age, 1t
appeared that the 2-25 MHz probe was pre-
ferred over the 4 MHz probe in 0. 6. 18, 59, 68,
69, 73 and 79 per cent of all cases in the age
group 1-8. respectively.

(d) Clinical usefuiness

Several questions on the evaluation sheet were

AL DIRECT DIAGMNOSIS OBTAINED
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Fig. 10. Panel A —subdivision into diagnostic groups for
patients where a direct diagnosis was obtained. Positive
answers are displayed as percentage of all patients known
to exist in any specific disease group. Panel B -comments
about clinically useful information in 172 patients in whom
a direct diagnosis was not made from the multiscan.
Remarks are subdivided into those concerning motion and
those relating to chamber size.
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designed to determine the clinical usefuiness of
the multiscan investigation. In Fig. 10(A) the
results from the questions "Could you make a
diagnosts from the display 7" and “If yes, what ?
are shown for various disease groups. A positive
answer was obtained in 212 cases. It proved
that the best results for direct diagnosis from
the multiscan are obtained in patients with
pericardial effusion. Valvular diseases, myo-
cardial diseases or congenital malformations
were positively diagnosed in about one-half of
the cases where they were present. In patients
with coronary heart disease the diagnostic yield
was relatively low.

A wide variety of additional chnical obser-
vations was documented on the forms. Exclud-
ing the 212 cases where a direct diagnosis was
given (with or without further remarks) from
the total of 580, there remained another 172 in
this category. Quotations like “enlarged poor
contracting left ventricle™, “*normal left atrium™,
“well contracting ventricle”™ or for instance
“paradoxical septal motion™ etc. were reported.
From all remarks a subdivision is shown in
Fig. 10(B), where the clinical observations have
been subdivided in motion and in sizé, As may
be seen from all remarks the size of the left
ventricle was most frequentiy observed with the
multiscan in this patient population.

It should be emphasized that Fig. 10 must be
interpreted with caution. The representation of
moving cardiac structures in two-dimensions is
a new technique and the data represent the
initial learning experience for each center as
well as subsequent accumulation of diagnostic
skill, both of which would tend to positively
influence the results later on. However, when
the frequency of a direct diagnosis or a pertinent
clinical observation are added, it can be stated
that clinically useful results in this first series
were obtained in 73 per cent of the patients
studied: The percentages for individual centers
were: London 84 per cent; Stanford 65 per cent:
San Diego 86 per cent and Rotterdam 68 per
cent.

DISCUSSION

The design and execution of a cooperative
evaluation study of a new and untried technique
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poses many difficulties which influence the
eventual outcome. Forinstance, while at present
much more information is available at the outset
of this study virtually ne knowledge existed
whether, and to what extent, the multiscan
could assist the physician in his diagnostic
efforts nor what real information could be
extracted. Therefore four instruments were
made avatlable for evaluation. Since none of
the investigators knew initially the probe
handling technique nor specific diagnostic
criteria with moving cross-sectional images the
results reflect only a limited and preliminary
evaluation of the multiscan apparatus and tech-
nique. All investigators felt that the frequency
of positive diagnostic findings was therefore
quite conservative. On the other hand the recog-
nition grading results do reflect adequately the
differences between the recognition rates for
various cardiac structures and it was demon-
strated that structure recognition and identi-
fication were in general uniformly high.

CONCLUSION

This study represents the initial findings on a
series of 580 patients investigated with the
multiscan in four cardiology centers. The best
recognized structures were the aortic root,
anterior mitral valve leaflet and the left ven-
tricular posterior wall with excellent or good
recognition in 75, 66 and 66 per cent respectively
of the patients. In each patient series the recog-
nition rate of specific cardiac structures became
constant after an initial brief period of ex-
perience. More experience was necessary to
recognize dynamic ventricular abnormalities.
In this initial series most confidence was felt in
diagnosing patients with congenital, valvular,
myocardial disecases or pericardial effusion. In
most patients with coronary diseasé important
clinical observations on left ventricular function
and size were documented. Clinically useful in-
formation was obtained in 73 per cent of all
investigations. The diagnostic power of the
multiscan system will undoubtedly increase
when more experience becomes available.
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In more recent apparatus™® the conventional
single element time-motion recording facilities
have been fully incorporated in the multiscan
system. This combines the advantages of easy
structure recognition, good orientation and
overall visualization of the moving heart with
conventional, well-known, recording facilities.
From the experience gained in the study of the
first 580 patients with the multiscan alone it is
concluded that a new and useful clinical tool
has become available which can, combined with
single element technique, substantially increase
the capabilities of schocardiography.
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APPENDIX

Clinical evaluation form as used during this study

Medical Fuculty Rotterdum

Clinical evaluation Multiscan

Please mark ¢orrect answer patient form
Ec¢hecardiography
1-1-73
leave blank
General data
-
Institution: London |  Stanford San Diego Thorax C. |
1 | 2 3 4 | |
name investigator:
" i stimatl 5 . | !
date of investigation (day/month/vear): l | 1 i | 3

Patient identification

Patiest name:

| p———
FPatient file code:

Patignt Multiscan number:

male |female
I 2 12
birth date (day/month/year): b
length em. weight: kg 19
Clinical diagnoses (in order of importance): 25
[5 investigation postoperative? ves ne
1 2 29
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! 2 3 4 5
Visual recognition of: (complete for each structure) e good Tair pOGr none
Valves [ Anterior mial leaflet
R Posterior mitral leafle
Tricuspid valve
AQIUC Cuips
Other structures AOTTiC reot
Ventricular septum
Posterior L, V. wall
Apex
Other: i i ‘ | !
‘With poor results: reason: [
What was optimal frequency? 2.25 MHz |4-0 MHz
1 2
Could you make a diagnosis from the display? yes | no
i 2
I yes, what?
Could you use data for further quantization? yes [ no
1 2
1f yes, check L. V. volume !
which:
R. V. volume
Atrial size
Mitral motion
Septal motion
Qther:
!
Comment:

30
31
32

3

35
16
37

38

41

43

5

47

49
50
31



CHAPTER 8

Extrait de :
« PERFORMANCE VENTRICULAIRE GAUCHE CHEZ L'HOMME »
Expansion Scientifique. Paris, 1975

LEFT VENTRICULAR FUNCTION
BY MULTIPLE ELEMENT ECHOCARDIOGRAPHY

J. ROELANDT, F. E. KLOSTER, W.B. VLETTER
W. VAN DORP, N. BOM, P.G. HUGENHOLTZ

Echocardiography is now established as a reliable and valid procedure for the
non-invasive assessment of left ventricular function [6, 8-12, 18-21]. However, in
conventional single element echocardiography, only a selected narrow portion of
the heart in depth is plotted as a function of time (M-mode). With this representation,
no information about adjacent cardiac structures and their anatomical relationships
is obtained. This limits the overall assessment of left ventricular function as no
information about the activity of the heart as a whole is obtained. More serious
limitations are encountered when ventricular dimensions and volumes are studied.
This is due to the uncertainty as to the correlation between the echo and true anato-
mical axes of the left ventricle especially when changes in ventricular geometry occur
like in coronary artery disease. Therefore, several attempts have been made in recent
years to obtain more complete anatomical and real-time information about the
dynamic function of the left ventricle from an « overview » image such as obtained
with angiocardiography [1, 14, 15, 17].

The multi-element ultrasound system is one of the most recent developments and
provides instantaneous two-dimensional cross sections of the heart with good reso-
lution at 80 frames per second [3-5]. It is the purpose of this communication to
present the examination technique and the application of the system for the evalua-
tion of left ventricular function.

The multiple element system

Technical aspects of the system have been described in previous papers [3-5,
23-25). The core of the systern is the transducer and consists of an 8 cm linear array
of 20 fixed ultrasound crystals. Each element in sequence transmits a short acoustic
pulse, then receives echoes from the underlying tissues. That element is silent when
the next transmits and receives, and so on down the line. Fast electronic switching
from one element to another results in a repetition rate of a2 160 compilete frames per
second. The echo signals are displayed on an oscilloscope, The position of the signals

Department of Clinical Echocardiography, Thoraxcenter, Erasmus University, ROTTERDAM (The
Netherlands).
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from each element on the vertical axis corresponds to its position in the transducer.
Distance of structures from the transducer is displayed on the horizontal axis and
differing intensity of echoes is indicated by varying brightness. Presently, a 40 line
oscilloscope image is produced by interlacing two consecutive frames reducing the
effective frame rate to 80 frames per second. Anterior chestwall is always to the left
of the display. Simultaneously with the cross sectional image, the identification
symbols of the patient and his electrocardiogram of the three preceding seconds are
displayed. The point in the cardiac cycle is indicated by the right end of the ECG on
the display.

Examination technique

Patients are examined in the supine position with the head of the bed raised about
20° to 30°. Turning the patient slightly on his left side allows better visualisation of
the interventricular septum (IVS) and left ventricular posterior wail (LVPW) simul-
taneously. This is important when dimensional measurements and outlining of the
left ventricular (LV) cavity for the calculation of volumes are aimed for. A routine
multi element echographic examination always consists of displaying the long-axis
cross section first, then a transverse cross section through the LV cavity followed by
a transverse scan [18, 23-25].

In the long axis, the transducer is placed obliquely to the left of the sternum with
the upper end at the costosternal border. The lower end is angulated laterally about
25° from the midline. This produces a cross section through the long axis of the
heart in a sagittal plane from the base of the heart towards the apex (fig. 1).

In the transverse position the transducer is placed to the left of the sternum per-
pendicular to the long axis position and approximately along the 3rd or 4th inter-
costal space. The upper end of the transducer is to the patients right and forms the
top of the image on the display. The resulting image is a transverse cross section
through both the right ventricle (RV) and LV at a + 90° angle with the long axis
of the heart. The LV is posterior to the RV with the IVS at a slight angle from the
upper right to the lower left. By tilting the transducer in a superior or an inferior
direction, a two-dimensional transverse scan of the heart along the long axis can
be performed [25].

Methods and analysis of data

The best images are those directly available on the oscilloscope display at the
time of study. Qualitative assessment of the size, shape and motion of the LV as a
whole can be performed and the contraction pattern of the LV can be studied in
different cross sections. A greater percentage of the LV becomes so accessible for
wall motion analysis than with the conventional single pline angiographic techniques,
Recordings on magnetic videotape allow playback for these motion studies later
but a considerable loss of quality in the individual frames limits the possibility of
quantitation.
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END-DIASTOLE JS

Fig. 1. — End-diastolic and end-systolic frames used for calculation of left
ventricular volumes. The long-axis cross sections resemble the left ventri-
cular shadow images obtained with single plane angiocardiograpiy in the
right anterior oblique position, but it is a mirror image as the apex is to
the left. Tt is possible to identify the root of the aorta (Ao), a plane across
the mitral valve ring. the left ventricular posterior wall (LVPW), the apex
and the interventricular septum {(1VS). The outline of the left ventricle can
be traced and the area determined by pianimetry. The long axis (L) can be
measured directly. Ventricular volume is calculated using the area-length
formula (see text).
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For subsequent quantitative analysis, permanent records are made on Polarcid
photographs and cinematographic film. The quality of Polaroid photographs of
individual frames made from the oscilloscope screen is quite good. Triggering from
the QRS complex allows the recording of these frames at selected moments in the
cardiac cycle such as end-systole (ES) and end-diastole (ED) (Fig. 1).

The cross sections obtained with the transducer is the long axis position, resemble
the shadow images obtained after opacification with cineangiography of the LV
in the right anterior oblique pesition (Fig. 1). It is possible to outline the LV cavity
directly from the Polaroids going across the aortic root and mitral annulus down
the LVPW, apex and up to the IVS. The long axis is measured from the junction
of the anterior mitral leaflet with the aorta to the apex (Fig. 1). The area of the LV
cross section is then measured by planimetry. These measurements have to be cor-
rected for magnification. The height of a frame always corresponds to § cm (size of
the transducer). Depth calibration can be performed with a calibrated perspex block.
Markings on the oscilloscope screen allow adjustment to the appropriate 8 x 16 cm
viewing area. By means of the angiographic area-length method proposed by Greene
et al. [13], LV volumes can be calculated. The use of the measured cross sectional
area of the L'V will account to a certain degree for variations in the geometric shape
of the LV while measurements of the long axis eliminate the need to rely upon
assumptions such as that it is twice as long as the short axis. It is known that this
assumption holds ouly for normal sized ventricles [22, 26]. In conventional echocar-
diography volumes are approximated by cubing the measured echo axis. The area

length formula used for the calculation of volumes from the two-dimensional cross
2

L 8A . . . .
sections is : V =K 3_1_., where A is the cross sectional area in ¢m? ; L the long axis
T

in cm and K the cubed calibration factor. LV ejection fraction is calculated as (ED -
ES) volume divided by ED) volume for both echo and angio data.

The original oscilloscope images are also recorded on 16 mm movie film. However,
since the camera speed is less than the frame rate of the Muitiscan, several echo dots
are superimposed on one film frame. This results in smearing. Increasing the film
speed to 80 frames per second creates problems with film exposure time and synchro-
nization. The quality of the images is quite good when viewed in motion allowing
qualitative assessment of left ventricular dynamics. Recent improvements to the
cinematographic film technique allow superimposition of ED and ES contours of
the LV and calculation of volumes as well. Localized disorders in wall motion can
now easily be demonstrated. Recordings in the M-mode from any selected individual
element are also made on the linescan recorder (Honeywell 1856 Visicorder), This
combines the two-dimensional orientation facility of the Multiscan with the high
resolution single element facility.

Materials

To evaluate the feasibility and reliability of LV volume determinations and the
detection of localized disorders of wall motion by multiple element echocardiography,
17 patients were studied and their results compared to the data and volumes calcu-

84



J. ROELANDT, F.E. KLOSTER ET AL 231

TaeLe 1

LEFT VENTRICULAR VOLUMES AND EJECTION FRACTIONS CALCULATED FROM MULTISCAN
CROSS SECTIONS AND QUANTITATIVE ANGIOCARDIOGRAMS

. EDV (ml/m?) ESV (ml/m?) EF %,
Patient Diagnosis Sex/ape
ne. E A E A E A
1 CAD 45 M 73 83 41 29 44 65
2 CAD 46 M 87 36 47 34 46 60
3 CAD 61 M 155 162 107 97 3] 40
4 normal 51 F 64 77 41 41 36 47
5 AS/AR 50 M 112 107 59 33 47 69
6 CAD 3L M 97 91 42 37 57 59
7 CAD 49 M 90 101 51 45 43 55
8 CAD I3 M 85 97 48 40 44 59
9 CAD 40 M 63 58 37 33 41 43
Y CAD 0M 84 106 40 51 5 52
11 CAD 49 M 9% 108 34 52 45 32
12 MS/MR 43 M 100 100 56 57 44 43
13 CAD 43 M 79 94 54 65 32 3
14 CAD 40 M 79 36 45 34 43 60
15 CM B M S0 107 49 48 45 55
18 CAD 43 M 94 79 52 40 45 49
17 CAD 46 M 93 112 58 45 38 60
N 17 17 17 17 17 17
Mean 90.8 97.3 518 45.9 43.2 529
5D 20.8 218 15.7 16.3 6.4 i 9.8
r 0.89 0.84 0.58
0.94

(Abbreviations : EDV : end-diastolic volume ; ESV : end-systolic volume ; EF : ¢jection fraction ; CAD =

coronary artery discase ; AS/AR : aortic stenosis and regurgitation ; MS : mitral stenosis ; CM : cardio
myopathy),

lated from single plane cineangiograms. Patients studied underwent routine diagnostic
left ventriculography and were selected both on the basis of satisfactory LV angio-
grams for volume calculations and Multiscan studies of suitable quality for quanti-
tative analysis. Multiscan images of satisfactory are obtained in 65 9 of adult patients.

Of the 17 patients included in this preliminary study, 13 had coronary artery disease,

2 valvular heart disease, one cardiomyopathy and there was | normal individual
(Table I).

Results

QUALITATIVE ANALYSIS

In all patients important information about LV function was obtained from tis
shape, size and dynamic contraction during the initial study, Figure 2a shows a LV
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g6

NORMAL HEART

14-5-1973 MG

Fig. 2. — The upper panel shows z long-axis cress section at end-diastole
in a normal individusl. The size and shape of the left ventriciz are normal.
The lower pan<l shows the same cross section in a patient with congestive
cardiomyopathy. An extremely large ventricle of a globular shape is seen.
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of a normal size and shape whereas in figure 2b an extremely enlarged LV of globular
shape obtained from a patient with congestive cardiomyopathy is seen. The contours
of the LV were traced and superimposed at both ES and ED. Regional hypokinesis
and/or akinesis as compared to the normal or exaggerated contraction ¢f the rest
of LV was demonstrated in 5 out of 17 patients. Figure 3 shows such an example
of ES and ED superimposed LV contours (patient 3). Segmental disease of the
myocardium was demonstrated by single plane cineangiography in 6 patients inclu-
ding the 5 patients detected by Multiscan.

Fig. 3. — Superimposed contours of the left ventricle at end-systole (ES)
and end-diastole (ED} are shown. The contraction pattern of the left ven-
tricle can so be demonstrated and akinesis of the septum illustrated.

QUANTITATIVE ANALYSIS

Results are listed in Table I.

Muitiscan ED volumes showed a good correlation with angio volumes. Mean
values were 90.8 for Multiscan versus 97.3 ml/m2 for angiography (r = 0.89). Howe-
ver, ES volumes determined vy Multiscan were larger than by angio. Mean values
were 31.8 versus 43.9 ml/m2 (r = 0.84). Cumulative data of ES and ED volumes by
Multiscan and angio are shown in figure 4. The correlation coefficient of the entire
population is 0.94. It is apparent from these results that stroke volume is consistently
smaller by Multiscan. As a consequence the LV ejection fraction by Multiscan as
compared to angio is also lower. Mean values were 43.2 %, versus 52.9 % (r = 0.58).
In order to test the reliability and reproducibility of this method for LV volume
determination, a randomly selected ES and ED polaroid photograph from each of
the 17 patients was independently analysed by two different observers. Figure 5
shows the results diagrammatically. A high degree of correlation was found {r =
0.96) between the 34 observations and the individual variations were rather small.
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Fig. 4. — This diagram shows a comparison of the cumulative results of

end-systolic (ES) and end-diastolic (ED) volumes by Multiscan versus
angiography. The correlation coefficient is 0.94 (34 observations),

Discussion

The capabilities of diagnostic ultrasound are expanded by instantaneous two-
dimensional moving cross sections of the heart, because all its structures are visua-
lized in a manner familiar to those involved in diagnostic cardiology. A general
qualitative assessment of LV function can be made immediately from the display as
information about cardiac size, shape and wall motion is immediately available. The
sagittal long axis cross section shows the IVS and the LVPW and during transverse
scanning along the long axis, large sections of the LV become accessible for study.
Regional akinesis, hypokinesis or dyskinesis can thus be recognized. The motion of
these areas has to be compared to the normal or exaggerated contraction of the rest of
the LV, While the most unique application of the system is the study of the dynamics
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LV VOLUMES (MULTISCAN)

INVESTIGATOR 2
m!/mz

150

100 -
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L
o 50 190 150 mlf2

INVESTIGATOR 1

Fig. 5. — To test reliability and reproducibility of the Multiscan for left
ventricular calculation, randomly selected end-systolic (ES) and end-diasto-
lic (ED) frames were independently analysed by two independent investi-
gators, A good correlation was found (r = 0.96),

of cardiac contraction and valve motion, it allows also quantitative measurements of
cardiac dimensions and LV volumes. Despite the excellent correlations between echo
and angio volumes found in studies using the single element echocardiography tech-
niques there are some assumptions to be made [7, 10, 19-21]. Indeed, to calculate the
volume from echo-determined LV dimensions, one has to assume that the measured
dimensions have constant relationships to the axes of the LV at both ES and Ed also
that the echo axis truly approximates the angiographic or minor axis of the LV and
that it is half as long as the long axis. This is not true for dilated ventricles and patients
with segmental abnormalities of contraction due to coronary artery disease [11, 22,
26]. The Multiscan systemn may offer here a solution since the angiographic formule
proposed by Greene et al. [13] — correcting for variations in geometry — can ba
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applied. This method is theoretically applicable to ventricles of all sizes and shapes.
The initial results of studies in these 17 patients are encouraging. ED volumes cal-
culated from Multiscan frames agree well with angio calculated volumes. There is
however a systematic over-estimation of the Multiscan ES volumes as compared to
the angio ES volumes, resulting in smaller stroke volumes and an underestimation
of the LV ejection fractions. These larger Multiscan ES volumes may be the result
of a methodologic difference between ES volumes determined by angio as compared
to other techniques such as Fick and indicator ditution techniques [2, 7, 16]. Another
possibility is inaccurate timing of ES resulting in more than the true minimum vo-
lume. The present series however is too small to draw definitive conclusions or to
compare conclusively these preliminary results to those obtained from single element
studies. Tt is expected that both single and multiple element echocardiography will
give comparable results for ED volumes. Differences will particularly be noticed for
ES volumes in cases with abnormal sized ventricles as a result of segmental myo-
cardial disease. '

Nevertheless it appears from these preliminary results that qualitative analysis
of the overall LV function is possible and that quantitative measurements can be
made in a non-invasive manner with an unlimited frequency. Multiscan echocardio-
graphy opens a new area for clinical investigation as well as for teaching and training.

SUMMARY

A multi-element ultrasound system has been developed to provide instantanecus two-dimen-
sional cross-sectional images of the heart in motion. The system expands the capabilities of
conventional diagnostic echocardiography by providing unique information regarding the ana-
tomy, the relationship of specific structures and their function. The system should also allow true
dimensional measurements of cardiac chambers and great vessels. A systematic technique for
clinical studies has been evolved and initial results indicate that records of satisfactory quality
can be obtained in most patients. The Multiscan system appears to be of considerable promise
for non-invasive studies of the heart.
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CHAPTER 9

LIMITATIONS OF QUANTITATIVE DETERMINATION OF LEFT
VENTRICULAR VQLUME BY MULTISCAN ECHOCARDIOGRAPHY

J. Reelandt, F. ten Cate, W. van Dorp, N. Bom and P.G.
Hugenholtz

Circulation 50 (Suppl. III): 28, 1974

It has been shown that Multiscan Echocardiography (ME)
offers unique possibilities for gualjitative assessment of
left ventricular {(LV) size, shape and dynamic geometry.
From the long axis cross—section of the LV, guantitative
measurements of volumes with the area-length method appear
a logical conseguence.

End-diastolic and end-systolic LV volumes calculated from
ME LV cross-sections and from quantitative single plane
angio were compared in 50 patients (r=0.61, 0.74 respec-
tively). The reasons for this unsatisfactory correlation
have been studied and limitations applying to two—dimen-
sional systems analyzed. These include: (1) the angular
dependence of reflectivity {poor apical visualisation);
{(2) the limited dynamic range of oscilloscope display;

{3) the limited resolution resulting in erronecus display
of structures off the mean axis. Although the physical
principle behind this beam width effect is the same for
single element (SE) as ME, the appearance on the display
is different. "Sputious echoes" of structures occur in SE
whereas a "verticalization effect" of structures takes
place in ME. This effect can not only introduce interpre-—
tation errors but is especially cumbersome for detection
of the endocardium. Until better resolution and new dis-
play techniques are available, these form lirmitations of
the technigue.

Presented at the 47th Scientific Sessions of the American

Heart Association, Dallas, Texas. (November 18-21, 1974).
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Resolution is the ability of the echocardicgraphic system to distinguish
closely lying structures. This is usually defined in two directions: later-
ally (lateral resolution} and in depth {axial resolution). With use of
short ultrasonic pulses, axial resolution is not a major problem. By far
the more important problem is the limited lateral resolution that results
from the finite beam width of current ultrasonic devices. This results in
the display of echoes that originate from off-axis structures. How these
off-axis or “spurious echoes™ affect the display is a function of the
way the echographic information is handled.

In conventional M-mode tracings, spurious echoes are displayed at a
site where there is no directly corresponding anatomic structure,
whereas with two-dimensional imaging, these echoes may resuit in im-
portant distortions of structures. The underlying principles are illus-
trated by a clinical experiment wherein the ball of a Starr-Edwards mi-
tral valve prosthesis serves as a target of known shape and dimen-
sions. These data are used to elucidate some of the problems and po-
tential errors encountered in the interpretation of clinical M-mode re-
cordings of the aorta, mitral valve and the left ventricular endocardium
as well as their cross-sectional analysis. They also explain the present
limitations of quantification of left ventricular performance from cross-
sectional images.

One difficulty in the earliest efforts to develop echocardiography as a
diagnostic tool was the identification of anatomic structures since the
records lacked familiar landmarks. Through the careful anatomic and
physiotogic studies of Edler et al..! subsequently confirmed and ex-
tended by investigators using intracardiac ultrasonic indicators,>
these problems were solved so that most cardiac structures have now
been “mapped.”

Another important advance was the incorporation into the systems
of sensitive strip chart recorders by which M-mode sector scans could
be made.” Tdentification of cardiac structures became much easier,
and the anatomic interrelations of these structures could be demon-
strated with confidence. More recently, two-dimensional ultrasonic
systerms have been developed to overcome the fact that the M-mode
dispiay has no simple, easily understandable relation to the true car-
diac anatomy. A variety of technical approaches have now resulted in
systems that represent a cardiac cross section in an image not unlike
that obtained with cineangiocardiography.5-12

Although the origin of most echoes can now reliably be identified
by single- or two-dimensional systems alone or in combination, prob-
lems in interpretation have arisen because some echoes do not relate
directly to a specific cardiac structure, These echoes, referred to as
“spurious echoes” in this study, result largely from the limited lateral
resolution of ultrasonic systems currently in use. Since ultrasonic en-
ergy cannot be accurately focused, and in fact spreads out over a fi-
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FIGURE 1. M-mode sector s¢an from
aortz {A0) toward the lett ventricle
{LV) in a patient with a Starr-Edwards
mitral valve prosthesis {type 6310-
3u). The tracing was obtained with an
Aegrotach 0.5 inch transducer, fo-
cused at 7.5 cm. At left, the posterior
ball echo is erronecusly displayed in

T
i S

S /"k.

the ieft atrium (arrow) although the
ball remains in its cage In the left
ventricle. ECG = electrocardiogram,
IVS = interventricular septum; LA =

left atrivm,

nite angle, some echoes appear as if they are from
structures in the central beam whereas in fact they
are echoes from structures off the central axis. Al-

though this effect has been recognized by physi-

cists,!314 clinielans have scarcely paid attention to
it'> and often are not even aware of it although it may
lead to misinterpretation of c¢linical tracings and
cross-sectional images. It is the aim of this study to
clarify some of these problems and to identify the
¢linical errors that may result. Knowledge of these
factors may aid in understanding some of the dif-
ficulties encountered in quantitative measurement of
cross-sectional images'® and may improve the accura-
cy of left ventricular dimensional measurements in
M-mode recordings.

Observations

A Clinical Experiment

To test whether the true location and shape of a cardiac
structure are accurately represented.in the resulting echo-
graphic display, it would be helpful to study a target whose
shape is known beforehand. The ball of a Starr-Edwards
mitral valve prosthesis provides such a clinical experiment.
In this situation the ultrasonic beam scatters in biologic
tissues before hitting the target, The intensities used (af-
fecting the bearmn width) and the gain settings (affecting the
axial resolution)!* are also comparable to those of the aver-
age clinical situation, Echographic motion patterns of
Starr-Edwards ball and cage valves have been analyzed
with use of simultancously recorded cinefiuorography'?
and electromechanical events,’®19 so that identification of
specific structures is possible.

One-dimensionsal display: An M-mode sector scan ob-
tained from a patient with a Starr-Edwards prosthesis in
the mitral position is shown in Figure 1. At left, the ultra-
sonic¢ beam is directed through the aorta and the left atri-
um. There should be no evidence of the ball, since it is in
its cage in the left ventricle. However, in the tracing it also
appears to be in the left atrium. Echoes of the ball extend
toward the apex of the left ventricle as well, and remain
visible throughout the complete sector scan from the aorta
toward the apex. The conclusion must be that echoes are
shown at a site where there is no corresponding structure.

Two-dimensional display; In Figure 2, a sagittal cross
section through the heart at end-systole is shown. It was

heart in a patient with a Starr-Edwards mitral valve prosthesks in
place. The true cross section of the bali {type 6310-3M) is outlined.
The echo return from the anterior surface of the ball is distorted o a
crascentlike pattern (B). Note also the similar distortion pattern of
the cage {C) of the prosthesis. Abbreviations as in Figure 1.

obtained with use of a multicrystal ultrasonic system from
a patient with a Starr-Edwards mitral valve prosthe.
sis 21420 The true cross section of the ball is sketched.
From it one can see at once that the echo return is badly
distorted, providing a poor relation between the true spher.
tcal shape of the target and the crescent-like pattern seen
in the display (B). [t is evident that important distortions
occur in the two-dimensional images.

Explanation of these spurious echoes: To explain
these spurious echoes, let us eonsider the stralghtforward
situation in which a single crystal emits an ideal “pencil-
like™ beam (Fig. 3A) that is zimed at a point parallel to a
spherical target. Obviously this beam will miss the target
completely so that no echo will be seen in the display. Un-
fortunately, the ultrasonic erergy is not concentrated along
a single axis but spreads out over a very finite angle. In Fig-
ure 3B the same crystal is shown, emitting its real beam.
The main beam passes the target without evoking echoes,
but that part of the energy that is deflected from the main
axis does strike the target. The echo now displayed would
be interpreted as an echo returning along that main axis
when in fact it ts not. The diagram demonstrates how even
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FIGURE 3. Diagrams demonstrating how spuricus echoes result
from a spherical target when a single element transducer is used
(see text),

: 7
r ' ,
g --- T - oo
- - 1
- 1

FIGURE 4. Diagram demonstrating how a “ctrescent-dke’” pattern of
echoes rasults from a spherical target or ball when a multicrystal
system is used (see text).

with the use of a focused single element, erroneous echoes
can be obtained (Fig. 1).

In the case of a multicrystal display the same problem is
compounded. Thus, echoes returning from targets on the
bal! off the central axis (that is, display axis) together con-
stitute a crescent-like echo pattern. The result is a com-
pletely erroneous display of the true (spherical) shape, as
shown diagrammatically in Figure 4 and demonstrated by
the clinical case in Figure 2. This is an extreme example
since a ball valve is a very strong reflector with speeular re-
flectivity characteristics. Its analog is unlikely in biologic
tissues or structures. Nevertheless, it serves to identify a
fundamental drawback not only of two.dimensional dis-
plays, but also of all ultrasonic systems.

Spurious Echoes of the Mitral Valve and Aorta

One-dimensional display: With an ideal pencil-like ul.
trasonic beam, the recorded echoes should represent the
correct position of each reflecting structure in the beam
axis. In Figure 5 this situation is schematically shown for
that part of the reflecting anterior mitral valve leaflet
through which the ideal beam passes vertically. Because of
the imperfections in the beam width, parts of the mitral
valve “off axis™ will also be “seen™ by the transducer. Al-
though the parts of the mitral valve labeled £, 2 and 3 are
struck in a predominantly vertical manner, the resulting
display shows them behind each other in the form of multi-
ple parallel echoes.

This phenomenon is demonstrated clinically by the M-
mode, sector scan (Fig, 6) from a patient with an atrial sep-
tal defect of the secundum type and a large left to right
shunt (2.5:1). The mitral valve was found to be completely

—

FIGURE 3. Dlagram of a saggital cardiac cross section with a single
element transducer in place to record the anterior mitral vaive leaf-
let. The main beam (a) passes through the valve at position 2, How-
ever, because of the finite beam width, part of the energy along di-
rections b and ¢ will also encounter the valve at positions 1 and 3.
Thus, some parts of the valve that are side by side will be displayed
behind each other, leading to parallel moving echoes in the resulting
M-mode display shown balow.

normal during open heart surgery, although the multiple
mitral valve echoes during systole could suggest mitral
valve disease. Similarly, echoes from the root of the aorts
indicated by arrow A are picked up while the transducer is
atmed at the mitral valve. The off-axis origin from the pos-
terior aortic wall is inferred from-*the shape of the echo and
from its timing within the cardiac cycle, which is similar te
that of echoes obtained when the main beam is aimed di-
rectly at the aorta,

Two-dimensional display: In a two-dimensional dis-
play a rather different appearance results from these multi-
ple echoes from the anterior mitral valve. Whereas with a
single element, multiple adjacent parts of the same valve
leaflet are displayed as if they were behind each other (Fig.
5), a “verticalization-effect” occurs in ¢ross-sectional im-
ages. This is diagrammatically shown for a2 multicrystal sys-
tem in Figure 7. A sagittal cross section obtained from a
normal person will look like the photograph in Figure 8, in
which the shape of the mitral valve is distorted and much
thicker than the thin structure it actually ts. This occurs as
there are several vertically superimposed spurious echoes

‘appearing in the display. These same problems affect the

display of the aortic root and, as a consequence, determina-
tion of the long axis of the left ventricle. Indeed, it is diffi-
cult to assess to what extent spurious echoes of the root of
the aorta extend into the left ventricular cavity. This ob-
viously causes serious limitations to quantitative studies of
ventricular dimensions in the determination of the long
axis.

258 February 1976 The Amorican Journal of CARDIOLOGY Voluma 37

95



FIGURE 6. Spurious echoes from mi-
tral valve and aorta. M-mode sector
scan from the left ventricle toward
the aorta obtained from a patient with
an atrial septum defect of the secun-
dum type. An Aerotech 0.5 inch
transducer focused at 7.5 c¢m was
used. There are spurious echoes of
the posterior aortic wall {arrow A) at
the ievel of the mitral valve and rulti-
ple echoes of the anterior mitral
valve leaflet (arrow P). The valve was
found to be normal at operation. RV
= right ventricle: TV = anterior tri-
cuspH! valve: other abbreviations as

in Figure 1,

Erroneous Echoes of the Endocardium

The proper identification of the left ventricular endocar-
dial echoes becomes more important when attempting to
assess the function of the left ventricle from its moving di-
mensions. The same distortions occur but, because of the
complicated contraction sequence and the changing geo-
metrie structure of the left ventricular cavity, some specific
problems result, especially for left ventricular cross-sec-
tional imaging.

One-dimensional display: When studying left ventricu-
lar dimensions in M-mode recordings, one may see mis-
leading echoes of the endocardium. This 1s demonstrated
by the M-mode recording of the standard left ventricular
dimension of Figure 9 obtained from a normal subject.
With an “0.5" inch transducer **focused at 7.5 cm,” the en-
docardial echo is recorded at a fow gain. When the gain is
increased, multiple parallel moving echoes that probably
originate off the main axis are picked up during diastole
{arrow). Since the gain can be easily modulated and the
svstem has high resolution, identification of the true endo-
cardial echo is easily accomplished. Note also in Figure 9
that these echoes merge during systole, This might be ex-
plained by the angle of inclination of the endocardium
toward the ultrasonic beam, which becomes more “favor.
able,” causing the spurious echoes to occur closer to the
true endocardial echo. These features are demonstrated for
a multicrystal array in Figure 10 but apply for each single
clement as well.

FIGURE 8. Distortion of mitral valve echoes with a
multiscan. Sagittal cardiac cross section following the
long axis of the left ventricle. Note the peculiar display
ot the mitral valve (MV} which is seen as multiple verh-
cal echoes (diagrammatically showr in Figure 7) RV =
fight ventricle; other abbreviations as in Figure 1,

FIGURE 7. The multiplication of the erroneous echoes from each
single crystal as demonstrated in Figura S results in a “'verticalization
patterny’’ of the mitral valve when a multicrystal system is used.

Two-dimensional display: Spurious echoes particularly
affect the display in systems using a multicrystal array.
The explanation is diagrammatically represented in Figure
10, The strength of the echoes is related to the angle at
which the ultrasonic beam hits the target.!? If the target is
perpendicular te the beam, that is, “favorable,” the reflect-
ed echo is strong and both true and phantom echoes fall to-
gether. When the same target is inclined, less energy will
return to the crystal and the echoes become weaker. Fur-
thermore, the higher the angle of inclination of the target
to the direction of the beam, the further the phantom
echoes are displayed from the true endocardial surface,
Thus, the amount of distortion increases with the inclina-
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FIGURE 9. Spurious echoes from the endocar-
dium in a standard echecardiogram used for di-
mensional measurements of the left ventricie
{see text). CAR = carotid arterial fracing; ch =
chordae tendineae: LVPW = left ventricular
posterior wall; RV = right ventricle; other ab-

B—-

FIGURE 190. Schematic drawing of the left ventricular posterior wall.
Targets from the endocardiumn are distorted in the vertical direction.
This effect is mare pronounced whan the inclination of the target to
the ultrasonic beam increases until at a certain angle, there is no
more echographic return, This results in poor visualization of the
apex. The internal shape of the left vontricle is distorted hecause the
true endocardial surface {(solid line) is erroneously displayed by the
dotted line.

tion until at a certain angle no echoes return to the crystal,
thus explaining, in part, the poor visualization of the apex.

These problems are demonstrated in the cross sections,
in Figure 11, obtained from a normal subject, in which the
endocardial surface is represented by vertical lines (verti-
calization effect). The effect is most marked at the left side
of the septum. Moreover, the apex is poorly defined. The
often encountered “drop-out”™ phenemenon (the sudden
loss of echoes from an anatomic structure in the ultrasonie
beam) is similarly explained. For example, when the shape
of the left ventricular chamber is irregular, parts of the sep-
tum or the posterior wall, or botk, may have an unfavorable
angulation to the ultrasonic beam, resulting in poor recep-
tion of echoes and thus “missing" parts of these structures
in the display {Fig. 8},

Discussion

Poor lateral resolution of echoes (spuricus
echoes): By far the most serious limitation of cur-
rently used pulse-echo systems is the poor lateral res-
olution described in this paper. Because ultrasonic
energy cannot be focused over the entire depth range
of the beam there will always be echoes generated
and received from structures located away from the
main or display axis. This effect depends also on
sonic frequency and element size. Although this
problem can be relatively reduced for structures at a
given depth by the use of a focused transducer, it is
still present, as demonstrated herein.

e

breviations as in Figura 1,

“Dropout” of echoes: Beam width is only a rela-
tive indication since strong reflectors in a given direc-
tion will be “seen,” whereas weak reflectors will not.
Thus, echo amplitudes from reflecting structures
may vary widely, again depending on several physical
factors. These are the attenuation of sonic energy
with propagated distance due to absorption in the
tissues and differences in acoustic impedance and
angle of incidence of the ultrasonic beam. Further-
more, currently used systems can display echoes only
within a selected limited range of amplitudes. As a
direct consequence of all these factors, anatomic
structures may not be seen in the display (“drop-
outs™) and a false positive diagnosis of a ventricular
septal defect might be made, as demonstrated in Fig-
ure 8. On the other hand, the beam width limits the
smallest size of a septal defect when it is ideally per-
pendicular to the direction of the sonic beam. Thus, a
false negative diagnosis will often be made. In con-
trast to suggestions made by others,?! we have never
been able to visualize reliably ventricular septal de-
fects proved by cardiac catheterization data.

Overlapping of echoes: On the other hand, the
vigible echograms may show too much. This is due
not only to the lateral resolution but also to the echo
length, which influences the image (axial resolution).
With too high gain settings, there will be several
overlapping echoes and it then becomes difficult to
identify and locate a specific interface or structure,1*
This principle has resulted in specific examination
techniques in particular for mitral stenosis, pericar-
dial effusion and atrial myxoma where proper gain
settings) E:c;m avoid false positive or negative diagno-
sig. BI6.22.2

Errors in interpretatiom of mitral valve mo-
tion: A common problem of interpretation resulting
from the limited lateral resolution in M-mode record-
ings is the appearance of multiple mitral valve echoes
in systole, which is a well known normal finding (Fig.
6). However, we are aware of several cases in which”
mitral incompetence was assessed because the find-
ing was interpreted as separation of the leaflets. Dis-
tortions of the mitral valve are introduced in the two-
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END-DIASTOLE

FIGURE 11. End-diastolic (top) and end-systolic (bottom) (see right
edge of the electrocardiogram) cross sections obtained from a pa-
tient with minimal heart dkease as used for calculation of left ven-
tricular volumes. The outer contour of the left ventricle is composed
of vartical lines {most apparent at the septum) which hampers the
corract identification of the endocardiur. Note also the poor visuak
ization of the apex and the difficulty to locate the aortic and mitral
valve plane. All these factors limit the possibility 1o exactly define the
long axis and to outline the surface area of the loft ventricle and
hence volume calculations. Abbreviations as in Figure 1.

dimensional displays. This can be clearly demon-
strated for the mitral valve when a multicrystal array
is used (Fig. 8), but the distortions are also seen in
the cross sections obtained with a mechanical scan-
ner using a focused transducer.!®!! Spuricus echoes
of the posterior aortic wall recorded with the mitral
valve echogram could suggest systolic anterior move-
ment of the valve. Here, a false positive diagnosis of
idiopathic hypertrophic subaortic stenosis could be
rade by the inexperienced examiner.?

Problems of interpretation im measuring left
ventricular dimensions and volumes: Another re-
lated problem arises in the measurement of internal
left ventricular dimensions. It is clear that the loca-
tion of an interface in the display is determined by
the location of the first (onset) rather than the last
deflection produced by the echo. When higher gain
settings (often needed because the endocardium-
blood interface is a poor reflector) are used, the
length of the echoes increases and thus endocardial

echo of the left side of the interventricular septum is
extended into the left ventricular cavity. Then when
the internal left ventricular dimension is measured, a
5 percent error is easily introduced especially on po-
laroid photographs, where the definition of echoes is
limited as a resuit of the spot size on the screen. This
results in an error of 15 percent when the cube law is
used to calculate the estimated volumes.?® Therefore,
one should always measure dimensions from the
onget of the echoes in M-mode recordings.

Spurious echoes and related distortions seriously
limit visualization of the true internal size and shape
of the left ventricle, which has important elinical im-
plications. Indeed, since complete visualization of the
shape of the left ventricle is a unique feature of two-
dimensional systems, cardiologists are tempted to an-
alyze these left ventricular eross sections quantita-
tively in very much the same manner as angiocardio-
grams.”5-2% However, the poor correlation coefficient
and the large standard errors found in a series of 50
consecutive patients whose left ventricular volumes
were calculated from angiocardiograms and ultrason-
ic cross-sectional images by means of the area-length
formula® indicate that no reliable relation exists.!®
The reason for this poor correlation is clear from the
earlier discussion since there may be many spurious
echoes of the aortic root, mitral valve or endocardium
in a cross-sectional display. Other pitfalls are incom-
plete visualization of the apex and, often, missing
segments in the record. Accurate measurements of
the long axis and correct tracing of the inner contour
of the left ventricle are cruecial for volume calcula-
tions. Errors in these measurements are further com-
pounded when formulas for volume calculations are
used. Viewing a moving image on a screen alleviates
some of these problems since the human capability
for pattern recognition is unsurpassed. This problem
has its analog in the analysis of still frames from a
moving picture obtained with cineangiocardiography.
To use the entire series of moving images would re-
quire special processing techniques. These are at
present under development in our laboratory and
elsewhere, but their efficacy is as yet unproved.

Problems of interpretation in identifying endo-
cardial echoes: Endocardial M-mode recordings also
suffer from the same lateral resolution problem but,
although multiple parallel echoes are often recorded
(Fig. 9), identification of the central endocardial echo
is much easier than in a two-dimensional display,
particularly when high resolution systems are used.
Indeed, because the *“true” endocardial eche has the
greatest intensity, it is the last to disappear when
gain settings are¢ gradually decreased. With a less
flexible or less sensitive system—for example, those
with direct photographs—all these echoes may be
seen together as a single wide echo. Consequently,
measurement errors are readily made, as with the
single scan. However, because of the advanced sys-
tems now used for M-mode recordings, and the avail-
ability of a convenient tracing, measurements are
more reliable now than formerly.

It has been suggested that the steepest moving
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echo of the left ventricular posterior wall represents
the endocardium. It often makes contact with the
posterior chordal echoes during systole in smaller-
sized ventricles,*?? and spurious echoes of the endo-
cardium could thus be mistaken for chordal echoes.
However, careful inspection of the multiple echoes
from the region of the endocardium in Figure 9, re-
veals that they all have the same motion pattern.
This is unlikely for a chordal echo since the latter
should be influenced to some extent by the mitral
valve motion in diastole and therefore show a-differ-
ent pattern. Furthermore, the greater intensity of the
endocardium during systole may suggest that its
angle of inclination toward the ultrasonic beam be-
comes more “favorable.” This also explains why the
spurious echoes would merge with the true endocar-
dial echo. A chordal origin of some of these echoes
has been suggested by the observation that, when the
left ventricular cavity was outlined exactly through
injection of ultrasonic markers,* the echoes fell with-

in the eavity; however, this observation does not dis-
prove our alternative explanation,

In addition te recognizing the factors enumerated,
investigators should be aware that quantitative anal-
yais of these “still” frame images requires consider-
able knowledge and experience. A thorough knowl-
edge of the basic physics of echocardiographic tech-
niques, their pitfalls and limitations, as well as a clear
understanding of cardiac anatomy, pathology and
physiology are necessary. Thoughtless application of
a new technique leads to misinterpretation and may
actually hamper its development as a diagnostic
tool.3° The history of quantitative angiocardiography
has an interesting and perhaps relevant lesson for
echocardiographers: Although analysis of video lines
rather than the complete two-dimensional picture is
only now being proposed as a more accurate process
for quantitating angiographic images?% the tech-
nique of echocardiography started with analysis of a
single dimension,
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11.1 SUMMARY

The usefulness of performing real time cross—sectional
echo contrast studies, using peripheral wvenous injections
of dextrose 5% in water, for the detection and localization
of atrial and wventricular right to left shunts was
evaluated in 69 adult patients. 36 patients without a
shunt by oxymetry served as controls (group I). Echo
contrast could not be detected in the left-sided cardiac
cavities in any of the control patients. Based on their
catheterization data, 20 patients had a shunt at atrial
level (group I) and 13 patients a ventricular septal
defect (group II).

In 1! of the 15 patients with an uncomplicated atrial
septal defect of the secundum type, echo contrast appeared
at the left side of the heart and this small right to left
shunting occurred in systole.Left-sided echo contrast was
demonstrated in the 5 patients in whom a bidirectional
atrial ghunt was found by oxymetry.

Cf the 13 patients with a ventricular septal defect, 7 had
a ratio of right to left ventricular pressure exceeding
45% and early diastolic right to left shunting of echo
contrast was observed in all. This was not seen in any of

the & patients with an uncomplicated ventricular septal
defect.

It ig concluded that diagnostic real time ultrasonic
cross-sectional contrast studies using peripheral venous
injections of dextrose 5% in water can be performed in
adults. The presence and timing of these intracardiac
right to left shunts, even when small, are greatly
facilitated.
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11.2 INTRODUCTICHN

Gramiak and Shah (1) reported in 1968 that rapid injection
of indocyanine green produced a cloud of echoes in the
blood which is otherwise echofree. They used this methed
to identify intracardiac structures and to validate echo-
cardiographic patterns. Subsequent studies showed that

any solution rapidly injected into the circulation
produces echocardicgraphic contrast (2). The effect most
likely results from the drop in pressure at the catheter
tip during injection which allows the gasses dissclved in
the blood to escape in the form of miniature bhubbles
following the Bernouilli principle (3, 4). Other explana-
tions for the phenomenon include turbulence, temperature
differences and fluid acoustic impedance differences.
These clouds of echoes can be observed downstream from

the injection site on and loose their echo producing
quality with a single transit through either the pulmonary
or the systemic capillary bed. This means that detection
of echoes in both the vencus and arterial blocd pool after
peripheral vein injection of a contrast preducing agent

is always indicative of abnormal shunting. This principle
has been used with M-mode echocardicgraphy to study
intracardiac shunts, blood flow patterns and pressure-
flow relationships (5-13).

We evaluated peripheral injection contrast echocardicgraphy
using a real time cross-sectional imaging instrument in
patients with and without intracardiac shunts to determine
the feasibility and clinical usefulness cof this technique
in detecting and localizing shunting bloed flow.

11.3 MATERIALS AND METHODS

11.3.1 Patient population

Real time cross—sectional contrast studies with peripheral

vein injection were performed in 69 patients, 47 males and
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22 females, ages ranging from 17 to 64 vears. All were
referred to the Thoraxcenter for cardiac evaluation and
underwent a complete hemodynamic and angiographic study.
They were divided into 3 main groups.

Group I:
36 patients in whom no intracardiac shunt was demonstrated

during catheterization and they served as controls.

Group II1:
Twenty patients with an atrial septal defect; 15 of the

secundum type, 2 of the primum type and 3 associated with
Ebstein's anomaly (Table I).

Group IIT:
Consisted of 13 patients with a ventricular septal defect;

6 with an isolated defect (Table II), 2 with a Fallot's
tetralogy, 1 with pulmonary atresia, 1 with truncus
arteriosus, 1 with pulmonary hypertension and 2 with
valvular pulmcnary stencsis (Table III}.

The intracardiac shunt ratios of the patients in both
groups were derived from standard formulas using values
for systemic and pulmonary arterial and mixed venous
oxygen saturations: the latter was calculated from
supericr and inferior vena cava oxygen contents {14}.

A summary of these data is presented in tables I, II en III.

11.3.2 Instrumentation

Real time cross—-sectional ultrasonic studies were per-
formed using a dynamically focussed multiscan system {15).
The linear array transducer consists of 51 elements of

which subarrays of 12 elements are used for both trans-
mission and reception.
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Table I Pertinent Data of patients with atrial septal defect
Age (yrs) Aortie RVID Paradoxical]| Left-
Patient Sex Saturatien QP/Qs RVSP LVSP (om) Septal sided
Type of ASD (%) {mm Hg) (mm Hg) M Mode Motion Echo
M Mode Contrast
1 g1e 19 98 4 47 i58 40 es
female/secundun yes Y
7 ABB 64 30 2.1 152 144 50
female/secundunm ' no yes
3 IvE 29 89 4 4 16
male/prinum 2 3 33 no yes
4 ®H 24 96 3.8 42 156 30
female/secundun * no yes
5 F KU 34 95 3.8 42 131 20 ne es
female/secundum ' Y
6 DL 29 95 3.8 35 P24 40 es es
male/secundun . b ¥
7 IMG 17 97 3.1 32 85 37 a0 yes
female/primum '
8 P 20 96 2,5 56 £36 40
female/secundun ' yes yes
9 e 19 97 4. 38 144 40 es ves
female/secundum ¢ ¥
10 AP 39 96 2.8 34 143 35 es es
mate/secundum ' ¥ ¥
Il MR 31 91 1.6 22 118 70 es yes
. female/Ebstein . Y
27
i2 JB 95 3.2 88 100 30 yes ves

male/secundum
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Tabel I (continued)

Age {yrs) Aortie RVID ! paradoxical ] Left-
Patient Sex Saturation QP/qs RVSP LVsP {mn) | sepral sided
Type of ASD (% {nm Hg} (mm Hg) M Mode Motion Echo
¥ Mode Contrast
2]
Py IR male/secundum 97 3.8 34 104 40 yes yes
14 YV 34 96 1.3 22 139 28 no es
female/secundum . ¥
15 YR 16 92 2.3 34 122 30 no es
female/Ebstein ' ¥
16 v 22 84 1.45 18 14 70
female/Ebstein ’ yes yes
17 Mz 29 95 31 129 49
male/secundunm A+ ne ne
18 €R 4 45 3.4 29 171 30 yes no
male/secundum
19 IR 21 96 2.4 29 120 16 no no
female/secundum
34
20 BV 95 &.5 28 i28 45 yes ne

male/secundun

Abbreviations:

LVSP:

A + 1 angiographically proven.

QP/QS: pulmoenary-to-systemic flow ratio;

RVSP:

right ventricular systolie pressure;
left ventricular systolic pressure; RVID: right ventricular internal diameter,
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Tabte II PERTINERT DATA OF PATIENTS WITH ISOLATED VENTRICULAR SEPTAL DEFECT
Age {yre) Aortie Paradoxical Left-
Pacients Sex Saturation qP/Qs RYSP LVSP RVID Septal sided
(2) (mm Hg) (wm Hg) {(an) Motion Echo
M Hode M Mode Contrast
24

1 pe nale 97 1.5 29 125 20 no ne

2 JVB 19 97 1.5 36 132 ts no no
female '

3 C6 25 a7 1.7 29 126 25 no no
male '

4 o 19 96 0.6 25 140 25 no no
male '

5 MVE 40 97 2 34 144 25 no ne

female

6 EW 30 98 1.5 24 140 20 no no

female '

Abbreviations: QP/QS: pulmonary-to-systemic flow ratio; RVPS: right ventricular systolie
pressure; LVPS: left ventricular systolie pressure; RVID: right ventricular

internal diameter,
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Table ITIL PERTIHENT DATA OF PATIENTS WITH VENTRICULAR SEPTAL DEFECT AND ASSOSCIATED PATHOLOGY
~ T
. Age Aortic PBE SBF RVID Paradoxical Lefr-sided
Patient |(yrs) Associated Saturation \ RVPS L¥PS (mm) Septal Motion Fcho
Sex Pathology (%) EPBF EPBF (eoHg) {(mm Hg) |M Mode M Mode Contrast
29 pulmonary
1 JVE |[fenale | hyper- 86 1.65 1,57 130 130 - = yes
tension
21 operated
Fallot with
2 EWR |[female residual 96 3.7§ - 51 100 28 no yes
shunt
134 valvular
3 I8 female ! pulmonary 87 1.3 - 120 24 22 no yes
stenosis
51 valvular
4 ANY |female | pulmonary 80 [.43 1.36 it 124 30 no yes
stenosis
5 AKX 22 truncus o _—
male arteriosus 88 110 110 37 no yes
6 aJy | 26 | pulmomary 78.5 | 1.5 1.62 | 145 145 10 no yes
female | atresia
410 Fallot,
71 male Potts 90 P4 1.6 P30 140 %] no yes
procedure
Abbreviations: EPBF: effective pulmonary blood flow; PBF: pulmonary bloed flow; SBF: systemie blood

flow; RVPS: right ventricular systolic pressure; LVPS: left ventricular systolic pressure,
RVID: right ventricular internal diameter,




In transmission, an axicon focus is applied. During
reception, six adjacent zones are seguentially focussed
and adjusted to the depth from where the echeces originate
at that particular moment. The operating frequency is
3,12 MHZ: the effective beam width of each sub-array

is 2 mm, yielding a gcod lateral resolution over the
entire depth of the explcred cross-~section. Each frame
consists of 40 basic lines and the dimensions of the
rectangular cross-sectional image are 8 x 16 cm. The
system operates at a rate of 50 frames per second. The
ECG is digplayed at the bottom of the picture for timing
purposes, the right end edge indicating the moment of
the frame within the cardiac cycle. Images are recorded
on video tape which allcows their subsequent analysis in
real time, slow moticn or stop frame. Individual frames

can be photographed using instant Polaroid photography.

11.3.3 Echo contrast procedure

After initial standard M-mcde echocardicgraphy and cross—
sectional analysis, an 18~gauge teflon venous sheath was
inserted into a right antecubital wvein. Through this
vencus route, injections of echo contrast material (10 ml
of dextrose 5% in water) were carried out {(on average 10
times) whilst cardiac¢ cross—sections were continucusly
recorded on video tape.

11.3.4 Examination procedure

The cross—-sectional contrast studies were performed with
the patients in the recumbent or slightly left lateral
position. Most attention was given towards visualization
of the left ventricular inflow and outflow portions, since
if any contrast material would pass to the left-sided
cavities, the chance of identifying it would be greatest

in these areas (figure 1).
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Figure 1.

The left panel shows the transducer in the position on the chest wall
which permits visualization of a sagittal cardiac cross—section
passing through the long axis of the left ventricle. The right panel
is a diagrammatic repreSeﬁtation of the visualized cross—section. The
arrows indicate the inflow (1) and outflow tracts (2) of the left
ventricle. Echo contrast is most likely to be detected in these areas
when it passes from the-right to the left side of the heart.

Ao: aorta; a and p: anterior and posterior mitral valve leaflets;
IVS: interventricular septum; LA: left atrium; PW: left ventricular
vosterior wall; RV: richt ventricle; I: inferior; S: superior.

They are usually hest seen in a cross-section following

the long axis of the left ventricle {(16).

Left sided appearance of echo contrast was considered as
positive when contrast echoes appeared in the left atrium,
left ventricular inflow and/or outflow tract. To avoid
false positive tests as a result of overload effects, great
care was taken to use the lowest possible gain settings.
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11.4 RESULTS

In the contrcl group of patients without intracardiac
shunt (group I), acoustic opacification remained confined
to the right ventricular cavity and outflow tract. The
right-sided contrast effect cleared rapidly, usually after
2-5 cardiac cycles, except in patients with tricuspid
valve incompetence, pulmonary insufficiency or low cardiac
ocutput state, where it may be observed for over 30 seconds.
Interesting information on right ventricular flow dynamics
was obtained in a patient with Bjdrk-shiley tricuspid valve
prothesis. The flow pattern or vortex direction produced
by the valve could be easily followed (figure 2).

Figure 2.

Cross~sections through the right ventricle (RV) obtained from a
patient with a Bjdrk-~Shiley tilting disc prothesis in the tricuspid
position. After peripheral vein injection of dextrose 5% in water,
the RV fills with echo contrast and the flow pattern produced by the
valve can be analyzed (frames B and C).

This vortex continued to circulate after cessation of the
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diasteolic f£illing into the systolic ejection period. This
pattern is similar to that cbserved in in vitro experiments
by Wright (17). The findings of the ultrasonic contrast
studies in the 20 patients with an atrial septal defect
(grecup II) are given in figure 3.

AQRTIC 02 SATURATION

>  95% < 95%

N =15 N =235
POSITIVE 11 5
NEGATIVE 4 0

Figure 3.
Left-sided appearance of echo contrast in 20 patients with an atrial
septal defect.

0f these, 15 patients had an atrial septal defect of the
secundum type and no aortic desaturation was measured by
oximetry. Howewver, a systolic right tc left passage of
echo contrast material was cbserved in 11 patients
{(figure 4). A circular echofree space was seen posteérior
to the atrioventricular groove in one patient with an
atrial septal defect.

This structure was proven to be a left superior vena cava
by a left arm vein injection (figure 5).

In 3 patients with a negative contrast study the Qp/Qs
ratic was 2.4, 3.4 and 4.5 respectively. Five patients
had in addition to their left to right shunt, a right

to left shunt which was demonstrated by oximetry

{aortic oxygen saturation of less than 95%). These 5

patients all showed left-sided appearance of echo contrast
(figure 6).
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Figure 4.

T~NO 760866 DATE w2 ~B2~ )
i T b Iong axis cross-sections

ﬁh_xaﬁ

of a patient with an
atrial septal defect of
the secundum type. After
peripheral vein injec—
tion, the echo contrast
fills the right ventri-
cular cavity (RV) and
apoears in the left
ventricular inflow tract
during diastole (see
arrow) indicating a
shunt at atrial level.
2o: aorta; La: left
atrium; LV: left ventri-
cle.

Figure 5.

Long axis cross-sections of a patient with an atrial septal defect of
the secundum type and a left superior vena cava (ISWC) . After injec-

tion of dextrose 5% in water in the antecubital vein cf the left arm,

the left superior vena cava (or sinus coronarius) is opacified (see
arrcw - frame B). Ao: aorta; RV: right ventricle; La: left atrium;
MV: mitral valve; IV: left ventricle.
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Figure 6.

Sagittal long axis
cross—-sections
obtained from a
patient with
Ebstein’'s ancmaly
and bidirectional
shunt at atrial
level. On frame A,
one sees the ultra-—
sonic contrast
filling the dilated
right ventricle
(RV) . On frame B,

bright specks of
echo contrast which accumlated abcove the mitral valve in early

systole pass into the inflow tract of the left ventricle (IV) in
diastole (see arrow). They are detected in the left ventricular cut-

fiow tract (LVOT) at the onset of the next ventricular contraction
(see arrow - frame C).

In the patients of grour III with isolated ventricular
septal defect and normal right-sided pressures, the echo
contrast remained confined te the right ventricular cavity
and cutflow tract. Conversely, in all 7 patients with a
ratic of right to left ventricular pressure exceeding 45%,
an early diastolic passage of echo contrast from within

the right ventricle into the left wventricular outflow

tract was demonstrated (figures 7 and 8). In these patients,
the aortic oxygen saturation was < 95%.
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Figure 7. Cross—sections through both the right (RV) and left ventricle
(LV) obtained from a patient with large ventricular septal defect, patent
ductus artericsus and Eisenmenger syndrome. Cloud of echoes appears first
in the right ventricular cavity (frame A) and then passes into the left
ventricle via a ventricular septal defect in the left ventricular outflow
tract during early diastole of the next cardiac cvcle (frames B-D}.

LEFT-SIDED APPEARANCE OF ECHO

Figqure 8.
CONTRAST IN 13 PATIENTS WITH VSD T

Pogitive {+} and

% % negative (-} left-
1004 o o sided appearance of
bl echc contrast in
Y relation to the
sor acrtic oxygen satu-
e ration and the ratio
6ot between right and
° left ventricular
a0+ systolic nressure
in 13 patients with
-— 0‘2 ventricular septal
1 o o] defect.
8:0 g;o 10.0
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11.5 DISCUSSION

Much of the attraction cof peripheral vein injection
contrast studies results from the potential of studying
intracardiac flow dynamics noninvasively and outside the
catheterization laboratory (5, 8«10, 13). The initial
chservations were obtained with single c¢rystal M-mede
echocardiography: the ultrasound beam, aimed along one of
the standard axes, e.g., through the right ventricular
outflow tract, aorta and left atrium is kept immobile
throughout the contrast study. The appearance of contrast
in any of these cavitieé and it§ timing enables the
examiner to deduce the presence of an intracardiac shunt
and eventually its location. With kidimensional contrast
techniques, c¢ontrast-filled blood will be seen to flow
through the defect when the appropriate cross—-sectional
plane is selected for investigaticn.

M-mode echocardiography was found to be of value in the
detection of conditions associated with right-sided
volume overlcoad f18—20), but its specificity and
sensitivity for the diagnosis of an atrial seotal defect
have been guestiocned (21). In fact, despite scome succes-
ful attempts to visualize the interatrial septum (22} with
the M-mode approach, the direct wvisualization of a defect
has been inconsistent. Gated B-scan techniques {23} and
real time cross—-sectional echocardicgraphy (24, 25},
while more attractive methods for the definition ¢of the
interatrial septum, sometimes fail to demonstrate a
localized gap in the mid-porticon of the interatrial septum.
"Drop-outs” suggesting a false positive defect diagnosis
may also occur.,

In other words, structural abnormalities cannot be
diagnosed with certainty, unless additional evidence of
an abnormal intracardiac flow pattern is obtained. An
attractive method for the demonstration of abnormal
intracardiac blecod flow patterns is offered by the use of

ultrasonic contrast agents. Some workers have evaluated
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the diagnostic value of a negative contrast shadow during
diastole in the opacified right atrium at the level of
the atrial geptal after peripheral vein injecticn of
cardiogreen {24).

Detailed physiclogical studies with atrial nressure-flow
dynamics, angiography and dye dilution curves have con-
sistently demonstrated minor amounts of right to left
shunting during early systole in patients with uncompli-
cated ASD (26, 27). Detecticn of ultrasonic contrast in
the left-sided chambers should therefore provide an
argument for the diagnosis of an ASD and was evaluated in
this study. Left-sided appearance of echo contrast was
seen in 11 of 15 patients with classic ASD and in whom
oxymetry did not demonstrate aortic desaturation. The
echo contrast method is thus a very sensitive method in
demonstrating small right to left shunts and may prove
the diagnosis of an atrial septal defect in patients

with equivocal clinical and M-mode findings.

A likely explanation for this higher sensitivity is that
each micrchbubble remains a detectable entity whereever it
is located in the left atrium, left ventricular inflow

or outflow tracts. On the contrary, detecticon of oxygen
depleted blood is dependent on the volume of right to
left shunting and also on the positioning of the catheter
tip used for blcod sampling. In addition, cross-sectional
echocardiography explores a larger part of the left atrium
than the tip of the sampling catheter. Therefore,
detection of a few single contrast micrcobubbles is
achieved with a higher level of probability. Unfeortunately,
there are false negative studies and the method dcoes not
allow to assess the size of the shunt.

In patients with a ventricular septal defect, a right to
left shunt occurs only in the presence of a right ventri-
cular peak systolic pressure above 45 percent of the left
ventricular neak systolic pressure (28). Our findings with
echo contrast were similar. There was a right to left

passage of contrast in all seven patients where the ratio
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of right to left ventricular systolic pressure exceeded
45%. The echo contrast material appears in the right ven-—
tricle during the isovolumetric relaxation nhase.

It is concluded that diagneostic real time ultrasonic
cross—secticonal contrast studies using peripheral venous
injections of dextrose 5% in water are nossible.
Physiologic information is obtained with the correct
display of cardiac anatomy in the investigated cross-
section. The direction and timing of intracardiac right
to left shunts, even when small, are greatly facilitated.
It appears that the sensitivity of echo contrast studies
for detecting small right to left shunts might be better

than the ¢lassic methods.
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Abstract—The initial clinical results and potential applications of n minfaturized, battery powered
and hand-held ultrasonic imaging device are described. Tests performed in 60 patients on the general

cardiology, obstetrics/gynaccology and internal

medicine wards demonstrated that good imaging

quality and diagnostic information could be obtained on a small display tube.

Key words: Miniaturization, Ultrasonic imaging,

INTRODUCTION

This new generation of instrument will make
diagnostic ultrasound more readily available
where it i1s so often needed in emergency
situations and at the bedside. The device can
also be used with great advantage for screen-
ing of patients and to optimize more sophis-
ticated examination procedures in the echo
lzboratory.

Ultrasonic real time imaging is presently
accepted as a highly effective and practical
diagnostic method and finds increasing ap-
plication in University and Community
Hospitals and even in the physician’s offices.

This study reports our initial clinical
experience with a miniaturized and battery
operated rea} time ultrasonic imaging device®
that allows examination of patients at the
bedside. The technical aspects are described
in Part I of this paper (Ligtvoet et al., 1978).

CLINICAL RESULTS

For any new and certainly a miniaturized
diagnostic imaging instrument, the most im-
portant guestion concerns the image quality.
Initial tests were carried out in 60 patients on
the cardiology, internal medicine and

*Minivisor, Organon Teknika, Oss, The Netherlands.

Linear array.

obstetrical wards. All these patients were also
studied in the respective diagnostic
ultrasound laboratories. Practical use of the
instrument is illustrated in Fig. I. The quality
of the images was comparable to the con-
ventional linear array scanners and similar
diagnostic information was obtained. Since
no hard copy facility was available, the
reported clinical results reflect direct obser-
vations based on the investigators'
experience. Our clinical results and areas of
potential use of the instrument for the three
major disciplines c¢an be summarized as
follows.

Cardiology

In 19 of the 20 patients, examined at the
bedside. 1t was possible to assess the relative
size of both the right and left ventricles and
to study the motion pattern of the aortic and
mitral valves (Fig. 2). The tricuspid valve was
visualized in three patients who had right
ventricular enlargement. Moderate pericardial
effusion was confirmed in twy patients and
diagnosed in one patient in whom it was
unsuspected. This was subsequently verified
in the echo laboratory. Aortic valve vegeta-
tions were visualized in a patient right after
his hospitalization for suspected infective
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Fig. 1. Examination of the upper abdominal organs with the minjaturized hand-held real time
scanner.

endocarditis. We believe that this “ultrasonic
stethoscope™ is very useful for the differen-
tial diagnosis between functional and organic
heart murmurs and that a specific diagnosis
can often be made. Extrinsic and intrinsic
cardiac conditions (e.g. pericardial effusion vs
dilated heart, right ventricular vs left ventri-
cular dilation. etc.) are easily distinguished.
This is not an uncommon problem in patients
seen on the emergency ward and in patients
presenting with cardiac failure of unknown
etiology at the outpatient department.

Obstetrics and gynaecology

We learned from the patients studied that
the placenta, the outline of fetal head (Fig,
3—left image). body and spine as well as fetal
body movements and heart activity can be
observed as early as 14-15 weeks of gesta-
tion. After 22-24 weeks, it becomes possible
to visualize the pulsating feta] aorta and the
filling and emptying of the fetal urnary
bladder.

The clinical use of the instrument has also
been evaluated in the antenatal department,
the delivery room and the emergency ward.
In the antenatal department its great advan-
tage lies in the fact that instant information
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can be obtained of fetal position. fetal viabil-
ity and presence of multiple pregnancy. The
device also creates the possibility of “on the
spot™ placenta localization prior to am-
niocentesis,

In the emergency ward it offers instant
information on fetal viability and enables the
obstetrician immediately to establish or ex-
clude the presence of placenta praevia in
cases of antepartum haemorrhage.

In gynaecology, instant information can be
gathered on the presence and position of an
intra-uterine device (Fig. 3—right image).

Internal medicine

On the internal medicine ward the proto-
type demonstrated that ultrasonic exploration
of the upper abdominal organs, aorta and
retroperitoneal space is easily performed at
the bedside. The quality of the images was
comparable to that obtained with a conven-
tional, non-focused linear array scanner
which is used in our echo laboratory, It al-
lows quick screening of ill patients with
doubtful physical symptoms and signs since
visualization of intra-abdominal organs or
processes is readily available, The instrument
can therefore be considered as an “extended
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Fig. 2. Long-axiscross-sections of a normal heart, The left
frame is obtained in early diastole when the aortic valve is
already closed and the mitral valve opens. The right frame
is made in mid-diastole with the mitral valve in a central
position. The surface area of the left ventricular cavity
cross-section is larger on the right frame after ventricular
filling. 1. Right ventricular cavity; 2. aortic root! 1. left
atrium; 4. mitral valve: 5. left ventricle,

Fig. 3. The left picture shows the fetal head at 32 weeks
gestation, 1 and 2. Proximal and distal skull echo; 3.
midline; 4. lateral ventricles.
The right picture is a longitudinal section of the uterus
with an intra-uterine device in place. 1. Bladder; 2 and 3.
uterine cervix and corpust 4. intra-uterine device.

Fig. 4. The left picture shows the longitudinai scan through
the liver and gallbladder area, A gallstone is depicted. 1.
Gallbtadder; 2. gallstone; 3. fiver.

The right picture shows a transverse sc¢an through the
upper pole of akidney. A cystisshownasanechofree area.
There is accentuation of sound transmission through the
mass with especially strong echoes at the immediate far

wall (arrows}. 1. Kidney: 2. eyst,
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palpation™. It was found to be useful in the
early differential diagnosis of suspected intra-
abdominal abnormalities (e.g. normal vs

dilated gall bladder, solid vs cystic space-

occupying masses, aortic aneurysms vs peri-
aortic lymphadenopathy).

The instrument can be used as a guide to
diagnostic  and/or therapeutic  bedside
punctures. It is useful as an aid to tailor more
sophisticated B-scanning procedures
(defining the proper scanning plane) in order
to obtain the maximum amount of information
possible or it may even become a substitute
for it in emergency situations. Figure 4 shows
two examples obtained at the internal medi-
cine ward.

DISCUSSION

Any noninvasive method which images the
inside of the body provides major advantages
for the analysis of patients.

This possibility is almost unique in diag-
nostic ultrasound and explains the exploding
interest for the method in recent years. The
complexity and size of the instrumentation
however limits its application at the bedside
or in any situation where “urgent decision
making” is essential. Immediate and on-the-
spot assessment of patients is now possible
with this miniaturized, self-contained and
battery powered ultrasonic device. Initial

results in 60 patients comparing image quality
and diagnostic information with that gathered
with conventional apparatus in the echo
laboratory, showed a good agreement and
wide-scale possibilities for its application in
cardiology, obstetrics and internal medicine.

It is still too early to evaluate the potential
of this new generation imaging device in
relation to the more sophisticated uitrasonic
examination techniques as performed in
ultrasonic laboratories in which the diagnos-
tic value is well established.

We believe that the possibility of bringing
the echo laboratory to the patient is a major
step forward.

In addition, the device may become very
useful when used in association with more
elaborate B-scanning procedures or other
imaging techniques to define proper scanning
planes. [ts potential for training ultrasound
technologists and bedside teaching is evident.

It is expected that this miniaturized and
automated instrument will have an important
impact on the diagnostic use of ultrasound
and the further development of ultrasonic
equipment.
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13.1 SUMMARY

A miniaturized, hand-held ultrasonic scanner which permits
portable two-dimensional echocardiography, is described.
The device has been routinely used in the casualty depart-
ment, corpnary care unit, ward and outpatient department,
The device has advantages in conditions where gquick-decision
making is madatory in the hands of an expert echocardio-
grapher. It allcws an improved analysis of patients with
puzzling cardiac conditions at the bedside. An important
advance is that the instrument ccould be used as a sub-
stitute for cardiac fluoroscopy in office practice. Tests
performed in 100 consecutive patients demonstrated that a
reasonable semi-guantitative size estimation of left-sided
heart structures is possible. This new generation of in-
strument can potentially make diagnostic ultrasound more
readily available in emergency situations and may have
congiderable impact on the use of cardiac ultrasound for
bedside diagnesis. It will undoubtedly effect further
development ¢f autcmatic, more handy, and special dedi-
cated ultrasonic equipment-
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13.2 INTRCDUCTIOMN

Improvements in instrumentation (1, 2) and examination
technigques (3) have made ultrasonic cross-secticonal imaging
of the heart into an affective diagnostic teel, which finds
increasing use in hosgpitals and office practices. Most of
the efforts to improve the image quality have resulted in
the development of more expensive electronic circuitry and
in more complex systems. However, the wider application of
two-dimensional echocardicgraphy instrumentation may alse
be determined by such factors as size, portability, ease

of use and low cost, all of which would make these studies
more readily available provided that the image guality is
good.

With these points in mind, we designed and constructed a
miniaturized, real time scanner using electronlic integra-
tion techniques and a small display tube (4).
Battery~powered coperation was considered essential for a
portable instrument which could be used anywhere.

This study reports our experience with, and the potential
clinical use of, this new generation of instrument in
clinical cardiology.

13.3 METHODS AND MATERIAL

13.2.1 The ultrasconic cardioscope

The instrument (Minivisor, Organon Teknika) makes use of a
linear array cof 20 parallel single elements, making up the
10 cm leng, 1 cm wide transducer operating at 3.12 MHz
frequency. The elements are used in sequence to transmit a
single sound beam into the tissues and to receive echoes
from the underlying acoustic boundaries. Fast electronic
switching across the transducer elements allows the wvi-
sualization in real time of a display monitor of the car-
diac cross-section beneath the linear arrayv (5). The con-

cept and design of this miniaturized battery-operated
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device was based on several considerations. These include:
the integration of all the necessary compconents in a single
shell, low weight, easy operation and control, easy
maneuverability with one hand and simultaneous ochservation
of the display screen by the examiner. This resulted in a
mushroom~shaped instrument, 25 om high, weighing about

1.5 kg with its grip area and center of gravity in the
middle (Figure 1).

Figqure 1.

Photograph of the hand-
held ultrasonic scanner
showing the small dis-
nlay monitor (&), the
switch at thumb level
which controls the
on/off Function and
the semi-autcmatic
time-sensitive gain {B)
and the linear array

transcucer (C).

The display monitor has been angled to be easily visikble
during the examination. The scanned cross—-section measures
10 by 20 cm and is represented on the display in a format
of two by four cm with a density of 20 lines per cm. Dots
enclose the image on the screen and each space between
these dots represents 2 cm to assess structure dimensions
(Figure 2).
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Figure 2.

Detailed photograph
of the small moni-
tor screen. The
cross—secticnal
image on the screen
is outlined by dots
and each space be-
tween them repre-
sents 2 cm of di-
mension. They allow
for a semi-quantita-
tive estimation of
structure size.

Although relatively small, the ratic between the size of the
image and its distance to the examiner is similar to that

of most conventicnal two-dimensional systems.

There is only one knob at thumb level which controls the
on/off switch and the semi-auvtomatic time-sensitive gain
which is based on a feedback principle.

Batteries for pulsing and display are rechargeable NiCd
cells and allow continuous operation during 1% hours. This
is adequate for an average day's use. It is alsc possible

to work on main power supply and recharge the batteries
simultanecusly.

13.3.2 The examination technique

Best position for the examiner is to the left side of the
patient who is in a supine or slightly left lateral posi~
tion. From the left parasternal region, three standard
views are routinely -studied: 1. the sagittal long axis

view from the base of the heart toward the apex of the

left ventricle; 2. a short axis view of the left ventricle
which is obtained by aiming the interrogating cross—-section
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perpendicularly to the long axis plane at mitral level and
3. a four chamber view from the hidprecordium which is
visualized from an intermediate and slightly lower position
of the transducer on the chest wall (along the 4th left
intercostal space).

The inflow tracts of both the right and left ventricle as
well as the atria can thus be visualized. The usefulness
and specific clinical information obtained from these
cardiac cross-sections have been reported (3, 6, 7).

Other transducer positions are less effectively used since
the large aperture transducer requires a rather large
ultrasconic window.

13.4 PATIENTS

Initial tests were performed in 50 adult patients (34 males,
16 females; ages ranging from 19 to 63 years) in the out-
patient department. It was demonstrated that good imaging
guality and diagnestic information could be obtained on
the small display monitor (8). To further test whether
rational semi-guantitative conclusions about cardiac
structural dimensions could be obtained, 100 randomly
selected adult patients (61 males, 39 females, ages
ranging from 16 to 62 years) were independently studied

in the echo laboratory by two investigators. M-mode
measurements of different cardiac structures were compared
with a semi-quantitative assessment of their sizes from

the calibration dots on the small screen.
13.5 RESULTS

Aortic and mitral valve function could be assessed in
83% of all patients (figures 3, 4 and 5).
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Figure 3.

Cross~sectional images
through the long axis
of the left wventricle
(IV¥) in diastole
(panel A) and systole
{panel B) of a normal
subject. alHW: anterior
heart wall; Ao: aorta;
aML: anterior mitral
valve leaflet; c:
acrtic valve cusps in
diastole; IVS: inter-
ventricular septum;
Ia: left atrium; LVEV:
left ventricular poste-
rior wall; RV: right
ventricle.

Figure 4.

Paired diastolic
(panel &) and systolic
(panel B) left ventri-
cular long axis views
of a patient with
severe calcific mitral
valve stenosis. Note
the calcific thickened
anterior mitral valve
leaflet {aML) and
fused chordae.

aHW: anterior heart
wall; Ro: aorta;

c: aortic valve cusps in diastole; IVS: interventricular septum; LA:
left atrium; LV: left ventricle; IVPW: left ventricular posteriocr wall;

RV: right ventricle.
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MITRAL VALVE VEGETATIONS
A D!ASTOL B. SYSTOLE =

Figure 5.

Diastclic (panel A} and systclic (panel B) frames cbtained from a
patient with bacterial endocarditis and vegetations (Veg) on the
anterior mitral valve leaflet. Note the thickening of the leaflet
which Gemonstrates good mcbility. abEW: anterior heart wall; Ro: aorta;
IVS: interventricular septum; IA: left atrium; IV: left ventricle;
LVPW: left ventricular posterior wall; RV: right ventricle.

The right ventricle was difficult to analyse unless it was
dilated, mainly because of poor definition of the anterior
cardiac wall and the presence of non-structural echoes in
the cavity. The interventricular septum was well delineated
in most patients and left ventricular shape and wall
dynamics could be appreciated in 89% (Figure 6).
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DILATED CARDIOMYOPATHY.
A. DIASTOLE B SYSTOLE
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Fiqure 6.

Diastolic (panel A) and systolic (panel B) frames cbtained through the
long axis of the left ventricle fram a patient with dilated cardicmyo-
pathy. Note the globular shape of the left ventricle (LV). aHwW:
anterior heart wall; Ao: aorta; aML and pMl: anterior and posterior
leaflets of the mitral valve; IVS: interventricular septum; ILA: left
atrium; IVEW: left ventricular posterior wall.

Aortic root dimension was classified either on an ordinal
scale as nermal (when <« 4 cm), abnormal (when exceeding

4 cm) or was unmeasurable. These assessments were compared
with a classification from the M-mode measurements with

the same cut-off points. In six patients it was impossible
to assess the aorta with the ultrasonic cardicsceope. In

one of them this was alsc impossible for the M-mode. There
was agreement between the two methods in 92 of the remaining
94 patients. In the other two cases, the investigator using
the ultrasonic cardioscope overestimated the aortic size.
Left atrial size (the dimension between the posterior
aortic and left atrial walls at aortic valve cusp level)
was classified either as normal when <« 4 cm, enlarged if
more than 4 ¢m or severely enlarged if greater than 6 cm.
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It was unmeasurable in five patients hecause of poor
definition of the left atrial postericr wall. In two of
these this was also impossible from the M-mode. In the
remaining 95 patients, there was agreement in 78 and no
agreement in 17 patients. The examiner with the ultra-
sonic cardioscope tended to overestimate the left atrial
size and this tendency was statistically significant at
the 5% level in a two-sided test (McNemar test) (9)
(Table I).

MINIVISOR
NL > >>
<4ecm | 56 g* 1
w
0O 4-6 cm 1% 20 7
@)
E %
I >6cm - - -
s 2
U - - - 2 2
X < 0.05 (McNemar test ) 5

Table I: accuracy of left atrial size assessment with

the ultrasonic cardioscope (100 consecutive patients)

NL = normal; = = enlarged; = = severely enlarged:;
U = unmeasurable
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Left ventricular size was estimated from its semi-minor
axis dimension and classified either as normal, enlarged
if more than 5,5 cm or severely enlarged if greater than

7 cm. It was unmeasurable in 11 patients. It was identical
to the I~mode classification in 66 patients. In the
remaining 23 patients, the investigator with the ultra-
sonic cardicscope overestimated the ventricular size in

18 patients. This is also statistically significant at the
5% level in a two—sided test (Table II).

MINIVISOR

NL > = U
< 55 cm| 43 16%* - 8
Ll
a *
O 55-70ecm 5 17 2 3
p=
2 >70 am| - - | 6 -
U - - - - 0
*p < 0.05 { McNemar test) 11

Table II: Accuracy of left ventricular size assessment

with the ultrasoconic cardiosceope (1007 consecutive patients).

NL = normal; > = enlarged; > > = geverely enlarged;

U = unmeasurable
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13.6 DISCUSSICN

Ultrasonic imaging of the heart has been one of the most
rapidly developing diagnostic techniques in use today. The
first c¢linical results which stimulated considerable
interest in the method were obtained with a real time
linear array scanner and were reported in 1973 (10)}. This
rapid acceptance is explained by the unigue potential for
gaining significant information about cardiac anatomy and
function withecut known risk to the patient. The complexity
and size of the instrumentation however, has limited its
application at the bedside or in any situation where
"quick-decision making” is essential. In fact, most
egquipment is currently used in a labeoratory or examining
room to which the patient must be transported. Bedside
examination can be facilitated since this miniaturized and
battery-powered device can be used in a manner analogous
to a conventional stethoscope. In this way, it extends the
perception of clinical examination since physical findings
such as sounds or movements can be immediately related to
anatomic abnormalities in moest of the patients studied.

It therefore promiges improved analysis of patients with
puzzling cardiac murmurs or those with cardicmegaly, some
of the most commorn dilemmas in bedside examination, since
it provides information beyond that which the physical
examination can obtain.

Our study demonstrated that, although the instrument cannct
be used for quantitative measurement of cardiac structure
dimension, it may provide a semi-quantitative estimation of
the size of cardiac structures at least in those patients
in whom good image quality is obtained. It should be
realized, however, that this is a first generation instru-
ment.an that improvements will provide better resolution
and therefore more accurate measurements. The instrument
has now been routinely used over a period of six months in
the emergency department, coronary care unit, wards and
outpatient department (Table III).

136



Table IIT

USEFULNESS OF ULTRASONMNIC CARDIOSCOPE

EMERGENCY DEPARTMENT, CCU

= Quick=-decision making
(to differentiate between tamponade,
enlarged heart or cardiomyopathy)

- Gauge effects of interventions

(pericardiocentesis, proper insertion

of balloon-tipped catheters, etc)

HOSPITAL WARDS

- Immediate answer +t¢ clinical problems
(cardiomegaly, murmurs, silent valwvular
heart disease, etc)

OUTPATIENT DEPARTMENT, OFFICE PRACTICE

- Substitute for cardiac fluoroscopy

137



It has been useful for the differential diagnosis between
some functional and organic murmurs (e.g. mitral valve
stenosis vs Austin~Flint murmur) and for the immediate
distinction between extrinsic (pericardial effusion) and
intrinsic causes of cardiac dilatation (right ventricular
vs left ventricular dilatation). In addition, a variety of
specific clinical diagnosis were made. In the emergency
department and coronary c¢are unit where the use of a
conventional apparatus is cumbersome, it is now routinely
employed to differentiate between tamponade and a dilated
heart. This constitutes the most important clinical
application. Over a period of one year there were geven
recorded instances in which this differential diagnosis
was made by the consulting cardicleogist in critically ill
patients in c¢ity hospitals of Rotterdam, where no other
echo facilities were available. The differential diagnosis
between tamponade and right wventricular infarction has
been made in patients with acute myocardial infarction.
The study of the distribution pattern of pericardial
effusions has been extremely helpful for performing and
monitoring a pericardiocentesis. In the hospital ward and
outpatient department it may give immediate answers to
some diagnostic dilemmas and thus has advantages in
teaching students. In office practice, it can be used as
a substitute for cardiac fluoroscopy allowing the esti-
mation of the relative size of cardiac cavities with
agsessment of wall and valvular dynamics.

THe device has been tested before hard ccpy facilities
were available. In fact, the illustrations shown in this
paper were ohtained by direct photography of the monitor
oscilleoscope. It is obvious that images from the small
screen are difficult to record and that the photographic
process degrades the image quality which at present is
already marginal during real time examination. In addition,
it must be realized that the visual integration of struc-
ture motion provided by real time scanning cannot be

experienced from stop~frame images as presented in this
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paper. At present, images can be recorded on video tape
via a scan-converter, but this requires the use of
expensive additional equipment and detracts from the

major advantage: its portability. The capabilities of the
instrument are indeed greatest when it is used for imme-
diate diagnosis in a way similar to that of a conventional
stethoscope.

Needless to say that for the present, the application of
the instrument is limited and its proper use reguires
extensive clinical experience with standard cross-sectional
imaging devices. It therefore should not be recommended as
a substitute for conventional systems but rather as a
readily usable stand-by in experienced laboratories for
the applications discussed.

We feel that this new generation of instrument will have
an important impact and will lead to widespread use of
diagnostic ultrasound in c¢linical practice. It may further
stimulate the development of automatic miniaturized and
cheaper equipment.
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CHAPTER 14

PRESENT STATUS CF ULTRASONIC TWO-DIMENSIONAL CARDIAC
IMAGING AND A PERSPECTIVE INTQO THE FUTURE

The ideal diagnostic imaging system should yield defini-
tive data concerning the cardiac condition of a patient
with a maximal success rate. It should cause no harm or
discomfort and should be convenient, reliable, and economi-
cal. Cardiac ultrasound meets most of these specifications.
The procedure is noninvasive and no harmful effects have
been reported. The method can be applied rapidly, re-
peatedly and vields guick results. Most criteria tested

in M-mode echocardiography are well validated and the
description of common cardiac disorders seem to he ade-—
guate for two-dimensiocnal echocardiography.

These factors explain the continued high interest in the
method and the distinctive role it nlays alongside other
diagnostic imaging metheds today. At the Thoraxcenter,

the number of requests for echocardiographic examination
has increased from 65 per month in 1973 to. 280 per month
in 1978. However there are some inherent limitations
related to both the method and the kind of patient that
can be studied with success. In addition a great deal of
experience is needed for obtaining and interpreting the
data. It is the purpose of this chapter to discuss some of
these aspects and some specific problems related to the
multiscan approach.

4.1 COMPARISON OF ULTRASQUND, X-RAY AND NUCLEAR TMAGING

To a great extent, the form of energy chosen delineates
the specific indications, advantages and disadvantages

for each of these commonly employed c¢linical imaging
technigues. Diagnostic ultrasound utilizes sound radiation
which is harmless at the levels used. Most other imaging

technigues employ ionizing energy. This is an important
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advantage to consider as both examiners and patients

become more and meore conscious of the longterm effects of
repetitive exposure to even small amcunts of ionizing
radiation (X-rays, radicnuclides). It is now established
that ultrasound examinations can be easily and cften
repeated without untoward effects and it may therefore
become the principal method for the serial analysis and
fellow-up of cardiac patients to name but one category.
With ultrascund, local changes in acoustic impedance along
the beam pathway are registered. X-ray techniques register
cumulated attenuation of energy along the pathway so that
cardiac structures are superimposed in denth and are seen
as shadows. In other words, A-ray measurements do not
provide "information" at each point in depth whereas ultra-
scund does. This allows the detection cof internal cardiac
structures as well as their motion and dimension. As a
result, the specific details of intracardiac anatomy and
pathelegy, such as the attachment and merpheology of atrio-
ventricular valves, the interventricular septum etc, are
much easier and better documented with ultrasonic two-
dimensional imaging than by X«ray technicues. This advan-
tage together with the possibility of rapid samnling and
the lack of irreversible effects of ionizing radiation
makes ultrasound techniques the preferred amproach to
dynamic two- and three-dimensional analysis of the heart.
The unique potential of visualizing intracardiac anatomy
must be directed toward evaluating new parameters of
cardiac function rather than of those which at present

are largely derived from angiocardiography. Also ultrasonic
examination should be increased in order to reduce the
number of potentially hazardous angiocardiograms and elimi-
nate these invasive studies entirely in specific groups of
patients where careful testing of its diagnostic accuracy
has established its supremacy. X-ray techniques with contrast
enhancement have the advantage of high definition, e.g. for
vigualization of the anatomy of the coronary arteries. Here,
they will undoubtedly remain the principal and definitive
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diagnostic method. Ideally therefore two-dimensicnal
echocardiography should be integrated intc the routine
catheterization procedure since it makes spatial morpho-
logy of cardiac structures available. This allows direct
visualization of ruptured and thickened parts of the
valves, their orifice areas and small masses such as
tumors and infective vegetations. As this information is
not available from X-ray studies, the combination of both
approaches while the patient is on the cardiac cathete-
rization table, appear a highly useful concept. As stated,
because of the radiation exposure and potential morbidity,
X-ray imaging cannot readily be repeated and must be
considered as a "single-shot procedure"”, which reguires

a deliberate and meticulous indication. Instead of
viewing ultrasonic imaging as competitive, it should be
considered as a most useful complementary method in
planning the definitive diagnostic procedure.

Portable cross-sectional echocardiography is now possible
with a miniaturized hand-held scanner and makes the ima-
ging method readily available at the bedside and more
importantly in office practice. With the improvement of
image quality in the near future, this method will re-
place many cardiac fluoroscopic examinations.

Nuclear imaging techniques are able to provide information
which is not available by X-ray and ultrasound methods.

In addition to information on myocardial perfusion and

its viability, nuclear imaging is able to provide quanti-
tative information on cardiac performance and regional
wall motion during excercice in patients with coronary
artery disease. Excercise ultrascnic imaging is extremely
difficult to perform and the success rate in obtaining
interpretable ultrasonic data in the large group of
patients with coronary artery disease is decreased to 70%.
Therefore, nuclear imaging will probably become the
principal method for testing patients with coronary artery
disease. However, it may well be that this will be the
category of patients to profit from the newer applications

of ultrasound. These will give insight into the status of
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the myocardium by the analysis of ultrasound parameters

such as velocity, absorption and scattering.

14.2 M-MODE VERSUS TWO-DIMENSIONAL ECHCCARDICGRAPHY

The basic difference between lM-mode and two-dimensicnal
echocardiography was extensively discussed in chapter 2.
The final ¢linical capabilities of two-dimensioconal ultra-
sonic imaging of the heart are still unsettled and its
relative advantage over M-mode echocardiography is still
controversial. Basically bkoth methcds differ in the dis-
play of the ultrascnic information.

The M-mode éexamination procedure is mainly confined to

the parasternal "ultrasonic window" since the information
obtained via other "windows" is limited by the lack of a
spatial reference. As a result, the M-mode examination
technique is restricted to M-mode scanning of the left
ventricle and recording the tricuspid and pulmonary valves.
This means that routine M-mode echocardiography is readily
standardized so that it can be performed by a well trained
technician. Another advantage of M-mode echocardicgraphy is
that the familiar stripchart record is obtained. This can
be rapidly analyzed and allows simple but diagnostically
important measurements. This analysis can be done off-line
in ideal circumstances. The data are easily stored and
retrieved.

Two—-dimensional studies of the heart are much more deman-
ding than M-mode despite the more familiar looking display
which anatomically resembles the heart. Four "ultrasonic
windows" instead of one, are now routinely used and the
number of cross—-sections which can be studied, is in
'principle, unlimited (1, 2). Scome cardiac structures

such as the interatrial septum, right atrium and right
ventricle, are imaged to much greater advantage by cross-
sectional than M-mode technigques. Thus, the diagneostic
yield of two-dimensional echocardiography is potentially
much higher. Howewver, the complexity of the examination

144



during which the patient's history and other clinical
findings should be taken into account would reguire the
interaction of a trained cardiolcocgist. Only he can assess
the clinical problem and redirect the examination in order
to solve the clinical guestion. This situation is similar
+to that in the catheterization laboratory. The examinaticn
when done by a technician takes a longer time since many
unnecessary views are recorded in order not tc miss poten-
tially relevant information. Furthermore, off-line analysis
of two-dimensional images is not very practical. Retrieving
the data from videc recordings is cumbersome and the ana-
lysis is almost as time consuming as the real study itself.
It therefore appears that the multitude of imaging possi-
bilities requires an integrated approach to effectivily
sclve a patient's clinical problem in a short period of
time. Thus, ideally a cardiologist would perform the two-
dimensional examination. This will be hard to realize in
practice. Indeed, it does mean that a full-time cardiolo~
gist would be available in laboratoeries with a high
patient load. The precblem can probably be solved in the
future with portable devices which make the two-~dimensional
image available to the cardiologist anywhere it is needed,
provided of course that the image quality is as good as
that of presently available laboratory instrumentation.

14.3 PATIENT AND CARDIAC ANATOMY RELATED PROBLE!S OF TWO-
DIMENSIONAL ECHOCARDIOGRAPHY WITH MULTISCAN

Ultrasound is highly attenuated in air which makes lung
tissue virtually impenetrable. As a result, the "ultra-
sonic windows" on the chest wall from which ultrasocund
beams can be directed into cardiac structures are limited
and small. The acoustic mismatch between bone and soft
tissue is also great. If one tries to direct a sound bean
thxough bone, almost all of the ultrasound energy is
reflected or absorbed. Thus, an ultrasonic examination is
impractical or impossible when the transducer is rlaced

over the sternum or a rib. The problem is not as great in
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infants and young children since these structures usually
are not calcified. However, in adults the sternum and

ribs restrict the effective area of the "ultrasonic
windows™. In practice, four transducer positions on the
chest wall can be utilized: the parasternal area, the
apical area, the subxiphoidal or subcostal area and the
gsuprasternal notch (1, 2). Cross-secticnal views of the
heart relative to its long and short axes can be obtained
from each of the first three transducer positions and
those of the great vessels from the suprasternal nctch
position. The latter position is extremely important for
the analysis of complex congenital malformations. The
major limitation of the linear array transducer is its
large size. This limits the examination of the heart mainly
the parasternal position. Many views can thus not be
visualized. The apical transducer position is of particu-
lar clinical importance and is now becoming the standard
position for the study of the apical segment and guantita-
tive analysis of the left ventricle. Unfortunately, it is
rare to obtain good gquality images from the apical position
with the linear array transducer. Most cardiac structures
are readily visualized with a high success rate from this
position by secter scanner devices employing a smaller
transducer head.

The ability to manipulate a linear array transducer within
the confines of the parasternal ultrasonic windows is
further limited by its size. As a result, proper angula-
tion to visualize cardiac areas which arxe eccentrically
located in relation to this ultrasonic window, such as

the apex of the left ventriéle, remains a problem. Also
the lateral parts of the transducer loose acoustic contact
with the patient's chest and cause a loss of image.

A small parasternal ultrasonic window as a result of ob-
structive alrway disease is the most common cause of
failure to obtain adeguate two-dimensional images in
patients with coronary artery disease. This further limits
the capability of the techniques to study the left ven-
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tricle in older and ccreonary patients, who represent the
largest group of patients seen by the adult cardiocleogist.
The success rate in visualizing the apex using a linear
array transducer was found to be 7% in our laboratory in

a study performed by Dr. R. lMeltzer. In the literature
success rate between 70 and 90% have been reported with
sector scanners. Thus, patient guitability may represent a
major limitation to the ultrasound method and will defini-
tely indicate the type of instrumentation tc he used.

The small diameter cof the sectcor scanner transducer allows
its placement between ribs and maintenance of contact with
the skin during transducer angulation. This constitutes
the major advantage of these systems and accounts entirely
for the high success rate in obtaining adequate images of
the entire left ventricle.

In our c¢linical experience, target "drop-out"” is more fre-
guently observed with a linear array transducer than with
a sector scanner. Specifically, parts of the interventri-
cular septum are not visualized in most of the patients
studied. It is also uncommon to cobtain a good image of the
interatrial septum. The sloping posterior wall of the left
ventricle in the area of the nosterc-medial papillary
muscle, as it inclines towards the apex is frequently not
recorded. Good images of these structures are usually well
obtained with a sector scanner. Only vart of this observa-
tion is explained by the intervening rib structures and
the limited aiming capabilities from the parasternal posi-
ticon with a large and rigid linear array transducer.
Theoretically, target "drop-out™ c¢an also result when the
sound beam to target relationship is not maintained in a
perpendicular direction. Thus, the complex gecmetry of the
heart would make target "drop-ocut" to be common on Cross—
sectional images. However, cardiac structures are sound
scatterers rather than specular reflectors. In addition,
the sound beams are integrating information from a rather
large irregular surface area. Thus, the observed differences

in occurence of target "drop-out" with these two different
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imaging systems cannot be explained on the basis of
reflection characteristics alone of these targets.

It appears that the explanation of target "drop-out" is
complex.

It is the author’'s opinicon that the small ultrasonic
windows to the heart dictate a small size for a transducer.
Alsc, the shape of the heart may make sector scanning more
effective than linear array instruments. In this way, a
large field of view without shadows of blind spots can be
achieved through the limited acoustic window with better
aiming capabilities. The instrument of choice will be an
electronic rather than a mechanical sector scanner because
of the higher frame rate, reliability, and more compact
form of its probg.

14.4 INSTRUMENT RELATED PRCBLEMS IN TWQ-DIMENSIONAL IMAGING

Several physical factors limit the diagnostic capabilities
of presently available two-dimensional imaging systems.
Their small dynami¢ range is unable to display all the
available echo information and as a result, many weak
reflectors within the heart are not seen. Newer instruments
will undoubtedly have a wider dynamic range than the
present instruments through the use of custom integrated
circuit electronics which are being developed for medical
ultrasound applications. Since the majority of the elec~
tronic components in present ultrasound systems were
designed for other applications rather than ultrasonic
imaging, considerable improvement may be expected from
customized ultrasonic integrated circuit design. As was
extensiﬁely discussed in chapter 10, the finite sound beam
width limits the resclving power and causes spurious
echoes on the display. This may lead to interpretation
errors. The transducer is responsible for most of the
resgolution limits of an imaging system. ITuch research

presently being done is aimed at improving the lateral
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resolution and transducer performance and will undoubtedly
yvield a much better image quality during the next few
vears. From the clinician's peoint of view, the ultrasonic
instrumentation should alsc be simple to use, portable
(see under 14.2), and the transducer must be small

(see under 14.3).

14.5 ECHOCARDIQGRAPHER RELATED PROBLE!NMS IN TWO-DIMENSIONATL
IMAGING

Two—-dimensional echocardicgraphy has been developed after
the generation of cardiologists new in practice had com-
pleted their formal training. Its rapid development and
implementation as a diagnostic method has profoundly
altered the practice of cardiology. Not much time, however,
has been left to develop a full understanding of both its
advantages and limitations. The method is highly demanding.
It requires an integrated comprehension of cardiac anatomy,
pathology and physicology. The interactive examination
technique requires knowledge of the physical aspects of
ultrasound imaging and of the specific characteristics of
the particular ultrasound apparatus being used.

Scme of the instrument functions will become automated
with the more sophisticated integrated electronic techno—
logy. In additiecn, these will also allow advanced and
rapid quantitative data analysis.

Diagnostic funetions will be incorporated into imaging
systems to assist in performing measurements. Nevertheless,
choosing the correct clinical application, deciding what
the method can or cannot do and interpreting the results
will be left to the echocardiographer. This poses serious
problems for the training of both c¢linicians and technicians.
Most practicing echocardiographers learned the technique
through self-study and on the job training. No assessment
has been made as to whether this is an effective way of
learning. Short introductory courses for both clinicians

and technicians are now regularly organized at many
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centers in the USA. In Europe, such programs are only
offered in a few countries.

Since 1975, we have organized six 4-day courses per year
limited to 15 participants only at the Thoraxcenter. The
Interuniversity Institute of Cardiclegy sponscrs six
evenings per year which are attended by many echocardio-
graphers. ARgain, the effect of these activities on the
gquality of clinical echocardicgraphy is not known, but
it can be expected to expand the utilization cof these
techniques, For continued education, short courses: are
undoubtedly very helpful.

There is certainly a large need for further educational
programs. The author believes that such programs should

be sponsored and crganized by the Dutch Heart Foundation.

14.6 NEW DEVELOFMENTS

Presently, the diagnostic information in two-dimensional
images is obtained from the display of ultrasound
reflective boundaries. Fortunately many studieg are now
underway to acquire “"tissue-signature” infermation, that
is, information about tissue pathology from a guantitative
analysis of the reflected ultrasound signal. The results
of invitrc analysis of amplitude histograms from normal
and infarcted myccardium are encouraging and the method

is presently being tested to map early infarcts in man (3).
The integration of blood flow data would furtherxr complement
two-dimensional ultrasonic information. The pessibility

of visualization and measurement of blood fiow simulta-
neously with two-dimensional images has already been
implemented in a peripheral vascular prototype

instrument (4).

Such devices when made suitable for cardiac examination
will allow detection of lesions manifested by blood flow
abnormalities rather than only by anatomic abnormalities.
This will improve echocardiogravhic diagnosis of small
degree of mitral insufficiency and small ventricular or

150



atrial septal defects.

Cardiac output measurement may become possible in the near
future by combining the information from the cross-sectional
area of a great vessel and angular incidence of the interroga-
ting Doprpler beam providing the flow velccity data.

Another approach toward measurement of volume dependent
indices of cardiac function is offered by guantitative
contrast echocardiography using the indicator dilution
principle. A far fetched goal is the noninvasive pressure
measurement using precision microbubbles. Regonant

frequency of these microbubbles changes with ambiant
pressure and can be detected with an ultrasonic transducer
{5).

14.7 ECONOMIC ASPECTS

When compared to other imaging methods, cardiac ultrasound
is not an expensive diagnostic method. Newer instrumentation
will probably become cheaper despite greater performance

and increasing electronic complexity. This trend has

already started and follows the one observed in the semi-
cenductor industry (6). Special dedicated portable devices
with a high diagnostic yield will become availakle in

near future.

Their widespread use will further reduce the costs of
medical diagnosis since many expensive and invasive proce-
dures will be replaced. Full realization of these potential
benefits might take one generation of cardiologists

however, since physicians tend to continue clinical patterns
acquired during their specialty training, & sad reflection
upon the (in) flexibility of man.
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HOCFDSTUK 15

SAMENVATTING

In deze studie wordt de klinische evaluatie beschreven van
een twee-dimensionaal echocardiografisch systeem {(multiscan),
dat werd ontwikkeld op het Thoraxcentrum van het
Academisch Ziekenhuis Dijkzigt te Rotterdam.

Met dit systeem kunnen docorsneden van het bewegend hart
zichtbaar worden gemaakt. Een voordeel is dat deze onder-
zoekmethode niet schadeliik is voor patient en onderzoeker.
De algemene principes van de ultrageluidsdiagnostiek

zoals toegepast in de cardiologie worden beschreven in
hocfdstuk 2.

De ontwikkeling van de twee~dimensionale echo systemen
wordt kort besproken in hoofdstuk 3 en de verschillende
aspecten van het multiscan systeem, onderwerp van dit
preefschrift, worden behandeld in hoofdstuk 4.

Toen we in 1973 het cerste apparaat ter beschikking kregen
in de cardiologische kliniek, bestond er geen goede be-
schrijving van de anatomie van het hart zoals deze met

de nieuwe techniek zichtbaar wordt gemaakt. Onze eerste
studies waren dan ock gewijd aan structuur identificatie
en het uitwerken van een gestandaardiseerde onderzoek-—
methode. De resultaten hiervan zijn weergegeven in de
hoofdstukken 5~7.
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Cmdat de omtrek van de linker hartkamer verkregen in de
sagittale lange as doorsnede lijkt op een angiocardiogram,
werd er logischerwijze geprobeerd om in analogie met deze
methode de ultrasonore doorsneden kwantitatief te ana-
lyseren.

Na bemoedigende resultaten bij een eerste groep patienten
{hoofdstuk 8}, bleek nadien dat er toch geen goede relatie
bestond tussen de linker kamer volumina gemeten door
middel van angiocardiografische en echocardicgrafische
methoden (hocofdstuk 9). De redenen hiervoor worden be-
sproken in hoofdstuk 10. Deze gegevens vormden de bhasis
voor het ontwikkelen van een systeem met een beter op-
lossend vermogen en definitie van de hartstructuren.

Van verschillende kwalitatieve studies die we hebhen
ondernomen, is de twee-dimensionale kontrast echocardio-
grafie verreweg de belangrijkste.-Door het inspuiten van
enkele c¢'s dextrose 5% in water is het mogelijk om naast
de hartstructuren ook het bloed in de rechter harthelft
zichtbaar te maken. Het effect wverdwijnt in het longvaat-
bed en er komt nocit echokontrast in de linker harthelft.
Gebeurt dit toch,dan is een rechts-links shunt bewezen.
Uit ons onderzoek is gebleken,dat deze methode gevoeliger
is dan zuurstof saturatie metingen (hoofdstuk 11).

Met de opkomst van de micro-electronica lag het voor de
hand aan miniaturisatie te denken en een draagbaar twee-
dimensionaal echo systeem te ontwikkelen. Dit werd
verwezenlijkt met de ultrasonore cardioscoop (hoofdstuk 12).
Mogelijke toepassingen van dit apparaat in de cardiologie
worden besproken in hoofdstuk 13. Het is duidelijk dat
een dergelijk systeem een grote invloed zal hebben op

de verdere ontwikkeling van kleinere diagnostische
systemen die aan het ziekbed kunnen worden toegepast.

In hoofdstuk 14 worden de mogelijkheden en ook de be-
perkingen van de twee-dimensionale echocardiografische
diagnostiek besprcken en vergeleken met andere beeld-

technieken. De beperkingen van de techniek liggen hoofd-
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zakelijk bij de patient. Het hart is immers omgeven door
lucht, die geen ultrageluid doorlaat, en door benige
ribstructuren. De ingangen voor de onderzoekende ultra-
geluidsbundels zijn dus beperkt en klein. Een kleine
wendbare transducer is derhalve wenselijk.
Twee~-dimensionale echocardicgrafie moet ongetwijfeld als
&2n van de belangrijkste aanwinsten worden beschouwd in
de cardiologie sinds het invoeren van de stethoscoon
door Laennec.
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