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Introduction

Over the past twenty years, technical advances in coronary arteriography have
contributed to our understanding of the pathophysiologic aspects and natural
history of coronary artery disease. Probably more than 700.000 coronary arterio-
grams are performed annually throughout the world. Usually, these arteriograms
are interpreted visually to determine the morphologic extent and severity of
coronary artery disease. These subjective determinations, which are hampered
by relatively large intra- and interobserver variations, are used as a basis for
critically important therapeutic decisions: Which arteries are to be revascular-
ized, which lesions are suitable for coronary bypass surgery or for percutaneous
coronary angioplasty? To improve on this clinical decision making, on the treat-
ment and follow-up of such patients, new, objective and reproducible techniques
for the assessment of the extent and severity of coronary artery disease, both in
terms of anatomy and functional significance of the lesions, must be made widely
available. With such new procedures and technologies the efficacy of new thera-
peutic procedures, the effects of vasodilating and constricting drugs, and the
results of long-term studies on the regression and progression of atherosclerotic
plaque can be determined in an objective and cost-effective manner.

In this book the state-of-the-art in quantitative coronary arteriography is
reviewed, including the progress in technical and clinical developments in coro-
nary arteriography (conventional cineangiography, digital cardiovascular imag-
ing and X-ray tomography), the methodology and clinical applications of quan-
titative coronary cineangiography which allows the assessment of objective and
reproducible measurements on arterial dimensions from 35 mm cinefilm, the
measurement of coronary blood flow from contrast injections, and finally, the
determination of the physiologic significance of coronary lesions and the relation
to the morphologic abnormalities.

Each chapter has been authored by an expert from either Europe or the USA,
who has contributed to the developments in his particular field. The basic
principles of each technique, the results from validation studies and the clinical
applications are described in detail. Guidelines are provided for standardized
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acquisition and analysis of angiographic studies to minimize the variations result-
ing from the many potentially existent error sources.

We hope that this book will show the (clinical) cardiologist, radiologist, and
physicist how and to which extent the present technological and clinical develop-
ments in quantitative coronary arteriography may influence the chinical decision
making in patients with coronary artery disease and in which way it may facilitate
new clinical research studies.

Michel E. Bertrand, M.D.
Chairman, Working Group
‘Coronary blood flow and mechanism
of angina pectoris’ of the

European Society of Cardiology.



Part I: Technical developments in coronary
angiography



Quality considerations on cine-imaging and
PTCA-fluoroscopy anticipating a digital future

Paul de Leeuw

Summary

In a modern catheterization laboratory coronary cineangiography, PTCA pro-
cedures and digital radiography are performed with one and the same X-ray
system. On the basis of an optimization analysis of the image quality using the
concepts of window signal-to-noise ratio and equivalent blur, overall perform-
ance can roughly be estimated. Some important aspects of a realistic X-ray system
design resulting from this analysis have been identified. Specifically, the X-ray
loadability and its loading strategy play a crucial role with respect to signal
detection sensitivity and the safe, efficient use of X-ray radiation. The analysis
shows also that some basic limitations exist to the use of digital substraction
techniques for moving objects. Last but not least, it shows that the video camera
performance is critical with respect to the imaging tasks during PTCA and digital
procedures.

Introduction

Although the technique of coronary cineangiography has been widely used for
more than fifteen years, it still remains one of the most difficult radiographic
procedures from a technical point of view. In recent years, digital imaging
techniques have proven to be very useful especially in conjunction with Per-
cutaneous Transluminal Coronary Angioplasty (PTCA). This combination has
stimulated the discussions about quantitation of images both from the manufac-
turer’s and the user’s point of view. High quality images are a prerequisite for the
successful application of quantitation techniques, reason to review briefly a
number of requirements for high quality angiographic imaging.



TYPICAL CORONARY-ANGIOGRAPHY PROCEDURE
TUBELOAD VS TIME
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Figure 1. X-ray tube loading by fluoroscopy (average 200 W) and 8-12 cineruns (50 images/s, 10sec.
duration per cinerun). Peak and average power during cineruns are dependent upon the projection
angles.

X-ray generation

Under the usual conditions for coronary procedures (Figure 1), today’s X-ray
tube technology is an important limiting factor in the quality of cineangiographic
images. The large number of images (up to 4000) obtained during the 15-30
minutes of a typical coronary angiographic procedure, severely restricts the
energy per image available. This limited energy per image determines on the one
hand the flux of X-ray photons to the image intensifier and therefore the noise in
the image, and on the other hand the average kilovolt (kV) level at which the
X-rays can be generated and therefore, among others, the detail contrast in the
image. The power applied to the tube requires a certain focal spot size, which also
influences the image quality. (Table 1).

Table 1. The power that can be delivered by the X-ray tube depends on the selected focal spot size.

Focal spot 0,8 0.5 0.3 mm
Power 80 40 15 kW

However, with cineangiography and PTCA the energy per image is restricted to a
larger extent by other parts of the X-ray tube; under these circumstances the focal
spot size selected for a particular energy level is not a major contributor to the
detoriation of the image in terms of sharpness and contrast (see also Tables IV



X-RAY TUBES
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Figure 2. Medium term lbadability of X-ray tubes. Cooling over a period of 1000 seconds and anode
heat storage capacity determine maximum angiographic heat load.

and V). The X-ray dose levels at the maximum energy levels per image that can be
achieved for cineangiography and PTCA with today’s X-ray tube technology are
generally found acceptable. Figure 2 shows the maximum energies that can be
dissipated by X-ray tubes of different technologies. Critical temperatures in
X-ray tubes are avoided by using the anode as a heat buffer and by constructions
resulting in an increased cooling efficiency.

The resulting maximum heat load to the tube during the time of a short
coronary procedure (duration approximately 1000sec.) gives a much better im-
pression of the capabilities of an X-ray tube than the anode heat storage capacity
only. Especially a high cooling capacity of the X-ray tube guarantees a fast and
uninterrupted procedure.

When the X-ray tube has been designed with emphasis only on the heat storage
capacity of the anode, unacceptable waiting times may occur during the angio-
graphic procedures at the moment that the anode is fully loaded. Comparison of
the different tube technologies demonstrates clearly the superior performance of
the ceramique X-ray tube over the conventional glass tube. This will be apparent
in the image by a much better detail contrast relative to the noise.

Geometric versus motion unsharpness

From the overall energy limitations of e.g. a ceramique X-ray tube it can easily be
derived that an average of 250 Joule is approximately available per cine-image.

The amount of X-ray absorption is very much dependent on the angiographic
projection used, so that the energy per image should be made dependent on the
specific absorption in a selected projection in order to achieve the optimum



OPTIMUM X-RAY TUBE VOLTAGE
VS PATIENT THICKNESS
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Figure 3. X-ray tube voltages for optimal window signal-to-noise ratio. (continuous curve). Values
often found in practice; nonoptimal tube loading (dotted curve).

kV-levels (Figure 3). A suitable range of energy levels with an average value of
250 Joule is then 150 to 350 Joule/image.

The specific amount of energy available for one image can be obtained either
from a low-power X-ray pulse with a rather long exposure time or from a high-
power X-ray pulse with a short exposure time.

The exposure time and the focal spot size should be chosen such that a good
balance is achieved between the motion unsharpness caused by the movement of
the cardiac vessels and the geometric unsharpness caused by the finite focal spot
size.

Taking into account the cardiac motion (Figure 4) and the geometric magnifica-
tion factors which range from 1.3 to 1.5 depending on the angiographic projection
used, a combination of a 0,8 mm focal spot with 4-5ms exposure time has been
found optimal for projections with large amounts of X-ray absorption (Figure 5,
upper curve) and a 0,5 mm focal spot with 2,5-3 ms exposure time for projections
with small amounts of absorption. (Figure 5, lower curve).
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Figure 4. Cardiac motion; percentage of human hearts with motion not exceeding the stated value.
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Figure 5. The combined effect of geometric and motion unsharpness is minimized for the pulse time
and focal spot values as indicated. Energy per image is 350 J for the upper curve and 150 J for the lower
curve.



Optimum X-ray tube voltage

In the previous sections the optimization of the X-ray photon flux within the
technological limitations of the X-ray tube was discussed as well as the minimiza-
tion of the combined effect of motion and geometric unsharpness by the proper
choice of focal spot size and exposure time. For optimal image quality the X-ray
tube voltage level and the image intensifier entrance dose levels still need to be
determined such that the best perception of small contrast filled vessels is ob-
tained. The theory behind this optimization is rather complex (1). This theory
maximizes the signal-to-noise ratio of objects which are similar to those observed
in clinical practice (window signal-to-noise ratio).

The optimization procedure takes into account the spectral distribution of the
X-ray beam, the absorption characteristics of iodine, the influence of the grid, the
design parameters of the image intensifier tube, the geometry of the X-ray beam
and the trade-off between kV . and image intensifier entrance dose.

The results obtained are very well in agreement with the observations in
practical cineangiography. It is obvious that the optimal X-ray tube voltage is
dependent upon the thickness of the object. Lower kV-levels are better adapted
to the absorption characteristics of iodine-based contrast medium; on the other
hand, an X-ray beam with high energy photons results in a better penetration of
the object with reduced quantum mottle.

Figure 3 shows the optimal X-ray tube voltages as a function of patient
thickness. A range of 65 to 90kV should — according to the theory — be used for
cinecoronary imaging.

Two effects may cause deviations from this ideal range of kV-levels. As
described in the previous sections the energy per image should be dependent
upon the amount of X-ray absorption in a selected projection. However, in many
X-ray systems the loading strategy of the X-ray tube is not optimal; as a result, the
kV-level rather follows the dotted line in Figure 3 as a function of object
thickness. This situation occurs very frequently in practice and can always be
corrected by manual intervention; however, in daily routine such interventions
are usually not performed because of lack of attention and/or knowledge.

With obese patients it may occur that the ideal kV-range cannot be achieved
within the technological limitations of the X-ray tube. The correct kV-level can
then only be obtained by increasing the energy per image (increased exposure
time); as a consequence one must accept waiting times between cineruns. If the
energy level is not increased a lower image quality will result.

Even at ideal kV-levels the signal-to-noise ratio (WSNR) rapidly deteriorates
with increasing object thickness. The magnitude of this phenomenon, observed
by every cardiologist in daily practice, can also be appreciated from Figure 3. It
can only be minimized by careful selection of the angiographic views and by using
a good patient positioning technique. The image intensifier entrance doses are
also determined by the preceding optimization process.



L.Il. ENTRANCE DOSE

USA - 30 - 35 uRlimage .

30 images/s 9" Li. mode
Europe : 15 - 20 uR/image

50 images/s

Entrance dose/s :
USA © 900 - 1050 uR/s

Europe : 750 - 1000 uR/s

Table 2. Radiation doses at the entrance of the image intensifier commonly applied in the USA and
Europe for cine-images.

The large differences in dose levels considered optimal in the USA and in
Europe (Table 2) disappear when the different frame rates (30 images/s vs 50
images/s) are taken into account. The entrance doses/s, which really determine
the kV-level, are roughly the same. Differences in image quality of the cinefilms
from the USA and Europe (lower amounts of X-ray photons and thus noiser
images in Europe), are hardly noticable when the films are reviewed at reduced
speed, because of the noise integration process in the perception apparatus of the
human observer.

X-ray generators for cine-angiography

In the previous sections the requirements for the X-ray generators for cine-

angiography have been determined. These requirements are summarized in
Table 3.

Particular attention should be given to the loading strategy of the X-ray tube

X-RAY GENERATORS FOR CINE-ANGIOGRAPHY

Operational values

High tension range 50-120 kV
Maximum tube current 1200 mA
Maximum power output 120 kW
Exposure times 210 ms
Rise time of pulses 0.2 ms/100 KV
Framerates mono plane 10-100 im/s

bi plane 20-200 im/s

Optimal loading strategy of X-ray tube

Table 3. X-ray generator requirements for cardiac cine-angiography and PTCA.
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avoiding the necessity of manual intervention when angiographic views are
changed.

Modulation transfer functions

The spatial resolution of a cineangiographic system is basically limited by three
factors: (1) the focal spot size of the X-ray tube in combination with the geometric
magnification; (2) the motion of the heart; and (3) the image intensifier resolu-
tion. The overall performance of a system can be obtained by multiplication of the
modulation transfer functions (MTF’s) of the various subsystems involved. A less
exact, but practical method is to derive from the MTF a single parameter 9, the
equivalent blur diameter.

Comparison of the §,’s of the various subsystems provides a good insight in the
contribution of each of the subsystems to the degradation of the resolution. This
method has been described in detail by Verhoeven (2).

Under the assumption that all MTF curves have roughly the same shape, the
various §;’s can be combined into the parameter d,,,, which describes with reason-
able accuracy the performance of the entire imaging chain, according to the
following formula:

Oy = (BT + 83+ 83+ .. )

with n=1.5.
9, is roughly equal to the spatial distance between the points of 10% and 90%
contrast of a step response function (edge transition). The situation for cine-

CINE CORONARY ANGIOGRAPHY

S-MOTION  §-FOCUS  §-Ll. S -TOTAL
M=13 0.2-0.4 mm 0.23 mm 0.48 mm 0.71 mm
M=15 0204 0.4 0.42 0.78 mm

focus : 0.8 mm (IEG . _—
pulsetime: 4 ms (EC) high abs. projections

M=13 0102mm I 0.15 mm l 0.48 mm 0.59 mm

focus : 0.5 mm (IEC)

pulsetime: 255 ms fow abs. projections

M: geometric magnification —motion: 50-100 mm/s —1.I. mode: 9"

Table 4. Spatial resolution of a cine-angiographic system. Contribution by the various factors to the
overall equivalent blur diameter.
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angiography is summarized in Table 4. It is evident that the image intensifier
resolution plays a major role in the overall performance. The geometric factor
should be kept as small as possible for two reasons: (1) the resolution degrades
with increasing magnification; (2) the signal-to-noise ratio decreases with increas-
ing focus to image intensifier distance because of less favorable energy transfer
conditions.

PTCA-procedures

From an imaging point of view the PTCA-procedures add several new elements
to the conventional coronary cineangiography. High quality fluoroscopy is re-
quired during the critical phases of the angiographic procedure; in addition, short
imaging runs are frequently made for review and documentation. In general,
these runs are recorded simultaneously on cinefilm and on a videorecorder.
Figure 6 shows the timing of a typical PTCA-procedure. Since a complete
coronary angiography is usually performed immediately prior to the PTCA, the
X-ray tube load is increased considerably compared to the situation for normal
coronary angiography.
The X-ray tube performance with respect to the quality of the fluoroscopic and
fluorographic images should be considered in detail, when a tube is selected for
PTCA-procedures.

TYPICAL PTCA PROCEDURE

W TUBELOAD VS TIME
aver.

10 g cine for reviewing
&\\\\ and documentation
D high dose fluoroscopy

during dilatation

- normal fluoroscopy

5.

. 200 400 600 8(I)O seconds

A4
sequence repeated 1 or 2 x

Figure 6. X-ray tube loading by standard fluoroscopy (average 200 W), high dose fluoroscopy (2 kW)
and cineruns (50 images/s, 5 seconds duration).
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The use of video recording and digital imaging are increasingly important for
PTCA-procedures. Selection of roadmaps for catheter guidance, immediate
review of the results of attempts to dilate the coronary vessels and the availability
of images in a digital format for subsequent processing are so useful that elec-
tronic imaging becomes an indispensable part of an X-ray system for cardiac
angiography. In such a system the T.V. camera is used for both fluoroscopy and
fluorography, reason to include the T.V. camera in the assessment of the spatial
resolution performance of the entire system.

Modulation transfer function with TV

High contrast fluoroscopy with increased X-ray dose is important to clearly
visualize the catheter during the critical phases of the PTCA procedure. This high
dose fluoroscopy can be achieved with a 0.3 mm focal spot resulting in a radiation
dose of 300400 uR/min. at the input of the image intensifier. The major factors
determining the spatial resolution in such a system are the focal spot size and the
resolution of the image intensifier and of the TV-camera. In Table 5 the contribu-
tions of the various components are shown for two imaging chains: (1) with a
standard 1"-target TV camera; (2) with a high performance 1¥,"-target TV cam-
era.

Comparing the 6- TV and resulting - TOTAL values for the two camera
systems illustrates the importance of TV camera selection, not only for reasons of
image quality but also to ensure optimal conditions for quantification of e.g.
vessel diameter. With high dose fluoroscopy and a focal spot size of 0.3 mm the

HIGH DOSE FLUOROSCOPY (PTCA)

S-Focus Sl S-Tv. S -TOTAL
standard
M=13(65) 011mm |041 mm | 051 mm 0.77 mm
M = 20(9") 0.21 0.32 0.49 0.72
S-Focus S STv. S -TOTAL
high perform.
M= 13(6.5") 011mm |04 mm | 0.28 mm 0.59 mm
M = 20(9") 0.21 0.32 0.26 0.55

M: geometric magnification
focus: 0.3 mm (IEC)

Il: 65" or 9"

radiation dose: 300-400 LR/min.

Table 5. As Table 4, but now for high dose fluoroscopy.
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IMAGE CONTRAST OF A 0,5 MM.
VESSEL FOR DIFFERENT INJECTION
METHODS

10071%

50

20

arterial injection/full contrast

101

arterial injection/diluted contrast (30%)

vena cava injection

)
s/n=2

0 250 500 750
radiaton dose uR/image

Figure 7. Image contrast versus quantum noise in digital images (5127) before subtraction. Angio-
graphic details immersed in 20 cm water.

spatial resolution improves with geometric magnification, thisin contrast with the
situation for cine-angiography.

High performance TV does not necessarily imply the use of a 1249 line TV
system or 10242 digitization matrices. The improvement is obtained to a large
extent by using TV camera’s with an improved MTF; the other parts of the chain
may consist of standard video components and 512% matrices for digital imaging.
However, it is beyond the scope of this paper to analyze the spatial resolution

performance of digital imaging systems; for such information the reader is
referred to other publications.
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Digital imaging

Digital subtraction angiography (DSA) has proven to be very useful for the
diagnosis of abnormalities in static vessels. The technique is capable of producing
high quality images, even if the concentration of contrast medium in the vessels is
a factor of 3 to 10 lower than the concentration obtained with conventional
arterial injections. The subtraction technique allows contrast amplification which
is necessary to bring out the available contrast such that it can be observed by the
human eye. The decreased contrast-to-noise ratio due to the reduced contrast
medium concentration can be restored to a certain degree by using higher
radiation doses. Figure 7 depicts the situation for three examples of DSA-
applications:

(1) Selective arterial injection with 200 mg I/cm? concentration in situ.

Dose level: 80 uR/image as for conventional 100 mm images.

Adequate signal-to-noise ratio.

(2) Selective arterial injection with 70 mg I/cm?, diluted contrast medium.
Dose level: 350 uR/image.

The signal-to-noise ratio is restored to the same level as for (1) due to the
increased radiation dose.

(3) Intravenous injection with 20mg I/em?, in situ.

Dose level: 750 uR/image.

Reduced signal-to-noise ratio; the dose level cannot be increased further due to
technical limitations.

Dose levels of 350 and 750 uR/image for the situations (2) and (3), respectively as
compared to 80 uR for a conventional 100 mm-image, are necessary to obtain
reasonably noise-free DSA images.

A brief excursion into noncardiac imaging was necessary to appreciate the
difficulties which occur when trying to apply the DSA-technique for moving
vessels, while maintaining the high frame rates commonly used for cardiac
imaging. The trade-off between the concentration of contrast injected and the
applied radiation dose can be exploited only in a very restricted manner for
cardiac applications. The X-ray tube limitations (see before) prohibit the use of
higher radiation doses per image with high frame rates.

An increased dose/image at a reduced frame rate, which is technically feasible,
has the disadvantage of increased motion unsharpness due to long exposure times
and loss of dynamic information (Figure 8):

(1) Selective arterial injection with 200mg I/cm? in situ. Dose level: 20 uR/
image as for conventional cine-images. The rather low signal-to-noise ratio is
improved during dynamic review due to noise integration over several images.

Motion unsharpness: 0,15-0,4 mm.
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IMAGE CONTRAST
% VS NOISE

201
0,5 mm vessel

10+

o = — 0,5 mm vessel
(diluted contrast)

25p 500 750
radiaton

dose nR/image

diastole

systole

MOVEMENT UNSHARPNESS

Figure 8. As Figure 7 for cardiac images; however, in this figure the motion unsharpness associated
with the applied radiation doses is shown additionally.

(2) Selective arterial injection with 40 mg I/cm?, diluted contrast. Dose levels
necessary for an acceptable noise-free image cause motion unsharpness up to
several millimeters.

The use of the DSA-technique with reduced concentration of the contrast me-
dium - by diluted arterial or intravenous injection —is therefore restricted to those
cases, where either sufficient object contrast is available and moderate spatial
resolution is required, or reduced frame rates during the heart phase are ade-
quate, or the object that needs to be visualized has a low X-ray absorption.

Table 6a lists some examples of cardiac applications with DSA. Although cardiac
digital imaging most probably will not bring any dramatic changes in the injection
technique, the advantages of the features mentioned earlier for PTCA and listed
in Table 6b are so great, that digital imaging will rapidly penetrate further into the
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a
DIGITAL SUBTRACTION TECHNIQUE

Cardiac applications

o Left ventriculography intravenous
intra-arterial diluted

e Coronary angiography selective diluted
(aortic root inj.)

1 or 2 images per beat / ecg trigg / diastole

e Congenital heartdefects intravenous
intra-arterial diluted

b

DIGITAL TECHNIQUE - CARDIO

e Instant review / Roadmap (PTCA)
@ Real time image enhancement

® Analytical data processing

Table 6. Cardiac applications of digital technology. a) subtraction technique; b) others.

cardiac field. With the progress of further developments, especially in archiving
large number of images, a full transition from film-based imaging to digital
imaging may be expected.
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Digital coronary arteriography

Robert A. Vogel

Summary

Digital angiography combined with image enhancement techniques such as inter-
frame subtraction has proven clinically useful for intravenous and low-dose direct
ventriculography. Considerable further interest is now directed toward imaging
the coronary arteries and bypass grafts, determining lesional geometry and
assessing blood flow parameters. Although intravenous contrast administration
has not proven acceptable for these purposes, aortic root and selective ar-
teriographic approaches are quite promising. Currently digital aortography is
considered to be the most accurate means for determining bypass graft patency,
but does not provide adequate visualization of either the distal portions of the
grafts or of the coronary arteries.

Digital selective coronary arteriography provides slightly less spatial resolu-
tion, but considerably greater density resolution than conventional arteriogra-
phy, and enables direct stenosis geometry and blood flow measurements. We
have recently implemented an automated edge-detection method which analyses
both geometric (absolute diameter) and videodensitometric (relative area) pa-
rameters of digitally acquired and stored coronary arteriograms (512 x 512 or
1024 x 1024 pixels with 8-bit grey levels). In addition, a digital radiographic
technique which uses ECG-gated mask-mode subtraction of selectively injected
coronary arteriograms to generate color and intensity coded parametric images,
has been developed. These images depict the timing and density of the contrast
medium bolus as it traverses the coronary circulation. Regional coronary flow
reserve data are obtained by this technique through analysis of baseline and
hyperemic parametric studies. Animal validation studies suggest that this ap-
proach is reasonably accurate. Application of this technique to patients with and
without coronary artery disease confirms the difficulty with using percent diame-
ter stenosis to predict the physiological significance of intermediate coronary
stenoses. A close correlation between regional coronary flow reserve and the
results of exercise scintigraphy seems to exist.
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Combined with its ventriculographic applications, digital radiographic tech-
niques clearly offer great promise in developing a fuller comprehension of the
complexities of human coronary artery disease. It is likely in the near future that
with improvements in data storage, digital coronary arteriography will largely
replace film-based catheterization procedures.

Introduction

During the last decade, digital computer techniques have been widely applied to
several areas of medical imaging, including computer tomography, cardiac scin-
tigraphy, and digital radiography. Recently implemented digital acquisition and
enhancement methods have supplanted long existent film-based analog image
subtraction approaches. These technological developments pioneered at the
Universities of Wisconsin, Arizona, and Kiel and at the Mayo Clinic (1-4), have
now been embodied in commercial systems which are being applied and tested in
numerous medical centers. Digital angiography was first introduced as a tech-
nique for enabling the visualization of peripheral arterial structures using intra-
venous contrast administration. Soon after its introduction, right and left ven-
tricular imaging was reported using this technique (5). Whereas the ventricles
have sufficient volume to be imaged in this manner, saphenous vein bypass grafts
and coronary arteries have, in general, been visualized by aortic root injection
and selective arteriography (6, 7). This trend toward intra-arterial contrast
administration has paralleled a similar shift for the digital radiographic field, in
general. Unlike peripheral arteriography, cardiac applications have often in-
volved quantitative measurements and functional imaging which take greater
advantage of the numerical nature of the images involved (8, 9). The recent
cardiac applications of digital angiography, namely image enhancement and
immediate review, quantitative stenosis determinations, and assessment of coro-
nary blood flow and flow reserve, are summarized in this paper.

Digital instrumentation

The digital radiographic process uses conversions of fluoroscopic or radiographic
images into digital format for subsequent image enhancement and storage.
Important technical features of this process include: radiographic technique,
image matrix size and framing rate, and storage medium. Unlike standard
catheterization imaging techniques, which usually use floating radiographic pa-
rameters which adapt to image intensifier output, all digital radiographic tech-
niques require constant parameters (10-12). This has required some modifica-
tions of existing radiographic equipment as many catheterization facilities have
used ‘add-on’ digital equipment. Unlike digital ventriculography which requires
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only 256 X 256 8-bit pixel matrix resolution, but mandates 30 frames per second
temporal sampling, coronary artery and saphenous vein bypass graft imaging
requires much greater spatial, but less temporal image resolution. Pixel matrices
of 512 X 512 or 1024 x 1024 dimension have been used with radiographic exposure
of about 25 uR per frame. This radiographic exposure level coupled to the rapid
translational velocity of coronary arteries (up to 10 cm per second) necessitates
the use of radiographic X-ray pulsing with pulse width between 3 and 10 ms. Also,
unlike the digital radiographic technique originally described, current coronary
artery imaging uses progressive plumbicon readout rather than standard inter-
laced video, and direct digital disk, rather than analog image storage (13).
Although coronary artery imaging requires very high spatial resolution, initial
trials of framing rates of 2-8 frames per second have been reported to give
equivalent clinical information to standard 30 frames per second cineradiography
(7). Current commercial hardware allows 512 X 512 matrix acquisitions at 30
frames per second and 1024 X 1024 matrix acquisitions at 7 frames per second.
Array processors allow for rapid image enhancement and analysis but, digital
tape storage methods remain slow and cumbersome. Clinical archiving is often
accomplished on photographic hard copy or analog video tape.

Digital coronary arteriography

Although selective coronary arteriography has remained the most important
standard for the assessment of coronary artery disease, recent data and develop-
ments have pointed out several important limitations of this film-based method.
Moreover, with the introduction of angioplasty and thrombolytic interventions,
immediate review capabilities having excellent spatial resolution have become
necessary. These new requirements cannot be met with film storage technology.
Intra- and interobserver variability in visual assessment of stenosis severity
remains substantial, and major inaccuracies using postmortem comparisons have
been reported (14-16). Lastly, difficulty with the use of the clinically widely used
percent stenosis criteria for the prediction of the physiological significance of
individual coronary lesions has been reported (17).

Three applications of digital coronary arteriography are currently under inves-
tigation as solutions to these problems: (1) image manipulation and archiving, (2)
quantitative stenosis determinations, and (3) assessments of coronary flow and
flow reserve. Most current investigations of digital coronary arteriography use
selective contrast injection. Efforts to implement intravenous coronary imaging
using automated adaptive attenuation filters have not resulted in clinically usable
data (18), and studies of intra-aortic contrast injection have demonstrated signifi-
cant errors in evaluating coronary anatomy (19). The latter technique, however,
has been useful for evaluating saphenous vein bypass graft patency.

The specific value of digital subtraction as compared with viewing and analyz-
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ing unsubtracted images is still to be defined, although the portions of arteries
which overlie the diaphragm tends to be better visualized using subtraction.
Clearly, a significant advantage of using the digital format for either subtracted or
unsubtracted arteriograms is the ability to immediately review previous acqui-
sitions during interventional studies. Live fluoroscopy can be superimposed or
viewed adjacent to previously acquired arteriograms providing the operator with
a ‘roadmap’ of the anatomy. Magnification of areas of interest and filtering
algorithms which reduce quantum mottle and/or enhance edges may also prove
helpful.

Quantitative stenosis measurements

In an attempt to increase the visual assessment of lesional severity, several
quantitative methods have been applied to standard arteriography with reduc-
tions in interpretational variability (20-22). These techniques tend to be time
consuming and may not take into consideration the distortion of spatial dimen-
sions caused by pincushion and differential magnification effects. Brown et al.
initially described a cinefilm based method which embodies pincushion and
magnification distortion correction, but uses operator-defined contours (23).
This geometric approach can be applied to orthogonal views of a single lesion.
The resultant analysis of absolute minimal cross-sectional area of the lesion has
been reported to be both reproducible and accurate. True digital radiographic
methods are not employed by this approach which is, to date, fairly time consum-
ing.

Spears et al. have pointed out that errors in analyzing elliptical stenoses can
occur even using geometric analysis of orthogonal views (24). An alternate
approach to geometric analysis is that of videodensitometry for either relative or
absolute measurements. This method also has limitations. It can be affected by
contrast streaming, and absolute videodensitometric determinations require cor-
rections for multiple radiographic factors such as veiling glare, system non-
linearity, and beam hardening. The videodensitometric approaches described by
several groups may be better suited to digital coronary arteriography because of
the greater density resolution of the digital compared with the film-based tech-
nique (8, 25-29).

With advances in computer hardware and edge-detection algorithms, auto-
mated approaches to quantitative geometric and densitometric coronary artery
stenosis assessment have been reported (30). Technical and biological variability
even in automated edge-detection approaches clearly exists, but not to the extent
of visual assessment. Correlations of absolute dimensions with physiological
assessments of lesional severity are closer than with visual estimation of percent
stenosis. Moreover, these methods finally offer the degree of precision and
reproducibility necessary to investigate lesion progression and regression.
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Our laboratory has recently implemented an automated edge-detection
method which analyzes both geometric (absolute diameter) and videodensito-
metric (relative area) parameters, of digitally acquired and stored selective
coronary arteriograms. This method can be used to evaluate coronary stenoses
during interventional procedures as it requires neither film development nor
subjective operator edge tracing. Pincushion distortion is corrected on the origi-
nal arteriogram using a vectorial pixel shifting algorithm. Regional vectors are
determined using data derived from imaging an orthogonal BB (ball bearings)
phantom. Image matrices of either 512 X 512 or 1024 X 1024 pixels with 8-bit grey
levels can be analyzed using this program which requires minimal operator
interaction and about 20 seconds running time.

The digital arteriographic frames are stored with the ECG-signal facilitating
selection of end-diastolic images. The initial step is magnification calibration
which uses the catheter as a reference. The operator identifies the catheter using a
light-pen, following which the computer magnifies that region of the arteriogram
fourfold for 512 X 512 images and twofold for 1024 X 1024 images. The operator
then identifies an acceptable point along the catheter. An automated edge
detection algorithm identical to that used for the stenosis quantification (see
below) determines the catheter diameter over a length of about 1cm. With
knowledge of the catheter size the image magnification is then calibrated (Figure
la).

The operator then identifies the stenosis under investigation, which is magni-
fied, and subjected to an automated analysis by the following scheme. A polar
coordinate search algorithm is used to identify the centerline of the artery
following operator assignment of the approximate center of the lesion and the
length of artery to be evaluated. Orthogonal lines at closely spaced intervals are
then identified which lie perpendicular to the arterial centerline. The first and
second derivatives of the contrast medium density are analyzed along these lines.
The arterial ‘edge’ is determined at an arbitrary spacing between these deriva-
tives, and the arterial density is determined at its edge. Using continuity criteria, a
threshold based contour is determined which best passes through these derivative
determined ‘edges’. Finally, the cumulative arterial contrast density is summed
between the opposite edges of each perpendicular segment (Figure 1b).

Color coded data are presented superimposed on both the original and sche-
matized arterial segment including: absolute diameter, percent diameter narrow-
ing, and relative cross-sectional (densitometric) area. This technique has been
validated in arterial phantoms from 0.5 to 5.0 mm diameter with excellent re-
producibility and accuracy being found. Some overestimation of absolute dimen-
sions of those less than 0.7 mm is observed. This is not found using densitometric
assessments although the latter underestimates diameters greater than 4 mm. We
have compared application of this automated approach using 512 X 512 and
1024 X 1024 digital images to film-based studies digitized in 2000 X 2000 matrices.
The most accurate approach was that using 1024 X 1024 direct digital acquisition.
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Although 2000 x 2000 film images possessed similar resolution of small diameters
(less than 1 mm), they contained significantly greater noise and, therefore, less
precision. Thus, it appears that digital coronary arteriography with automated
analysis provides the most accurate means for quantitating coronary stenoses.

Coronary flow techniques

Although better predictions of the hemodynamic significance of individual coro-
nary stenoses has been reported using quantitative coronary stenosis determina-
tions, poor correlations between percent stenosis and coronary flow reserve
measured intraoperatively and at the time of angioplasty have been reported (17,

Figure la. Calibration of a digital coronary arteriogram is accomplished by identification of the
catheter and automated edge-detection of its diameter.

—_—
Figure Ib. A coronary stenosis acquired using digital arteriography is quantitated by operator

identification of the stenosis and automated edge-detection. Geometric coronary diameter (absolute
and relative) and densitometric relative area stenosis are also calculated automatically in about 20
seconds.

Figure 2. Parametric digital coronary arteriograms under baseline (left) and hyperemic (right)
conditions are depicted for a normal right coronary artery in the RAO projection.
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31, 32). This problem has lead to interest in using the digital arteriogram to
measure coronary flow or flow reserve directly. Much recent work is based upon
the film-based videodensitometric approaches of Rutishauser et al. and Smith ef
al. who used selective and aortic root injections to determine absolute coronary
blood flow (33-36). This method uses determinations of an arterial segment’s
length and diameter to estimate its volume. Together with measurement of the
time required for a contrast bolus to transit the segment, absolute flow can be
calculated. This method has been recently shown to be accurate and capable of
assessing phasic flow (37). This approach is generally limited to proximal predivi-
sional coronary arterial segments whose courses need to be relatively perpendicu-
lar to the X-ray beam. Additionally, precise determinations of vessel diameter
are mandatory. In an attempt to reduce some of these problems, Foerster et al.
developed a method for measuring relative coronary flow. Flows are assessed by
ratios comparing the videodensitometric areas under the baseline and hyperemic
condition transit curves (38). This can be accomplished in more distal and
circuitous arteries, but requires that equal contrast boluses be administered under
the two conditions. The resultant index, coronary flow reserve (39, 40), is an
important hemodynamic parameter of the severity of coronary stenoses. It is by
this index that the clinical criterion of the significance of coronary artery stenoses
was established. Measurement of coronary blood flow or flow reserve, however,
is complicated by numerous factors beyond issues of arterial geometry.

In opposition to tracer, dye dilution, and electromagnetic methods for assess-
ing blood flow, all contrast media substantially affect blood flow itself, vascular
volume, and ventricular function, although nonionic media may do so less than
ionic agents. The effects of a 3ml bolus of ionic contrast medium on coronary
blood flow, as measured by electromagnetic flowmeter in a canine model, has
been studied in our laboratory (41). Both baseline flow and initially hyperemic
flow induced by a 10-second prior injection of the same contrast medium bolus are
affected in three phases. Initially, during the interval of contrast medium injec-
tion, a small increase, of usually <10% of initial flow, is observed despite free
reflux of contrast into the sinus of Valsalva. After this period of minor flow
increment, a 30-70% decrease in flow ensures, which is likely caused by the
combined effects of the contrast medium hyperosmolality and high viscosity on
the microcirculation. The widely recognized third phase of reactive hyperemia
then follows. Baseline flow increases approximately threefold and already hyper-
emic flow by about 20%. Both curves peak at approximately 10 seconds, which
occurs whether or not coronary stenosis is present. Despite the substantial
alterations in coronary flow induced by the contrast medium the ratio of hyper-
emic-to-baseline flow remains uniform during the first five seconds following
contrast injection. These findings suggest that absolute flow and hyperemic-
to-baseline flow ratios should be measured during the first 1.5 and 5 seconds
following contrast injection, respectively.

Problems in addition to alterations in blood flow exist with using contrast
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medium to measure coronary blood flow. For application of the dilutional
principle, an indicator must be administered in known or fixed amount, remain
wholly intravascular and be detectable quantitatively downstream. Without sub-
selective (direct intra-arterial) injection at low flow rates to prevent reflux, it is
difficult to administer contrast medium in known or fixed amounts. Furthermore,
under conditions of slow administration, substantial streaming usually occurs.
Contrast agents also increase intravascular volume affecting downstream detec-
tion by increasing the volume-of-interest under study. It is for these reasons of
blood flow variation and capillary vasodilation that transit-time approaches have
been the most frequently employed.

Parametric imaging

During development of the Dynamic Spatial Reconstructor, Robb and colleagues
first proposed the use of ECG-synchronized mask-mode subtraction for the
purpose of measuring regional blood flow (42). These investigators demonstrated
that digital subtraction resulted in a significant increase in the ability to visualize
contrast medium in its myocardial or microcirculation phases. Our laboratory has
combined this digital approach with the transit-time analysis of Rutishauser and
Smith. We use dual parameter functional images to depict the timing and density
of a selectively injected contrast medium bolus as it traverses the coronary
circulation (9, 13, 43). Coronary flow reserve is estimated in myocardial regions-
of-interest by quantitatively comparing data encoded in baseline and hyperemic
condition parametric or functional images. This technique was first implemented
using cinefilm image storage with subsequent analog-to-digital conversion, but
currently uses direct digital disk image storage, which allows rapid application
during routine cardiac catheterization. Other subsequent methodological
changes include the use of mask-mode subtraction rather than time interval
differencing, atrial pacing, and power contrast injection.

Following the initial methods, the parametric imaging method estimates re-
gional flow using the vascular volume/transit-time principle. It differs from
previous methods by measuring data over myocardial rather than arterial regions-
of-interest. The parametric imaging technique uses atrial pacing to regularize
cycle length to provide optimal interframe registration and selective, ECG-
synchronized, power contrast medium injection to standardize the timing and
flow rates of the contrast bolus. As mentioned above, in addition to increasing
coronary flow, contrast agents increase vascular volume. Thus, both transit-time
and vascular volume need to be measured to determine even parameters of
relative flow. This was not understood when this method was first described, at
which time vascular volume was assumed to remain constant following hyperemic
stimulus (9). Subsequent studies, however, have demonstrated that use of an
assumed fixed vascular volume results in underestimation of flow reserve (13).
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Mean mask-mode subtracted radiographic density, as a function of time, over
myocardial regions-of-interest, are used to assess both appearance times and
vascular volumes. Wavefront appearance-time analysis is accomplished using a
threshold criterion of approximately one-third maximal density. This approach
results in the determination of appearance-time during the first four to five
seconds after contrast administration. This is the period in which flow ratios
remain approximately constant. Under the assumption that the vascular space
contains full-strength contrast media, vascular volume is approximated by the
product of a radiographic system transfer function constant and the region-
of-interest density. Under equivalent radiographic conditions, vascular volume is
proportional to mean density, assuming that the vascular space has been filled
with contrast medium. This assumed that additional vasodilitation has not yet
occurred at the time of the measurement. Using density measurements at a time
thought to meet these requirements, the hyperemic-to-baseline flow ratio (coro-
nary flow reserve (CFR)) is calculated by the following equation:

vascular volume, _ vascular volume,

CFR = - : -
appearance-time, appearance-time,

where h = hyperemia and b = baseline. Despite the many assumptions and the
difficulties associated with use of contrast media, a good correlation between
electromagnetic flowmeter and digital radiographic determinations of relative
regional coronary blood flow was found in a canine model using this method of
analysis (13).

This volumetric approach to measuring relative flow can be implemented on a
pixel-by-pixel basis using parametric images in which individual pixel color and
intensity are modulated according to the transit-time and density values calcu-
lated for each pixel. These parametric images differ from those used previously in
that each pixel contains information on two different parameters. In contrast to
single region-of-interest techniques, parametric images have the advantages of
providing simultaneous visualization of the entire coronary circulation and allow
recognition of contrast medium injection problems, such as streaming. A clinical
example of functional images obtained under baseline and contrast-induced
hyperemic conditions is shown in Figure 2. The color of each pixel is coded
according to the number of cardiac cycles required for contrast medium ap-
pearance determined by threshold criterion: red, yellow, white, green and blue
denote appearance within the first through the fifth cardiac cycles, respectively.
The intensity of each pixel is coded according to contrast medium density data.
Figure 2 depicts a normal right coronary artery circulation and visually demon-
strates significantly reduced transit-time and increased vascular volume in the
hyperemic study by earlier colors and greater intensity of the pixels within the
myocardial region perfused by this artery.
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Clinical applications and limitations

Several centers are beginning clinical experience with this technique for measur-
ing relative blood flow. Parametric images can be generated rapidly during
cardiac catheterization although atrial pacing, ECG-synchronized power con-
trast medium injection, digital equipment capable of direct digital storage, and
fixed patient positioning need to be added to the routine technique of selective
arteriography. No substantial problems have arisen yet with the use of either
atrial pacing or power contrast injection. Routine contrast medium volumes are
employed (approximately 5 and 7 ml administered over 2 cardiac cycles for the
right and left coronary arteries, respectively). Patient motion, which causes
registration artifacts on the functional images, has proven to be the most per-
sistent problem, necessitating the repetition of many studies.

From a pathophysiological viewpoint, it needs to be emphasized that coronary
flow reserve is affected by numerous factors other than epicardial stenosis,
including myocardial hypertrophy, arterial hypertension, prior myocardial in-
farction, vessel collateralization, coronary spasm, syndrome X, prolonged
ischemia, acute endothelial injury (e.g. angioplasty), and vasoactive drugs. The
additional factors of arterial blood pressure, ventricular end-diastolic, and intra-
thoracic pressure (e.g. Valsalva maneuver), which can vary during arteriography
can also affect flow reserve. Lastly, as a parameter of relative flow, coronary flow
reserve determinations are altered by variations in baseline flow.

Higher levels of hyperemic flow can be achieved with the use of agents other
than contrast media. Especially promising is intracoronary papaverine which
increases blood flow about fourfold. Use of either contrast agents or papavarine
appear to be quite safe. Clearly, however, even with maximal stimulation, flow
reserve, as a physiological parameter, has significant limitations which must be
considered during individual coronary artery assessment. It is hoped that radio-
graphic methods capable of measuring absolute coronary flow during routine
catheterization may be developed. This would prove useful for differentiating
epicardial arterial stenosis from the many other causes of abnormal flow reserve.

Within these limitations, our laboratory has found the parametric imaging
approach to measuring flow reserve helpful for the assessment of: individual
coronary artery disease severity, the efficacy of coronary angioplasty and bypass
surgery, and ischemia in patients without coronary artery disease. Figure 3
depicts the coronary flow reserve values in 92 individual coronary arterial dis-
tributions in two groups of patients, the first having entirely normal coronary
arteriograms, and the second having coronary artery disease, but without prior
myocardial infarction or visible collaterals. The presence of collaterals has been
found to be associated with reduced flow reserve, even in normal arteries supply-
ing collaterals to other vessels (44). This effect on normal arteries is not associated
with abnormal stress perfusion of ventricular function and disappears promptly
following angioplasty which eliminates collateral flow. Both groups of patients in
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Figure 3. Coronary flow reserve, percent arterial stenosis and stress scintigraphic results are shown for
patients without (left) and with (right) coronary artery disease.

Figure 3 were investigated because of chest pain syndromes and had stress
thallium-201 scintigraphy and radionuclide ventriculography within two days of
their coronary arteriography. Seven of 18 individuals with entirely normal coro-
nary arteries were found to have abnormal stress perfusion and/or ventricular
function results (45). Low coronary flow reserve was observed in arterial distribu-
tions in all of the patients within this group, but in only 2 of 11 patients without
abnormal stress test results. Abnormal segmental stress perfusion and/or wall
motion was observed only in arterial distributions with low flow reserve. A
history of hypertension was commonly found in both subgroups. These data
support the presence of true myocardial ischemia in some patients with chest pain
and normal coronary arteries and suggest that differences between the findings of
coronary arteriography and stress scintigraphy should not be attributed wholly to
false scintigraphic results.

Figure 3 also depicts the coronary flow reserve and stress scintigraphic data
obtained in 19 patients with coronary artery disease without prior infarction or
visible collaterals (46). Data are presented using percent arterial stenosis deter-
mined by caliper measurements in the individual arterial distributions studied.
Similar to the data from patients without coronary artery disease, abnormal stress
test results were found only in distributions with low coronary flow reserve.
Similar close correlations between coronary flow reserve measured by xenon-133
washout and stress scintigraphy have also been reported (4). A slightly better
correlation was found between percent arterial stenosis and segmental coronary
flow reserve in this study (r= —.61) than that described using other meth-
odologies. Examination of the current data, however, shows that only stenoses
<25% or >75% provide assurance that an individual lesion is either phys-
iologically insignificant or significant, respectively. Although a 50% criterion
appears to optimally separate lesions into these categories, about one-quarter of
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intermediate lesions between 25% and 75% stenosis will be incorrectly assessed
using this standard. Clearly, not all of the distributions studied had concordance
of flow reserve and stress scintigraphic data. Five of the six distributions in this
intermediate category with low flow reserve values and normal stress test results
occurred in patients with multivessel disease and had abnormal scintigraphic
results in other arterial distributions with lower flow reserve values. This points
out a limitation of stress scintigraphy in that patients cannot always exercise to the
level at which ischemia is produced in each distribution in which coronary disease
is present. Stress scintigraphy and flow reserve results were usually concurrent in
patients with only single vessel disease.

The ability to evaluate relative coronary flow in the catheterization laboratory
now provides a means of evaluating coronary blood flow as well as anatomy.
Combined with its ventriculographic applications, clearly digital radiographic
techniques offer great promise in developing a fuller comprehension of the
complexities of human coronary artery disease.
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Digital imaging modalities for coronary and
myocardial wall studies

Joachim H. Biirsch, P.H. Heintzen and K. Moldenhauer

Summary

The continued development of digital imaging techniques has resulted in ad-
vanced diagnostic capabilities for the assessment of coronary artery disease and
myocardial ischemia. Enhancement of vascular and tissue opacification, as well
as the extraction of perfusion parameters are the basic procedures in digital
coronary angiography. In this survey different acquisition and processing modes
are discussed within the limitations of the spatial and temporal resolution of
current imaging systems.

Coronary artery studies involve morphologic and flow analysis. The use of a
1024 x 1024 matrix reveales comparable spatial resolution as the conventional
cinefilm; however, at this resolution the temporal resolution is limited to rates of
8 images/sec. The 512 X 512 image matrix allows real-time acquisition with a rate
of 30 images/sec and is practical for most of the diagnostically relevant problems.
Temporal aspects of vascular contrast flow have even been assessed with a
256 X 256 matrix, specifically taken advantage of the improved signal-to-noise
ratio per picture element.

Myocardial imaging is another important application that provides dimensio-
nal measurements of the left ventricular wall, as well as detection of regional
perfusion annomalies. ECG-gated image integration and subtraction are the
basic processing steps. Finally, digital densitometry has been developed to assess
myocardial flow and flow reserve quantitatively.

This chapter ends with a discussion of an economical solution for digital storage
requirements of coronary angiograms.

Introduction

The development of digital imaging techniques for studies of the coronary
circulation has been a diagnostic challenge because of its potential clinical value
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and particular qualities of this vasculature. Technical limitations were mostly
related to the small size and significant motion of coronary arteries as well as their
low contrast opacification and that of the myocardium. Interestingly, it was the
latter aspect that stimulated the application of digital enhancement techniques for
studies of myocardial opacification and flow distribution (12, 20).

A variety of diagnostic approaches have been proposed that will be outlined in
this survey which covers both coronary vascular examinations and myocardial
perfusion studies.

Image acquisition considerations

Digital equipment for high resolution real-time acquisition of cardiovascular
angiograms has been improved during the past decade. A characteristic feature of
present systems is the video data scanning rate of 7.5 million samples per second,
digital conversion (8-10 bit resolution) and subsequent storage in digital memory.
This acquisition rate is equivalent to the product of spatial and temporal resolu-
tion, i.e. low imaging rates correspond to high spatial matrix resolution and vice
versa (Figure 1). For example, the use of a 1024 x 1024 matrix allows for detailed
morphologic analysis, but is limited to a temporal resolution of 7 images per
second. A 256 X 256 matrix facilitates acquisition rates of more than 60 images
per second and provides temporal resolution of at least 20 msec. Consequently,
the latter system seems more appropriate for dynamic cardiovascular studies,
despite its rather limited spatial resolution.

Another aspect concerns the signal-to-noise ratio (SNR) as a function of spatial
resolution. If the number of raster lines in the video camera is doubled, the spot
size decreases by a factor of four and the signal-to-noise ratio is reduced. To
compensate for high image noise levels an increase in X-ray dose is necessary,
which may in turn become a limiting factor. Low spatial resolution corresponds to
low quantum noise per picture element (pixel) favoring densitometric parameter
extraction. A 512 x 512 matrix comprises a good compromise between resolution
and SNR, and is preferable for quantitative evaluation of coronary angiograms.
Finally, pulsing of the X-ray generator as well as progressive line scanning of the
video camera are important requirements to minimize misregistration by vascular
motion.

With the development of improved instrumentation the interest in functional
studies have steadily increased (10, 11). The present generation of digital systems
allows the definition of regions of interest (ROT’s) for measurement of temporal
variation in contrast absorption. Moreover, the extraction of functional data on a
picture element basis has become technically feasible. Densitometric analysis can
be used to measure a value that is proportional to the total amount of contrast
medium in areas of the vasculature. In order to account for the exponential
relationship between the amount of contrast medium and the X-ray absorption,
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Figure 1. Acquisition modalities of digital systems relating the matrix format to frame rates per second
(numbers in the lower right corner of each panel). A rate of 7.5 X 106 samples/sec was assumed.

the detected intensity is logarithmically converted. Several factors have been
discussed as fundamental constraints governing the performance of densitometry
for quantitative studies (2), such as X-ray scattering and veiling glare of the image
intensifier. However, integrated measurements of X-ray absorption over rela-
tively large ROI’s (2% of the projection area or more), lead to linear measure-
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Figure 2. Densogram in an animal study after selective contrast injection of 3 ml of contrast medium
(constant infusion rate) into the left circumflex coronary artery. ti = injection duration; Vx = contrast
material volume that had entered the coronary vasculature.
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ments of the amount of contrast medium over an adequate range. Figure 2 gives
an example of such a density measurement from the posterior myocardial wall.
Contrarily, if densitometric data are derived from individual pixels only the
temporal aspects of variations in density should be analyzed (time parameter
imaging).

On this basis, our experience with digital image processing will be discussed for
clinical and experimental studies of the coronary circulation.

Coronary imaging
Vascular morphology

It is generally accepted that current digital imaging systems do not provide
diagnostic qualities equal to that from conventional cinefilm for studies of coro-
nary artery lesions. Technical limitations in digital imaging result from limited
resolution and noise (4). Accurate measurements of coronary stenoses with sizes
on the order of 1 mm would require a matrix of 1024 X 1024 picture elements in the
standard viewing field. As already noted, this limits the frame rate to seven
images per second. Furthermore, a large focal spot in the X-ray tube is required to
facilitate an adequate X-ray dose and to keep quantum noise per picture element
reasonably low. The use of a large focal spot size in turn degrades the spatial
resolution of radiographic images. Therefore, current studies using digital sub-
traction angiography (DSA) have been based on a 512 X 512 image matrix with a
rate of 30 frames per second. It has been demonstrated that these systems allow
for the detection of significant lesions, especially in the major coronary arteries.

Clinical applications have taken advantage of the improved contrast sensitivity
of image subtraction for the screening of significant vascular abnormalities.
Hence, intra-aortic injections were applied using small size catheters for studies
of the patency and morphology of the main vessels (24). Less invasiveness has
been the important aspect for intravenous DSA-studies in patients with saph-
enous vein bypass grafts. These examinations yielded high success rates, particu-
larly because of the large diameters and negligible motion of these vessels (15).
Another application of DSA in coronary angiography has been the use of
algorithms for edge enhancement and densitometric analysis for percentage
cross-sectional narrowing measurements (1, 19).

Two acquisition modes are preferred for coronary studies. Selection of a single
contrast image and a corresponding mask image is the method of choice to
achieve optimal results. Unfortunately, this technique has some practical draw-
backs as far as real-time imaging is concerned and also in the event of cardiac
arrhythmia. Therefore, another approach has been developed, namely averaging
mask images over a period of one or more cardiac cycles. The socalled ‘blurred’
mask mode isillustrated in Figure 3. It facilitates real-time subtraction of contrast
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Figure 3. Diagram of the ‘blurred mask’ subtraction mode for cardiac studies.

Figure 4. Use of two imaging modes in an experimental study for imaging the left anterior descending
coronary artery (256 X 256 image matrix). Left: Subtraction image formed by integration of a blurred
mask and a single contrast image. Right: Same study (as left) using a single mask and a single contrast
image from identical cardiac phases. The blurred mask study reveales background inhomogeneities,
especially at the posterior wall; this is not the case with the optimal ECG-gated mask image.
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images in the cineloop display, irrespective of cardiac phase and motion and
thereby allows for a fast visual inspection of angiograms. Depending on the
extent of regional density variations from the nonopacified heart, various degrees
of subtraction artifacts may occur. These usually do not affect the diagnostic
quality for imaging of the main coronary vessels. Figure 4 illustrates a subtraction
image in an experimental study using a blurred mask and a single gated mask
image. Usually, nonhomogeneous background is visualized at the cardiac walls
due to phasic motion in the blurred mask. Even though these artifacts may be
acceptable for qualitative analysis, they are usually excluded from any densi-
tometric evaluation and single gated mask mode subftraction is the preferred
technique.

Coronary perfusion

Temporal aspects of the passage of contrast material through the arterial vascula-
ture can be assessed in two different ways. The first principle utilizes image
subtraction and the second is based on the processing of density-time curves
detected at each picture element.

The difference between images of the angiographic contrast phase over one or
more cardiac cycles indicates the regional change of contrast medium. This
acquisition mode is called gated-interval difference imaging. Gating from the
ECG corrects for phasic motion of the regularly beating heart and is the basis for
minimizing misregistration of the opacified vessels. Because the spatial positions
of coronary arteries will not remain identical over several cardiac cycles, some
blurring of the vasculature may be observed. Consequently, high resolution
imaging systems will not result in any improvement in this field of application and
most of the studies have been successful with 256 x 256 matrices. The diagnostic
value of difference imaging is to compare the propagation of radio-opaque
indicator along different vessels; as an example, this may be used to document
any delayed washout from poststenotic segments of vessels. Usually aortic root
injections are performed in this application. Furthermore, a sequence of dif-
ference images may be processed for studies of the temporal course of the
contrast bolus passage through the coronaries and the myocardium. Figure 5
illustrates this processing mode. The resulting set of images may be combined to
one single temporal image that indicates the propagation of flow by different
colors (14, 16, 17, 21).

The other approach utilizes the processing of temporal variations in X-ray
opacity at each of the picture elements and is called time parameter extraction (3,
7,13). A set of coronary densograms is depicted in Figure 6. ECG-gated image
acquisition of the entire angiogram is necessary to establish regional density-time
curves. A low resolution image matrix (256 X 256) in these studies is preferred to
improve the SNR. Several algorithms are in use for the calculation of representa-
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Figure 5. Diagram of the gated-interval difference mode.

tive time data from the contrast dilution curves (pixel densograms). Typical
parameters are the timing of the line of gravity of the curve and, more suitably,
the mean appearance time as derived from the bolus front (initial curve section
ending at the peak amplitude). The calculated parameters are displayed as a
parameter image in a color coded format. This type of parameter image provides
temporal information similar to that of the described gated-interval difference
technique; however it has the advantage that segments based on any desired time
interval may be defined interactively, irrespective of heart rate. This approach is
advantageous for interindividual studies. Examples are illustrated in Figures 7
and 8.

Temporal imaging of the coronary vasculature provides a good predictive value
of myocardial perfusion in hearts with stenosed coronary vessels. Vogel, LeFree
and coworkers (23) have clearly demonstrated the utility of this technique for
estimating the coronary flow reserve (9). Experimental infarction studies in our
laboratory, however, did not show good results as compared with densitometric
measurements of the amount of contrast medium from the myocardial perfusion
phase. It is our impression that the specificity of flow velocities in native vessels is
not a reliable reflection of quantitative changes in volume flow. Nevertheless,
visualization of the time of contrast flow and its spatial distribution definitely has
gained diagnostic significance for the evaluation of coronary artery disease. The
different methods described may be applied as complementary diagnostic ap-
proaches.
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Figure 6. Tllustration of regional density-time curves as detected from 4 ROI’s (white rectangles) from
each of the two coronary arteries. Curves have been established by interpolation of density data
obtained from sequential ECG-gated images. Time parameters are preferably calculated from the

initial curve sections (early slope of curves).

Figure 7. Time parameter image of left coro-
nary arteries in an experimental infarction
study (proximal LCX-stenosis) indicating de-
layed contrast flow to the posterior left ven-
tricular wall.

Figure 8. Time parameter image of left coro-
nary arteries in an animal showing vascular
segments that indicate flow propagation
within 0.6 sec. ECG-gated image acquisition
was utilized.
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Myocardial imaging
Visualization of LV wall

Different aspects of myocardial imaging by digital subtraction techniques have
been discussed previously. Visualization of the opacified myocardium facilitates
both the detection of nonperfused myocardial regions and the dimensional mea-
surements of the ventricular wall. Digital subtraction of ECG-gated images from
the pre-injection period and from the time of microvascular contrast perfusion is
the basic subtraction mode. The success of myocardial imaging is highly depen-
dent on the suppression of background structures. Thus, ECG-gating as well as
suspended respiration are the basic requirements. As a result, the myocardial
shell can be adequately visualized, especially, if selective coronary injections are
performed. Myocardial imaging quality can be improved by contrast enhance-
ment, although is limited by the effects of increased image noise. Consequently,
integration of images from the pre-injection period and from the contrast phase
has been found important in enhancing myocardial images.

Numerous studies have demonstrated that averaging of four ECG-gated im-
ages from each of the two contrast phases provides a compromise between the
practical feasibility and optimal contrast enhancement in coronary angiography.
Image integration and subtraction are schematically depicted in Figure 9. Corre-
sponding to the relationship between signal-to-noise ratio and roentgen dose (D):
SNR ~ VD, SNR doubles as a result of the integration of 4 images. The sequence
of gated contrast images usually begins with the onset of contrast washout from
the main coronary arteries and ends before venous runoff has occurred. It may be

Figure 9. Diagram of integration of images to improve signal-to-noise ratio.



42

Figure 10. Myocardial image in a patient study using selective left coronary artery injection. Left:
Original coronary angiogram. Right: Visualization of the left ventricular wall using image integration
and subtraction.

emphasized, that the resulting subtracted image cannot represent a strictly de-
fined time of regional contrast opacification. However, this fact is not necessarily
negative, because unforeseen flow abnormalities with different times of opacifi-
cation are thereby encountered. A typical example of a clinical study with
selective left coronary artery injections is demonstrated in Figure 10. The myocar-
dial shell shows up with mostly homogeneous gray intensities and even a papillary
muscle is visible.

Myocardial imaging using selective coronary or aortic root injection has mainly
been used to date to detect regional myocardial ischemia. Experimental infarct
studies have demonstrated good sensitivity for the visualization of nonperfused
zones in the left ventricular myocardium (Figure 11). Optimal angiographic
conditions were obtained by biplanar imaging in the oblique views. Nonperfused
segments of more than 20% of left ventricular mass have been consistently
detected in animal studies at either the anterior or posterior left ventricular wall
segments. Likewise, myocardial imaging was technically feasible in conventional
levography. Left ventricular contrast injections (0.5-1ml/kg body weight) were
used for visualization of the myocardial wall. Subtraction of the enhanced myo-
cardial image from a single image of left ventricular cavity opacification yielded
the outlines of endocardial and external myocardial wall contours. This technique
has been found to be less reliable for the detection of myocardial ischemia
because only the most peripheral wall shell is visible. Other parts of the myocar-



Figure 11. Myocardial image from an experimental infarct study demonstrating a nonperfused zone at
the apico-posterior wall of the left ventricle.

dium are superimposed by the opacified cavity. Nevertheless, estimation of the
infarct size with this technique has proven successful when compared to post-
mortem measurements.

Relevant diagnostic information was also obtained from measurements of left
ventricular myocardial volume using videometry (18), as well as from regional
wall thickening studies (6, 21), both of which may be regarded as a diagnostic
adjunct to conventional angiocardiographic examinations. An example from a
patient study is illustrated in Figure 12.

Perfusion studies

In order to assess myocardial perfusion in a quantitative manner densitometric
analysis was combined with the digital subtraction technique. The basic idea of
this analytic procedure was to measure the total amount of radio-opaque indica-
tor from the myocardial regions that are supplied by each of the three main
coronary arteries (8). Preliminary studies indicated that oblique projections of
the heart were adequate to separate the perfusion regions of the LCX and the
LAD coronary arteries without significant overlap. RCA studies were easiest to
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Figure 12. Clinical example for illustration of myocardial wall imaging after left ventricular contrast
injection. A contrast image from the time of ventricular filling was subtracted from the myocardial
perfusion image for visualization of the internal and external wall contours. Left: End-diastolic phase.
Right: End- systolic phase.

assess because they were not accompanied by left coronary artery opacification.
Thus, it was possible to analyze densitometrically the three main wall regions
separately and for comparison with each other.

In these studies processing of images differed somewhat from the imaging
modes described. Usually a single contrast image was selected as defined by a
characteristic event during the course of angiography (e.g. end of injection).
Subsequently, a single mask image was selected from the corresponding cardiac
phase. In order to assure optimal registration several consecutive mask images
from the corresponding cardiac phases were tested. This practice became an
important feature in order to derive high quality density data from hypoperfused
myocardial regions. Logarithmic conversion of image data was necessary to
account for the exponential relationship between fractional X-ray absorption and
the amount of contrast medium transradiated. An illustration of this processing
mode is depicted in Figure 13.

Regional measurements of contrast accumulation in the myocardium were
established by manual outlining of the different wall segments. An example from
selective left coronary artery injections is given in Figure 14. Densitometric
analyses was usually applied to images corresponding to the end of contrast
injection. A special power syringe was used to provide accurate and constant
injection flow rates on the order of 34 ml/sec. Significant backflow of contrast
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Figure 13. Diagram of mask mode subtraction using a single pre-injection image and a contrast image.
Image data must be converted logarithmically for subsequent densitometric analysis.

medium into the ascending aorta was a regular finding. Consequently, regional
density data indicated the amount of contrast medium that had entered the
myocardial wall segment by antegrade flow. These data were used as relative
measures of coronary blood flow for comparison in the different regions.

Figure 14. Myocardial contrast images in an experimental study after selective injection into the LAD
(left) and LCX (right) coronary arteries.
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Figure 15. Myocardial contrast images from an experimental study using duplicate contrast injections
into the LAD coronary artery (each 3 ml/sec) for study of coronary flow reserve. Left: Mask mode
image of first contrast injection. Right: Mask mode image of second contrast injection obtained 15
seconds after the first injection. Significantly increased contrast accumulation in the myocardium is
visualized. Densitometric analysis revealed an increase of contrast flow by a factor of two.

Similarly, injection into the main left coronary artery was used to estimate flow
ratios in the anterior and posterior left ventricular wall segments (5). A consistent
relationship of the amount of medium that had entered both wall regions was
established (1:1 in pigs). Temporary occlusion of the left circumflex coronary
artery revealed a significant-deviation from this ratio, while subsequent reperfu-
sion yielded comparable data with the control state.

Another application concerns the assessment of myocardial flow reserve.
Duplicate contrast injections were performed within time intervals of 10-15
seconds using selective coronary injections. Densitometry of the regional opacifi-
cations indicated that coronary blood flow doubled approximately as a conse-
quence of the first contrast injection. An example is given in Figure 15. Experi-
mental coronary stenosis revealed a smaller increase in coronary flow reserve
(<1.5).

Digital densitometry as described in this application has the potential of
becoming a highly practicle evaluation procedure in coronary artery disease.
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Digital storage requirements

Many of the described imaging modalities are essentially based on ECG-gating
and only a small number of angiographic images is actually needed for the specific
problem under study. However, the use of optional imaging modes and supple-
mentary information from the entire image sequence necessitates the acquisition
and storage of the complete angiographic sequence in real time. As stated before,
current roentgen-video systems are capable of producing a practical data rate of
7.5 million samples per second. Presently, an economical solution to these high-
speed storage needs is a real-time digital disk subsystem. High data rates of more
than 9 Mbytes/s are accomplished by the use of special interfaces connected to
Winchester disks or with real-time data reduction.

The minimum requirement needed for clinical examinations is the real-time
storage capability of at least 1 angiographic sequence. For 10 seconds of imaging a
storage capacity of 75 Mbyte is needed. Even more flexibility is provided by real-
time storage of the total number of studies for each patient. Assuming 8 angio-
graphic scenes with a duration of 10sec each, 2400 images per patient are
obtained, leading to a total data volume of 600 MByte per patient without data
reduction.

Subsequent processing and retrieval requires an additional removable long-
term backup medium for archival storage. The traditional way of storing such
large data volumes is the use of digital magnetic tapes which have a relatively low
cost per Mbyte of storage. Access time, shelf life (about 3 years), reliability and
durability of magnetic tapes however are not satisfactory. Archiving with optical
laser disks with direct access to single images will be advantageous. At present the
access-time 1is not as high as that of Winchester disks. However, the capacity of
about 2 Gigabyte/disk allows storage of more than 8000 images (512 x 512 x 8
bits). The permanence of this medium is an additional benefit for this application
and provides high data safety. The price per Mbyte of the laser disk medium will
be comparable to that of magnetic tapes and the lifetime of the optical disks is
considerably longer (more than 10 years) than that of magnetic tapes.
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Myocardial densograms from digital subtraction
angiography with apparent cardiac arrest

Tjeerd van der Werf, H. Stegehuis and R.M. Heethaar

Summary

To study the perfusion of the myocardium, digitally subtracted coronary arterio-
grams were analyzed densitometrically. Since coronary arteries are in continuous
motion, the conventional subtraction technique cannot be used in coronary
arteriography without taking certain precautions. To prevent variations in car-
diac contractions due to varying RR-intervals, heart rate was controlled by
regular right atrial stimulation. Moreover, both the stimulation rate and cine
frequency were brought into synchrony by triggering on the frequency of the
electrical main current (50 cycles/s). In this way each cardiac cycle contained
exactly the same number of frames and these were acquired at corresponding
moments in the cardiac cycle. These two measures together were called: apparent
cardiac arrest. Digital subtraction with the application of the concept of apparent
cardiac arrest enables one to obtain good quality images of the coronary arterial
tree, capillary filling, myocardial staining and wash-out of contrast material.

To test the method eleven candidates for percutaneous transluminal coronary
angioplasty (PTCA) were studied. Following injection of 8 ml loxaglate in 2s.
into the left main stem (LMS) mean pixel grayness was determined in regions of
interest over the LMS, over the myocardium supplied by the stenosed vessel
(path. area) and over the normal vessel (control area) in end-diastolic frames
acquired over a period of 15s. From the grayness versus time curves appearance
time (t,,) and peak concentration time (t,,,,) were assessed. From these values the
difference in build-up time between myocardium and LMS (At, ) was calculated.
Results (mean =+ s.d.):
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path. area control area

pre PTCA post PTCA pre PTCA post PTCA
tap 1.1£0.5 0.7£0.5 0.7+0.4 0.8x0.5
Enax 7.1%1.8 4.4+0.8" 4609 44+08
Aty 39x2.6 20+1.1%* 1.7+x1.2 20+1.2

"= p<0.01; ** = p<0.05.

The parameters peak concentration time t_,, and difference in build-up time At,,
between myocardium and injection site demonstrate the expected improvement
in myocardial perfusion by PTCA to values similar to those in control areas. This
is in contrast to the parameter appearance time t,.

From our results it may be concluded that densitometry of digitally subtracted
coronary arteriograms facilitates the quantitative analysis of parameters related
to myocardial perfusion.

Introduction

Conventional coronary arteriography provides detailed information about the
patho-anatomy of the coronary vessels during life. The quality of the angio-
graphic images has considerably increased during the last decade by the develop-
ment of more powerful X-ray generators, better X-ray tubes with increased heat
capacity, and improved image intensifiers with cesium iodide input screens.
Insight into the three-dimensional coronary anatomy has initiated the wide
spread application of cranial and caudal angulations in order to be able to
visualize narrowings and occlusions in vessels running anteriorly or posteriorly.

On the other hand, it should be realized that a number of problems in coronary
arteriography still exist and probably will persist. These problems can be divided
into three categories: 1) fundamental and structural problems related to the use of
X-rays for image acquisition; 2) unsolvable situations in coronary anatomy; and
3) shortcomings of the human eye and brain.

The finite dimensions of the focus of the X-ray tube, being of the same order as
the objects to be visualized, namely narrowed coronary arteries, is one example
of a fundamental problem related to the use of X-rays for image acquisition.
Another example is the noise, caused by quantum mottle that could be solved by
employing higher doses, which are, however, undesired for the safety of patient
and personnel. Unsolvable situations in coronary anatomy are suspected narrow-
ings in kinks and curls of vessels, which cannot be adequately visualized in any
projection. As to the third point, mentioned above, inter- and intraobserver
variabilities have been described frequently. From the rheology’s point of view, it
is obvious that the impact of an increasing degree of narrowing on flow and on
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flow reserve is far from proportional, which necessitates more accurate assess-
ments of the degree of narrowing with increasing degree of stenosis.

Ziedses des Plantes introduced over 40 years ago the idea of image subtraction
into radiologic practice with the purpose to enhance image quality of films with
poor definition. In recent years essentially the same principle has been applied to
various fields of radiology by computer handling of X-ray images. Thanks to the
large capabilities of such systems, it was not only possible to enhance image
quality of poorly defined structures, but it also became possible to extend the
objectives to comprise goals such as reducing contrast medium volume, reducing
radiation dose and — most importantly — administering the contrast material for
imaging of arteries intravenously, thus obviating selective arterial catheteriza-
tion.

In relation to coronary arteriography it seems very questionable whether
intravenous injection will become a real option. After intravenous injection the
passage of the latter part of the contrast material through the left atrium and the
left ventricle will degrade the coronary artery image quality to a level that
diagnostic decision making will become very difficult. Fluoroscopy combined
with video techniques open indeed possibilities to reduce radiation dose to the
patients and personnel. In a previous study, we demonstrated that digital coro-
nary subtraction angiography after selective intracoronary contrast administra-
tion is possible provided a good triggering method is applied (1). This triggering
procedure was called: ‘apparent cardiac arrest’, essentially based on two require-
ments: 1) stimulating the heart at a strictly regular rate; and 2) synchronizing heart
rate and cinepulses to the main’s frequency. In applying this method we could
demonstrate, firstly, an enhancement of conspicuousness of the larger coronary
arteries and their pathological changes and, secondly, an intensification of myo-
cardial filling, allowing a better appreciation of this phenomenon. It seemed
important to us to continue the study of the second mentioned result, intensifica-
tion of myocardial filling, since this phenomenon is related to myocardial flow.
Study of this phenomenon could possibly open up possibilities to extract pa-
thophysiological information, up till now hidden in the coronary arteriogram. In
this context it is important to notice that our patients suffered from myocardial
ischemia that, apart from other causes, indeed was caused by coronary narrow-
ings, occlusions and insufficient collateral circulation, but that represents a far
more intricate pathophysiological phenomenon in which the key word is myocar-
dial flow (perfusion) or flow reserve.



54
Methods and patients
Basic principle underlying the concept of apparent cardiac arrest

The causes of motion of an object and changes in background can be divided into
evitable and inevitable causes (Table 1). Table motion (known as ‘panning’) is
evitable. The patient can be instructed not to move and can be trained to hold his
or her breath at a constant level during the cinerun. The automatic brightness
control unit of the X-ray equipment can be locked; otherwise, changes in radia-
tion dose will occur after the injection of contrast agent. On the other hand,
cardiac contractions causing motion of the object (the coronary arteries) and
changes in background (the volume of the cardiac cavities and the ventricular
myocardium) are inevitable and complicate the application of subtraction tech-
niques. To cope with these problems, we developed the concept of apparent
cardiac arrest in which contrast and non-contrast images are subtracted only if
they have been obtained at comparable moments in the cardiac cycle, as if the
heart was arrested. This approach requires a regular heart rate and synchrony
between heart rate and cine frequency.

Practical realization of the concept of apparent cardiac arrest

A regular heart rate was obtained by stimulating the heart at a frequency slightly
above the sinus rhythm by means of an externally triggered stimulator with a
pacing catheter positioned against the right atrial wall. The reason for the use of
the external trigger is explained later. With the X-ray equipment 25 cineframes/s
are obtained in synchrony with the frequency of the electric main alternating
current (50 cycles/s in Europe). To achieve synchrony between X-ray film frames
and heart rate, the stimulator is also triggered at the frequency of the alternating
electric current. Thereto, the main current’s signal is fed into an electronic circuit
that delivers a short pulse each time the main voltage exceeds a certain value,
resulting in a pulse sequence with 20 ms between subsequent pulses. Adequate
selection (by division) of these pulses results in a pulse train that is fed into the

Table 1. Causes of motion of the object and changes in background in coronary angiography.

Evitable
Table motion (‘panning’)
Patient motion
Respiration
Automatic brightness control
Inevitable
Cardiac contractions
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external input of the stimulator leading to intervals that are multiples of 40 ms.
Optical insulation units prevent the occurrence of leakage currents in accordance
with international safety standards.

Catheterization procedure

One dog and ten patients were studied. The dog was anaesthetized with meth-
adon (Symoron®) and dehydrobenzoperidol (Droperidol®) and artificially ventil-
ated with oxygen and nitrous oxide. A pacing catheter was advanced through a
femoral vein to the right atrium. Coronary injections were performed through a
size 7 left Judkins catheter using 8 ml metrizoate (Isopaque coronar®) with a
power injector at a flowrate of 4 ml/s. The heart was stimulated just above its own
frequency and at a considerably higher rate. Furthermore, a measurement was
performed 20s after intracoronary injection of 0,5 mg of nitroglycerin with the
heartrate just above its own frequency.

Ten patients, scheduled for left side percutaneous transluminal coronary an-
gioplasty (PTCA) were studied, all but one having a single stenosis in the left
anterior descending artery and a normal circumflex artery. One patient had two
stenoses, one in the left anterior descending artery and one in a large diagonal
branch; this patient is counted twice as patient 10a and 10b (Tables 3 and 4). In the
first four patients the contrast medium was injected manually into the left main
stem through a size 9 guiding catheter for PTCA. Thereafter, this policy was
changed in two ways. Contrast was injected with a power injector with a flowrate
of 4ml/s and a volume of 8 ml in order to standardize the injection technique.
Furthermore, an especially for this purpose introduced size 8 Judkins catheter
was used; it had been observed that a size 9 catheter could occlude the left main
stem as was seen in two patients (not included in this paper) blocking contrast
run-off. Natrium-meglumine ioxaglate (Hexabrix®) was used as contrast me-
dium.

The cineangiographic investigations were performed before as well as after the
PTCA procedure. Heart rate was controlled by right atrial stimulation with a
frequency slightly above the basic rhythm and synchronized together with the
cinepulse rate to the main’s frequency, as pointed out before. In most patients the
same rate could be used in the cineruns before and after the PTCA procedure. In
4 patients the rate after the PTCA procedure had to be set slightly higher. At the
start of the dilatation procedure nifedipine (Adalat®) was routinely administered
sublingually. In some patients intracoronary nitroglycerine was given in case of a
difficult crossing of the narrowing with the dilatation catheter. The cinerun after
the PTCA procedure was always performed at least 10 minutes following the last
contrast administration, obviating the vascular dilating effect of the contrast
medium.
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In all but one case the left anterior oblique projection (usually 50-60°) was
chosen with a slight cranial angulation (about 20°). In one case a 30° right anterior
oblique projection was chosen. The angiographic projections before and after
PTCA were always identical. The angiographic investigations were performed
with Siemens X-ray equipment using a focal spot size of 0.6 mm at about 70 KVp
and a tube current of about 100 mA. The automatic brightness control was turned
off. During the cinerun the ECG and the cinepulse signal were recorded. The
Kodak film (2496 RAR) was developed with a gradient of about 1.65. The films
used for subtraction were obtained during the routine procedure with informed
consent of the patient.

Subtraction procedure

In the laboratory, the film was analyzed in an off-line mode. It was placed on a
spooler, equipped with a microprocessor controlled drivemotor. Following iden-
tification of the first frame, the desired frame number was touched in and the film
automatically advanced to this particular frame. The video signals, obtained with
a Vidicon high resolution camera with locked automatic light compensation,
were connected to an image analysis system (VICOM). After analog-to-digital
conversion, comparable noncontrast and contrast images were stored into memo-
ries ['and II, respectively, with a spatial resolution of 512 X 512 pixels and 128 gray
levels. Subtraction was performed and the results stored in memory III. For
better visual inspection, the gray levels of the resulting images were amplified by
a factor 4 or 8. After digital-to-analog conversion, the results could be displayed
on a video monitor and stored on a video disk. Regions of interest were placed in
subtracted images in which the mean pixel grayness was computed. For this study
only end-diastolic frames were analyzed. The regions of interest were positioned
over the left main stem, over a myocardial area of about 12 X 16 pixels in the
region supplied by the narrowed and subsequently dilated vessel, the socalled,
schemic area and over an area supplied by the normal circumflex actery, the
control area. In a number of cases regions of interest were also placed over the
coronary sinus. With respect to the coronary sinus it is important to realize that
this vessel, contrary to the left main stem, is usually projected over the myocar-
dium so that interpretation of grayness-versus-time curves from the coronary
sinus will be hampered by myocardial filling.
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Analysis of grayness-time curves

Mean pixel grayness values in the selected regions of interest for each end-
diastolic frame were determined. From the heart rate the time interval was
calculated. The moment of injection of contrast medium could be assessed from
the film with the frame-counter. From the curves the appearance time, the build-
up time, the maximal concentration time and — where possible — the mean
circulation time and the recirculation time were calculated. Appearance time was
defined as the period of time at which the curve reached 5% of its maximal value
after the start of contrast medium injection. The maximal concentration time was
defined as the time period where the curve reached its maximum after the start of
contrast medium injection. The build-up time is the difference between the
maximal concentration time and the appearance time. Mean circulation time was
defined according to classical mathematics of dilution curves as indicated by
Zierler (2). To calculate this value it is necessary to separate the first circulation
peak from the recirculation. In other words, there must be a sufficiently long
descending limb to determine a linear regression between time and the log-
arithmic value of the grayness. If that is the case the recirculation time could be
determined as well. It is important to realize that all these variables are related to
flow, but also to vascular volume between injection site and measuring site.
Zierler stated the fundamental fact that flow equals volume divided by mean
circulation time. Thus, mean circulation time is a parameter that may be com-
pared from one situation to another only if vascular volume is constant.

Statistical analysis was performed by calculating mean and standard deviation
of the results obtained during certain conditions. It is questionable whether the
observation in areas supplied by stenosed vessels may be considered as samples
taken from a normally distributed population. Therefore statistical analysis
aimed at the comparison of certain conditions was performed with the Wilcoxon
rank test for paired observations.

Results
Results in the dog

Figure 1 shows a total of nine curves obtained in the dog with regions of interest
over the left stem (figures in left column), over the myocardium supplied by the
left anterior descending artery (center column) and over the coronary sinus (right
column), respectively. Measurements were also performed over a part of the
myocardium supplied by the circumflex artery (not shown). The curves were
obtained from cinefilms taken during a driven heart rate of 115 beats/min (figures
in top row), a rate of 187 beats/min (center row) and again at a rate of 115 beats/
min, but now 20 seconds after an intracoronary injection of 0.5 mg nitroglycerin
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(bottom row). In Table 2 the appearance time, the maximal concentration time,
the build-up time and, where possible, the mean circulation time and the recir-
culation time have been summarized for these three conditions. The difference in
mean circulation time between the myocardial area supplied by the left anterior
descending artery and the left main stem decreases with increased oxygen de-
mand imposed by the high heart rate from 4.9s to 2.2s. Interpretation of the
results obtained after the administration of nitroglycerin is more difficult because
it is probable that nitroglycerin influences vascular volume between injection and
measuring site to a considerable degree. If vascular volume increased by the
nitroglycerin administration, flow increases more than the decrease in the dif-
ference in mean circulation time between left anterior descending artery and the
left main stem regions (from 4.9 to 3.3 s) suggests.

The curves over the coronary sinus are not suitable for straightforward analysis
because of considerable baseline offset caused by filling of the overprojected
myocardium supplied by the circumflex artery. The appearance time is subjec-
tively defined at the sudden bend in the curve.

Table 2. Circulation times in a dog.

app max Tpu t Lrec

LMC - 1.7 1.7 2.3 4.5
f=115 LAD 1.2 6.3 5.1 7.2 9.2
RCX 0.8 6.5 5.7 - -
CS 4.8 8.1 33 - -
LMC - 2.0 2.0 2.9 5.4
f=187 LAD 0.5 4.8 4.3 5.1 8.7
RCX 2.0 7.1 5.1 - -
CS 4.3 8.0 3.7 - -
f=115+
NITRO LMC - 1.9 1.9 3.7 6.1
LAD 1.1 7.0 5.9 7.0 9.8
RCX 1.9 7.3 54 - -
CS 4.0 9.2 5.2 - -

Abbreviations:

f = heart rate, LMC = left main coronary artery, LAD = left anterior descending artery, RCX =
circumflex artery, Cs = coronary sinus, t,,, = appearance time, t,,,, = maximal circulation time, t,, =
build-up time, t = mean circulation time and t,.. = recirculation time. Circulation times are indicated
in seconds.
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Figure 1. Grayness-time curves in a dog. Along the vertical axis grayness is plotted as the product of
wall thickness (h) and iodine concentration (c(t)) in arbitrary units. Along the horizontal axis time (t)
is plotted in seconds. Each dot represents an end-diastolic frame analyzed. The figures in the left
column show the results obtained over the left main stem. The center vertical column those over the
myocardium supplied by the left anterior descending artery, whereas the right column shows three
evaluations of the coronary sinus area. The upper row measurements were obtained at a heart rate of
115 beats/min, the center row at a heart rate of 187/min and the lower row again at 115 beats/min, but
now about 20 seconds after an intracoronary injection of 0.5 mg nitroglycerin (TNG). The broken
lines in the left and middle column indicate the separation of the first circulation from the recircula-
tion, achieved by replotting the extrapolated part of the curve from semilogarithmic graph paper. The
calculated time parameters are presented in Tabie 2 and discussed in the text.

Results in the patients

Figure 2 shows a good example of the curves obtained over the left main stem
(upper figure) and over amyocardial region supplied by the left anterior descend-
ing artery (lower figure) in a 63 year old woman before (dots) and after (squares)
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Figure 2. Grayness-time curves in a patient. In a 63 year old lady grayness-time curves were obtained
over the left main stem (upper panel) and over the myocardium supplied by the left anterior
descending artery (lower panel) before PTCA (dots) and after PTCA (squares). The parameters
along the axes and the symbols used are the same as those of Figure 1. The calculated time parameters
are included in Tables 3 and 4 under patient number 1. For further details see text.

PTCA. The descending limb has been extrapolated in a manner known from dye
dilution theory. The mean circulation time in the left main stem region before and
after PTCA equals 1.4 and 1.8, respectively. Over the myocardium supplied by
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the left anterior descending artery circulation times of 6.4 and 5.3 s are found,

respectively. The difference in circulation times over the myocardium and over

the left main stem decreases from 5.0s before PTCA to 3.5s after PTCA,

suggesting an amelioration of local perfusion by more than 40%, provided

vascular volume between injection and measuring site remained unchanged.
The results in the patients are summarized in Table 3.

Appearance time

The appearance time in the left main stem is always zero because the start of the
contrast injection (with the catheter filled) was observed by the appearance of
contrast in the left main stem. Furthermore, contrast concentration increased so
rapidly that it was impossible to determine the moment in time that 5% of peak
concentration was reached. Therefore, the maximal concentration time equals
the build-up time. The appearance time in the control area before and after
PTCA equaled 0.7 £0.4s (mean * standard deviation) and 0.8 £ 0.5s, respec-
tively. The appearance time in the ‘ischemic’ area after successful PTCA (0.7 £
0.5s) does not differ significantly from these values. Before PTCA, the ap-
pearance time in the ‘ischemic’ area was 1.1 £ 0.5s, not differing significantly
from the other observations.

Maximal conceniration time

In the control area values of 4.6+ 0.9s and 4.4 + 0.8 s were found before and
after PTCA, respectively. Taking the control area values observed before and
after PTCA together, maximal concentration time values of 4.5+ 0.9s were
found. In the ‘ischemic’ area a significantly (p<<.01) prolonged maximal concen-
tration time (7.1 1.8s) was encountered before PTCA. After the successful
procedure a value of 4.4 £0.8s was found, which does not differ significantly
from the values found in the control area. The differences in maximal concentra-
tion times in the left main stem before and after PTCA were not statistically
significant.

Build-up time .
As could be expected from the fact that build-up time is calculated from maximal
concentration time and appearance time the same observations mentioned above
hold also for this parameter. In the control area build-up time values of 3.9 + 1.0
and 3.7 = 0.9 s were found before and after PTCA, respectively; these values do
not differ significantly from those found in the ‘ischemic’ area after successful
dilatation of the supplying vessel: 3.8 £0.7s. On the other hand, the values
found for the ‘ischemic’ area before the procedure were again significantly
higher: 6.0+2.2s (p<.1).

As can be seen from Table 3 it was not possible to calculate the mean
circulation time in a number of cases. The best discrimination between the curves
obtained before and after PTCA is given by the maximal concentration time. As
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Table 3. Circulation times in patients.

f Left main ‘Ischemic™ area Control area
tou t ty ta thu t (. Lo thy t
1 pre 95 19 1.4 1.4 6.4 5.0 6.4 1.0 3.8 28 4.0
post 95 1.9 1.8 1.6 58 4.2 5.3 0.8 5.0 42 5.1
2 pre 75 24 2.1 1.0 8.0 7.0 - 0.4 5.6 5.2 5.6
post 83 1.8 2.1 0.6 5.5 49 4.7 0.5 6.2 5.7 7.0
3pre 75 13 1.0 0.3 10.0 9.7 - 0.3 4.8 45 6.1
post 83 1.1 1.0 0.3 5.4 5.1 - 0.3 4.0 37 5.1
4 pre 75 24 1.8 2.0 5.6 3.6 7.0 1.0 4.0 3.0 4.7
post 83 1.8 1.5 0.2 38 3.6 3.3 1.5 38 2.3 38
5 pre 71 17 - 1.2 7.7 6.5 - 1.1 43 32 -
post 71 2.6 - 1.3 4.3 3.0 - 1.8 5.1 33 -
6 pre 100 1.8 - 0.6 6.0 5.4 - 0.3 36 33 -
post 100 12 - 0.4 3.6 32 - 0.6 42 3.6 -
7 pre 79 36 33 0.8 5.8 5.0 6.4 0.3 43 4.0 5.2
post 79 2.7 3.6 0.8 49 4.1 4.1 0.6 49 43 5.8
8§ pre 75 32 2.6 1.6 7.6 6.0 - 1.3 4.0 2.7 -
post 88 2.7 2.3 1.0 4.1 31 7.5 1.4 4.1 2.7 44
9 pre 8 1.1 1.3 0.4 10.2 9.8 - 0.8 4.0 3.2 -
post 83 1.1 0.9 0.3 3.2 2.9 - 0.3 3.2 2.9 -
10apre 88 2.0 1.3 1.2 4.8 3.6 5.4 0.8 6.1 5.3 5.2
post 88 1.4 1.3 04 4.1 3.7 - 0.4 4.1 3.7 -
10bpre 8 2.0 1.3 1.2 5.4 4.2 5.0 0.8 6.1 5.3 5.2
post 88 14 1.3 0.4 4.1 37 - 0.4 4.1 3.7 -
mean pre 21408 1.1£0.5 7.1+1.8 6.0+2.2 0.7+£0.4 4.6%+0.9 39+1.0
mean post 1.8+0.6 0.7£0.5 4.4%0.8 3.8+0.7 0.8+0.5 4.4£0.8 3.7£0.9
pre + post 2.0+0.7 p<.0l  p<d 08+0.4 45209 38+1.0
Abbreviations:

pre = before PTCA, post = after PTCA. All other abbreviations are the same as in Table 2.

suggested by Biirsch et al. the difference in build-up time over a vascular bed is
related to flow (3, 4). Therefore, we calculated the differences of the build-up
times for the ‘ischemic’ area and for the left main stem, as well as the differences
for the control areas and the left main stem before and after PTCA. The results
are presented in Table 4. If all control area values are taken together the mean
and standard deviation equals 1.8 + 1.2 s; therefore, a measurement exceding the
value of 1.8 + (2 X 1.2) = 4,2 s is pathological. In the pre-PTCA ‘ischemic’ obser-
vations 4 patients have values above 4.2 s, indicated with an asterix. After PTCA

all values are within normal limits.
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‘Ischemic’ area

Control area

pre post pre post
1 50-1.9=3.1 42-19=23 28-19=09 42-19=23
2 7.0-2.4=4.6* 49-18=31 52-24=28 5.7—-1.8=39
3 97—-13=8.4* 5.1-11=4.0 45-24=2.1 37-11=26
4 36—-24=1.2 36—-18=1.8 3.0-24=06 23-1.8=05
5 6.5—1.7=4.8* 3.0-26=04 32-17=15 33-26=0.7
6 54—-18=3.6 32-12=20 33-1.8=1.5 36-12=24
7 50-36=14 41-27=14 40-36=04 43-12=31
8 6.0-32=28 31-27=0.4 27-32=-05 27-27=0
9 9.8—~1.1=8.7* 29~1.1=1.8 32-1.1=22 29-1.1=1.8
10a 36-20=1.6 37-14=23 53-20=33 37-14=23
10b 42-20=22 37-14=23 53-2.0=33 37-14=23
mean 3.94+2.6 2.0x1.1 1.7+1.2 2.0%1.2
1.8%1.2

Abbreviations:

same as for Tables 2 and 3.
* abnormal values (see text)

Discussion

Sandor et al. studied myocardial contrast accumulation following the administra-
tion of contrast material into the left main stem in two patients (5). They found
that only an increase in contrast concentration could be observed (observation
period 8 heart beats). Therefore, we decided to take cineruns of about 20 seconds
duration, the first three seconds being reserved for the acquisition of noncontrast
images. Als and coworkers (6) suggested that the contrast medium not only
passes through the capillaries, but also invades the surrounding perivascular
space so that the passage of the contrast cannot simply be considered as the
normal dye washin and washout. In a number of patients we could observe a
grayness-time curve with a shape not different from a typical dye dilution curve.
Plotted on semilogarithmic paper the descending limb appeared to be a straight
line for a considerable portion. In a number of patients it was impossible to
perform this procedure because of a very slowly descending limb. In all patients,
however, there was a top followed by a descending limb. It is uncertain whether
the observed differences in washout behavior are based on technical difficulties
or on different contrast dynamics in certain patients.

The grayness-time curves obtained in the way described above are not cali-
brated in terms of iodine concentration. Therefore no qtte;ntion was paid to the
absolute amplitude of the ‘curves. Most time parameters are very sensitive to
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errors due to irregularities in the curves. The parameter that does not have this
disadvantage, mean circulation time however, is not only influenced by flow, but
also by vascular volume between injection site and measuring site. This implies
the risk of drawing incorrect conclusions about flow if, in between, pharmacologi-
cal interventions have been applied that possibly change vascular tone. It is
therefore important to emphasize the fact that we waited for about 10 minutes
after the end of the dilatation procedure to perform the post-PTCA cinerun. It is
reassuring that all time parameters derived from curves obtained over the control
region before and after PTCA do not differ significantly, suggesting that the
effects of medication have already subsided at the time the post-PTCA film was
taken. This gives more weight to the significant differences observed in the films
over the ‘ischemic’ area before and after the dilatation.

This study was undertaken to perform a preliminary test of the method de-
scribed. PTCA patients were chosen for the study because in at least a part of this
population changes between the measuring results before and after the dilatation
were to be expected. To that end the study can be considered successful: in a
number of patients delayed filling of the myocardium supplied by the stenosed
vessel was demonstrated, and furthermore restoration of filling to values within
normal limits after the procedure could also be proven.

In our opinion this method holds great promises for the future. It will be
possible to develop a system with which only one cinepulse can be delivered at
each end-diastolic moment, observing the rules of the concept of apparent cardiac
arrest. This cinepulse can be given with a higher dose than normal reducing
quantum mottle, because the other pulses during the cardiac cycle can be spared.
The image can be transferred directly to a video disk obviating the cine-video
conversion with inherent losses. By increasing right atrial driving rate, more
insight into flow reserve can be acquired.

Conclusions

From this study we may draw the following conclusions:

1. with careful triggering, observing the rules of the socalled apparent cardiac
arrest principle, using digital videosubtraction grayness-time curves of good
quality can be obtained.

2. In the majority of the patients myocardial grayness-time curves, obtained
after injection of contrast material, obey the laws of dye dilution curves.

3. Inanumber of patients the washout of contrast material cannot be treated in
a manner known from dye dilution practice, either caused by divergent contrast
dynamics or by technical imperfections.

4. Peak concentration of contrast in the myocardium occurs 4.5 = 0.9 seconds
after the start of the injection into the left main stem with a build-up time of
3.8 £1.0 seconds.
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5. Inanumber of PTCA patients maximal concentration time and build-up time
are prolonged and after a successful dilatation restored to normal.

6. A number of patients in whom a PTCA procedure was indicated had, during
a (nearly) normal heart rate and consequently normal oxygen demand, normal
time parameters although they suffered from disabling angina.
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A tomographic approach to intravenous coronary
arteriography

Erik L. Ritman and A.A. Bove

Summary

Coronary artery anatomy can be visualized using high speed, volume scanning
X-ray CT. A single scan during a bolus injection of contrast medium provides
image data for display of all angles of view of the opacified coronary arterial tree.
Due to the tomographic nature of volume image data the superposition of
contrast filled cardiac chambers, such as would occur in the levophase of an
intravenous injection of contrast agent, can be eliminated. Data are presented
which support these statements.

The Dynamic Spatial Reconstructor (DSR) was used to scan a life-like radi-
ologic phantom of an adult human thorax in which the left atrial and ventricular
chambers and the major epicardial coronary arteries were opacified so as to
simulate the levophase of an intravenous injection of contrast agent. A catheter
filled with diluted contrast agent and with regions of luminal narrowing (i.e.
‘stenoses’) was advanced along a tract equivalent to a right ventricular catheter-
ization. Ease of visualization of the catheter ‘stenoses’ and the accuracy with
which they can be measured are presented.

Introduction

Evaluation of pathological alterations in coronary artery anatomy is likely to
continue to provide an important index of the jeopardy of the blood supply to the
myocardium. The gold standard for evaluation of coronary anatomy is selective
coronary arteriography. Although this method involves little risk in capable
hands there is sufficient morbidity to restrict its use to symptomatic patients.
Generally this examination requires overnight hospitalization. These restrictions
curtail use of coronary arteriography as a method for evaluating presymptomatic
patients or for repeated follow-up of patients undergoing medical treatment or
surgery.
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On the assumption that it would be advantageous to perform coronary an-
giography in just those patients for whom the benefit to risk ratio of selective
coronary arteriography is questionable, a method needs to be developed to
reduce the risk to the patient. In order of increasing importance these risks are
caused by:

a. need for multiple contrast injections to obtain multiple views.
b. entry into arterial system.
c. cannulation of the coronary orifices.

We are developing a computed-tomography based method for overcoming all
three causes of risk. To demonstrate the feasibility of the proposed approach we
use the Dynamic Spatial Reconstructor (DSR), a fast, volume imaging X-ray
scanner which operates on the computed tomography principle (1). Although this
current device is not yet optimal for routine clinical use in coronary arteriogra-
phy, it is well suited to demonstrate the power of the method and the important
technical features a clinically useable system should possess.

The important features of the current DSR (2) that are relevant to coronary
arteriography can be summarized as follows:

1. It scans a volume. This cylindrically shaped volume, which is 21.5 cm in axial
height and 21.5cm in transaxial diameter, is large enough to contain all but the
very largest hearts. The entire coronary arterial tree must be scanned if false
negative readings, due to inability to visualize all parts of the coronary arterial
tree, are to be avoided.

2. Itscans this volume synchronously. If the volume were to be scanned in time-
sequential portions, the resulting image of the entire coronary arterial tree may
be an incorrect representation of the tree, even though each section scanned
could be accurately imaged.

3. The entire volume is scanned within a brief aperture time. The coronary
arteries, and the contrast medium within the coronary arteries, move rapidly.
Consequently, scan aperture duration should be small relative to the distance the
coronary arteries (or contrast agent) move in that period of time. In the slow
filling phase of the cardiac cycle a scan aperture of 50 msec would generally be
quite satisfactory. This aperture time is achieved in the DSR by using the scan
data recorded during three time-sequential electronic scans, each of which is
repeated at 16.7 msec intervals.

4. The timing of the scan aperture can be retrospectively selected to occur within
16.7msec of the most desirable phase of the cardiac cycle and can be of any
retrospectively selected duration commensurate with the duration of end diastole
(or any other phase of the cardiac cycle). This operational flexibility allows for
individualized optimization of the trade-off between scan aperture duration (the
longer the scan the higher the quality of the reconstructed tomographic images)
(3) and the loss of image sharpness due to cardiogenic motion.

5. The scans can be repeated continuously for up to 20 seconds. This allows for
retrospective selection of those cardiac cycles which show optimal opacification
of the epicardial coronary arteries or myocardium.
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Demonstration of 3-D coronary arteriography

Toillustrate how these capabilities of the DSR enable us to overcome the risks of
selective coronary arteriography, we had the Humanoid Company* manufacture
arealistic chest phantom. It consists of the rib cage and spinal column of a 175 cm
tall, 73.5 kg weight male with chest wall and diaphragm and liver made of ‘dry’
water, a tissue equivalent material (Figure 1). The thoracic cavity is occupied by
an animal’s fixed lungs. A porcine heart with the left atrial and ventricular
chambers, the aorta and coronary arteries filled with approximately 1:8 diluted
contrast agent is suspended in its appropriate anatomic location (Figure 2). A
3mm diameter tract was left within the phantom so as to provide a path via a
brachial entry to the superior vena cava, right atrium, right ventricle and right
ventricular outflow tract. This tract permits us to insert a catheter with a 2 mm
diameter lumen. We modified the lumen of the catheter with different severity

Figure I. Upper Panels — AP and lateral chest X-rays of the radiological test phantom used in these
studies. Note the contrast medium opacifying the left cardiac chambers and intrathoracic aorta. The
coronary arteries also contain contrast medium and are best seen in the lateral views. Lower Panels —
Same views as in upper panel but with a 2 mm diameter catheter in place within the tract (see text).

* Humanoid Systems, 17022 Montanero Street, Carson, CA 90746
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Figure 2. Left Panel — Cineframe, from RAO angle of view, of the Humanoid Phantom. The 35 mm
cineframe was obtained at 110k V, 200mA and 60 frames/seconds using a General Electric System at
the cardiac catheterization laboratory of an affiliated hospital. Note that the coronary arteries (filled
with ~1:8 diluted contrast agent) are barely visible when the background is lung and difficult to see
when the background is the contrast-filled left ventricular chamber or aortic root. Right Panel —
Cineframe of phantom after a catheter (1.8 mm lumen filled with 1:2 diluted contrast medium with
multiple 50% stenoses of different lengths) was advanced up to intrathoracic tract (see text for
details).

Figure 3. X-ray of 1.8 mm lumen, 2.5 mm outside diameter, plastic catheter filled with 1:2 diluted
roentgen contrast medium. The lumen has been ‘narrowed’ at various locations as indicated. This
catheter is advanced up the tract inside the radiologic phantom so as to simulate a stenosed opacified
coronary artery.
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and length ‘stenoses’ and filled the lumen with different concentrations of con-
trast agent. An example of such a catheter is shown in Figure 3. The removable
catheter allows for quantitation of stenoses under conditions mimicking either
selective or right sided angiography.

The dilution of contrast agent to be expected in the root of the aorta following
contrast injection into the right side of the circulation is of the order of 1:8 (Figure
4). This means that a main stem coronary artery of 4 mm diameter results in a
change in the X-ray transmission which, through the average adult’s chest, is
within the range of most X-ray imaging systems and of the current DSR. For a
1mm diameter vessel, however, this results in a change in the X-ray transmission

that is generally not reproducibly detectable with conventional electro-optical
X-ray imaging systems.
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Figure 4. The concentration of diluted contrast agent in root of aorta, following injection of a bolus of
contrast agent into the right ventricular outflow tract. increases linearly with volume of the bolus.
Concentration was measured by continuous sampling of blood from the root of the aorta of two

anesthetized dogs (one dog open circles. other dog closed circles). A concentration of 10% represents
32 mg Iodine/ml of blood.
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The following discussion uses data obtained with the radiological phantom to
demonstrate how each of the three major risks of coronary arteriography can be
diminished by the functional features of the DSR.

(a) Reduction of number of angiographic injections

Because a volume is imaged in a single DSR scan sequence all angles of view can
be displayed on completion of the scan. This capability involves computer-
generated projection, dissolution, selective dissection (or erasure) and rotation
of the volume image prior to its display (4). In brief, this method allows one to
compute angiographic views identical to those generated by rotating the patient
(and/or the X-ray system) in conventional angiography. This has been demon-
strated in experimental animals (5) and man (6). All conceivable angles of view
are available at no extra ‘cost’ of contrast injected or radiation exposure. The
X-ray exposure of a 10 second coronary angiographic DSR study is expected to be
approximately 1012 R (Figure 5). With the large number of views available from
a single scan, the chances of missing the presence or misreading the severity of a
stenosis should be reduced. Moreover, by adjusting the angle of view to match
previous studies performed by conventional (or DSR) methods the progression of
a lesion can be followed more conveniently and accurately.

The accuracy with which vessel cross-sectional area can be measured using the
DSR has been demonstrated (5, 7). The present DSR has insufficient spatial
resolution (expressed in terms of the traditional full width at half maximum
deflection (FWHM) criterion) to permit direct, accurate measurement of coro-
nary arterial cross-sectional diameter. However, the use of an indirect index of
vessel cross-sectional area (the Brightness Area Product method) permits mea-
surements accurate for vessels down to 1 mm in lumen diameter. The accuracy of
these measurements depends on knowing that there is only one vessel in the
region of interest, on the orientation of the vessel lumen to the scan planes,
scanned slice thickness, adjacent scanned slice separation, and scan aperture
duration (2). The 3-D image reformatting required prior to application of the
method is illustrated schematically in Figure 6.

(b) Replacement of selective coronary with aortic root injection

Injection into the aortic root results in several problems. First of all, it is often
difficult to ensure that an adequate amount of contrast medium enters the
coronary arteries due to complex streaming within the aortic root and because
those very vessels with stenoses and reduced coronary flow will tend to receive a
smaller fraction of the injected bolus. A second problem is that if both coronary
arteries are well filled the mutual superposition of the right and left coronary
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Figure 5. X-ray exposure of patients scanned in the DSR. Exposure was measured with thermolucent
detectors (TLDs) on the sternum. Exposures to the thyroid was less than 10% of the sternal exposure
and to the eyes and gonads was less than 1% of the sternal exposure. Asindicated, X-ray exposures for
coronary angiography would generally be expected to be higher than for ventricular angiography.
Based on the ventricular angiography studies, the exposure in coronary angiography is expected to be
linearly proportional to the weight of the subject.

trees, and of the proximal main stem artery on the contrast filled, aortic root, may
result in obscuration of significant lesions. Using the DSR, the latter problem is
overcome by the ability to rotate the image of the coronary tree until the
superposition is eliminated. The first problem is one of injection technique but
also of scanner density resolution. In our hands the roentgen opacity of the
coronary arteries, following aortic root injection, is comparable to that achieved
by a right-sided injection of contrast agent and presents little advantage. Indeed,
left ventricular angiography often results in better opacification of the coronary
arteries.

(c) Replacement of intra-arterial with right-sided injection of contrast

Intravenous injection of contrast agent has the advantage of reduced morbidity
but creates two major problems. One is that the concentration of contrast agent is
reduced by the time the bolus passes through the coronary arteries. The other,
more serious problem, is that the pulmonary veins and left cardiac chambers are
also filled with contrast agent so that superposition obscures the coronary arterial
tree. This superposition is such that often no single angle of view can be found to
overcome it completely.

The fundamental power of volume images is that it eliminates superposition.
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Figure 6. Measurement of percent area stenosis and stenosis length with the DSR. Using the spatial
coordinates of vessel cross sections derived from transverse (or sagittal or coronal) sections (upper left
panel) from which oblique sections perpendicular to the centerline of the vessel were computed (lower
left panel). In each of those oblique sections, samplings of myocardial (C) and blood (B) density
(image brightness) were obtained and the integrated brightness within the region of coronary artery
cross sections (A) was measured (right lower panel). The calculated integrated brightness due to
contrast medium in the stack of cross sections along the vessel lumen was plotted as a function of
distance along the centerline of the vessel. Percent area stenosis was obtained from the ratio of
prestenotic and minimal stenotic integrated brightness. The stenosis length was measured as the full
width at half maximum deflection of the integrated brightness profile (right upper panel). (Re-
produced with permission from Block, M. ez al.: Circulation 70(2), 1984: 209-216.

The principle of removing superposition of an undesirable structure, such as the
contrast filled left ventricular chamber, is illustrated in Figure 7. Three-dimensio-
nal image processing is necessary to achieve this selective erasure effect. It cannot
be achieved by 2-D image processing. Even energy selective imaging would not
eliminate the superposition of the chambers on the coronary arteries, or of the
coronary arteries upon themselves. The ability to avoid superposition of the
coronary arteries upon themselves is illustrated in Figure 8. Although only two
angles of view are presented here, many others can be readily generated.

As illustrated in these figures, the general anatomy and presence and location
of stenoses of the coronary arterial tree can be obtained for the entire tree with
only a single injection and scan. Once the location of a stenosis has been
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Figure 7. Tlustration of selective erasure prior to projection imaging. Upper Panels — Images of
selected thin cross sections of the left ventricular region of the radiological phantom. In the left panel
the contrast agent in the LV chamber shows as a round bright area and the cross section of the contrast
filled coronary arteries and catheter show as bright spots in the gray myocardium. Lung shows as dark
area around the heart. In the right panel the contrast in the left ventricular chamber and anterior chest
wall have been selectively erased ~leaving all other structures in the image untouched. Lower panels —
Projection images of the entire heart. In the left panel all cross section images were left untouched
prior to projection. In the right panel all cross sections were processed as in the right upper panel prior
to projection. Note that the coronary arteries and catheter are clearly discernable only in the
projection of the selectively erased cross sections.

determined then quantitative measurements of the vessel’s diameters and ste-
nosis length can be made using the brightness area product method. Such an
analysis for the catheter illustrated in Figure 3 is presented in Figure 9.

Conclusion

The desirable technical characteristics for a tomography based coronary artery
imaging scanner can be defined once the size of the smallest coronary artery to be
visualized and a stenosis in it is defined. For most clinically relevant situations it
will probably be sufficient to quantitate a 25-50% stenosis in a 2mm coronary
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Figure 8. Upper Panels—Projection dissolution images generated from single volume image generated
with DSR. Note that despite dissolution of the surrounding tissues (with ‘CT’ numbers different from
iodine containing ‘blood’) visualization of contrast filled catheter lumen or coronary arteries remains
poor when these are superimposed on the iodine containing chambers. Lower Panels - The projection
dissolution images have been processed by operator ‘erasure’ of the cardiac chambers and aortic root
which are clearly defined in the original images of the transverse slices making up the volume image.
Reprojection after this erasure eliminates the superposition problem completely and allows ready
visualization of the coronary arteries and the catheter lumen.

artery opacified following a bolus injection of up to 2ml/kg roentgen contrast
agent into the right ventricular outflow tract. In order to get sufficient photons in
the transmitted X-ray beam, so that photon noise is less than half the deflection in
the transmitted beam due to the contrast agent in the 2mm coronary artery, we
must use ECG-gated reconstruction. Our experience is that about four sequential
diastoles should be scanned with an aperture time of approximately 0.12 seconds
in each cycle. At normal heart rates spanning the four diastoles (i.e., three cardiac
cycles), the DSR would rotate approximately 180° in the 2 seconds. Under these
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Figure 9. Comparison of the 1.8 mm lumen diameter catheter cross-sectional areas measured form
DSR images and the known diameters. These data illustrate that the basic principle of contiguous thin
slices, can be used to measure stenoses under conditions closely resembling a coronary arteriogram in
an adult human. These scan data were obtained with the stenosed catheter lumen at right angles to the
transaxial scan plane, the most challenging circumstance for tomographic imaging.

conditions the scan information from all cameras is spread fairly evenly around
360°, thereby minimizing reconstruction artifacts and providing sufficient num-
bers of angles of view for achieving the signal-to-noise ratio required for accurate
visualization and measurement of the coronary arteries.

Gated adding will generally also be necessary so that most of the bolus of
contrast agent passes each point along the epicardial coronary arteries during the
composite scan. In this way, the average concentration of the contrast agent is
approximately the same for all coronary arteries. This condition is necessary for
absolute measurement of the coronary artery cross-sectional area.

In order to achieve the efficiency of conversion of X-ray photons to detected
photo electrons and to achieve the dynamicrange of the electronic representation
of the X-ray image to a level needed for right sided injection coronary arteriogra-
phy, we are currently upgrading the current DSR image chains. The important
new features of this image chain will be the high efficiency of the objective lens
(numerical aperture of 0.48) and a Charge Coupled Device (CCD) TV camera.
The CCD TV camera should enable us to achieve our goal because it has a higher
dynamic range and has essentially no lag as compared to the image isocon camera
tube currently in use in the DSR (8). As the desired coronary artery may be
oriented in a plane parallel to the scan plane of the DSR the scanned slice
thickness should be no thicker than half the width of the 50% stenosed coronary
artery — i.e., ~0.5mm. This can be achieved with a 512 X 512 element CCD
camera.
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CT of the heart

Martin J. Lipton, M.D.

Summary

Advances based upon the detector elements instead of X-ray film have greatly
increased the power of X-ray imaging. Computed tomography (CT) creates
cross-sectional rather than projected images. Recently, high speed CT devices
have been developed for cardiovascular studies. The Cine-CT scanner employs a
scanning electron beam deflected on an extended tungsten target ring. Fast scans
of 50 millisecond exposures at multiple levels can provide information concerning
blood flow in vessels and tissues, myocardial wall motion, valve integrity, coro-
nary bypass graft patency and proximal coronary artery anatomy. Cine-CT
dynamic scanning can also provide volume imaging with small quantities (0.05-
1.5 ml/kg) of contrast medium administered via peripheral vein injections.

Cine-CT provides simultaneous measurements of cardiac dimensions and func-
tion and is rapidly becoming a new tool for quantitating myocardial blood flow,
cardiac chamber volumes and wall mechanics. The future outlook is very promis-
ing for this three-dimensional cine-CT technique with high spatial resolution.
High speed CT should provide unique diagnostic information and as the technol-
ogy continues to improve at a rapid speed, this new imaging modality could be a
challenge for angiography. v

Introduction

A significant shortcoming of all present imaging methods for diagnosing ischemic
heart disease including invasive coronary arteriography, echocardiography and
techniques requiring physiological gating similar to nuclear medicine and mag-
netic resonance is their inability to provide the combination of three-dimensional
display and high spatial, density and temporal resolution.

Angiocardiography is the most trusted technique and it has not been replaced
-despite remarkable advances in the noninvasive imaging fields. Myocardial isch-
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emia is characterized by data analysis of the opacified left ventricle (length, area
and volume) and analysis of contours. The advantages of cineangiography in-
clude the ability to see the whole chamber (wide field of view) at sampling speeds
in excess of 16 frames per second. The movie format is an excellent method of
reviewing and quantitating cardiac function. Coronary arteriography depicts
vessel contours and enables stenosis to be quantitated. However, coronary
arteriography is by no means ideal, apart from its invasive nature. It estimates
myocardial blood flow very indirectly and this often late relative to the patient’s
disease. Computed tomography is now emerging as a technique with the potential
for providing improved sensitivity and specificity for diagnosing atherosclerotic
coronary artery occlusive disease (11-12). This chapter reviews the arguments
supporting this contention and describes the present and future prospects for this
new modality.

Electron beam Cine-CT scanner

The problems preventing fast scanning in a conventional body scanner are heat
load limitations and the angular momentum of the rotating X-ray tube. The new
design replaces the X-ray tube with a magnetically deflected electron beam. The
two important advantages are first, that the ultimate scan speed is limited only by
the need to obtain a sufficient number of photons in a short time and not by
mechanical constraints; and secondly, by scanning one or more of the four target
rings it is possible to obtain multiple tomographic sections. Technical details of
the Cine-CT scanner which produces a very intense beam of electrons in the range

Detectors
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Volume
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Figure 1. Cross-sectional diagram of the C-100 Cine-CT scanner at the University of California, San
Francisco. Deflection of an intense beam of electrons totally replaces the mechanical gantry motion of
conventional whole body CT scanners. X-rays are produced with a series of 4 tungsten target rings
(180 cm diameter) that cover a semicircle below the patient. This design provides for high scanning
speed, multi-plane images, and continuous multilevel scanning with reduced heat load limitations.
There are, furthermore, no moving parts.
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of 750 mA are available in the literature (12-15). Figure 1 shows the Cine-CT
scanner design and illustrates the two rings of solid state detectors, which produce
two simultaneous 8mm thick CT scans each time one tungsten target ring is swept
by the focused electron beam. The exposure time is currently 50 milliseconds and
scans can be obtained at any intervals up to 17/second. The scan reconstruction
time is presently 10 seconds. Eight levels can be scanned within 240 milliseconds
without the need for table incrementation, although this capability is also avail-
able. This scanner has a much wider aperture than any conventional CT or
magnetic resonance imager, and in combination with a mobile table, allows
patient angulation so that various cardiac tomographic imaging planes, including
the short axis view, can be directly imaged.

Cine-CT scanning techniques

A Cine-CT study can be performed as a rapid patient procedure. The first
requirement is correct patient positioning and accurate localization of the appro-
priate anatomical scan levels. The left ventricle is usually examined in the short-
axis plane. This is accomplished by swivelling the table 20° so that the feet are
moved to the right with the patient lying supine. Additionally, the table is tilted to
elevate the head approximately 15 to 25 degrees.

Electrocardiographic monitoring is used so that the scan exposures can be
triggered at selected phases of the cardiac cycle. A short intravenous catheter
(Deseret Co., 5cm long plastic needle) is placed in a peripheral vein in either the
anticubital fossa or an external jugular vein. Eight localizing scans are then
exposed to check the imaging plane and anatomical level and these are reviewed.

Contrast medium administration and scanning options

CT scanning of the heart should be considered as a greatly modified angiographic
procedure and therefore, good results are consistently obtained only by standard-
izing the technique. A flow study is performed first by injecting 0.3 ml per kg body
weight of contrast medium (usually 20-35 ml) at a flow rate of 5 ml/second. A flow
controlled injector (Mark IV, Medrad Corp.) is used in our laboratory which
allows highly reproducible and accurate injection procedures necessary for quan-
titative analysis of the image data. Fifty millisecond scans are obtained at eight
contiguous levels; all are exposed during the same phase of the cardiac cycle,
usually systole, on either every heart beat or every second or third beat. Ten scans
are usually obtained at each of the 8 levels with one 2025 ml bolus injection in
adults, thus, the ten scans cover 10, 20 or 30 seconds as illustrated in Figure 2a.
There is considerable display flexibility as the images are stored and displayed in
the digitized format.
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Figure 2a. Illustration of a collection of 9 contiguous 8 mm thick scans in a patient with valve prosthesis
in the mitral and aortic areas. These scans were selected from a dynamic CT flow study at times when
both right and left sided vascular structures were contrast enhanced. Note how relatively free from
motion streak artifacts these images are despite the prosthesis. Also, the resolution is adequate for
identifying the proximal right and left main coronary arteries and its proximal main branches on the
image at 8.64 seconds (arrow). The left number in the images represents the spacing at 8 mm with a
1-2mm gap between rings. ‘

Figure 2b is a geometric on-line magnification of the 6th scan (8.64 sec) of the
series in Figure 2a showing the proximal coronary arteries. Figure 3 illustrates a
typical scan sequence at one of these eight levels from a dynamic flow-mode Cine-
CT series. The circulation time is readily obtained from these scans as each scan is
registered in time and anatomical site; the sequence is displayed on the monitor
with each image. This circulation time is used to direct the next phase of a Cine-
CT study, which is the scan acquisition in the movie mode. The flow mode of
operation, as will be seen, is also the basis of quantitating vessel, cardiac chamber
and tissue blood flow using gamma variate curve analysis.
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Figure 2b. This image showing the left main, left anterior descending, left circumflex and main right
coronary artery is the same image as the one arrowed in Figure 2a. Magnification of this type is
possible instantaneously with digitized Cine-CT images.

The movie mode involves a separate injection of contrast medium with high
speed scanning at the rate of 17 images/sec at 4, 6 or 8 levels during biventricular
contrast enhancement. The scan acquisition period is short, usually between 1
and 4 heart beats. The patient is instructed to hold his or her breath in inspiration
during the short scanning period. Cine-CT is easily performed in the immediate
post-operative period and also in relatively ill patients, because the procedure is
rapid and not demanding on the patient.

The scans acquired at 17/second are ECG-monitored to ensure that end di-
astole and end systole are obtained for each level. The Cine-CT monitor can
display the ECG and indicates the exposure times of each scan on its time base.
Usually 8 or 12 levels are scanned to cover the whole ventricular muscle mass and
cavities. The CT images are then displayed sequentially as a closed loop movie on
the cathode ray oscilloscope for each level, and are also displayed as individual
images at various phases of the cardiac cycle. This cinematographic mode demon-
strates the changes in cardiac chamber dimensions throughout the cardiac cycle
and also enables myocardial wall thickness and thickening to be studied, both
qualitatively and quantitatively as shown in Figures 4a and 4b.
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Figure 3. A sequence of 12, Cine-CT 50 millisecond exposures are shown illustrating the dynamic or
flow-mode using a 20 ml bolus of Conray 400 injected into a peripheral vein. Contrast enhancement
occurs progressively from right atrium to left atrium and finally, the left ventricle and descending
thoracic aorta are maximally enhanced. This imaging plane demonstrates the mitral valve. All the CT
scans in this sequence were exposed in diastole using ECG triggering. This ensures good slice
registration on the matrix for data analysis.

Quantitative Cine-CT methods

Left ventricular volumes

The high spatial and density resolution of CT allows the endocardial as well as the
epicardial boundaries to be planimetered using a track ball guided cursor and
computer assisted software programs. This technique is illustrated in Figure 5.
The areas of the outlined ventricular cavities are printed on the monitor as each
level is planimetered, and are recorded on film using a multiformat camera. The
end-diastolic and end-systolic volumes, and subsequent global and regional ejec-



85

Figure 4a. This figure illustrates the movie mode of operation of the Cine-CT system. Sixteen CT
images from a series during contrast enhancement in a patient with a previous antero-septal infarct.
Various phases of the cardiac cycle are seen. Diastole is represented in the top left panel, numbered 1,
while scan 8 is in systole.

tion fractions are obtained by Simpson’s rule. Computed tomography measure-
ment of left and right ventricular volumes have been shown to be independent of
chamber orientation unlike angiocardiography and echocardiography which re-
quire geometric assumptions in their calculations (16-18). Global and regional
ejection volume measurements are currently being validated for Cine-CT in man
with biplane angiography.

Measurements of left ventricular mass by Cine-CT

The ability to define the endocardial and epicardial wall edges accurately and
reproducibly by CT techniques has been validated previously for septal wall
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Figure 4b. Systolic and diastolic CT scans from Figure 4a and magnified. Note the absence of normal
motion as well as myocardial wall thickening in the anterior wall and the anterior portion of the
septum, which are markedly thinner than in other regions (curved arrow). The right atrium, and
ventricle are also well defined, and their motion characterized. The right diaphragm and lobe of the
liver can be seen adjacent to the heart at this scanning level. The posterior papillary muscle explains
the increased density within the left ventricle in this plane (straight arrow).
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Figure 5. Endocardial boundary detection was enhanced using a half-contour method and enables the
cardiac chambers to be outlined with a light pen. Dividing the difference between diastolic and systolic
areas by the diastolic area provides the ejection fraction for this 8 mm thick slice. Chamber volumes
are calculated by summation of areas at multiple fevels and multiplication by level spacing according to
Simpson’s rule.

thickness and myocardial mass in animals (19-24). A recent study showed that left
ventricular mass in dogs can be measured with Cine-CT more precisely than by
any other invasive or noninvasive technique (25). Several centers which have
recently acquired Cine-CT scanners are also performing various validation stud-
ies of chamber and wall dimensions in man, and validating their results against
other established and proven modalities. The tomographic advantages of Cine-
CT imaging are significant, particularly in conditions in which hypertrophy is
asymmetrical as in some types of myopathies (Figure 6).

The role of Cine-CT in myocardial infarction

Acute myocardial infarction has been studied extensively since 1975 by earlier
generation CT scanners (26-27). Laboratory studies have indicated that the
infarct is seen within hours; first as a contrast enhancement perfusion defect, then
within a few minutes as delayed enhancement in the surrounding infarct zone,
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Figure 6. Systolic and diastolic images are seen in a patient with hypertrophic cardiomyopathy. The
images in the upper panels are the same as below, but have been analyzed to determine regional wall
thickness and thickening during the cardiac cycle. Wall thickening is readily appreciated from the
movie display and is an excellent index of ischemia. Cine-CT is able to measure the percentage of
change with precision. Once the operator defines the points, the computer displays these data
numerically on the monitor alongside these images.

and with ECG gated-CT (and now Cine-CT) as regions with motion abnor-
malities of the adjacent myocardial wall (28). Similar studies confirm that these
changes also occur in man (29). These reports have also indicated that CT can
accurately size the infarct area (26). Until now, the use of slow CT has been
limited by the single slice configuration and poor slice registration due to the need
for sequential breath holding, as well as multiple injections of contrast medium.
The C-100 overcomes these difficulties as so much data can be collected with each
injection.

Chronic myocardial infarction

The effects of ischemia on wall thinning and contractility can be quantitated by
Cine-CT. In a recent study at the University of California, San Francisco,
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Figure 7. Graphic representation of end-diastolic and end-systolic wall measurements in five dogs for
the control (C), occlusion (O) and release (R) states in the septal, anterior and lateral walls. Thereis a
marked decrease in systolic thickness of the anterior wall during acute occlusion of the left anterior
descending coronary artery.

comprising 24 patients, Cine-CT provided a reliable assessment of regional wall
motion based on left ventricular cavity dynamics (Figures 4a and b). Abnormal
contraction patterns by CT correlated in 90% (100/110) of the segments with the
findings of biplane left ventriculography (30). It is likely that by adding wall
thickening measurements the Cine-CT evaluation should be even more sensitive
in characterizing ischemic dysfunction as illustrated in Figure 6. The sequelae of
infarction, namely, thrombus and aneurysm formation can also be detected and
quantitated by CT (9, 31).

Exercise and pharmacological Cine-CT stress testing

Wall mechanics have been quantitated and validation by Cine-CT which can
measure wall thickening and thinning during acute ischemia (32). Figure 7
illustrates these results. Myocardial wall thickness is measured in this manner at
all levels from cardiac apex to base. Supine exercise, using a bicycle ergometer
attached to the Cine-CT table for exercise stress testing is presently being
evaluated. Interventions with various pharmacological vasodilators are also
being explored with Cine-CT to determine whether significant coronary artery
disease can be quantitated by changes in wall mechanics (32-33).
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Coronary artery bypass graft patency

This application of CT was the first clinical procedure in the heart to gain
acceptance. Selective cardiac catheterization was the only diagnostic modality for
determining graft patency before the introduction of CT. The relatively large size
of the vein grafts and their convenient location above the heart where motion is
minimal makes it ideal for CT imaging. Patency is recognized when there is
contrast enhancement of the grafts coincident or just following peak enhance-
ment of the ascending aorta. It is usually necessary to study between two and four
levels depending on the number of grafts placed in order to increase the certainty
of patency. Furthermore, each graft should be seen adequately at two levels. CT
is particularly valuable in the early post-operative period. Time-density analysis
as generated by the Cine-CT scanner has the promise of permitting the quan-
tification of graft flow. CT is the best noninvasive method for detecting graft
patency. The specificity and sensitivity of conventional CT in determining
saphenous vein graft patency has been demonstrated to be approximately 95
percent (34). Internal mammary grafts can also be evaluated. Cine-CT by virtue
of multilevel scanning allows all levels (4-8) to be scanned with only one bolus of
contrast medium. This allows for a rapid study and also enables a Cine-CT left
ventriculography study to be performed during the same procedure. The accu-
racy of Cine-CT should be high — it is presently being evaluated. Cine-CT offers a
further exciting prospect — the measurement of graft flow.

Measurements of blood flow

No present imaging modality can measure regional myocardial blood flow in
absolute terms with any degree of precision. Radioactive microsphere measure-
ments in animals is the best available laboratory method known and requires
sacrificing the animal. Thallium-201 imaging in man provides useful but nonethe-
less, only relative estimates of regional myocardial perfusion. Nearly all our
techniques for evaluating ischemic heart disease are in fact, indirect, including
coronary arteriography and left ventriculography.

Blood flow measurements which are to be clinically useful may be considered
in two groups, blood flow through the cardiac chambers and vessels such as the
carotid arteries and coronary bypass grafts and secondly, and much more difficult
- blood flow measurements in tissue.

Cardiac output has been measured and validated by Cine-CT (35). This
capability was assessed in a study of anesthetized dogs using the gamma-variate
curve derived from a flow-mode sequence of scans. The area under this curve
shown in Figures 8a and 8b reflects the cardiac output, which is given by the
Stewart-Hamilton equation:
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Figure 8a. Single axial 50 msec image from triggered or flow sequence when contrast bolus is present in
left ventricle. Following the placement of a region of interest over left ventricular cavity, computer
plots time/mean CT number (density) curve. These points are then fit to a standard theoretical curve
(gamma variate), which corrects for secondary recirculation peak, if present. After performing the fit,
the computer calculates various bolus parameters, including the rise time, peak time and area under
curve.

Figure 8b. Cardiac output can be determined from area under left ventricular curve (A) as in Figure
8a, if quantity of iodinated contrast medium injected (Q) is known.
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CO = X

f[c(t)-6 t
where CO is the cardiac output, X is the quantity of indicator injected into the
system and c(t) is the concentration at the sampling site at time t. This concentra-
tion is given in terms of density, because a linear relationship exists between
indicator (iodine) concentration and CT numbers over the physiological range.
This densitometry was validated for the Cine-CT scanner in phantom experi-
ments (36). The accuracy of Cine-CT was validated against simultaneous ther-
modilution measurements of cardiac output and the results showed an excellent
correlation (r = .92); the mean percent difference between these techniques was
9.7% over a range of 1.5-6.3 l/min (35).

Vessel flow can also be characterized using high speed CT scanning using at
least two methods. One approach is to obtain curves for example, from each
carotid artery obtained simultaneously and using the first derivative of this to
explore the relationship between slope and arterial occlusive disease. The results
are being compared with pre- and post-operative angiographic findings. The
carotid arteries are well seen by Cine-CT and digital subtraction capability is
on-line and helpful in identifying, for example, the vertebral arteries, Table 1.

The ability to acquire flow curves at multiple levels from the same bolus
injection allows the peak arrival time to be measured along a vessel. Figure 9
illustrates how the velocity can be calculated for each carotid artery. Other
techniques can also measure velocity, but the cross-sectional images of CT permit
the areas of the vessels to be measured accurately at each level, hence, the
potential for measuring absolute carotid blood flow is apparent. Studies in our
laboratory in a flow phantom indicate the reliability of this technique (36), and
animal and patient evaluation data are being analyzed. The ability to obtain a
bimodal time-density curve over any vascular region involved in left-to-right or
right-to-left shunts provides a measure of the size of the shunt. This is also being
studied.

Absolute myocardial blood flow can be derived by interpreting the relative
myocardial time-density curve in concert with the cardiac output, both of which
are determined by indicator dilution (37-41).

Table 1. Cine-CT capability.

Rapid scan time, 50 msec.

Multi-slice capability, 8 or more simultaneously.

Repeat multi-slice study at 1sec (or faster) during passage of contrast bolus.
3D transformations into sagittal, coronal and oblique images.

Quantitative analysis software.

Subtraction.

Functional image analysis and display.

il o
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seconds

Figure 9. Tllustrates the CT time-density curves generated at 8 contiguous levels from a multi-level
Cine-CT flow sequence. The diagram represents a vessel-like carotid artery. The peak arrival time is
given for each flow curve, hence, the velocity profile can be measured in cm/sec. Blood flow can be
estimated from the velocity if the vessel area is known. This is readily calculated from the many cross-
sectional CT images.

For any given contrast injection, as indicated above, measurement of the area
under the time-density curves of the aorta and left ventricle is constant and
representative of cardiac output (35). Absolute flow can then be calculated for
any myocardial region as the ratio of peak enhancement of the time-density curve
in that region to the area under the aortic or ventricular time-density curves
(Figures 8a, 10a and 10b). .

This formula assumes that the myocardial contrast washout time is longer than
the width of the aortic or ventricular time-density curve. This is true in the
myocardium because transit time through the capillary bed is longer than the
duration of the systemic venous contrast bolus injection. The theoretical basis
which underlies this concept has been discussed previously, but the only realistic
approach is with 3D imaging techniques which allow accurate sampling. Mullani
and Gould have demonstrated that regional blood flow can be measured by
external detectors with a 3D isotope imaging technique (43). The equations
derived for Cine-CT are similar to their theory. This formula has been validated
in a tissue flow phantom in our laboratory and is currently being evaluated in dogs
by radioactive microspheres. Studies performed at UCSF in collaboration with
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Figure 10a. Myocardial perfusion curve generated over lateral wall from patient with previous anterior
myocardial infarction. Curve analysis provides peak height.

Figure 10b. Blood flow (F/V) in any myocardial region can be calculated as ratio of the peak of the
time-density curve in that area (P) to the area under the aortic or left ventricular time-density curve
(A), which is representative of cardiac output.
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the lowa University Medical Center look very promising (44). Another study
reported the correlation of absolute myocardial flow measurements with changes
in wall contractility during acute ischemia, produced by occluding a coronary
artery in dogs (42). Useful CT measurements of regional myocardial perfusion
with and without interventional pharmacological vasodilation have been demon-
strated previously using labelled microspheres (45). There is therefore, the
realistic prospect of measuring blood flow in man using high speed multilevel CT.
The method has also been applied in the kidney where Cine-CT measurements of
renal tissue flow correlated with radioactive microspheres (r=0.93) over a wide
physiological range (46).

The future of direct measurements of flow by Cine-CT will depend upon the

Figure 11. St. Jude mitral prostheses demonstrated by the movie mode (17 images/sec). This is one of 4
levels scanned simultaneously. The movement and position of the struts which are radiopaque is well
seen. The velocity of their motion can also be estimated. Note that the prosthesis is not obscured by
streak artifacts which are a major cause of extensive image degradation with stlow conventional CT.
The four cardiac chambers are all seen by contrast enhancement; 30 mlof Hypaque 60 was infused into
a peripheral vein at 3 ml/sec.
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Figure 12. This figure demonstrates the ability of high speed CT to acquire contiguous levels through
the whole chest if necessary during one injection, and with one bolus of contrast medium in the patient
illustrated in Figure 2 with aortic and mitral prosthetic valves. Note that the aorta is seen over a wide
region similar to a projected angiographic image. This ability of CT to reconstruct any imaging plane
once a cubic matrix of CT data has been acquired with good registration is a unique and powerful
capability. It allows many acquired as well as congenital lesions of the heart and great vessels to be
analyzed and characterized.

results of studies now in progress, but the prospect of this new modality for
improving the diagnosis and management of patients with coronary artery occlu-
sive disease is exciting.

The Cine-CT scanner has demonstrated that it has a definite role in the
diagnosis of many cardiac disorders, ihcluding pericardial, valve and congenital
heart disease (47-54). The ability of the high sampling rates for analyzing motion,
present images similar to cineangiography. An example is given of a prosthetic
valve (Figure 11). An example of a transformation image is illustrated for the
aorta in Figure 12.

Conclusions

Computed tomography represents the optimal theoretical approach to X-ray
imaging. This conclusion arises from CT’s capacity to solve the fundamental
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limitation of all forms of X-ray imaging, the superimposition of anatomical
structures. Since CT is a fully three-dimensional method, this problem is ad-
dressed in a manner not subject to the risks, complications and technical limi-
tations of selective angiography, subtraction angiography, tomography and many
other techniques. The optimism therefore, for Cine-CT imaging of the heart is
well founded. Apart from the demonstration of anatomical structures in any
plane and in real time in movie format, this new generation of CT scanners offers
a unique potential for measuring myocardial perfusion. This can be evaluated in
two ways: by measuring myocardial wall thickening, which is a sensitive indicator
of blood flow and, by assessing time-density changes due to the passage of
contrast agent through thin slices of myocardium. Neither of these techniques can
be performed adequately at present with noninvasive or even by invasive tech-
niques. Feasibility studies, however, have demonstrated that this should indeed
be possible using fast CT scanning (55-57). The radiation exposure of current
whole body scanners is low (58). The Cine-CT scanner’s radiation exposure to the
patient is comparable or less; hence, this will not be a practical limitation.

Obviously, further controlled clinical studies are needed to validate Cine-CT’s
capability for general clinical purposes and comparisons will be necessary with
established angiographic, echocardiographic and nuclear medicine techniques.
Further studies are also needed in animals as well as patients to determine the
sensitivity and specificity of Cine-CT. Should Cine-CT reach its anticipated
potential, electron beam systems of the type described may not only replace
present 3rd and 4th generation CT scanners for general purposes, but also may
become a complementary or even the primary screening and diagnostic cardiac
imaging technique of the future.
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Quantitation of coronary artery stenosis severity:
Limitations of angiography and computerized
information extraction

J. Richard Spears and T. Sandor

Summary

Accurate, reproducible assessment of angiographic coronary luminal dimensions
would facilitate management of patients with obstructive atherosclerosis and
would expedite studies of interventions in atherosclerosis. In this chapter, we
discuss our experience with many of the limitations of angiography which had to
be addressed during the development of a computerized image analysis system
for extraction of quantitative morphometric information from digitized cine-
angiograms. A mathematical definition of the position within the angiographic
image edge gradient which corresponds to the anatomic vessel boundary was
found to be independent of many radiographic variables. Contrast medium
concentration, however, had a small but predictable effect on this definition and,
hence, on diameter measurement. Diameter measurements may be made with
this system with an error of less than 100 microns, once temporal fluctuations in
the imaging system, such as quantum mottle and film grain, are taken into
account by multi-frame averaging. Likewise, studies of the reproducibility of
diameter measurements, including between clinical angiographic procedures,
suggest that a 3% variation or less of a 3 mm vessel is achievable in prospective
studies if multi-frame analysis is performed. Potential problems with extrapola-
tion of cross-sectional area from diameter information are discussed as is the use
of densitometry for direct rotationally invariant measurement of relative cross-
sectional area. Important future goals of image processing of coronary angio-
grams are improved automation and greater information extraction. Accord-
ingly, recently developed techniques for automatic vessel centerline recognition
and for potential tomographic reconstruction of complex luminal shapes from a
small number of radiographic views are presented.
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Introduction

Ischemic cardiac events occur in patients with coronary atherosclerosis primarily
when the coronary lumen is compromised. Coronary angiography, by providing
anatomic information regarding luminal dimensions of the coronary arterial tree
(1), has therefore revolutionized our understanding of ischemic heart disease.
The technique has been invaluable in the diagnosis and prognosis of the disease in
individual patients, and it has been indispensable in the treatment of patients with
coronary bypass surgery and balloon angioplasty. From the viewpoint of re-
searchers interested in the evaluation of the efficacy of any intervention on the
course of plaque encroachment on the coronary lumen, the use of sequential
angiograms should greatly reduce the population size, duration, and cost/effec-
tiveness of studies of a large number of potentially useful interventions, com-
pared to conventional studies wherein data is generated solely by clinical end-
points.

In general, information provided by the angiogram is highly reliable, and it is
unusual when the clinical picture, including noninvasive testing, is discordant
with the findings at angiography. One might speculate that the reliability of the
angiogram is, in part, responsible for the fact that its limitations have been
recognized gradually only after many years of clinical application. Some impor-
tant limitations are listed in Table 1. In this chapter, we discuss our experience,
both published and previously unpublished, with many of these limitations during
the development of an automated system for computerized analysis of digitized
cineangiograms.

Radiographic view

Even when a vessel segment of interest is well-filled with contrast medium, free of
overlapping branches, and intersected by the X-ray beam perpendicular to its
centerline, underestimation of lesion severity can occur because of an inadequate
radiographic vietv. A thin, shelf-like lesion for instance, may not be appreciated
until it is viewed within a few degrees of its profile view (Figure 1). Virmani et al.
in a postmortem study (2) recently described a group of patients succumbing from
sudden death who were found to have ostial ridges or shelves which partially
obstructed either the right or left coronary arteries; the authors speculated that,
during exercise, aortic root dilatation could have increased the degree of obstruc-
tion from these ridges, which were contiguous with the wall of the aorta. Since
these ridges were more likely to be present when a coronary artery arose at an
acute angle from the aortic root, it is apparent that these thin shelves cannot be
visualized when the proximal segment of the coronary artery is viewed perpen-
dicular to the direction of the X-ray beam. Failure to opacify the aortic side of the
shelf, of course, further compounds the difficulty in angiographic visualization of
this pathology.
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Figure la)b). Left coronary angiogram, AP (a) and shallow RAO-caudal (b) views. Although the
views differ by only 20°, the true severity of the shelf-like lesion in the left mainstem artery is apparent
only in (b).
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Figure 2. Potential maximum percent error of cross-sectional area extrapolated from apparent
diameters versus degree of ellipticity, D, /D (true major/minor axis ratio). When two views are used
in the estimate of area, the maximum potential error is reduced as the angle between the views (u)
approaches 90°. This error is further reduced when additional views are used. Reproduced with
permission from Spears er al. (3).

A more common problem is that the cross-sections of many atherosclerotic
coronary artery lumina deviate from circular symmetry. In a formal analysis of
the potential error incurred when extrapolating lumen cross-sectional area from
the apparent diameters in different radiographic views of an elliptically-shaped
cross-section, several observations were noteworthy (3). When the ratio of the
true major/minor axis ratio is greater than 2, one cannot predict within 95%
confidence limits that the error in estimating cross-sectional area from 2 ar-
bitrarily oriented perpendicular views will be less than 20%. As the degree of
ellipticity increases, the maximum potential error likewise increases (Figure 2).
For example, when the actual major/minor axis ratio is 5, the maximum potential
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error is approximately 160% when 2 orthogonal radiographic views are used. For
radiographic views <<90° apart, the maximum potential error increases. Of inter-
est is the fact that, when 2 orthogonal views of an elliptical lumen are available,
extrapolated cross-sectional area cannot be underestimated, unlike the situation
wherein the 2 views are separated by less than 90°. Thus, when only 2 views are
available, an attempt should be made to make them 90° apart. Ideally, additional
radiographic views will reduce the maximum potential error further, but from a
practical viewpoint, there are few coronary segments for which more than 2
adequate views separated by more than 30° can be obtained. Since the probability
of overestimating cross-sectional area of a highly elliptical lumen is much greater
than that of underestimating the area, it is prudent clinically to use the smallest of
the diameters noted in estimating percent area stenosis, rather than averaging
diameters from multiple views. When one considers that any deviation of lumen
shape from an ideal ellipse will only serve to increase the probability of over-
estimating cross-sectional area from apparent radiographic diameters, this asser-
tion is strengthened further.

Computerized image analysis of coronary angiograms
Accuracy of diameter measurements

The necessity for reliable, reproducible quantitative information regarding lumi-
nal pathology from atherosclerosis has spurred the development of computerized
analysis of digitized radiographic images (4-16), first developed at the Biomedical
Image Analysis Laboratory of the Jet Propulsion Laboratory in conjunction with
USC Medical Center for an objective measure of radiographic luminal irreg-
ularity (4, 5, 7). The efforts of our group have been directed primarily at
extraction of quantitative indices of luminal dimensions from digitized coronary
cineangiographic frames. Objective measurement of lumen diameter, the most
fundamental index, requires that the location of the anatomic vessel edge be
defined within the edge gradient of the angiographic vessel image. Theoretically,
one might achieve this goal from knowledge of the point spread function of each
component of the imaging chain. When one considers that temporal variation in
the size of the focal spot may occur and that unpredictable biologic variables
(Table 1), such as contrast medium concentration, may influence the size and
shape of the edge gradient, a strictly mathematical approach to this problem
appeared unrealistic. We therefore took the following empiric approach. Three
spatially disparate positions within the edge gradient were defined mathemati-
cally, and computer-derived measurements of diameter were compared with the
known anatomic diameter of each of a series of cylindrical model lumina. Analy-
sis of covariance was used to determine whether the slope or intercept of the
regression equations relating the measured and known diameters were affected



108

by a wide variety of radiographic variables (14). Only one variable of practical
importance, contrast medium concentration, was found to have a statistically
significant effect on the regression equations. As contrast medium concentration
decreased from 100% to 25% Renografin-76, computer-derived diameter mea-
surements also decreased on the order of 100-300 microns for vessels 2-6mm in
diameter. When 5 experienced angiographers at our institution measured the
diameters of the same phantom vessels at 10X magnification with a calibrated
optical reticle, the diameter measurements of each angiographer were likewise
affected (p<.05) to a similar degree by contrast medium concentration. Of
interest was the observation that such manual measurements (n = 560) showed
considerable intra- and interobserver variability. It appeared that angiographers
differed in their guess at the location of the anatomic edge within the edge

Table 1. Limitations of Angiography

I Inadequate Angiographic View

Poor contrast medium filling

Vessel segment severely foreshortened
Overlapping branches

Minimum diameter not seen

Poor radiographic contrast

Mach Bands

1L Diameter Information Inadequate
® Irregular lumen geometry
® Reference segment narrowed or ectatic
® Vessel wall not visualized

III.  Biologic Variation
® Blood-contrast medium mixing
® Vasomotor fone
® Intra-arterial pressure
Pulsatile variation
Contrast medium injection
® Myocardial blush and filling of small adjacent vessels, including vasa vasorum
® Vessel motion

IV.  Failure to Extract Precise Information
e Visual methods unreliable, particularly for estimation of diameter percent stenosis in
30-70% range.
® Visual estimates of enface plaque stenosis severity by gray scale evaluation unreliable
® Manual-visual methods of diameter measurement tedious for multi-segment, multi-frame
analysis.

V. Complex Relation Between Lumen Geometry and Flow
® Angiography provides potentially highly accurate, reproducible anatomic information but
frequently unreliable physiologic information (Reference 31).
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gradient, although the position selected was relatively reproducible for each
observer over a large range of vessel sizes and over time. By contrast, computer-
derived diameter measurements were not only highly reproducible (mean abso-
lute variability <2% for a 3mm vessel), but were also accurate to within 60
microns for each vessel for the fastest edge detection algorithm, first described by
Selzer et al. (5), which consisted of finding the maximum first-derivative of a
second degree polynomial fitted to gray scale values of consecutive pixels within a
window which ‘moved’ across the densitometric vessel profile.

Reproducibility of diameter measurements

In the foregoing studies, each computer-derived diameter measurement repre-
sented the mean value from 8 consecutive cineframes of a contrast medium-filled
phantom vessel. Multiple diameter measurements of the identical vessel segment
were obtained to reduce variability due mainly to quantum mottle and film grain.
A good example of the effects of these variables on the edge gradient can be seen
in a single cineframe of a cylindrically-shaped model lumen filled with contrast
medium; the edge gradient contour and, hence, the location of the anatomic edge
within the gradient appear to vary axially along the lumen. At each axial location
the error in the measured diameter resulting from such statistical fluctuations
should be reduced by a factor roughly equal to (n)"?, where n = the number of
diameter measurements over multiple cine exposures. In addition, averaging
adjacent scan lines, oriented perpendicular to the vessel centerline, should like-
wise reduce variability in diameter measurements due to quantum mottle and
film grain. We currently digitize cineframes with a Spatial Data Systems (Goleta,
CA) EyeCom digitizer interfaced to a Vax 11/780 computer (Figure 3). Each
image is digitized 4 times to reduce the effects of noise in the process of digitiza-
tion. A scanning resolution of approximately 10 microns/pixel is achieved by
optical magnification with a vidicon camera, and a window of interest within a
potential 640X 480 scanning array is digitized 8 bits deep. Because of the approxi-
mate 8 fold minification of vessel dimensions on cine, each pixel represents
approximately 80 microns of antomic vessel dimension.

Variability in diameter measurement, as a result of digitizing system noise, is
approximately 1% (% 1s.d.) for a 3 mm phantom vessel, as assessed by digitizing
the identical vessel segment from a single cineframe multiple times (Figure 4).
When the diameter of this vessel segment was determined over many consecutive
cineframes (Figure 5), a variability of approximately 4% (% 1s.d.) was noted.
Frame-to-frame changes in the image of the same vessel segment, principally as a
result of quantum mottle and film grain, thus produced comnsiderably more
variability than than inherent in the process of digitization alone. It should be
emphasized that the 4% variability was noted despite ideal exposure conditions,
i.e., a homogeneous background, a fixed 100% concentration of Renografin 76,
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Figure 3a)b). Portion of cineframe of right coronary artery, RAO view. Following digitization of
operator-defined region of interest (window), automatic edge tracking with a maximum slope
algorithm is performed (a), and vessel diameter, perpendicular to the centerline, is displayed as a
function of distance along the centerline (b). Reproduced with permission from Spears er al. (14).
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Figure 4. Repeated diameter measurement (200x) of the same segment of a contrast medium-filled
3mm cylindrical phantom from a cineframe. Digitizing system variability was approximately 1%
(£1s.d.).

and no motion of the phantom vessel. In view of this intrinsic frame-to-frame
variability, it is not surprising that, when 8 consecutive frames were used to
measure the mean diameter of a vessel phantom at one axial location, an inter-
study variability of only approximately 2% was found as previously noted.
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Figure 5. Repeated diameter measurement of the same segment as in Figure 4, but over 100
consecutive cineframes. The increased variability, approximately 4% (+ 1s.d.), compared to that
inherent in the process of digitization, resulted principally from quantum mottle and film grain.
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A number of biologic variables may affect the reproducibility of vessel diame-
ter measurements from coronary cineangiograms (Table 1). The most important
of these, in most cases, is the frame-to-frame variation in contrast medium mixing
with blood. Experienced angiographers are well aware of this problem and will
usually attempt to visually integrate diameter information over multiple frames.
Figure 6 illustrates a clinical example of the variability in computerized diameter
measurement of a coronary artery segment over many cineframes from a single
injection of contrast medium. Periodicity in the diameter measurements over
several cardiac cycles can occasionally be noted; in some instances, periodic
fluctuations can be attributed to variations in contrast medium concentration (the
increase in blood flow during diastole reduces contrast concentration and, there-
fore, vessel diameter measurement) or in radiographic magnification as the heart
rotates with each cycle. In other instances, particularly for normal coronary
arteries, pulsatile pressure may contribute to the periodicity in diameter measure-
ment. In the dog, under carefully controlled conditions, a 5% variation in
coronary arterial diameter of a 34 mm epicardial segment can be noted angio-
graphically (17). That this variation was secondary to the pulsatile nature of
arterial pressure was confirmed by measuring intraluminal diameter continu-
ously, on-line with a semiconductor based caliper, the Feldstein arterial contour
transducer (Figure 7). Angiographic variation in diameter measurements from
digitized cineframes were often apparent, in this ideal laboratory setting, only
after application of autocorrelation techniques to data sets available for 5-14
cardiac cycles per injection. The shorter period of injection as used clinically
precludes meaningful application of such statistical techniques, so that periodicity

+ 34

32

o 50 90

Figure 6. Diameter measurement of an identical vessel segment on each of 90 consecutive frames
during contrast medium filling of a patient’s right coronary artery. The apparent periodicity (approx-
imately 45 frames in cycle length) corresponded to the heart rate.
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in diameter measurements with a frequency similar to the cardiac cycle is difficult
to detect or quantify in the clinical setting. Such information might be of value,
however, because of the potential for assessing coronary compliance from the
angiogram.

The injection of contrast medium per se may affect diameter measurements.
Measurement of downstream intra-arterial pressure during contrast medium
injection in coronary arteries of anesthetized dogs in our laboratory demonstrates
a 10-20 mmHg rise in pressure which may increase lumen diameter. In addition,
we have found that a second injection of contrast medium, 5 minutes after an
initial injection, is associated with an increase in angiographic lumen diameter of
5% (17). During the latter part of all coronary angiographic injections, contrast
medium filling of myocardial capillaries and small adjacent side-branches may
cause spurious changes in angiographic luminal diameter measurements. Ad-
ditionally, atherosclerotic coronary arteries have a rich network of vasa vasorum
(18) which, when filled during a late phase of a contrast medium injection, can
slightly alter the shape of the edge gradient.

When only one cineframe of a series obtained during a coronary injection of
contrast medium is used for angiographic analysis, an end-diastolic frame is
usually selected (6). We feel that this approach is less than ideal for several
reasons. Coronary flow is greatest during diastole, so that contrast medium
concentration is often less than during systole. Unless cine exposure is performed
with electrocardiographic gating, the ‘end-diastole’ frame is at best a temporal
approximation. Although one might assume that cardiac motion is minimal near
end diastole, the converse is true for coronary segments which lie in the A-V
grooves. In fact, rapid swinging of these segments frequently occurs between
atrial and ventricular systole, particularly noticeable in RAO views.

A more rational approach to selection of cineframes for angiographic diameter
analysis appears to us as follows: Selection of frames should be made on the basis
of maximal contrast medium filling with no overlapping branches in a view which
does not severely foreshorten the vessel segment of interest. In order to reduce
variability from quantum mottle, film grain, inhomogeneities of contrast medium
concentration, etc., at least 510 frames from a single injection should be ana-
lyzed and the measurements averaged. An additional advantage to multi-frame
analysis s the fact that vessel motion from one frame to the next results in variable
background tissue density, so that the effect of spurious densities on the edge
gradient and on the entire transverse densitometric profile as a result of back-
ground tissue inhomogeneity will be reduced.

In order to assess the efficacy of any intervention in atherosclerosis on luminal
dimensions, an objective measure of the latter must be highly reproducible over
time. From the foregoing discussion, it is apparent that potentially many radio-
graphic and biologic variables may alter measured luminal dimensions, either
artifactually or anatomically. We therefore examined the reproducibility of diam-
eter measurements by computerized image analysis of coronary stenoses between
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Figure 7a)b)c). a) Pulsatile variation in angiographic diameter of an anesthetized dog’s circumflex
coronary artery over 6 cardiac cycles. Troughs in diameter measurement corresponded to the R-wave
(arrows) of the ECG. b) Feldstein intra-arterial diameter displacement caliper. As fingers are
displaced, pressure is exerted on semiconductors with a resultant change in electrical resistance. c)
Caliper recording of intra-arterial diameter along with intra-arterial pressure recording in coronary
artery of same dog as in ‘a’. A parallel relationship between pressure and diameter is noted.

clinical angiographic studies (19). The study was retrospective and, therefore,
represented a worst case situation wherein sources of variability in the measure-
ments were potentially exaggerated. No attempt was made to control vasomotor
tone, reproduce the identical radiographic view, or employ the same catheteriza-
tion approach. The assumption was made that no change in atherosclerotic
progression/regression occurred during the 14 week interval (mean = 2 weeks)
between the 2 angiographic studies per patient; patients were selected from a
pool of patients treated with either PTCA or thrombolytic therapy with intra-
coronary streptokinase (SK) infusion. Selection of patients was made on the basis
of having a routine follow-up angiogram available within 1 month of the initial
procedure and the presence of a coronary stenosis in an artery not directly treated
with either PTCA or SK as indicated in a written catheterization report. Of 10
patients selected in this manner (SK = 5 patients, PTCA = 5 patients), only one
pair of films provided an inadequate view of the lesion of interest and could not be
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Figure 8. Diameter profile of a vessel segment from a single cineframe of a clinical coronary angiogram
(top panel) versus the diameter profile averaged over 10 consecutive cineframes (bottom panel). The
effect of artifacts in diameter measurement as a result of blood-contrast mixing, quantum mottle, etc.
are reduced by multi-frame averaging (arrow).
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analyzed by automated edge tracking of the vessel image. Similar radiographic
views from each study were always selected for each stenosis analyzed.

For each stenosis measurement, 10 sequential cineframes during peak contrast
medium filling in an optimal view were analyzed. Following automated edge
tracking within a digitized window of interest by the moving window maximum
slope algorithm (14), the centerline was identified as the midpoint between vessel
edges. A fourth degree polynomial was fit to these points and scans perpendicular
to the centerline were used to measure diameter as a function of distance along
the vessel centerline. The same digitizing window was used for each subsequent
frame of a series, and the diameter profile of each frame was moved along the
abscissa (distance along centerline) until a least squares best fit match of values
along the ordinate (diameter values) was found with ordinate values of the
previous diameter profile (Figure 8). Thus, a running average of the diameter
profile was constructed automatically over 10 consecutive frames, despite frame-
to-frame variation in vessel position within the digitizing window secondary to
cardiac motion. The maximum and minimum vessel diameters were extracted
from each analysis, and absolute dimensions were obtained by using the known
dimensions of the catheter shaft in conjunction with image analysis of a 1cm
segment of the latter over 5 consecutive frames. In order to reduce errors
associated with analysis of the catheter shaft, the assumption was made that
radiographic magnification was unchanged in each pair of angiograms.

Reproducibility of percent stenosis and vessel dimensions between studies was

Table 2.

Pt % stenosis minimum diameter (mm) maximum diameter (mm)

Film #1 Film #2 D* Film #1 Fim #2 D* Film #1 Film #2 D*

ijC 0% 3% -31% 1.9 1.8 15 2.8 2.7 10
Vs 62%  64% —23% 1.7 1.7 06 45 47 -.13
RS 23%  29% —67% 2.1 24 -29 28 34— 66
PK 33% 0% 15% 23 24— 05 35 35 00
BB 41%  49% —79% 2.1 1.8 26 35 36 - .05
HC  29%  30% —06% 4.0 3.9 13 5.7 55 13
TP 53%  51%  22% 24 26 -2 5.1 53 -1

HG  48%  47% 1.0% 32 32 .00 6.1 62 —.12
PG 25%  21%  42% 3.5 40 -5 46 50 -4
Mean 39%  40%  [3.3%] 2.6 2.6 [.19] 43 44 [.20]
sd. +14%  +14%  *4.1% £08  +09  +25  £12  #12  +.25

r+ 96 96 98

*D = Film 1 - Film 2.
+ Pearson correlation coefficient between films 1 and 2.
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surprisingly good (Table 2). The mean absolute difference in absolute, anatomic
dimensions between studies was approximately + 200 microns for both max-
imum and minimum diameters, and a close correlation for each measurement was
found between studies (r >0.95). These results are encouraging, particularly in
view of the retrospective nature of the study and the possibility that anatomic
changes in lumen caliber might have occurred between studies.

It is reasonable to expect that variability in computerized diameter measure-
ments, not intrinsic to atherosclerotic progression/regression, can be reduced
further by angiographic studies performed in a prospective manner. Thus, if
vasomotor drug history preceding and during the initial angiographic study is
reproduced in the second study, and identical radiographic views, angiographic
technique, and magnification are used for each pair of angiograms, it should be
possible to reduce inherent variability in the diameter measurements to 100
microns or less, e.g. 3% of a 3 mm vessel. We would like to emphasize that such
optimism is probably warranted, however, only if multi-frame analysis is used.

Significant further reduction in diameter measurement variability would re-
quire subpixel precision in identification of the vessel edges. We have recently
demonstrated, with the application of Monte Carlo methods for generation of the
probability distribution of the noise of each measured pixel within the densi-
tometric vessel profile, that a potential spatial resolution of 1/6 of a pixel for a
3mm vessel is achievable (20).

Densitometric analysis of luminal cross-sectional area

A transverse densitometric scan is required to locate the vessel edge within the
edge gradient of the digitized vessel image by most currently available image
processing systems. As mentioned previously, contrast medium concentration
affects both visual and automated methods of edge recognition. This observation
is a clear example of the principle that densitometric information between vessel
edges may affect the apparent location of the latter and, thereby, the measured
diameter. Thus, highly accurate diameter measurement requires analysis of the
entire densitometric scan across vessel image edges. More importantly, however,
densitometric analysis can potentially provide a rotationally invariant measure of
relative cross-sectional area (21). In addition, densitometric measurement of
relative cross-sectional area can be accurate despite an irregular luminal geome-
try, such as a crescent-shaped lumen, unlike estimates of cross-sectional area
from diameter measurements alone.

Several important assumptions are made when a densitometric analysis is
performed. The actual parameter which cannot be angiographically measured
directly is the thickness of contrast medium within a vessel lumen, and the
assumption is made that contrast medium concentration is constant throughout
the lumen cross-sections of the stenotic and adjacent reference segments. Most



118

investigators have also assumed that a linear relationship exists between film
optical density and contrast medium thickness (8,16). Nonlinearities in this
relationship occur, however, because of spectral hardening of the polyenergetic
X-ray beam, image intensifier gamma, vignetting, and veiling glare, and, for film-
based recordings, the characteristic (Hurter-Driffield) curve of film. While a
strictly mathematical approach can be used to correct for nonlinearities in the film
response under carefully controlled conditions (22), the response of the image
intensifier varies temporally with automatic brightness control and spatially
during panning over a field heterogenous in tissue thickness, thus rendering a
priori correction difficult for cineangiographic systems. The relationship between
film gray scale and contrast medium thickness can be calibrated precisely during
radiographic exposure, however, by use of a rotating wedge technique (23, 24),
wherein sequential steps of a wedge are superimposed during contrast medium
injection over a field position of constant tissue thickness, such as lung tissue
during held inspiration, and a parametric analysis of wedge step thickness vs. gray
scale changes provides a continuous series of calibrations over time. Fortunately,
such studies have demonstrated a near-linear relationship between contrast
medium thickness and cinefilm gray scale over the central portion of the sigmoi-
dal curve. Thus, errors in use of the assumption of linearity occur primarily at the
ends of the gray scale. Linearity should not be assumed, therefore, when per-
forming a densitometric analysis of a large vessel, well filled with contrast
medium, particularly when the vessel is foreshortened or overlaps the diaphragm
or spine; likewise, a similar analysis of a coronary segment immediately adjacent
to over-exposed lung field may be associated with significant error.

Under ideal conditions, densitometric measurement of relative cross-sectional
area can provide a measure of percent stenosis which is more accurate than area
percent stenosis estimated from diameter measurements (23), even when the
lumen 1is circular. Densitometric measurements in the usual clinical setting,
however, are less immune than diameter measurements to the effects of vessel
foreshortening, background tissue inhomogeneity, and superimposition of small
branches. For highly curved coronary artery segments, an orthogonal view may
be required to correct for errors in densitometric measurement of percent area
stenosis, when the stenotic and reference segments do not lie within the same
plane. Inhomogeneities in background tissue thickness may result in an error in
the use of the commonly used assumption (22, 23) that a linear trend in tissue
thickness is present between vessel edges. As mentioned previously, multi-frame
averaging of densitometric measurements will reduce the magnitude of this error
by providing a variable background as a result of vessel motion. At present, the
only solution to the problem of superimposition of small branches is careful
selection of frames to be analyzed.

Despite such difficulties in obtaining accurate densitometric measurements of
luminal cross-sectional area, the effort expended is valuable because many im-
portant coronary segments, such as the left main coronary artery, cannot be
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visualized well in more than one view, and failure to appreciate the severity of an
enface plaque may otherwise occur (25). Even when a segment can be well
visualized in multiple views. underestimation of lesion severity may occur in the
use of diameter measurements alone when lumen geometry is highly irregular. A
common example of this problem is the coronary lumen following balloon
angioplasty. A shaggy or hazy appearance of the lumen and/or overt evidence of a
dissection are found commonly after PTCA, and diameter measurements may
greatly underestimate the severity of the residual stenosis (26).

Future directions

Vessel curvature and the presence of overlapping branches are the dominant
variables which interfere with both visual and objective analysis of lesion severity
from high quality coronary angiograms. A fully three-dimensional description of
the coronary vasculature, including lumen cross-sectional area and shape at each
position along the vessel centerline, would be quite valuable clinically. The
densitometric information present in each view of an angiographic study could
theoretically be used to provide projection data for tomographic reconstruction
of alumen crosssection, but conventional CT reconstruction techniques require a
large number of views, far greater than that available from a conventional
angiographic study. We therefore investigated the potential utility of the MENT
(maximum entropy) algorithm developed by Minerbo (27, 28); this algorithm
requires only a few views and is less subject to streaking artifacts present in other
algebraic reconstruction techniques. Figure 9 illustrates the fidelity of the 3 and 5
view reconstructions of a double lumen phantom when transverse densitometric
scans from digitized cine images provided the projection data for the MENT
algorithm. These results are encouraging, and the fact that this algorithm has
been successfully used to reconstruct defects of individual pins within a to-
mographic reconstruction of a crosssection of a 36 pin nuclear reactor core from a
small number of views (29) suggests that a similar reconstruction of planes across
the myocardium, within which multiple vessels are present, may be possible.
Many problems would have to be solved before such clinical application of the
MENT algorithm could be realized, including vessel motion, inhomogeneities of
blood-contrast medium mixing, and registration of identical points along the
centerline in multiple angiographic views to provide reliable sets of projections.
Solution to the latter problem will be simultaneously useful for reducing the
magnitude of the other two problems by facilitating multi-frame averaging of
each densitometric projection.

Automatic recognition of the vessel centerline 1s an important first step in the
registration of equivalent points along the centerline from multiple views and
would also have immediate utility in reducing the amount of operator interaction
in conventional analysis of vessel morphometric indices. A technique which



120



121

Figure 9a)b)c). MENT reconstruction of double lumen. a) A 3 mm phantom was filled with Re-
nografin-76 to provide a circular lumen eccentrically located within a crescent-shaped lumen to
simulate the complex lumen geometry frequently seen after PTCA. b) Transverse densitometric scans
(perpendicular to the vessel long axis) are shown superimposed over each cineframe from each
radiographic view used to provide projection data. ¢} Three (left) and five (right) view MENT

reconstructions of the lumen crosssection are shown. Reproduced with permission from Spears ez al.
28).

shows promise in this regard was developed by M.A. Fischler ef a/. (30), who
described an algorithm for extraction of linear features from a wide variety of
scenes. We have successfully applied this algorithm to coronary angiograms as
illustrated in Figure 10. The algorithm has been incorporated in our vessel edge
tracking programs, and vessel diameter and area analysis may be initiated solely
by the operator indicating the proximal and distal ends of a vessel segment of
interest without the need for further operator interaction. The centerline was
previously found as the midpoint between detected edges, and since the latter
have a much lower signal-to-noise ratio than the vessel long axis, fewer errors in
centerline recognition now occur in the presence of increased noise such as from
adjacent branches, high grade stenoses, and vessel tortuosity. In the future,
pattern recognition techniques could be applied to the delineated centerlines
throughout an angiographic field for completely automatic recognition and analy-
sis of coronary luminal images.
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A second look at quantitative coronary
angiography: some unexpected problems

Robert H. Selzer, A. Shircore, P.L. Lee, L. Hemphill and D.H. Blankenhorn

Summary

There are currently more than ten research groups, including ours at JPL and
USC, that are developing computer methods to quantify atherosclerosis from
cineangiograms. There are variations in equipment and algorithms employed by
the various groups but results in terms of accuracy and precision have been
roughly similar. In the past six months, we have been investigating several
sources of measurement variability that have received relatively little attention,
but which we believe could cause significant errors if ignored. For example, we
have observed substantial variability in the measurement of arterial dimensions
due to vessel pulsation and to mixing artifacts of the radio-opaque contrast. The
problems appear solvable but the solutions may create new problems by making
the measurements more difficult and time consuming.

Introduction

A number of investigators have been working since 1977, on the development of
automated techniques to quantify atherosclerosis (1-11). These include a method
jointly developed by the Jet Propulsion Laboratory and the University of South-
ern California. The method is intended to assess changes in arterial disease of
individuals in a clinical intervention trial designed to lower blood cholesterol.
Each subject in the trial receives a coronary angiogram at the beginning of the
study and one after 24 months. The angiographic conditions are kept as constant
as possible to maintain exposure angles and other factors the same in the two
films. Computer analysis involves digitization of the angiographic film frames,
computer detection of the arterial boundaries and measurement of relative
stenosis from the detected edges. Both native coronary arteries and bypass grafts
are analyzed.

Asoriginally planned, the first step in the processing sequence to assess change
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for a particular coronary segment was to locate end-diastolic frames on each
angiogram showing the target segmentin a matched view. In a test of the method,
the process of matching end-diastolic frames was found to be more difficult than
anticipated and as discussed below, the procedure was modified to allow segment
matching with frames corresponding to other parts of the heart cycle. This solved
the original problem (of finding matched frames), but raised the question of the
effects of cyclic changes in the film image on measurement accuracy and preci-
sion.

To determine these effects, a study was carried out involving measurement of
stenosis throughout the heart cycle for selected arterial segments. As a result of
this study, a question arose concerning the effect of contrast wash-in and wash-
out on the lumen measurements. This topic is also addressed in this chapter.
Finally, a related problem of the effect of mixing artifacts on stenosis measure-
ment is discussed and a possible solution to the problem described.

The problem

As previously mentioned, the computer measurement of coronary stenosis de-
scribed in this paper is designed to detect possible effects of a cholesterol-
lowering therapy on coronary atherosclerosis. Since atherosclerosis typically
changes only one or two percent a year, it is important that the variability of the
change detection method be low. Otherwise, the number of subjects that must be
studied to reliably detect a treatment effect becomes large. As an example, in an
earlier study (12), it was shown that for a one-year clinical trial with expected
treatment effect of 2% per year, test significance level of 5% and power of 90%, a
change in measurement precision from 2% to 4% (or from 4% to 6%) would
require a 50% increase in subjects to be tested.

In a study of computerized stenosis variability (11), it became clear that a
significant increase in precision could be obtained by measuring stenosis on
several sequential frames and averaging the results. In that study, 3 to 5 frames
were selected as the number to be processed and frames were chosen from the
portion of the cinefilm corresponding to end-diastole, since the arteries have
minimal curvature at this point and relative frame-to-frame movement of the
arterial image is minimal.

End-diastolic frames suitable for processing are frequently not available. The
most common problem is obscuration of the edges of the target artery segment by
overlapping branches or other arteries and occasionally the end-diastolic frames
are not uniformly opacified. Parenthetically, for large diameter bypass grafts,
perfusion artifacts occur on film throughout the heart cycle. A possible solution to
this problem is discussed later in the chapter.

Relaxation of the requirement to process only end-diastolic frames solves the
problem of finding the target artery image clear of interferring shadows in most
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cases (some artery segments cannot be computer-processed under any conditions
and must be analyzed by other means). However, consideration must now be
given to the effects, if any, of cyclic phenomena such as arterial pulsation, on
stenosis measurements.

If arterial dimensions undergo significant cyclic variations, the measurement of
absolute stenosis is clearly dependent on the relative location within the cardiac
cycle of the frame analyzed. The picture is not clear for relative stenosis measure-
ment. In addition, the magnitude of effect of atherosclerosis on wall pulsation is
not known. Furthermore, differences in pulsation response among different
arteries may exist because of architectural differences such as the depth of the
artery in the myocardium.

An argument can be made that to measure relative stenosis change over time,
pulsation effects can be ignored as long as frames to be analyzed are selected from
the same point in the cardiac cycles in each film. To some extent this is true, but if
the cyclic changes in vessel measured diameter are large, the measured percent
change in stenosis will still be phase dependent.

For some films studied, a low frequency trend in measured vessel diameter
over a period of several cardiac cycles was detected that was not visually apparent
to the eye. The vessel appeared uniformly opacified for two or three cardiac
cycles after the wash-in period seemed complete and before contrast wash-out
could be visually detected, but a gradual change in diameter was measured.

It is not clear if these trends represent real changes in arterial diameter (a
reactive hyperemic response) or the response of the edge tracking process to
changes in optical film density associated with variation in iodine concentration.
To some extent, the reason for the changes are not important. Rather, it must be
determined if the magnitude of the diameter change is significant and if so, can a
correction be applied to minimize the variable effects of cycle selection.

The questions addressed by the study are the following:

For relative or absolute stenosis,

(1) Whatis the magnitude of measurement error due to random frame selection
relative to the cardiac phase and,

(2) What is the magnitude of measurement variability due to low frequency
diameter trend?

In this chapter, a description is given of the image processing hardware and
software used for the coronary analysis and the method and results of the multi-
frame processing study are discussed. In addition, a method to compensate for
mixing artifacts in bypass grafts is described.
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Figure 1. Image processing system used to quantify coronary stenosis.

Image processing system

A dedicated computer system at the Jet Propulsion Laboratory was utilized for
the sequential frame analysis described in this chapter. This system includes a
DEC PDP 11/45 computer, a De Anza [P5500 Image Array Processor, an interac-
tive picture display system and a computer controlled Vanguard film transport in
which the optical projection system has been removed and replaced with a
vidicon TV camera/digitizer. A three-position turret lens provides magnifications
of 1.0, 2.5, and 3.7 between the film and vidicon. At 1x magnification, the image
of a 20mm by 20 mm area of film is digitized into a 512 x 480 array of intensity
values between 0 and 255. The effective ‘horizontal’ sample spacing at the film
plane with 1X magnification is thus 20/512 = .0391 mm/pixel or 39.1 microns. The
equivalent sample spacing at 2.5x and 3.7 is 15.6 microns and 10.6 microns,
respectively. Magnification is selected to assure that a vessel to be analyzed is
sampled from 30 to 50 times at each cross-section.

This system has been recently modified to utilize a pair of GE CAP 35
projectors instead of the single Vanguard M35C projector. We have found that
the process of finding matching views of a vessel segment in two cineangiograms
virtually requires simultaneous viewing of both films. A block diagram of the
image processing system is shown in Figure 1.

Frame selection and digitizing

In the initial processing step, an operator views the cine film and searches for film
frames in which each arterial segment is uniformly perfused, free of overlapping
vessel images and roughly parallel to the imaging plane. Magnification is selected,
the segment centered in the viewing area of the TV camera and the image
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digitized. To minimize video noise effects, each frame is digitized 16 times and the
average is taken. Total time for digitizing is approximately one second.

Vessel tracking

The initial steps of the processing sequence after frame selection and digitizing
are illustrated in Figure 2.

a. illustrates the unmagnified image viewed during frame selection.

b. shows the 2.5% optically magnified image used for analysis.

c. illustrates operator selection of a segment with a cursor at a series of points
along the vessel’s centerline.

Figure 2. Current coronary processing sequence. (Upper left) Monitor image of entire frame. Magni-
fication from film to TV input is 1.0x. (Upper right) After 2.5x magnification. (Lower left) Tllustra-
tion of operator identification of vessel midpoints. Computer drawn midline curve. first pass (Lower
right).
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Figure 3. Current coronary processing sequence — continued. (Upper left) Partial edge tracking.
Intensity and gradient for the most recently detected edges are shown to the right. (Upper right)
Complete segment tracking. (Lower left) Operator identification of segment limits for measurements
of lesions.(Lower right) After application of computer reference lumen.

d. shows the computer generated first-pass midline through the cursor-selected
points.

Figure 3 shows the further steps in this process:
a. indicates the computer search for vessel edges perpendicular to the midline.
Edges are selected as the points of maximum positive and negative gradient which
is computed from the vessel intensity values by a second degree polynomial curve
fitting algorithm. The profile and gradient curves for one processed line are
shown in this figure.

The number of points used to compute the gradient varies from 7 to 13,
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depending on the measured average of the three previous diameters, and de-
creases as the vessel narrows. If this is not done, the diameter of narrow vessel
sections is consistently overestimated because of the poor fit of the second degree
polynomial to the vessel profile. The computed gradient values are smoothed
over three to seven points and an exponential weighting function, centered at the
prior edge location is applied to the smoothed gradient values before selection of
the maximum and minimum values. The number of points smoothed varies in a
manner similar to the variation of the gradient polynomial. The purpose of the
weighting function is to discriminate against false gradient values from other
vessel images close to the vessel being tracked.

b. showsthe completed edge tracking. A second-pass midline is generated from
the detected edges and the edge search repeated with the new midline. The
purpose of the second pass is to minimize edge detection variability associated
with operator selection of vessel midpoints.

c. indicates selection by the operator of proximal and distal limits of the
segment.

d. shows the computer reference lumen which parallels the second-pass midline
and has width equal to the 90th percentile of the segment diameters. This 90th
percentile value, described below, represents the computer estimate of the pre-
disease lumen width.

Figure 4 illustrates D(3) and D(90), the quantities used to represent the minimum
and ‘normal’ vessel diameters, respectively, in the stenosis computation. D(3) is
the value of the 3rd percentile of the diameter plot and D(90) is the value of the
90th percentile point.

The catheter image is also tracked to determine the scale factor to convert
vessel diameter in picture elements to millimeters.

A rectangular grid with curves spaced one centimeter apart is radiographed
and recorded with each cine film. The current version of the coronary measure-
ment software locates the vertices of this grid image, computes the geometric
distortion in the image and applies a correction to the frame being processed. This
will also compensate for the difference in pixel to mm conversion in the horizontal
and vertical directions. However, at the time of the sequential frame processing
described in this paper, this correction was not in use but as previously described,
an attempt was made to select segments for processing that were recorded in the
low-distortion central part of the frame.

Tracking errors due to incompete contrast mixing
As previously indicated, edge tracking errors due to incomplete contrast mixture

have been encountered, particularly with large diameter bypass grafts. This is
illustrated in Figure 5. The upper images are unprocessed sequential frames of an
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Figure 4. Definition of computed stenosis.

opacified bypass graft, while the lower images show the detected edges. Note the
incomplete filling area indicated by the arrow in the upper left image which
creates a false ‘lesion’ as shown in the detected edges.

If such an artifact is isolated and transient, bad frames can be skipped in favor
of others where opacification is uniform. In some cases, however, all frames have
artifacts. Figure 6 shows the diameter profiles of five sequential frames of this
graft, which indicates nonuniform opacification in all frames.

An improved diameter profile of this vessel is obtained if the individual profiles
are averaged but this still produces an erroneous result because the effects of a
large defect will be reflected in the average profile. A better approach is to derive
a composite profile whose value at each point is the maximum of the input values.

This algorithm has been implemented and the composite ‘maximum’ profile for
the case shown in Figure 7. Before the composite was generated, profiles 2-5
were registered with profile 1 by translating each profile to the point which
minimized the sum of the absolute differences.

This approach assumes that tracking errors only result in false vessel narrow-
ing. A better approach that avoids this assumption and also improves the signal-
to-noise ratio of the composite vessels is to examine the input diameters at each
point, throw out the one or two lowest values and average the rest.

Sequential frame tracking

To minimize operator intervention, the vessel tracking programs have been
modified to analyze a sequence of cineframes automatically. The first frame of a
sequence is processed as described above with the operator minimally indicating
the vessel midline points and the proximal and distal limits of the segment to be



Figure 5. Sequential frames of bypass graft (upper), showing contrast filling artifact (arrow) and effect
on edges (lower).

processed. After processing of the first frame is complete, the program retrieves
the next sequential frame from disk memory and begins tracking by searching for
edges along lines perpendicular to the computed midline of the first frame.
The relative position of the first detected edges along the vessel segment is kept
constant by aligning each frame to a common landmark such as a nearby vessel
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Figure 6. Diameter profiles for five sequential frames of bypass graft. Profiles are offset from each
other.

bifurcation before digitization. When this is done, the segment to be analyzed
appears in a nearly fixed position in the digitized frame sequence. An example of
tracked edges for a right coronary artery of subject R is shown in Figure 8. In this
case, the small branch above the tracked segment was used to register the images.

For each of the 100 to 140 frames in each sequence, the quantities D(3), D(90),
average diameter and percent stenosis were calculated and plotted. In addition,
the mean, standard deviation, linear regression line and standard-error-of-the-
estimate (SEE) were computed.
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Figure 7. Composite diameter profile derived from data shown in Figure 6. Each point in the
composite curve is the maximum of five corresponding input points. Profiles in Figure 6 were
registered to each other before composite was derived.

Segment selection
Segments were selected for processing only if the following criteria were met:
L. The vessel segment visually appeared to be uniformly opacified for at least

two complete heart cycles.
2. Segments were recorded within an area that approximately corresponds to
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Figure 8. Example of a tracked right coronary artery from the sequential frame analysis for subject R.

the central 50% of the image intensifier.
3. Segments were free of branches or overlapping vessel shadows that might
interfere with the edge tracking process.

Processing was applied to nine frame sequences which as shown in Table 1,
includes examples of the left, right and circumtlex arteries and right and left
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bypass grafts. Each segment was tracked through at least two complete cardiac
cycles and in some cases for three.

The plots of D(3), D(90), average diameter and percent stenosis for the
circumflex artery segment of subject T are shown in Figure 9. As can be seen from
the marked end-diastolic (ED) and end-systolic (ES) frames, the 140 frames
processed covered more than three complete cardiac cycles. Figure 10 shows the
result of smoothing the data in Figure 9 with a five point averaging filter. Note
that on the smoothed plots, a possible periodic effect and a slight negative linear
trend has become apparent in the D(90) and stenosis plots. This was not a
consistent pattern. In the case of subject M, the trend in D(90) was positive as
shown in Figure 11.

To quantity trend, the slope of the linear regression line was computed for each
plot as shown in Table 2. For diameters, these values are expressed in units of
millimeters per cardiac cycle and for stenoses the slope values are in units of
percent per cardiac cycle.

A degree of periodicity was usually detected in the average diameter and in
D(90), but not consistently in D(3) or stenosis. An example is shown for subject
GO in Figure 12.

The effect of periodic changes in the vessel image size on diameter and stenosis
measurements is summarized in Tables 3 & 4. In Table 3, the standard deviation
of the diameter values and stenosis are shown. Diameters are expressed in units
of microns and stenosis in percent. Table 4 shows the standard error of the
estimate which is defined as the square root of the residual variance of each
quantity after the effects of linear trend have been subtracted.

Table 1. Vessel sequences processed.

Subject GO T R B GU D M S N
Vessel LAD CXA RCA CXA RT Left Left LAD RCA
graft  graft  graft

Frames processed 92 140 140 120 143 139 135 120 110
Frames/cardiac cycle 39 40 43 37 43 54 66 60 53
Complete cycles 2.4 3.5 3.3 3.2 33 2.6 2.1 2.0 2.1
Approximate stenosis 25 23 20 32 10 10 12 48 53
O/O
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Figure 9. Subject T, circumflex artery. D3, average diameter, D90, stenosis, 5 points smoothing.

Discussion

The original intent of this study was to estimate the measurement variability for
stenosis and diameter which will result from quasi-random frame selection. This
is, if frames cannot be selected from a fixed point of the cardiac cycle such as end-
diastole, how important are cyclic changes in the arterial images on the measure-
ments. Cyclic effects on the image can be caused by pulsation, changes in the
position of the arterial image relative to the field of the image intensifier and
changes in three-dimensional orientation of the artery. In addition, there are
slower cycle-to-cycle changes in the images associated with contrast material
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Figure 10. Subject T, Circumflex artery. D3, average diameter, D90, and stenosis, 5 points smoothing.

infusion and wash-out, possible changes in diameter due to reactive hyperemia
and perhaps even subtle changes in image intensity due to the response of the
automatic gain control to the cumulative amount of infused contrast material.

Studies of nine vessels obviously cannot provide a definitive answer to these
questions of measurement variability. However, some general observations can
be made. The average measured diameter change due to cycle-to-cycle trend is
approximately 50 microns, while average percent stenosis change is 0.8. These
are relatively small changes that will be difficult to detect and correct. Procedures
may have to be employed in serial film comparison to match films relative to the
time since contrast injection.
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Table 2. Linear trend.

Subject GO T R B GU D M S N

Vessel LAD CXA RCA CXA RT Left Left LAD RCA Average
graft  graft graft

Measured quantity

D3 (um) - 16 280 —64 —26 -4 70 106 -18 —=16 38.7
D90 (um) -12 -5 =38 =30 =17 49 191 6 85 533
AVG diameter —20 12 -52 =30 -—-13 54 138 - 78 58 50.6
(um)

Percent stenosis 2 —-109 9 2 -4 -7 1.4 ) 1.0 .80
(%)

For D3, D90 and average diameter, units are in microns. For % stenosis, units are in percent. The
values represent the change in the measured quantities over one complete cardiac cycle due to
detected linear trend in the measurements.

Table 3. Standard deviation of diameters and stenosis for all sequential frames.

Subject GO T R B GU D M S N

Vessel LAD CXA RCA CXA RT Left Left LAD RCA Average
graft graft graft

Measured quantity

D3 (um) 138 107 115 97 59 106 133 50 97 100.2
D90 (um) 106 174 88 125 67 60 141 67 123 105.7
AVG diameter 112 84 67 68 49 68 97 59 59 73.7
(um})

Percent stenosis 4.1 4.71 2.91 3.66 2.09 2.15  3.28 1.70 2.54  3.02
(%)

Table 4. Standard error-of-the-estimate of diameters and stenoses for all sequential frames.

Subject GO T R B GU D M S N

Vessel LAD CXA RCA CXA RT Left Left LAD RCA Average
graft graft graft

Measured quantity

D3 (um) 138 103 145 95 59 92 118 49 97 95.1
D90 (wm) 106 168 84 123 66 59 87 68 113 97.2
AVG diameter 112 84 53 62 49 56 53 38 48 61.8
(um)

Percent stenosis 4.1 436 2.806 3.69 2.09 2.09 322 1.68 2.49 2.96
(%)
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Figure 11. Subject M. left graft. D3. average diameter, D90. percent stenosis. 5 points smoothing.

The cyclic measurement effects within a cardiac cycle are somewhat greater
than the cycle-to-cycle trend effects. As seen in Table 3, if a frame is selected at
random from two or three apparently equivalently opacified cardiac cycles, the
variability of the diameter measurement is approximately 100 microns and the
stenosis measurement three percent. Note that removal of the trend has little
effect, as shown in Table 4.

Comparison of the approximate stenosis size from Table 1 and the standard
deviation of the stenosis measurement in Table 3 does not show any obvious
relationship. Since a stenosis variation of 3% as defined above, in a 10% stenotic
lesion is actually a 30% relative change in the measurement, the error due to
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Figure 12. Subject GO, LAD D3, average diameter, D90, percent stenosis, 5 points smoothing.

cyclic image variation will likely be more important in the detection of change in
early lesions than in detection of advanced lesions change.

From the frame-to-frame dispersion of diameter and stenosis values illustrated
in Figure 9, it is clear that a major improvement in measurement variability can be
achieved simply by measuring these quantities on two or more sequential frames
and then averaging the results. The relative gain in precision as a function of cost
from this approach may be considerably greater than that obtained by detection
and correction of cyclic and trend effects.
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Approaches towards standardization in
acquisition and quantitation of arterial
dimensions from cineangiograms

Johan H.C. Reiber, P.W. Serruys, C.J. Kooijman,
C.J. Slager, J.H.C. Schuurbiers and A. den Boer

Summary

Computer-based techniques have been and are being developed to obtain objec-
tive and reproducible parameters about the extent and severity of coronary artery
disease from coronary cineangiograms. To evaluate changes in arterial dimen-
sions over time repeated cineangiographies need to be performed and analyzed.
However, the qualities of both the angiographic investigation and the computer
analysis are hampered by various sources of variation.

In the angiographic data acquisition, the following sources of variation can be
distinguished: (1) differences in the angles and height levels of the X-ray gantry
with respect to the patient at the time of repeated angiography; (2) differences in
vasomotor tone of the coronary arteries; (3) variations in the quality of mixing of
the contrast agent with the blood; (4) differences in the angiographic image
quality of the catheters; and (5) deviations in the size of the catheter as listed by
the manufacturer from the true size.

Variations in the data analysis procedure are caused by: (1) quantum noise in
the images; (2) electronic noise contributions in the video or otherwise converted
images; (3) quantitation errors in the analog-to-digital conversion; (4) the effects
of resampling the data along scanlines through the square grid of the digital data;
(5) user variations in the definitions of the approximate centerline of the catheter
and of the selected arterial segment; (6) possibly manual corrections to the
otherwise automatically detected contours; (7) selection of reference positions;
and (8) manual definition of starting and end points in selected arterial segments.
To obtain reliable quantitative results from coronary cineangiograms, these
variations should be minimized as much as possible.

In this chapter approaches towards standardized cineangiographic acquisition
and analysis procedures are presented. It is shown that without these precautions
taken, the variabilities in absolute coronary dimensions may increase dramat-
ically. On the other hand, when the necessary precautions are taken, the vari-
abilities in absolute dimensions from repeated cineangiographies and analyses
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increase only by a factor of 1.5 to 2.2 as compared to those from repeated cinefilm
analysis alone.

Introduction

Our laboratory has been involved over a long period of time in the development
of techniques for quantitative analysis of coronary cineangiograms (1-5). These
efforts have resulted in the design and implementation of the Cardiovascular
Angiography Analysis System (CAAS), which is now commercially available (6).
Applications of such an objective and reproducible technique for the assessment
of coronary arterial dimensions include the evaluation of: 1) the efficacy of
modern therapeutic procedures in the catheterization laboratory (7-10); 2) the
effects of vasocactive drugs (11, 12); and 3) the effects of short- and long-term
interventions on the regression of progression of coronary artery disease (13).

Since there are potentially many sources of error in the entire chain of angio-
graphic investigation and quantitative analysis of the cinefilm product, precau-
tions must be taken to reduce these errors as much as possible. It is the purpose of
this paper: (1) to briefly describe the basic principles of the CAAS; (2) to present
the results from a validation study of this technique; (3) to list the sources of
variation in both the coronary angiographic and computer analysis procedures;
and (4) to discuss our approaches towards standardized procedures of acquisition
and analysis with the ultimate goal to minimize the effects of the error sources on
the quantitative results.

CAAS methodology

The procedures for quantitative analysis of coronary arterial segments have been
implemented on the CAAS, which runs under the multi-user RSX-11M Operat-
ing System. To analyze a coronary arterial segment in a selected cineframe, the
cinefilm is mounted on the specially constructed cine-video converter (CIVICO)
of our prototype CAAS or on the cine digitizer of the Pie Medical CAAS. Both
cine-systems will be described briefly, since: (1) the validation data presented in
this paper were obtained with our prototype system: and (2) the new cine digitizer
represents new developments towards more reproducible and standardized digi-
tization, in particular for densitometric applications.

With the CIVICO the selected cineframe is projected onto the target of a high-
resolution video camera via a drum with six different lens systems, which allow
for six different optical magnifications. The video camerais attached to a movable
x-y stage, so that any area of interest in the cineframe can be selected with the
appropriate magnification factor. The center square of the resulting video image
is digitized in matrix size of 512 x 512 picture elements (pixels) with eight bits (256
levels) of brightness resolution.
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Figure 1. Pie Medical CAAS with cine digitizer.

The Pie Medical cine digitizer consists of a standard cineprojector (Tagarno
35CX) with a field-installable modification package for high resolution digitiza-
tion of a selected cineframe (Figure 1). The modification package consists of a
film guiding system, a specially developed optical chain and a high resolution
CCD digital camera. The film guiding system ensures optimal flatness of the
selected cineframe to be digitized. The optical chain has been designed for
homogeneous light distribution over the cineframe to be digitized and a high
resolution response of the projected cinefilm (Figure 2).

‘The monochromatic light source consists of an array of light emitting diodes
(LED’s) optimally suitable for high resolution imaging and densitometric analysis
of the cinefilm. Any area of 6.9 X 6.9mm in a selected cineframe (size 18 x
24 mm) can be digitized by the CCD-camera with a resolution of 512 x 512 pixels
(13 um/pixel at the face of the CCD-linear array) with 8 bits of grey levels.
Effectively, this means that the entire cineframe of size 18 X 24 mm can be
digitized with a resolution of 1330 X 1770 pixels. The concept of this cine digitizer
differs basically from that of the CIVICO. However, the resolution and quality of
the digitized subimages used for contour detection and analysis are nearly identi-
cal, so that both systems perform equally well. Both systems have an automated
brightness control of the light source, such that the full 8 bits range is utilized.

To analyze the dimensions of a coronary arterial segment quantitatively, the
following steps need to be performed: (1) computation of the calibraton factor on
the basis of the contrast catheter displayed in the images; (2) boundary detection
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Figure 2. Optical chain and high resolution CCD digital camera in Pie Medical cine digitizer.

of the arterial segment; (3) computation of the diameter function from the
detected and pincushion-corrected contour positions; (4) determination of the
severity of a coronary obstruction in terms of absolute and relative parameters;
and (5) determination of the mean diameter over one or more user-defined
nonobstructed portions of this segment. These different steps will be described
briefly in the following sections; further details have been described elsewhere
(1-6).

Contour detection procedure

Calibration of the diameter data of the vessels in absolute values (mm) is achieved
by computer detection of the outer boundaries of a user-selected portion of the
optically magnified contrast catheter (optical magnification factor 2V?2 on
CIVICO). The contour positions are corrected for pincushion distortion in the
image. From these corrected positions a mean diameter value is determined in
pixels; from the known size of the catheter the calibration factor can be calculated
in millimeters per pixel. Figure 3 shows the contours detected along a portion of
the optically magnified catheter.

Pincushion distortion from the image intensifier results in a position-dependent
magnification of an object. Since the distortion cannot be described by a simple
analytic function, a cineframe of a centimeter grid placed against the input screen
of the image intensifier is used to assess the distortion. A correction vector for
each pixel in the image can be obtained from the automatically computer-
processed cineframe of the grid.
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Figure 3. Optically magnified (2 V2X) catheter with detected boundaries superimposed.

The procedure for arterial contour detection requires the user to indicate a
number of center positions in the optically magnified arterial segment (optical
magnification factor 2). A smoothed version of this centerline determines the
regions of interest of size 96 X 96 pixels encompassing the arterial segment to be
transferred to the host processor (PDP 11/44 on prototype CAAS, LSI 11/73 on
Pie Medical CAAS)) for edge definition. To decrease spatial fluctuations due to
quantum noise, the digital data are smoothed spatially with a 5 X 5 median filter.
Subsequently, the digital data are resampled along straight lines, denoted scan-
lines, perpendicular to the local centerline directions. Contours of the arterial
segment along the scanlines are determined on the basis of the weighted sum of
first and second difference functions applied to the resampled brightness informa-
tion by so-called minimal cost criteria. If the user does not agree with part of the
detected contours, these erroneous positions may be corrected interactively with
the writing tablet.

Since the tentative centerline was initially defined by the user, the detected
contours may be slightly dependent on the given centerline positions, particularly
at sections with high curvature. To minimize this influence as much as possible, a
final centerline is determined automatically as the midline of the detected and
possibly corrected contours. The digital data are resampled and the minimum
cost algorithm for contour detection is applied again. Finally, a smoothing
procedure is applied to each of the detected contours and the resulting positions
are corrected for pincushion distortion. Figure 4 shows the finally detected
contours along the proximal portion of a left anterior descending artery.
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Figure 4. Automatically detected contours along the proximal portion of the LAD-artery.

Contour analysis

The diameter function D(i) of the arterial segment, calibrated in absolute milli-
meters, is determined by computing the distances between corresponding con-
tour points to the left and right of the centerline. From the minimal value D, of
the diameter function and the mean diameter value D, at a user-indicated
reference position, the user-defined percentage diameter (%~D) reduction is
computed as

%-D stenosis = (1 — %) x 100%

The mean diameter D, is computed as the average of 11 diameter values in a
symmetric region with the center at the user-defined reference position. The
extent of the obstruction is determined from the diameter function D(i) on the
basis of curvature analysis and expressed in millimeters.

However, the computed percentage diameter stenosis may depend heavily on
the selected reference position. To minimize these variations, we have imple-
mented an alternative method, denoted interpolated percentage diameter ste-
nosis measurement, which is not dependent on a user-defined reference region.

The basic idea behind this technique is the computer estimation of the original
diameter values over the obstructed region (reference diameter function, assum-
ing there was no coronary disease present) from the actual luminal diameter
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Figure 5. For the obstruction of Figure 4, the original diameter values over the obstructive region have
been computed (reference diameter function, being the straight line in the diameter function). On the
basis of the proximal and distal centerline segments and the computed reference diameter function,
the original reference contours over the obstruction have been reconstructed. The shaded area is the
‘atherosclerotic plaque’. With the reference diameter value measured at the site of minimal obstruc-
tion diameter, a percentage D-stenosis of 69% results, and a percentage area (A)-stenosis of 90%.
assuming circular cross sections.

function (1-6, 10). On the basis of the proximal and distal centerline segments and
the computed reference diameter function, the reference contours over the
obstructed region can be reconstructed. The resulting reference contours for the
arterial segment of Figure 4 are presented in Figure 5. The difference in area
between the reference and the detected contours over the obstructive lesion is a
measure for the ‘atherosclerotic plaque’ expressed in mm?; this area has been
marked in Figure 5. In addition, this technique allows the assessment of the
symmetry of the lesion in a given view with respect to its centerline. The
symmetry measure is given as a value between 0 and 1, with 1 representing a
concentric lesion and 0 the most severe case of asymmetry or eccentricity.
Following this approach, the reference diameter is taken as the value of the
reference diameter function at the minimal diameter position of the obstruction.
Figure 5 shows the results of the interpolated technique for the obstruction of
Figure 4.

In addition to the fact that the interpolated technique provides data about the
area of the atherosclerotic plaque and the lesion’s symmetry in a given view, there
is another very practical advantage. By this technique, knowledge about the exact
location of a reference, either proximal or distal to the stenosis, is not required for
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the analysis of repeated angiograms (8, 11).
For the example of Figure 5, the following quantitative measurements were
obtained:

extent obstruction : 11.89mm
reference diameter : 4.12mm
obstruction diameter : 1.29mm
reference area : 13.36 mm?
obstruction area : 1.31mm?
area atherosclerotic plaque : 16.79mm?
symmetry measure : 0.89
diameter stenosis : 69%

area stenosis : 90%
transstenotic pressure gradient at mean flow of 2 ml/s : 17.6 mmHg

From the available morphological data of the obstruction the Poisseuille and
turbulent resistances at different flows and thus the resulting transstenotic pres-
sure gradients can be computed on the basis of the well-known fluid-dynamic
equations (14-19, Chapter Serruys in this book).

Validation data analysis procedure

The accuracy and precision of the contour detection process have been assessed
with cinefilms of nine acrylate (Perspex) models of coronary arteries with circular
cross sections filled with contrast medium (3-5). These models were filmed with
various settings of the quality (range 60 to 110k V) of the X-ray system and filled
with different concentrations (50% and 100%) of the contrast agent. The overall
accuracy (average difference of computed results with true values) and precision
(pooled standard deviation of the differences) for the percentage diameter ste-
nosis measurements were found to be 2-00% and 2-68% . respectively, and for the
absolute obstruction diameters —30um and 90um, respectively. These results
demonstrate that the edge detection technique is highly accurate and precise.

For all studies described in this chapter, cineframes were selected at end-
diastole, if possible. In cases of overlap of a segment to be analyzed with other
vessels, the frame was selected at another instant in time near end-diastole. The
user-determined beginning and end points of the major coronary segments were
standardized according to the definitions by the American Heart Association
(20). The results from the various evaluation studies were analyzed for significant
differences using Student’s t-test for paired values.

As a next step, the variability of repeated analyses of cineangiograms was
assessed from a total of 13 end-diastolic cineframes of 13 routinely obtained
coronary angiograms. These cineframes were analyzed twice by one technical
analyst with a medium time interval of 28 days. A total of 13 coronary obstruc-
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tions and 25 nonobstructed segments were processed.

The mean differences and standard deviations (s.d.) of the repeated measure-
ments as well as the overall mean values of the parameters are presented in Table
1. With the exception of the measurements on the interpolated reference diame-
ter and the mean diameter of nonobstructed segments, no significant differences
were found between the repeated measurements. The s.d. of absolute measure-
ments was less than 0.12mm; s.d.’s of percentage diameter stenosis measure-
ments for the user-defined and interpolated procedures were 2.74% and 3.94%,
respectively.

These data show that the accuracy and the variability of the data analysis
technique is excellent, despite the fact that there are many sources of variations
present in the data analysis procedure. The different sources of variations and the
precautions that we have taken to minimize these effects as much as possible have
been listed in Table 2 and described earlier in this chapter in the context of the
description of the arterial contour detection procedure.

Variability of acquisition and analysis procedures

For the interpretation of the quantitative coronary angiographic results from
intervention studies, the total variability of the angiographic data acquisition and
analysis procedures must be known. In the previous section the sources of
variation and the approaches to be taken in the data analysis procedure itself have
been discussed. However, the angiographic data acquisition procedure is also

Table 1. Variability in measurements of parameters of coronary arterial segments from repeated
analysis of 13 cineframes.

Overall Mean diff. p-value s.d. diff.
mean value

Calibration factor (mm/pixel) 0.096 : 0.0003 n.s. 0.002
User-defined reference (N = 13)

Obstruction diam. (mm) 1.52 0.00 n.s. 0.10
Reference diam. (mm) 2.97 0.005 n.s. 0.12
%-D stenosis (%) 48.4 0.23 fn.s. 2.74
Extent (mm) 8.42 -0.38 n.s. 1.89
Interpolated reference (N = 13)

Reference diam. (mm) 2.87 -0.10 <.004 0.10
%-D stenosis (%) 47.9 -2.08 n.s. 3.94
Nonobstructed segment (N = 25)

Mean diam. (mm) 2.42 0.07 <.005 0.11
Length segment (mm) 17.72 0.02 n.s. 0.97

Abbreviations: %-D = percentage diameter: n.s. = nonsignificant.
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Table 2. Sources of variations and approaches towards standardization in data analysis procedure.

Sources of variation Approaches towards standardization
1. quantum noise in images. 1. spatial filtering of digital image data with a
5 X 5 median filter.

2. electronic noise contributions in digitizing 2. recursive digitization of image. (CIVICO
system. only)

3. effects of resampling the data along 3)
scanlines through square grid of the digital
image data.

4. observer variations in definition of center 4.| Tterative edge detection and correction
positions within the catheter and the procedures.
selected arterial segment.

5. possible manual corrections to the detected S.J

contours.
6. selection of reference positions. 6. - Computer-defined reference position.
(Interpolated technique)
— for repeat studies proper documentation
of analysis data on Polaroid photographs or
sheet film.
7. manual definition of starting and end points 7. use of anatomic landmarks, such as
in nonobstructed arterial segments for bifurcations, as much as possible.

measurement of overall mean diameter.

hampered by various sources of variation (Table 3).

It will be clear that the overall variability will be dependent on the number and
the qualities of the precautions taken. To assess the worst-case situation i.e. with
a minimum of precautions taken, the following data were analyzed.

Worst-case variability

Out of a group of 153 patients scheduled to undergo percutaneous transluminal
coronary angioplasty (PTCA), a subgroup of 26 was selected; each subject had
two cineangiograms of good quality in a number of standard views that were
suitable for paired analysis of the stenotic lesions (9). The first film was the

Table 3. Sources of variation in angiographic data acquisition.

differences in the angles and height levels of the X-ray gantry with respect to the patient at the time
of repeated angiography with those used at the time of the pre-intervention study.

differences in vasomotor tone of the coronary arteries.

variations in the quality of mixing of the contrast agent with the blood.

angiographic quality of catheter (image contrast).

deviations in the size of the catheter as listed by the manufacturer from its true size.

IR
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diagnostic angiogram, while the second measurements were obtained from cin-
eframes acquired immediately before the actual PTCA procedure. At the time of
the angiographic investigations, no attempt was made to standardize on the
inspiratory level, volume and rate of injection of the contrast agent nor on the
technical characteristics of the X-ray system. More importantly, the vasomotor
tone in both conditions was unknown and neglected. The median delay between
the diagnostic and the PTCA angiogram was 90 days (range 1 to 250 days).

The nonsignificant mean differences in the obstruction diameters suggest that
no detectable progression or regression of atherosclerotic lesions had occurred
over the period of 90 days (Table 4). These paired data provide some insight in the
total variability of the cineangiographic procedure and the computer analysis
under worst-case circumstances, since no special care had been taken to reduce
the potential sources of variability (X-ray system settings, vasomotor tone, etc.).

Under these particular conditions, the variations in absolute measurements
were 0.36 mm for the obstruction diameter and 0.66 mm for the interpolated
reference diameter, and in relative measurements 6.5% for the interpolated
percentage diameter stenosis. As compared to the variability of the analysis
procedure by itself, the total variability has now increased by a factor of 3.6 X for
the obstruction diameter and by a factor of 6.6 for the interpolated reference
diameter. From these data it is evident that attempts must be made to standardize
the angiographic data acquisition procedure with the ultimate goal to decrease
the unacceptably high variations.

Table 4. Worst-case variability in measurements of various parameters of coronary obstructions
(N = 26).

Overall Mean diff.  p-value s.d. diff.
mean value
Obstruction diam. (mm) 1.25 0.00 n.s. 0.36
Extent (mm) 10.04 0.62 n.s. 4.34
Interpolated reference
Reference diam. (mm) 3.72 - —0.13 n.s. 0.66
%-D stenosis (%) 66.19 -1.92 n.s. 6.52

Abbreviations: %-D = percentage diameter: n.s. = nonsignificant.

Table 5. Approaches toward standardization in angiographic data acquisition.

Oun-line registration of X-ray system settings.

Administration of vasodilative drug immediately before angiographic investigation.

Use of iso-viscous and iso-osmolar contrast media. Administration of contrast medium by ECG-
triggered injector.

Selection of acceptable catheter material (high angiographic image contrast and edge gradient).
5. Measurement of actual size catheter with micrometer following catheterization procedure.

LN —
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The approaches that we propose for the various sources of variations of Table 3
are listed in the same order in Table 5; these will be discussed in further detail in
the following sections.

Approaches towards standardization in angiographic data acquisition
On-line registration of X-ray system setfings

At the Thoraxcenter a microprocessor system has been developed which collects
for each angiographic investigation a number of parameters which are projected
onto the patient film and printed on a lineprinter (21). Parameters describing the
geometry of the X-ray gantry (Rotation of U-arm and of object, as well as
distances from isocenter to focus, film and object) for a particular cinefilm run are
projected onto the film immediately preceding the first angiographic image
(Figure 6a), while parameters describing the selected X-ray exposure factors (kV,
mA and pulse width), as well as film speed, focus, grid ratio and the radiation
dose are projected onto the cinefilm immediately following the last angiographic
image of this particular cinerun (Figure 6b).

A list with all these parameters and many more for the different cineruns
performed during a patient study is provided on the lineprinter of the micro-
processor system (Figure 7).

When a repeat angiography is scheduled the geometry of the X-ray system is
re-adjusted on the basis of the available data, such that approximately the same
angiographic projection is obtained. In adition, the accuracy and precision of the
re-adjustments can be controlled following the study from the actual data pro-
jected onto the film and listed on the print-out. The kind of accuracy that can
easily be achieved in a routine environment is presented in the section Variations
in measurements with standardized protocol.

Administration of vasodilative drug immediately before angiographic
[nvestigation

One of the most important variables in the quantitative assessment of coronary
arterial dimensions is the varying vasomotor tone. If no precautions are taken the
vasomotor tone may even be different at the time of consecutive coronary
angiographies. Yasue e al. have shown that there is a circadian variation in
exercise capacity in patients with Prinzmetal’s variant angina, among others due
to the variations in vasomotor tone (22). The tone appeared to be higher in the
morning than in the afternoon. They concluded that under high coronary vas-
omotor tone conditions, exercise can readily induce severe spasm resulting in
angina pectoris. On the other hand, under low tone conditions, exercise can
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Figure 6. Parameters describing the geometry of the X-ray gantry (Fig 6a) and those describing the
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induce little spasm and no attacks occur except in patients with severe organic
stenosis of a large coronary artery in whom only a slight degree of spasm would
already occlude the artery. The examples given above make clear that the
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Figure 7. Example of print-out of parameters collected during a total of eleven cineruns performed at
the time of a cardiac catheterization of a particular patient.

vasomotor tone should be controlled as much as possible in repeated angio-
graphic studies designed to determine the effect of a given intervention on
coronary dimensions.

A vasodilative drug that would be optimal in controlling the vasomotor tone of
the epicardial vessel should give a quick (within 30 seconds to 1 min) and maximal
response without influencing the hemodynamic state of the patient. Only nitrates
and calcium antagonists satisfy these requirements. On isolated human coronary
arteries the calcium antagonists may be more vasoactive than nitrates, but act
more slowly (23). However, in the in vivo situation the nitrates are more vasoac-
tive than the calcium antagonists. In a recent study by Nellessen ez al. changes in
diameter of angiographically normal coronary artery segments were investigated
over a period of 30 minutes after sublingual administration of 20 mg of the calcium
antagonist nifedipine (24). It was concluded that a plateau in vasodilation had not
been reached at the end of the observation period, i.e. after 30 minutes. That
means that it is still uncertain what the optimal time is for the angiographic
investigation in terms of maximal vasodilatory effect following the oral admin-
istration of nifedipine. Rafflenbeul er al. demonstrated that sublingually admin-
istered nitrate and nifedipine have cumulative effects, which suggest that one
should use both agents to obtain maximal vasodilation (25).

An alternative to the sublingual administration is the intracoronary injection of
nitrate and/or calcium antagonist (11). This route of administration has the
advantage of a very fast and complete action of the drug on the coronary vessel.
Figure 8 shows the effects of repeated intracoronary administrations of nifedipine
on the mean diameters of normal and poststenotic segments. A further vasodila-
tion is observed after the 2nd administration.

A dose of 3 mg isosorbide of dinitrate (ISD) administered intracoronary has
been shown to be well tolerated in clinical practice and is known to be 15X
stronger than the dose of nitroglycerin necessary to obtain maximal vasodilation
(27). This dose of 3mg ISD is equivalent to a 0.3 mg intracoronary administration
of nitroglycerin (28). A disadvantage of the nitroglycerin preparation is that it
must be dissolved in an alcoholic solvent, since it is a lipophylic compound. Such
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Figure 8. Effects of nifedipine administered intracoronary on the mean diameter of 11 normal and 21
poststenotic coronary segments during two control (C,. C5) and the two post-nifedipine (N,. N,)
cineangiograms. The mean diameter values along the ordinate of the figures are noncalibrated values
expressed in pixels. Reproduced with permission from PW Serruys et al. (26).

alcoholic preparations may be deleterious to the myocardium and may induce
hemolysis. In addition, some of the commercial preparations of nitroglycerin
contain very high levels of potassium which could provoke spasm (29).

Isosorbide of dinitrate is a hydrophylic preparation. Lablanche ez al. have
demonstrated that intracoronary and intrafemoral venous injections give identi-
cal peripheral hemodynamic and coronary changes after the first minute follow-
ing administration (30, 31) (Figure 9). The effects were maximal between 2 and 4
minutes and continued after 10 minutes. The only difference was a more rapid
decrease in systolic pressure after intrafemoral administration. With intracoron-
ary injection dilation preceded the occurrence of hemodynamic effects, which is
an argument for using intracoronary ISD (particularly in the treatment of spasm
induced by ergometrine).

A potential advantage of the use of calcium antagonists above the nitrates is
that small amounts of calcium antagonists injected intracoronary produce coro-
nary vasodilation without any systemic effect (32, 33). On the other hand, the
calcium antagonists may produce transient negative inotropic, chronotropic and
dromotropic effects.

From this paragraph on coronary vasomotor tone we may conclude that the
vasomotor tone should be controlled in quantitative coronary angiographic stud-
ies. The only way to achieve that is by trying to reach the ceiling of vasodilation of
the vessels by means of a vasodilatory drug producing a fast and complete
vasodilation without any peripheral effects. It seems that such results can be
obtained most reliably by the intracoronary administration of nitrates or calcium
antagonists. However, it is still unknown which of these drugs is the single most
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Figure 9. Intracoronary and intrafemoral venous injections of isosorbide of dinitrate give identical
hemodynamic and coronary changes after the first minute following administration. The effects are
maximal between 2 and 4 minutes and continue after 10 minutes. Reproduced with permission from
Lablanche ez al. (30). Abbreviations: D. CORO: diameter of coronary arterial segments in mm; FC:
heart rate (beats/min); PM: systolic pressure (mmHg); PTD: end-diastolic left ventricular pressure
(mmHg); IC: intracoronary group; IF: intrafemoral group; BE: baseline measurement.

potent vasodilator, and whether they should be used in combination, since they
may have synergistic action.

Use of iso-viscous and iso-osmolar contrast media

Adverse effects of conventional contrast media are related to the single-valence
cations, such as sodium and meglumine, to an imbalance in the ratio of sodium to
calcium ions, to the high osmolality of the solutions and to their hyperviscosity.
The hyperosmolality may exert its influence through the massive shifting of tissue
water to the capillaries as the contrast medium flows through them, thus increas-
ing the intravascular volume. Bentley and Henry investigating the effect of
meglumine diatrizoate (Renografin-76, 1689 mOsm/liter) on animal arteries,
demonstrated that the angiographic dye in concentrations not exceeding those
during angiography exert potent, dose- and time-dependent vasomotor effects
(34). In addition, experiments in vivo have shown that intracoronary injection of
ionic, hyperosmolar, and hyperviscous contrast media produce direct myocardial
depression, followed by an adrenergically mediated reflex effect that potentially
could affect the vasomotor tone of the arteries (35).

To reduce these undesirable effects, much effort has been directed toward the
development of new water-soluble contrast media with reduced osmolality,
which are either nonionic or contain physiologic concentrations of calcium ions.
These agents cause less subjective discomfort, less hemodynamic and biochemi-
cal effects, and less blood pressure and rhythm disturbances in coronary angiogra-
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phy. Collective studies offer experimental and clinical evidence of the advantages
of the low osmolality agents in cardiac radiology (36). These improved qualities
of the new angiographic dyes therefore may account for the observed decrease in
variability measures, although this last hypothesis has not yet been tested.

Administration of contrast medium by ECG-triggered injector

As part of their procedures to measure the coronary flow, myocardial perfusion
and coronary flow reserve from coronary angiograms, Spiller ef al. and Vogel et
al. have been using ECG-synchronized, power contrast medium injections to
standardize the timing and flow rates of the contrast boli (37, 38). When used with
an eight or nine french catheter (for example, guiding catheter for angioplasty)
high flow rates can be achieved, resulting in angiograms of good quality. High
flow rates can best be obtained when the contrast agent is pre-warmed to 37°C
resulting in a decreased viscosity. For the left coronary artery contrast injections
at a rate of 4 ml/s for a total of 7ml have been used, and for the right coronary
artery 3ml/s for a total of 5ml (39). Modern injectors are relatively safe in use
since upper limits for the flow rate and pressure can be set; pressure rise-time is
also adjustable. For quality control purposes it is advisable to register the pres-
sure signal of the injector on paper. In our center we have employed the power
injector technique in a number of clinical research studies and for the assessment
of coronary flow reserve. It has been our impression that the high flow rate
contributes more to image quality than the timing of the contrast administration.

Selection of acceptable catheter material

Coronary contrast catheters have been used increasingly for calibration purposes
in the quantitative assessment of coronary arterial dimensions. However, to
determine the accuracy of such calibration measurements from coronary cine-
angiograms and the effects of catheter material, contrast filling of the catheter,
and kV-setting of the X-ray source on image quality of the irradiated catheter and
thus on the accuracy of the measurements, we analyzed four different catheter
materials, filmed under different conditions (4). The most important results from
this study will be described in this chapter; for further details the reader is
referred to reference 40.

Mid-portions of the four contrast catheters were taped on a block of perspex
with dimensions 10 X 10 X 10cm. Five different fillings were used for the cathe-
ters: 1) only air inside; 2) filled with water; and filled with three different
concentrations of a contrast agent (Urografin-76®)* : 3) 370 mg I/cc (100% con-

* Schering AG. Berlin, Germany.
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centration); 4) 185 mg I/cc (50% concentration); and 5) 92.5 mg I/ec (25% concen-
tration).Each situation was filmed at four different kilovoltages, ranging from 55
to 81kV. For calibration purposes. a cm-grid was filmed on top of the perspex
block after the catheter studies had been performed.

From the analyzed portion of a contrast catheter the following parameters were
measured:

1. mean diameter (mm)

2. average brightness level along centerline in catheter (B.cath)

3. average background brightness level (B.bkg), measured 10 pixels (+ 0.6 mm)
outside of the detected contours.

4. difference between B.cath and B.bkg, being a measure for image contrast
5. average value of the weighted sum of first and second difference functions for
the left-hand side contour positions (GRAD(L))

6. average value of the weighted sum of first and second difference functions for
the right-hand side contour positions (GRAD(R)).

Four catheters fabricated from different materials were used for this study:

woven dacron, Sones 7F catheter®

polyvinylchloride, Judkins 7.3F catheter® *
polyurethane, Femoral — Left Coronary 8F catheter™ * *
nylon, Alvaflo 7F catheter® * **

ooy

The true sizes of the catheters were measured with a micrometer.

Figure 10 shows the brightness distribution along a scanline across an analyzed
catheter segment perpendicular to the centerline direction for each of the four
catheter materials filled with 100% contrast agent and with air. In each graph the
pixel positions along the scanline are plotted along the horizontal axis and the
brightness levels along the vertical axis. From these eight graphs the differences in
image contrast between the various materials can be appreciated, as well as the
differencesin the brightness distribution for a particular segment filled with 100%
contrast agent or with air.

In Table 6 the true sizes of the four catheter segments, measured with a
micrometer, are listed, as well as the average value and standard deviation of the
values assessed with the CAAS and the average difference between the true and
angiographically measured sizes. For each catheter a total of 20 measurements
were available from the air and water filled catheters and from the catheters filled

Cordis Corp., Miami, Florida, U.S.A.
* Mallinckrodt GmbH, Grossostheim, West Germany.
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Figure 10. Examples of brightness distribution along scanlines perpendicular to the centerline direc-
tions for the four different catheters, filled with 100% contrast agent (left column) and with air (right
column). The vertical order of the graphs represents the different materials (from top to bottom):
woven dacron (wd), polyvinylchloride (pv), polyurethane (pu) and nylon, respectively. In each graph
the pixel positions along the scanline are plotted along the horizontal axis and the brightness levels
along the vertical axis.
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with the different concentrations of contrast agent (92.5, 185 and 370 mg l/cc),
each filmed at four different kilovoltages (range 55-81 kV). Best results were
obtained for the woven dacron catheter with an average overestimation in
angiographically measured size of only +0.2%, followed by the polyvinylchloride
and polyurethane catheters with average underestimations of —3.2% and
—3.5%, respectively, while the nylon catheters were overestimated by 9.8%.
Similarly, the standard deviation of the computer-assisted measurements was
smallest (=0.02mm) for the woven dacron catheters, followed by the poly-
vinylchloride and polyurethane catheters (0.03 mm), while the highest value was
obtained for the nylon catheter (0.05 mm).

If we subdivide these dimensional measurements according to the five different
fillings of the catheter segments and take the average value of the results from the
four different kilovoltages per filling, then the maximal difference between the
average values for the various situations is less than or equal to 0.04 mm for the
woven dacron, the polyvinylchloride and polyurethane catheters, and more than
double that value (0.09 mm) for the nylon catheter. Thus it may be concluded that
the filling has a minimal effect on the accuracy for the first three types of
catheters.

In Figure 11 the image contrast of the X-rayed and filmed catheters, averaged
over the four kilovoltage-measurements, are shown for the four catheters accord-
ing to the five different fillings. Image contrast was defined by the difference of
the average brightnesslevel along the centerline of the analyzed catheter segment
and of the average brightness level measured in the background, at 10 pixels
(£ 0.6 mm) from the defined contour positions. It may be concluded from Figure
11, that for all four catheters image contrast decreases with the X-ray absorption
coefficient of the filling of the catheter. The woven dacron and polyvinylchloride
catheters demonstrate image brightness levels of similar magnitude, while the
image brightness of the polyurethane catheter filled with contrast medium of at
least 50% concentration is higher than that for the first two mentioned catheters

Table 6. Comparison of true sizes of catheter segments with angiographically measured dimensions,
averaged over the five different fillings (air, water, contrast medium concentrations of 92.5, 185 and
370 mg l/cc), each at four different kilovoltages (range 55-81kV) (mean *+ s.d.). The numbers in
parentheses in the column measured size represent the percentage values of the standard deviations
with respect to the mean values.

True size Angiographically Average
(mm) measured size difference (%)
(mm)
woven dacron 2.35 2.35+0.02 (0.9%) +0.2%
polyvinylchloride 2.44 2.36£0.03 (1.3%) -3.2%
polyurcthane 2.62 2.53+0.03 (1.2%) -3.5%

nylon 2.25 2.46 1 0.05 (2.0%) +9.8%
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Figure 11. This graph shows image contrast for the four catheter materials as a function of the filling of
the catheter. Each measurement point represents the mean value of four measurements of the
catheter at four different qualities (kV-level) of the X-ray radiation.

and similar for the water and air fillings. The image contrast of the nylon catheter
is significantly lower for all fillings as compared to the other three materials.
Finally, we have measured along each detected contour side the average
density gradient along the contour, defined by the weighted sum of first and
second difference values assessed from the edge detection algorithm; the unit of
this parameter is brightness level difference per pixel. As a result, for each
analyzed catheter segment, an average left gradient value (GRAD(L)) and an
average right gradient value (GRAD(R)) was obtained. At the average, the
differences between the GRAD(L) and GRAD(R)-values were nonsignificant.
In Figure 12 the average gradient values for the four catheters, averaged over the

AVERAGE GRADIENT
s
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Figure I2. Average brightness gradient at the detected contour positions for the four catheter
materials as a function of the filling of the catheter. Each measurement point represents the mean
value of four measurements of the catheter at four different qualities (kV-level) of the X-ray radiation.
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four kV measurements and over the left and right contour sides, are presented for
the five different fillings.

Itis clear from Figure 12, that the highest gradient levels are obtained with the
woven dacron catheter, followed by the polyvinylchloride and polyurethane
catheters; the nylon catheter again shows the poorest results. For all catheter
materials the brightness gradient increases with decreasing X-ray absorption
coefficient of the filling of the catheter.

On the basis of our evaluation data we may conclude that the woven dacron is
most suitable for quantitative coronary angiographic studies. The polyvynyl-
chloride and polyurethane catheters perform about equally well, but slightly less
than the woven dacron catheter. The nylon catheter should not be used for these
studies.

Measurement of actual size catheter with micrometer following catheterization
procedure

It has been our experience that the size of the catheter as specified by the
manufacturer often deviates from the true size, especially for disposable cathe-
ters. If the manufacturer cannot guarantee narrow ranges for the size of the
catheter, e.g. = 0.05F, it should be measured following the catheterization with
a micrometer. This problem plays an even greater role for the tip of a catheter
which is often hand-made and thus poorly specified; it is particularly the tip that
we use most often for the calibration. For a 5.5 tip of a Sones catheter, a deviation
by 0.05 F will result in an error in the computed calibration factor by 0.9 percent.

Variations in measurements with standardized protocol

Now that we have identified a number of sources of variations and proposed
remedies, it is of a great interest to find out how much the poor results from the
worst-case study can be improved.

As part of a pharmacological intervention study, we have assessed the 1 hour
variability in the measurements of coronary arterial segments with repeated
coronary angiographic examination and analysis in a group of 11 patients. Im-
mediately after control cineangiographic examination in multiple views (angio 1),
the first metabolite of molsidomine®* (Sin 1) was administered in the left main
stem; 2 min. thereafter coronary angiograms were obtained 1n the same multiple
views to study the immediate effect of the drug on the dimensions of the coronary
arteries (angio 2) (41). One hour later these angiograms were repeated to assess
the long-term effect of the drug (angio 3). A fourth angiographic procedure

* Cassella, Frankfurt am Main, Germany.
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(angio 4) was carried out after a second intracoronary administration of the drug
to determine whether further dilatation could be achieved. For this study, a
nonionic contrast medium (iohexol*) was administered. The spatial positions of
the X-ray source and image intensifier with respect to the patient and the voltage
(kV) and current (mA) of the X-ray generator were acquired on-line with each
angiographic procedure. Great care was taken to ensure that identical positions
were used in the corresponding views.

By comparing the arterial dimensions from angio’s 2 and 4, we can assess the
overall variability, when standardization of the angiographic procedure is at-
tempted (including ‘control’ of the vasomotor tone). Each analyzed cineframe
was separately calibrated on the basis of the displayed contrast catheter. A total
of 16 coronary obstructions were analyzed, as well as 90 nonobstructed segments.

The results on the variability in X-ray gantry settings between the angio’s 2 and
4 are presented in Table 7. The angular variability, computed from the absolute
differences of angular settings, was less than 4.2 degrees and the variability in the
various positions of image intensifier and X-ray source less than 3.0cm. There
were no significant differences between the repeated X-ray system settings.
These results show that the X-ray system settings can be reproduced quite
accurately in routine clinical practice.

The mean differences in the measured parameters from angio’s 2 and 4 were all
nonsignificant (Table 8). The standard deviation of the differences for the ob-
struction diameter now equals 0.22 mm, for the interpolated reference diameter
0.15mm and for the interpolated percentage diameter stenosis 7.23%.

From Tables 1, 4 and 8, the mean differences and standard deviations of the
differences in the obstruction and interpolated reference diameters, as well as in
the interpolated percentage diameter stenosis, have been summarized in Table 9
for repeated analysis, and the best-controlled and worst-case angiographic stud-
ies.

The mean differences in absolute diameters were below 0.13 mm in all studies.

Table 7. Variability in X-ray gantry settings with repeated cineangiographic studies (N = 25).

Overall Mean p-value s.d. diff.

mean diff.

value
Rotation U-arm (degrees) 31.2 0.3 n.s. 4.2
Rotation pat./C-arm (degrees) 26.4 0.3 n.s. 2.2
Isocenter-Image Intensifier
distance (cm) (IID) 22.6 1.1 n.s. 3.0
Focus-Isocenter distance (cm) (FID) 72.8 -0.3 n.s. 0.8
Object-Isocenter distance (cm) (OID) 5.3 0.2 n.s. 1.4

* Omnipaque®, Nyegird, Oslo, Norway.
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Table 8. Variabilities in measurements of various parameters of coronary arterial segments from
repeated coronary angiographic studies and analysis in best controlled situation. Angiograms 2 and 4
were performed immediately following administration of a vasodilatory drug. Time between angio’s 2
and 4 was approximately 1 hour (see text).

Overall angio 4-2
mean
Mean p-value s.d. diff.
diff.
Calibration factor 0.094 - 0.001 n.s. 0.002
(mm/pixel) (N = 25)
User-defined Reference (N = 16)
Obstruction diam. (mm) 2.13 0.00 n.s. 0.22
Reference diam. (mm) 3.57 0.06 n.s. 0.28
%-D stenosis (%) 413 0.75 n.s. 8.09
Extent (mm) 6.28 —-0.15 n.s. 2.03
Interpolated reference (N = 14)
Reference diam. (mm) 3.32 0.05 n.s. 0.15
%-D stenosis (%) 38.1 1.21 n.s. 7.23
Nonobstructed segments (N = 90)
Mean diam. (mm) 3.05 0.07 n.s. 0.24
Length segment (mm) 14.03 -0.03 n.s. 1.02

The variability in obstruction diameter for these three types of studies ranged
from 0.10mm for the repeated analysis only to 0.36 mm for the worst-case
angiographic study. Likewise, the variability in the interpolated reference diame-
ter was smallest for the repeated analysis and largest for the worst-case study
(0.66 mm). The worst-case study clearly demonstrates that the variability in
absolute dimensions increase if no special care is taken to reduce the potential
sources of variation.

The variabilities in the interpolated percentage diameter reduction were small-
est for the repeated analysis study and 84% and 65% higher for the best-

Table 9. Summary of the differences (mean and s.d.) in the absolute diameter measurements and
interpolated percentage diameter stenosis for repeated analysis, and the best-controlled and worst-
case angiographic studies.

Mean diff. s.d. diff.

Repeated Best Worst Repeated Best Worst

analysis  contr. case analysis  contr. case
Obstruction diam. (mm) 0.00 0.00 0.00 0.00 0.22 0.36
Interp. ref. diam. (mm) -0.10 0.05 - 0.13 0.10 0.15 0.66

Interp. %-D sten. (%) —2.08 1.21 - 1.92 3.94 7.23 6.52
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controlled and worst-case angiographic studies, respectively. The mean differen-
ces were all less than 2.08%.

The data from Table 9 thus make clear that the variabilities in the obstruction
diameters with repeated angiographic studies and analyses were 2.2 to 3.6 times
greater than those from repeated analyses only, and 1.5 to 6.6 times greater for
the interpolated reference diameters. This was caused by the sources of variation
in the data acquisition procedure described above. Alderman et al. (42) found an
increase in variability in absolute sizes with an angiographic study compared with
repeated analysis only by a factor of 3; we found an increase by a factor of 1.5 to
2.2. In their study identical calibration factors, computed from the spatial posi-
tions of the image intensifier and X-ray source with respect to the patient, were
used for the initial and repeat angiographic studies. This means that their actual
variations in arterial size would be greater than the ones reported, if the calibra-
tion factor was also assessed repeatedly from the catheter as was done in our
study.

Conclusions

We have developed and validated extensively a procedure for the quantitative
analysis of coronary cineangiograms that can be applied on a routine basis. This
procedure is based on an accurate, automated method for the contour detection
of arterial segments. Various absolute and relative dimensional parameters are
derived from the diameter data. From our validation data the following con-
clusions may be drawn.

1. Arterial dimensions can be assessed with high accuracy and reproducibility
from coronary cineangiograms.

2. Variabilities in the measurement of arterial dimensions increase with re-
peated angiography.

3. Variabilities increase further if no special care is taken to reduce potential
error sources.

4. Angiographic and biological changes are sources of major concern.

5. Further attempts towards standardization of angiographic procedure are
seriously needed.
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Determination of coronary blood flow and
myocardial perfusion by digital image processing

Paul Spiller and F.-K. Schmiel

Summary

The application of digital subtraction angiography for the measurement of coro-
nary blood flow and myocardial perfusion is described. The angiographic images
are transformed into a video signal and digitized by means of an A/D converter
(conversion rate: 10 MHz, gray scale resolution: 8 bits = 256 levels). The digitized
images are buffered as a matrix (256 lines, 512 pixels/line) in a fast semiconductor
memory and transferred via a DMA-interface to a computer system (PDP-11).
Following processing by a software program the resulting images are retransfer-
red to the buffer memory and displayed on a TV-monitor via a D/A converter.

Flow measurements are performed by subtracting two consecutive frames of
the coronary angiogram. The essential information of the resulting difference
image is the position of the front of the contrast medium. By processing a
sequence of such difference images the propagation of the front can be visualized.
The velocities of coronary blood flow can be determined quantitatively from the
front displacement-versus-time plot.

To assess the hemodynamic relevance of coronary artery stenoses flow mea-
surements during hyperemia are necessary. The prerequisite for such evaluation
is that the flow increases to the same extent in different nonstenosed branches of
the same vessel. This was proven by flow measurements before and after Di-
pyridamole: flow rates increased by the same percentage.

The opacification of the myocardium by contrast medium injected into the
coronary arteries if visualized by subtraction of nonopacified mask images from
the opacified images acquired during the same phase of the cardiac cycle. The
washin and washout phase of the contrast medium can be seen on the difference
images. By integration of the brightness levels a densogram can be determined,
describing functionally the passage of the contrast medium through the myocar-
dium. We found a close correlation between the risetime of the densograms and
the qualitatively evaluated Tl-scintigrams at rest for the same patients. Thus, we
suggest that the rise-time be a quantitative measure of myocardial perfusion.
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Introduction

To date digital image processing is frequently and routinely used by many
radiologists for angiographic imaging of peripheral arteries and by some cardiolo-
gists to delineate the left ventricle by intravenous injection of contrast medium.
The evaluation of the coronary arteries and the myocardium by digital angiogra-
phy, however, continues to remain a topic of research. The purpose of this
chapter is to discuss some aspects regarding the acquisition and quantitative
analysis of angiographic image series for the measurement of coronary blood flow
as well as of myocardial perfusion.

Earlier studies with analog devices have shown that flow rates in coronary
arteries can be determined on the basis of the propagation of injected contrast
material. The principle of the measurement is based upon the calculation of the
transit time from density-time curves (densograms) assessed at two positions over
the artery, thereby defining a fixed distance. The measurements reveal a flow
pattern typical for coronary arteries and have a good reproducibility (1).

However, despite these promising results, flow measurements with analog
devices are hampered by considerable problems.

Firstly, the short measurement sections result in short transit times with
resulting relatively large errors in flow measurements. Secondly, the propagation
of contrast medium in the arteries and vessel motion are superimposed. Thirdly,
the scatter of the measurements cannot be assessed as flow rates are determined
from only two measuring points. These difficulties in the measurement of coro-
nary flow can be reduced by employing digital techniques.

Until 1980 the assessment of myocardial perfusion by X-ray techniques was an
aim for the future. Since then, the rapid developments in digital computer
techniques for image acquisition and processing have enabled us not only to
visualize the opacification of the myocardium but to obtain quantitative informa-
tion, as well. Which of the appearance-, rise- or washout-times assessed from the
density-time curves is the best indicator of myocardial perfusion, however,
remains an unanswered question. For that reason several groups are working
towards the improvement and validation of functional parameters to quantify
regional and global myocardial perfusion (2, 3).

Principle of digital measurements of coronary flow and myocardial perfusion

By digital subtraction of two consecutive cineframes of a cinecoronary angiogram
the exact position of the front of the contrast medium can be localized on each
single frame. The difference is zero in all parts of the images where the density
information remained unchanged; that means, the difference image basically
reveals only those structures which are caused by the displacement of the front.

Myocardial perfusion is evaluated from the passage of the contrast medium
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Figure 1. Scheme of image subtraction. A mask image M from the last cycle before the injection of
contrast medium (rectangular pulse) is subtracted from the opacified images F,, F, Fs, . . . resulting in
a sequence of difference images (F-M. etc.).

through the myocardium. Prior condition for visualization is the elimination of
background structures. i.e. lung tissue, ribs and the diaphragm. This is achieved
by digital subtraction of a mask image taken before the injection of the contrast
medium from contrast images selected from the same phase in the cardiac cycle.

The procedure for digital imaging of myocardial perfusion is shown sche-
matically in Figure 1. The last image at the R-wave immediately before the
injection of the contrast medium is taken as a mask M. If this mask is subtracted
from the R-wave triggered opacified images F,, a sequence of difference images
F-M is obtained, demonstrating the passage of the contrast medium at end
diastole. This procedure can be applied not only on R-wave synchronized images,
but on all other images of the cardiac cycle, provided the images F, and the mask
M are taken from the same phase in the cardiac cycle.

Digital image processing system

The hardware of the image processing system consists of a PDP 11/10 computer
plus peripherals (Fig. 2). The video converted cinecoronary angiograms are
digitized by a fast analog-to-digital converter.

As the sampling rate of the A/D-converter is much higher than the transfer rate
of 1 megacycles per second of the PDP 11/10 computer system, the digitized pixels
from the total image are buffered as a matrix in a fast semiconductor memory.
The matrix is composed of 256 lines with 512 pixels each. The total range of
brightness levels is linearly divided into 256 steps. After an entire frame has been
scanned, the image is transferred to the computer system. Following the digitiza-
tion of two frames the difference matrix can be computed by the processor and
returned to the image memory. Its content can be plotted or displayed onto a
TV-monitor via a digital-to-analog converter.
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Angiographic acquisition procedures

For flow measurements, boluses of contrast medium (amidotricoate, 1.0 to 1.5 ml,
flow rate 4-5ml/s) were injected by means of an ECG-triggered power injector
during at least four different phases of different cardiac cycles during routine
coronary angiography. The front velocities and flow rates obtained by this
sampling technique were used for the reconstruction of the flow pattern of a
single representative cardiac cycle. To test the reproducibility of the measure-
ments, the injections were repeated during the same phase. The intervals be-
tween single bolus injections were at least 30s.

The passages of the contrast boluses were recorded by means of a biplane X-ray
angiography system simultaneously in right and left anterior oblique projections
on 35 mm cinefilm (100 frames/s, 70-85kV, 270mA). A projection angle was
chosen such that superimposition of different branches of the vessel did not occur.
During the measurements the patient’s ECG, the cine synchronizing pulses
necessary to relate the recorded parameters to the single cineframes in both
projections, and the signal of the contrast medium injector were recorded contin-
uously. Before and after each injection the pressure in the ostium of the coronary
artery was measured via the injection catheter.

For perfusion measurements, boluses of 4 ml contrast medium were injected
(flow rate 4 ml/s). The start of injection was triggered on the R-wave of the ECG
2.5s after the beginning of the angiographic investigation. The angiograms were
recorded on cinefilm in right and left anterior oblique projections (50 frames/s)
for at least 15s. During the acquisition the same parameters as described for the
flow measurements were recorded. The reproducibility was tested by repeated
injections.

The intervals between single bolus injections were about 5 min. The patients
had to hold their breath in deep inspiration during the angiographic investiga-
tions.

Quantitative evaluation of the cinefilms

The cineangiograms were projected via a light-stabilized projection head onto a
video camera (Figure 2). The analog video signals were digizited, processed by
the computer system and displayed on a TV-monitor. To measure coronary flow,
the front velocities of the contrast medium in two different branches of the left
coronary artery were determined from displacement-time plots during systole
and diastole. The diameter and the distances covered by the bolus fronts were
measured biplane from the cineangiographic frames with the appropriate magni-
fication factors (4).

In Figure 3 the procedure of digital image subtraction for flow measurements is
demonstrated. In the upper part two consecutive single frames of a cineangio-
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Figure 2. Hardware diagram of the digital image processing system. For further details see text.

Figure 3. Upper part: two consecutive frames of a cineangiogram of the left coronary artery. Lower
part: resulting difference image (left), and same image after filtering and smoothing (right).
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Figure 4. Difference images from a cineangiogram of the left coronary artery. The front of the bolus of
contrast medium moves from the main stem into the left anterior descending and circumflex branches.

gram of the left coronary artery at the early filling with contrast material are
shown. By digital subtraction the difference image of these two frames results.
The positions of the fronts of the contrast medium in three branches of the vessel
are indicated by the bright structures (Figure 3 bottom, left). The quality of the
image can be improved by digital filtering and smoothing (Figure 3 bottom,
right).

The flow of blood cannot be assessed from one single difference image, but
only from a series of angiographicimages. In Figure 4 a series of difference images
is depicted. The contrast medium moves from the main stem into the left anterior
descending and circumflex branches of the left coronary artery.

That means that the flow of the contrast medium — or in other words — the flow
of blood opacified by the contrast medium, can be visualized and analyzed
qualitatively from angiographic series in a functional sense.

For quantitative determinations of flow velocities from such series the propaga-
tion of the front is measured frame-to-frame. The travelled distances at time
increments of 10 ms are plotted as a displacement-time curve (Figure S). The
diagram shows that the velocity of propagation remains nearly constant during
the measurement period of about 150 ms. In contrast to analog videodensito-
metric techniques the velocity is determined not just from one distance and one
transit time, but from a complete displacement-time plot. The average flow
velocity can be determined by fitting a linear function through the measurement
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Figure 6. Displacement-time diagrams and corresponding flow velocities determined from ten bolus
injections into the right coronary artery. The measurements cover different phases of a cardiac cycle
(sampling technique).
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points, which takes the scatter of the measurements into account.

Compared with the duration of a complete cardiac cycle the measurement
periods of 100 to 200 ms are relatively short. To measure coronary flow through-
out a complete cycle, this method must be used as a sampling technique. We
therefore inject the contrast material by means of an ECG-triggered power
injector during various phases of different cardiac cycles. Each injection is
evaluated separately.

In Figure 6 ten displacement-time diagrams and the corresponding flow ve-
locities determined from contrast injections into a normal right coronary artery
are depicted. According to the sampling technique the measurements cover
different phases of the cardiac cycle (4).

The values of the flow velocities can be used to reconstruct the flow curve of a
single representative cardiac cycle. Figure 7 demonstrates the typical phasic flow
pattern of a right coronary artery. The horizontal bars indicate the duration and
the temporal position of the measurement intervals. Repeated measurements
during the same phase of the cardiac cycle have revealed a good reproducibility.

For the quantitative assessment of perfusion several measuring windows were
placed over the myocardium. By integration of all pixels inside the windows for
each difference image the average brightness level caused by the opacification
was measured. Densograms describing the relation of brightness versus time
reveal the washin and washout of the contrast medium. The densograms were
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Figure 7. Flow values measured in a right coronary artery. The horizontal bars depict the flow velocity
(v) and the time interval of measurement, calibrated in % of the R-R-interval of the patient’s ECG.
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analyzed by measuring the rise-time, 1.e. the time interval between the beginning
and the point of maximal value of the curve. To improve the accuracy of the
measurement six densograms at different phases throughout the cardiac cycle
were evaluated. The mean rise-time was calculated by averaging these values,
excluding those outside of the standard error of the mean of the six measured rise-
times. In each patient four different measuring windows were analyzed in the left
anterior oblique projection of the cinefilm.

Results
Measurements of coronary flow

Ultimate goal of coronary blood flow measurements is the determination of the
functional significance of coronary artery lesions in a quantitative manner. To
assess the severity of moderate stenoses which do not limit resting coronary flow,
measurements during hyperemia are necessary. Prerequisites for these evalua-
tions are identical flow velocities at rest and nearly the same flow increases during
hyperemia in different branches of the coronary vessels.

The validity of the first condition could be proven in several patient studies. In
Figure 8 an example of the increase in flow by Dipyridamole i.v. is depicted.

Flow values before (solid lines) and after (dashed lines) Dipyridamole admin-
istration determined during four different phases of the cardiac cycle are shown.
In this case flow increased after Dipyridamole during systole and diastole by
about 50 percent. Figure 9 summarizes coronary blood flow measure-
ments performed simultaneously in the left antertor descending and circumflex

N A

Q
mi
[
=] 4
150 -
LCx
Control —
— Dipyridamol F=---4
100 k-4
-
50+ — —
w
J S
0 r ' r R-R s
T T L)
0 20 40 80 80 100 [%]

Figure 8. Flow values before (solid lines) and after (dashed lines) Dipyridamole administration in a
circumflex branch of a normal left coronary artery. Systolic and diastolic flows increase after Di-
pyridamole.
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Figure 9. Summary of flow measurements performed simultaneously in the left anterior descending
(abscissa) and circumflex branches (ordinate) of the left coronary artery. Both flow values are
characterized by only one point. The lines connect corresponding values before and after Di-
pyridamole. The flow rates in almost all of these normal vessels increase by the same percentage.

branches of normal left coronary arteries. In this presentation both flow values
are characterized by only one point. The lines connect corresponding values
before and after Dipyridamole. It is evident that on average the flow ratesin these
normal vessels increase by the same percentage. That means that the prere-
quisites for flow measurements in patients with coronary artery disease have been
met.

Measurements of myocardial perfusion

Visualization of the coronary arteries, the myocardium and the coronary veins
can be achieved by digital processing of angiographic scenes of about 15 s dura-
tion. As an example a sequence of difference images is depicted in Figure 10. At
first only the branches of the left coronary artery are opacified. Then the contrast
medium perfuses the myocardium and is then washed out via the coronary veins.
All regions perfused by the left coronary artery are homogenously opacified.

In contrast to this patient with normally perfused myocardium, Figure 11 shows
a sequence of images which characterize an occlusion of the left anterior descend-
ing artery with an unperfused septum and a normally perfused posterior wall (left
anterior oblique projection).

Figure 12 demonstrates the corresponding thallium-201 scintigram at rest with a
marked perfusion defect in the left ventricular septum and the apex.

For quantitative measurement of perfusion measuring windows were posi-
tioned over the myocardium. By integration of all pixels inside a window for each
difference image the average brightness level, being a measure for opacification,
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Figure 13. Densogram (density-time curve) demonstrating myocardial perfusion. Each measurement
point depicts the average brightness level within a measuring window in a difference image represent-
ing contrast opacification.

was assessed as a function of time. In Figure 13 the washin and washout phases of
the contrast medium can readily be appreciated. Obviously, the washout phase of
this densogram cannot be described by an exponential decay, i.e. perfusion
cannot be determined from this curve in a similar manner as from indicator
dilution curves. Even after a period of 16s the opacification does not reach the
baseline, but remains at a plateau.

at b
(sl H
s| * ¢ .
[ 3
®
Py L )
5 3 .
[ ]
L]
. . H .
‘r ) LI
; . ns.
H i
& 'Y
§ 8
[
2 i
p<0.05
p<0.05
w
3
8
1 1 L i .
o + = - -

TI-Scintigraphy
Figure 14. Correlation of the rise-times (A t) of myocardial densograms with qualitative evaluations of
thallium-201 scintigrams at rest. (+ normal, + — slightly reduced, - markedly reduced perfusion;
— —perfusion defect or scar) For further details see text.
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Figure 11. Sequence of difference images demonstrating myocardial perfusion. Due to occlusion of the
left anterior descending coronary artery only the posterior wall of the left ventricle is normally
perfused (same patient as in Figure 12).

——

Figure 10. Sequence of difference images demonstrating myocardial perfusion. From the first three
panels a—c the washin phase (opacification of the coronary arteries and maximum opacification of the
myocardium) can be seen, whereas the last two panels d and e show the washout phase (opacification
of the coronary veins).

Figure 12. Thallium-201 scintigram of a left ventricle at rest with a perfusion defect in the septal and
apical regions (left anterior oblique projection).
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If we assume, that the duration of the washin phase is correlated to the
perfusion, it might be possible to determine the perfusion from the leading slope
of the densogram by measuring the rise-time.

It seems to be difficult, if not impossible, to prove in patients that the rise-time
of the densograms is a measure of myocardial perfusion. In Figure 14 the rise-time
was correlated to qualitative results of thallium scintigraphy at rest. The perfu-
sion determined from the scintigrams was classified into four groups: + normal,
+ — slightly reduced, — markedly reduced, and — — perfusion defect orscar. The
rise-times of the four groups were on average 3.0, 3.7, 5.2 and 5.8 s respectively.
The differences in the rise-times between the four groups were statistically
significant except between the — and — — groups. There is only one measurement
point — depicted by the asterix — which falls out of range. In this case the
prolonged, pathological rise-time of the densogram was combined with a normal
scintigram. The reason for this discrepancy became obvious from the coronary
angiogram which showed a right proponderant coronary artery perfusing the
apex of the left ventricle. As we evaluated only the injection of contrast medium
into the left coronary artery, we measured an artificially prolonged rise-time.

Discussion

The greatest advantage of the digital versus analog technique is the higher
accuracy that can be achieved for measuring coronary blood flow. It results from
the fact that the flow velocities are determined from a plot instead of only two
measurement values. The method was validated by comparison with photoden-
sitometry. There was no systematic deviation between values determined by both
methods; that means that on the basis of the determination of the front velocity of
the contrast medium by digital subtraction techniques the coronary blood flow
measurements overestimate the true values by about 20%, similar to that of
video- or photodensitometric evaluations.

The main difficulty in determining coronary flow — the motion of the vessels —,
however, remains a problem. Since the motion is superimposed upon the propa-
gation of the bolus of contrast medium, it has to be taken into account. Until
today, the images have to be reregistered manually according to the apparent
vessel motion. Assessment of the degree of motion and the diameters of the
vessels by semi-automatic means can be expected by software techniques. Such
developments are necessary to shorten the time-consuming analysis of angio-
graphic scenes and seem to be a requirement for routine clinical application.

The aim of our first series of measurements in patients with normal coronary
arteries was to establish the basis for determinations of coronary blood flow in
patients with coronary artery disease. Figure 9 shows that the relative increases in
flow induced by Dipyridamole in the left anterior descending and circumflex
branches of these normal left coronary arteries were nearly identical in almost all
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patients. If one assumes that the flow reserve is limited in stenotic arteries, a
striking difference in flow increase after Dipyridamole i. v. between normal and
stenotic branches of the same coronary artery can be expected.

According to the results from Gould et al. in dogs with implanted Doppler flow
velocity transducers and from our own studies, the increase in flow velocity after
coronary vasodilatation does not represent the true augmentation of the volume
flow as the vessel diameter increases as well (5).

Several groups have shown that the myocardium can be visualized by injection
of contrast medium using digital image subtraction (2, 3, 6). The principle is based
on the elimination of intervening background structures from the contrast image
by subtraction of a nonopacified mask image which must be congruent with
respect to the background structures (Figure 1). Normal perfusion is charac-
terized by homogenous washin and washout of the contrast medium, reduced
perfusion by inhomogenities. These images are comparable to thallium scinti-
grams at rest.

Considerable problems arise, however, from the attempt to assess perfusion
quantitatively. From earlier studies it is known that coronary blood flow and
myocardial perfusion are strikingly influenced by the contrast medium injected
(7, 8). Following an injection of a small bolus of amidotricoate coronary flow
increases by about 30 percent, while the duration of the flow increase lasts at least
19s.

That means that these effects have to be taken into account in perfusion
measurements by means of contrast opacification of the myocardium.

Therefore, in our measurements the time period between two contrast injec-
tions was usually 5min. It must be mentioned, however, that even after this
rather long time lag the mask images before the second injection were not
identical to those of the preceding contrast scene. A possible explanation may be
that after injection only a portion of the contrast medium passes the myocardium
and appears immediately in the coronary vein system. Another portion seems to
remain in the extra- and intracellular spaces of the tissue (9-11).

In pharmocokinetic studies Langemann showed that one hour after injection
25 percent of the concentration of amidotricoat in blood could be found in heart
muscle (10).

Whether different shapes of the density-time curves determined over the
myocardium (Figures 15 and 16) reflect normal or abnormal contrast medium
washout, still remains an open question. Unexplained, too, is the fact that
densograms of the same patient derived from different myocardial regions are
similar.

Because of the variations of the densograms during the washout phase, we
measured the rise-time in an attempt to quantify myocardial perfusion. The
correlation of this quantitative term with the results of qualitative evaluations of
thallium scintigrams proved that the rise-time is a measure of perfusion (Figure
14). Repeated determinations revealed a good reproducibility (Figure 17). While
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Figure 15. Densogram with one peak density and a prolonged washout phase.
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Figure 16. Densogram with two peak densities.

Nivatpumin et al. propose parameters from the washout phase, Vogel et al., also
determine a parameter, the appearance time, from the washin phase (2).

Which of these terms is the best indicator of myocardial perfusion can only be
assessed from extensive experimental studies. Two problems of the analysis of
density-time curves from the myocardium, however, can only be reduced but not
solved: 1) the poor resolution in time resulting from the heart motion can be
decreased by averaging several values of the derived parameters; and 2) the
superimposition of different myocardial walls can be minimized by using several
angiographic projections.
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Figure 17. Correlation of the two independent determinations of the mean rise-time. The dots
represent the mean value of six measurements. The bars characterize the standard deviations. The
mean values of the rise-times are closely correlated.
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Densitometric assessment of coronary blood
velocity and flow in man from coronary
angiography: possibilities and problems

Riidiger Simon, I. Amende, G. Herrmann, W. Quante and P.R. Lichtlen

Summary

A roentgen videodensitometric technique is described that has been developed
and used in our laboratories to assess regional coronary artery hemodynamics
during routine coronary angiography. The mean travelling time of the contrast
bolus (rapid bolus injection of 2-3 cc Urografin 76% ) between two sampling sites
on the coronary artery is derived by logarithmic videodensitometry from tape-
stored video-angiograms. True spatial length and average cross section of the
vessel between sampling sites are obtained by morphometric techniques from
concomitant biplane cineangiograms, using a multisegmental model. From di-
mensions and travelling time, mean blood velocity and flow through the vessel
are calculated.

Experience with more than 200 measurements has proven, that the procedure
on the patient is short, simple, and safe. Replicate determinations have demon-
strated a sufficient reproducibility for travelling time (r = 0.94), as well as for
arterial dimensions (r = 0.96). Mean blood velocity in the mid parts of coronary
arteries was found to range from 2 to 22 cm/sec under resting conditions.

Blood velocity in aortocoronary venous bypass grafts varied from 4 to 33 cm/
sec, and blood flow ranged from 15 to 170 ml/min. Velocity as well as flow did not
correlate with the arterial cross section or the absence or presence of obstructions
in the vessel under study, indicating that coronary function cannot be predicted
from coronary dimensions.

We conclude that densitometry is advantageous since it can provide an estimate
of regional coronary function from routine coronary angiography. At the present
time, however, only blood velocity can be assessed in absolute terms for un-
branched and branched vessels, whereas flow in absolute terms can only be given
for unbranched vessels.
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Introduction

The analysis of coronary angiograms is routinely restricted to coronary morphol-
ogy. It has long been shown, however, that coronary angiography can provide
more than just anatomical information. When the contrast agent that is injected
for the visualization of the coronary vessels, is regarded as an indicator and
indicator dilution principles are applied, functional parameters such as blood
velocity and flow in single coronary arteries can be derived.

More than 10 years ago, roentgen cine- and videodensitometric techniques
have been described for the measurement of blood flow in the coronary circula-
tion from coronary angiograms (1-3). Based on these concepts, an integrated
videodensitometric system has been developed in our laboratories, that has
undergone continuous improvement and today allows densitometric measure-
ments from routine diagnostic coronary angiography.

System and methods

Our X-ray system allows the acquisition of biplane 35 mm cineangiograms simul-
taneously with undisturbed (flickerless) video recordings (plumbicon TV cam-
era) at 50 frames/sec during synchronized and stabilized pulsed radiation. For
densitometric measurements, a projection is chosen such that the vessel under
study is positioned as parallel as possible to the input screen of the image
intensifier in one plane. As an example, Figure 1 shows a bypass graft to the left
anterior descending coronary artery in a right anterior oblique projection. A
motor-driven, crescent-shaped copper filter mounted within the housing of the
X-ray tube, is adjusted to the border of the heart to obtain a more homogeneous
background. The patient is advised to hold his breath at mid-inspiration, and a
bolus injection of 2 to 3 cc of contrast medium (Urografin 76%) is performed at
the coronary ostial site, using a simple hand-held injector (Cordis). This angio-
graphic scene (lasting 12 to 15 sec) is stored on video tape together with the ECG
of the patient for later densitometric evaluation.

Simultaneously, biplane cineangiograms are taken in orthogonal projections
for a morphometric assessment of vessel dimensions. A grid of small metal
spheres attached to the input screen of the image intensifier and recorded on film
and videotape, allows compensation for image distortion (pincushion effect) and
enables the localization of corresponding sites in video and cine images. An
overall calibration factor is derived by comparing the measured dimensions of a
2cm metal sphere that is filmed at the site of the vessel after the angiographic
procedure, with its known dimensions.

As all contrast medium does not enter the vessel under study in most instances,
the Stewart-Hamilton principle for flow determination does not apply. Blood
flow is therefore derived by a combined densitometric and morphometric
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Figure 1. Aortocoronary venous bypass graft to a left anterior descending artery in RAO projection,
with densitometric measuring windows and calibration grid superimposed (see text).

method, that requires the assessment of the velocity of the contrast bolus and the
length and the volume of the vessel between two distinct measuring sites (1, 2). A
diagram of our system is shown in Figure 2. When the tape is replayed, two
sampling fields (windows, see Figure 1), are positioned in the TV-image over
proximal and distal sites of the vessel. These windows are provided by a contour
unit coupled to a microcomputer and x/y digitizing pen, and may have any desired
size and shape. The electronic circuitry of the 2-channel videodensitometer
performs high-fidelity logarithmic conversion and subsequent integration of all
image intensities within each window in a dynamic frame-by-frame manner.
Radiation scatter and veiling glare in the image intensifier are taken into account
by automatic subtraction of a preset fraction of the video voltage (black level) for
each image point before logarithmic conversion (4).

The brightness information from a third window that is positioned adjacent to
the vessel over the myocardium, controls an automated gain control circuitry
(AGQC) in the densitometer input and compensates for undesired shifts in radia-
tion intensity, as well as for the accumulation of contrast medium in the myocar-
dial background (5). The output signal of each densitometer channel is a contrast
dilution curve (densogram) that is proportional to the dynamic contents of
contrast medium within the part of the coronary artery covered by the sampling
window. These densograms are fed into a small microcomputer (CBM 8032) via a
10 bit analog-to-digital converter. The original densograms are superimposed by
cyclic undulations due to the movement of the heart (see Figure 3, upper part). A
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SYSTEM FOR X-RAY VIDEODENSITOMETRY AND MORPHOMETRY
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Figure 2. Block diagram of the system for videodensitometric and morphometric analysis of cine-
angiograms. AGC: Automated gain control circuitry in the densitometer input. Black level: Auto-
mated black level compensation (see text). The densitometer includes logarithmic conversion and
subsequent integration of all video voltages within a sampling window for 2 independent channels.

computer routine subtracts these cyclic undulations in a beat-per-beat fashion,
using the R-wave of the ECG as reference. From the resulting compensated
densograms, the program calculates the travelling time of the contrast bolus
between the sampling sites. Since hand injections are used, we cannot neglect a
possible influence of the injection on the shape of the densograms. We therefore
use as many points on the curves as possible and derive travelling time as the time

DENSOGRAMS — ACVB LAD (K.D,88/79)
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Figure 3. Densogram from proximal window in Figure 1. Upper curve: Original densogram (uncomp).
Lower curve: Computer processed densogram (comp) after beat-to-beat subtraction of densitometric
data of a representative heart cycle derived from several beats before contrast injection (control).

Bottom: Computer-stored QRS-complex of the ECG used for compensation of mean cycle length to
actual cycle length.
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CORONARY DIMENSIONS FROM BIPLANE ANGIOGRAPHY
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Figure 4. Determination of coronary artery dimensions from biplane cineangiography in orthogonal
projections. The computer program adjusts both projections to identical scaling factors and divides
the vessel between the proximal and distal (not shown) windows into approximately 20 segments.
Total length between windows (Lgp) is approximated as the sum of segmental lengths (A Lgp). Total
volume (vol) is derived by summing up segmental volumes.

interval between the individual transit times of both curves, where transit time T
for each densogram is defined as:

T= ft-c(t)-dt
B EOR

according to the concepts of classical indicator theory (6).

Vessel dimensions are derived from the 35 mm biplane cineangiograms. Trac-
ings of the vessel are fed into the microcomputer via the x/y digitizer and the
vessel is divided into at least 20 corresponding equidistant segments in both
projections. For each segment, spatial length and volume are calculated accord-
ing to the principles outlined in Figure 4, and total length and volume of the vessel
between the windows are obtained as the sum of segmental values, respectively.

Finally, mean blood velocity is derived as spatial length divided by travelling
time, and mean blood flow is obtained as vessel volume between sampling sites
divided by travelling time.

Reproducibility and accuracy

The reproducibilities of both videodensitometric and morphometric measure-
ments were studied in 15 patients. For two subsequent contrast injections (inter-
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REPLICATE TRAVELING TIME DETERMINATIONS
IN 156 NATIVE CORONARY ARTERIES (LAD)
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Figure 5. Replicate determinations of bolus travelling time in 15 native LAD arteries. MTT 1: First
measurement. MTT 2: repeated assessment 2 minutes later.

val two minutes) into the left coronary artery, a good correlation for replicate
determinations of travelling times as well as luminal diameters of the left anterior
descending artery were obtained (Figures 5 and 6). Since the position of the
sampling windows was kept constant for both measurements, reproducibility for
travelling time also applies to blood velocity. These data also confirm that
alterations in coronary hemodynamics after small intracoronary contrast injec-
tions have subsided within two minutes, in accordance with previous studies using
different techniques (7).

The reliability and the accuracy of the underlying principles have been proven
previously. Rutishauser and coworkers as well as Smith and coworkers have used
similar techniques and reported excellent correlations between densitometric and
electromagnetic flow measurements in coronary vessels in animals (1, 2). Spiller
and coworkers have demonstrated comparable results in patients for flow mea-
surements in vein grafts during bypass surgery (8). Their results, however, may
not apply to the different condition of a conscious patient during clinical heart
catheterization. Furthermore, they have been obtained in unbranched vein
grafts, and may not apply to branched coronary arteries.

Since there is no independent technique available for the assessment of re-
gional coronary artery flow in humans, we have attempted to validate our method
in 24 patients by comparing changes in blood flow due to interventions, measured
simultaneously by densitometry and the coronary sinus thermodilution technique
(9). Seventeen of these patients had normal coronary arteries and normal cardiac
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REPLICATE DIAMETER DETERMINATIONS
IN 15 NATIVE CORONARY ARTERIES (LAD)
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Figure 6. Replicate determinations of coronary diameters from biplane cineangiograms (concomitant
with travelling time measurements in Figure 5). Diameter T,: First measurement. Diameter T,: Vessel
diameter at repeated assessment, 2 minutes later.

function. Seven patients had had bypass surgery for single vessel disease: all of
them showed a patent bypass graft that supplied a proximally occluded LAD; the
other coronaries were normal. Alterations in coronary blood flow were induced
by sublingual administration of nitroglycerin (0.8 mg) or nifedipine (20 mg), or an
intravenous infusion of 0.5 mg/kg dipyridamole in these patients, and changes
were assumed to be uniform on the arterial and the venous side of the coronary
circulation. As demonstrated in Figure 7, a sufficient correlation was obtained
between both techniques indicating that changes in coronary blood flow are
reflected accurately by videodensitometry in unbranched as well as in branched
coronary vessels.

Clinical experience

Overall, more than 200 measurements have been performed in patients. Some of
these results have been published previously (10).

Bypass grafts

Figure 8 presents mean blood velocity and flow through 36 aortocoronary venous
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SIMULTANEOUS MEASUREMENT OF CORONARY FLOW
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Figure 7. Comparison of simultaneous measurements of changes in blood flow by videodensitometry
and the coronary sinus thermodilution method. Flow (Q) values are expressed as percentage of the
control flow (Q,). Different symbols refer to the densitometric measurements on 16 native left
anterior descending arteries (LAD), 7 bypass grafts to the LAD (ACVB), and 1 native right coronary
artery (RCA).
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artery (RCA).
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bypass grafts with respect to luminal bypass diameter in 36 patients under resting
conditions. Blood flow >70 ml/min or blood velocity >10 cm/sec were observed
only in grafts to the LAD and the RCA, but not in grafts to diagonal or marginal
circumflex branches. The overall results were comparable to those obtained with
similar techniques in previous studies (2, 3). Blood velocity was found to be
independent of the luminal size of the bypass. Blood flow through the graft did
not show an overall correlation to bypass diameter, although there was a tend-
ency to lower flow rates in vein grafts below 3 mm in diameter (Figure 8). It is of
interest, however, that a significant inverse linear relationship was found be-
tween graft lumen and total regional coronary resistance in the area supplied by
the graft, calculated as mean aortic pressure/bypass flow (r = —0.63, p<0.001),
indicating that the bypass may adapt to the needs of the supplied region in the
postoperative state (for details see (10)).

Native coronary arteries

Hemodynamics, average vessel diameter and mean blood velocity between the
sampling windows in the LAD obtained by videodensitometry in 30 patients,
matched for normal and obstructed vessels, are summarized in Table 1. Under
resting conditions, no differences were found in diseased and undiseased arteries.
Itis evident, that blood flow in the LAD could not be derived in absolute terms by
a simple comparison of arterial volume and contrast travelling time between two
sampling sites, as used in the bypass grafts. Since one or more branchings
between the sampling windows had to be included in the native LAD, flow
through the side branches would have been neglected. A theoretical solution
would be to derive flow as measured blood velocity multiplied by the luminal
cross section of the artery at the proximal entry side, i.e. at the proximal sampling

Table 1. Hemodynamics, diameter, velocity and flow in 30 LAD arteries with and without obstruc-
tions.

N HR AOP Mean Prox Velocity  Flow
min~! mmHg DLAD DLAD cm/sec ml/min
mm mm

Normal LAD 14 73+12 92+14 29+0.7 4.1+05 6.5+5.1 52.1%£38.8
Stenosis

<75% 6 8017 99+11 29+0.7 39+£08 54#3.1 37.3%19.8
Stenosis

=75% 10 7514 93+ 9 2704 3.8%x0.6 52432 3974384

HR: heart rate. AOP: mean aortic pressure. Mean DLAD: mean LAD diameter between sampling
windows. Prox DLAD: LAD diameter at proximal window. Differences between groups were not
statistically significant. Flow values calculated as: velocity X prox DLAD¥4 x 7 x 60.
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PROXIMAL DIAMETER, BLOOD VELOCITY AND ESTIMATED FLOW IN 33 SINGLE
CORONARY ARTERIES IN MAN, ASSESSED BY VIDEODENSITOMETRY
30 LAD, 2 MARGINAL BRANCHES (CX), 1 RCA
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Figure 9. Relations between mean blood velocity and calculated blood flow with vessel diameter
within the proximal sampling window in 33 native coronary arteries. Open circles: Nonobstructed
vessels. Half-closed circles: Arteries obstructed <75% in diameter. Closed circles: Obstructions
>75% of vessel diameter.

window. Blood velocity and blood flow values estimated according to this princi-
ple in 33 branched coronary arteries have been plotted as a function of the
luminal diameter of the artery at the proximal sampling window (Figure 9).
Velocity as well as flow did not correlate with the diameter of the vessel. For the
30 left anterior descending arteries included in Figure 9, mean LAD flow values
estimated according to this principle and matched for nonobstructed and ob-
structed arteries, are shown in the table. A comparison with the known results
from independent methods suggests that this densitometric principle slightly
underestimates regional flow. Thermodilution measurements in the great cardiac
vein, for example, have revealed values between 50 and 80 ml/min for mean
blood flow in the LAD region (9, 11). This discrepancy is most probably due to the
fact that densitometry is likely to underestimate blood velocity in branched
vessels. Since the total cross section of the stem and the side branches of a
coronary artery increases after each branching (12), a successive drop in blood
velocity towards peripheral sites is to be anticipated. Accordingly, we found an
inverse correlation between measured blood velocity and the spatial distance
between the sampling windows in measurements on 27 native LAD vessels in
patients (Figure 10).

These data suggest that it is not possible to determine flow in absolute terms by
any simple densitometric approach in branched coronary arteries. Nevertheless,
the technique can be used to estimate changes in regional blood flow after
interventions in unbranched as well as branched vessels, as described above.
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BLOOD VELOCITY AND SPATIAL WINDOW DISTANCE

12
!
L \ o
< -
H n=27 LAD
~ L
~ - -0.83
Eol ¥=204 x
~ o * r=0.68
'>_. \: L ® p(°.°1
Q
Q v+
or}
w
> -
L
S 1 [ H L i { L | 1 L }
] ¢ % ,8244 ) 1z

DISTANCE (cm)

Figure 10. Blood velocities in the native LAD in 27 patients with regard to the (spatial) distance of the
measuring windows on the vessel. Proximal window was defined in all cases at the origin of the LAD
from the left coronary artery. Abscissa: Window distance in multiples of 0.824 cm. Ordinate: Velocity
in multiples of 2.26 cm/sec.

Drug interventions

Finally, some results of vasodilator drug studies are presented. We have used the
densitometric technique to investigate the effects of the vasodilator drugs nitro-
glycerin and nifedipine on regional hemodynamics in native coronary arteries as
well as in venous bypass grafts. Measurements were performed before and 3 to 5
minutes after 0.8 mg sublingual nitroglycerin and before and 8 minutes after
sublingual 10 mg nifedipine. In 9 native left anterior descending arteries (8
without and 1 with an obstruction >75% diameter stenosis), nitroglycerin in-
creased vessel diameter by 14%, blood velocity fell by 25%, whereas flow and
regional resistance remained unchanged (Figure 11). In 12 bypass grafts (Figure
12) blood velocity as well as flow fell by 14% and 12%, respectively, whereas the
graft diameter was unchanged by nitroglycerin. After nifedipine, the diameter of
native coronary arteries (8 LAD, 1 RCA, Figure 13) also increased slightly
(+7%). In contrast to nitroglycerin, however, nifedipine increased flow (+17%)
and decreased regional coronary resistance (—14%), whereas blood velocity
remained unchanged. In 8 bypass grafts (Figure 14), blood velocity (+47%) as
well as flow (+32%) increased, whereas graft diameter did not change signifi-
cantly.

These data demonstrate that these drugs, that are widely used in the treatment
of coronary disease, have different actions on coronary artery hemodynamics.
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CHANGES IN CORONARY HEMODYNAMICS AFTER 08MG S... NITROGLYCERIN
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Figure 11. Effects of 0.8 mg of sublingual nitroglycerin on artery diameter. mean blood velocity, mean
blood flow, and regional resistance in 9 native LAD arteries, givenin percentage changes from control

values. Mean values

* s.d.

ACVB HEMODYNAMICS BEFORE AND AFTER NITROGLYCERIN S L
12 ACVB{7LAD,3PLB,1DB,1RCA}

DIAMETER VELOCITY FLOW
(M m) (CM/SEC) (ML/MIN)
MEAN % SE
80 —
S x\ 1
C | NTG
o _

Lns

Lcop2-

Figure 12. Effects of 0.8 mg of sublingual nitroglycerin on luminal diameter, mean blood velocity and
flow in 12 aortocoronary vein grafts. Mean values + s.d.
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Figure 13. Effects of 10 mg of sublingual nifedipine on artery diameter, mean blood velocity, mean
blood flow. and regional resistance in 8 native LAD and 1 RCA arteries, given as percentage changes
from control values before nifedipine. Mean values + s.d.
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Figure 14. Effects of 10 mg of sublingual nifedipine on luminal diameter, mean blood velocity, and flow
in § aortocoronary vein grafts, given in percentage changes from control values.

Sublingual nitroglycerin dilates the epicardial arteries, but does not change or
may slightly decrease coronary arterial blood flow. In contrast, sublingual nifedi-
pine acts on epicardial as well as on resistance vessels and can increase flow in
native arteries and in bypass grafts, which may be of interest in the treatment of
coronary artery disease and angina pectoris.

Summary and comment

In our experience, densitometry offers a unique possibility for the measurement
of regional hemodynamics in coronary arteries. Experience with more than 200
measurements in patients has proven that the procedure on the patient is short,
simple, and safe. Under certain conditions, routine coronary angiography can be
analyzed by videodensitometric techniques. thus reducing hazards and investiga-
tion time for patient and investigator. Since our method uses standard X-ray
equipment and conventional radiopaque indicators and techniques, the imple-
mentation during clinical heart catheterization is facilitated considerably.

According to the simple basic principles outlined above, measurements of
blood flow and velocity are possible in unbranched parts of the coronary circula-
tion, and changes in flow can be estimated in unbranched and branched vessels.
The method therefore seems to be especially suitable for intervention studies,
e.g. the assessment of regional coronary artery hemodynamics before and after
drug administration.

So far, a technique to estimate flow in absolute terms in branched coronary
arteries does not seem to be at hand. Digital imaging techniques. that have
elicited a new interest in contrast densitometry. may perhaps in the future
provide a new approach to this still unsolved problem.
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Part IV: Coronary obstruction and its physiologic
significance



Assessment of stenosis severity

K. Lance Gould and R.L. Kirkeeide

Summary

Visual interpretations of coronary arteriograms are marked by such great inter-
observer and intraobserver variability that comparison of arteriograms from
different subjects, or at different times in the same subject, are of limited value
for assessing severity, changes in severity or functional significance of coronary
artery stenosis. The universal use of percent diameter narrowing as a clinical
measure of severity ignores other geometric characteristics of stenoses such as
length, absolute diameter, multiple lesions in series or eccentric narrowings
which may be worse in one view as compared to another view. Accordingly, we
have developed an approach for analyzing coronary artery stenoses in both
anatomic and functional terms. In this chapter an overview of the functional and
anatomic approaches for quantifying severity of coronary artery stenoses is
presented, their validation and equivalence outlined and the remaining problems
to be solved indicated.

Our guantitative analysis of coronary arteriograms requires high quality ortho-
gonal X-rays processed in two different ways. In the first, the entire region of
interest on the arteriogram is digitized with the borders of the arteriogram
identified automatically utilizing an edge detection method in computer software
without visual interpretation. In the second approach, the stenosis of interest is
analyzed by integrating the optical density diametrically across the long axis of the
artery image. The arterial cross-sectional areas measured by both techniques are
automatically compared for each segment of the artery. The border recognition
technique is accurate with a = 0.1 mm error for lesions that are not crescentic in
shape to less than 0.5mm diameter. However, for crescentic shaped lesions,
border recognition is inadequate because the atheromatous mass may project
into the arterial lumen within the limits of the X-ray borders. For crescentic
lesions the integrated density technique is more accurate since the optical density
across the artery reflects displacement of contrast media by a crescentic atheroma
projecting into the lumen of the artery. Therefore, where the border recognition
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and integrated density technique do not agree, the integrated density method is
used for determining the severity of the stenosis. The dimensions determined by
these automated techniques are then incorporated into validated fluid dynamic
equations in order to predict the functional, pressure-flow effects of the stenosis
as well as coronary flow reserve. Our results demonstrate that our automated,
quantitated coronary arteriographic analysis predicts pressure-flow characteris-
tics or coronary flow reserve as a single measure of stenosis severity reflecting all
the integrated, combined effects of the geometric characteristics of the lesion
including absolute diameter, percent stenosis, length and shape. Our results
further demonstrate that consideration of a single dimension alone such as
percent diameter narrowing or absolute diameter alone do not correlate or
predict with coronary flow reserve measured independently by flow meter.

Introduction

The functional significance of coronary artery stenoses derives from their effects
on coronary blood flow. Assessing their functional significance from arteriograms
is difficult, in part, because of the variety of shapes they present. Stenoses may be
long, short, segmental, diffuse, symmetric, asymmetric and/or tapering. No
single anatomic criterion or measurement can describe their appearance or
account for this variety of shapes having hemodynamic effects. Consequently, the
concept of coronary flow reserve as a functional measure of stenosis severity was
initially proposed by Gould in 1974 on the basis of empirical observations and was
subsequently developed as a physiologic diagnostic method (1-12). Because the
measurement of percent diameter narrowing was the accepted standard for
describing stenosis severity at that time, the concept of coronary flow reserve was
initially demonstrated by relating the fall in coronary flow reserve to percent
diameter narrowing for experimental coronary stenoses having relatively uniform
length and absolute diameter. Many others have confirmed these findings and
showed the effects of changing specific geometric dimensions of a stenosis on
coronary flow reserve (13-21). We have also demonstrated the validity of quan-
titative coronary arteriography for predicting the functional pressure-flow char-
acteristics of stenoses if a/l the dimensions of the lesion are taken into account,
including percent diameter narrowing, absolute diameter, length and asymmetry
of the stenosis (22).

Recent reports (23-25) have described a poor correlation between coronary
flow reserve and percent diameter narrowing in human coronary artery disease
and have proposed absolute diameter as a better measure of stenosis severity.
However, these studies did not use biplane arteriographic views or did not utilize
complete fluid dynamic equations accounting for all the geometric dimensions of
the stenoses. Therefore, the use of absolute stenosis diameter as a measure of
severity remains moot. Their results confirm, however, previous publications



211

indicating that percent diameter narrowing alone is not a satisfactory measure of
stenosis severity (1-14, 26).

There are several reasons for defining the relation between coronary flow
reserve and stenosis geometry. Bomberger et al. (27) have demonstrated that
experimental stenoses over a prolonged period of time may undergo ‘molding’
in-vivo whereby lesions may change dimensions. A stenosis may become longer
with worsening absolute diameter but less severe percent diameter narrowing, or
may become more or less, eccentric, or may become more severe in one part but
less severe in another part. Assessment of severity or changing severity therefore
requires some measurement reflecting all the dimensions of a stenosis.

Even with complete quantitative coronary arteriography (28), description of
altered geometry is difficult if the stenosis dimensions change in opposite direc-
tions. In order to obtain an integrated, single measure of stenosis severity, Brown
et al. (28) initially developed quantitative coronary arteriography to calculate
stenosis resistance from all dimensions based upon fluid dynamic equations.
Although Brown has demonstrated the value of quantitative arteriography for
clinical research (29, 30, 31), calculated resistance is difficult to relate to common
physiologic measurements of pressure and flow. Therefore, Gould et al. (4, 12,
22) used the pressure gradient-flow relations of a stenosis, either directly mea-
sured or derived from quantitative coronary arteriography, as a means of quan-
tifying severity in more physiologic terms. In either case, the use of stenosis
resistance or of pressure-flow relations are oriented towards fluid dynamics and
are somewhat alien to physiology and medicine. Their use, therefore, is not easily
assimilated into a clinical or into a standard physiologically oriented research
laboratory.

Consequently, we have proposed coronary flow reserve as a single measure of
stenosis severity which is conceptually more physiologically oriented and more
easily measured in the physiology laboratory by flow meter or radiolabeled
microspheres (1-12). With current development of positron emission tomography
into a practical and affordable clinical method for assessing perfusion, the nonin-
vasive determination of coronary flow reserve in man now also appears feasible.
Although our initial studies beginning some years ago indicated the potential
value of measuring coronary flow reserve, there has only recently been a rig-
orous, systematic theoretical or experimental proof to date that coronary flow
reserve reflects the effects of all the combined, integrated dimensions of a
tapering coronary artery stenosis in vivo (40).

Accordingly, the approach to this problem requires consideration of two
different basic concepts about how stenosis severity is quantified: anatomically
and functionally. The anatomic severity of a coronary lesion is measured in
geometric terms, i.e., percent narrowing, absolute diameter, length, and shape.
Quantitative coronary arteriography delineates these dimensions which are then
used to calculate the functional or pressure-flow characteristics according to
theoretical fluid dynamic equations. The functional severity of a stenosis is
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described in physiologic terms, i.e., by directly measured coronary blood flow,
pressure gradient or distal perfusion pressure, and coronary flow reserve from
which certain deductions about gecometric severity can be made.

Both the anatomic and functional approaches to quantifying severity are
derived from, or related to, fluid dynamics of flow in narrowed tubes. In theory,
therefore, the two approaches should be interchangeable and equivalent both
mathematically and experimentally. The purpose here is to provide an overview
of functional and anatomic approaches for quantifying severity of coronary artery
stenoses, to outline their validation in the literature and to indicate the remaining
problems.

Anatomic imaging of the coronary arteries

Visual interpretations of coronary arteriograms are marked by such great inter-
observer and intraobserver variability that comparison of arteriograms from
different subjects, or at different times in the same subject, are of limited value
for assessing severity, changes in severity, or functional significance of coronary
artery stenoses. The universal use of relative percent diameter narrowing as a
clinical measure of severity ignores other geometric characteristics of stenoses
such as length, absolute diameter, multiple lesions in series or eccentric narrow-
ings which may be worse in one view as compared to another view.
Quantitative coronary arteriography was originally proposed by Brown er al.
(28) and subsequently validated in-vivo by Gould er al. (22, 32). It requires high
quality coronary arteriograms taken in two views angled at 90° to each other.
Significant errors appear with deviation from orthogonal views (33, 34). The
X-ray images may then be processed in two different ways. In the first, the images
are optically magnified onto a digitizing tablet with the borders of the artery
traced by hand and thereby digitized for computer processing (22, 28-31). There
is some subjectivity in tracing the arterial borders visually. In the second ap-
proach, the entire region of interest on the arteriogram is digitized with the
borders of the artery identified automatically by computer software without
visual interpretation (35-40). In our laboratory this automated computer tech-
nique utilizes an edge detection method as well as analysis of the integrated
optical density (gray scale) diametrically across the artery image. The cross-
sectional areas measured by both techniques are automatically compared for each
segment of the artery. Disagreements between the two methods may occur,
especially for eccentric lesions in which the border recognition technique using
orthogonal biplane views is not as accurate as the densitometry technique (39,
40), or in cases where other optically dense structures (catheters, other vessels,
etc.) are superimposed on the arterial segment of interest. In the latter circum-
stance, the diameter is best determined by the automated border recognition
approach. An example of the arteriogram is shown in Figure 1 and of an auto-
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Figure I. A biplane angiogram of a coronary stenosis taken in two perpendicular views. The automatic
border recognition program identifies the edges of the artery and measures the diameters from which
the geometric characteristics of stenosis are determined.

mated analysis in Figure 2 showing the arterial borders identified automatically.
Also shown are the diameters of the artery measured at increments along the long
axis of the stenosis for purposes of computing the various geometric dimensions
of the lesion.

After the borders of the opacified artery on the arteriogram are identified, the
stenosis is analyzed by quantitatively adding the exit losses to the integrated
viscous losses along the length of the stenosis. The final computer print-out gives
the measured dimensions and predicted pressure drop for a given coronary flow
as well as the pressure gradient-flow relation (12, 22). It should be emphasized
that quantitative arteriography cannot predict the actual flow or the actual
gradient unless flow is independently measured. Since that is not possible in man,
it predicts the pressure gradient — flow relation, i.e., the range of gradients, for a
range of flows. The automated technique is accurate to 0.1mm (39, 40) for
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Figure 2. Computer printout of X-ray analysis showing the dimensions of the stenosis, the predicted
pressure gradients for a given range of coronary flow and a graph indicating the X-ray predicted
coronary flow reserve (in the upper right corner of the printout) derived from all stenosis dimensions
of length, absolute diameter, relative percent narrowing and asymmetry.

absolute dimensions. The reproducibility of any given dimension utilizing this
approach is remarkably good with approximately + 2% to 3% variation on
sequential repeated X-ray images of the same stenosis (12, 22). As demonstrated
by Brown et al. (41) such geometric accuracy allows intervention studies using
relatively small numbers of patients in randomized therapeutic trials. Quantita-
tive coronary arteriography is therefore of great value in determining progression
or regression of coronary disease.

Functional analysis of coronary artery stenosis
Pressure gradient-flow relation

The functional severity of a coronary artery narrowing may also be defined by the
relation of pressure gradient to flow, measured directly by implanted instruments
without knowledge of anatomic geometry (4). Coronary artery stenosis not only
reduces the maximum increase in coronary flow but also causes a reduction in
distal coronary perfusion pressure due to pressure losses across the stenosis. The
upper panel of Figure 3 shows a normal coronary artery with the expected
increase in flow after a vasodilatory stimulus (42). Aortic and distal coronary
artery pressures show no significant difference or gradient in the absence of a
stenosis. However, in the lower panel, coronary stenosis restricts the increase in
coronary flow and causes a pressure loss or gradient with lowered distal coronary
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Figure 3. Recordings of coronary flow, proximal and distal coronary pressures in a normal coronary
artery (upper panel) and in a stenotic coronary artery {lower panel). Resting coronary blood flow is
equal in the two arteries but the increase in flow seen after a coronary vasodilator or stress fails to
increase in the presence of a stenosis. Normally flow will increase three to five times demonstrating a
coronary flow reserve of up to five. The coronary flow reserve of the stenotic coronary artery is greatly
reduced, as shown in the lower panel. At rest there is a pressure gradient of approximately 30 mmHg
between the aorta and the distal coronary artery caused by the stenosis. Following a vasodilatory
stimuli, coronary flow increases slightly in the stenotic artery with a marked increase in the pressure
gradient. Flow increases appropriately in the normal coronary artery with no pressure gradient. Thus,
the small increase in coronary flow through the stenotic artery was associated with a large increase in
the pressure gradient and fall in distal coronary perfusion pressure. Reproduced from Lipscomb and
Gould (1975).

perfusion pressure. There is a direct correlation between the degree of flow
increase and the increase in the pressure gradient across the stenosis.

Thus, coronary vascular bed vasodilatation may cause only a modest increase
in total arterial coronary flow, but a large fall in distal coronary perfusion
pressure (2, 3) with attendant fall in subendocardial perfusion (8, 43, 44). The
quantitative relation between coronary blood flow and the pressure gradient
across the stenosis during diastole is a hemodynamic measure of stenosis severity,
as shown in Figure 4. In the absence of a stenosis, there is a mild, (5 to § mmHg)
gradient at maximum flows following administration of a potent coronary vaso-
dilator. In the presence of a stenosis, the pressure gradient-flow relation becomes
much steeper, with a higher pressure gradient for any given flow. With a severe
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Figure 4. Relations of diastolic pressure gradient and coronary blood flow for mild to severe coronary
stenoses. With an increase in coronary blood flow, the stenosis pressure gradient increases. The X-ray
predicted pressure gradient-flow relations (dashed lines) compare to those directly measured by
implanted catheter and flow meters in a dog model of coronary stenosis (solid lines). The steeper
curves are associated with the more severe stenoses. Reproduced from Gould er al. (1982).

coronary stenosis, this relation becomes very steep, with a large increase in
pressure gradient for a small increase in coronary flow caused by distal arteriolar
vasodilation. This pressure gradient-flow relation acquired during diastole char-
acterizes the functional severity of coronary artery stenoses in hemodynamic
terms rather than in terms of anatomic geometry (4, 11, 12, 22).

For a fixed stenosis, the pressure gradient increases in a curvilinear relation to
flow according to quadratic fluid dynamic equations (4, 11, 12, 22). For anatomic
analysis of angiograms, X-ray geometry is used to determine the viscous and
inertial coefficients of the fluid dynamic equations from geometric dimensions. In
functional or hemodynamic analysis, many simultaneous pressure gradients and
coronary flows are directly measured over a wide range from low to high coronary
flows. The values of the coefficients are then determined by an iterative process
of finding the quadratic equation best fitting the directly measured pressure flow
data (4,12, 22). This approach is suitable only for experimental animals in which
direct pressure flow measurements can be made by implanted instruments.

Coronary flow reserve

An essential concept relating stenosis anatomy to its functional effects is that of
coronary flow reserve. It is defined as the ratio of maximum coronary flow after a
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Figure 5. Coronary flow reserve is reduced at 40-50% diameter narrowing (solid line) whereas resting
flow is not impaired until 80-85% diameter narrowing. Reproduced from Gould et al. (1974).

maximal vasodilatory stimulus to resting flow, as first described experimentally
by Gould ef al. (1) and explained in fluid dynamic terms by Young er al. (45-48)
and Mates (14). The concept is demonstrated in Figure 5. Under resting condi-
tions, coronary blood flow in an artery doesn’t change until a relatively tight
stenosis of 80-85% diameter narrowing. However, coronary flow reserve is
impaired at 40-50% diameter narrowing, whereas flow in a normal artery in-
creases three to four times in response to a vasodilatory stimulus such as phar-
macologic coronary vasodilators, a brief coronary occlusion or physical stress.

The normal three to four-fold relative increase after a vasodilatory stimulus
identifies a coronary flow reserve of three to four. Coronary artery narrowing
limits this coronary flow reserve to an extent that is proportional to the severity of
the stenosis. This approach to evaluating coronary stenoses has been shown
practical experimentally and clinically (5-10, 23-25). For a stimulus which nor-
mally increases coronary flow to five or six times baseline levels, coronary flow
reserve becomes impaired with mild stenoses 3 to 12 mm long of an approximately
30% to 40% diameter narrowing of a 3 mm diameter artery.

Relation between anatomic and functional characteristics of coronary stenosis
We have experimentally validated the basic theory and X-ray techniques of

quantitative coronary arteriography applied in vivo to tapering, narrowed coro-
nary arteries (22). In that study analysis of anatomic geometry on coronary
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arteriograms appropriately predicts the pressure gradient-flow characteristics or
functional effects of coronary artery stenoses with 95% confidence intervals for
individual values of * 18.5mmHg. However, there was considerable scatter of
the data about the relatively good overall correlation between anatomic, X-ray
predicted pressure gradients at a given flow compared to those directly measured
by implanted instruments. This scatter makes it diffcult to predict accurately a
given pressure gradient for an individual stenosis despite highly repeatable geo-
metric measurements.

There are several possible explanations for the paradoxical disparity between
repeatable geometric measurements and the more variable predictions of the
pressure flow characteristics derived from these dimensions. The first reason is
that the equations used for predicting stenosis pressure drop may not have
sufficiently accounted for all mechanisms of pressure losses occurring in vivo. An
example of this potential problem is the influence of arterial velocity profiles and
their development along the stenosis upon viscous and exit pressure losses. As
previously described, prediction of viscous losses along the stenosis was based on
the assumption of fully-developed, laminar flow conditions (parabolically-shaped
velocity profiles) existing from the proximal end of the stenosis to the minimal
area section. The expansion pressure losses were predicted on the basis of a one-
dimensional flow through an abrupt expansion (the velocity profiles being every-
where flat from the minimal area section to the normal artery section distal to the
stenosis). There is an obvious contradiction in these two assumptions which needs
to be resolved.

Theoretically, neither of the assumptionsis likely to be true. Redevelopment of
an initially fully-developed flow following an abrupt change in flow geometry,
such as the abrupt contraction, requires a finite length to occur. For flow condi-
tions similar to those in coronary arteries, the required distance for flow develop-
ment, the entrance length, is on the order of 5-25 local arterial diameters
depending on the coronary flowrate. Intrastenotic flow for most coronary ste-
noses is therefore likely to be underdeveloped with parabolically shaped velocity
profiles being approached only with very long stenoses, under resting flow
conditions. For such flow conditions, viscous losses across coronary stenoses
would be greater than that predicted by the presently used equations (48, 49) as
would the inertial expansion losses as previously hypothesized (14, 49). Entrance
losses, previously assumed to be negligible in quantitative arteriography, are
related to the issue of flow profile effects since entrance geometry may pro-
foundly affect flow profiles in the stenotic segment and therefore influence exit
losses as well. Thus, entrance effects are likely to be significant on theoretical
grounds but have not been accounted for in quantitative arteriography to date.

The second of the major possible reasons for the scatter in predicted versus
directly measured results is uncertainty in border recognition of the artery on
arteriograms. The border of an opacified artery on X-ray demonstrates a pen-
umbra or border zone of less radiodensity between the more radiodense central
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lumen of the artery and the radiolucent area external to the artery (12, 22, 33,
38-40, 50). This edge unsharpness or penumbra zone is due to two radiographic
effects: the progressive decrease in contrast media depth as the lumen edge is
approached from the lumen center (subject unsharpness) and the finite resolving
capabilities of the X-ray imaging system. A satisfactory overall correlation be-
tween predicted vs. measured pressure gradients was obtained in our laboratory
only when the arterial border was drawn by visual estimate in the center of this
penumbral zone. Normally, with relatively round cross-sections the border zone
constitutes 10 to 15% of a 3 mm diameter coronary artery. However, at a stenosis,
particularly as eccentricity increases, this zone may become relatively large.
Border recognition consequently becomes more uncertain. Since hemodynamic
effects are proportional to the diameter of the stenosis raised to the fourth power,
asmall uncertainty in border definition may introduce a large uncertainty into the
hemodynamic effects calculated from X-ray measured dimensions. The degree of
this uncertainty in border definition and the extent of associated uncertainty in
resulting hemodynamic predictions has not been described by formal error analy-
sis.

Automated border recognition programs offer a promising solution to reducing
these uncertainties when combined with densitometric analysis of the arterial
X-ray image. The combination of the border recognition and density techniques
is particularly useful because background corrected radiodensity is integrated
across the artery image (including the entire border zone) to yield a measure of
vessel cross-sectional area independent of its sectional shape (38-40, 51-54).
They also eliminate the human error in visual interpretation of the penumbra.

As discussed subsequently in more detail, another promising approach using
quantitative arteriography expresses stenosis severity in terms of impairment of
coronary flow reserve (40) rather than the pressure gradient-flow relation which
is difficult to apply practically. However, the limits of uncertainty for all of these
new techniques have not been systematically defined. It is important to emphas-
ize that even with these limitations, quantitative arteriographic measurements as
previously described (12, 22, 28) are objective, allow statistical analysis, provide
several orders of magnitude more accuracy than previous visual estimates of
stenosis severity and may also be used to predict coronary flow reserve from
X-ray angiographic studies (40).

In addition to the above major issues discussed, a number of more minor
questions frequently arise. Can quantitative coronary arteriography account for
diffuse coronary artery disease in which there is no discrete single lesion? Since
the equations include absolute dimensions, they are applicable to this circum-
stance with length being whatever length of artery the observer wants to analyze,
even the entire artery. In that case viscous friction, as accounted for in the first
term of these equations, would cause the major pressure loss since length would
be large and the second term, reflecting exit pressure loss, would be fairly small in
the absence of a discrete lesion. As a variation of this same question, the
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combined effects of multiple stenoses in series can be accounted for by appropri-
ate fluid dynamic analysis (2, 55).

The final complication of applying quantitative arteriography is due to dynam-
ically changing stenosis first described by Gould et al. experimentally (4, 11, 12)
developed further by Walinsky et al. (56), Schwartz et al. (57), Santamore et al.
(58) and observed by Brown et al. in humans (30, 31, 59). A significant proportion
of human coronary stenoses have some part of the arterial wall sufficiently intact
and flexible, that vasomotion of the stenotic segment may occur (60) or of the
artery on either side of the stenosis. Both types of vasomotion alter stenosis
geometry sufficiently to change its functional characteristics. The appropriate
fluid dynamic equations are still applicable as long as the altered geometry is used
(12). A flexible-walled, very severe coronary stenosis may also behave as a
pressure-dependent flow regulator, like a Starling resistor (61) which is a more
complex problem not yet fully described.

Isolated measurement of one dimension of a stenosis

Quantitation of arterial stenosis in vivo has been sufficiently complex and poorly
understood in terms of basic theory, physiologic-hemodynamic effects, experi-
mental preparation and imaging technology that a number of studies have utilized
indices or approximate estimates of severity. The old issue of the relative value of
percent diameter narrowing versus absolute diameter narrowing is an example of
controversy based upon approximations or incomplete analysis and lack of per-
spective into the multiple facets of the fluid dynamics or physiology involved.
The limitations of percent diameter narrowing compared to absolute diameter
was proposed as long as 20 years ago (62) with the discussion continuing to our
own analysis integrating both approaches with fluid dynamic principles (11). The
issue frequently resurfaces, possibly in part due to lack of considering all the
aspects of the problem based on complete fluid dynamic equations. For example,
Collins et al. (63), White et al. (23), Harrison et al. (24) and Marcus (25, 64),
reconfirmed previous reports on the limitations of percent diameter narrowing as
a measure of stenosis severity by comparison to coronary flow reserve. They
concluded that absolute diameter is a more important measure of severity. A
generally applicable description of stenosis severity requires both absolute diam-
eter and relative percent narrowing in addition to length, absolute diameter of the
normal artery and blood viscosity. In any given circumstance one of these factors
may be the dominant contributor to total pressure loss. For example, for mild
diffuse narrowing with no discrete stenosis, absolute diameter and length of the
diffusely involved segment might be the most important geometry. On the other
hand, for a short orifice like stenosis, percent diameter narrowing might be most
important. Most lesions are between these extremes. Their studies, however, do
reemphasize the importance of functional assessment of stenosis severity using



o
3]
—

coronary flow reserve as we originally proposed.

Unfortunately, there are problems with coronary flow reserve as well (65, 66).
The maximum flow achievable with vasodilatory stimulus, the resting blood flow
and their ratio (coronary flow reserve) are reasonably variable between individ-
ual subjects and perhaps in the same individual at different times, dependingon a
number of factors unrelated to presence or severity of stenosis, such as adrenergic
tone, presence of hypertrophy, perfusion pressure, and type stimulus for increas-
ing flow. Relative perfusion reserve (67), as might be quantitatively measured
using positron perfusion tracers (20, 67-69), may eliminate some of this vari-
ability since part of the heart serves as an internal control area for the rest of the
heart. The optimal stimulus for increasing coronary flow has also not been
worked out and is likely different for different individuals. One would anticipate
that the type of stimulus for maximizing coronary flow in an unsteady 70-year-old
would be different than for a 40-year-old athletic individual. Thus, the type of
stimulus and normal responses have to be identified.

The problem of assessing severity is hindered by the lack of a readily applied
gold standard. The correlation of angiographic dimensions with postmortem
measurements suggest that angiographic measurements are only qualitative (70—
73), and Marcus et al. (25) report that the postmortem exam of the undistended
coronary artery overestimates severity. Because of the issue of arterial disten-
sibility and geometric changes, an important test of an angiographic system is an
X-ray phantom consisting of contrast filled tubes of varying diameters immersed
in a scattering media (38, 39). Metal phantoms such as machined brass rods which
are commonly used, are inappropriate because they lack the graded decrease in
depth of contrast along the radius of an opacified artery (50). For validation
studies of quantitative arteriography there are only two approaches — appropriate
X-ray phantoms and in-vivo testing by comparison to direct measurements of
pressure-flow characteristics or coronary flow reserve.

Conclusions

Since our first introduction of the concept (1) we are evolving toward the
viewpoint that maximum myocardial perfusion, or coronary: flow reserve, may,
per se, be the best integrated, single measure of stenosis severity reflecting all its
combined geometric and fluid dynamic characteristics. As indicated earlier, the
measurement of coronary flow reserve also reflects, or is affected by, diffuse
narrowing where the entire artery is smaller than it would normally be relative to
the size of its distal vascular bed.

The concept of coronary tlow reserve as a single integrated measure of all the
geometric dimensions of a stenosis is illustrated conceptually in Figure 6. This
figure is derived from previously validated, standard fluid dynamic equations
relating pressure gradient across the stenosis to coronary flow and stenosis
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Figure 6. Relation of coronary perfusion pressure to coronary flow reserve and severity of stenosis. A
20% reduction in coronary flow reserve from five to four is associated with a 40% diameter narrowing.
A more severe reduction of coronary flow reserve from five to 1.4 is associated with a more severe 65%
diameter narrowing. The dashed line shows the normal increase in flow in the absence of a stenosis to
five times baseline levels. From Kirkeeide ef al. (1984).

dimensions (40). For a given aortic pressure, the distal coronary pressure (vertical
axis and shown by the downward curved line), can then be related to coronary
flow, here expressed as a ratio to resting flow levels or in terms of coronary flow
reserve (40). The rising straight line plots the normal, experimentally observed,
relation between coronary perfusion pressure and flow under conditions of
maximal coronary vasodilation in the absence of a stenosis, as previously re-
ported (44). It shows the maximum possible flow in the artery in the absence of a
stenosis at a given perfusion pressure under conditions of maximum coronary
vasodilation. The intersection of this straight line with the vertical axis gives the
coronary pressure at zero flow.

The schematic of Figure 6 shows theoretically how coronary flow reserve is
related to, or might be predicted from stenosis dimensions by quantitative
arteriography. The downward curving line, representing the distal coronary
perfusion pressure — flow relation can be predicted from stenosis dimensions for
any measured blood pressure. The point at which the downward curving line,
showing the distal pressure-flow relation for the stenosis, intersects the rising
linear line showing the maximum normal flow at a given perfusion pressure, gives
the coronary flow reserve for that stenosis. For example, for a normal, nonsteno-
tic coronary artery with a coronary flow reserve of five, the perfusion pressure
under these circumstances would be normal, shown as 100 mmHg for purposes of
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illustration. A 40% diameter stenosis 3 to 12mm long in a normally 3mm
diameter artery would reduce this coronary flow reserve to approximately four in
association with a pressure gradient across the stenosis that reduced the distal
perfusion pressure to 80 mmHg. Although it is a powerful conceptual approach
with preliminary experimental support (40), validation of this approach will
require more work in order to avoid the pitfalls of focusing on a single facet of the
problem.

We have previously documented the necessity of accounting for all stenosis
dimensions which affect hemodynamic severity of stenoses (38-40), confirmed by
others (23-25, 64). Percent diameter narrowing correlates poorly with directly
measured or arteriographically determined coronary flow reserve as described
above, taking into account all stenosis dimensions of length, absolute diameter,
relative percent narrowing and asymmetry. Thus, percent diameter narrowing is
virtually useless as a reference standard for measuring stenosis severity. For
example, a 60% diameter narrowing is associated with a range of arterio-
graphically determined coronary flow reserves from 1.5 to 4.5, based on all
stenosis dimensions. Since the defects seen on perfusion images during phar-
macologic stress are related to coronary flow reserve, those defects do not relate
to percent diameter narrowing. Therefore, we no longer utilize percent diameter
narrowing alone as the reference gold standard for determining physiologic
significance or sensitivity and specificity of imaging techniques for diagnosing
coronary artery disease.

Percent area reduction also correlates poorly with arteriographically deter-
mined coronary flow reserve based on all dimensions. For example, an 80% area
reduction is associated with an arteriographically determined coronary flow
reserve ranging from 2 to 4.5, depending on the absolute dimensions. We
therefore have also rejected area reduction alone as a reference gold standard.
Minimum absolute cross sectional lumen area of the stenosis has been previously
suggested as a better measure of stenosis severity than percent narrowing (25,
26). However, mimimum absolute lumen area of the stenosis also correlates
poorly with arteriographically determined coronary flow reserve based on all
stenosis dimensions. The correlation is poor because the effect of a given absolute
minimum area will depend on the absolute diameter of the normal proximal
artery and its length. A given stenosis cross-sectional area does not impair
coronary flow reserve of a normally small vessel but will reduce coronary flow
reserve of a large artery. For example, an absolute stenosis minimum area of
Imm? may be associated with a coronary flow reserve ranging from 1.5 to 4.5
depending on the diameter of the normal artery as well as the length of the
stenosis. We have therefore rejected absolute cross sectional lumen area of the
stenosis as a reference gold standard of stenosis severity. Thus, coronary flow
reserve is a single integrated measurement of severity, accounting for all stenosis
dimensions of length, absolute diameter, relative percent narrowing and asym-
metry (40). It may be directly measured or determined arteriographically based
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on all stenosis dimensions of absolute diameter, relative percent narrowing,
integrated length effects and asymmetry.

Arteriographically determined coronary flow reserve is theoretically and ex-
perimentally closely related to the relative distribution of a perfusion tracer in the
heart during maximal coronary vasodilation. Accordingly, clinical coronary ar-
teriograms in our laboratory are quantitatively analyzed by a completely auto-
mated technique utilizing simultaneously both border recognition algorithms and
integrated, arterial cross-sectional densitometry to obtain all geometric dimen-
sions of the stenosis with an accuracy of & 0.1 mm for diameters less than 0.5 mm
(38, 39) and a reproducibility of 2-3% (12, 22). The program also predicts the
pressure-tflow characteristics (12, 22) and coronary flow reserve of the stenosis
(40) based on precise geometric dimensions as validated in vivo by direct flowme-
ter-pressure measurements in instrumented dogs. For determining the sensitivity
and specificity of rest-stress positron imaging for diagnosis of coronary artery
disease, significant disease was defined as an arteriographically determined coro-
nary flow reserve of less than 3.0 for any stenosis in one or more major proximal
coronary arteries. Optimal coronary vasodilation was achieved using intravenous
dipyridamole combined with hand grip stress (5-10). Since N-13 ammonia, pre-
viously described as a perfusionimaging agent (9, 10) requires a cyclotron, a more
readily obtainable radionuclide, Rb-82, from a *Sr-¥Rb generator was injected
intravenously as a perfusion indicator (74) at rest and during coronary vasodila-
tion. Simultaneous multislice tomography of the entire heart was carried out
using the state-of-the-art University of Texas positron camera (75-80).

The preliminary results of blinded reading of images indicate that our protocol,
consisting of intravenous dipyridamole combined with hand grip stress, and
positron tomography of the entire heart using the University of Texas positron
camera, has a sensitivity and specificity of between 95% to 100% for identifying
significant coronary artery disease. These results indicate that X-ray determined
coronary flow reserve is a single measure of stenosis severity, taking into account
all its geometric dimensions and correlates with perfusion defects seen by state-
of-the-art positron imaging.
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Effects of coronary atherosclerosis on coronary
reserve

Melvin L. Marcus, D.G. Harrison, C.W. White and L.F. Hiratzka

Summary

To assess the physiologic significance of coronary obstructions in patients at the
time of open-heart surgery we have studied coronary reactive hyperemic re-
sponses to a 20-second coronary occlusion. Coronary blood flow velocity was
measured with a single crystal pulsed-Doppler probe coupled to the surface
coronary vessel with a small suction cup. Our studies have demonstrated that
normal vessels supplying a normal myocardium increase coronary blood flow
velocity 5-6 fold following release of a 20-second coronary occlusion. Further-
more, patients with severe coronary obstructions (greater than 90% diameter
narrowing) have markedly blunted reactive hyperemic responses (i.e. less than a
two-fold increase in coronary blood flow velocity following release of a 20-second
coronary occlusion). In patients with obstructions of intermediate severity (10—
90% diameter narrowing) the relationship between percent stenosis and the
reactive hyperemic response was poor. In other studies, we have shown that the
measurement of absolute cross-sectional area of a lesion with quantitative coro-
nary angiographic techniques allows a better separation of patients with normal
and abnormal coronary reserve than the use of percent stenosis. These studies
emphasize the futility of utilizing percent stenosis to assess the physiologic
significance of coronary obstructions in patients with atherosclerosis, particularly
when the coronary obstructive lesions are of intermediate severity (10-90%
diameter stenosis).

Introduction

Studies employing coronary angiography performed over the past 25 years have
contributed immensely to our understanding of the pathophysiology and natural
history of coronary atherosclerosis. In addition, the interpretation of the coro-
nary arteriogram has served as an important guide to therapeutic decisions such
as the need for bypass surgery or angioplasty. Nonetheless, the coronary arterio-
gram is far from a perfect diagnostic procedure. There is substantial intra- and
interobserver variability (1) in the interpretation of the angiogram. Also, the
ability to assess the physiological significance of individual coronary obstructions
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from visual interpretation of the angiogram has come into serious guestion (2-3).

In this brief review we will present data which seriously challenge the notion
that percent stenosis of a lesion on a coronary arteriogram ‘standard-of-the-day’
is a satisfactory method of assessing the physiologic significance of individual
coronary obstructive lesions. In addition, we will briefly discuss some new
sophisticated approaches to assessing the physiologic significance of individual
coronary obstructions in patients.

Assessing coronary reserve in individual coronary vessels by measuring coronary
reactive hyperemic responses during open-heart surgery

We have developed a method of assessing coronary reserve in individual coronary
vessels which employed a pulsed-Doppler flow probe applied to coronary vessels
with a suction cup (4). This approach has several advantages. First, the single
crystal Doppler probe can be placed on the anterior surface of the heart at the
time of open-heart surgery without dissection of the coronary vessel. As a
consequence, the measurements of coronary blood flow velocity can be obtained
without subjecting the patient to any significant risk. Second, extensive animal
studies have shown that changes in coronary blood flow velocity measured with
the Doppler system correlate closely with changes in coronary flow (see Figure 1).
Furthermore, coronary reactive hyperemic responses measured with the Doppler
system are nearly identical to coronary reactive hyperemic responses obtained
with an electromagnetic flowmeter (see Figure 2). Third, with the Doppler
system we have defined the quantitative characteristics of coronary reactive
hyperemia in man. Transient coronary occlusions which range in duration from
1-20 seconds produce progressively greater coronary reactive hyperemic re-
sponses (Figure 3). The maximal dilator response which is elicited with occlusions
of 20 seconds in duration or longer serves as an excellent index of coronary
reserve in the individual vessel being examined. Fourth, we have shown that age
(5), gender (6) or the vessel studied (right coronary artery versus left coronary
artery) (6) do not influence the magnitude of the coronary reactive hyperemic
response.

Although the coronary reactive hyperemic response is a valuable index of
coronary reserve it is only valid if mean aortic pressure is in the physiologic range
(7), coronary collaterals in the perfusion field of the vessel being occluded do not
exist, substantial cardiac hypertrophy is absent (8) and the myocardium perfused
by the vessel being examined is viable and functioning reasonably well. In our
studies, data were only included if the confounding factors noted above were
either adequate (mean aortic pressure) or absent (coronary collaterals, ventricu-
lar hypertrophy and myocardial infarction on impaired ventricular function).
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Figure |. Relationship between changes in blood flow (time venous collection from the coronary sinus)
and changes in coronary blood flow velocity measured with the suction-Doppler in a dog. Flow was
varied over a broad range by various pharmacological interventions. Changes in coronary blood flow
velocity with the Doppler correlated closely with changes in coronary blood flow. (This figure was
originally presented by Marcus et al. (4)).
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Figure 2. Reactive hyperemic responses measured simultaneously in an anesthetized dog with the
suction Doppler and an adjacent electromagnetic flow probe (EMF). The similarity of measured
responses indicates that the reactive hyperemic response can be measured accurately with the suction
Doppler. (Based on data originally presented by Marcus et al. (4)).
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Figure 3. Coronary reactive hyperemic responses in a patient. The responses were obtained from a
right ventricular branch of the right coronary artery. The coronary artery was angiographically normal
and the right ventricle was also normal. Transient coronary occlusion did not alter arterial pressure or
heart rate. In this patient the maximal reactive hyperemic response occurred following a 20-second
coronary occlusion. (Data originally presented by Marcus et al. (4)).

Relationship between visual interpretation of the coronary arteriogram and
coronary reserve

A large body of research (9-12) performed in normal dogs with localized mechan-
ical coronary obstructive lesions of variable severity has shown in a convincing
manner that there is an orderly relationship between coronary reserve and
percent coronary stenosis (see Figure 4). It is unfortunate that cardiologists and
cardiac surgeons have assumed that concepts derived from these elegant sophisti-
cated animal experiments are applicable to the care of patients with coronary
atherosclerosis.

At Iowa we have assessed coronary reserve in individual coronary vessels with
our Doppler system and related these responses to percent coronary stenosis
determined from visual interpretation of the patient’s coronary arteriogram. Our
index of coronary reserve was the peak-to-resting velocity ratio following release
of a 20 second coronary occlusion (4). Our studies indicate that percent stenosis is
a very poor indicator of the coronary reserve of the vessel being examined (see
Figure 4). Except for stenoses at the ends of the spectrum (i.e., less than 10% or
greater than 90% obstruction), these results challenge the notion that percent
stenosis is a clinically useful method of assessing the physiologic significance of
individual coronary lesions.

Studies of absolute measurements of the cross-sectional area of coronary lesions
and their relationship to coronary reserve

One potential reason that percent stenosis may not reflect the physiologic signifi-
cance of a coronary obstructive lesion is that the angiographically normal vascular
segment adjacent to the lesion being assessed contains a variable degree of diffuse
atherosclerosis. This concept isillustrated in Figure 5. If diffuse atherosclerosis of
variable severity was the primary reason that percent stenosis was a poor index of
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Figure 4. Relationship between maximal coronary blood flow or blood flow velocity and percent
stenosis in an experimental study and in a clinical study. To achieve coronary blood flow velocity in the
clinical study the coronary vessel being examined was occluded for 20 seconds and then the occlusion
was released. Maximal coronary blood flow was expressed as a ratio of peak velocity following release
of the occlusion and resting velocity. The percent stenosis of the vessel being examined was measured
with calipers from the angiographic projection that showed the lesion to be most severe. The range of
normal responses in humans is shown by the black bar in the figure on the right. Each open circle
represents a study in one patient. Although there was an orderly relationship between percent stenosis
and maximal coronary blood flow in the experimental study (left). this was not the case in the clinical
study. (The clinical data is based on studies originally presented by White er al. (2)).

coronary reserve, one might postulate that measurements of absolute cross-
sectional area would be a better predictor of coronary reserve. Measurements of
absolute cross-sectional area of a lesion are not influenced by the presence or
absence of angiographically undetected coronary atherosclerosis in other vascu-
lar segments in the vessel being examined.

The data presented in Figure 6 indicate that in patients with isolated single
obstructive lesions in the proximal left anterior descending coronary artery
measurements of absolute cross-sectional area provide a better separation of
normal and abnormal coronary reserve than measurements of percent stenosis in
the same patients. Furthermore, in the same patients, the cross-sectional area of
the proximal vascular segment of the left anterior descending coronary artery that
was angiographically normal was quite variable and correlated with the coronary
reserve of the vessel (see Figure 7). These observations taken together provide
strong support for the notion that diffuse atherosclerosis undetected by visual
interpretation of the coronary arteriograms severely limits the usefulness of
percent stenosis as an index of the physiologic significance of individual coronary
obstructive lesions.

Although measurements of absolute cross-sectional area of a coronary lesion
are useful under circumscribed conditions (i.e., isolated proximal lesions of the
left anterior descending coronary artery) this approach has several limitations.
First, normal values for multiple segments in the coronary tree have not been
defined and there is reason to presume that such normal dimensions would be
markedly influenced by the patient’s coronary branching pattern, cardiac size and
gender. Second, the absolute cross-sectional area of a lesion does not account for
other geometric features of a stenosis such as lenght, exit angle and entrance
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Figure 5. Effects of a 50% diameter stenosis in a normal vessel (left) and a vessel with diffuse
obstructive disease (right). In the normal vessel. the obstructive lesion decreases the cross-sectional
area (CSA) of the vessel at its narrowest point to 4.9 millimeters squared. In the diseased vessel, the
obstructive lesion decreased the CSA at the narrowest point to 1.43 millimeters squared. Pathological
studies indicate that coronary disease is often a diffuse process which involves the entire length of the
coronary artery. As a consequence, percent stenosis is an inadequate approach to assessing the
severity of coronary obstructive disease in patients with coronary atherosclerosis. (This figure was
originally presented by Harrison er al. (3)).

angle that influence the hydraulic effects of any obstructive lesion (9-12). Third,
because of the complex geometry of the coronary vasculature and vessel overlap,
it is not practical or even possible to obtain adequate or orthogonal views of all
coronary segments. Such high quality orthogonal angiograms would be needed to
calculate absolute dimensions in multiple vascular segments in the coronary tree.
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Figure 6. Effcctiveness of minimal cross-sectional area (left) and percent area stenosis (right) in
separating patients with normal and abnormal hyperemic responses. In our experience a peak-
to-resting velocity ratio (PRVR) of 3.5:1 following the release of a 20 second occlusion is the lower
limit of normal. Separation of abnormal and normal reactive hyperemic responses was best accom-
plished when minimal cross-sectional area was used as a criteria. (Based on data originally presented
by Harrison et al. (3)).
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Figure 7. Relationship between peak-to-resting velocity ratio following a 20-second coronary occlu-
sion and the cross-sectional area of a normal segment of a left anterior descending artery with a
proximal stenosis. Note the wide range of normal areas in the apparently normal segment of the left
anterior descending coronary artery. Also, there was a reasonable correlation (r = 0.68) between the
peak-to-resting velocity ratio and the cross-sectional area of the normal portion of the left anterior
descending coronary artery. The wide range of normal areas of the proximal left anterior descending
coronary artery is best explained by the presence of a variable degree of diffuse atherosclerosis. (This
figure was originally presented by Harrison ez al. (3)).

Additional evidence of diffuse coronary atherosclerosis in man

Our studies of absolute coronary dimensions described above support the con-
cept that diffuse coronary atherosclerosis can confound the interpretation of the
coronary arteriogram. It is important to emphasize that this concept is also
supported by other investigations utilizing totally different technologies. For
example, pathological studies have emphasized that coronary atherosclerosis in
man is a diffuse disease with superimposed local obstructions of greater severity
as opposed to a localized disease process that occurs in an otherwise normal vessel
(13). High-frequency echocardiography is a new technique that allows one to
determine the thickness of the coronary wall as well as the cross-sectional area of
the lumen. Studies utilizing high-frequency echocardiography at open-heart sur-
gery have demonstrated that diffuse coronary atherosclerosis is ubiquitous in
patients with angiographic evidence of localized coronary obstructive disease
(14).

In view of the above, it is untenable to assume that a measurement of percent
stenosis on an angiogram in a vessel with diffuse atherosclerosis of variable
severity will ever provide a clinically useful estimate of the physiologic signifi-
cance of a coronary obstructive lesion.
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Future approaches to assessing the physiological significance of coronary
obstructive lesions in man

New approaches to assessing the physiologic significance of coronary obstructive
lesions in man can be grouped into three major categories — improved anatomic
definition, indirect assessment of impaired coronary reserve and direct measure-
ments of coronary flow during maximal coronary dilation.

Improved anatomic definition of the coronary arteriogram may be achieved
with sophisticated quantitative coronary angiography employing automated
border recognition and videodensitometry. By coupling this approach to digital
subtraction angiography it may be possible to obtain a sophisticated anatomic
analysis of the coronary arteriogram within minutes following completion of the
angiographic procedure.

Functional indirect assessment of impaired coronary reserve can be achieved
with techniques such as exercise Thallium-201 scintigrams or exercise ventricular
function employing various modalities for examining cardiac geometry including
nuclear angiograms, echocardiograms, digital subtraction angiography, nuclear
magnetic resonance and cine computed tomography. With any of these systems
the indirect assessment of coronary reserve will require measurements of relative
myocardial perfusion or ventricular function during some type of pharmacologic
or physiologic stress to the coronary circulation.

Direct assessment of coronary reserve is currently being pursued with a variety
of approaches of measuring regional myocardial perfusion including digital sub-
traction angiography with contrast induced hyperemia (15), positron emission
tomography utilizing rubidium 82 (16) and cine computed tomography utilizing
contrast clearance (17). Also, the recent development of an intracoronary Dop-
pler catheter is a very promising approach to assessing the physiologic signifi-
cance of individual coronary obstructions in man (18).

In summary, this review emphasizes the limitations of utilizing percent coro-
nary stenosis to estimate the physiologic significance of individual coronary
obstructions in man. Since this time-honored standard has severe limitations the
development of other more sophisticated approaches of assessing the physiologic
significance of individual coronary obstructions in man should be strongly en-
couraged.
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Effects of coronary artery stenosis, aortic
insufficiency and aortic stenosis on coronary
blood flow in the dog

C. Richard Conti, R.L. Feldman, W.W. Nichols,
R.G. MacDonald and C.J. Pepine.

Summary

Physiologic experiments measuring coronary blood flow in an animal model were
performed. Coronary narrowings were created in anesthetized open chest dogs
using a calibrated snare or plastic occluder. Results of these experiments indi-
cated that (1) short narrowings of 40-60% do not decrease resting coronary blood
flow but slightly decrease hyperemic coronary blood flow; (2) increasing the
length of the 40-60% narrowing from 1-5 mm further decreases the hyperemic
coronary blood flow response; (3) increase in the length of the 40-60% narrowing
to 10 mm decreases resting coronary blood flow and obliterates reactive hyper-
emic coronary blood flow; (4) sequential narrowings of 40-60% diameter stenosis
decreased reactive hyperemic coronary blood flow greater than single narrowings
of the same total length. In other experiments, acute aortic insufficiency was
created. It was found that coronary flow reserve during reactive hyperemia in
dogs with or without coronary narrowings is decreased during aortic insufficiency
compared to dogs with competent aortic valves. The decrease in coronary flow
reserve was more pronounced as the magnitude of aortic insufficiency increased.

In other experiments, dogs with acute aortic stenosis, and nonobstructed
coronary arteries, mean coronary blood flow increased during the aortic stenosis,
but coronary flow reserve during reactive hyperemia decreased. When the coro-
nary artery was stenosed, aortic stenosis has an even more important hemo-
dynamic influence on the coronary circulation.

Introduction

The primary goal of coronary angiography is to identify coronary artery disease
sufficient to produce myocardial ischemia. The clinician is faced with the ques-
tion:‘What is the physiologic significance of a coronary artery stenosis observed
during angiography?’. In this paper, we present five separate experiments that
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relate to this question and point out some of the problems of assessing coronary
angiograms by simply reporting percent stenosis, i.e., percent diameter narrow-
ing of the vessel. In these experiments. coronary stenoses were created in
anesthetized open chest dogs using a calibrated snare or milled plastic occluder

(1).

Methods
General experimental model

The studies were made in healthy mongrel dogs (20 to 30 kg). After premedica-
tion with morphine (1 mg/kg body weight) and pentobarbital (25 mg/kg) anesthe-
sia, followed by an overnight fast, the animals were intubated. Respiration was
controlled with a Harvard pump to maintain arterial blood gases and pH within
the physiologic range. Through a left thoracotomy in the fifth intercostal space,
the anterior descending or circumflex branch of the left coronary artery was
approached. With the heart supported by a pericardial cradle, one of these
branches was isolated by dissection. Only vessels averaging 3 mm or more in
diameter over a length of 2 to 3cm in their proximal portion were used. An
appropriately sized cuff-type Narco Biosystems electromagnetic flow probe was
positioned proximally around the artery to measure coronary blood flow. Aortic
pressure, used to assess proximal coronary arterial pressure, was measured
through a saline-filled catheter placed in the ascending aorta after insertion
through a femoral artery. Distal coronary pressure was measured through a no. 4
Teflon catheter placed in a distal coronary branch beyond the flow probe and
occluders. The pressure gauges (Statham P23Db) were made equisensitive by
simultaneous calibration with the same test pressure using a Paley manifold.
Pressure and flow signals and the electrocardiogram were monitored and re-
corded on an Electronics for Medicine model DR8 multichannel oscilloscopic
recorder and on Hewlett Packard model 3960 magnetic tape.

Coronary arterial narrowings

A snare was attached to a Starrett machinist’s micrometer to create calibrated
focal constrictions. The lenght of subsequently produced obstructions was con-
trolled with occluders made from Lucite rods 5 mm in external diameter. From
each piece, milled at a constant concentric internal diameter, a set of occluders
was created by cutting various lengths ranging from 1 to 15 mm. This procedure
ensured that within a set of occluders only the length varied. The occluders were
positioned on the artery through a small tapering keyhole. Each stenosis (regard-
less of length) was applied for the same duration. Particular care was taken to
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avoid kinking and distortion; only when they were excluded by both inspection
and subsequent angiography were the data accepted for final analysis.

Confirmation of the degree of coronary arterial narrowing

Two techniques were used to confirm that the occluders create precise narrow-
ings of predicted caliber, smooth and regular throughout their length. Selective
coronary cineangiography of the coronary narrowings produced with all the sets
of occluders was performed in multiple projections and the diameters of the
prestenotic and stenotic sections were measured with calipers. Postmortem poly-
sulfide casts were also used to verify the degree of diameter reduction produced
by the occluders, and the degree of diameter reduction was measured with
calipers.

Data accumulation and analysis

Measurements were made from the mean flow and pressure signals averaged
from at least 10 consecutive beats. Flow measurements were made at rest and
during reactive hyperemia after a 10 second complete coronary occlusion. Percent
repayment of flow debt was calculated as reactive hyperemic flow/flow debt x 100
by planimetric integration of the mean flow signal. Flow debt = control flow
rate X duration of occlusion. Reactive hyperemic flow = integral of flow curve
during reactive hyperemia— (control flow rate X duration of reactive hyperemia).

Coronary artery blood flow related to percent stenosis

A typical experiment in a single animal study is illustrated in Figure 1. Aortic and
distal coronary pressure and coronary blood flow were measured at rest and
following a 10-sec coronary artery occlusion. The upper left panel represents
resting and reactive hyperemic coronary blood flow in a nonobstructed coronary
artery. There is no pressure gradient from the aorta to the distal coronary artery.
Following a 10-sec occlusion, there is a small pressure differential and a typical
hyperemic response. The upper right panel illustrates the effect of a 60% diame-
ter stenosis produced by asnare. There is no diminution of resting coronary blood
flow and there is no resting pressure gradient. Following a 10-sec coronary
occlusion, there is a decrease of the peak reactive hyperemic response and a clear-
cut pressure differential from aorta to distal coronary artery. In the lower left
panel, the effect of an 80% snare narrowing reveals no resting pressure difference
across the stenosis and no decrease in resting coronary blood flow. Following a
10-sec occlusion, there is a marked decrease in peak reactive hyperemic response
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Figure 1. The effect of percent coronary artery stenosis on resting and reactive hyperemic distal
coronary pressure and flow. Ao = Aortic, Cor = Coronary. CBF = coronary blood flow. See text.

and a large pressure difference across the stenosis which takes a long time to
return to baseline. In the lower right panel. a 90% snare narrowing produces a
marked decrease in resting coronary blood flow and a resting pressure difference
across the stenosis. Following a 10-sec coronary artery occlusion, reactive hyper-
emia is essentially obliterated and the aorta coronary pressure gradient is in-
creased. Recovery is markedly prolonged.

Coronary artery blood flow related to length of stenosis

Figure 2 is a representative experiment in a single dog to illustrate the physiologic
effect of lengthening a 60% stenosis. The upper panel shows the effect of a 1 mm
long 60% narrowing. There was no difference between this narrowing and the
60% snare occlusion shown in Figure 1. In the upper right panel, the length of this
narrowing is increased to S mm which produces a striking increase in the resting
pressure gradient across the stenosis and a slight decrease in resting coronary
blood flow. The peak reactive hyperemic response is markedly decreased. In the
lower left panel, increasing the length of the 60% narrowing to 10 mm decreases
the resting coronary blood flow and eliminates the reactive hyperemic response.
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Figure 2. The effects of lengthening a 60% stenosis on resting and reactive hyperemic distal coronary
artery pressure and flow. Ao = aortic, Cor = coronary. CBF = coronary blood flow. See text.

This was comparable to a 90% stenosis produced by the snare shown in Figure 1.
In the lower right panel, the 60% narrowing 15 mm in length practically obliter-
ates resting coronary blood flow and produces a large pressure gradient.

In a group of § dogs studied, a 90%, 1 mm long stenosis produced the greatest
reduction in resting coronary blood flow, whereas a 70% narrowing had little
effect. In the same animals it was apparent that as the length of the coronary
artery narrowing increased, resting coronary blood flow decreased. Similar re-
sults were obtained during the reactive hyperemic response in these animals.

Coronary artery blood flow related to multiple stenoses in the same vessel

Experiments comparing the effects of single and multiple narrowings in the same
coronary artery were performed in a fashion similar to the previous experiments
(2). The effect of a 60% stenosis, 1,2, and 3mm in length was compared to a series
of two and three 60% stenosis 1mm in length. Two or three short narrowings
(total length of 5 or 10 mm between lesions) resulted in larger decrements in flow
and larger pressure gradients than with single narrowings of the same total length
(2 or 3mm). The hemodynamic responses observed with multiple 40% to 60%
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Figure 3. Six representative examples of coronary hemodynamic responses, comparing single I mm
narrowings (panels 1 and 2), single 2mm and 3 mm narrowings (panels 3 and 5), and multiple 1mm
narrowings (panels 4 and 6). Coronary biood flow (CBF), aortic {Ao) and coronary (Cor) pressures
are shown. No decrease in resting coronary blood flow was observed; however, as degree of reduction
in diameter increased. length increased (with reduction in diameter held constant at 60 percent), or
number of narrowings increased, resting aorto-coronary pressure gradient increased slightly. Simi-
larly, reactive hyperemic flow decreased as degree of narrowing increased, length of narrowing
increased, or number of narrowings increased.

narrowings were comparable to effects previously observed with longer 40% to
60% narrowings and with short narrowings of approximately an 80% reduction in
diameter (Figure 3). Thus, a series of narrowings has a greater effect on coronary
flow and distal pressure than would be expected by simply adding effects of the
narrowings studied individually.

What is the explanation for these observations? A stenosis has three sections,
(1) a section of proximal contraction, (2) a section of expansion, and (3) a section
of distal contraction. Viewed in this manner, the difference between a single
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narrowing and a series of narrowings, when the degree of reduction in diameter
and the total length are constant. would be additional contractions and expan-
sions of the multiple stenoses. Because the loss of energy in fluid flowing through
a stenosis is greatest at the expansion, multiple narrowings might account for a
larger loss of kinetic energy than single narrowings (3). Also, disruption of a
normal pattern of laminar flow is believed to occur in the poststenotic region (3).
If turbulent flow occurred at the entrance to a distal stenosis, an exaggeration of
the loss in energy across this stenosis is also possible. Additionally, a series of
stenoses could create new sites for wave reflection. If interaction occurred
between incident and reflected waves, the responses of flow and pressure could
be influenced. Considering these points, different distances between stenoses
were evaluated but no significant hemodynamic differences over the 5mm to
10 mm range studied was found. Therefore, these latter possible effects seem less
important than the multiple sites for peak loss of energy.

These data indicate that coronary hemodynamics may be affected by moder-
ate-degree (40% to 60%) stenoses of relatively modest length and by short
stenoses in series. Thus, when multiple coronary arterial stenoses occur in one
artery, a consideration of each as an isolated obstruction may not be appropriate.

Coronary artery blood flow related to aortic insufficiency and percent coronary
artery stenosis

Coronary hemodynamic effects of controlled acute aortic insufficiency were
studied in 40 open chest dogs with and without graded coronary diameter narrow-
ing (4). An adjustable basket device was used to produce acute aortic insuffi-
ciency. This device was advanced to the aortic root through a standard catheter.
When it exited the catheter it expanded and created acute aortic insufficiency.
Three groups were created: (1) mild to moderate aortic insufficiency (regurgitant
fraction <50%); (2) moderately severe aortic insufficiency (regurgitant fraction
>50%); and (3) aortic insufficiency with mean aortic pressure restored to control
levels. Figure 4 is a representative example of the coronary hemodynamic ob-
tained in dogs with coronary stenosis with and without aortic insufficiency.
Mean coronary blood flow was similar to control values in dogs with mild to
moderate aortic insufficiency but was higher in the other two groups. With
coronary stenosis greater than 80%, coronary flow decreased with or without
aortic insufficiency. Peak reactive hyperemic flow after release of a 10 second
coronary occlusion also decreased during aortic insufficiency. The amount of
decrease compared with control values was related to the magnitude of aortic
insufficiency. This value with no coronary narrowing in the mild to moderate
group was similar to peak reactive hyperemic flow with a 60% coronary narrow-
ing during the control period. In the severe aortic insufficiency group peak
reactive hyperemic flow was similar to that with an 80% coronary narrowing



CONTROL
W™ % CORONARY  NARROWING

AL e e e ——

: jﬂﬂj

AORTIC INSUFFICIENCY
% CORONARY NARROWING

Figure 4. Representative example of coronary (ml/min) and aortic (ml/s) flows and aortic and left
ventricular pressures (mmHg) during control and aortic insufficiency periods. During aortic insuffi-
ciency, the portion of coronary flow during systole increased as aortic diastolic pressure decreased and
left ventricular diastolic pressure increased. Also during aortic insufficiency, reactive hyperemic flow
with and without coronary narrowing decreased. AoF = aortic flow; AoP = aortic pressure; CF =
coronary flow; VP = ventricular pressure.

during the control period. Restoring mean aortic pressure to control values did
not restore peak reactive hyperemic flow to control values.

These data suggest that coronary flow reserve assessed with coronary stenoses
during reactive hyperemia is decreased during aortic insufficiency. The decrease
in coronary flow reserve was more pronounced as the magnitude of aortic
insufficiency increased.

Coronary artery blood flow related to aortic stenosis and percent coronary artery
stenosis

Coronary hemodynamic effects of controlled left ventricular outflow obstruction
simulating aortic valve stenosis were studied in 20 open-chest dogs, with and
without coronary artery stenosis (5). Aortic stenosis was created by balloon
obstruction of the aortic root. The balloon catheter was introduced from the apex
of the ventricle and advanced to the aortic valve. Aortic stenosis was regulated so
that a mean left ventricular-aortic pressure gradient of 46 = 20 mmHg (mean *
standard deviation) was created as both heart rate and stroke volume were
unchanged. During aortic stenosis, mean aortic pressure and diastolic pressure
time index/systolic pressure time index ratio decreased and end-diastolic left
ventricular pressure increased.

Figure 5 is a representative experiment to illustrate the results. With no
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Figure 5. Left: at fast paper speed, coronary flow. aortic flow. and aortic and left ventricular pressure
signals during control (top) and aortic stenosis (bottom). Right: at slow paper speed. phasic coronary
flow signals before and during reactive hypercmia after a 10-second coronary occlusion for no
coronary stenosis and for 60 and 80% coronary stenosis (control, top; aortic stenosis, bottom).
Reactive hyperemic coronary flow values during aortic stenosis were similar to those during the
control period with higher degrees of coronary narrowing. This example was chosen because mean
aortic pressure was similar with and without aortic stenosis.

coronary narrowing, mean coronary flow increased during aortic stenosis (53 £
23 to 62+ 23ml/min) as the percentage of diastolic flow increased (83 +6 to
89 +4, p<0.05). Peak reactive hyperemic flow decreased (168 + 85 to 125 +
73 ml/min, p<<0.05). This value with no coronary narrowing was similar to peak
hyperemic flow with 50% narrowing without aortic stenosis. With 80% coronary
narrowing, mean coronary flow decreased with or without aortic stenosis.
These data suggest that although mean coronary flow is increased during aortic
stenosis, coronary reserve as measured by a 10 second reactive hyperemic re-
sponse is decreased. When a coronary artery is narrowed, aortic stenosis has an
even more important hemodynamic influence on the coronary circulation.
Since these observation were made in an animal model of acute aortic stenosis,
conclusions drawn may not apply to animals with chronic aortic stenosis or to
patients with aortic stenosis. However although rare, acute aortic stenosis can
occur in patients (for example, aortic valve thrombosis or aortic valve replace-
ment with too small a valve in patients with previous aortic insufficiency). Several
other factors deserve further comment: (1) these dogs did not have left ventricular
hypertrophy. The presence of both left ventricular hypertrophy and changes in
aortic and left ventricular pressure that occur during aortic stenosis would proba-
bly have additive effects on coronary hemodynamic function (2). The central-
occlusion type of outflow tract obstruction caused by the balloon technique
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differs from the central-open orifice type associated with stenosis of the aortic
valve. Although the aortic velocity signal had a normal shape, changesin flow and
turbulence near the coronary ostia probably differ in central-occlusion and cen-
tral-open left ventricular outflow obstruction (3); both the left ventricular out-
flow obstruction and coronary narrowings were maintained for relatively short
periods of time. Compensatory left ventricular or coronary circulatory alterations
occurring over longer periods could not be assessed.

In summary, changes in aortic and left ventricular pressures that accompany
aortic stenosis can potentially cause decreases in total coronary flow during stress
(for example, mimicked by reactive hyperemia after coronary occlusion). The
coronary hemodynamic effects of coronary stenosis and aortic stenosis seem
additive because total flow during reactive hyperemia decreased more in the
presence of both, than with either alone. These coronary hemodynamic changes
occurred even in a model without left ventricular hypertrophy which has an
additional effect on coronary flow.

Summary and conclusions

We can conclude from these experiments that: (1) short narrowings of 40-60% do
not decrease resting coronary blood flow, but slightly decrease hyperemic coro-
nary blood flow; (2) increasing the length of a 40-60% narrowing from 1 to 5 mm
further decreases the hyperemic coronary blood flow response; (3) increasing the
length of a 40-60% narrowing to 10 mm decreases resting coronary blood flow
and obliterates reactive hyperemic coronary blood flow; (4) sequential narrow-
ings of 40-60% decrease reactive hyperemic coronary blood flow greater than
single narrowings of the same total length; (5) aortic valve disease (insufficiency
or stenosis) will affect the coronary hemodynamic significance of a given coro-
nary artery stenosis in a detrimental fashion.

Thus, it is hazardous for the cardiologist to make clinical decisions in patients
based solely on the assessment of percent stenosis in the most scverely affected
vessel. The complex effects of percent stenosis, length of stenosis and the pre-
sence or absence of aortic valve disease on the physiology of coronary blood flow
must always be considered by the clinician when evaluating angiograms for the
physiologic significance of a stenosis.

Clinically, the physiologic significance of a stenosis observed at coronary
angiography can best be evaluated by obtaining additional evidence of myocar-
dial ischemia, e.g., stress testing with ECG monitoring, resting, and exercise
isotope ‘perfusion’ studies or ventriculographic studies.
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Pressure gradient, exercise thallium 201 scinti-
graphy, quantitative coronary cineangiography:
in what sense are these measurements related?

Patrick W. Serruys, W. Wijns, R. Geuskens, P. de Feyter,
M. van den Brand and J.H.C. Reiber

Summary

During cardiac catheterization, the pressure-flow relationship across a coronary
stenosis cannot be determined. On the other hand, the pressure distal to a
coronary stenosis is measured routinely during the PTCA-procedure. The phys-
iologic value of these measurements, even those obtained with the smallest
catheters, must be questioned since the catheter impedes flow through the
obstruction. In addition, it is well known that the mean pressure gradient is
affected by phasis changes in flow velocity. In the present study, we attempted to
assess the relationship between the pressure gradient measured during an-
gioplasty, the angiographic severity of stenosis and the inducibility of regional
perfusion defects during exercise Thallium-scintigraphy. As a first step, we
decided to investigate the values and limitations of the transstenotic pressure
gradient measured during PTCA by comparing the transstenotic gradient with
the theoretical pressure drop calculated from the arterial dimensions and fluid-
dynamic equations. Flow was measured in the great cardiac vein, (Q, ml/sec) in 13
patients, before (n = 10) and/or after (n = 10) angioplasty (PTCA) of a proximal
LAD, not filled by collaterals. The mean transstenotic gradient (Grad, mmHg)
measured with the balloon catheter was compared to the AP calculated from the
occlusion area (occl A, mm?). A 4-fold increase in the luminal area was associated
with a 4-fold decrease in gradient (Grad). The occlusion A and the measured
gradient were linearly correlated: Grad = 69-17. occl A; (r=0.76). For the
computed gradient AP the following relation was found: AP =15. (occl A)~?;
(r=0.87). Although, the present study clearly showed that the absolute values of
the transstenotic pressure gradients obtained during angioplasty did not reflect
accurately the flow resistances, we were still convinced that useful information
could be derived from the gradient determination, at least in the setting of
angioplasty. It is this concept that we tried to test in the second part of the study.

In other words, we studied the relationship between the stenotic diameter of a
coronary artery and the pressure gradient across it on one hand and the extent of
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myocardial ischemia induced by exercise on the other. Thirty-one selected pa-
tients with stable exertional angina pectoris were studied; all were candidates for
PTCA of an isolated proximal LAD-stenosis. The angiographic severity of
stenosis was compared with the transstenotic pressure gradient measured with
the dilatation catheter during angioplasty and with the results of exercise
thallium-scintigraphy. A curvilinear relationship was found between the pressure
gradient (normalized for the mean aortic pressure) and the residual minimal area
of obstruction (after subtracting the cross-sectional area of the angioplasty cathe-
ter). The relationship was best fitted by the equation: normalized mean pressure
gradient = a+b. log (obstruction area), (r=.74). The measurements of the
percent area stenosis (cutoff 80%) and of the transstenotic pressure gradient
(cutoff 0.30) obtained at rest correctly predicted the occurrence of thallium
perfusion defects induced by exercise in 83% of the patients.

In summary, the functional significance of coronary stenoses can be evaluated
in patients at rest by quantitative analysis of coronary dimensions and transsteno-
tic pressure gradient measurements. In patients with single vessel disease of the
left anterior descending coronary artery this allowed identification, while they
were at rest, of those lesions responsible for thallium perfusion defects induced by
exercise.

Introduction

During cardiac catheterization, the pressure-flow relationship across a coronary
stenosis cannot be determined, although the feasibility of transluminal measure-
ments of coronary blood flow velocity has been reported recently (1). On the
other hand, the pressure distal to a coronary stenosis is measured routinely during
the PTCA-procedure. The physiologic value of these measurements, even those
obtained with the smallest catheters, must be questioned since the catheter
impedes flow through the obstruction. In addition, it is well known that the mean
pressure gradient is affected by phasic changes in flow velocity. In spite of these
limitations, Vogel and his group have shown that the mean pressure gradient
measured across the stenosis during angioplasty accurately predicts the coronary
blood flow reserve measured by digital angiography (2).

In the present study, we attempted to assess the relationship between the
pressure gradient measured during angioplasty, the angiographic severity of
stenosis and the inducibility of regional perfusion defects during exercise
Thallium-scintigraphy. As a first step, we decided to investigate the values and
limitations of the transstenotic pressure gradient measured during PTCA by
comparing the transstenotic gradient wih the theoretical pressure drop calculated
from fluid-mechanic equations; the accuracy of the absolute value of the trans-
stenotic gradients measured during PTCA must be questioned as the presence of
the dilatation catheter further reduces the luminal area. Leiboff et al. (3) have
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shown in canine femoral arteries that the transstenotic gradient overestimated the
‘true’ gradient in a predictable manner, which is dependent on the ratio of the
diameter of the angioplasty catheter to the stenosis diameter. In order to further
characterize this relation in the coronary artery bed of humans, we compared the
transstenotic gradient with the theoretical pressure drop calculated from fluid
mechanic equations for steady flow of an incompressible fluid in rigid tubes.
Therefore, the stenosis geometry was analyzed by quantitative coronary cine-
angiography and the mean myocardial blood flow was measured by the ther-
modilution technique in a selected group of patients with proximal left anterior
descending coronary artery disease.

Part I: Values and limitations of transstenotic gradients measured during
percutaneous coronary angioplasty

Patients and methods

Thirteen patients with exertional angina pectoris were studied; all were candi-
dates for PTCA of an isolated proximal left anterior descending stenosis. The
distal part of the vessel was not filled by collaterals, as judged from angiography.

The subjects gave informed consent and no complication resulted from the
study. Details regarding the PTCA technique used in our laboratory have been
described previously (4). The mean transstenotic pressure gradient was measured
with the dilatation catheter and calculated on line after a data acquisition period
of 20 seconds (5). The regional coronary blood flow measurement in the great
cardiac vein, which must be known for the calculation of the theoretical gradient
(see below), was obtained with a Baim catheter using the thermodilution tech-
nique (6). The position of the catheter was confirmed by dye injection before and
after PTCA. Measurements were included only if selective sampling from the
anterior vein was possible. Such selective great cardiac vein flows were available
before PTCA in 3 patients, after PTCA in 3 patients, and before and after in 7
patients. Thus, 20 data points were available for comparison.

Quantitative coronary angiography

The quantitative analysis of selected coronary segments was carried out with
the help of a computer-based Cardiovascular Angiography Analysis System
(CAAS), which has been described in this book by Reiber et al., as well as
extensively elsewhere (7-11). In short, the boundaries of a selected coronary
segment were detected automatically from optically magnified and video digi-
tized portions of a cineframe. Calibration of the diameter data of the vessels in
absolute values (mm) was achieved by detecting the boundaries of a section of the
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contrast catheter and comparing the computed mean diameter in pixels with the
known size in mm. Strictly speaking, this calibration factor is only applicable for
coronary segments in the plane of the analyzed catheter segment parallel to the
image intensifier input screen. The change in magnification for two objects
located at different points along the X-ray beam axis is about 1.5% for each
centimeter that separates the objects axially with the commonly used focus-image
intensifier distances. In the present study, the axial distance between catheter and
stenosis is short; hence the possible changes in the calibration factor would be
negligible and no further corrections were used. In order to correct the contour
positions of the arterial and catheter segments for the pincushion distortion, a
correction vector was computed for each contour position based on a computer
processed cineframe of a cm-grid placed against the input screen of the image
intensifier (8).

The contour detection procedure requires the user to indicate a number of
center positions with the writing tablet proximal and distal to the lesion such that
the straight line segments connecting these points remain within the artery. The
first centerline position was selected beyond the take-off of large daughter
branches. The contours of the vessel are detected on the basis of the weighted
sum of first and second difference functions applied to the digitized brightness
information using minimal cost criteria.

From the detected contours, the diameter function, in absolute mm, is deter-
mined. From the minimal value of the diameter function determined by the
computer and the mean diameter value at the reference position, the percentage
area reduction, assuming circular cross-sections, is computed as:

%-A stenosis = {1 — (minimal diameter/reference diameter)?} X 100%.

A representative analysis with the detected contours and the diameter function
superimposed on the original video image is shown in Figure la. In arteries with a
focal obstructive lesion and a clearly normal proximal arterial segment, the choice
of the reference region is straightforward and simple. In cases where the proximal
or distal part of the arterial segment shows combinations of stenotic and ectatic
areas, the choice may be very difficult. Since the functional significance of a
stenosis is related to the expected normal cross-sectional area of the vessel at the
point of the obstruction, we have implemented two methods to define the
reference: one is dependent on the user (user-defined reference), while the other
technique is based on the computer estimation of the original arterial dimensions
at the site of the obstruction (interpolated reference) (10, 11). For the latter
method, the computed reference diameter function allows the vessel to taper.
The resulting reference contours are shown in Figure 1b. The interpolated
percentage diameter stenosis is then computed by comparing the minimal diame-
ter value at the obstruction with the corresponding value of the reference diame-
ter function at this position; as described earlier, the percentage area stenosis can
be calculated as well.
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The length of the stenotic segment was determined from the diameter function
on the basis of curvature analysis of the D-function and expressed in mm.

The same angiographic projection was used before and after PTCA, except for
2 post-PTCA lesions where the mean value from two orthogonal projections was
used. From an extensive validation study of the analysis procedure it has been
shown that the variability (standard deviation of the differences) of repeated
coronary acquisition and computer analysis is less than 0.22mm for absolute
arterial dimensions in a well-controlled study (11).

Theoretical pressure gradient
The theoretical pressure gradient was calculated according to the well-known
formules described in the literature (12, 13):

AP= Q- (Rp+Q-Rt),

where AP is the theoretical pressure drop (mmHg) over the stenosis, Q the mean
coronary blood flow (ml/sec), Rp the Poisseuille resistance and Rt the turbulent
resistance. These resistances have been defined as follows:

Rp= CI-

(length obstruction) [mmHg- sec]
(obstruction area)’ ml ’

where Cl = 8- - (blood viscosity) with blood viscosity = 0.03 [g/cm - sec]

Ri= C2. ( 1 1 )2 [mmHg- sec-]v

obstruction area  normal distal area mi?

blood density

where C2 = —*'*—0—56‘6_*—

with blood density =1.0 [g/cm’]

In the formules given above the obstruction area calculated from the coronary
cineangiograms must be corrected for by the cross-sectional area of the dilatation
catheter; for this catheter area the value of 0.64 mm? was used.

Statistics

Comparisons between pre- and post-PTCA measurements were performed with
the Student t-test for paired data.

Multiple regressions were performed between the obstruction area and either
the measured or the theoretical gradient until the best fit was obtained. The
individual data are tabulated in Table 1.
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Figure I.Detected contours superimposed on the original video image for a representative left anterior
descending coronary artery stenosis. The diameter function is shown at the bottom. The calibrated
diameter values in mm are plotted along the ordinate and the positions along the analyzed segment
from the proximal to the distal part along the abscissa. 1a. The reference diameter (or area) was
selected proximal to the stenosis. A percentage area stenosis of 84% resulted. 1b. The normal size of
the artery over the obstruction has been estimated by the interpolated method. The resulting
reference contours are shown and the difference in area between this boundary and the detected
contours is a measure of the atherosclerotic plaque (shaded area). A percentage area stenosis of 83%
resulted. lc. Schematic representation of the coronary artery with the guiding catheter in the ostium
(top left), the thermodilution catheter in the coronary sinus (bottom left) measuring the great cardiac
vein flow (GCVF). The inset (top right) shows how the transstenotic pressure gradient was measured
(between the white dots). The theoretical pressure drop was calculated from: 1) the reference
diameter (or area) shown proximal to the stenosis for the sake of clarity; 2) the obstruction diameter
(or area) and 3) the length of the stenosis.
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Table 1. Measured versus calcuiated gradient.

No Patient Angio Occlusion GCV Sten AP (AP-CA) GRAD
name view area flow length calcul- measured
ated
mm? ml/s™! mm mmHg mmHg mmHg
1 PO b RIO 0.96 7.0 18.9 -
2.13 80 occl
LSO 0.79 9.9 522 -
2 VY b RAO 1.19 1.20 12.0 13.5 395 59
a CRA 2.43 7.3 1.9 39
1.52 5
a RAO 4.26 11.9 0.8 1.2
3 MA b RIO 1.52 1.40 7.9 5.5 18 59
a RIO 3.84 1.62 6.8 0.8 1.3 12
4 BO b LSO 1.47 1.02 7.5 3.5 12.3 69
5 ME b RAO 0.34 1.42 10.0 107.2 - 62 occl
6 BE a LSO 1.87 1.50 6.4 32 8.3 4
7 HE b CRA 0.48 1.27 8.8 8.2 - 71 occl
8 BA b RAO 0.57 1.23 14.3 55.6 - 56 occl
b RIO 0.53 1.23 10.8 51.9 - 52 occl
a RIO 2.97 1.50 11.3 1.0 2.8 11
9 GR a RIO 1.63 1.45 12.0 8.5 19.6 13
10 MA b RAO 2.38 1.68 6.9 2.3 5 48
a AP 3.41 1.85 10.5 0.9 2.1 17
11 PI a RIO 2.06 8.9 4.2 7.9
1.63 23
a LAO 3.08 4.1 0.8 1.4
12 EC a RAO 2.88 1.33 13.1 1.5 32 13
13 VE b RAO 0.32 1.23 8.5 122.5 - 41 occl
a RAO 2.04 1.67 6.6 33 38 5

Abbreviations: b: before angioplasty; a: after angioplasty; angio: angiographic; GCV: great cardiac
vein; RIO: right inferior oblique; LSO: Left superior oblique; CRA: cranio-caudal; RAO: right
anterior oblique; AP: antero posterior; LAO: left anterior oblique; AP calculated: pressure gradient
derived from quantitative coronary angiography; (AP-CA): pressure gradient derived from quantita-
tive coronary angiography, when the cross sectional area of the angioplasty catheter (CA) is sub-
strated from the obstruction area; GRAD measured: measured transstenotic pressure gradient; occl:
when CA is greater than the luminal obstruction area, the vessel is considered to be completely
occluded (occl).

Results

The median values and the ranges for the obstruction area. the measured gradient
and the theoretical gradient before and after angioplasty are shown in Table 2. A
fourfold increase in the luminal area was associated with a fourfold decrease in
the measured gradient; however, the absolute values for the transstenotic gra-
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Figure 2. Curvelinear relationship between the obstruction area (A) and the theoretical pressure
gradient (AP). The relation is best fitted (r = 0.87) by the equation: AP = 15. A%

dient were consistently larger than the theoretical gradient. No changes in the
reference area or the length of the stenosis were observed. The resting blood flow
increased sligthly but not significantly from 1.3 to 1.6 ml/sec. The relation be-
tween the occlusion area and the theoretical pressure drop (Figure 2) was best
fitted by the equation: AP = a- (occlusion area)®, where AP = theoretical
gradient, a=15 and b= -2 (r= 0.87). As expected from the laws of fluid
dynamics, this relation is curvilinear and shows a steep increase in gradient once
the critical value of 1mm? for the occlusion area is reached. Figure 3 shows the

Table 2. Hemodynamic and angiographic measurements before and after PTCA.

GCVQ Obstruction AP GRAD

ml/sec area (mm?) mmHg mmHg
Before 1.3 (1.0-2.1) 0.7 (0.3-2.4) 44 (2-122) 59 (41-80)
After 1.6 (1.3-2.1) 2.8 (1.9-3.8) 2 (1-5) 13 (4-28)

The median value and the range are given, GCVQ = great cardiac vein flow; AP = theoretical or
calculated pressure drop; GRAD = measured transstenotic gradient; * p<<0.005.
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Figure 3. Linear relation between the obstruction area (A,) and the transstenotically measured
gradient (GRAD): GRAD = 69-17. A, (r= 0.76).

relation between the occlusion area and the measured transstenotic gradient,
which was best fitted by the linear equation: GRAD = a — b. (occlusion area),
where GRAD is the measured gradient, a = 69 and b = 17 (r = 0.76). According
to this relation, the average gradient measured after PTCA, i.e. 13 mmHg, would
correspond to a luminal area of 3.3 mm?’. The theoretical relation would predict
with this area value, a pressure drop of 1.4 mmHg, at least within the observed
range of flow. Thus, even when the lumen of the vessel is large as compared to the
diameter of the angioplasty catheter, its presence leads to an overestimation of
the ‘true’ gradient. In other words, these data show that the absolute value of the
transstenotic pressure gradients obtained during angioplasty do not reflect accu-
rately the flow resistances. As suggested by others (3, 14), this is related to the
presence of the angioplasty catheter across the stenosis, further reducing its
minimal luminal area. These findings are not surprising, but were until recently
(15) never demonstrated in human coronary arteries. The data also show that
calculation of theoretical pressure gradients on the basis of an hypothetical
coronary blood flow could result in inaccurate numbers as the range of flows that
we measured was rather large, even at rest (from 1.02 to 2.13 ml/sec.).
However, we were still convinced that useful information could be derived
from the gradient determination, at least in the setting of angioplasty. And it is
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this concept that we tried to test in the second part of the study. In a second group
of patients, we tried to evaluate during cardiac catherization what degree of
narrowing of a major epicardial coronary artery will consistently lead to a definite
transstenotic gradient at rest and to myocardial ischemia during exercise.

Part II: Quantitative angiography of the left anterior descending coronary artery:
correlations with pressure gradient and results of exercise thallium scintigraphy

Patients and methods

Thirty-one consecutive patients with stable exertional angina pectoris were stud-
ied; all were candidates for percutaneous transluminal angioplasty of an isolated
proximal left anterior descending stenosis. All subjects gave informed consent
and no complications resulted from the study.

Quantitative coronary angiography

In this study, the coronary angiograms were obtained within five minutes after
intracoronary injection of nifedipine (0.1 to 0.2 mg) in order to obtain a vaso-
dilatation of the epicardial vessels and relief of a possible spasm (16, 17). Since the
luminal cross section at the site of the coronary obstruction is frequently irregular
in shape especially after angioplasty (18,19), the average obstruction area and
percent area stenosis obtained from multiple views were used (mean of 1.7 views
per segment). Since the presence of the dilatation catheter within the stenotic
lumen further reduces lumen area, the difference between the luminal area
measured from the coronary angiograms and the area of the balloon catheter
(0.64 mm?) was used as an approach to the actual residual lumen and related to
the pressure gradient measurements. The mean pressure gradient across the
stenotic lesion was measured with the dilatation catheter (mean diameter of
0.9 mm, Schneider 20-30 or 20-37) before and after angioplasty and calculated on
line after a data acquisition period of 20 seconds (5).

Noninvasive testing

Exercise thallium-201 myocardial scintigraphy was performed before angioplasty
in 7 patients, after angioplasty in 13 patients and before and after in 11 patients.
Sequential imaging was performed according to a standard protocol immediately
after a symptom limited exercise test and again 4 hours later. Scintigraphy was
performed in the week before angiography (n = 18) and in the three weeks after
successful angioplasty (n= 24). No patient had recurrence of angina pectoris
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during this time interval. During exercise, three orthogonal leads (X, Y, Z) were
monitored and analyzed as previously described (20). The scintigraphic images
were processed on a DEC gamma-11 system (21). Basically, circumferential
profiles were computed in three projections (anterior, LAO 45, LAO 65) within
the automatically detected contour of the left ventricle following interpolated
background subtraction (22). The circumferential profiles, the processed images
and the analog polaroid images were interpreted by three independent observers,
who were unaware of the angiographic data. The myocardial uptake of thallium
was scored in a total of 13 segments both for early and late exercise scintigrams in
the following manner: 0= no thallium uptake; 1= severely abnormal; 2=
definitely abnormal; 3 = doubtfully abnormal; 4 = normal. These scores were
summed per patient and the difference between late and early post-exercise sums
was taken as a measure of the amount of redistribution. Using this approach,
ischemia was considered to be present if at least two observers found that the
redistribution score was two or more points higher than the early post-exercise
one. Since only patients with single vessel disease were included, the left anterior
descending artery stenosis was taken responsible for the regional defects ob-
served in the anteroseptal, anterior, anterolateral as well as apical segments (23).

Statistical analysis

Simple regressions were used to attempt the best fit relation between the pressure
gradient and the obstruction area. The Student test for paired data and linear
least-squares regressions were used to compare the interpolated and user-defined
percent area stenosis measurements. One-way analysis of variance followed by
multiple comparisons was used to compare the angiographic measurements
between three sub-groups of patients. Data are expressed as mean * standard
deviation.

Results

The absolute dimensions of the minimal obstruction areas are given in Table 3,
ranked from the minimal obstruction area value of 0.15 mm? to the maximal value
of 17.9 mm?. The interpolated and user-defined percent area stenosis values are
shown as well. The user-defined reference was taken proximal to the stenosis in
all but 10 cases where it was taken distally due to the take-off of the left circumflex
artery just before the stenosis. There was no significant difference between the
interpolated and user-defined percent area stenosis: the difference between
paired data was 1.7 £ 10 and the correlation coefficient was 0.91 (interpolated %
Area st. = 0.95. (user % Area st.) + 4.8; SEE = 10). When the mean pressure
gradient across the stenosis, normalized for the mean aortic pressure, was com-
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Table 3. Individual data for quantitative angiography and exercise test results.
Patient Obstr. D st. Areast. % Measured Grad Theor. AP Exercise test
area %
inter user Grad/ Grad 1 2 AP ECG TL201
AoP
1 HD b 0.15 87 98 96 0.75 81 34 126 - - +
2 FA b 0.30 85 98 94 0.49 39 16 42+ + -
3 HO b 0.36 82 97 97 0.87 54 46 171 + + +
4 PL b 045 79 96 84 0.46 38 12 32 4+ + +
S EN b 0.58 81 96 94 0.54 51 17 44 - - +
6 KS b 0.58 71 92 91 0.55 51 13 46 - - -
7 BO b 0.65 74 93 90 0.74 85 9 3 - + +
8 VD b 0.80 69 90 (=) 0.38 27 4 6 - BB -
9 HN b 0.88 68 89 89 0.63 65 6 17 - + +
10 EL b 092 68 90 75 0.73 68 3 10 + - +
11 MS b 0.98 54 80 85 0.67 63 5 19 - - +
12 HO a 1.23 46 70 75 0.29 31 0 I - - -
13 EM a 1.58 47 72 55 0.16 20 1 2 - + -
14 KT b 1.65 66 89 84 0.43 36 1 2 - + +
15 HE b 1.74 70 91 89 0.65 73 1 3 4+ + +
16 SK b 1.77 67 89 (=) 0.60 61 (-) (=) + - +
17 GI b 2.06 66 88 90 0.39 35 4 12 + BB +
18 SR b 2.09 65 88 87 0.72 72 4 15 - + +
19 DA b 238 38 62 69 0.39 26 0 1 — BB +
20 RS a 275 50 75 72 0.10 10 1 2+ BB -
21 MS a 2.83 21 38 65 0.13 13 0 0o - -
22 DA a 2.95 19 34 50 0.18 15 0 2+ - -
23 HP a 3.00 33 55 65 0.10 9 0 1 - - -
24 FN a 3.11 31 54 64 0.13 13 0 0o - + -
25 HD a 3.14 37 60 (=) 0.09 10 0 0o - - -
26 BE a 3.14 10 44 32 0.06 4 0 0o - — -
27 WI a  3.17 42 66 65 0.28 25 1 2 - — -
28 KL b 3.33 41 65 65 0.15 13 4 9 - — +
29 MO a  3.70 33 56 54 0.34 31 0 | - +
30 NS a 3.94 38 61 30 0.16 13 0 0 - - -
31 BV a 412 48 48 39 0.11 13 0 0o - - -
32 HT a 4.16 41 66 48 0.16 14 0 0 - + -
33 FA a 426 21 37 45 0.21 16 2 g8 - + -
34 HN a 434 40 65 56 0.04 5 0 0o - -
35 KL a 495 21 37 52 0.00 0 0 0 - - -
36 OW a  5.68 25 44 43 0.16 15 0 0 - - -
37 SK a  6.20 38 62 67 0.18 20 (=) (=) - - -
33 HE a 7.07 40 64 33 0.21 24 0 0 - - +
39 SE a 7.50 36 60 57 0.10 8 0 0 - - -
40 KN a 829 3 6 14 0.21 26 0 0 - + -
41 KT a 9.9 17 30 21 0.07 6 0 0o - - -
42 GI a 17.87 3 6 6 0.06 5 0 0o - - -

Abbreviations: b = before angioplasty (PTCA); a = after PTCA; Obstr. Area = obstruction area in
mm?; Area st. = percent area stenosis; inter = interpolated and user-defined reference; the measured
mean pressure gradient (GRAD) is shown in absolute values (mmHg) as well as normalized for mean
aortic pressure (AoP); theoretical gradients were calculated assuming constant coronary flows of 1
and 2 ml/sec, according to the frmula described by B.G. Brown et al. (12); (—) = missing data; AP =
angina pectoris; ECG = ST depression =0.1 mV; TL201 = redistribution from exercise to rest
scintigram; + = present; — = absent; BB = bundle branch block.
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Figure 4. The relation between the mean pressure gradient normalized for the mean aortic pressure
and the residual obstruction area in mm? (after subtraction of the area of the angioplasty catheter) is
nonlinear; the best fit is obtained by the logarithmic function (r= 0.74). Filled symbols represent
stenoses in which the angioplasty catheter totally obstructed the vessel.

pared to the residual obstruction area after subtracting the balloon area (Figure
4), a nonlinear relation was found which can be described by the equation:

AP/AoP = a+b-log (obstruction area),
where a= 0.35and b= —0.12 (r= 0.74).

It is shown that there is a steep increase in pressure gradient once a critical value
of 1.5 mm? of the stenotic segment is reached. In seven cases, the angioplasty
catheter almost totally obstructed the vessel. The computed cross-sectional area
reduction is also related to the pressure gradient (Figure 5). Here, the steep
increase in pressure gradient is observed once the critical reduction of 80% in
cross-sectional area is reached.

During the exercise test, the maximal workload averaged 85+ 17% of the
predicted value. According to the results of the thallium scintigraphy, three types
of responses are observed. In group I (n = 25), the scintigram is normal, with
either normal or abnormal exercise ECG. In group II (n = 7), thallium scintigra-
phy is abnormal while the exercise test results are normal. In group 111 (n = 10),
both thallium scintigraphy and exercise test results (angina and/or ST-segment
changes) are abnormal. The percent area stenosis was 55 + 23 in group I, 74 £ 17
in group II and 90 * 4 in group III. The mean pressure gradient was: 0.18 £ 0.13
in group I, 0.44 + 0.23 in group II and 0.62 % 0.15 in group III. The pressure
gradient measurements discriminated better between the groups than the area
stenosis measurements (table IV). When combining both parameters, two groups
of datapoints are delineated as shown in figure 5. Using cut-off values of 0.30 for
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Figure 5. The relation between mean normalized pressure gradient, percentage area stenosis and the
results of thallium scintigraphy is shown. Open circles represent patients with a normal scintigram
(group I, n = 25), while half-filled circles represent patients with an abnormal thallium but normal
exercise test (group II, n= 7). Filled circles represent patients with both abnormal thallium and
exercise tests (group III, n = 10).

the pressure gradient and 80% for the cross-sectional area reduction, the result of
the exercise thallium scintigram was correctly predicted from the angiographic
datain 83% of the patients. An abnormal scintigraphy was observed in 13 of the 16
patients with a pressure gradient of at least 0.30 and a percent area stenosis equal
to or greater than 80% (sensitivity of 81%). Two out of three patients with a
normal thallium uptake and exercise test had important collaterals shown by
angiography. Conversely, the thallium uptake is normal in 22 of the 24 patients
with a pressure gradient less than 0.30 together with an area stenosis less than
80% (specificity 92%). Similar figures were found when the user-defined percent
area was used instead of the interpolated method (sensitivity 85%, specificity
87%).

Table 4. Noninvasive test results and angiographic estimates of stenosis severity.

n % Area stenosis Mean pressure
gradient
Group I (T1-) 25 55+23 'I 0.18£0.13 'I
n.s. _]
Group II (TI+/ET-) 7 T 7417 '1‘ 7 0.4410.23 8|
n.s. n.s.
Group III (TH+/ET +) 10 |_ 90 +4 |_ 0.62+0.15 4

Abbreviations as previously; n = number of patients; ET = exercise test result; + = abnormal; — =
normal; n.s. = nonsignificant; symbols refer to p-values: * p<0.001; ** p<0.005
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Discussion

In this study, we selected the simplest human model available to assess the
relationship between the angiographic stenosis severity and the inducibility of
regional perfusion defects during exercise thallium scintigraphy. Attempts to
correlate closely the anatomy of a coronary stenosis and its physiologic signifi-
cance are usually hampered by the large intra- and inter-observer variabilities
(24, 25) due to subjective visual scoring of coronary angiograms and to the
inconstant vasomotor tone. To circumvent these limitations, the coronary angio-
grams were performed after intracoronary injection of nifedipine and the cine-
films were quantitated with a computerized edge detection technique (10, 11).
Since part of the results are expressed in terms of percent area (or diameter)
stenosis, a critical point is the choice by the user of an appropriate reference area
(or diameter). When a large vessel gives rise to a major daughter branch, the
cross-sectional area of the main vessel distal to the branch point is significanty less
than its area proximal to the branch point; hence, the choice of a proximal
reference would not be appropriate. Conversely, the choice of an appropriate
distal reference is often hampered by the presence of poststenotic ectasia and by
anatomical tapering. Therefore, an alternative method was developed, similar to
that used by Crawford et al. (26), which is based on the computer estimation of
the ‘original contour of the pre-atherosclerotic lumen’, allowing the vessel to
taper. The difference in area between the original lumen and the contours of the
obstruction is a measure for the atherosclerotic plaque. Crawford et al. have
demonstrated that such angiographic assessment of the atherosclerotic plaque by
computer densitometry correlated with the cholesterol content of the corre-
sponding human arterial specimen. Their approach includes both density and
edge measurements; among these, the computer detected lumen with taper
vielded the best correlation with the pathologic data (26). The data of Crawford et
al. pertain to nonbranching segments of femoral arteries; they have not been
confirmed for coronary arteries in which changes in lumen caliber occur predicta-
bly at branching points and not by taper (27). In the present as well as in earlier
studies (18, 28), the user-defined and interpolated measurements were closely
correlated. However, for the analysis of repeated angiograms (29, 30), the
knowledge of the exact location of the reference, either proximal or distal to the
stenosis, is not required when the interpolated method is used. For these theoreti-
cal and practical reasons, we favor the use of an automated definition of the
reference area (or diameter) with the interpolated technique (19, 31).

From these data, obtained in a clinical setting, a curvilinear relation was found
between the pressure drop across the stenosis and the minimal obstruction area as
well as the percent cross-sectional area reduction. Both relations are similar to
those calculated on theoretical grounds by Brown et al. (32), as well as to those
experimentally derived from isolated human arteries (33) or dog experiments
(34).
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Such curvilinear relation is expected from the general equation of fluid dynam-
ics showing that the pressure drop across a stenosis is influenced mainly by viscous
losses in the stenotic segment and separation losses at the exit of the stenosis. For
a given level of flow, the single most important determinant of stenosis resistance
1s its minimal cross-sectional area which appears as a second order term in both
viscous and separation losses equations. In the animal laboratory, a coronary
stenosis can be characterized precisely by simultaneous measurements of flow
and stenosis gradient and related to the quantitative assessment of stenosis
geometry. In such experimental setting, blood flow velocity and pressure drop
across the stenosis are correlated in an exponential fashion (35). Recently,
coronary blood flow velocity measurements were obtained in patients during
heart surgery and related to the computer based analysis of their coronary
angiograms (36, 37). It was shown that the minimal cross-sectional area was the
best predictor of the physiological significance of a coronary stenosis. During
cardiac catheterization, the pressure-flow relation across a coronary stenosis
cannot be determined, although the feasibility of transluminal measurements of
coronary blood flow velocity has been reported recently (1). However, the
pressure distal to a coronary stenosis is measured routinely during the translumi-
nal angioplasty procedure. This has stimulated the development of very small
catheters for the in vivo investigation of the functional significance of pressure
gradient measurements (38). The physiological value of these measurements,
even those obtained with the smallest catheters, must be questioned since the
catheter impedes flow through the obstruction. Experimental data obtained in
dog femoral arteries suggest that the ‘true’ lesional gradient is overestimated in a
predictable manner dependent on the ratio of the catheter diameter over the
stenosis diameter (3). In addition, the mean pressure gradient is affected by
phasic changes in flow velocity (35). The distal coronary pressure may be affected
by collaterals and is entirely determined by collateral flow when the angioplasty
catheter totally obstructs the vessel. In spite of these limitations, Vogel ez al. (2)
have shown that the mean pressure gradient measured across the stenosis during
angioplasty predicted accurately the coronary flow reserve measured as the ratio
of hyperemic over control myocardial contrast appearance times by digital an-
giography. In the present study, the gradient was related in a curvilinear way with
the actual luminal area obtained by subtracting the area of the deflated balloon
catheter from the minimal obstruction area as assessed by quantitative angiogra-
phy. The major finding of this study was that the combination of pressure drop
measurements across the stenosis with quantitative assessment of the luminal
narrowing predicted the occurrence of exercise thallium perfusion abnormalities
better than the measurements of the stenosis alone. Using the cut-off values of
(.30 for the pressure gradient and 80% for the percent cross-sectional area
reduction, the result of the exercise thallium scintigram was correctly predicted
from the angiographic data in all but six patients. In four of them, thallium
perfusion abnormalities occurred without signs of ischemia in the presence of a
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noncritical cross-sectional area stenosis of about 60%. These discrepancies are
not surprising since many other factors such as blood density, viscosity, stenosis
length and divergence angle were not accounted for (32, 33). Two patients had
normal scintigrams and exercise tests while ischemia was expected from the
angiographics measurements. This can be due to the presence of coronary
collaterals as shown by angiography, since previous work suggests that these
could prevent the occurrence of thallium perfusion defects during exercise (39,
40).

In summary, the functional significance of a coronary stenosis can be evaluated
at rest by quantitative analysis of coronary dimensions and transstenotic pressure
gradient measurements. In patients with single left anterior descending coronary
artery disease this allowed identification, at rest, of those lesions responsible or
not for thallium perfusion defects induced by exercise.
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