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Foreword

In June 1989, a third conference concentrating on the progress in quantita-
tive coronary angiography and related techniques was held in Rotterdam,
again very successful as the two preceding events in 1985 and 1987. Tech-
nical as well as clinical aspects of digital and digitized coronarography,
morphometry, parametric imaging and functional quantification of the human
coronary circulation were presented and discussed by prominent exponents
of those groups who have been active in this particular field for many years.
This book contains the chapters representing the lectures held by leading
experts during the symposium that update the knowledge currently available,
including most recent aspects in angioscopy and intravascular ultrasound
imaging. It also includes a historical review on the development of angiogra-
phic techniques from the very early days on to our times given by one of the
pioneers in heart catheterization and angiography, Dr. Kurt Amplatz. Those
who had the chance to listen to his talk, will surely remember his impressive,
humorous lecture as one of the highlights of this meeting.

As in the previous conferences, Dr. Melvin Marcus was one of the most
active participants. For many years, he had been deeply involved in the
development and perfection of new techniques to study the coronary circula-
tion. A considerable number of important basic contributions in this field has
come from himself and his group in Iowa City in recent years. Discussing
with him always meant enrichment. In his candid and informal way he could
split tensions and create a relaxed, nonetheless highly scientific atmosphere.
Dr. Marcus died prematurely in the middle of a very active life. Those who
had the privilege to know him and learn from him, will surely keep him in
their good memory as one of the gifted investigators and teachers in cardio-
vascular research.

Working Group Coronary Blood Flow RUDIGER W. R. SIMON, MD, FESC
and Angina pectoris, ESC Chairman

vil
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Part1

Quantitative coronary arteriography;
methodologies



1. Quantitative and qualitative coronary arteriography*

B. GREG BROWN, PAUL SIMPSON, JAMES T. DODGE, JR., EDWARD
L.BOLSON, and HAROLD T. DODGE

Summary

The clinical objectives of arteriography are to obtain information that
contributes to an understanding of the mechanisms of the clinical syndrome,
provides prognostic information, facilitates therapeutic decisions, and guides
invasive therapy. Quantitative and improved qualitative assessments of arte-
rial disease provide us with a common descriptive language which has the
potential to accomplish these objectives more effectively and thus to improve
clinical outcome. In certain situations, this potential has been demonstrated.
Clinical investigation using quantitative techniques has definitely contributed
to our understanding of disease mechanisms and of atherosclerosis pro-
gression/regression. Routine quantitation of clinical images should permit
more accurate and repeatable estimates of disease severity and promises to
provide useful estimates of coronary flow reserve. But routine clinical QCA
awaits more cost- and time-efficient methods and clear proof of a clinical
advantage.

Careful inspection of highly magnified, high-resolution arteriographic
images reveals morphologic features related to the pathophysiology of the
clinical syndrome and to the likelihood of future progression or regression of
obstruction. Features that have been found useful include thrombus in its
various forms, ulceration and irregularity, eccentricity, flexing and dissection.
The description of such high-resolution features should be included among,
rather than excluded from, the goals of image processing, since they contrib-
ute substantially to the understanding and treatment of the clinical syndrome.

* Supported in part by USPHS grants PO1 HL-30086, RO1 HL-19451, HL-18645, and
HL-03174, in part by an Established Investigator Award from the American Heart Associa-
tion (79—116), and in part by a grant from the John L. Locke, Jr. Charitable Trust, Seattle,
Washington.

3

J. H. C. Reiber and P. W. Serruys (eds), Quantitative Coronary Arteriography, 3—21.
© 1991 Kluwer Academic Publishers.
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Clinical goals of arteriography; role of quantitation

“The image intensifier offers a wealth of
data which is, at present, only partially
used and seldom measured in clinical
practice.”

Geoffredo Gensini, M.D. (1), 1971

What was true in 1971 is still so today. The striking improvements in
arteriographic image quality, the considerable increase in clinical caseload,
and the newer options for invasive therapy have not often been paralleled by
clinical application of newer methods for estimating disease severity and for
assessing the effects of interventional therapy. Indeed, the visual assessment
of disease remains the clinical standard despite its well-established flaws of
inaccuracy and high variance [1—4] and, more recently, of vulnerability to
the biases of the interventional cardiologist. Many reasons may be advanced
for this. While most agree that stenosis measurement is necessary for
research in arterial disease, these methods have usually been too slow and
tedious to play a role in clinical practice. However, advances in digital image
processing and quicker, more simple methods should eliminate this objection
[5—12].

A more deeply ingrained problem is that, in the absence of an objectively
based “language” for the description of arterial disease, a spectrum of
individual “dialects” has evolved. Each experienced clinician has become
comfortable with his/her own approach to arteriographic interpretation.
When informed that lesions visually judged “90%” usually measure at 75—
80% diameter reduction [12], the clinician replies (perhaps correctly) that
while his visual estimate may be numerically incorrect, he understands the
significance of such a lesion and can manage its clinical manifestations
effectively. A consequence of this “artisian” approach to interpretation is that
every clinician must “see” the arteriogram in order to gain his own impression
of lesion severity and location. Indeed, if an accurate, speedy method to
characterize disease were now available, it would seldom completely agree
with any of these individual “dialects.” Nearly every clinician would find it
necessary to modify his description of disease in order to conform with the
common language. This is a lot to expect from many experienced, proud
practitioners. It is frivolous to expect such an adjustment among these
artisans without a conclusive demonstration that the additional cost in
equipment and technical staff is justified by improved patient outcomes, or
practice efficiency, or both.

From a clinical viewpoint, the objectives of arteriography are to obtain
information that: (1) contributes to an understanding of the mechanisms of
our patient’s clinical syndrome, (2) helps predict the likelihood of future
cardiac events, (3) facilitates effective therapeutic decision-making, and (4)
guides invasive therapy. How can quantitative assessment contribute to these



objectives? In a general sense, an accurate common description of disease is
a necessary basis for effective communication and for clinical investigation,
and thus for evolution of clinical understanding. Specific quantitative arterio-
graphic contributions to improved understanding of pathophysiologic me-
chanisms [13—27], assessment of perfusion and flow reserve [28—33|,
pharmacologic effects [34—41], atherosclerosis progression [42—49] and
assessment of thrombolysis [S0—58] and angioplasty [S9—65] may also be
cited.

In addition to lumen dimensions, lesions have a variety of other mor-
phologic features whose definition may contribute to the above clinical
objectives. Thrombus is almost always present in the stenosis in the setting of
myocardial infarction; it is commonly found with unstable angina, and is
rarely seen in lesions causing stable angina. Defects in the luminal surface
corresponding to ulceration, dissection, or hemorrhage into the plaque are
common in unstable clinical syndromes; their presence may be associated
with accelerated disease progression, or with thrombolytic success. Lesions
may have characteristics of overall shape such as eccentricity, flexing during
the cardiac cycle, post-stenotic dilatation, and marked ectasia of the “normal”
arterial segment proximal or distal to the narrowing. These features, too, can
provide useful information. These morphologic features are described in
more detail below, together with observations regarding their clinical and
prognostic value.

Quantitative assessment of lumen morphology

Limitations of the visual estimate of disease severity have been documented
in detail elsewhere [2—4]. The accuracy and precision of more objective
approaches to stenosis measurement are found to be superior to that of
visual methods [12, 13]. There are two competing approaches to angiographic
stenosis measurement. One is based on detection of lumen borders from
perpendicular image-pairs to create a three-dimensional approximation of
the diseased segment [1, 5, 6, 8, 9, 11—13]; a second approach uses
photodensitometry or videodensitometry of the stenosis to extract three-
dimensional information from a single angiographic view [61, 66—68]. Our
laboratory has favored border detection because it is relatively insensitive to
variation in conditions of image formation and film processing, and because
absolute dimensions are directly obtained. In theory, the videodensitometric
method has advantages, particularly with directly acquired digital images in
which the Beer-Lambert approximation is more likely to apply [69].

The approach used in our laboratory has evolved since 1975 [13]. Simply
stated, we measure cineagiographic images of arterial disease projected at
high (5x) magnification onto a smooth white surface. Under these conditions,
details of stenosis morphology are seen that are not commonly appreciated
with conventional magnification and projection. The quality of the analysis
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depends in large part on the quality of the basic cine images; image quality
pertinent to QCA is thus given special attention in our cath labs. Cine frames
are selected as clear and representative of the disease segment. Its borders
and the borders of the catheter are traced on paper, with notation of their
radial location in the image. Visual border detection and manual tracing can
be replaced by automated techniques [6—11]. However, we believe that the
human visual cortex, with its remarkable capacity to resolve subtle lumen
boundaries among the wide variation in background gray scale, is the most
sophisticated, reliable, and accurate edge-finder currently available. Also, it is
relatively inexpensive to employ one!

Recent modifications have streamlined our measurement approach (Figures
1 and 2). Lesions are traced in vertical orientation on a standard form to
increase their packing density. The form, which contains tracing orientation
information, catheter borders, and mark-sense input information, is video-
scanned and automatically digitized after line-thinning. Computer processing
incorporates an automatic method of compensating for X-ray beam diver-
gence, using new knowledge of the three-dimensional intrathoracic spatial
location of the various coronary anatomic segments [70]. Pincushion distor-
tion is corrected, using an analytic function [13]. For analysis, the traced

1) ORIGINAL PROJECTIONS
LAO 45/30 RAO 35/-15

3) BIPLANE PAIR, REF., CENTER 4) TRUE SCALF PAIR

y, to, y, ta,
X‘J ,\ /"H'N
B.C. B.C.

Fig. 1. Transformation from arteriographic lesion images in a perpendicular view pair to true-
scale digital border representation after correction for magnification, pincushion distortion,
X-ray beam divergence, tracing rotation, and rotation to achieve a proper match of common
points in the biplane view-pair. See text for details.
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lesion borders are rotated mathematically to compensate for tracing rotation
(¢;) and also rotated by an amount (w;) necessary to achieve a truly
perpendicular biplane representation [70].

Since the mathematical description of this improved analysis has yet to be
published, we take this opportunity to summarize the analytical steps we
employ to transform a set of border points (*X;, *Y;) in the original

RCA DOMINANT

Fig. 2. A proposed coding system for identifying the coronary segmental anatomy that is
clinically useful and easily remembered. Point locations in this segmental anatomy may be
specified in polar coordinates to within a sphere of + 1 cm diameter (+ 1 s.d.) [70]. Lumen
normal diameter at points in this anatomic display have been determined with coefficients of
population variation ranging between 0.1 and 0.2 among 106 entirely normal coronary
arteriograms. Segment and subsequent location (prox, mid, dist), coronary dominance, and
branch length (short, med, long) must be specified to achieve such precision (Dodge JT,
Brown BG, unpublished observations). (Reproduced from [70] with permission from the
American Heart Association, Inc.).
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projection-pair of stenosis images to a set of properly oriented, true-scale
border points (x;, y;). This transformation is an iterative process for the ith
border point in the jth angiographic view of the pair (j = 1 = LAO; j =2 =
RAO). Figure 1 illustrates the point-by-point transformation. The glossary of
Table 1 defines the various terms. The comprehensive border-point transfor-
mation to adjust for tracing rotation, biplane rotation, X-ray beam divergence,
pincushion distortion, and optical magnification is achieved in two steps,
which are described conceptually and mathematically as follows:

Table 1. Glossary of parameters for quantitative arteriography.

1. Coordinate systems

(*X;, *Y;) — A set of i digital border points approximating the two =1=L1LA0;j =2 =
RAO) traced, rotated views of the projected lesion image, centered on the lesion “refer-
ence point” (a local narrowing considered to represent the same point in the two views).
This set is illustrated in Figures 1—2.

(X, Y;) — A set of i border points approximating the two j views which have been rotated
(Y., Yg) to compensate for the tracing orientation and further rotated (w;, wg) to achieve a
proper match of common points in the perpendicular view-pair. These points are refer-
enced to the X-ray beam center to facilitate pincushion correction, and are illustrated
in Figures 1—3. The transformation from (*X7, *Y,) to (X, Y;) is accomplished by
Equations (1) and (2).

(x> ;) — A set of i border points approximating the two j views which are now reduced to
a true-scale, properly matched biplane view-pair centered on the lesion reference point.
This set is illustrated in Figures 1—4. The transformation from (X, Yy) to (x,, y,) is
accomplished by Equations (3) and (4).

2. System constants

¢ — The so-called “pincushion constant” (13). AR’ = (1 — cR?)AR, where AR is a radial
increment in the projected image plane and AR’ is the “actual” increment in the pincushion-
corrected image plane. ¢ varies from lab to lab and for different angiographic field sizes and
cine projection systems, and is determined by digitizing specified intersection points
of a 1 cm grid image using a computer program designed for this purpose. For a 7 inch
image field in our Philips laboratory and with our magnified projection system, ¢ is
0.00004 cm™2.

m — The so-called “beam divergence constant,” [13] the rate of change of the dimensional
correction factor with distance along the X-ray beam. m is determined by digitizing
specified intersection points from a series of four grid images, using a computer program
designed for this purpose. The grid images are filmed at four known distances from the
input phosphor along the X-ray beam axis. For a 7 inch image field in our Philips
laboratory, m is 0.0031 cm™'.

(X3, Yg) — Location of the “center” of the X-ray beam, relative to the coordinate system fixed
on the image surface of the projection table. It is that point in a grid image that does not
shift when the image field size is electronically switched during the cine run. It is the center
point of the radially symmetric “pincushion” correction.

3. Projection constants
A. Coordinates

(X, Y,;) — Location of the lesion “reference point” relative to the table coordinate system.
(X, Y;) — Location of the traced catheter segment relative to the table coordinate system.




Table 1 (continued)

(X,, Y;) — Coordinate translation of the lesion reference point as the jth image is rotated ()

about the beam center to obtain a truly perpendicular view-pair.

(1> 6., Q,) — Polar coordinates specifying the average location of a given coronary segment
relative to the coronary ostium (Figure 2). These have been determined from 37 normal-
sized hearts and are available to the computer in tabular format [70].

(r., 0., Q.) — Polar coordinates specifying the average location of the traced catheter segment

relative to the coronary ostium {70].

B. Angles

6,, 6 — Angular rotation of the two biplane views about the patient long axis. These
correspond to LAO and RAO angles with C-arm radiographic equipment (RAO negative).

@,, @r — Angular azimuth of the two biplane views, corresponding to cranial (positive) and
caudal (negative) angulation with C-arm radiographic equipment. Truly perpendicular
view-pairs satisfy the equation: tan @, tan @y = cos(6, — 6).

w;, wg — Angular rotation of the LAO and RAO images about the X-ray beam center in
order to achieve a truly perpendicular set of three-dimensional coordinate axes.

wg=sin"! (sin@;/cos Q)
w, = —sin"! (sin @z/cos Q)

Y, W, — Rotation back to their original orientation of the vertically traced lesion images
from the LAO and RAO views. The vertical tracing is done for convenience.

C. Derived constants

CW, — Pincushion-corrected catheter diameter, determined by multiplying the distance
separating the two catheter borders traced from the projected image by [1 — ¢(X% + Y2)].

d; — The true-scale distance separating the traced catheter segment from the diseased arterial
segment, along the X-ray beam axis. This is used to compute the “beam divergence
correction.” It is obtained using the following formula, for j = 2 = RAO.

dp = r[sin@,sin @y + cos @, cos Dy cos(8, — O))
—r,[sin @, sin Dy + cos @, cos Dy, cos(6, — Og)

with a similar expression for d; in which L is substituted for R.

Steps to achieve true-scale biplane border representation

1. Assume foreknowledge of cw; c; m; X, Y,; X, Y; and X, Y; 0,, 9;;
Or, Dg.

2. Precalculate CW, d;, w;, Y, and X, Y, where: j = 1 =LAO;j =2 =
RAO.

3. Given *X;, *Y,, the coordinates (relative to the lesion center x,, ¥, = 0,
0) of i traced border points in the j (LAO and RAO) views of the lesion,
one can determine the coordinates X;, Y, of the border points rotated to
compensate for Y (tracing rotation) and w (biplane rotation), and cen-
tered on the X-ray beam center, X,, Y, = 0, 0. Equations (1) and (2)
below are used for this.

4. Having calculated these projected border points X, Yj, the true-scale

points, x;, y;, that are pincushion-corrected, beam-divergence-corrected,
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and magnification-corrected, can be determined by Equations (3) and (4)
below.

ij *Y.

y

*Yy.
X, = ("X2+ *Y})"2 cos [tan_' (——f) tw + Y,.J +

+X,— X, +X, €y

*y.
Yy = ("X} + Y} sin [tan_l (—i) +ow ot Y} +

*)(,'j 7 7
+Y,—Y,+Y, 2)
x; = [ew/CW, + md}] {[1—(§) X+ Y) | X, —
C
- [1 -3 (X2, + Y2) X,,,] (3)

_[l_é(){ﬁ/"'yif)] Yp/]- 4)

Once the sets of true-scale border points describing the biplane images are
obtained, centerlines between them are constructed and lumen diameters
perpendicular to the centerlines are derived. The diseased segment is now
described by a centerline in 3-D space with perpendicular diameters at
multiple points along its course.

Primary computations include lumen diameters in each of the two views at
the proximal and distal ends and at the point of greatest narrowing. Lumen
area is (n/4 - D;, + D), an elliptical approximation. Minimum area is
determined by computer search. Overall segment length and distance between
the two 90% normal area points (/esion length) are computed as incremental
sums along the centerline. The Poiseuille resistance is an integrated 1/A?
function described previously [16]. Cone-angles of divergence and convergence
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and a separation function are computed; the latter is a function of flow rate
and distal divergence, and relates to the probability of flow separation and
distal turbulence, which is highly likely for divergence half-angles of 15° or
more. Atheroma volume is obtained by integrating the difference between
observed lumen area and “interpolated normal lumen area” along the length
of the lesion. Lumen volume is an integration of lumen area over the length
of the segment.

A number of measures may be derived from these primary measures,
including normal diameter and area (proximal, distal, or both ends), as
specified by the viewer; percent diameter and area reduction relative to the
specified normals, maximum shear stress, entry and maximum Reynolds
numbers, and total pressure loss are computed for three hypothetical levels
of coronary flow.

Quantitative arteriography has been applied to study many clinical syn-
dromes. Active investigational areas include the progression and regression
of atherosclerosis [42—49], thrombolytic recanalization of acutely occluded
arteries [S0—58], percutaneous angioplasty [S9—635], the relationship between
the anatomic severity of atherosclerotic narrowing and its physiologic impact
[16—33], coronary vasomotion [20, 27, 29, 34—41], and the mechanism of
action of antianginal drugs [34—41]. A summary of these clinical findings is
outside the scope of this manuscript. Suffice it to say that important advances
in our understanding of coronary disease and its treatment have come, and
will continue to come, from these studies.

Qualitative aspects of coronary assessment
Anatomic description

Identifying the location of a coronary lesion and judging its physiologic
importance or clinical risk are among the “artisan’s” skills in angiographic
interpretation. Once again, lack of a precise common descriptive terminology
impairs communication. Several systems for shorthand classification of coro-
nary segmental anatomy have been proposed [71, 72]. A major problem with
these numeric coding systems is that the numbers bear no relation to the
commonly used names for the coronary branches; in addition, these systems
differ among themselves. Figure 2 presents an easily remembered, concise,
and clinically useful system for coding segmental anatomy [70]. Using this
system, we have found that subsegmental location can be described effec-
tively in polar coordinates relative to the coronary ostium. The variance
(£ 1 SD) of such estimates approximates 1 ¢cm [70]. Furthermore, we have
recently found that the subsegmental lumen diameter of normal human
coronary arteries can be specified with a coefficient of variation between 0.1
and 0.2 if we know the coronary anatomic dominance, subsegment location,



12

and qualitative branch length. This latter knowledge has important implica-
tions for characterizing diffuse atherosclerotic narrowing.

Lesion morphology

Certain characteristics of the lesion appear to defy quantitation and yet may
have great value in explaining the dynamics of the clinical syndrome or
predicting the future course of the obstructive process. Among these are
thrombus, ulceration, lumen irregularity, eccentricity, ectasia, flexing, and
dissection. Some of these morphologic features are illustrated in Figures
3—8. We have attempted to determine the incidence of certain features in
lesions responsible for various clinical syndromes and their value in predict-
ing subsequent lesion change [48]. Thrombus is uncommon in stable clinical
syndromes; if an intraluminal thrombolucency partially obstructs a lumen, the
prospect of “regression” of this obstruction over 5 years is increased more
than 100-fold [48] (Figure 3). In our experience, thrombus is visible on close
inspection of highly magnified arteriographic images in over 90% of acutely

BASELINE FIVE YEAR

Fig. 3. Example of a mural thrombus (arrows) observed to narrow the RCA by 50% at
baseline in a clinically stable patient. “Regression” of obstruction occurred over 5 years in
40% of vessels narrowed by such obstructive thrombus, significantly more often than the 0.3%
regression frequency for lesions with a smooth intimal surface (p < 0.001). (Reproduced
from [49] with permission from the American Heart Association, Inc.).
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recanalized lesions responsible for acute myocardial infarction [54] (Figures
4—6). Thrombolucencies are also seen in the majority of active cases of
unstable angina [73, 74]. Thrombus adherent to the plaque may be mural or
globular, or may extend downstream from the point of attachment as a long
intraluminal tail (Figures 4 and 6). In recanalized infarct lesions, mural
thrombus signifies increased risk of reocclusion, while the globular form is
likely to lyse further. Failure of effective recanalization, to a minimum lumen

Fig. 4. Example of “globular” thrombus in the right coronary artery of a patient treated for
acute myocardial infarction. This injection was made just following PTCA to treat the totally
occluded RCA. Such morphology is difficult to characterize in the standard fashion, and poses
a considerable problem for automated border recognition techniques. Videodensitometry, an
apparent solution to this problem, can also prove misleading [62]. Thrombus with this mor-
phology is likely to lyse with time and thrombolytic agents.
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Fig. 5. A method for computer-assisted analysis of thrombolytic recanalization of an occluded
RCA. Two lumens are traced; the recanalized lumen, as outlined by dense contrast, and the
underlying atherosclerotic lumen, whose borders are faintly but clearly defined (on close
inspection at high magnification) in the region of the thrombus. When the thrombus is lysed at
24 hours, the underlying lesion is revealed to be a mild, 38% stenosis.

diameter of > 0.6 mm, predicts a 35—55% chance of acute reocclusion
of an infarct artery initially pened by fibrinolytic therapy [51, 55, 57].
Thrombolysis has the potential to recanalize the average infarct lesion to a
50—55% stenosis, usually exposing the underlying plaque dissection or
ulceration (Figure 6) that was the initial locus for thrombus formation [54,
73—78]. A plaque ulceration is uncommon except as above; however, if
present, the risk of lesion progression is doubled [48] (Figure 7). Similarly,
irregular lumen surfaces predict progression [76, 79—81]. Flexing of the
artery at the site of the stenosis occurs in about 25% of lesions; surprisingly,
flexing lesions are less likely to progress [48] (Figure 8).

Further investigation using high-resolution images and prospective study
designs will be necessary to understand better the value of these morphologic
features in clinical practice.
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LYSIS OF THROMBUS ON PLAQUE ULCER

ACUTE MI TEN DAYS LATER
45°RA0  45°LAO  45°LAO  45° RAO.

INITIAL DISCHARGE

Fig. 6. Example of pharmacologic lysis of a long “tail” of thrombus adherent to a site
eventually identified as a large plaque uleer in a follow-up arteriogram obtained 10 days after
treatment. This right coronary artery was initially subtotally occluded in the clinical setting of
acule inferior myocaordial infarction. (Reproduced from {54] with permission of the American
Heart Association, Inc.).

RAC LAC RAO LAO

BASELINE FIVE YEAR

Fig. 7. Obvious ulceration (arrow) of the intimal surface was uncommon among clinically
stable patients, occurring in 4 of 493 lesions. Progression of obstruction occurred in 50% of
such ulcerated stenoses [49]. In this case, the ulcer persisted for 5 years. RAO = right anterior
oblique view; LAO = left anterior oblique. (Reproduced from [49] with permission of the
American Heart Association, Inc.).
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BASELINE " FIVE YEAR

Fig. 8. A mild marginal branch lesion seen at a site of active arterial flexion (solid arrow) did
not change during the S-year angiographic interval. Surprisingly, only five percent of 110
flexing lesions progressed, as compared with 12% of 282 lesions without any distinctive
morphologic features among 468 lesions studied. (Reproduced from [49] with permission of
the American Heart Association, Inc.).
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2. Digital coronary angiography: advantages and
limitations

G. B.JOHN MANCINI

Summary

Digital angiography has been available clinically for a decade. Initial enthu-
siasm stemming from the prospects of obtaining noninvasive images, reducing
X-ray exposure, utilizing quantitative programs routinely, performing more
sophisticated analyses and enhancing or manipulating images has been tem-
pered by broad experience in the hands of both clinicians and investigators.
Even though successes of differing degree have been achieved in all these
stated areas, the most significant and unique contribution over film-based
methods is that digital angiography provides live-time images available for
immediate review, manipulation and analysis. It lets the angiographer, espe-
cially one involved in interventional techniques, use subjective or quantitative
image data during the procedure to tailor the course of the study and
document the results. Quantitation beyond simple measurements can be
performed easily (roughness, flow reserve, etc). There are several unmet
challenges, however, that stand in the way of greater utilization of this
technology. Archival of digital images is slow, expensive, sometimes unreli-
able and generally incompatible from system to system. Issues about neces-
sary matrix sizes, achievable resolution and image quality are not resolved.
Auvailable software is highly variable and often poorly documented or
validated. Utilization of the new technology is often more cumbersome and
less “user friendly” than using standard cineangiographic methods. This
fosters resistance among technicians and clinicians to learn the methods of
digital angiography. Finally, and perhaps most important, it must be recog-
nized that an impaired ejection fraction and the presence of left main or
triple vessel coronary disease are angiographic parameters of proven prog-
nostic importance. Yet many clinicians are not compelled to do much more
than only qualitatively “eyeball” these important parameters. The motivation
to routinely quantitate even more sophisticated indexes is obviously propor-
tionately less. Therefore, the rapid and accurate quantitation provided by
digital angiography will continue to fail to justify more widespread clinical
use of the technology until the need for such quantitation can be shown to be
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not just of prognostic importance but perhaps also of medicolegal impor-
tance. It may well be that more stringent quality assurance requirements for
documentation of the accuracy of interpretations of cardiac catheterization
studies and the appropriateness of the clinical-decisions based upon these
analyses (referral to surgery, angioplasty etc.) will be necessary to increase
the utilization of digital cardiac angiography.

Introduction

This review is intended to summarize the existing and potential advantages
and disadvantages of digital angiography as it relates specifically to coronary
assessment. Even after 10 years of clinical usage, the facts in this chapter
must be laced with a generous number of opinions and hopes held together
by a good deal of optimism. A view is developed that suggests that techno-
logical and scientific developments are not the sole determinants of the fate
of digital coronary angiography. Greater accountability for invasive proce-
dures and quality control issues may well play an equally important and
parallel role in promoting the transition to greater utilization of digital
angiography.

Advantages of digital angiography

The biggest advantages of digital angiography are the following: (1) images
are available immediately without the need to use film or wait for its
development; (2) images can be subjected to contrast and edge enhancement
or subtraction algorithms immediately; (3) selected frames can be used to
create roadmaps; (4) stenoses can be analyzed with resident software so that
results are available during the procedure or immediately thereafter and
these analyses can be either simple or sophisticated in nature; (5) results
available during the catheterization can, in an interactive fashion, help to
modify or change the execution of the rest of the catheterization (eg. obtain
better views, perform immediate angioplasty, select size of balloon, stent,
burr, laser, angioscope or flow measuring devices, determine need for pacing
or perfusion studies, etc.); (6) sophisticated perfusion studies can be per-
formed with the resident software; (7) the study is not subject to vagaries of
film development or problems that might ruin film; (8) quantitative programs
can be applied in the absence of increased noise inherent in digitizing film
images; (9) images and quantitative output can be specifically corrected for
pincushion distortion that affects morphometrics, and scatter and veiling
glare as well as other factors that affect videodensitometry; (10) computeriza-
tion of X-rays allows novel applications that can decrease dose and redundant
data or improve image quality at similar overall dosing levels; (11) an entire
catheterization report can be generated as soon as the procedure is done;
(12) this report can be accompanied by hardcopy images; (13) the report can
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be accompanied by a video tape of the entire procedure or nondegraded
digital copies of a few of the most important of the original images; and (14)
the images may be transmitted remotely and integrated with other clinical
image and nonimage information (Table 1).

One of the most important advantages of digital angiography is that it
provides images of diagnostic quality that can be viewed immediately during
the course of a cardiac catheterization study thereby providing information
that might potentially alter the course of the examination itself or expedite
the delivery of clinical care. For example, if insufficient or inadequate views
are identified by review of the digital acquisitions during the procedure, more
views in different projections may be obtained immediately thereby improving
the comprehensiveness and adequacy of the catheterization. The study will
not be subject to potential and unforeseen difficulties in film development
that might ruin or compromise the diagnostic quality of the images. More
importantly, it is becoming more common, due to logistical advantages and
efforts to minimize patient admissions, to proceed immediately to angioplasty
instead of waiting to develop and analyze film and then to schedule a second
admission for the angioplasty itself. Since standard video chains and video-
taped images are not always of diagnostic quality, expedited angioplasty at
the time of the initial catheterization is best decided upon from the high
quality digital image playback. Images can even be quantitated at that time
and comparative calculations can be made immediately after the procedure.
This provides an important documentation of the rationale for the angioplasty
and hard evidence of the immediate anatomical (and sometimes functional)
improvement provided by the intervention. In some cases, this ability may

Table 1. Existing and potential advantages of digital angiography.

1) images available immediately
2) contrast and edge enhancement or subtraction algorithms improve conspicuity
3) roadmaps aid interventional procedures
4) stenoses can be analyzed with resident software (both simple and sophisticated para-
meters)
5) immediate result helps to modify the catheterization
6) perfusion studies are possible
7) avoid cost and pitfalls of film and its processing
8) quantitative programs can be applied in the absence of increased noise inherent in
digitizing film images
9) specific correction for pincushion distortion and scatter and veiling glare
10) novel applications that can decrease x-ray dose and redundant data or improve image
quality at similar overall dosing levels
11) catheterization report can be generated as soon as the procedure is done
12) accompany report with hardcopy
13) provide video tape of the entire procedure or nondegraded digital copies of most
important original images
14) remote transmission, review and integration with other clinical image and nonimage
information
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give an early clue to the presence of a suboptimal dilatation and this might
lead to consideration of repeating the dilatation or using a larger balloon or a
different device (burr, laser, stent etc).

Once developed, the quality of a standard cineangiogram cannot be
changed. In contrast, digital angiograms can be subjected to powerful, even
though simple, image processing techniques that may assist decision making
in individual cases. For example, roam and zoom functions may allow more
detailed analysis of lesions suspected of having complex features, thrombi or
dissections after angioplasty. Filtration techniques may be used to either
smooth out image noise or enhance edges thereby improving the subjective
appreciation of the arteriographic information. Image contrast may be altered
to allow better visualization of arteries and lesions. In studies devoid of
patient motion, mask subtraction may aid in increasing conspicuity and
contrast resolution.

For practitioners of angioplasty, roadmapping, either by provision of
several optimal guiding shots on different monitors or by interlacing such
images with live-time fluoroscopic images has proven extremely valuable as
an aid to proper balloon placement. Quantification of images before and
after the procedure is of value for documentation of results. In addition,
quantitation may be important for initial sizing and selection of the devices to
be used. This will be increasingly important as angioscopes, echocardio-
graphic catheters, new flow measuring devices and stents become more
commonly used during angiography.

Aside from the potential to alter or improve the immediately available
image, another major advantage of digital coronary angiography is that the
digital format expedites interrogation of the image data by either simple or
sophisticated techniques. For example, simple percent diameter or percent
area stenosis measurements can be made easily [1]. With simple calibration
of the image by the use of a grid or the coronary catheter, absolute lumenal
dimensions of the “normal” and stenotic segments may be obtained equally
easily. The component analysis methodology of Kirkeeide et al. [2] can also
be applied to provide a rapid indication of the theoretical flow reserve
associated with any single lesion before and after an intervention. This
measure, although theoretical, may be of greatest value in helping incorporate
the effects of length of a single lesion into the overall potential effects that it
may have on the functional adequacy of coronary blood flow. As evidence
continues to accumulate about the prognostic importance of lesion com-
plexity, methods other than subjective and categorical indexes of complexity
may be more suited to defining this factor in a more precise, mathematical
and sensitive way |3, 4]. This may also prove to be more useful for assessing
subtle changes induced by either mechanical or pharmacologic means.
Although all these methods can be performed after digitizing film images, the
latter is extremely time-consuming and has remained suitable only for re-
search purposes. Moreover, the process of digitization of film introduces
another source of noise that contributes to the high noise frequency of
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digitized film images and makes them more troublesome to quantitate than
on-line digital images.

Although not yet totally refined, there are several methods now proposed
for measuring actual coronary flow dynamics from digital arteriograms.
These are outlined in other chapters in this book. These methods, coupled
with the morphologic methods outlined above, will be extremely important
since the role of the catheterization laboratory continues to change from
documentation not just of morphological features but also of functional
parameters of coronary artery disease [5—9]. The methods will be critical for
assessing patients with moderate lesions, and confusing chest pain or exercise
test results. In patients who cannot exercise these methods may compete
with other non-exercise stress test methods such as dipyridamole thallium
scanning.

Software programs currently available are extremely variable but by
invoking good programming methods and with due regard to robustness and
user-friendliness, technicians can be trained to use such programs easily and
to perform nearly all of the simple and sophisticated quantitations. This
would free up some of the angiographers’ time.

Should sophisticated quantitation gain a foothold in clinical medicine then
two further aspects of digital imaging make it the logical choice for routine
utilization. First, pincushion distortion, albeit markedly reduced in newer
radiographic systems, can be virtually eliminated by applying correction
algorithms designed specifically for each imaging chain (10). These can
correct the image by correcting the specific spatial distribution of the actual
distortion without assuming strict radial symmetry of the pincushion effects.
Secondly, accurate videodensitometry, a longstanding desire in clinical car-
diology, will require meticulous corrections for scatter and veiling glare and
other undesirable effects (see below) [11, 12]. Digital methods promise that
such corrections will be made rapidly and with regard to the actual image
intensity of the image being analyzed. Linearization of the radiographic input
and output signals will be easier with digital images and will not be prone to
the nonlinear sensitometric characteristics of film [13, 14].

Greater computerization of the radiographic imaging chain will lead to the
wiser use of X-rays. For example, Weiss et al. [15] have shown that staggered
imaging of the coronaries, i.e. 30 frames per second (fps) during the first 1/3
of systole and 6 fps thereafter will diminish radiation dose and redundant
image data without compromising the diagnostic quality of the study. Alter-
natively higher doses per frame could improve image characteristics without
increasing overall radiation exposure. Dual energy imaging may provide
remarkable image quality that is not marred by misregistration typical of
standard temporal subtraction methods [11].

With the advent of larger and more efficient networks, the ability to
remotely transmit any digital image may be important for assisting in making
a comprehensive patient assessment. Remote viewing of angiograms, exercise
radionuclide images, echocardiographic test results and data from the history
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or physical examination might be most conveniently collated in digital
format. This would also, parenthetically, set the stage for utilization of
programs designed to factor in all of the information in quantifiable ways and
thereby assist in making diagnostic and therapeutic decisions. Implications
for allowing greater ease and comprehensiveness when dictating and trans-
ferring final reports and summaries also should not be ignored. Such reports
could be accompanied by identical, undergraded digital copies of the original
diagnostic images. Several far-reaching implications of such capabilities have
already been demonstrated in noncardiac imaging settings [16].

Limitations of digital angiography

Despite these attractive features, there are still substantial impediments to the
full scale acceptance of digital coronary angiography. These include: (1)
unresolved issues of spatial resolution; (2) unresolved issues of archival and
data retrieval and transmission including the costs of such; (3) robustness of
image processing methods and proneness to misregistration artifacts; (4)
incompatibility of system; (5) lack of fully automated methods for edge
extraction and rapid quantitation; (6) lack of a system optimized solely for
digital angiography; (7) additional equipment must be purchased and is
generally an “add-on” leading to potential difficulties with interfaces and
compatibility; (8) additional training is required to make both physicians and
operators comfortable with the existing operating systems and software
packages; (9) depending on the manufacturer, acquisition of images may
require execution of numerous computer commands and result in delays
especially if the support personnel are unfamiliar with the routines; (10)
software analyses and their validation are quite variable and often not
comprehensive enough to perform all functions necessary for image mani-
pulation and analysis (eg. EF, wall motion, end-systolic pressure-volume
calculations, valve gradients, etc.); (11) the technology continues to evolve so
that potentially costly upgrading of the system may be expected; (12) typical
consoles are not suitable for catheterization conference; 13) video tape
archival and display of digital images is not optimal; (14) new personnel
(programmers, word processors, database managers, system analysts, vendor
liaisons) may offset whatever savings might have accrued from a digital
laboratory; (15) the cost of video display monitors and workstations and the
ease of their use for comparing serial studies or retrieving old studies is of
significant concern; and (16) videodensitometry may or may not be achiev-
able in clinically practical ways and remains a large question mark (Table 2).

A few of these limitations are probably more theoretical than real. The
first and most important relates to comparability of film and digital images
and the perceived need for increased image resolution. Numerous studies are
now available suggesting that even existing digital systems may be more
comparable to film images than previously suspected on theoretical grounds.
The key issues are twofold: first, the theoretical spatial resolution advantage
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Table 2. Existing and potential disadvantages of digital coronary angiography.

1) unresolved issues of spatial resolution
2) unresolved issues of archival, retrieval, transmission and costs
3) robustness of image processing methods and proneness to misregistration
4) incompatibility of systems
5) lack of fully automated methods for edge detection and quantitation
6) lack of a system optimized solely for digital angiography (“add on”)
7) additional equipment expense
8) additional training
9) acquisition of images may require execution of numerous computer commands
10) software analyses and their validation are quite variable and often not comprehensive
11) costly upgrading
12) typical consoles are not suitable for catheterization conferences
13) video tape archival and display of digital images are not optimal
14) new personnel (programmers, word processors, database managers, system analysts,
vendor liaisons)
15) the cost of video display monitors and workstations and the ease of their use
16) videodensitometry may not be achievable

of film compared to digital images is based on high contrast test images that
do not mimic actual in vivo performance, and second, several technical
prerequisites are required in the acquisition and analysis of digital images
before digital images can be expected to be comparable to film (use of
standard radiographic doses, use of small focal spot size, use of 5 to 7 inch
image intensifier, use of progressive scan video readout from a high quality
camera, use of a high quality analog-to-digital converter, minimum matrix
size of 512 X 512 pixels, automated analysis based on edge detection
methods, appropriate magnification of digital images, and avoidance of
temporal subtraction as a general rule). The following discussion summarizes
the phantom and in-vivo experiments and clinical studies that support or
challenge these views.

Comparative studies on digital and cinefilm approaches

Two important phantom studies merit review. LeFree et al. [17] used auto-
matic quantitative arteriography to analyze cinefilm and digital radiographic
images of an arterial phantom made of lucite and precision-drilled lumens
ranging from 0.5 to 5.0 mm in diameter. Digitized and magnified film images
were compared to digital images acquired using 512 X 512 and 1024 X
1024 matrixes and appropriately magnified. All three techniques were
equivalent in measuring diameters with a high degree of overall accuracy
(r > 0.992). All methods overestimated diameters below 1.0 mm, thereby
confirming little improvement in spatial resolution of any of the methods.
Videodensitometric analysis of the digital images outperformed film for
measurement of relative areas (r = 0.995 vs r = 0.940, p < 0.0032).

A second phantom study was performed by Gurley et al. (18) who obtained
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simultaneous film and 512 X 512 digital images of plastic arterial phantoms
with lumens ranging from 0.9 to 4.7 mm and the stenoses ranged from 11 to
81% diameter stenosis. These were imaged after superimposing them on a
phantom simulating the radiological characteristics of the human thorax.
Images were not magnified and analyses were undertaken with hand-held
calipers. Digital and cine analyses of percent diameter stenosis showed
similar variabilities of 2.5 and 4.0%, respectively. Both methods showed mild
underestimation of percent diameter stenosis with a mean difference of 3.9%.
Both methods correlated equally well with the known percent diameter
stenoses and the actual diameter narrowing (» = 0.98 for both techniques).
The results of clinical studies, however, showed differences that are sum-
marized below.

A unique, in-vivo validation study also directly compared digital and film
images for coronary quantitation [1, 19]. This laboratory validated the
algorithm used by LeFree et al. by inserting plastic cylinders with precision-
drilled circular lumens ranging in diameter from 0.83 to 1.83 mm into the
coronary arteries of anesthetized dogs. Images were obtained with the chest
closed and during cessation of respiration. Film and 512 X 512 digital
images were obtained consecutively in identical views. Analysis of absolute
minimum diameters failed to demonstrate any superiority of film over digital
imaging in quantitating these very small diameters. Moreover, film analyses
showed a significantly greater standard error of the estimate for linear
regression analyses of absolute dimensions than did digital analyses (0.24 vs
0.09 mm, p < 0.03).

Several clinical studies provide important insights into the differences
between theoretical and actual deficiencies in existing digital imaging tech-
nology. Tobis et al. [20] reported a study in which different observers
independently identified and measured focal coronary narrowings in using
digital subtraction angiograms and standard 35 mm cineangiograms. The
digital angiograms used 512 X 512 X 8 bit pixel matrix. Due to rapid
evolution of digital hardware and software at that time, the study was
undertaken in two parts. In Phase 1 of the study, 38 patients (35 with
interpretable studies without misregistration artifacts) were studied with
continuous fluoroscopic exposures and an interlaced camera readout of 30
frames per second. Images were subjected to subtraction using a blurred
mask and then converted back to video tape. Two observers analyzed both
these images and the corresponding 35 mm cineangiograms with manually
operated calipers. Results within 10% were considered equivalent, otherwise
results from the digital images were described as over- or underestimating
the cineangiographic results which were used as the reference standard. The
results demonstrated that agreement in quantitation within 10% occurred in
76% of cases. Underestimation by the digital technique occurred in 18% and
overestimation in 6% of cases. While these results were quite favorable, the
overall quality of film was better because the image acquisition parameters
and processing methods resulted in substantial noise in the video images.
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In Phase 2, 19 patients were studied with more advanced techniques.
Pulsed radiographic mode and a progressive scan camera were utilized. In
addition, only a single-frame mask was used and the observers were allowed
to use an edge-enhancement algorithm and a 4x magnification algorithm. In
this phase, 4 observers quantitated the paired cineangiograms and digital
angiograms, again using hand-held calipers. The results showed no significant
difference in the mean percent diameter narrowing for all the narrowings
(53 = 31% vs 52 * 31%, digital vs film, respectively). No difference in
variability of measurements between the 2 methods could be detected. In 2
patients, unsubtracted images were used due to excessive subtraction artifacts.
It was apparent that even when the digital images were suboptimally pro-
cessed by older methodologies, including using hand-held calipers, the
digitally based quantitations compared quite favorably to the film-based
results. This study suggested, however, that at least in some patients, mis-
registration continued to be a problem and that fluoroscopic exposure levels
and interlaced camera readout were not optimal for digital applications in
coronary quantitation.

Bray et al. [21] analyzed 32 lesions in 15 patients using the technique of
high-pass temporal filtration digital subtraction with a real-time recursive
processor and videotape storage and display. An interlaced camera readout,
and radiographic exposure levels were utilized. A 480 X 792 X 8 bit image
matrix and a framing rate of 30 Hz were used. Standard 35 mm cineangio-
grams were acquired simultaneously. Three observers using calipers analyzed
the image sets and the overall results demonstrated a correlation coefficient
of 0.73 with a standard error of the estimate of 9.1% diameter stenosis. The
average severity (49% for film images and 47% for digital images) and the
variability of the measurements (average standard deviation for film of 6.6%
and for digital of 7.7%) were indistinguishable. Twenty-eight % of measure-
ments were more than 10% different between methods and 5% were more
than 20% different. This variability was substantially reduced when multiple
observations were averaged and then compared.

The recursive filtration technique utilized by Bray and coworkers has
several attractive characteristics. It is relatively economical with dedicated
hardware because of minimal image memory requirements; the temporal
filtration is automatic, requiring no operator input to select frames for masks,
etc; results are seen in real-time without the need for post-processing; and
the subtraction method is more tolerant of patient motion. This latter
characteristic is due to the continually updated “moving mask” which is a
weighted average of the old mask image and the new input image in a
recursive loop. This has the effect of suppressing stationary image structures
while the more rapidly moving contrast bolus and cardiac structures are
selectively enhanced. The effect of slow respiratory motion, a common cause
of misregistration artifact, is partially suppressed. Unfortunately, this method-
ology is not widely available and experience with it for coronary quantitation
is limited. It is anticipated that problems with absolute videodensity measure-
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ments may occur due to temporal differences in background subtraction
across the image field. Nevertheless, for routine quantitation, this study was
unable to demonstrate any striking loss of clinical information when digital
imaging was compared to cineangiography. The study also confirms the
merits of radiographic exposure levels and the authors suggest that pro-
gressive camera readout for such applications would improve results further.

Goldberg et al. [22] studied a total of 77 patients with mask-mode 512 X
512 X 8 bit, 30 frame per second digital angiography using boosted fluoro-
scopy (i.e. the tube current was between fluoroscopic levels and full radio-
graphic levels and ranged between 10—30 mA). Single views were compared
to standard cineangiography in 27 patients (95 arteries). Two angiograms
agreed with visual assessment within one grade of severity in 84% of cases,
including comparisons of normal segments. Multiple-view digital angiograms
were compared in 50 patients (144 arteries) and visual agreement within one
grade occurred in 90% including normal segments. It should be noted that
the film images were acquired using magnification mode, whereas digital
images were acquired in a 9 inch mode so that the entire coronary tree could
be seen without panning to avoid misregistration artifact during subtraction.
Use of the 9 inch mode has the effect of yielding a larger pixel size in the
digital images, but despite this bias against the digital images, the com-
parisons outlined above were quite favorable. Moreover, the investigators
reported that 95% of collateralized vessels noted on film images were also
noted on the digital angiograms. The grade of the collateral vessels also
agreed in 81% of instances with the cine assessment. As in the other studies,
misregistration in several cases precluded analysis. Because only boosted
fluorography was used, the authors stated that mask subtraction was manda-
tory to provide sufficient contrast resolution. One can conclude from this
study that for practical purposes, the visual interpretation of coronary
stenoses is quite comparable whether film or digital imaging is used.

Skelton et al. [23] examined the effects of digital image acquisition mode
and subtraction techniques on the quantitation of cornary stenosis involving
100 discrete lesions in 45 patients. Each lesion was assessed from direct
on-line digital, electrocardiogram-gated digital subtraction and digitized cine
film images. Geometric measures of percent diameter stenosis and minimum
lesion diameter showed correlations betwen 0.90 and 0.98 with slopes
between 0.93 and 1.00. Thus, the measurements were not strongly affected
by image acquisition mode or by electrocardiogram-gated digital subtraction.
These geometrically drived results were superior to similar comparisons
using videodensitometric techniques.

Gurley et al. [18] recently compared unprocessed digital angiograms and
conventional cineangiograms for the diagnosis and quantification of coronary
stenoses in both phantoms and clinical subjects. In contrast to the prior
study, this group used unmagnified, 512 X 512 digital images and caliper
quantification of the stenoses. The effects of image subtraction was not
assessed and absolute minimum diameter measurements were not made.
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Additionally, the two images were acquired simultaneously such that 85% of
the image intensifier light intensity was used to expose film and only 15% of
the light intensity was used to generate the digital image. While the differen-
tial sensitivity of the two may have made this splitting of the light signal
adequate, definite confirmation of this was not provided. Even under these
conditions, phantom studies showed no differences in performance between
digital and film imaging (see above). In analysis of patient images, the overall
interobserver variability was also equivalent. However, the authors noted that
digital evaluation of percent stenosis in patients generally overestimated film
results and that this overestimation was progressively more severe with
milder lesions, lesions in vessels of less than 2 mm, and branch stenoses. This
study underscores the need for each laboratory to ascertain the equivalence
of the two imaging techniques under the specific or likely conditions of use.
For the most part, the lack of automated quantitation, failure to use image
magnification and potential diminution in light source for the generation of
digital images leading to poorer signal to noise characteristics were potential
biases against the digital imaging technique.

The reviewed studies suggest that analysis of digital and film based
coronary angiograms is essentially equivalent when several factors are taken
into account. In our experience, subtracted images yield results of equivalent
precision but with slightly higher inter- and intraobserver variability even
when gross misregistration is not evident. This increase is felt to be due to
increased image noise and the potential presence of subtraction artifacts and,
therefore, this laboratory does not recommend clinical use of subtraction
techniques for coronary arteriography. Despite great advances in other
aspects of digital imaging, misregistration artifact due to patient motion
remains one of the commonest causes of image degradation and, therefore,
the demonstrated accuracy of nonsubtracted quantitative digital angiography
should enhance clinical implementation and acceptability. It is not yet clear
whether the techniques outlined by Bray and coworkers or dual energy
subtraction will overcome this problem.

Although film-based radiography has a very high theoretical resolution,
numerous factors prevent attainment of this in clinical circumstances. The
difference in attenuation coefficients between iodinated contrast medium and
tissues is not great and may perturb edge-detection in areas with significant
variations in background density. The usual measurement of the resolving
power of a system by using tungsten wires or lead strips does not truly reflect
the much poorer object contrast in coronary angiograms. Moreover, the
usable spatial resolution of film, considering the physical properties of
cesium iodide image intensifiers, the effects of the main objective lens in the
image distributor and the cinecamera optics, is markedly deteriorated from
the theoretical intrinsic resolution of cinefilm. Under some conditions, usable
spatial resolution of film is approached by that of a high quality video pickup
tube [24]. A second major factor is that the automated edge-detection
scheme used in our investigation [1, 17] was optimized for the noise fre-
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quency of digital images. It should also be recognized that the reported
investigations used different imaging systems, film types and processing
methods. Different processing systems and film types may alter the accuracy
compared to digital images. Thus, the small differences shown in some
studies may not apply under all circumstances and in all laboratories as
evidenced by the work of Skelton and Gurley. Moreover, in spite of these
differences, the relation between commonly measured parameters of coronary
stenosis and reactive hyperemia have been shown to be equivalent amount
modalities, suggesting that no major clinical differences are present [1].

It should be noted that all of the studies described above which compared
the performance of quantitative arteriography from film to that from digital
images have utilized digital images with a matrix density of no greater than
512 X 512. Metriculous studies using a matrix density of 1024 X 1024 have
failed to demonstrate any substantive improvement in quantitative accurracy
when used in currently available X-ray systems [17,25—28].

Archival and retrieval of digital data

The issues of matrix size and usable resolution impact directly on another
major unsettled issue in this field, that of archival and retrieval of digital data.
A comprehensive discussion of this issue is provided by Cox and Dwyer [29].
Typically, a complete patient examination might entail a minimum of 5 to 6
coronary arteriograms, each lasting 5 to 10 seconds. Thus, at 30 frames per
second and using a 512 X 512 bit matrix, this will yield about 500 megabytes
of data. In a laboratory performing 1000 cases per year, the archival load
would be in the 500 gigabyte range. Four times this amount would result by
using 1024 X 1024 matrixes. These demands could be minimized by using
lower frame rates, staggered acquisition frame rates [15], data compression
[29], spatial multiplexing [30] or adaptive differential pulse code modulation
[11]. Optical and/or digital tapes appear to be the most promising methods
for digital archival demands of this magnitude. Long-term stability of these
media has not been tested and the possible need for routine updating of
images archived on these media has been raised [30]. Some existing labora-
tories use videotapes for long term storage at the expense of some short and
long term degradation of image quality. Post-processing of videotaped digital
images will be less than optimal. Some technologies (eg CT, MRI) record the
digital images on film. Although this appears counterproductive to the goal of
eliminating the costs of film, the advisability or costs of completely digital
storage remain serious questions that are not nearly solved [31]. The
attractiveness of simultaneous digital and cine imaging is therefore evident
during this time of tremendous uncertainty [11, 18]. An alternative would be
the provision of simultaneous digital and video recording. This would obviate
the use of film and the time needed to develop it. This archival would be
at a reasonable cost and widely compatible. Since post-processing of video
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images might be less than optimal, the angiographer might need to make a
decision about the likelihood of this need and use both digital and video tape
archival in selected cases. Simultaneous digital recording on disc and digital
tape might also be an attractive alternative.

Digital subtraction techniques

The availability of temporal subtraction methods such as mask mode and
time interval difference methods provided an exciting and important con-
tribution in cardiology primarily in the study of ventricular function using
low doses of contrast material. Even in this application and especially in
coronary applications, the susceptibility of temporal techniques to misregis-
tration artifact has remained one of the most nettlesome problems in digital
angiography. So much so that, in general, coronary arteriography using
standard forms of temporal subtraction are not recommended. Continuing
work in dual energy subtraction imaging, however, may eventually be incor-
porated clinically. The method promises to be more robust than standard
temporal subtraction methods by being immune to spatial misregistration
artifacts [11]. Dual-energy subtraction is not sensitive to either patient or
cardiac motion because the two images to be subtracted are acquired in rapid
succession. A weighted subtraction of a high energy image (approximately
120 kVp) and a low energy image (approximately 60 to 70 kVp) results in a
subtraction image in which soft tissue contrast is absent. Image contrast due
to bone is still present but appears to interfere minimally with visualization
and can be mathematically corrected during quantitative analysis. It should
be stressed that the signal-to-noise ratio of such images is inferior to that
provided by temporal subtraction methods not marred by misregistration.
Therefore, the method only outweighs temporal subtraction techniques when
misregistration is present. Since this occurs commonly during coronary
arteriography even with EKG-gated mask mode subtraction, the dual energy
approach is extremely attractive. The method may also be used to advantage
for ventriculography, especially exercise studies.

Coronary quantitation; edge definition and densitometry

Although digital angiography lends itself to both simple and complex quanti-
tation, the lack of automation of this process is a major impediment to the
routine and comprehensive use of quantitative methods. Advances in edge-
detection are being made using sophisticated programming methods. The
method of LeFree et al. [17], for example, is robust and easy to use and can
be applied quite quickly for coronary quantitation. Similar strides must be
made in ventriculographic edge detection methods to enhance utilization of
the programs [32, 33].
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Coronary videodensitometry using digital angiography can be considered
one of the great advantages but also one of the existing disadvantages, or
more properly, frustrations of digital angiography. The following clinical
studies highlight some of these frustrations.

Wiesel et al. [34] evaluated a combined geometric and videodensitometric
approach for measuring stenoses created in dogs. They used edge detection
applied to the normal segment and videodensitometry applied to the stenosis
to determine the absolute lumenal cross-sectional area by the following
relationship: stenotic area = An X (1 — S/100), where An is the area of a
normal segment determined geometrically and S is the relative stenosis
severity based on the density profiles over the normal and stenotic segments.
Relatively few stenoses were imaged and the minority were truly irregular. A
moderately good correlation could be shown with known lesion area and the
combined edge detection/videodensity approach (r = 0.76, standard error =
0.71 mm?, absolute area deviation = 0.65 mm?).

Tobis and coworkers [35] studied 19 patients before and after percutaneous
transluminal coronary angioplasty (PTCA). They compared geometric and
videodensitometric stenosis measurements obtained from digital angiograms.
Although intimal tears and dissections are expected to make edge detection
methods inaccurate after angioplasty, in fact, the mean stenosis measurements
by either technique both before and after angioplasty were not significantly
different. Interobserver variability was similar in each method. Since video-
densitometry should, in theory, provide a rotationally invariant assessment of
percent stenosis, they also compared results from orthogonal views of single
lesions. Although the densitometry showed a good correlation of results, the
performance of the edge detection methodology was no worse. There was,
therefore, no apparent added value of densitometry in this clinical application.

Klein and coworkers [36] provided a pathoanatomic validation of video-
densitometric analyses in 15 stenotic segments of excised human coronary
arteries imaged by digital techniques. These investigators showed good
results with videodensitometry when percentage area narrowing results were
compared to analyses of pathologic sections (r = 0.93). This performance
was somewhat better than a similar comparison using purely geometric
methods. Measures of absolute area narrowing were not undertaken.

Sanz et al. [37] analyzed 13 consecutively acquired biplane digital subtrac-
tion angiograms before and after PTCA to determine intra- and interobserver
variability of absolute lesion diameter, relative videodensitometric cross-
sectional area, automated percent diameter stenosis and visual percent
diameter stenosis. Both before and after angioplasty, measures of absolute
diameter showed less interobserver variability than densitometry or percent
automated diameter stenosis measurements. Importantly, in these routinely
acquired clinical images, relative videodensitometric cross-sectional area
correlated poorly with images from the orthogonal view.

Skelton and coworkers [23] undertook a large clinical study of 100
discrete lesions in 45 patients. Comparisons were made among direct on-line
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digital, electrocardiogram-gated digital subtraction and digitized cinefilm
images. Videodensitometric percent area stenosis data showed correlation
coefficients among the different modalities between 0.80 to 0.89. These
correlations were less and the apparent variability was greater than for
similar comparisons of geometric measurements. No real gold standard was
available to evaluate the significance of these results, but the investigators
pointed out that many more factors contribute to nonlinearity of cineangio-
grams than on-line digital images. Other experience suggests that the inferior
relation between film-derived and on-line digital-derived videodensitometric
measurements is a result of larger errors in the film-derived data [17].

Katritsis et al. [38] studied 73 lesions in 63 patients who had undergone
coronary anigoplasty. Digital subtraction coronary angiograms were analyzed
with an automated border-detecting computer program capable of simul-
taneous geometric and densitometric cross-sectional area estimation. They
showed good agreement between geometric and densitometric area percent
stenoses calculated by the program on the pre-PTCA digital angiograms.
After PTCA, however, important discrepancies between the two methods
existed. Densitometric evaluation demonstrated a significantly greater mean
coefficient of variation between different views after PTCA, but not before.
This degree of variation was much larger than noted for geometric evaluations
on the same views. The results are similar to those demonstrated by Sanz et
al. [37] except for the finding that the deficiencies in densitometry from
different views was limited only to the post-PTCA analyses. In general,
although the distortion of the vessel lumen after angioplasty is assumed to
render geometric methods potentially inaccurate, the altered geometry after
angioplasty cannot fully explain the results of Katritsis and coworkers since a
high degree of variability was not noted for geometric measurements either
before or after angioplasty. The authors postulated that distortion of the
vessel as a result of angioplasty may have interfered with the mixing of
contrast medium and blood, hence invalidating any assumptions about
uniform dye distribution, and thereby also invalidating densitometry mea-
surements. Further studies will be required to more fully elucidate these
practical problems.

The above studies were performed either in in-vivo models, in-vitro
models of actual human coronary arteries, or patients undergoing routine
catheterization. They represent extremely rigorous tests of the current applic-
ability of densitometry in clinical practice. The results, although in general
promising, are quite different from the excellent results noted almost rou-
tinely in phantom studies or in studies using highly selected images demon-
strating optimal background conditions, meticulous density calibrations to
ensure linearity, and absence of foreshortening of either normal or stenotic
segments [17, 39—42]. In biplane images, one must be confident that the
long axis of the lesion and normal segments are parallel to the image
intensifier planes and perpendicular to the X-ray beams. This “triple ortho-
gonality” can be achieved in new generation catheterization laboratories [43]
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and the process can be automated substantially in digital catheterization
laboratories [44].

At this point, it is felt that the role of videodensitometry should be in
rapid calculation of relative cross-sectional areas in a single view, and if
repeated studies are anticipated, then the same view must be utilized to avoid
large errors due to potential differences in foreshortening, background,
veiling glare, and scatter. The latter problems are spatially variable within
isolated frames and temporally variable as contrast moves in and out of the
field, and as brightness automatically changes in response to different back-
ground caused by panning. Accordingly, substantially increased efforts will
be required before robust methods are devised that will allow for successful
and rapid clinical application of videodensitometric techniques even with
on-line digital images.

Nevertheless, digital angiography is the milieu within which these problems
may be solved and allow more accurate implementation in the clinical setting.
For example, Van Lysel et al. [11] have outlined potential, practical solutions
to the influences of scatter, veiling glare, detector nonuniformity, heel effect,
and beam hardening on videodensitometry. Scatter and veiling glare are
modeled as convolutions of the primary transmission with point spread func-
tions that are dependent on patient thickness. Empirical solutions to the
problem using a spatially variable weighting of a scatter and glare image
modeled by convolving the detected image were proposed. Corrections for
nonuniformity (caused by curved image intensifier input surface) and anode
heel effects were also proposed. Solutions involve dividing the detected
image by a previously stored uniformity template. The uniformity template is
formed by simply making an exposure with no scattering material in the
beam at appropriate kVp and geometry. Beam hardening effects have been
estimated to be small and bone residual is removed from dual energy images
by subtracting the intensity integral of the bone signal over the region of
interest [45].

Future of digital angiography

Another disadvantage is that digital angiography is an evolving technology
making current systems vulnerable to obsolescence or costly upgrades.
Importantly, most systems are “add on” and not necessarily optimized for
digital imaging [30, 46—48]. Finally, it is currently questionable whether
costs saved by not using film and by diminishing physician and technician
time will be significant especially if new personnel such as database managers,
system analysts, and wordprocessors are required to complement cardiac
catheterization technicians [48]. The costs of setting up display monitors
and/or work stations may be formidable. And there is currently some
question about the ease of use of terminals for review and communication of
study results.
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Although much of the ultimate acceptance of the technology will be
determined by engineering and scientific developments, it is worth emphasiz-
ing that these developments should ideally also be paralleled by an increased
desire on the part of the clinician to perform quantitation during or immedi-
ately after a procedure. The desire to do this is currently not intense and this
is not due solely to practical, technical issues. For example, despite the
prognostic importance of relatively unsophisticated parameters such as the
ejection fraction, many laboratories still “eyeball” this parameter even though
it is incredibly simple to measure. Similarly, it is well known that visual
interpretation of lesion severity is not reproducible or accurate and does not
reliably predict the physiologic importance of a lesion. Yet subjective inter-
pretations are still the norm and delivery of care is based on these decisions.
Although clinicians have hidden behind the excuse of lack of a practical
means of performing such analyses, digital methods are rapidly removing this
excuse. In short, the current clinical practice of cardiac catheterization is
characterized by an appalling lack of reproducibility and quality control of
the data generated during the procedures. As a result, the adequacy of the
interpretations and the quality of the decisions made from these interpreta-
tions is very difficult to judge. If professionals do not impose upon them-
selves an adequate degree of quality assurance and self-policing, it may not
be long before licensing bodies and health insurance providers will begin to
demand it. Ironically, these forces may do more to speed the integration of
cardiac digital angiography into clinical practice than any of the scientific and
technical advances already or soon to be achieved through this methodology.
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3. Advantages and limitations of videodensitometry in
quantitative coronary angiography

J. S. WHITING, J. M. PFAFF and N. L. EIGLER

Summary

Quantitative angiography of coronary arteries using densitometry is less
sensitive than edge detection to variations in imaging system resolution,
quantum noise, and stenosis cross-sectional shape. In theory, densitometry
more directly measures stenosis cross-sectional area which is more closely
related than vessel diameter to coronary flow of hemodynamics. However,
densitometry is much more sensitive than edge detection to densitometric
non-linearities, oblique projection of the artery, and overlap with other
structures. The potential error from each of these sources is large, perhaps as
much as 50%. Overlap and obliquity problems can often be identified by
inspection of the angiogram and can be reduced by careful selection of
radiographic views, although in many cases lesions are located such that it is
impossible to obtain views which avoid both overlap and obliquity.

Important progress has been made recently on the correction of densito-
metric error due to scatter and veiling glare. The most promising approaches
use a blurred and scaled version of each image to produce an estimate of
scatter and veiling glare which is then subtracted from the raw images. Initial
results with this type of algorithm appear able to reduce the densitometric
error in coronary cross-sectional areas to less than 10%. Thus, at the present
time it seems possible to perform quantitative densitometric angiography
with a total error between 5 and 20%. Densitometric error depends on
factors which differ from those influencing edge detection, and therefore the
information from stenosis densitometry may be used to complement that
from edge detection.

Introduction

The coronary angiogram contains X-ray intensity data which may be used to
calculate the cross-sectional area of a coronary artery or stenosis from a
single view, even if the cross-sectional shape is highly irregular. In this
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review, we summarize the advantages and limitations of densitometry, discuss
the magnitude of error due to each of the factors to which this method is
sensitive, and review methods for minimization of these errors.

The basic advantage of densitometry is illustrated in Figure 1, which
shows that, in principle, a single plane densitometric profile determines the
cross-sectional area of even a highly eccentric lesion. The practical realization
of this approach, however, is far from straightforward. Figure 2 shows a
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Fig. 1. This schematic illustrates the concept of densitometry for quantitative coronary angio-
graphy. The lumen on the left is circular, while that on the right is crescent-shaped, yet the
projections of both lumens have the same edge outline. The densitometric profiles, however,
clearly distinguish between them. The area of each densitometrically corrected profile is
proportional to the cross-sectional area of the respective lumen. (Reproduced from ref. [8]).
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Fig. 2. These data show the comparison of densitometric percent area stenosis of the same
coronary artery lesion from two views. Despite the theoretical independence of densitometric
area measurements on radiographic projection, the correlation between views was very poor.
(Reproduced from ref. [1]).
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direct comparison of densitometric percent area stenosis of the same coronary
artery stenosis from two views [1], demonstrating a very poor correlation
between the measurements in one view versus the other. Although rare in the
published literature, we believe such wide variability is typical for densi-
tometric stenosis measurements unless extraordinary attention has been paid
to correction of several important sources of error. In the next section, we
shall review these sources of error and methods for their correction.

In principle, the transmitted X-ray intensity at each point along the vessel
profile is related to the thickness of the coronary artery at that point.
Videodensitometry is the determination of this relationship between coronary
artery thickness and the X-ray image intensity. In the simplest case in which
the X-ray beam is made up of a single X-ray energy with no scattered X-rays
reaching the detector, the relationship between area and intensity is:

Area= (d/uC)ZIn(4/1),

where d is the separation between pixels along the profile direction, u is
the attenuation coefficient for the contrast material in the artery, C is the
concentration of iodine within the artery, /, is the intensity of the X-ray
beam in the absence of attenuation by the artery, and I is the intensity of the
X-ray beam after passing through the artery. For densitometry to be accurate,
each of the factors within this formula must also be accurate. Table I lists the
major sources of uncertainty or error in each of these factors.

Table 1. Sources of error in densitometric cross-sectional area.

Error source Factor affected
Pincushion distortion Pixel size: d

Scatter and veiling glare Measured intensities: , I,
Beam hardening Attenuation coefficient: u
Structure noise I 1

Contrast material streaming Contrast concentration, C

Pincushion distortion

Densitometric measurement of a cross-sectional area requires that sources of
spatial distortion and magnification be corrected, just as in the case of edge
detection diameter measurements. The two major sources of magnification
and distortion are radiographic magnification and pincushion distortion.
Radiographic magnification is a simple geometric process as illustrated in
Figure 3. Magnification of a given coronary artery segment can be determined
either by knowing the distances between the arterial segment and the image
intensifier and X-ray source, or by measuring the diameter of a known object
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Fig. 3. This figure summarizes the geometry of radiographic magnification. For geometry
typical of coronary angiography, radiographic magnification (defined as projected image size
divided by true object size) is between 1.05 and 1.33. For the typical case of 100 cm between
X-ray tube and image intensifier the magnification increases by about 1% for each centimeter
an object moves away from the image intensifier. Thus, the error in densitometric area is
about 1% for each centimeter separating a stenosis and its reference (e.g. a catheter) in the
direction parallel to the X-ray beam. (Reproduced from Whiting et al. AJCI 2(3), 1988).

which is at the same distance from the image intensifier as the arterial
segment to be measured. In either case, errors in the assumed position of the
coronary segment to be measured result in approximately 1% error in
diameter or in cross-sectional area for each 1 cm of uncertainty in position.
Pincushion distortion is also primarily a geometric phenomenon whose
major source is the curvature of the input phosphor of the image intensifier
[2]. The result of this distortion is that images are stretched in the radial
direction by a factor which increases as the distance from the center of the
image increases. Figure 4 shows data from a 1977 image intensifier [3] and a
1986 image intensifier [2]. It is clear from this figure that newer image
intensifiers have much less pincushion distortion than those of a decade ago.
With modern image intensifiers, the typical maximum pincushion distortion
at the edge of a 7-inch image intensifier is about 2 or 3%. This distortion can
be corrected by calibrating a given image intensifier tube using an image of a
square grid to determine the distortion at each distance from the center of
the tube. A second source of distortion in image intensifier tubes is a
rotational distortion due to the earth’s geomagnetic field [4]. The effect of this
type of distortion on small object dimensions is usually quite small, although
it does vary from place to place on the earth’s surface and from projection to
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Fig. 4. Effect of pincushion distortion on radial dimensions. Older glass image intensifiers
produced nearly 20% distortion near the image edge in the 7 inch image intensifier mode |[3],
while modern metal input tubes produce about 3% [2].

projection as the image intensifier is moved relative to the earth’s field. It also
depends on the design of the ferromagnetic shielding around the image
intensifier tube.

Resolution

Unlike edge detection methods, densitometric methods of coronary stenosis
quantification are relatively insensitive to image blur or unsharpness. This is
because the increase in vessel width due to blurring is compensated by
reduction of vessel contrast. Kruger [5] has shown that the densitometric
cross-sectional area of a vessel is independent of the imaging system point
spread function, and Parker, et al. [6] have shown the same result for
unsharpness due to vessel motion. Thus, a potential advantage of densitome-
try is that it is independent of image resolution, unlike edge detection
methods which overestimate vessel diameter when there is motion unsharp-
ness and must be calibrated for the point spread function of the imaging
system. However, densitometry is more sensitive than edge detection to other
sources of error, namely: overlapping arterial brances, patient structure noise,
vessel-beam orthogonality, and densitometric non-linearity of the image data.
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Densitometry

There are two important sources of error in videodensitometric cross-sec-
tional areas: uncertainty and non-linearity in the relationship between image
intensity brightness and vessel thickness; and uncertainty in the thickness and
composition of structures which are projected on top of the vessel. The main
sources of densitometric non-linearity are X-ray scatter, image intensifier
veiling glare, and beam hardening.

Scatter and veiling glare

The X-ray intensity of each point in a coronary angiogram is the sum of two
components: a direct or “primary” component composed of X-rays trans-
mitted straight through the patient; and an indirect, or “secondary” com-
ponent composed of X-rays which have been deflected or scattered within
the patient before reaching the imaging system. Light scattering in the image
intensifier output phosphor and in the optical path to the video camera
produces an additional secondary component, known as veiling glare. The
useful imaging and densitometric information is contained in the primary
X-ray intensity. However, X-ray scatter and veiling glare typically comprise
50 to 80% of the total intensity, as shown in Figure 5. As Figure 6 shows,
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Fig. 5. Scatter and veiling glare contribution to total digital image signal varies with location
across the thorax. The scatter and veiling glare fraction (of total intensity) ranges from about
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(Reproduced from Naimuddin et al, Med Phys 14(3), 1987).
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the SVG at the site of the stenosis differs from that at the reference site.

error as high as 50% in relative cross-sectional area can result if scatter and
veiling glare are not subtracted before logarithmic transformation of the
image.

Scatter and veiling glare may be directly determined by blocking the
primary beam with a lead square whose size is large relative to the width of
the point spread function, but not large enough to significantly block scattered
radiation from reaching the center of its shadow on the image receptor. The
measured intensity at the center of the lead blocker image is the scatter and
veiling glare contribution to that point in the image. Several investigators
have used lead blocker measurements to estimate scatter and veiling glare at
nearby unblocked points in the image, taking advantage of the fact that the
scatter and veiling glare contribution varies slowly with location in uniform
intensity regions of the image [7—9]. This approach has at least two dis-
advantages for coronary angiography. First, coronary arteries are often
projected near the edge of the cardiac silhouette where background intensity
is rapidly increasing toward the lung field. In these areas, the scatter and
veiling glare is also changing rapidly, making the direct measurement in-
accurate except directly adjacent to the lead blocker. Secondly, the lead
blocker can obscure important angiographic features.

Another direct measurement of SVG has been described by Shaw [10], in
which a nararow lead bar is moved across the field while a series of images is
recorded. A “minimum pixel intensity” algorithm is then used to construct a
single image corresponding to the intensities behind the bar, providing an
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approximation of the SVG at each point throughout the image. The dis-
advantages of this method are that the lead bar may block the view of an
important detail as it passes, the SVG is underestimated because the bar
blocks a wider area of the primary beam than the small lead blockers
described above, and cardiac motion during the scan may produce a rippling
artifact.

A potentially more practical approach is to calculate an estimated correc-
tion from the image by assuming that scatter and veiling glare can be
characterized by a point spread function (PSF). Shaw has estimated veiling
glare by convolving a fixed PSF with the image and multiplying the result by
a weighting factor [11]. Seibert convolved a calibrated inverse filter with the
image to remove veiling glare [12].

Estimation of X-ray scatter using this same method is complicated by the
fact that the scatter point spread function depends on patient thickness,
X-ray beam energy, and imaging geometry [13], so that the inverse convolu-
tion filter must be calibrated for each patient and view.

Love and Kruger [14] approached this problem by making SVG measure-
ments behind an array of 3 mm diameter lead balls to determine a weighting
factor and bias for calibrating a correction based on convolution with a fixed
SVG point spread function. They found that good estimates of SVG for
opacified arteries could be obtained by convolution filtering even if the
scaling parameters were derived from an image recorded prior to the arrival
of contrast material. Thus, in clinical use, the lead beam-stops could be
removed from the field before arterial opacification.

Malloi and Mistretta [15] have developed a similar method, except that
they perform a gray scale transformation prior to convolution which converts
the raw image intensities into approximate SVG intensities, based on mea-
surements of SVG fraction versus gray level in an anthropomorphic chest
phantom. Instead of using lead beam-stops, this method uses the X-ray
factors, the distance from the focal spot to the image intensifier, and field size
to calibrate the gray levels in the image so that in principle it can adjust to
changes in SVG due to cardiac motion, respiration, or contrast material
injection.

Beam hardening

The relationship between the thickness of an attenuating material and the
transmitted X-ray intensity is an inverse exponential function, known as the
Lamber-Beer law. The attenuation coefficient depends on the attenuating
material composition and density and on the X-ray photon energy. Thus, for
a mono-energetic X-ray beam passing through a uniform attenuating material,
there is a linear relationship between the logarithm of intensity and attenua-
tion thickness. The beam produced by X-ray tubes is poly-energetic, with a
broad bremsstrahlung spectrum. When such a poly-energetic beam passes
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through an attenuator, its spectrum is modified because the lower energy
photons are attenuated more strongly. This phenomenon is called beam
hardening because the modified spectrum has a larger proportion of more
penetrating (“harder”) high energy photons. Beam hardening affects angio-
graphic densitometry by reducing the effective iodine attenuation coefficient
as tissue thickness increases.

Figure 7 summarizes the influence of beam hardening on iodine densi-
tometry. Each curve represents differential log intensity versus iodine thick-
ness for a different tissue thickness. The range of tissue thicknesses (10—20
cm) is typical of the human thorax. The curvature of each curve is due to
beam hardening by the iodine itself. Note that, for thicknesses typical of
coronary arteries, iodine beam hardening is a much smaller absolute effect
than hardening due to tissue. Thus, if the beams passing through a coronary
artery segment and a calibrating catheter are both hardened by the same
patient thickness, the maximum error due to iodine beam hardening is about
5%, occurring when the artery is about half the diameter of the catheter.
However, as with scatter and veiling glare, larger errors are produced when
the tissue beam hardening for the catheter and artery are different. This error
is about 1.4% for each 1 cm difference in tissue beam hardening for a
typically filtered beam. Correction for this error is possible using data such as
that shown in Figure 7, by estimating the tissue thickness from the X-ray
intensity following subtraction of scatter and veiling glare. However, we are
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Fig. 7. Calculated effects of beam hardening for a 70 kVp X-ray beam with 3 mm aluminum
filtration, assuming no scatter or veiling glare error. The graph shows the change in logarith-
mic intensity as a function of iodine areal density, which is proportional to vessel thickness.
Beam hardening by water (patient soft tissue) changes the initial slope of lines, and beam
hardening due to the iodine itself produces the observed curvature.
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not aware of any validation thus far of combined corrections for scatter,
veiling glare and beam hardening for quantitative coronary angiography.

Structure noise and contrast streaming

It is essential that all segments of the artery and any catheter used for
calibration be uniformly filled with contrast material. Any streaming or
dilution of contrast can produce large errors in vessel area, since densitome-
try measures the relative amounts of contrast material. Thus, densitometric
accuracy depends on the ability to make contrast injections which completely
replace blood within the arterial segments of interest.

Once the artery has been opacified, it is still necessary to determine for
each pixel the amount of attenuation due to contrast material. This is
complicated by the patients’ anatomical structures, which produce intensity
variations not related to contrast material. Two methods are available for
separating these anatomical variations, known as patient structure noise,
from contrast material attenuation. The first, mask subtraction, uses subtrac-
tion of the image from an identical image acquired prior to the arrival of
contrast material. Mask subtraction is an excellent method for eliminating
structure noise in densitometry provided that the only change between mask
and image is opacification of the arteries. The primary limitation of this
technique is that it is difficult to prevent changes between mask and image
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Fig. 8 X-ray phantom validation of densitometric cross-sectional areas measured in tubing
with crescent-shaped lesions with a range of percent area reduction, demonstrating the insen-
sitivity of denssitometry to lesion cross-sectional shape. (Reproduced from ref. [8]).



53

due to patient motion, particularly respiration. Any motion of patient struc-
tures between mask and contrast images results in random error due to
patient structure noise. It is important to note that both the mask and the
contrast image must be corrected for scatter, veiling glare and the Lambert-
Beers law (i.e., logarithmically converted) prior to subtraction.

The second method for separating patient structure from arterial contrast
is to use the (densitometrically corrected) intensity through patient structures
adjacent to the artery as an estimate of the pre-injection arterial intensity.
Accuracy can be improved by interpolating intensity measurements made on
both sides of the artery. Structure noise is not entirely eliminated using this
method, since not all structure-related variability can be fit by linear inter-
polation.

Because of the complex effect of the patient’s anatomy, calibration using
simple phantoms is insufficient to assure accurate densitometry. Excellent
phantom results, such as those shown in Figure 8 should not be assumed to
obtain in patients. The best check of the precision of relative densitometric
areas is to compare measurements made in biplane views, in a range of
patients and projection. This validation is essential before results using a
given algorithm can be taken seriously.

References

1. Sanz ML, Mancini GB, LeFree MT, Nicholson JK, Starling MR, Vogel RA, Topol EJ:
Variability of quantitative digital subtraction coronary angiography before and after
percutaneous transluminal coronary angiography. Am J Cardiol 60: 55—60, 1987.

2. Chakraborty DP: Image intensifier distortion correction. Med Phys 14: 249—252, 1987.

3. Brown GB, Bolson E, Frimer M, Dodge HT; Quantitative coronary angiography: Estima-
tion of dimensions, hemodynamic resistance, and atheroma mass of coronary artery
lesions using the arteriogram and digital computation. Circulation 55: 329—337,1977.

4. Solzbach U, Wollschldger H, Zeiher A, Just H: Optical distortion due to geomagnetism in
quantitative angiography. Comput Cardiol 1988: 355—357.

5. Kruger RA: Estimation of the diameter of and iodine concentration within blood vessels
using digital radiography devices. Med Phys 8:652-658, 1981.

6. Parker DL, Clayton PD, Gustafson DE: The effects of motion on quantitative vessel
measurements. Med Phys 12: 698—704, 1985.

7. Pfaff JM, Whiting JS, Eigler NE: Accurate densitometric quantification requires strict
attention to the physical characteristics of x-ray imaging. In: New Developments in
Quantitative Coronary Arteriography. JHC Reiber, PW Serruys (eds). Kluwer Academic
Publishers, 1988: 22—33.

8. Pfaff JM: Quantitative Coronary Arteriography: Application of videodensitometric tech-
niques for the evaluation of stenosis severity. PhD Thesis, University Microfilms Inter-
national, Copyright 1988.

9. Maher KP, O’Connor MK, Malone JF: Experimental examination of videodensitometry
of large opacifications in digital subtraction angiography. Phys Med Biol 32: 1273—1282,
1987.

10. Shaw CG, Plewes DB; Quantitative digital subtraction angiography: Two scanning tech-
niques for correction of scattered radiation and veiling glare. Radiology 157: 247—253,
1985.



54

11.

12.
13.
14.

15.

Shaw CG, Ergun DL, Myerowitz PD, Van Lysel MS, Mistretta CA, Zarnstorff WC,
Crummy AB: A technique of scatter and glare correction for videodensitometric studies
in digital subtraction videoangiography. Rad Phys 142:209—213, 1982.

Seibert JA, Nalcioglu O, Roeck WW: Removal of image intensifier veiling glare by
mathematical deconvolution techniques. Med Phys 12: 281—288, 1985.

Seibert JA, Boone JM: X-ray scatter removal by deconvolution. Med Phys 15: 567—575,
1988.

Love AL, Kruger RA: Scatter estimation for a digital radiographic system using convolu-
tion fitering. Med Phys 14: 178—185, 1987.

Malloi SY, Mistretta CA: Scatter-glare corrections in quantitative dual-energy fluoro-
scopy. Med Phys 15:289—297, 1988.



4. An overview of coronary quantitation techniques as
of 1989

JOHAN H.C. REIBER

Summary

In this chapter an extensive overview is presented on the state of the art in
quantitative geometric and densitometric computer-aided analysis of coronary
obstructions as of early 1989. All the data provided were obtained by
requesting a total of 16 investigators known to the author to be actively
involved in the development of quantitative coronary arteriography (QCA)
techniques to complete a questionnaire including 29 questions on the differ-
ent aspects of QCA. From this overview a number of conclusions can be
drawn, particularly when comparing the results with those from early 1987:
(1) there is an increased interest in the development of QCA-techniques for
on-line use in the catheterization laboratory; (2) modern workstations and
very powerful personal computers are increasingly being used; (3) software is
mostly written in Pascal and C; (4) in the majority of the cases the edge
definition is based on a combination of 1st- and 2nd-derivative functions; (5)
correction for the limited resolution of the X-ray system is still insufficiently
used; (6) in the majority of the cases image calibration is based on the
measurement of the size of the coronary catheter segment; (7) there has been
no signal of new developments in the definition of clinically relevant para-
meters except for the stenotic flow reserve; (8) densitometry remains a
problematic technique; and (9) the use of more extensive and particularly
standardized validation procedures should be encouraged.

Introduction

In the previous book in this series on Quantitative Coronary Arteriography
[1] as well as in references [2, 3|, overviews were presented on the quan-
titative geometric and densitometric computer-aided analysis of coronary
obstructions as of early 1987. Since that time there has been a substantial
amount of progress in this field, particularly in digital coronary arteriography
[4]. Therefore, it is warranted to provide in this chapter an updated overview
representing the state of the art in this field as of early 1989. All the data
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presented in this chapter were obtained by requesting all investigators known
to the author to be actively involved in the development of quantitative
coronary arteriography (QCA-)techniques to complete a questionnaire in-
cluding 29 questions on the different aspects of this topic. All 16 investi-
gators returned the questionnaire; these are in alphabetical order:

Brown  — Univ. of Washington, Seattle, WA, USA [5—7]

Brunt — Univ. of Manchester, Manchester, Great Britian [8]
Collins ~ — Univ. of Jowa, Iowa City, IA, USA [9—13]

Doriot ~ — Hépital Cantonal Univ., Geneva, Switzerland [14—16]

Kirkeeide — Univ. of Texas, Houston, TX, USA [17—21]

LeFree  — Quantitative Cardiac systems, Ann Arbor, MI, USA [22—25]
Lienard — Thomson CGR, Buc, France

Nichols — Presbyterian Hospital, New York, NY, USA |26, 27]

Oswald — Deutsches Herzzentrum, Berlin, Germany [28—30]
Parker =~ — Univ. of Salt Lake City, Salt Lake City, UT, USA [31—34]
Reiber ~ — Erasmus Univ., Rotterdam, The Netherlands [35—49]]

Sanders — Stanford Univ., Palo Alto, CA, USA [50—-52]

Sandor - Harvard Medical School, Boston, USA [53]

Selzer — JPL, Los Angeles, CA, USA [54—60]

Vogel — Univ. of Maryland, Baltimore, ML, USA [22—25, 61, 62]
Wankling — Queen Elizabeth Hospital, Birmingham, Great Britain [63]

The numbers in brackets refer to the most relevant publications on QCA
from these investigators.

The following subjects will be discussed in more detail in the subsequent
sections: image acquisition/digitization of on-line digital imaging systems; im-
age acquisition and digitization of 35 mm cinefilm; computer hardware and
software; contour detection approaches for both the on-line and off-line sys-
tems; contour analysis approaches; densitometry; and validation procedures.

On-line digital cardiac imaging systems (Table 1)

Recent developments in digital cardiac imaging systems have been directed
towards obtaining the quantitative measurements on-line during the catheter-
ization procedure from video digitized images [64, 65]. By this approach the
system will function as a tool providing the cardiologist with quantitative data
useful for the selection of the appropriate sizes of intervention devices (e.g.
intracoronary balloons, stents, atherectomy catheters, lasers, spark erosion
catheters, etc.). In addition, the effect of an intervention (e.g. PTCA) can be
assessed directly during the procedure; the angiographer can continue with
the procedure until a quantitatively assessed acceptable result in terms of
morphology and/or function has been obtained. Therefore, this approach is
particularly of interest for diagnostic and/or therapeutic decision making
during the catheterization procedure. The digital systems are characterized
by a high density resolution (minimally 256 levels or 8 bits) and in principle
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a linear transfer function of the imaging chain from the output of the image
intensifier to the brightness levels in the digitized images, making these more
suitable for densitometric analysis than the conventional cinefilm approach.
In some systems (e.g. Philips DCI) the linear transfer function has been
modified according to a well-defined nonlinear function to achieve a better
image display quality (white compression on the DCI).

As the terms on-line, off-line, etc. in general have been used rather
loosely, it is appropriate here to define these more accurately. The ultimate
requirements of the hardware and software are met in the on-line situation,
where quantitative results must become available immediately after the
corresponding arteriographic investigation, i.e. after coronary arteriography
in a particular angiographic view with the patient still on the table. Post-
processing refers to the situation that analysis of the image data takes place
after the complete cardiac catheterization has been finished, usually after the
patient has left the catheterization laboratory; however, at that time the image
data are still available in the memory (e.g. on the harddisk) of the system. Of
course, processing times are not so critical anymore in this situation. We
would define reviewing as the processing of a previously performed patient
study which is not available anymore in the memory of the system, and
therefore has to be recovered from mass storage into the imaging system.
Finally, off-line is applicable in situations where the image data are processed
on another workstation, which has no direct link to the digital imaging
system; this may be a PC-based workstation for quantitative coronary and
left ventricular angiography which can read in digital tapes or selected
cineframes via a cine-projection system.

At the present time there are seven groups (in alphabetical order Doriot,
LeFree, Lienard, Oswald, Parker, Reiber and Vogel) actively involved in the
development and use of state-of-the-art quantitative software packages for
on-line coronary arteriography. Doriot and Parker use the Siemens Polytron
1000VR and the Siemens Digitron III, respectively, LeFree uses his QCS
PC-based workstation which can be interfaced either to the Angiotec Pro-
gressive Video System FMX-1220 with Cineloop, or via streamer tape to the
Philips DCI, Lienard the General Electric CGR DXC system, Oswald and
Reiber the Philips DCI and Vogel the ADAC type S100C (Table 1, item 1).

To quantitate the coronary morphology, the minimal requirement for
image acquisition must be 5122 matrices at a rate of 25 frames/s (Europe) or
30 frames/s (USA) with a density resolution of 8 bits. In addition, pulsed
X-ray radiation should be used to minimize motion blur in the images. From
Table 1, item 2 it appears that all systems satisfy these minimal requirements
with the Philips DCI in monoplane version even allowing 50 or 60 frames/s.
The Angiotec Cineloop system and the ADAC system also provide 2562 (at
60 frames/s monoplane) and 1024% matrix sizes (at 6 and 4 frames/s,
respectively); the Siemens Polytron facilitates 512 X 256 (at 50 f/s) and
1024 matrices (at 6 f/s), and the GE system the 10242 size matrix (at 7.5
f/s) in addition to the standard 5122 matrices. The X-ray pulse width varies
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from short 3—8 ms values (Philips), < 8 ms (Siemens Digitron), 3—10 ms
(ADAC), < 10 ms (GE CGR) and > 10 ms (Siemens Polytron), respec-
tively; a short pulse width is necessary to minimize motion blur in the images.

The type and size of the video cameras used in the digital systems vary
from a 1” vidicon tube on the ADAC system with progressive readout, a 1”
primicon with both standard interlaced and progressive scanning on the GE
CGR system, a 1.5” plumbicon with both interlaced and progressive scanning
on the Angiotec system, a 2” plumbicon with progressive scanning on the
Philips DCI, to a 1” saticon (progressive readout) on the Siemens system
(Table 1, item 3). For more detailed information on these different readout
techniques, the reader is referred to ref. [66].

Of great concern in the practical application of these systems is the kind
and size of image memory available, since that determines how many images
can be stored on the system before the image data must be transferred to
medium or long-term storage media. All systems use Winchester disks
varying in size from a 474 MB disk for the Philips system to a 1400 MB disk
for the GE CGR system (Table 1, item 4). The number of images that can be
stored vary accordingly, and is also dependent on the fact whether one uses
recoverable image compression techniques. If we limit ourselves to the 5122
images, the range in images that can be stored on-line vary from 2000 on the
Angiotec Cineloop to 15.000 on the GE system. Only Doriot mentioned that
a 2GB optical disk is connected to the Siemens Polytron.

At this point in time none of the companies has a satisfactory solution for
long-term storage of the vast amount of data. Although various companies
now offer the Honeywell high speed streamer tape, this can only be seen as
an intermediate solution, because of its high price (§100.000.—), significant
read and write times and nonstandard (preformatted), relatively expensive
VHS-tapes.

The question was also posed whether regions of interest (ROI’s) in the
image can be magnified for coronary quantitation, and if so, to what degree
and by which interpolation technique (Table 1, item 5). ADAC has a 4-fold
digital zoom based on linear interpolation, the QCS/Angiotec system features
4 different magnification modes (2, 4, 8 and 16-fold) with bilinear inter-
polation, the GE system 2-fold magnification with linear interpolation, and
the Philips DCI 2-fold with replication.

Question 6 was concerned with the horizontal pixel size for a 5122 matrix
(no zoom) as measured at the input screen of the image intensifier (II). If we
normalize all the values to a 6” II field-of-view, it becomes apparent that the
Siemens Digitron III has the largest pixel size (334 pum) and Philips the
smallest value (247 pm); other values included 277 pm for the Siemens
Polytron, 293 um for the QCS/Angiotec system, and 300 pm for the ADAC
and GE/CGR systems. These different pixel sizes are related to the defini-
tion of the digitizing matrix with respect to the size of the image intensifier
output screen. In some systems the entire circular shape of the II output
screen is included in the digitizing matrix, which means that a certain portion
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of the 5122 pixels does not contain useful information; at the other extreme,
the digitizing matrix fits within the circular shape of the II output screen,
which means that significant portions of the area of the II output screen are
lost, while in other systems (e.g. Philips DCI) one has attempted to optimize
the superimposition of the matrix on the II output screen, such that a
minimal amount of image information is lost resulting in a small pixel size. It
is of course true, that the smaller the pixel size, the more pixels are available
for contour detection. In general, however, one cannot state that a smaller
pixel size results in a more accurate edge detection performance; the accuracy
is also to a large degree dependent on the actual edge detection algorithm
implemented. It should be noted that some systems (Siemens Polytron, GE
CGR DXC, and ADAC) allow acquisitions at a matrix size of 1024* with
resulting decrease in the pixel size by 50%. However, the number of frames
per sec at this size is low (max. 7.5 f/s), making this mode not useful for
cardiac applications.

Finally, it was investigated whether 35 mm cinefilm can be acquired
simultaneously with the digital acquisition. The ADAC system does not have
this feature, although it will be added soon, while all other systems have this
facility available (Table 1, item 7).

Image acquisition and digitization of 35 mm cinefilm (Table 2)

For the digitization of a complete cineframe or regions of interest in a
cineframe, three basic approaches have been adopted: (1) optical magnifica-
tion by means of a cine-video projector with one or more lens systems and a
standard video or modern CCD-camera; (2) high resolution digitization of
the entire cineframe by means of a cine-digitizer equipped with either a high
resolution linear or area array CCD-camera, and subsequent selection of
region of interest for further processing; and (3) digitizing with standard, high
quality video or CCD camera and subsequent digital or electronic magnifica-
tion of regions of interest in the 5122 matrix in the host processor.

The systems with optical magnification vary from a Phototek cinedigitizer
with 5122 area-type CCD-camera (Brunt), a customized cinefilm digitizing
system with 1” vidicon (Collins), a self-modified Tagarno projector with 1”
plumbicon (Doriot), a Vanguard XR-35C cineprojector with 1.5” plumbicon
(LeFree), a Vanguard XR-70 cineprojector with vidicon tube (Nichols), a
recently developed Arripro 35 projector with 5122 area-type CCD-camera
(Oswald), a 3rd generation cine-video converter (CIVICO IV) with 5122
area-type CCD camera (Reiber), a customized system from Imaging Tech-
nology, Inc with 1” vidicon tube (Sandor), a GE CAP35 with vidicon (10242
image matrix) or Vanguard M35C with 1”7 vidicon (Selzer), an ADAC
S100C with 1”7 vidicon (Vogel), to a customized system with 2/3" vidicon
(Wankling). In two of these systems a single magnification factor (2-fold) is
available; in five systems three discrete magnification factors (range 0.7 to
7-fold) can be selected, while a continuous setting is available on the remain-
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ing five systems. In practice, a 2-fold magnification factor will be used most
frequently. Brown et al. use a magnification factor of 5.5-fold with their
analog projection system (5). In all these cine-digitizers, except for the
Arripro 35 and the CIVICO IV developed at the Erasmus University in
Rotterdam, the lens selection and camera positioning is done manually.

In the CIVICO IV the CCD camera is mounted on an x-y table controlled
by stepping motors (Figure 1). Since the head of the camera containing the
CCD-chip can be separated from the body of the camera, the x-y table needs
to transport only approximately 100 grams and therefore can be a light
weight construction resulting in fast responses. Three different lenses (0.7, 1
and 2.2-fold magnifications) can be inserted in the imaging path. The light
source is a light emitting diode (LED) with a narrow light spectrum; the
emitted amount of light can be linearly adjusted. A user-controlled, motor-
driven diaphragm and automated light control system further provide for
optimal image quality in the selected region of interest.

The systems with high resolution digitization of the entire cineframe use
either a high resolution linear CCD-array that allows the digitization of a
cineframe at a matrix size of 2048 X 3000 pixels with subsequent selection
of regions of interest with magnifications of 2- and 4-fold (Kirkeeide), or a
high resolution Videk Megaplus CCD camera on a standard Siemens Cipro
projector resulting in a 1300 X 1030 pixels matrix (Sanders).

Following the third approach, the entire cinefilm is digitized via a standard,

Fig. 1. Schematic drawing of the 3rd-generation cine-video converter (CIVICO 1V) developed
at the Central Research Workshop of the Erasmus University Rotterdam.
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high-quality video camera into a 5122-matrix and regions of interest can be

magnified digitally in the host processor to a full 5122 or smaller matrix.

Examples of these approaches are the standard Tagarno 35AX cineprojector

with 1” newvicon (LeFree) and the facility of magnifying ROI’s of sizes 322,

642, 1282, or 2562 back to 5122-matrix size using bilinear interpolation on

the QCS-host processor (LeFree), the same projector with subsequent digital

magnification of regions of interest or 642, 1282 or 2562 pixels to full scale

5122 using either replication, linear of cubic interpolation on the 80386 host

processor (Reiber). It should be clear that by this last approach, any other

cineprojector with standard video output could also be used.

The last point of Table 2, item 8 concerns the horizontal pixel size (um)
for a 512% matrix without zoom as measured at the input screen of the image
intensifier. This item may give rise to some confusion, as two of the film
based systems (Kirkeeide, Sanders) digitize the film images at a higher
resolution than 5122 using high resolution CCD cameras. Therefore, we must
distinguish the three earlier discussed possibilities:

A. Film-based systems with optical magnification using standard or high
resolution video or CCD cameras; for these systems the pixel size is
given in Table 3 at a frequently used optical magnification factor.

B. Film-based systems without optical magnification but digitization with a
high resolution CCD camera; for these systems only one value can be
given for the pixel size.

C. Film-based systems which use a standard high quality video camera and
digitize the image at 5122 matrix size; for subsequent analysis regions of
interest may be magnified digitally. For these systems the pixel size in the
original 5122 matrices is given in Table 3.

From this item the pixel density (number of pixels per mm as measured at
the input screen of the image intensifier) can be calculated. Unlike the data of
1987 presented in references [1, 2], I have chosen not to provide these data
referred to the isocenter with the average focus-to-image intensifier distance,
since these last parameters were not always provided, making comparisons
more difficult. In Table 3 all the pixel sizes are related to the input screen of
the image intensifier, thereby normalizing to a 6” input screen. In this
manner the resulting pixel sizes can be compared much easier. For com-
pleteness the earlier provided data on the digital systems (Table 1, item 6)
have been included as well in Table 3.

From this table it can be appreciated that most investigators using a
film-based system with optical zooming or with a high resolution camera
have chosen for a pixel size ranging from 50—88 pm, which is a factor of
2.8—4.9 smaller than that provided by the best digital systems.

Computer hardware and software (Table 4)

A great variety of host computer systems has been used for the development
and clinical application of the quantitative software (Table 4, item 9). These
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Table 3. Horizontal Pixel size in digitized image normalized to 5122 matrix and referred to
the input screen of a 6” image intensifier.

Digital systems Film-based systems
with optical with high with standard
magnification resolution video camera
: — CCD/video

Investigator size zoom camera

Brunt — 120 2X — —_

Collins — 51 37X — —

Doriot 277 142 2X — —

Kirkeeide — — — 86 —

LeFree 293 122 2.4% - 293

Lienard 300 —_ — — -

Nichols — 143 2% — —

Oswald 247 88 2X — —

Parker 334 — — — —

Reiber 247 84 2.2X% — 188

Sanders — — - 50 -

Sandor — 60 ? — —

Selzer — 65 2.5 51 (1.6 zoom) —

Vogel 300 230 2.5 — —

Wankling — ? ? — —

included VAX-11/750 (Brown, Doriot, Parker), DEC/VAX — WS3200
workstation (Oswald), MicroVax II (Collins, Sandor, Selzer), PDP 11/45
(Selzer), PDP 11/73 (Vogel), Motorola 68008 (Nichols) and 68030 micro-
processors (Lienard), HP Vectra RS-20 personal computer (Sanders), Sun
3/160C (Brunt), Sun 3/260 (Sandor) and Sun 4/260 (Parker), Apollo 3000
(Kirkeeide), PC 80386 (LeFree and Reiber), to an Olivetti M24SP (Wankl-
ing). If we compare this list with the one from 1987, it becomes clear that
there has been a definite shift from the more traditional PDP and Vax
computers to workstations and very powerful personal computers charac-
terized by decreased cost and increased performance for the workstations
and high-end PC’s.

The image data digitized either by means of a video or a CCD camera
must be stored in an image processing system before any image processing
functions can be applied. Here again the variety in complexity and thus cost
is large: from truly image processing systems such as DeAnza Gould IP8500
(Collins), IP6400 (Doriot), IP5500 (Selzer), IP8432L (Oswald), Vicom VDP
(Lienard), Sun 4/260 + TAAC1 (Parker), to an ADAC Array Processor
(Vogel) and Virtual Imaging View 2000 workstation (LeFree) and finally to
image processing cards which can be inserted in the hostprocessors, such
as Imaging Technologies FG100 (Reiber, Sandor), MegaVision 1024XM
(Selzer), Matrox PIP 1024 frame grabber (Wankling), AVS model IPB-3000
(Brunt). In the system developed by Brown, selected cineframes are pro-
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jected with a standard cinefilm projector onto a large writing tablet, allowing
manual tracing of the boundaries of the arterial segment of interest; the
coordinates of these boundary points are sent to the host computer for
subsequent analysis. As a result, Brown does not need an image processor. In
the Apollo 3000 (Kirkeeide) an image store and display is part of the
workstation. Nichols only displays the analog video image and uses a
graphics overlay for the display of alphanumeric characters, contours and
lines on the screen.

With so many different host computer systems employed, the variety of
Operating Systems is also large: VMS (Brown, Collins, Doriot, Parker,
Oswald, Sandor, Selzer), Unix (Brunt, Parker), SunOS (Sandor), Domain
(Kirkeeide), RSX-11M (Selzer), RT11 (Vogel), Motorola VME/10 (Nichols),
MS-DOS (LeFree, Reiber, Sanders, Wankling) and Versados (Lienard).
Again comparing the present situation with that of 1987, there has been a
definite shift towards the modern operating systems UNIX and MS-DOS; the
last one is used predominantly on the PC’s.

The choice in the high level computer language in which the application
software packages have been written is much smaller: the more conventional
language Fortran is still used by eight investigators (Collins, Doriot, Kirkeeide,
Oswald, Parker, Sandor, Selzer and Vogel), while the majority now uses one
of the more modern languages Pascal (Brunt, Kirkeeide, Lienard) and C
(LeFree, Nichols, Parker, Reiber, Sanders, Sandor, Wankling); Brown uses
Flex.

Contour detection approaches (Table 5)

An overview of the specifications related to the contour detection approaches
of the various systems are presented in Table 5. For the computer-assisted
definition of the boundaries of a selected coronary segment, in general, the
followings steps need to be distinguished:
1) definition of coronary segment to be analyzed;
2) edge definition.

The different implementations of these steps will be discussed in some
more detail in the following paragraphs.

Definition of coronary segment to be analyzed (Table 5, item 10)

In general, the following four different approaches can be distinguished in

order of increasing automation and algorithmic complexity:

1. User positions a cursor over stenotic and normal segments (Nichols).

2. User indicates number of arterial segment points, subsequently connected
by interpolation (Brunt, Collins, Kirkeeide, Sanders, Sandor, Selzer).

3. User indicates number of arterial segment points followed by automated
path line tracing (Doriot).
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4. User indicates only starting and end points of arterial path line, or
position of obstruction and definition of search window, followed by
automated path line tracing (LeFree, Lienard, Oswald, Parker, Reiber,
Vogel, Wankling).

By the first approach, Nichols only places windows over the stenotic and
normal segments, and the width of the arterial segment within each of these
windows is computed with edge detection techniques.

If the edge positions of an entire coronary segment must be computed, the
best approach is to detect these points along scanlines perpendicular to a
local path line of the segment. The next three approaches have been directed
towards the definition of such a connected path line. The term path line is
frequently used in this chapter instead of the commonly used word center-
line, since the path line usually does not follow the true center of the vessel; a
precisely detected centerline is not required, since the path line only func-
tions as an initial model for the subsequent contour detection. The only
requirement to this path line is that it remains within the arterial boundaries
to be detected.

The second user-interactive approach, therefore, requires that the operator
defines with a sonic pen, writing tablet or mouse a number of path line points
which are subsequently connected by interpolation. This path line is usually
smoothed; from these data the scanlines perpendicular to the local path line
directions can be determined for the subsequent computation of the edge
positions. A clear disadvantage of this technique is that the amount of user-
interaction may become significant, particularly in curved segments, in which
the distance between subsequent points must be chosen small to make sure
that the connecting lines will not be drawn outside of the arterial segments.

Reiber et al. in an earlier version (CAAS) of their quantitative coronary
analysis system and Selzer et al. have advocated to update this path line by a
new one computed from the contour positions once these have been detected
and possibly corrected manually, and to repeat the contour detection proce-
dure. By means of this iterative approach the influence of the user definition
of the path line points on the detected contour positions can be minimized.

In a slightly more complicated approach, these path line points are
connected by automated path line tracing techniques (Doriot).

Finally, automated path line tracers have been developed requiring an
absolute minimum amount of user-interaction. This is a must for on-line
QCA-systems; other requirements for on-line use include: (1) very short
processing time (preferably less than a few seconds); (2) robustness (success
score preferably higher than 90%); and (3) if additional manual interventions
are necessary in the remaining 10% of the cases, these should also be very
simple and effective. LeFree’s and Vogel’s method requires the operator
assignment of the approximate center of the lesion and the diameter of a
circle defining the region of interest within which the path line is to be found.
This technique is fast and relatively robust, but lacks the possibility of a
simple manual correction,; if it fails, the procedure must either be redone or
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individual path line points must be repositioned one by one. The other
implementations require only the manual definition of a starting point and an
end point, and the path line tracer then automatically searches for the
connecting path line. There is only one constraint on this manual procedure,
namely that these two points are to be placed inside the arterial segment;
there is no need for these points to be close to the actual center of the vessel,
any place within the vessel is acceptable. Also, since the arterial path to be
detected only functions as a rough model for subsequent contour detection, it
does not need to follow the actual centerline of the vessel. Unfortunately,
data on success scores, processing times and correction procedures are not
available for the different implementations.

For completeness, the work by Hoffman et al. using an innovative double-
square-box algorithm for the automated tracing of the arterial path lines in
subtracted digital angiograms [67] should be mentioned, as well as the
approach by Smets et al. [68], who uses a path line tracer developed by
Fischler [69], again applied to subtraction images. Barth et al. have developed
a technique for the automated three-dimensional recognition of the coronary
tree on subtracted digital (Siemens Digitron II) image pairs [70, 71]. The
tracing is started by marking the root of the tree with two points to select the
vessel and the flow direction. The algorithm proceeds by looking for con-
tinuations in any direction similar to a radar scanner. It requires manual
interaction only for corrections in critical regions of the images, where
vessels are superimposed in both views, or where the vessel dimensions are
below detectability.

Figure 2 shows an example of the automated path line tracer technique
developed by Van der Zwet et al. at the Erasmus University [49, 72]. In this
particular implementation a combination of two algorithms have been used
for the automated detection of the path line of the selected segment. The first
one, a tracing algorithm, is used to find all curves (traces) in the image that
are candidates for being (a part of) the path line. The second algorithm (a
box algorithm) is used to provide seed points that may belong to the path
line being searched for, but have not been included in the traces found so far.
From these seed points the tracing algorithm may find new traces which may
be part of the desired path line. The algorithm stops as soon as a connective
path has been found between the beginning and end points, or when the box
algorithm cannot find additional seed points, while the path line has not been
found yet. In situations that the detected path line does not follow the path
that the user had in mind, the user may provide one additional point in the
missing portion of the segment. The program will then search for a new path
line, from the beginning point via the correction point to the end point. If
necessary, this correction procedure can be repeated. On the basis of an
evaluation study including a total of 103 short and long arterial segments, it
was concluded that the algorithm found an acceptable path line in the first
iteration in 89.3% of the cases; in 99.0% of the cases an acceptable path line
was found in two iterations. Implemented on a Compaq 80386 (20 MHz) the
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Fig. 2. Following the manual definition of the beginning and end points of the mid portion of
the LAD, the path line is detected automatically [105].

average and maximum processing times were very low (first iteration: 265 ms
and 1.89 s, second iteration: 211 ms and 0.52 s, respectively).

Edge definition (Table 5, item 11)

Still always there does not seem to be one generally accepted contour detec-
tion technique, although there is a trend towards the use of a combination of
1st- and 2nd derivative functions (1—3). The following six approaches are in
use:

Manual tracing (Brown)

1st-derivative function (Brunt, Kirkeeide, Selzer)

1st semi-derivative function (Lienard)

2nd-derivative function (Doriot, Wankling)

1st- and 2nd-derivative functions (Collins, LeFree, Oswald, Reiber,
Sanders, Vogel)

6. matched filter (Nichols, Parker, Sandor)

The first approach based on manual tracing of the arterial boundaries is
quite obvious and does not require computer-supported edge detection
techniques.

The following four approaches are based on the use of 1st-derivative, 1st
semi-derivative, 2nd-derivative or a combination of 1st- and 2nd-derivative
functions. Of importance to know is also whether the edge positions are

Nk WD
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defined by the maximal values of these derivative functions or by the zero-
crossing; unfortunately, these data are not available from all investigators.
The typical shapes of these functions for a model of a scanline perpendicular
to the local direction of a path line of an arterial segment is shown in Figure
3. It has been our experience that using the maximal values of only the 1st-
or 2nd-derivative functions fit the arterial segments too tightly or too widely,
respectively; in these cases certain correction values should be included to
shift the detected edge positions towards the true arterial boundary positions.
On the other hand, it is not clear that such approach will work under all
kinds of imaging conditions and for all vessel sizes. These implementations
should certainly be validated using perspex phantom studies with the models

Edge Values Calculated from
Artery Scan Profiles

Profile
First /\ ‘
Derivative V

Second
Derivative

Left
Edge

Right
Edge

Fig. 3. Schematic presentation of the brightness profile of an arterial vessel assessed along a
scanline perpendicular to the local path line direction, and the computed 1st-derivative, 2nd-
derivative and the combinations of these 1st- and 2nd-derivative functions; the maximal values
of the last functions determine the edge positions.
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filled with different concentrations of the contrast agent and acquired at
different kV-levels.

We as well as others have found that the maximal response of the
weighted sum of the first- and second-derivative functions define very
accurately the actual boundary positions [41].

Another important aspect in the contour detection procedure is the
question whether the contour positions are detected on a scanline by scanline
basis or using techniques which take all the edge information along the
arterial segment into account. Following the first approach, expectation
windows are usually defined for each scanline predicted by the positions
detected on the previous scanline to limit the search window. Under practical
circumstances, the edge positions may easily wander off into sidebranches or
follow other intervening structures. Linear programming techniques have
been found to be very attractive because of the property that the entire
contours are traced in corresponding cost matrices, i.e. the edge positions are
not determined per individual scanline, but all information gathered from all
the other scanlines is taken into account in finding an optimal path in the
sense of minimal costs, or maximal edge strengths. As a result, this approach
is less sensitive to intervening structures such as branches and overlying
structures than the local approach. Usually, this approach is performed
iteratively.

In our new ACA-package for the on-line arterial contour detection on the
Philips DCI system the minimum cost approach is performed twice to
obtain accurate results [49]. These same contour detection techniques are
also applied in the off-line film-based PC-system of Reiber; in this case
additional accuracy and precision can be obtained by making use of the
optical zooming features. First, using the initial path line as a model, a global
approximation of the contours is found in the original nonmagnified image
(matrix size 512%). Next, a ROI of size 2562 encompassing the segment being
analyzed is magnified two-fold using a linear interpolation technique. In the
second iteration the first rough approximations of the contours are used as
new models, and accurate contours of the arterial segment are found, again
using the minimum cost algorithm. These contours are displayed and the user
may correct, if necessary, (a part of) these contours by erasing and redrawing
this portion. When the user applies an extensive correction to one of the
contours, the minimum cost algorithm is again applied using the corrected
portion as a model, and allowing only a limited scan width. It must be clear
that corrections should be kept to a minimum as the goal of all these QCA-
developments is to achieve automated contour detection approaches. How-
ever, in the limited number of cases that the user really does not agree with
the automatically detected contours, (s)he should be able to apply correc-
tions as the human observer has the final responsibility for the accuracy of
the detected contours. Figure 4 shows the contours detected in the first
iteration in the nonmagnified image and Figure 5 the finally detected con-
tours in the second pass in the two-fold magnified image [49]. These same
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Fig. 4. Using the awtomatically detected path line of Fig, 2, the arterial boundaries are
detected in the first teranion in the nonmagnitied image using minimal cost eriferia.

Fig. 5. In the second iteration, a ROI encompassing the arterial segment of Figure 4 is
magnified two-fold and linearly interpolated, and the final contours are detected with the same
edge detection technique and using the contours of Figure 4 as models.
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contour detection techniques are also applied in the off-line film-based PC-
system of Reiber; in this case additional accuracy and precision can be
obtained by making use of the optical zooming features.

Following the last, matched filter approach, Nichols et al. define the width
of the arterial segment by the full-width-at-half-maximum (FWHM) of the
video densitometric profile measured along a scanline. Parker et al. apply a
matched filter kernel to the density profiles defined perpendicular to the
automatically detected centerline of the vessel to obtain a likelihood matrix
[31, 31]. Dynamic programming techniques are then applied to the likelihood
matrix to find the optimal paths and thus the optimal boundaries of the
vessel. Sandor et al. have used the inflection point on a transverse scan
profile of the blood vessel’s image as its border or “edge” point. This is done
by separately fitting the two sides of the vessel profile with 5-degree poly-
nomials.

Although X-ray systems are characterized by a relatively high resolving
power of small objects (a modern 6—7” image intensifier should resolve 3.8
linepairs/mm), an infinitely small object will still be displayed with finite
dimensions. For example, if we look along a scanline perpendicular to the
copper wires of a cm-grid, an approximately Gaussian-shaped function will
be measured. As a result, most quantitative coronary arteriographic systems
with automated edge detection techniques cannot measure arterial sizes
accurately below 0.7—0.8 mm. However, it is just the vessel sizes below 1
mm which are of most interest for QCA-studies [2]. This limitation in
resolution can be improved if one determines for each X-ray system and
image intensifier mode the relation between the true size of a vessel phantom
and its measured size [19]. Another approach towards an improved measure-
ment of small vessel sizes is the use of deconvolution techniques [73].

According to the responses on the questionnaire, four investigators
(Brunt, Doriot, Kirkeeide and Reiber) apply such corrections. Doriot adds a
correction term depending on the vessel diameter, Kirkeeide uses calibration
curves correlating the derived and the actual vessel sizes developed with the
help of phantom measurements [19], while Reiber applies a novel deconvo-
lution technique based on the measured line-spread function of the X-ray
system (Figure 6) [73]. The procedure applied by Brunt is unknown. Barth et
al. claim that an excellent correlation can be found between measured and
true vessel sizes, also for vessels below 1 mm, by using a shaped convolution
kernel [74].

Pincushion distortion and correction (Table 5, item 12)

Although the new generations of image intensifiers hardly demonstrate any
pincushion distortion, particularly with multi-mode intensifiers used in the
smallest modes (4—6"), it is still useful to have a correction procedure
available for the older types. Pincushion distortion results in a selective
magnification of an object near the edges of the image as compared to its size
in the center of the field. These differences need to be corrected for, if
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pixel value
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Fig. 6. Typical example of the line-spread function measured for a particular X-ray system.

absolute diameter measurements are to be derived from coronary arterio-
grams. The standard procedure to assess the degree of distortion present is
to film a cm-grid, which is positioned against the input screen of the image
intensifier. Theoretically, this needs to be done only once for a given image
intensifier tube at each of the available magnification modes. However, in
practice, it may be advisable to redo this at three month intervals and
certainly after a service procedure on the X-ray system; quality control
services on the X-ray systems including such repeated measurements for
QCA-studies are now commercially available [75].

From the questionnaire it becomes clear that the following two major
approaches can be distinguished:

A. Only contour positions corrected
1. Radially symmetric parabolic correction function:
Brown, Doriot, Kirkeeide
2. Correction vectors computed from cm-grid for the individual inter-
section points of the wires:
Oswald, Reiber, Sandor, Selzer

B. Entire image (position + intensity) corrected
1. Based on detected intersection points of cm-grid:
Brunt, Oswald, Wankling (only ROI)
2. Image warping:
Optional: Parker, Vogel
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Collins, LeFree, Lienard, Nichols and Sanders do not correct for the pin-
cushion distortion.

In approach Al, the investigators base their correction procedure on the
theory that pincushion distortion is radially symmetric about the central
X-ray beam, because of the rotational symmetry of the curved image inten-
sifier’s input screen and its internal fields [76]. An empirically determined
analytical function of the radius is then used to correct for the distortion.
However, in practice S-shaped distortion can be noticed on the cm-grid
image among others due to the earth magnetic field, which makes that the
radial symmetry is not valid anymore under those circumstances.

Approach A2 makes no assumption about the geometrical distribution of
the distortion, but stores the relative magnifications of all the intersection
points of the cm-grid. For a given point in the image which does not concur
with one of the display intersection positions, the correction vector can be
determined by bilinear interpolation between the correction vectors of the
four neighboring intersection points.

These implementations have an important computational advantage in
common, in that only contour positions are corrected for the distortion.

In the second approach (B) the entire image is corrected, usually both for
the geometric position of the individual pixels as well as their intensity. This
can be done again on the basis of the detected intersection points of the
cm-grid (B1) or by using a 1 cm spaced orthogonal array of bronze ball
bearings (B2) (Vogel). For these purposes image warping techniques are
applied. An important advantage of this approach is that densitometric
measurements can also be corrected for the pincushion distortion. A dis-
advantage, of course, is the computational expense.

There exists one possibly major problem with the pincushion correction
procedures presently applied and that is that the cm-grids are always acquired
in one particular setting of the X-ray system (e.g. AP view), while the correc-
tion vectors are also applied to other angiographic views. Onnasch et al. and
Solzbach et al. have demonstrated that the distortion is rotation dependent
due to the earth magnetic field [77, 78]. If the additional errors are small, one
does not need to worry about this rotational dependency; otherwise, the
correction vector data have to be established for individual angiographic
views which would make it rather cumbersome. More research is necessary
for this particular problem. So far none of the investigators has worried
about this potential problem.

Calibration (Table 5, item 13)

To compute absolute sizes of an arterial segment analyzed requires the
determination of a calibration factor. This is a very important step in the
entire analysis procedure, since any error made here will be carried over to
the vessel diameter measurements.



89

From the responses of the questionnaire it can be derived that six major
approaches have been developed:
A. Manual definition of the boundaries of a catheter segment
Brown
B. Automated edge definition of a catheter segment
Brunt, Collins, LeFree, Lienard, Kirkeeide, Nichols, Oswald, Reiber,
Sanders, Sandor, Selzer, Vogel, Wankling
C. Analytically from geometric X-ray system setting
Kirkeeide (if isocentrically acquired from biplane views), Oswald, Parker
D. Biplane assessment of the distance of cardio-marker rings on the catheter
(I cm spacing)
Kirkeeide, Oswald, Selzer
E. Assessment diameter of metallic marker on the catheter
Sanders
F. Use of a calibration cube with 15 steel markers for 3D reconstruction
Doriot

If the diameter of the catheter is used as a scaling device, the contours of a
short segment of the tip or shaft may be either manually defined (A) with a
writing tablet (Brown from biplane images), or contour detection techniques
similar to those used for the coronary segments may be applied (B). A priori
information may be included in the iterative edge detection procedure, based
on the fact that the selected part of the catheter is the projection of a cylin-
drical structure. In this way parallel contours can be obtained, also for curved
segments [72]; however, tapering segments should always be avoided. It
should also be realized that the size of the catheter as given by the manu-
facturer, in general, deviates from its true size, especially for disposable
catheters. Therefore, for intervention studies it is advisable to measure the
size of the catheter following the catheterization procedure with a micro-
meter [40, 44, 48]. This approach is usually applied to single plane analyses.
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. If
biplane data is available, one may correct for this out-of-plane magnification;
this is done by Brown (A). The biplane images should, of course, always be
selected in the same phase of the cardiac cycle.

Following the third approach (C), the size of an object in the single plane
through the center of rotation of the X-ray system (isocenter) and parallel to
the image intensifier input screen can be determined from simple geometric
principles from the height levels of X-ray tube and image intensifier. This
computed calibration factor is only applicable to objects in the plane of the
catheter parallel to the image intensifier input screen. Therefore, for objects
above or below the center of rotation a slightly more complicated analysis
must be carried out, requiring a second, preferably orthogonal view of the
object. Wollschlaeger et al. have developed a method to calculate the exact
radiological magnification factors for each point in the fields of view of
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biplane multidirectional isocentric X-ray equipment [79, 80]. By this ap-
proach they avoid two potential error sources: contour detection of the
catheter segment, and the differential magnification of the scaling device and
the arterial segment. Parker also determines the calibration factors from the
geometric X-ray system settings in biplane images; one of the options of
Kirkeeide’s and Oswald’s method is also based on this approach.

From the above, it is clear that for the measurement of truly absolute sizes
of coronary segments, two views, preferably but not necessarily orthogonal to
each other, are required. However, if one is only interested in the changes in
sizes of coronary segments as a result of short- or long-term interventions,
excellent results can be achieved from single plane views. For these situations
one must make sure that for the repeat angiogram the X-ray system is
positioned in exactly the same geometry as during the first angiogram. This
requires registration of the angles and height levels of the X-ray system,
preferably on line with a microprocessor-based geometry read-out system
[44]. Although the calibration factor used for a particular coronary arterial
segment is then only an approximation of the true calibration factor, the
same systematic error will be present for the first and repeat angiograms.

Some time ago, several new types of catheters with cardiomarker rings
have been designed on the request of a number of investigators. Kirkeeide
determines the distance between the cardiomarker rings (1 cm spacing) in
biplane angiograms (D), while Sanders measures the diameter of a metallic
marker on the catheter (E). In Kirkeeide’s approach biplane views are a must
because of foreshortening problems in the different views. The approach by
Sanders does not require biplane images since the size of the cylindrical
structure does not change in the different views; however, for single plane
acquisitions the out-of-plane magnification error remains present. In this last
case, the catheter manufacturer must assure that the outside shape of the
rings is not convex or concave; they must be perfectly cylindrical. Because of
the high contrast of the marker in the X-ray images, the edges can be defined
relatively reliably.

Finally, Doriot uses a calibration cube with 15 steel markers for calibra-
tion purposes for his 3D reconstruction techniques (F). The acquisition of
such a calibration device can only be done once the patient has left the table,
which is a disadvantage.

At this point in time, three investigators correct for out-of-plane magnifi-
cation. Brown uses the intrathoracic spatial relations assessed from normal
sized human hearts [7], while Kirkeeide and Oswald determine the out-of-
plane distances from biplane views. The majority of the investigators (Brunt,
Collins, LeFree, Lienard, Nichols, Reiber, Sanders, Sandor, Selzer, Vogel
and Wankling) do not apply such corrections. As mentioned earlier, Doriot
and Parker apply these corrections as part of their 3D reconstruction pro-
cesses.
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Contour analysis approaches (Table 6)

From the contours of the analyzed arterial segment, following smoothing,
pincushion correction and calibration, a diameter function can be determined
by computing the distances between the left and right edges. From these data
various clinically relevant parameters (Table 6, item 20) can be calculated,
which have been summarized in Table 7 indicating how many of the total of
sixteen investigators use a particular parameter. From Table 7 it can be
concluded that the majority of the investigators use the “simple” parameters
obstruction diameter, reference diameter, %-D stenosis, obstruction area and
%-A stenosis assessed by different techniques. Less frequently used are the
length of the obstruction, the area of the atherosclerotic plaque, the symme-
try of the stenosis, and finally the transstenotic pressure gradient at a given
flow. All parameters mentioned above will be discussed briefly below.

Obstruction diameter

Thirteen of the total of sixteen investigators responded that they use the
obstruction diameter. Obviously, this is one of the most important parameters
to be measured in QCA. To determine the effects of interventions on the
severity of coronary obstructions, one should compute the changes in minimal
obstruction diameter and not those in percentage diameter narrowing, as the
reference position in general will also be affected by the intervention [81, 82].
The minimal obstruction diameter is also present to the inverse fourth power
in the formules describing the pressure loss over a coronary obstruction. Of
relevance, although not included in Table 6, is also to know how the minimal
obstruction diameter is computed precisely, e.g. as the single smallest dia-
meter value, as the average value of this smallest diameter value and its two
or three neighbors; also how heavily were the originally detected contours
smoothed, etc. Some answers to these questions could be obtained if data
were provided on the variations in the diameter measurements of perspex
models of smooth tubes.

Obstruction area

For the assessment of the obstruction area three possibilities have been
developed and implemented: (1) by assuming circular cross sections; (2) by
assuming elliptical cross sections; and (3) by densitometry. If only a single
view is available, or if one wants to determine the cross-sectional area per
individual view, the only assumption that one can make is that of a circular
cross section of the artery. If more views are available, then a reasonable
approximation of the true cross-sectional area can also be obtained by
averaging the results from the individual views.

For a pair of orthogonal views, an elliptical cross section can be assumed.
However, a number of limitations are present which are usually overseen: (1)
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Table 7. Derived parameters coronary arterial segment.

— Obstruction diameter (mm) 13x
— Obstruction area (mm?)

* circular 9X

* elliptical 7X

* densitometric 7X
— Reference diameter (mm) 13X
— %-D stenosis (%) 15X
— %-A stenosis (%)

* circular 9X

* elliptical 7X

* densitometric 8x
— length of obstruction (mm) 9X
— symmetry of stenosis 1X
— area atherosclerotic plaque (mm?) 4
— transstenotic pressure gradient (mmHg) at given flow 5%

the point of minimal diameter in one view does not need to coincide with the
point of minimal diameter in the other view; (2) calculating an elliptical cross
section requires that the minimal diameters in the two views are used as the
short and long axes of the ellipse, which does not need to be a correct
assumption, since the orientation of the assumed elliptical cross section is
unknown [83].

The third approach by densitometry would theoretically provide the best
approximation of the cross-sectional area, since the value is not directly
dependent on the measured diameter, but on the integrated densities within
the boundaries of the vessel. However, as will be discussed under the Section
Densitometry, this approach also has severe limitations and has not been
shown to be very reliable in clinical practice.

Based on the pros and cons of the different approaches, I am in favor of
the simplest technique, i.e. assuming a circular cross section per view and
averaging the results from possibly other available angiographic views.

Reference diameter

Although the absolute minimal obstruction diameter is one of the parameters
of choice to describe the changes in the severity of an obstruction as a result
of an intervention, percentage diameter narrowing in an individual case is
intuitively a very convenient parameter to work with.

The conventional way to determine the percentage diameter stenosis of a
coronary obstruction, requires the user to indicate a reference position. A
reference diameter is then usually computed as the average value of a
number of diameter values in a symmetric region centered around the user-
defined reference position. This or a similar approach, which is denoted the
user-defined reference technique, has been taken by Brown, Collins, Doriot,
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Kirkeeide, LeFree, Lienard, Nichols, Oswald, Reiber, Sanders, Sandor, Vogel
and Wankling.

However, it is clear that this computed %-D narrowing of an obstruction
depends heavily on the selected reference position. In arteries with a focal
obstructive lesion and clearly normal proximal arterial segment, the choice of
the reference region is straightforward and simple. However, in cases where
the proximal part of the arterial segment shows combinations of stenotic and
ectatic areas, or in cases where a ‘normal’ portion is just clearly not available,
the choice may be very difficult. This selection procedure for the normal
reference is not at all standardized and, in practice, is difficult to reproduce
reliably during sequential analyses. To minimize these variations, alternative
methods have been developed which are not dependent on a user-defined
reference region. By these methods an estimation of the normal or pre-
disease arterial size and luminal wall location is obtained on the basis of the
computer centerline and the 90th percentile of the diameter values (Selzer
[54, 56, 59], on the basis of a first-degree polynomial computed through the
diameter values of the proximal and distal portions of the arterial segment
followed by a translation to the 80th percentile level (reference diameter
function) (Reiber, [35, 42]) or by the so-called iterative linear regression
technique (Van der Zwet [49, 72]); tapering of the vessel to account for a
decrease in arterial caliber associated with branches is taken care of in the
last two approaches. The reference diameter is now taken as the value of the
reference diameter function at the location of the minimal obstruction
diameter. This approach is denoted the interpolated or computer-defined
reference technique. An important practical advantage of this technique is,
that knowledge about the exact location of a reference, either proximal or
distal to the stenosis, is not required for the analysis of repeated angiograms.
On the other hand, this technique requires that coronary arterial segments
are analyzed in a standardized manner, i.e. from branch point to branch
point, so that the lengths of the segments are approximately equal in repeated
or sequential analyses; in other words, the diameter functions should be
based on roughly the same number of measurement points. This kind of
standardization is not difficult to realize, but requires discipline on the part
of the analyst.

An example of our technique is shown in Figure 7 for the obstruction in
the mid portion of the LAD in the RAO-projection of Figure 5. The actual
contours as well as the estimated pre-disease reference contours of the
arterial segment are superimposed in the image. Figure 8 shows the presenta-
tion of the final results for the obstruction of Figure 7 as displayed on the
video screen. In the left upper quadrant the magnified ROI and the contour
data are displayed in a minified mode. The difference in area between the
reference and the detected luminal contours is marked over the obstructive
lesion; this area is a measure for the atherosclerotic plaque in this particular
angiographic view (see Section Area atherosclerotic plaque). In the lower left
quadrant the diameter function and derived parameters are displayed. The
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Fig 7. For the example of Figure 5, the reference contours have been determined and
displayed in the image. The straight line connecting the reference contours at the obstruction
is denoted the computer-defined reference diameter. The area between the reference and the
detected luminal contours over the obstructive region defines the area of the atherosclerotic
plaque in this particular angiographic view.

straight line in the diameter function is the reference diameter function. In
the upper right quadrant of the image the characteristic function for the
assessment of the stenotic flow reserve as proposed by Kirkeeide [18] is
presented; in this case a value of 2.61 was found.

The precise implementations of the computer estimation of the pre-disease
reference dimensions by Brunt and Oswald are unknown; apparently, their
approaches also allow tapering of the vessel.

Percent diameter — and area-stenosis

From the obstruction D, and reference D, diameters, either assessed by the
user- or computer-defined approach, the percent diameter stenosis (%-D
stenosis) can simply be caculated as follows:

%-D stenosis = (1 —D,/D,) X 100%

and the percent area stenosis (%-A stenosis) from the obstruction area (A,)
as computed by one of the three methods described earlier and the reférence
area (A,) computed by the same method as follows:

%-A stenosis = (1 — Ay/A,) X 100%.
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Fig. 8. Presentation of the final results for the obstruction of Figure 7 on the video screen of
the PC-based coronary analysis system. In the left upper quadrant the magnified ROI
encompassing the obstructed segment and the contour data are displayed in a minified mode.
In the lower left quadrant the diameter function and derived parameters are presented. The
straight line in the diameter function is the reference diameter function. The characteristic
function for the assessment of the stenotic flow reserve as proposed by Kirkeeide [18] is
presented in the upper right quadrant. Finally, hospital and patient demographic data are
given in the lower right quadrant.

For a single view measurement assuming circular cross sections, this last
formula simplifies to:

%-A stenosis = (1 — D§/D?) X 100%.
Length of stenosis

According to the responses on the questionnaire nine investigators compute
the length of the stenosis from the diameter function; details on the definition
of this length parameter are not available. Although this seems a rather trivial
parameter to compute, in practice, this is not the case particularly not in
vessels with irregular dimensions. It has been our experience that this may
lead to significant variations in the outcomes of the analyses, particularly if
the user is allowed to change the boundaries of the stenotic length. The
computer-defined reference technique allows an automated assessment of the
length, which may be somewhat dependent on the length of the entire arterial
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segment analyzed. In our latest implementation the beginning and end points
of the obstruction are defined on the basis of local maxima criteria or by the
crossing points of the actual arterial diameter function with the reference
diameter function [49)].

Area atherosclerotic plaque (mm?)

The area of the projection of the obstructive plaque in a coronary
arteriogram is denoted area of the atherosclerotic plaque in that particular
angiographic view. This parameter can be computed if the following data can
be determined reliably: extent of the obstructive region and the original size
of the vessel at the stenosis before disease occurred (e.g. by the computer-
defined reference technique). Basically, the area of the atherosclerotic plaque
is then simply the integral of the distances between the luminal and the
reference contours over the obstructive region, although other implementa-
tions are feasible as well, such as the sum of the pixels between the luminal
and reference contours, and so forth. Four investigators (Brown, Brunt,
Reiber, Selzer) provide this particular parameter.

Symmetry of stenosis

According to the questionnaire this parameter [84, 85] is only determined by
Reiber et al. Their approach is based on the interpolated or computer-
defined reference diameter technique and the reconstruction of a centerline
over the obstructive region. Vessel midpoints for the proximal and distal
“normal” portions are calculated by averaging the coordinates of the left and
right contour points. For the obstructive region the vessel midpoints are
obtained by interpolation between the proximal and distal vessel midpoints
with a second-degree polynomial. The symmetry measure is given as a value
between O and 1, and defined as follows: denote the area of the atheros-
clerotic plaque at the left-hand side of the vessel A; and at the right-hand
side A,. The symmetry measure is then calculated as:

symmetry measure =1 —[A; — A | + (A, + A)).

A symmetry measure of 1 denotes a concentric obstruction with the
number decreasing with increasing asymmetry or eccentricity of the obstruc-
tion. Zero represents the most severe case of asymmetry or eccentricity.

For completeness of this overview, the work by Vassanelli et al. should be
mentioned, who have used the following definition of the eccentricity EI of a
stenosis: EI = B — 1/3A, where A is the radius of the “normal” vessel and B
the distance between the center of the “normal” vessel and the centerline in
the stenotic segment; EI is greater than zero for eccentric segments and less
than zero in concentric ones [86]. A stenosis is considered irregular if more
than 25% of the nonadjacent segments are eccentric. Comparison with
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histologic data showed that 88/93 (94.6%) sections were correctly predicted
as eccentric and 8/11 (72.7%) as irregular.

Transstenotic pressure gradient (mmHg) at given flow

From the available morphologic data of the obstruction, the Poiseuille and
turbulent resistances at different flows and thus the resulting transstenotic
pressure gradients can be computed on the basis of the well-known fluid-
dynamic equations [18, 21, 42, 58]. These hemodynamic data are provided
by Brown, Kirkeeide, Oswald, Reiber and Selzer.

Roughness measure of arterial segment

Focal obstructions are of course easy to recognize. In most cases a focal
obstruction will be superimposed on diffuse coronary artery disease, which
may be manifest by a below normal size of the vessel, or by irregular changes
in the size of the vessel. A number of investigators have tried to quantitate
this roughness of the arterial wall as an indication of the degree of diffuse
atherosclerosis.

Information about the “roughness” of the arterial segment and thus about
diffuse coronary artery disease may be obtained by subdividing the coronary
segment into any integer number of subsegments with a length of about
5mm and calculating for each subsegment the minimal, maximal, mean
diameter and the standard deviation of the diameter values [42]. On the basis
of the ratio of the standard deviation value and the difference between
minimal and maximal diameter, it can be determined whether a subsegment
is focally or diffusely diseased, or normal. However, clinical validation
procedures need to be carried out to determine the true value of this
parameter.

Sanders uses the variation o of the vessel diameters as a measure for
diffuse atherosclerosis, while Selzer et al. fit a least-squares straight line
through the vessel width profile and use the residual variance as a roughness
measure. Sandor et al. also compute a variance related to subsegments. The
other investigators do not calculate a roughness index for diffuse athero-
sclerosis. Crawford et al. have developed various edge roughness measures
for femoral arteries [55]; two edge roughness measures were defined by the
root-mean-square differences between two sets of edge coordinates obtained
by the use of filters of different lengths.

How do you choose your angiographic views? (Table 6, item 21)

Quantitative coronary arteriographic (QCA) studies require that coronary
segments are analyzed in at least two, preferably orthogonal, views because
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of the possibly asymmetric shape of the coronary obstructions. In addition,
each segment should preferably be filmed in planes parallel to the input
screen of the image intensifier in the various views to avoid problems with
foreshortening. This is the concept of triple-orthogonality which may be
difficult to achieve in routine practice [79]. However, every attempt should
be made to achieve such a goal.

The original idea behind this question was to obtain information about the
selection of the angiographic views at the time of the catheterization proce-
dure, i.e. it belongs to the angiographic acquisition phase, not to the analysis
part of QCA. However, it may have given rise to some confusion; the
investigators may have understood that this question referred to the angio-
graphic view and frame selection process for QCA on the basis of already
available angiographic data. As such, the outcomes should be read with the
above in mind.

The investigators responded as follows to this question:

— Visual determination of best views

Brunt, Collins, Nichols, Oswald, Parker, Vogel
— Select standard views with/without cranial/caudal angulations

Doriot, Sanders, Selzer
— Start with standard views, then optimize for patient anatomy

Kirkeeide, LeFree, Reiber
— Calculate “optimal” views

Brown, Oswald

Three investigators (Lienard, Sandor and Wankling) did not respond to
this question.

Thus calculation of “optimal” views is only done by Brown and Oswald.
Brown starts out by calculating the optimal views on the basis of the average
known directions of the individual arterial segments as assessed from 37
normal individuals [7], and then permits small variations from these calcula-
tions to provide the best visual image of a lesion.

What do you do with the results from two corresponding (preferably ortho-
gonal) views? (Table 6, item 22)

This point was already discussed under the section about the determination
of the obstruction area. According to the responses, six of the investigators
(Brown, Kirkeeide, LeFree, Oswald, Selzer, Vogel) compute elliptical cross
sections from the biplane data, requiring that the two views be matched such
that the positions of the stenosis in both views coincide [5]. It is generally
assumed, that the points of minimum diameter in both views correspond to
the same site in the artery. However, it was discussed earlier that such an
assumption can be a potential source of error. Doriot, Oswald, Parker and
Selzer average the results (assuming circular cross sections) from the two
views, while Brunt, Collins, Reiber and Sanders use the data as separate



105

items. Finally, Nichols only performs single plane analyses with densitometry.
Lienard, Sandor and Wankling did not respond to this question.

For a (pseudo) 3D-presentation of the data from the two views, how are the
detected arterial segments registered? (Table 6, item 23)

This part can also be of relevance for the determination of the elliptical cross
sections mentioned in the previous paragraph. The matching procedure
implemented by Brown, LeFree, Oswald and Vogel is indeed based on the
assumption that the positions of the minimal diameter values in the two views
correspond to the same 3D arterial position. Kirkeeide requires that the user
defines “common” points in the two views followed by a computer refine-
ment for best correlation, which represents an improvement in the matching
procedures as compared to the simple approach mentioned above. Oswald
registers the two views on the basis of the positions of the minimal densi-
tometric cross-sectional values in the two views, which is theoretically a
sound approach. A third possibility is by means of registration of the arterial
segments on the basis of the positions of sidebranches as advocated by
Oswald and Selzer, although this will not provide a solution for foreshort-
ened segments. Finally, Doriot establishes the concordance by the 3D recon-
struction process itself. All the other investigators do not provide (pseudo)
3D-presentations.

Densitometry (Table 8)

Theoretically, densitometry seems the ultimate solution for the computation
of the vessel’'s cross-sectional area from a single angiographic view. It has
been shown to work well in perspex phantoms; however, the application on
routine coronary angiograms has been less successful. This is due to various
error sources, among others: (1) the polychromatic X-ray source; (2) veiling
glare and scatter; (3) beam hardening; (4) the orientation of the vessel of
interest with respect to the X-ray beam; (5) sidebranches or branches lying
very close to the arterial segment of interest will cause errors in the back-
ground correction technique; (6) if cinefilm is used the nonlinearity of the
cinefilm; etc. For more details the reader is referred to the chapter in this
book by James S. Whiting and references [1, 2, 3, 16, 36] which provide
overviews on this technique.

Based on the questionnaire it was found that seven investigators (Collins,
Lienard, Nichols, Oswald, Parker, Vogel and Wankling) perform at present
densitometric analyses (Table 8, item 24), while two investigators (LeFree
and Selzer) have the software available but do not use it for different reasons;
finally, Doriot and Reiber are in the process of redevelopment of the
technique. Seven of them use the Lambert-Beer Law to describe mathemati-
cally the X-ray absorption process from the X-ray source to the image
intensifier; Wankling determined the corresponding transfer function empiri-
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cally, while Oswald determined an overall transfer function from X-ray
source to the brightness levels in the digitized image.

For the transfer function from the output of the image intensifier up to
the brightness levels in the digitized image various approaches have been
implemented: (1) for digital systems a linear transfer function is usually
assumed (Lienard, Reiber), although logarithmic functions have also been
used if internally a nonlinear function is applied, e.g. for white compression
(Parker, Vogel); (2) for cinefilm approaches usually a logarithmic transfer
function is used (Nichols, Reiber); (3) this approximation can be improved
by a densitometric measurement per cinefilm (Collins, Reiber, Selzer); and
(4) Wankling determined an empirical transfer function.

Finally, the question was posed whether one corrects for X-ray scatter,
veiling glare, the angulation of the vessel, for the background contribution
and for pincushion distortion. The individual data can be found in Table 8.
From these data it can be concluded that the majority of these investigators
do not apply such corrections with some of them actively involved in
research in these directions, while all except for Vogel correct for the
background contribution; this is usually done by measuring the background
levels at both sides of the vessel, performing a linear interpolation for the
pixels within the vessel’s contours and subtracting these data from the
brightness levels in the vessel.

Measurement variabilities and validation procedures

Although different approaches on the morphologic and densitometric analysis
of coronary obstructions have been published in the literature as described
above, it is very difficult if not impossible at this point in time to compare
these systems quantitatively. The question how well all these systems work
with routinely obtained coronary arteriograms cannot be answered. The
absence of data about the accuracy and precision of the edge detection and
analysis procedures, the success scores under different image qualities,
computation time, etc. and the use of different parameters to describe the
validation results make comparisons very difficult [87].

Validation procedures can be proposed to determine the accuracy and
precision of the edge detection and densitometric technique, as well as the
reproducibility of the image analysis procedures (see paragraphs below). Of
major concern is also the interlaboratory variability. Different investigators
will most likely use different criteria to select the angiographic views and
within a particular view the frames(s) optimally suitable for quantitative
analysis. For example, the following frame selection criteria are known to the
author:

1) select a frame near end diastole with maximal sharpness and tightest (or
largest) minimal diameter;
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2) select a frame in the diastasis period with maximal sharpness and tightest
obstruction diameter;

3) select three frames, one near end diastole, one near end systole and one
in the diastasis period, each with maximal sharpness and tightest obstruc-
tion diameter and average the results.

Other selection criteria can also be defined; of concern is also in which

cardiac cycle following the contrast injection the frames are selected. In a

recent extensive study on the precision and reproducibility of quantitative

coronary angiography, Selzer et al. concluded that sampling sequentially end
diastole yielded the most precise estimates (i.e, exhibiting minimum variabil-

ity within a cycle) of the vessel measures. With regard to reproducibility (i.e.

similar values across cycles) sampling randomly within the cycle was best

[88].

The overall interlaboratory variabilities can be assessed by sending sets of
routinely obtained coronary angiograms in a blinded fashion with intervals of
e.g. half a year to the laboratories and comparing the outcomes. Such
variability studies should be carried out under the auspices of a body with
sufficient authority to determine whether a QCA-laboratory satisfies certain
stringent criteria.

Based on these observations the following validation procedures should be
carried out in my opinion to validate a coronary quantitation system, as well
as a quantitative coronary analysis laboratory.

Proposed validation procedures

A. Assessment accuracy and precision of edge detection and densitometric

techniques

— Phantom studies of coronary obstructions with dimensions from 0.5 to
5.0 mm performed under different imaging conditions (various concen-
trations of the contrast agent, different kV-levels covering the routinely
used range) and under static and dynamic flow conditions [89].

— In vivo animal studies with hollow plastic cylinders of various luminal
shapes and sizes inserted in the coronary arteries [25, 90, 91].

— In addition, for densitometric studies the hypothesis that the results are
independent of the angiographic views in which these studies were
acquired, must be tested.

B. Reproducibility of the image analysis procedure

— Repeated analysis of a set of clinical coronary arteriograms obtained
under various imaging conditions to assess inter- and intra-observer
variabilities, as well as short- and long-term variabilities in the arterio-
graphic data acquisition and image analysis procedures. In these repro-
ducibility studies corresponding frames and segments to be analyzed may
be selected on a consensus basis by the observers.
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C. Interlaboratory variability

— Repeated blinded analyses of a set of routine coronary angiograms with a
sufficient time interval (e.g. + year) between analyses such that a priori
information is absent. Variabilities will occur in: (1) view selection; (2)
cardiac cycle selection; (3) frame selection; (4) segment selection; and &)
quantitative analyses. These parameters should all be carefully monitored.

Parameters describing the validation results

It is suggested to describe the results from the validation studies in terms of
the mean signed differences (accuracy) and the standard deviations (preci-
sion) of these signed differences (measurement 1 — measurement 2; not
absolute differences) between the true and measured values or between the
values from repeated measurements.

Approaches towards standardization in arteriographic data acquisition and
analysis

It has been shown that the variabilities in the arterial measurements can
be decreased by standardizing on the arteriographic data acquisition and
analysis procedures [41, 44]. In summary, the following measures have been
proposed:

— Precise registration of the angulations and height levels of the X-ray
system components for the different arteriographic views, so that the
repeat arteriographies can be performed in the same views.

— Administration of vasodilative drug immediately prior to the angiographic
investigations. The optimal vasodilative drug should give a quick response
(within 30 s. to 1 min.), a maximal response and should have no influence
on the hemodynamic state of the patient. Jost et al. have proposed to
administer 10 mg of isosorbide dinitrate sublingually (capsule when
available) 10 min. prior to arteriography [92].

— Use of modern isoviscous and iso-osmolar contrast agents [93—95]. Jost
et al. have shown that the vasodilatory changes in vessels due to the
contrast medium administration are significantly smaller with a nonionic
contrast medium (< 5.8%) as compared to an ionic contrast medium
(< 18.9%)[93].

— Administration of contrast medium preferably by ECG-triggered injector.

— Selection of contrast catheter constructed of such material that high
quality images result (high angiographic image contrast and edge gra-
dient) [40].

— Measurement of actual size of the catheter with micrometer following the
catheterization procedure.

Details regarding the validation procedures performed by the various investi-

gators can be found in Table 9. Summaries of these results will be discussed

in the following paragraphs.
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Validation studies on arterial dimensions (nondensitometric)
A. Phantom studies (Table 9, item 26)

As described in the previous section on Proposed Validation Procedures the
first validation study to test a particular design and implementation of a
quantitative coronary arteriographic system should be concerned with the
accuracy and precision of the actual edge detection technique based on
phantom studies of coronary obstructions. Brass models or models made of
any other material with a very high X-ray absorption coefficient should not
be used, since these do not mimic the clinical situation; instead, perspex
models that can be filled by various concentrations of contrast medium are
much more appropriate.

Fourteen investigators have presented results on the accuracy and preci-
sion of these techniques. The models used have indeed been perspex models
of various sizes (range 0.3—6.26 mm) (Brunt, Collins, Doriot, LeFree,
Lienard, Nichols, Oswald, Reiber, Sanders, Sandor, Selzer, Vogel and
Wankling) and brass arteries (Brown). Some of the data are based on
cinefilm measurements, others on digital acquisitions, depending on the
facilities available for the different investigators; where appropriate ‘digital’
has been specified. The results on the accuracy of the different techniques
are all very good, ranging from 0.00 mm to 0.03 mm. For the precision data,
values ranged from 0.02 to 0.189 mm; most of the data have now been
specified in terms of the standard deviation of the mean signed differences
between the true and measured values. Of course, data specified according to
other definitions (absolute differences, standard error of the estimate) cannot
simply be compared with these values. These problems have also been
recognized by D. Herrington [88]. A number of correlation coefficients with
the true values are all above 0.99. In general, the studies mentioned above
were performed at different kV-levels ranging from 60—93 kV, and at
different concentrations varying from 22 to 100%. Apparently, nobody has
performed a dynamic phantom study with contrast agent pumped through
the model with a roller pump. It would be of tremendous interest to see the
results under those dynamic conditions.

B. Invivo validations (Table 9, item 27)

Five investigators (Brown, Collins, LeFree, Nichols and Vogel) have per-
formed in vivo validations of their technique. Brown and Nichols compared
their results with planimetric data of postmortem material and found correla-
tion coefficients of 0.94 and 0.99, respectively; in Nichols’ study the SEE
(area stenosis) was 0.71 mm?” Collins et al. compared the lesion cross-
sectional area data by densitometry (which is in their case proportional to the
absolute area; not calibrated in mm?) with the data by high-frequency
epicardial echo measurement, (r = 0.86) [12]. Collins and Johnson et al. have
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performed additional in vivo validation studies comparing the luminal areas
from densitometry with coronary vasodilator reserve defined by peak-to-
resting velocity ratio’s with intraoperative and intracoronary Doppler mea-
surements [11]. They found correlation coefficient values of r = 0.71 for the
LAD, r = 0.92 for the Cx and r = 0.74 for the RCA. LeFree, Mancini and
Vogel performed a truly in vivo study with dogs instrumented with precision-
drilled, plastic cylinders to create intraluminal stenoses; the stenosis dia-
meters ranged from 0.83 to 1.83 mm |25, 91]. LeFree reported an accuracy
of —0.069 mm and a precision of 0.24 mm (r = 0.79) with his QCS system.
Vogel on his on-line digital system, found a precision of 0.09 mm ( r = 0.98)
for the obstruction diameter.

Finally, Kirkeeide et al. have compared in vivo pressure drop and coro-
nary flow reserve measurements with predicated values; unfortunately, no
results were presented.

C. Variability repeated analyses (nondensitometric data) (Table 9, item 28)

Limited data is only available from seven investigators (Brown, Brunt, LeFree,
Nichols, Oswald, Reiber, and Selzer) on the variability in repeated analyses
of the same angiographic studies. The mean differences (accuracy) in the
obstruction diameter ranged from —0.04 to 0.10 mm, in the %-D stenosis
from 0.43 to 4%, and in the %-A stenosis from 0.71 to 4%. The values for
the standard deviation of the differences (precision) in the obstruction
diameters ranged from 0.041 mm to 0.10 mm, with correlation coefficients
ranging from 0.95 to 0.992, in the %-D stenosis from 0.88% to 8.5%,
(correlation coefficients between 0.92 and 0.976), and in the %-A stenosis
from 2.6 to 9.8% (r-values between 0.83 and 0.96). Again, we must be very
careful in comparing these numbers, since different definitions may have
been used. Collins et al. compared their minimal lumen diameters by auto-
mated edge detection techniques with those obtained by the Brown/Dodge
method (manual tracing on optically magnified images) and found an r =
0.90 and SEE = 0.33 mm.

D. Validation data densitometric techniques (Table 9, item 29)
Accuracy and precision densitometric technique

Only Collins and Lienard reponded with some limited data on the accuracy
and precision of the technique, i.e. data describing how large the differences
with truly known values are. Collins used a perspex model with circular cross
sections ranging in size from 0.78 mm? to 12.6 mm? and found a correlation
coefficient of » = 0.87. In addition, he compared their luminal areas defined
by videodensitometry with the minimal cross-sectional areas assessed by the
Brown-Dodge technique (average value from three sequential end-diastolic
cineframes) and found correlation coefficients of r = 0.89 for the LAD, r =
0.94 for the Cx, and r = 0.78 for the RCA,; overall for all vessels an » = 0.82
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was found [11]. Lienard used four perspex models with circular obstructions
with the diameters ranging from 0.375 to 2.0 mm. He found a mean
difference in %-Area stenosis of only 2.1% and a standard deviation of the
differences of 1%.

Nichols also determined the precision in the area stenosis measurements
by densitometry and found values of 4.1% (SEE) and r = 0.98 for percent
area-stenosis and 0.32 mm? (SEE), and r = 0.99 for the absolute area
stenosis. Finally, Vogel et al. reported a precision in the %-area stenosis
measurement of 2.16% (r = 0.99) using a perspex model with circular
obstructions and diameters ranging from 0.5 to 5.0 mm.

From these phantom studies acquired under ideal circumstances one may
be inclined to believe that densitometry is a very attractive technique to be
used for the assessment of the severity of coronary obstructions from only a
single angiographic view. However, the reality in routine practice is different,
as has been mentioned earlier in the section on Densitometry.

Variability in repeated analyses of densitometric studies

Only Collins and Nichols have studied the variability in repeated analyses of
densitometric studies. Collins found correlation coefficients in the cross-
sectional area measurements for interobserver variations on the same frames
of r = 0.98, and for intraobserver variations of r = 0.87. Nichols found
inter- and intra-observer variabilities in %-A stenosis of 5.3% (SEE) and
2.6% (SEE) with correlation coefficients of 0.96 and 0.99, respectively. The
intra-observer variability in absolute area stenosis was found to be 0.26 mm?
(SEE) with r = 0.99.

Variability of densitometric analysis of obstructions assessed from different
angiographic views

Finally, we have looked at the variability of densitometric measurements of
the same obstructions, but assessed from different angiographic views. It was
discussed earlier that the results should be independent of the angiographic
view if the technique works well. Four investigators, Collins, LeFree, Nichols
and Vogel responded. Collins found a correlation coefficient of 0.94 between
the cross-sectional area data from RAO and LAO views; the relation between
the data could be described by y = 1.04x + 0.002. LeFree found a mean
difference in the %-area stenosis of 20.5% and r = 0.46, and therefore
prefers not to use densitometry. Nichols found a precision of 0.11 mm?
(SEE) with » = 0.98 in the absolute area measure. Finally, Vogel responded
with the r = 0.46 value as described above for LeFree [61].

Discussion

In this chapter an extensive overview of the major developments in off- and
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on-line quantitative coronary arteriography has been presented. It is clear
from the text and from the details given, that these developments are rather
heterogeneous. However, this should not only be seen as a negative sign. As
long as optimal results have not been achieved in certain areas, there is a
need for competition and new ideas to come up with better approaches.

It is very difficult if not impossible at this point in time to compare these
systems quantitatively, i.e. the question how qualified a particular design is
for the objective and reproducible analysis of routinely obtained coronary
angiograms cannot be answered. Data about the accuracy and precision of
the edge detection and analysis procedures, the success scores under different
image qualities, the computation time, etc. are usually not provided in the
publications; if they are provided, different parameters to describe the
validation results have been used making comparisons very difficult [87]. In
film-based systems the quality of the cine-to-video converter is also of major
concern; there is a wide variety of projectors around that have not been
tested and compared according to standardized procedures.

These computer-based systems also have definite inter- and intra-observer
variabilities, although these are usually not given. There are always a number
of phases in the analysis procedures, such as the definition of the centerline
of the coronary segment, the possibility to make manual corrections to the
otherwise automatically detected contours, etc. that will result in observer
variations.

Taken together, it is evident that there is a clear need for standardized
procedures to determine the inter- and intra-laboratory variabilities. A QCA-
center should only be qualified to perform such work if it satisfies certain
criteria. It is to be expected that such qualifying procedures will be defined
and implemented in the very near future.

In the coronary angiograms the lumen of the artery is usually reasonably
well visualized due to the administration of iodine-containing contrast
medium. This means that one only sees the boundaries of the channel that is
left open. One can never tell for sure whether a vessel is diffusely diseased or
not, and thus whether the reference diameter that one is measuring is a true
representation of the original size of the vessel. Indications for the presence
of diffuse disease may be a deviation in caliber of the vessel relative to
normal values, although normal values for all the coronary segments are
hardly available, or the presence of irregularities in the contour as assessed
by roughness measures of the segment [96—98]. The normal cross-sectional
area of a specific vascular segment has also been found to be substantially
influenced by the coronary branching pattern [99], left ventricular mass {100}
and possibly by other independent factors, such as gender, age and ethnic
origin. In patients with single vessel disease with normal caliber coronary
vessels, one may assume that diffuse disease plays a very minor role. Under
such circumstances the use of the interpolated or computer-defined reference
technique is certainly indicated; however, if there is any doubt about the
presence of diffuse disease, this interpolated technique will also under-
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estimate the original sizes of the vessel. Until to date it has not been possible
to image the intima of the coronary vessels by X-ray techniques, nor is it
likely to be possible in the future. However, here exist excellent opportunities
for high-frequency intravascular echocardiographic approaches [12, 101].

Systems with facilities for densitometry, usually also provide geometric
data on the arterial dimensions (diameter values), since the densitometric
data is derived from the brightness data within the arterial boundaries; these
systems may be defined as hybrid systems. However, as was discussed
before, the accuracy of the edge detection approaches in densitometric
applications is of less importance, provided that the boundaries are defined
at or slightly outside of the true boundaries and the background correction
technique works well. The question then becomes whether in those systems
that do have accurate contour detection facilities, the densitometric data have
completely made the geometric data obsolete. Gould and Kirkeeide auto-
matically compare the cross-sectional area measures by automated edge
detection techniques on biplane angiograms with the densitometric data [18].
They have also found that disagreements between the two methods may
occur, especially for eccentric lesions in which their border recognition
technique using the orthogonal biplane views is not as accurate as the
densitometric technique [102, 103], or in cases where other optically dense
structures (catheters, other vessels, etc.) are superimposed on the arterial
segment of interest. In the latter circumstance, the diameter was best deter-
mined by the automated border recognition approach.

With the present limitations in the accuracy and precision in densitometry,
using only densitometric data may be useful in selected studies in which a
great number of conditions have been fulfilled, such as coronary segments
imaged en face, no intervening sidebranches, relatively homogeneous back-
ground, etc. In all other applications especially in intervention studies, where
the results pre- and post-intervention must be compared (from at least two
angiographic views), the first choice at present must be the vessel diameter
data and the second choice the densitometrically assessed cross-sectional
area data. In other words, densitometric data may be used complementarily,
but should not replace the diameter data. As soon as the densitometric
techniques have been improved to the extent, that the cross-sectional data
can be measured under most clinical circumstances with an accuracy and
precision comparable to the present results of the best contour detection
approaches, the situation changes and one may decide to rely only on the
densitometric data.

Finally, it will be of great interest to follow the studies in which the on-line
and off-line systems will be compared. The question is whether one will be
able to achieve the same accuracy and precision with on-line acquired 5122
images as with the off-line cine-approaches. Appropriate interpolation
schemes may prove to be extremely important in obtaining the required
number of pixels with valuable information for automated edge detection
techniques. It is the author’s opinion that due to the continuous improve-
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ments in the various components of the X-ray imaging chain and in the
contour detection and analysis procedures, the 5122 digital approach will be
able to demonstrate an accuracy and precision approaching those of the
cinefilm-based generations of a few years ago, while the most recent imple-
mentations of cinefilm-based systems will continue to show a slight but
definite advantage in the accuracy and precision of the quantitative data.
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Quantitative coronary arteriography;
physiological aspects



5. Peptides and the circulation

GRAHAM J. DAVIES

Summary

In health coronary blood flow is automatically regulated at the level of small
vessels to adjust flow to changes in perfusion pressure and myocardial
oxygen demand. Coronary disease is associated with the occurrence of flow
limiting resistance in the epicardial (large) arteries which is partly fixed and
dynamic depending on the relative contributions of atherona, thrombosis and
constriction and which causes the myocardial ischaemia seen in the various
clinical presentations. There are many mediators of normal control mechan-
isms and pathological coronary responses; some are recently discovered such
as the vasoactive peptides and some have been known for many years but
their relevance has been clarified by recent research.

Neuropeptide Y is a sympathetic neurotransmitter which constricts small
coronary vessels and, in the experimental situation, causes a flow reduction
sufficient to induce myocardial ischaemia without any effect on the larger
coronary arteries. Its effect is mainly direct through post junctional NPY
receptors, Endothelin is the most potent vasoconstrictor peptide yet dis-
covered, released from endothelial cells with a very long duration of action;
its role remains to be elucidated. Vasopressin, a circulating vasoconstrictor
peptide released from the pituitary gland, is important in the maintenance of
blood pressure following acute haemorrhage and is used to reduce bleeding
from eosophageal varices. Occasional reports of vasopressin induced myo-
cardial ischaemia exist. The circulating renin angiotensin system provides a
rapid homeostatic response to acute changes in blood pressure and fluid and
electrolyte status and may operate on a local tissue level. The kallikrein kinin
system is activated in septicaemic and endotoxic shock producing marked
vasodilatation and hypotension which can be attenuated by a bradykinin
antagonist. Somatostation is widespread in the body; it inhibits the release of
growth hormone and insulin and selectively reduces portal venous pressure
during intravenous infusion, possibly by inhibition of gut vasodilator peptides.
Calcitonin gene related peptide and substance P are both dilator neuro-
transmitter peptides found in human heart, the former long acting and the
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latter short acting. Atrial natriuretic factor is a peptide produced locally in
the atria of human hearts and regulates blood volume by responding to atrial
distension.

It is clear that the control of the circulation is complex and involves
peptide hormones and neurotransmitters. This realisation has served to
stimulate much research in cardiovascular control mechanisms.

Introduction

In health coronary blood flow is automatically regulated to adjust flow to
varying coronary perfusion (aortic diastolic) pressures and to the varying
demands of the myocardium for oxygen. It is unclear, in normal individuals,
whether the integrity of these control mechanisms is preserved at the extreme
ends of the physiological range and in the presence of extreme stimuli. The
smooth muscle cells of the tunica media form a structure which has inherent
tone but in coronary arteries in vivo this tone is modulated by autonomic
innervation [1] and by vasoactive substances produced by endothelial cells
[2].

Diseases affecting the coronary arteries usually involve the epicardial
(large) segments, atheroclerosis being the most common of these. When
significant epicardial coronary artery luminal stenosis occurs due to the
presence of an atheromatous plaque, the various physiological constrictor
mechanisms may induce transient reductions of blood flow sufficient to cause
myocardial ischaemia and angina pectoris instead of regulating blood flow
according to requirement. Furthermore, the physiological mechanisms may
be altered by disease, for example the coronary smooth muscle hyperreac-
tivity of Prinzmetal’s variant angina and the impairment of endothelium de-
pendent coronary vascular smooth muscle relaxation seen in atherosclerosis.

An atheromatous plaque may, by fissuring, induce localised coronary
thrombosis, which suddenly becomes the limiting resistance in that regional
circulation, causing a reduction in flow sufficient to case myocardial infarc-
tion. The same process will cause unstable angina if the thrombus is not
completely occlusive, as the physiological mechanisms of coronary constric-
tion or enhanced constriction due to thrombus related constrictor substancers
may cause intermittent coronary occlusion with consequent transient myo-
cardial ischaemia.

The extent to which the coronary microcirculation is involved in these
disease processes is unknown but evidence is accumulating that micro
embolism and microvascular constriction may, at least, be a secondary event
in some of these ischaemic syndromes [3].

In recent years a number of vasoactive peptides have been found in
human tissues and have been shown to exert certain cardiovascular effects
when administered into the circulation. The physiological and possible patho-
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physiological role of these peptides is unknown at present but the available
information in relation to the human circulation will be presented below.

Neuropeptide Y

Neuropeptide Y is found in sympathetic nerves supplying the human heart.
These nerves run in the advantitia of the spicardial coronary arteries but can
also be seen traversing the media of these arteries and coursing through the
myocardium. Neuropeptide Y containing fibres are particularly abundant in
the vicinity of arteries which are less than 100 microns in diameter. In the
nerve terminal it is found in large storage granules co — localised with
noradrenalin which is stored in smalol granulas. The two neurotransmitters
are co — released in response to nerve stimulation but the patterns of
stimulation causing their release differ somewhat. Binding sites for neuro-
peptide Y have been found in human heart and are particularly abundant in
coronary arterial smooth muscle.

When admininistered in nanomolar concentrations directly into the human
epicardial coronary arteries in vivo blood flow falls dramatically leading
rapidly to transmural myocardial ischaemia and angina pectoris [4]. The
arteriographic pattern obtained is very suggestive of obstruction at the level
of the small vessels and is completely unlike that found during epicardial
coronary artery spasm. That the obstruction is caused by constriction of
these small vessels is indicated by the fact that flow can be restored and
myocardial ischaemia relieved by the intra coronary administration of isosor-
bide dinitrate. When flow begins to return it can be seen on the cine
coronary arteriogram that the epicardial coronary arteries are widely patent
during the period when the flow has not returned to the basal level. This
small vessal constriction has also been demonstrated in the open chested dog
by simultaneously measuring flow, coronary calibre and pressure gradient
across the epicardial segment of the coronary artery [5].

Recent studies of forearm blood flow show that the potent constrictor
effect of infused neuropeptide Y is not diminished by alpha receptor block-
ade using phentolamine [6] and therefore neuropeptide Y appears to exert its
effect predominantly through activation of a specific receptor.

Endothelin

This 21 amino-acid peptide, recently identified as the constricting factor
produced by porcine endothelial cells, is the most potent vasoconstrictor
peptide known [7]. Like neuropeptide Y it has been shown to reduce regional
blood flow in the human by intense constriction of the small arteries and the
arterioles [8]. However, its biological half life is very long, in the region of 30
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minutes, so that the recovery of blood flow may be measured in hours rather
than minutes. Its relevance to physiological control mechanisms and to
pathogenetic mechanisms remains unclear.

Vasopressin

Vasopressin, through its antidiuretic action, plays an important role in
osmoregulation and its release from the anterior pituitary is mediated
through osmoreceptors. However, it is also a vasoconstrictor and its release
can be induced by hypotension and hypovolaemia mediated through the high
pressure (casrotid sinus) and the low pressure (left atrium) receptors [9]. It is
localised mainly in the hypothalamus and anterior pituitary and the pressure
responsive releasing mechanisms are influenced by circulating catechola-
mines through alpha and beta adrenergic pathways. Release of vasopressin
may be inhibited by atrial natriuretic peptide and stimulated by somatostatin,
both acting through the hypothalamus.

The normal circulating levels in plasma are well below those necessary
to have significant effects on blood presssure. However, in hypovolaemic
hypotension high plasma levels may be found and represent an important
mechanism for recovery from haemorrhage [10]; indeed, blocking the action
of vasopressin significantly delays blood pressure recovery following haemor-
rhage. Increasing the plasma concentration from 5 to 18 and to 36 pg/ml by
intravenous infusion of 0.15 and 0.40 ng/kg/min vasopressin in man
increases forearm vascular resistance, total systemic vascular resistance and
arterial blood pressure and decreases heart rate and cardiac output [11]. By
intravenous infusion at higher doses it is used to treat bleeding oesophageal
varices [12]; the therapeutic effect is achieved by lowering portal venous
pressure by splanchnic arterial vasoconstriction.

There is very little information on the effects of vasopressin on the human
coronary circulation. A recent study in patients with coronary atherosclerotic
disease reports no change in coronary or systemic vascular resistance follow-
ing inhibition of vasopressin using a synthetic analogue [13]. However there
is good clinical evidence that it constricts the coronary circulation (at least at
high plasma levels) as myocardial ischaemia and infarction have been re-
ported in patients receiving an intravenous infusion of vasopressin to treat
bleeding oesophageal varices [14].

Angiotensin

Angiotensin II is a circulating vasoconstrictor peptide derived from angio-
tensin [ by the activity of angiotensin converting enzyme in the lung.
Angiotensin I is the product of the action of renin, released by the kidney, on
circulating angiotensinogen, generated by the liver. In conditions associated
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with elevated plasma renin levels systemic vascular resistance is increased by
small vessel vasoconstriction causing hypertension and this action can be
reversed by angiotensin converting enzyme inhibitors. The circulating renin
angiotensin system, in particular renin secretion by the kidney, provides an
extremely rapid and efficient homeostatic response to acute changes in blood
pressure and fluid and electrolyte status [15].

Renin and angiotensinogen are also produced by arterial tissue and it is
therefore possible that the renin angiotensin system operates at a local level,
participating in the control of arterial tone [16].

Somatostatin

This peptide is present in the hypothalamus, anterior pituitary, pancreas,
stomach, intestine, gall bladder, kidney and parathyroid gland. It inhibits the
release of growth hormone, insulin and various gut hormones. Intravenous
infusion in patients with hepatic cirrhosis decreases portal venous pressure
without changing systemic haemodynamics [17]. This effect is possibly medi-
ated by inhibition of gut vasodilator peptides.

Calcitonin gene related peptide

Calcitonin gene related peptide (CGRP) is found in unmyelinated sensory,
substance P containing, perivascular, nerves. Alpha (GRP) is a potent vaso-
dilator which is active in the human, predominantly on the arterial circulation
with very little demonstrable venous effect [18]. Although it has been shown
to increase blood flow in the forearm, when administered directly into the
human coronary circulation it dilates the epicardial cornary arteries but has
little effect on the arterioles and consequently increases coronary blood flow
very little above the basal value. The dose response curve lies between
concentrations of 10—11 M and 10—9 M and the maximum epicardial
coronary arterial dilatation is similar to the maximum response to intra-
coronary nitrate administration [9]. Although, under basal conditions, there is
little increase in coronary flow in response to CGRP, when coronary flow is
reduced by a focal active process in the epicardial arteries it may be restored
by CGRP administration; thus CGRP can relieve attacks of myocardial
ischaemia and angina pectoris which are caused by such mechanisms.

When administered intravenously in humans CGRP causes a marked
reduction in systemic vascular resistance, an increase in left ventricular
stroke volume and cardiac output and a small increase in heart rate. These
changes are consistent with the effect of an arterial dilator and could be of
therapeutic value in clinical situations requiring left ventricular afterload
reduction, such as heart failure.
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Substance P

This 11 amino acid peptide was one of the first vaspactive peptides to be
discovered although its role and its mechanism of action are still not fully
elucidated [20]. It is present in humans in the central and peripheral nervous
systems and in the latter is found mainly in the unmyuelinated sensory nerve
fibers, which are known to be capable of sustaining antidromic conduction.
Substance P is widely distributed throughout the body, including the skin and
gut, as well as being localized to nerve fibers supplying blood vessels
including the coronary arteries. Although it is mainly localized within vascu-
lar nerves its action appears to be dependent on the integrity of the endo-
thelium [21]. It is the most potent vasodilator substance known and, when
administered into the human coronary circulation, it causes a dose dependent
increase in coronary epicarial artery calibre and in coronary blood flow with
its dose response curve ranging between 10—12 M and 10—10 M [22]. The
magnitude of the coronary flow increase is intermediate between that of
CGRP and that of adenosine suggesting a moderate dilating effect on small
vessels. Its effect is very short lived, having a biological half life of approxi-
mately 15 seconds. Its response exhibits marked tachyphylaxis and would
make it unsuitable as a possible therapeutic agent. Within the human skin
substance P is the neurotransmitter released by antidromic stimulation which
causes the triple response to injury; it could be a mediator of short term
readjustments in coronary vasomotor tone.

Atrial natriuretic peptide

Atrial natriuretic factor was discovered in 1981 [23] and the peptide se-
quenced in 1984 [24]. It is present in the atria of the human heart in health
but also in the ventricles in patients with heart failure [25].

In patients it is released during supraventricular tachycardia and is re-
sponsible for the associated polyuria with natriuresis. In the laboratory it can
be released by atrial pacing [26] and by stimulation of supraventricular
trachycardia [27]; the peak plasma level occurs after approximately 30
minutes of tachycardia and there is a positive correlation with atrial pressure
and dimensions. In patients with heart failure the plasma level is elevated;
intravenous infusion reduces atrial pressure and systemic vascular resistance
and increases the cardiac index.

The role of atrial natriuretic peptide in man appears to be primarily to
control blood volume, responding to atrial distension by causing arterial
vasodilatation and increased glomerular filtration, increasing excretion of
sodium and water.

Bradykinin

Bradykinin, a nine amino acid peptide, is one of a number of kinins which
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are generated from kininogens by the action of kallikrein in plasma and
rapidly inactivated by kininases [28]. They act as local hormones and plasma
levels are low. Kallikrein is derived from prekallikrein which is produced by
the liver. Ninety percent of kinin present in blood is inactivated during the
first passage through the lung vasculature.

The Kkallikrein kinin system is activated and bradykinin produced in
septicaemia and endotoxic shock [29]. Minute amounts in plasma are suffi-
cient to reduce blood pressure and increase protein permeability. The
hypotension in endotoxic shock can be attenuated by administration of a
bradykinin antagonist [30].

Forearm blood flow is increased by 20 to 25 mg/min infused into the
brachial artery [31] and such small concentrations will dilate coronary
arteries when directly infused [32]. Bradykinin is a potent stimulator of
prostacyclin biosynthesis in the heart [33]. It relaxes bovine intrapulmonary
arteries by endothelium dependent mechanisms involving the actions of
c¢GMP and cAMP the formation of which can be stimulated by endothelium
derived relaxing factor and prostacyclin, respectively [34]. It relaxes pul-
monary veins by a mechanism involving only cGMP.

All tissues, through their proteolytic enzymes, are capable of releasing
bradykinin from plasma [33]. Regional myocardial ischaemia may lead to
local kallikrein activation which may have a local vasodilatory action and
relieve myocardial ischaemia.

Conclusion

The recent discovery of new vasoactive peptide and the re-evaluation of
previously known neurotransmitters and hormones has led to greater
awareness of the complexity of cardiovascular control mechanisms which has
greatly stimulated research in this field.
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Summary

Coronary vasomotion plays an important role in the regulation of coronary
perfusion at rest and during exercise. Normal coronary arteries show vaso-
dilation of the proximal (+ 20%) and distal (+ 40%) segments during supine
bicycle exercise.

Patients with normal coronary arteries and reduced coronary flow reserve
(= microvascular angina) show exercise-induced vasoconstriction of the
distal epicardial arteries (— 24%), whereas the proximal vessels show vaso-
dilation (+ 25%). This abnormal reaction of the distal epicardial vessels to
exercise is probably due to an abnormal neurohumoral tone which may cause
or contribute to the paradoxical vascular response of the distal vessels during
exercise.

Patients with coronary artery disease show exercise-induced vasoconstric-
tion of the stenotic vessel segments. The exact mechanism of this exercise-
induced stenosis narrowing is not clear, but might be related either to a
passive collapse of the disease-free vessel wall, active vasoconstriction arising
from alpha-adrenergic stimulation by circulating catecholamines, an insuffi-
cient production of the endothelium-derived relaxing factor due to
atherosclerotic alterations of the stenotic vessel segment or to increased
platelet aggregation with release of thromboxane A2 and serotonin.

Introduction

Quantitative assessment of coronary vasomotion during exercise has been
performed for several years [1—5]. Not only normal, but also stenotic
coronary arteries show coronary vasomotion at the site of the stenosis due to
the fact that approximately 70% of all stenoses have a normal musculo-
elastic wall segment within the stenosis [6, 7). Brown and coworkers [7] have
suggested that active vasoconstriction or a passive collapse of the free vessel
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wall contribute to the decrease in cross-sectional area of stenotic vessel
segments. Coronary vasoconstriction with a decrease in coronary blood flow
would be particularly important at times of high flow rates such as during
dynamic exercise. The purpose of the present study is to discuss the effect of
dynamic exercise on coronary vasomotion in patients with normal coronary
arteries with reduced pharmacological coronary flow reserve and in patients
with coronary artery disease with stable, exercise-induced angina pectoris.

Exercise protocol

Simultaneous biplane coronary arteriography was used for quantitative
evaluation of normal and stenotic coronary vessel segments at rest and
during supine bicycle exercise. Moderate to severe coronary artery stenoses
and normal vessel segments were chosen for analysis. Biplane analysis was
performed in most patients in the right and left anterior oblique projection;
in some patients cranio-caudal angulation was necessary for proper visuali-
zation of the stenotic segment. Cinefilm was used as the data carrier (filming
rate 50 frames/s) and 5 to 8 ml of a nonionic contrast material (Iopamiro®
370) were used for coronary arteriography. Control biplane arteriography
was performed with the patient’s feet in elevated position attached to the
bicycle ergometer. Aortic and pulmonary artery pressures were recorded
immediately before coronary arteriography. Exercise was usually begun at a
level of 50 to 75 Watts, which was increased every 2 minutes in increments
of 25 to 50 Watts. Biplane coronary arteriograms with concurrent aortic and
pulmonary artery pressure recordings were obtained every 2 minutes and at
the end of exercise. Sublingual nitroglycerin (1.6 mg) was administered
immediately after termination of the exercise test and repeat coronary
arteriography was carried out 5 minutes thereafter.

Quantitative coronary arteriography

Quantitative evaluation of biplane coronary arteriograms was performed with
two different systems: Before November, 1988 [1, 2, 4, 5] the outlines of
coronary arteries were traced manually (4- to 6-times) in a blinded fashion
during mid- to late-diastole and were digitized with an electronic digitizer
(Numonics Corp,) interfaced to a PDP 11/34 computer. A portion of the
catheter of known dimension, near its tip, was traced for each cineframe and
was used as a scaling factor. Interobserver variability of this manual system
was found to be small with a standard-error-of-the-estimate (SEE) for
monoplane data of 0.39 mm? (= 9.3% of the mean vessel area) and for
biplane data of 0.30 mm? (= 7.9% of the mean vessel area).

After Nov. 1988 an automatic system was used for quantitative coronary
arteriography [8]. This system is based on a 35 mm filmprojector, a slow-scan
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CCD-camera (image digitization) and a computer workstation (apollo DN
3000, image storage and processing). Calibration was performed by the
isocenter technique which is based on two fixed reference points in the
center of the two image intensifiers. Contour detection was carried out in
biplane projection using a geometric-densitometric edge-detection algorithm
(Figure 1). Interobserved variability was found to be small with a standard-
error-of-the-estimate for biplane data of 0.14 mm? (= 4.1% of the mean
vessel area).

The methodology for computerized analysis of coronary arteriograms has
been described elsewhere [9]. Briefly, a three-dimensional model of the
vessel was constructed by matching centerlines of the individual biplane
tracings, assuming the vessel cross section to be ellopsoidal. The proximal
and distal, as well as the minimal cross sectional areas of the vessel segment
were calculated by the computer.

Normal coronary vasomotion

Coronary vasomotion in 7 normal patients (Group A; Figure 2) with no
evidence of coronary artery disease and normal pharmacological coronary
flow reserve as assessed by coronary sinus thermodilution was studied at rest
and during exercise [4]. Coronary luminal areas of the proximal and distal
left anterior descending and left circumflex coronary arteries were analyzed
and were found to increase with exercise, which was even further accentuated
after sublingual administration of 1.6 mg sublingual nitroglycerin. Coronary
luminal area of the proximal vessels (Figure 2) increased by 20% during
exercise and by 45% after sublingual nitroglycerin administered at the end of
the exercise test. Luminal area of the distal vessels (Group A; Figure 2)
increased by 40% during exercise and by nearly 100% after administration of
sublingual nitroglycerin [4]. Thus, in normal patients considerable coronary
vasodilation occurs during dynamic exercise, which is, however, not maximal;
following the administration of nitroglycerin, coronary luminal area increased
more than during exercise.

Microvascular angina

Myocardial ischemia in patients with normal coronary arteries and normal
left ventricular function has been reported by several investigators [4, 10, 11].
This condition with lactate production during atrial pacing has been called
syndrome X [10, 11]. Several mechanisms have been considered to be
responsible for this syndrome, such as coronary arterial spasms, small vessel
disease, biochemical disorders or abnormal coronary vasomotor tone [4, 10,
11]. Vasomotion of the proximal and distal coronary vessels was studied in 6
patients (Group B; Figure 2) with normal coronary arteries, ischemia-like
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Fig. 1. Quantitative coronary arteriography was carried out by an automatic system, which is
based on a 35 mm filmprojector, a slow scan CCD-camera (image digitization) and a
computer workstation (image storage and processing). Contour detection was performed in
biplane projection using a geometric-densitometric edge-detection algorithm. Luminal areas of
a normal and a stenotic vessel segment were analyzed at rest (upper panel) and during
submaximal bicycle exercise (lower panel). Patient’s data (right) and coronary luminal areas
(top left of each panel) are given for each individual sequence.

symptoms and a reduced coronary flow reserve after intravenous dipyrida-
mole as determined by coronary sinus thermodilution. Quantitative coronary
arteriography was carried out at rest and during symptom-limited exercise, as
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Fig. 2. Coronary luminal areas of the proximal (open symbols) and distal (closed symbols)
coronary arteries were determined at rest, during a first (EX1) and a second (= submaximal;
EX2) level of supine bicycle exercise, as well as 5 minutes after 1.6 mg sublingual nitro-
glycerin (NTG). Patients with normal coronary arteries were subdivided into 2 groups: Group
A consisted of 7 control patients with normal coronary flow reserve (mean 2.5 = 1.0, as
determined by coronary sinus thermodilution) and Group B of 6 patients with reduced
coronary flow reserve (mean 1.2 = 0.3, p < 0.05). Coronary vasodilation of the proximal and
distal coronary arteries was observed during exercise and after nitroglycerin in the control
group. However, in Group B, there was coronary vasoconstriction of the distal coronary
arteries during exercise, whereas the proximal vessels showed exercise-induced vasodilation.
Thus, patients with normal coronary arteries but reduced coronary flow reserve show an
abnormal dilator response during supine bicycle exercise. SEM: standard error of the mean.
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well as after sublingual administration of 1.6 mg nitroglycerin (Group B;
Figure 2). Proximal vessels showed exercise-induced coronary vasodilation
(+ 25%) as in the control group, whereas distal vessels showed coronary
vasoconstriction (— 24%) during exercise, which was reversible after
administration of nitroglycerin (+ 44%). Thus, abnormal vasomotion of the
distal coronary arteries appears to be responsible for a decrease in coronary
blood flow during exercise in these patients, which could explain the occur-
rence of myocardial ischemia with lactate production during exercise or
pacing-induced tachycardia. This abnormal reaction of the distal coronary
vessels to exercise could be explained by an abnormal vasomotor tone [12].
These changes could be effective through reflexes enhancing alpha-adrenergic
tone, which can cause vasoconstriction of the arterioles, but also of the
adjacent smaller epicardial arteries. [12].

Coronary artery disease

Coronary vasomotion of stenotic coronary arteries represents a significant

element in the pathogenesis of myocardial ischemia [7]. Brown and coworkers

[13] have reported a decrease in coronary luminal areas of normal and

stenotic vessel segments by 14 and 35%, respectively, during isometric

handgrip exercise. After intracoronary infusion of nitroglycerin, a second
handgrip test showed an increase instead of a decrease in coronary luminal
area of the stenosis and the normal vessel. These authors concluded, that
active vasoconstriction during handgrip test is probably caused by reflex
activation of the sympathetic nervous system, which can be prevented by
nitroglycerin. Dynamic bicycle exercise is associated [1] with coronary
stenosis narrowing, but in contrast to handgrip exercise, normal coronary
arteries show vasodilation (Figure 3). This exercise-induced vasoconstriction
is dependent on the severity of coronary stenosis, since mild to moderate
lesions (< 50% diameter reduction, mean 45%) showed only minimal
vasoconstriction (— 10%, n.s. versus rest) during bicycle exercise, whereas
severe lesions (> 50% diameter reduction, mean 64%) showed significant
stenosis narrowing (— 32%, p < 0.001 versus rest). The mechanism of
exercise-induced stenosis narrowing is unclear, but represents an important
observation in the pathophysiology of acute myocardial ischemia in patients
with classic angina pectoris.

The following mechanism could explain this phenomenon:

1. passive collapse of the disease-free vessel wall due to an increase in
coronary blood flow during exercise (Venturi mechanism) [7];

2. active vasoconstriction arising from alpha-adrenergic stimulation by circu-
lating catecholamines and activation of the sympathetic nervous system
during exercise [1];

3. insufficient production of the endothelium-derived relaxing factor during
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Fig. 3. Coronary luminal area of a normal (closed symbols) and a stenotic (open symbols)
vessel segment in 18 patients with coronary artery disease at rest, during a first (EX1) and a
second (EX2) level of supine bicycle exercise, as well as 5 minutes after 1.6 mg of sublingual
nitroglycerin (NTG). The normal vessel segment showed coronary vasodilation during exercise
and after sublingual nitroglycerin, whereas the stenotic segment showed exercise-induced
coronary vasoconstriction, which was reversible after sublingual administration of
nitroglycerin. Thus, exercise-induced stenosis narrowing is an important mechanism in the
pathophysiology of myocardial ischemia during dynamic exercise in patients with classic
angina pectoris.

exercise due to atherosclerotic alterations of the stenotic vessel segment

[14];

4. increased platelet aggregation during exercise due to turbulent blood flow

with release of thromboxane A2 and serotonin [15].

It is likely that more than one of these mechanisms are responsible for
the observed exercise-induced vasoconstriction. As blood flows through a
coronary stenosis, its flow velocity increases, while its pressure decreases at
the point of its greatest narrowing. Most of the pressure loss persists also
distal to the stenosis due to turbulence. During exercise, blood flow increases
up to four times, which increases the pressure gradient across the stenosis
16-fold. Since exercise-induced vasoconstriction can be prevented by intra-
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coronary nitroglycerin [1] or diltiazem [16]. the concept of a passive collapse
might be valid only in patients with severe coronary artery stenoses in whom
flow velocity may be high in the resting state. The occurrence of turbulence
distal to the stenosis suggests platelet aggregation with release of throm-
boxane A2 and serotonin as a complementary mechanism responsible for
active vasoconstriction. Thus, a decrease in turbulence during exercise with a
decrease in blood flow velocity after coronary vasodilation (e.g. nitroglycerin
or calcium antagonists) could explain a reduction or elimination of exercise-
induced vasoconstriction. Increased levels of circulating catecholamines
suggest a vasoconstrictory element via alpha-adrenergic stimulation. Since
only stenotic but not normal vessel segments show exercise-induced vasocon-
striction, it has to be assumed that other factors than increased catecholamine
levels are responsible for this phenomenon, such as endocardial dysfunction
with an insufficient production of the endothelium-dependent relaxing factor
[14]. It has been shown experimentally, that atherosclerotic vessel segments
respond differently to stimulation of the endothelium by acetylcholine: nor-
mal vessels show vasodilation, whereas stenotic vessels show vasoconstriction
[17]. Recently, Hodgson and coworkers [18]| reported opposite effects of
intracoronary acetylcholine on coronary vasomotion of the proximal and
distal coronary arteries: proximal vessel segments showed coronary vaso-
constriction in patients with mild coronary artery disease, whereas distal
vessel segments showed vasodilation. Thus, epicardial coronary arteries might
show differing rersponses of the proximal and distal coronary arteries to
pharmacological [18] or physiologic stimuli, such as in patients with micro-
vascular angina.
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7. Coronary angioscopy

THOMAS WENDT, RALF BETTINGER, and GISBERT KOBER

Summary

Direct visual examination of the interior surfaces of intact human coronary
arteries is now a reality, both via intraoperative and transluminal approaches.

As an additional investigation to angiography it improves the knowledge
about the corresponding morphology of angiographically visible changes.

Since the first report about percutaneous and intraoperative coronary
angioscopy using the new generation of ultrathin, flexible endoscopes by
Spears et al. in 1982, more than 2000 coronary angioscopies have been
reported until now by approximately 20 study groups worldwide.

Due to yet unsolved technical problems and a much more sophisticated
examination technique, percutaneous coronary angioscopy, today, cannot be
performed routinely but must be reserved to specific scientific trials.

However, concerning the intraoperative approach, important indications
were defined such as the visual control of coronary atherectomy, intraopera-
tive balloon dilatation and laserangioplasty, the inspection of the grafts prior
to implantation and finally the qualitative assessment of the distal anastomosis
after graft insertion.

The most important clinical result brought about by angioscopy involves
the postulation of a concept of the different clinical forms of coronary artery
disease based on the morphological stages of atherosclerosis, which were
defined by angioscopy and consequently related to clinical symptoms.

Scientific studies today are concerned with determinants for the patency
rate of bypasses, the restenosis rate of PTCA, the acute and chronic effects
of drugs, and the mechanisms of all kinds of catheter-supported angioplasties.

The next important progress in coronary angioscopy will undoubtedly be
the simultaneous visual control of coronary laser angioplasty.

Introduction

Towne’s provocatively imposed question in 1977: “vascular endoscopy:
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useful tool or interesting toy?” [82] can now be answered clearly in favour of
angioscopy. With its help, morphological information can be obtained in-
vivo, which is not possible by any other method. As a result, substantial
consequences for therapy often ensue from these data.

In this chapter an overview is given on the development, the various
techniques, the indications and the current status of percutaneous and
intraoperative coronary angioscopy.

Historical review

As with many supposedly new ideas, it has to be realized that angioscopy is
actually quite old.

Cardioscopy was first attempted in 1913 by Rhea and Walker, who used a
rigid, cylindrical tube similar to today’s rectoscopes in an intraoperative trial.
Because the lens was recessed in a sheath, direct contact between the lens
and the endocardium was impossible and circulating blood interfered with
vision. Therefore this pioneer’s deed was deemed unsatisfactory and thus
never published. It was, however, referred to by Cutler et al.in 1924 [14].

The following years, smaller instruments, the improvement of illumination,
the refinement of the technical accessories [1, 2, 4, 6, 55, 62, 63| and the
problem of temporary elimination of the nontransparent blood by flushing
[64] or displacement [27, 61] were worked upon for the intraoperative use.

In 1961, Carlens and Silander [7] made the first step towards the trans-
luminal application by advancing a rigid, 7 mm scope with right-angle view
through the jugular vein for inspection of the right heart. With a thin rubber
balloon, which was attached superior to the distal lens of the scope and
inflated with 5 ml of saline, it was possible to press the instrument against the
endocardium for sharp images of the right atrium and ventricle. Although the
illumination was adequate for inspection, photography required an exposure
time of approximately 60 seconds and, therefore, could only be obtained
while the heart was arrested.

However, these efforts and subsequent studies [8, 74] had only modest
success, as the rigid instruments did not allow a protective inspection of the
tortuous vessels.

It took until 1958 for the technology of flexible glasstibers [26] to find its
first practical application in medicine [29]. With that, it was possible to
transport light as well as an image of the object through the winding vessels,
which were at first of large caliber [12, 13, 18, 22, 57, 70, 71, 81, 89, 90,
91].

However, angioscopy of the small vessels such as e.g. the coronary arteries
was only possible after the development of ultrathin fiberglass endoscopes at
the beginning of the eighties.

The first prototypes of these flexible endoscopes with an orthograde view
were less than 2 mm in diameter at a length of 100 to 120 cm, but had
neither a steering mechanism nor a working channel.
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Using these simple instruments, several groups in the United States,
Europe and Japan started coronary angioscopy at the same time. Soon there
after, in 1982, Spears et al. were the first to describe the intraoperative as
well as the percutaneous technique [77].

In the group of W. Grundfest and coworkers at the Cedars Sinai Medical
Center, intraoperative coronary angioscopy flourished rapidly [9, 16, 17, 23,
24, 25, 46, 47, 48, 72, 73]. Very early this center could look back upon 172
coronary angioscopies in the first 100 explored patients [28].

Together with the experience of other groups numerous useful applications
were proposed for the intraoperative approach [11, 15, 30, 32, 35, 41, 52,
65,66,67,80,92,93,95,96,97, 98], which will be referred to below.

The most important clinical result brought about by angioscopy involved
the postulation of a concept of the different clinical forms of coronary artery
disease by Forrester et al. in 1987 [17] based on the morphological stages of
atherosclerosis, which were defined by angioscopy and consequently related
to clinical symptoms.

These intraoperative results incited interest in the percutaneous applica-
tion which was lagging behind because of the more sophisticated examination
technique [3, 5, 30, 31, 33, 35, 38, 40, 58, 68, 69, 75, 76, 88|, with which a
lower success rate was achieved. Initially, a success rate of approximately
50% was achieved [35, 75, 92|, as opposed to a success rate of 90% with the
intraoperative approach [25, 30, 95].

Nevertheless, with increasing experience in the percutaneous method,
important clinical questions could be successfully investigated with this
technique: Forrester’s concept could be supported in acute coronary syn-
dromes [37, 51, 84], the course of coronary thrombosis [50, 53, 78, 79] and
thrombolysis [36, 95] could be observed, and the effect of balloon dilatation
be judged by looking at the inner surface before and after the procedure [34,
54,86, 87, 93, 96].

Important in-vitro studies were concerned with the development of
coronary thrombosis and thrombolysis [83], with rheological mechanisms
within stenoses in relation to their cross-sectional area [85], as well as with the
reliability of angioscopic data in comparison to angiography and macroscopy
[94].

By miniaturization and improvements in the steerability of the scopes [58,
86], it has recently been possible to increase the success rate of percutaneous
coronary angioscopy significantly and to enlarge the number of coronary
segments within reach. Mizuno and coworkers [50], for instance, report
about first experiences with a 1.1 mm angioscope, that contains 4 channels,
an angulation system and a distal occlusion cuff.

Basic principles of operation: irrigation (I) and angulation (II)

I: Aside from the steering mechanism, which is important for the selective
probing of the coronary tree and for centering the tip inside the vessel to
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obtain images of diagnostic quality, flushing is the second decisive aspect in
coronary angioscopy.

During percutaneous angioscopy a sufficient flushing of the target lesion is
much more difficult to achieve than with the intraoperative approach.

If angioscopes without an integrated channel are used, flushing is per-
formed through the 8 to 9.5 French guiding catheter in the percutaneous
approach, and through a 5 French sheathing catheter enclosing the scope
when applied intraoperatively.

The flushing solution, preferably lactated Ringer’s solution at room tem-
perature, is supplied by a Y connector and exits next to the distal lens.
Intraoperatively, the cold cardioplegic solution can be used for irrigation.

The total amount of flushing volume depends on the local situation.
Intraoperative flushing can be done with larger volumes, as a substantial part
is immediately eliminated by suction. An approximate estimation of the fluid
loading, however, must be done keeping in mind an upper limit of 500 ml,
even though other authors [19] detected no fluid overload at 1000 ml.

During cardiac catheterization, a 50 ml syringe is used and flushing is
done per volume of 10 ml with a flow of 2 to 4 ml/sec., in such a way that
there is sufficient visualization for a few seconds. Intraoperative continuous
flushing can be done while the heart is arrested. Especially intraoperatively
the flushing dilates the collapsed vessel and excellent visualization can be
accomplished.

To diminish the necessary flushing volume and to obtain better images, a
reduction of disturbing orthograde, retrograde or collateral blood flow can
be achieved by auxiliary blocking maneuvers: transluminally by additional
blocking balloons (Fogarty type) that may be expanded proximally and/or
distally of the angioscope’s tip, and intraoperatively by clamping. As de-
scribed above, recent angioscopes have an integrated flushing channel as well
as a distal occlusion cuff.

II: Different techniques have been developed for steering the angioscope,
especially during cardiac catheterization: One possibility for steering the
angioscope’s tip is the double guiding catheter technique [95]. As a first step,
a common 0.12 inch guide wire is placed before the target lesion; next, a 5
French inner catheter is pushed completely over it. Finally, the guide wire is
removed and exchanged for the angioscope.

With this approach, almost every region of interest can be reached as long
as the 5 French catheter fits the coronary lumen. The advantage of this
procedure lies in the fact that the tip is not allowed to touch and possibly
injure the endothelium. Its disadvantage lies in the fact that the irrigation
capacity is reduced, although flushing is possible via both catheters.

Another possibility of steering is achieved in the over-the-wire technique
[95]. In this case, a loop is fixed at the distal end of the scope, by which the
instrument can be moved to the region of interest along a guide wire using it
as arail.
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However, pushing the angioscope along the guide wire through curves, the
wire itself is straightened, as today’s angioscopes are stiffer than guide wires.
Moreover, in such situations the sharp edged tip of the angioscope may
scratch along the endothelium with the possibility of injuring it.

With its loop, it can also get hooked during withdrawal into the guiding
catheter. Therefore, a distal channel of about 10 cm length, the proximal
orifice of which must not leave the guiding catheter, is better than the loop.

On the other hand, this technique has the advantage that the tip is brought
into a center position within the vessel by the wire; however, only in straight
segments.

An improvement of the over-the-wire-principle is the integrated flushing
channel of newer angioscopes, which can additionally carry a guide wire.

Intraoperatively, active angulation of the tip does not play such an im-
portant role, because of the short distance between insertion and inspection
site and the possibility of manipulating the tip and the vessel manually from
the outside.

Special technical equipment

Today, various angioscopes are offered by several commercial companies
such as Advanced Cardiovascular Systems, American Edwards, Fukada,
Fuji, Olympus, Storz, Trimedyne, and others.

The older, simpler instruments are 0.8 to 1.8 mm in diameter, have a
working length of 100 to 120 cm and contain 2000 to 3000 arranged optical
fibers of 5 micron each for transmission of the endoscopic picture. Their
angle of view field is 55 degrees in air and 42 degrees in saline solution, their
depth of view field is 1 to 15 mm with an optimum visual distance of 4 mm.

Recent instruments contain the transmission fibers for illumination and
imaging within a diameter of 0.5 mm. They are offered either without any
extras or with additional flushing channels, balloons or steering mechanisms,
however, at the expense of enlarging the overall diameter.

In addition, a colour video camera, a high resolution monitor, a halogen
light source and a videorecorder are necessary. Freeze frame printers
(Polaroid) and colour video printers (e.g. by Bauer, Mitsubishi) have proven
convenient for a quick documentation of the findings. Other parts like
sheaths, pressure lines, three way ports, syringes and sterile bags to wrap the
camera are at hand in any cath-lab.

Sterilization of the angioscope can be achieved either by ethylen oxide or
by immersing the flexible part of the scope for 30 minutes in a plexiglas tube
which is filled with a 10% Gigasept (R) solution.

Review of angioscopic findings

Angioscopy provides numerous morphological details, that cannot be ob-
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tained with any other in vivo method. After Grundfest et al. [17, 25] had
described various stages of atherosclerosis by their morphological appear-
ance, our group defined the different morphological criteria of these stages
(Table 1) and compared them with postmortem angiographic findings and
the genuine findings after the vessels were cut open and could be inspected
with the naked eye [94].

Table 1. Frankfurt — Angioscopic — Classification [94].

Morphologic Surface Colour Shape Mobility
definition
normal smooth pink 0 no
reflecting
lipogenic smooth, intact yellow round no
plaque non-reflecting
elevated
ulcerous rough yellow edged no
plaque crater-like and white
ulcerous rough yellow edged no
plaque with crater-like and
thrombosis hilly red
fibrous smooth + bulging white round possible
plaque rough + fringed or
flaps + cones edged
walladherent non-reflecting dark red plain tightly
thrombosis prickly and/or and/or attached
rippled white
thrombus smooth red spherical possible
reflecting
dissection smooth white lamella yes

The results were as follows: Comparing angioscopy with angiography, we
found that angiography was unable to tell anything about the morphology of
lesions, which was, however, easily possible with angioscopy. On the other
hand, only with angiography, we were able to define the extent of narrowing
of a stenosis.

This part of the comparison of the three evaluation methods was a good
confirmation of what could be expected. However, surprising results were
obtained from the comparison angioscopy versus macroscopy (Table 2).

All 28 segments, that had been described as normal, were truly normal.
Lipogenic plaques were presumed 15 times, however, confirmed in only 11
cases. In 4 cases, light reflections were misinterpreted as lipogenic plaques, 5
additional subintimal plaques were ignored. All ulcerous plaques with or
without thrombosis, as well as all fibrous plaques were found and interpreted
correctly without any exception. Occlusions were presumed by angioscopy 4
times, which was found to be true only twice. Curves imitated cleft occlusions
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Table 2. Post mortem comparison between angioscopy and macroscopy in 16 intact human
cadaveric hearts.

normal lipogenic ulcerous ulc./thr. fibrous occl. diss.
plaque plaque plaque plaque
angioscopy s 28 15 5 1 21 4
macroscopy 28 11 5 1 21 2 2
ignored 0 5 0 0 0 0 0
misinterpreted 0 4 0 0 0 2 0
correct 2

in two cases. With dissections, angioscopy was even superior to macroscopy.
Only 2 out of 4 angioscopically obvious dissections or movable flaps could
be found after the vessel was cut open.

These results indicate that angioscopic judgements are reliable in case of
normal intima, ulcerous and fibrous plaques, whereas light reflections and
curves are possible pitfalls in the interpretation of lipogenic plaques and
occlusions, which have to be considered.

Transluminal techniques

During fluoroscopy, the angioscope is carefully pushed through an 8.0
French guiding catheter, which was placed via the brachial or femoral artery
in the coronary ostium. As the scope is still relatively stiff, it is important to
pay attention that the guiding catheter is not luxated out of the coronary
ostium as the scope is being moved forwards.

If a simple angioscope without steering mechanism is used, good pictures
are merely exceptional and a selective probing is impossible as well. In this
case, the double guiding catheter technique, which has been described above,
can be of great value.

If the angioscope has a distal loop or an integrated channel, it can be
pushed along a guide wire to the region of interest.

Another possibility is offered by the recent angioscopes with an integrated
distal balloon. The tip can be lifted off the wall by inflation of the cuff and is
then centered inside the lumen, a requirement for good images. In addition,
the orthograde blood flow is diminished, further improving the visualization.

A lactated Ringer’s solution at room temperature is recommended for
irrigation. Following injection of saline into the right coronary artery, one
female patient in our series presented ventricular fibrillation, which could be
converted to sinusrhythm immediately; others complained of angina. With
lactated Ringer’s solution we noted no side-effects.

Concerning the likelihood of recording good pictures from potential
inspection sites, the right coronary artery is the most suitable vessel, as all of
the flushing performed through the guiding catheter hits its lumen, whereas a
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large part of the irrigation reaches the circumflex during inspection of the left
anterior descending and vice versa.

On the other hand, the LAD is easier to probe than the RCA. In general,
the Cx is unsuitable, because of its rectangular outlet. Vein grafts to the left
coronary artery are generally not as suitable for transluminal angioscopy as
those to the right coronary artery, because they exit at an angle and move
around the heart, while the vein grafts to the RCA run straight downward at
first.

A further difficulty of the percutaneous approach lies in the fact that the
heart moves from systole to diastole, striking the angioscope from wall to
wall. This can only be remedied by additional or integrated balloons; guiding
wires are insufficient in this case.

Intraoperative techniques

In comparison to the percutaneous approach the intraoperative technique is
far easier: the distances are shorter, the tip and the vessel can be manipulated
from the outside, the heart is arrested while the patient is supported on a
bypass pump, the duration of flushing does not play a similarly decisive role,
the coronaries are emptied of blood, and the danger of volume overloading is
small as much of the flushing solution is absorbed by the suction.

A disadvantage is the fact, that pushing the angioscope intraoperatively is
usually done without fluoroscopic control; however, the tip can be seen
through the vessel wall by the light shining through it.

The angioscope or the angioscope holding catheter is inserted through the
arteriotomy or the bypass vein and moved in gentle rotating motion up- and
downwards. Under favourable conditions the angioscope can also be driven
retrograde out of the left main stem and be pushed transaortically orthograde
into the RCA by the so called “crisscross-maneuver” [59).

Besides the inspection of the coronary tree, the visual control of intra-
operative angioplasties and the inspection of the veins and internal mammary
arteries before implantation, the intraoperative examination is useful for
checking the suture lines of the distal anastomosis.

The transluminal approach: results

During cardiac catheterization we have performed percutaneous coronary
angioscopy in 24 selected patients via the brachial or the femoral approach.
Eight patients underwent coronary angioscopy before and after PTCA, two
before and after intracoronary lysis.

Three simple angioscopes with diameters between 0.8 and 1.0 mm (Amer-
ican Edwards) were used, the tips of which we left unaltered in the 1%,
equipped with a distal loop in the 2™ and equipped with a short, distal
channel in the 3%,
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The following example describes the examination of a 54-year old male
patient.

Eleven years after aortocoronary bypass grafting the patient complained
of increasing exertional angina. Coronary angiography revealed a long,
cloudy and irregular stenosis in the mid portion of the venous graft to the
right coronary artery (Figure 1).

Six weeks later the patient came for angioplasty of this stenosis. Angio-
graphy then performed showed a total occlusion which had formed mean-
while (Figure 2a). Angioscopically, a fresh, red thrombus could be identified
as the cause of the occlusion (Figure 2b). For technical reasons (NTSC video
system) the thrombotic material appears green instead of red, as could be
seen with the naked eye.

After intracoronary lysis with urokinase over a period of 30 minutes the
well filled periphery of the right coronary artery was visible angiographically,
as well as the remaining cloudy areas in the formerly occluded segment
(Figure 3a).

In the early stage of lysis, red thrombi could be noted angioscopically;
shortly after small, in some areas, bigger, white fibrin flaps, fringed out like
fern leaves (Figure 3b). At the end of the lysis, only minor white fibrin
threads attached to a smooth vessel endothelium and sticking to the guide
wire were found (Figure 3d).

Fig. 1. Angiography of a vein graft to the right coronary artery: cloudy, irregular stenosis,
suspected thrombus.
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Summarizing our results, which have been published in detail elsewhere
[92, 93, 95, 96, 99|, we found that percutaneous coronary angioscopy offers
additional information on the morphology of stenoses, their longitudinal and
circumferential order, the presence of occluding or wall-adherent thrombi as
well as intimal dissections. Furthermore, stenoses could be examined before
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Fig. 2. (a) Angiography directly preceding planned angioplasty: novel occlusion in the
segment of the former high grade stenosis. (b) Angioscopic finding: Laterally on the left and
right side of the picture, white fibrin networks can be identified; in the center, the occluding
thrombus is visible (oblique shading); above that a further red clot (narrow shading). (c)
Schematic illustration.

and after PTCA, thereby helping to understand more about the mechanism
of balloon angioplasty.

The initial 45% success rate on images of sufficient quality could not be
improved in the course of the study using these angioscopes. Failure was
mainly due to the lack of steerability. In some cases, the improved blood flow
after successful angioplasty impeded visualization after PTCA in patients in
whom coronary angioscopy had been successful prior to angioplasty. Stenoses
or occluded vessels and bypasses allowed a good view even with little
flushing.

In contrast to the swiftness of intraoperative angioscopy, the percutaneous
technique lasted on average 10 to 15 minutes.

Besides the above mentioned single occurrence of ventricular fibrillation
due to injection of saline solution, no major complication was noted.

The intraoperative approach: results

During aortocoronary artery bypass graft surgery, we performed 73 coronary
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angioscopies in 41 patients. Thirty-three patients were examined in Frankfurt,
8 in cooperation with the colleagues in GieBen, who have had their own
experience with intraoperative coronary angioscopy before [52].

Fifteen coronary arteries were inspected without further interventions, 6
before and after atherectomy, 22 before and after intraoperative balloon
dilatation and 7 before and after intraoperative argon-laser angioplasty. The
suture lines of the distal anastomoses were inspected through the implanted
vein 23 times.

Again, one example shall illustrate the intraoperatively obtained images. It
describes the findings of a patient, who was treated with laser angioplasty
(Trimedyne Optilase 900) according to the protocol shown in Figure 4.

The aim of this study [97, 98] was to describe the immediate angioscopic
results of human coronary argon-laser angioplasty. While the heart was
arrested, a first angioscopy of the region of interest was performed by
inserting the scope retrograde through the arteriotomy. Then, the angioscope
was pulled out and the first laser procedure was performed using a 2.0 mm
spectraprobe. After that, the laser probe was pulled out and exchanged for
the angioscope to inspect the lasered site. After that, a second laser angio-
plasty was done with a 2.0 mm hot tip probe followed by control angioscopy
in the same manner. In order to improve the result, an additional balloon
dilatation was finally performed, again controlled by angioscopy. A follow-up
angiography took place on day 6 postoperatively.

The 51-year-old male patient came to surgery because of restenosis
following 3 primarily successful PTCAs. The preoperative angiogram of the
left coronary artery is shown in Figure 5a, the intraoperative image of the
distal end of this stenosis in Figure 5b.

After withdrawal of the scope, the spectraprobe was advanced and laser
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Fig. 3. (a) Angiography after intracoronary lysis: reopened graft. Remnants of thrombi are
visible in the formerly occluded, now tortuoured segment near the middle sternal cerclage. (b)
Angioscopic finding after 10 minutes of lysis: fern leaf-like white fibrin flap. (d) Angioscopic
finding after 30 minutes of lysis: thin fibrin thread being attached to the smooth vessel wall
and sticking to the guide wire, which enters the picture at the 4 o’clock position. The
symmetric formation on both sides of the thread is a light reflection of the metal tip of the
wire lying below. (c, €) Schematic illustrations.
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Fig. 4. Study protocol of the angioscopic control of intraoperative coronary argon-laser
angioplasty.

angioplasty performed with an energy of 5 W. Doing so, the probe could
easily pass the stenosis, which had not been possible before. Control angio-
scopy showed an increased, round shaped lumen, no carbonisation, no
perforation, but a sharp edged fissure (Figure 5d), probably due to the free
beam of the spectraprobe.

After that, the hot tip probe was advanced and a second laser procedure
performed with 4 W. Angioscopically (Figure 5f), some large, yellow-white,
fluttering masses, which prolapsed into the lumen and had not been there
before, could be detected.

To improve this result, a balloon angioplasty was carried out in order to
press and attach the flaps to the wall. However, this attempt had only little
success; the masses were flattened, but were still fluttering in the irrigation
stream (Figure 6b).

The control angiography six days later showed an open mammary artery
graft to the LAD (not illustrated) and an open diagonal branch. The laser
treated segment of the LAD, however, was occluded (Figure 6a).

Summarizing these as well as the other intraoperative results achieved by
our group [99], we may state in accordance with other authors [24, 43, 44,
56, 60], that intraoperative coronary angioscopy is a quick and safe proce-
dure, and therefore a useful tool with respect to the intraoperative indica-
tions described below.

However, we do not agree with the opinion of Lee et al. [45], that intra-
operative coronary angioscopy is suitable for the quantification of the degree
of coronary stenoses. In our mind, this is not realistic, as the distance
between the distal lens of the scope and the object is unknown, flushing
dilates the lumen and gauging is still impossible intraluminally. The quantifi-
cation of stenoses, therefore, should be reserved to angiography.
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Fig. 5. (a) High grade, proximal LAD stenosis immediately distal to the origin of the first
diagonal branch as relapse after three primarily successful PTCAs. (b) Angioscopic finding:
severe, fibrous narrowing without ulceration, thrombus or dissection. (d) Angioscopic finding
after spectraprobe lasering: increased, round shaped lumen with a hook-like, sharp edged
fissure in the one o’clock position. (f) Angioscopic finding after hot tip lasering: yellow-white,
fluttering masses. (c, €, g) Schematic illustrations.

Complications

As possible complications and side effects of angioscopy, the literature cites
overloading of liquid due to an excessive quantity of flushing, embolisation of
plaque particles, injury of the vessel wall in the form of dissection, perfora-
tion or subsequent thrombosis, coronary artery spasm, infection, and finally
exceeding the ischemic tolerance of the myocardium.

The latter could not be improved even by using perfluorocarbon [10, 20,
21, 39, 49], a liquid which became known as artificial blood, having a high
affinity to oxygen; it is much too viscous to inject as a flushing solution
through the flushing catheter or the thin irrigation channel of today’s scopes
in sufficient quantity.

Severe complications have not been observed by our team nor by others.

However, just recently [42], the danger of damaging the intimal surface
has been described; the chances of such complications increase with the
stiffness of the angioscopes.

Limitations

Besides the fact that the quality of the images improves with the operator’s
skill and experience, two major limitations to coronary angioscopy continue
to exist:

First, blood interference with the visual field remains a potential problem.
Even the smallest amount of intraluminal blood can produce a hazy red
image which can only be cleared with sufficient irrigation.

Secondly, despite some newer guide wire steering mechanisms, the lack of
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Fig. 6. (a) Postoperative angiography: occlusion of the laser treated LAD segment; the large,
first diagonal branch is open. (b) Intraoperative angioscopic finding following all laser proce-
dures and additional balloon angioplasty: flattened, but still fluttering flaps. (c) Schematic
illustration.

a true angulation system impedes probing of the distal segments of the
coronary tree and it impedes coaxial advancement, which is necessary for
good pictures.

Necessary technical improvements

Therefore, the following technical improvements are desirable:

The tip must be more flexible and made steerable from the outside. The
body should have a distal occlusion cuff to block the blood stream and to
center the tip in the vessel lumen. The scope should have an irrigation
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channel which is made wide enough to additionally carry a guide wire or
laser fiber. The whole angioscope should also be radiopaque. A useful
accessory would be a calibration device.

Indications and applications

Because of the fact that at present the intraoperative examination technique
is still the easiest to perform and that the greatest experience exists with this
method, the accepted indications for coronary angioscopy lie in the field of
intraoperative use and are as follows:

The immediate control of coronary atherectomy, intraoperative balloon
dilatation and laserangioplasty, the inspection of the grafts prior to implanta-
tion and the qualitative assessment of the distal anastomosis after graft
insertion.

In these cases, angioscopy is superior to other control techniques such as
intraoperative angiography, electromagnetic flow measurements or cardio-
green injections, and allows immediate revision before the vessel is closed.

Indeed, Grundfest et al. reported 3 cases of misplaced sutures documented
by angioscopy that led to a revision of the anastomosis [26].

Furthermore, vessels which have not been angiogrammed preoperatively
such as an internal mammary artery, or those which had only an obscure
angiographic visualization due to occlusion, can be inspected for further
significant stenoses and plaques. Moreover, the transplanted vein can be
examined for intimal lesion, injured valves or poorly ligated side branches.

As percutaneous coronary angioscopy cannot be performed routinely at
present, useful applications are scientific trials during cardiac catheterization
such as the investigation of the determinants for the patency rates of by-
passes, the restenosis rate of PTCA, the acute and chronic effects of drugs,
the correlation of stenosis morphology and clinical complaints, and, finally,
the mechanisms of all kinds of catheter supported angioplasties.

Future aspects

Translating and integrating research findings into clinically useful diagnostic
or therapeutic maneuvers will require several years. If technical problems
continue to be solved and image quality continues to improve, percutaneous
coronary angioscopy may become another important tool in the armamen-
tarium of the invasive cardiologist.

Acknowledgements

The authors would like to express their appreciation to the Vascular Sur-



176

geons: L. Eckel MD, E. Krause MD, K. Sarai MD and P. Satter MD of the
University Clinic Frankfurt and F. Hehrlein MD, R. Moosdorf MD and H.
Scheld MD of the University Clinic Giessen, who helped to collect much of
the angioscopic data.

The studies concerning the authors’ own data were supported in part by
the Riese-Foundation, the Dr. Carl Wilder-Foundation and the German
Heart Foundation.

Special thanks are due to Mrs. P. Bettinger, Mrs. B. Hallerbach, Storz and
American Edwards.

References

1. Allen D, Graham E: Intracardiac surgery — a new method. J] Am Med Ass 79: 1028—
1030, 1922.

2. Allen D: Intracardiac surgery. AMA Arch Surg 8:317—319, 1924,

3. Beck A, Reinbold W, Blum U, Nanko N, Milic St: Papacharalampos X: Clinical applica-
tion of percutaneous transluminal angioscopy. Herz 13: 392—399, 1988.

4. Bolton H, Bailey C, Costas-Durieux, J: Cardioscopy — Simple and practical. J Thorac
Surg 27:323—329, 1954.

5. Bonan R, Parisella M, Fournier J, Crepeau J, Cote G, De Guise P, Waters D: Percu-
taneous coronary angioscopy: technique and results. Europ Heart J, 8 (SupplIl): 222,
1987 (Abstract).

6. Butterworth R: A new operating cardioscope. J Thorac Surg 22: 319—322, 1951.

7. Carlens E, Silander T: Method for direct inspection of the right atrium: Experimental
observation in the dog. Surgery 49:622—624, 1961.

8. Carlens E, Silander T: Cardioscopy. J Cardiovasc Surg 4: 512—515, 1963.

9. Chaux A, Lee M, Blanche C, Kass R, Sherman T, Hickey A, Litvack F, Grundfest W,
Forrester J, Matloff F: Intraoperative coronary angioscopy: technique and results in the
initial 58 patients. J Thorac Cardiovasc Surg 92:972—976, 1986.

10. Clark L, Kaplan S, Becattini F: The physiology of synthetic blood. J Thorac Cardiovasc
Surg 60: 757—773,1970.

11. Cortis B, Hussein H, Khandekar C, Pricipe J, Tkaczuk R: Angioscopy in vivo. Cath
Cardiovasc Diagn 10: 493—500, 1984.

12. Crispin H, van Baarle A: Intravascular observation and surgery using the flexible fibre-
scope. Lancet 1: 750—751, 1973.

13. Crispin H: Experience with the vascular brush. J Cardiovasc Surg 28:45—49, 1987.

14. Cutler E, Levine S, Beck C: The surgical treatment of mitral stenosis: Experimental and
clinical studies. Arch Surg 9: 689—821, 1924.

15. Ferris E, Ledor K, Ben-Avi D, Baker M, Robbins K, McCowan T, Sharma B: Percu-
taneous angioscopy. Radiology 157: 319—322, 1985.

16. Forrester J, Grundfest W, Litvack F, Lee M, Chaux A, Matloff J, Carroll R, Foran R,
Berci G, Morgenstern L: Intraoperative vascular endoscopy using flexible fibreoptics.
Circulation 70 (Suppl II): 297, 1984 (Abstract).

17. Forrester J, Litvack F, Grundfest W, Hickey A: A perspective of coronary disease seen
through the arteries of living man. Circulation 75: 505—513, 1987.

18 Gamble W, Ennis R: Experimental intracardiac visulization. N Engl J Med 276: 1397—
1403,1967.

19. Gehani A, Ashley S, Brooks S, Kester R, Ball SG, Rees MR: Percutaneous angioscopy
and sapphire tip lasing of intimal flaps following angioplasty. Heart and Vessels 4, 1: 52,
1988 (Abstract).



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35s.

36.

37.

38.

39.

40.

41.

177

Geyer R: Fluorocarbon-polyol artificial blood substitutes. N Engl J Med 289: 1077—
1082,1973.

Glogar D, Kloner R, Muller J, DeBoer I, Braunwald E: Fluorocarbons reduce myocardial
ischemic damage after coronary occlusion. Science 211: 1439—1441, 1980.

Greenstone S, Shore J, Heringman E: Arterial endoscopy (arterioscopy). Arch Surg 93:
811—812,1966.

Grundfest W, Litvack F, Lee M, Matloff J, Carroll R, Foran R, Berci G, Morgenstern L,
Forrester J: High resolution intraoperative angioscopy of peripheral and coronary arteries
in man. Personal communication.

Grundfest W, Litvack F, Hickey A: The current status of angioscopy and laser angio-
plasty. J Vasc Surg 5: 667—673,1987.

Grundfest W, Litvack F, Sherman T, Carroll R, Lee M, Chaux A, Kass R, Matloff J,
Berci G, Swan H, Morgenstern L, Forrester J: Delineation of peripheral and coronary
detail by intraoperative angioscopy. Ann Surg 202: 394—400, 1985.

Hansell C: Improvements in or relating to means for transmitting radiant energy such as
light, and to apparatus for therewith. British Patent No. 295601, Feb. 21st, 1929.

Harken D, Glidden E: Experiments in intracardiac surgery. J Thorac Surg 12: 566—572,
1932.

Hickey A, Litvack F, Grundfest W, Lee M, Chaux A, Blanche C, Kass R, Sherman T,
Glick D, Swan HC, Matloff J, Forrester J: Coronary angioscopy: the spectrum of disease
in the first 100 patients. J Am Coll Cardiol 9: 197A, 1987 (Abstract).

Hirschowitz B, Curtiss L, Peters C, Pollard H: Demonstration of a new gastroscope, the
“fibrescope”. Gastroenterology 35/1: 50—52, 1958.

Hoéher M, Hombach V, Hannekum A, Eggeling Th, Hopp HW, Hilger HH: Perkutane
und intraoperative Koronarendoskopie. Z Kardiol 76 (Suppl. 2): 21, 1987 (Abstract).
Hoher, M, Hombach V, Hopp H, Hilger H: Percutaneous coronary angioscopy during
cardiac catheterization. ] Am Coll Cardiol 11 (Suppl. IT): 65A, 1988 (Abstract).

Hoher M, Hombach V, Hopp, H, Eggeling Th, Kochs M, Arnold G, Hannekum A, Hiigel
W: Diagnostische Bedeutung der Angioskopie bei Patienten mit koronarer Herzkrankheit.
Z Kardiol 77: 152—159, 1988.

Hoher M, Behrenbeck D, Winter U, Hombach V, Hilger H: Perkutane Gefaendoskopie
mittels ultradiinner Fiberendoskope: erste Erfahrungen. Z Kardiol 74 (Suppl III): 99,
1985 (Abstract).

Hoher M, Hombach V, Hopp HW, Hannekum A, Hilger HH, Hirche H: Percutaneous
and intraoperative coronary angioscopy. Circulation (Suppl. IV): IV—185, 1987 (Ab-
stract).

Hombach V, Héher M, Hannekum A, Hiigel W, Buran B, Hopp HW, Hirche HJ: Erste
klinische Erfahrungen mit der Koronarendoskopie. Deutsche Medizinische Wochenschrift
111:1135—1140, 1986.

Inoue K, Kuwaki K, Ueda K: Angioscopy guided coronary thrombolysis. ] Am Coll
Cardiol 9: 62A, 1987 (Abstract).

Inoue K, Kuwaki K, Ueda K, Takano E: Angioscopic macropathology of coronary
atherosclerosis in unstable angina and acute myocardial infarction. J Am Coll Cardiol 11:
65A, 1988 (Abstract).

Inoue K, Kuwaki K, Takahashi M: In vivo transluminal angioscopy. Circulation 70 (Suppl
IT): 11—322, 1984 (Abstract).

Kanter K, Jaffin J, Ehrlichman R, Flaherty J, Golt V, Gardner T: Superiority of per-
fluorocarbon cardioplegia over blood or crystalloid cardioplegia. Circulation 64 (Suppl.
II): 11I—-75—83, 1981 (Abstract).

Kuwaki K, Inoue K, Ueda K: Percutaneous transluminal coronary angioscopy during
cardiac catheterization: the results of experiences in the first 30 patients. Circulation 76
(Suppl. IV): 186, 1987 (Abstract).

Lee M, Reis R, Lee G, Chan M, Theis J, Ikeda R, Rink J, Petersen L, Solomon B,



178

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.
57.
58.

59.

60.

61.

Siegal R, Hannah H, Hanna E, Bommer W, Mason D: Intraoperative cardiovascular
endoscopy in patients with heart disease. Clin Res 33: 12A, 1986 (Abstract).

Lee G, Beerline D, Lee M: Hazards of angioscopic examination: Documentation of
damage to the arterial intima. Clin Res 36: 110A, 1988 (Abstract).

Lee G, Ikeda R, Stobbe D, Ogata C, Embi A, Chan C, Reis R, Mason D: Intraoperative
use of dual fiber optic catheter for simultaneous in vivo visualization and laser vaporiza-
tion of peripheral atherosclerotic obstructive disease. Cath Cardiovasc Diagn 10: 11—16,
1984.

Lee G, Ikeda R, Stobbe D, Ogata C, Theis J, Hussein H, Mason D: Laser irradiation of
human atherosclerotic obstructive disease: simultaneous visualization and vaporizastion
achieved by a dual fiberoptic catheter. Am Heart J 105: 163—164, 1983.

Lee G, Garcia HJ, Corso P, Chan M, Ring J, Pichard A, Lee K, Reis R, Mason D:
Correlation of coronary angioscopic to angiographic findings in coronary artery disease.
AmJ Cardiol 58:238-241, 1986.

Litvack F, Grundfest W, Hickey A, Lee M, Chaux A, Forrester J: Coronary angioscopy:
correlation of morphology with clinical syndrome. Europ Heart J 8 (Suppl. II): 222, 1987
(Abstract).

Litvack F, Grundfest W, Lee M, Carroll R, Foran R, Chaux A, Berci G, Rose H, Matloff
J, Forrester J: Angioscopic visualization of blood vessel interior in animals and humans.
Clin Cardiol 8: 65—70, 1985.

Litvack F, Hickey A, Grundfest W, Lee M, Sherman T, Doyle L, Chaux A, Blanche C,
Kass R, Matloff J, Swan H, Foerrester J: Angioscopy is superior to angiography for
detecting complex atheroma. Circulation 74 (Suppl. II): II—362, 1986 (Abstract).

Mitsuno T, Ohyanagi H, Naito R: Clinical studies of a perfluoro-chemical whole blood
substitute. Ann Surg 195: 60—69, 1982.

Mizuno, Arakawa K, Shibuya T, Horiuchi K, Okamoto Y, Miyamoto A, Isojima K, Kurita
A, Satomura K, Nakamura H, Arai T, Kikuchi M: A serial observation of coronary
thrombosis in vivo by a new angioscope. J Am Coll Cardiol 11 (Suppl II): 30A, 1988
(Abstract).

Mizuno K, Miyamoto A, Satomura K, Shibuya T, Okamoto Y, Seguchi H, Isojima K,
Kurita A, Arai T, Nakamura H: Angioscopic endothelial macropathology in patients with
acute coronary syndromes. J Am Coll Cardiol 13, No. 2: 14A, 1989 (Abstract).

Moosdorf R, Scheld H, Stertmann W, Hehrlein W: Koronare Endoskopie — Eine neue
intraoperative Kontrollmethode nach Endarteriektomie der rechten Kranzarterie. Thorac
Cardiovasc Surg 35 (Suppl. I): 14—15, 1987.

Morice MC, Marco J, Castillo-Fenoy A, Fajadet J, Glatt B, Royer T: A new technique for
investigation and treatment of acute myocardial infarction: percutaneous coronary angio-
scopy. Europ. HeartJ 9 (Suppl. A): 211, 1988 (Abstract).

Morice M-C, Marco J, Fajadet J: Percutaneous coronary angioscopy before and after
angioplasty in acute myocardial infarction. Preliminary results. Circulation 76 (Suppl. IV):
IV—282, 1987 (Abstract).

Murray G: A cardioscope. Angiology 1: 334—336, 1950.

Olcott C: Clinical applications of video angioscopy.J Vasc Surg 5: 664—666, 1987.
Olinger C: Carotid artery endoscopy (autopsy). Surg Neurol 7: 7—13,1977.

Ramee S, White C, Banks A, Aita M, Doyle T, Michaels M, Graeber G, Price H: Percu-
taneous coronary angioscopy using a steerable microangioscope. ] Am Coll Cardiol 11,
(Suppl. II): 173A, 1988 (Abstract).

Richens D: Intraoperative coronary angioscopy: experimental and clinical experience. In:
Angioscopy: vascular anf coronary applications. G White, R White (Eds.) Year Book
Medical Publishers, Chicago, 1989: 149-156.

Richens D, Rees M, Watson D: Laser coronary angioplasty under direct vision. Lancet 2:
683—690, 1987.

Sakakibara S, likawa T, Hattori J, Inomata K: Direct visual operation for aortic stenosis:
Cardioscopic studies. J Int Coll Surgeons 29: 548—562, 1958.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

179

Sakakibara T, Aiki T, Tsuda J, Inoue A: The cardioscope. Nippon Geka Gakkai Zasski
40:905—911, 1939.

Sakakibara S, Iikawa T, Hattori J: An operative method for cardiac septal defect with use
of a cardioscope. Shujutsu 10: 285—289, 1956.

Sakakibara T: Cardioscope. Rinsho Igaku 29: 703—707, 1941.

Sanborn T, Rygaard J, Westbrook B, Lazar H, McCormick J, Roberts A: Intraoperative
angioscopy of saphenous vein and coronary arteries. J Thorac Cardiovasc Surg 91: 339—
343,1986.

Sanborn T: Vascular endoscopy: current state of the art. Brit Med Bull 42: 270—275,
1986.

Sanborn TA, Rygaard JA, Westbrook BM, Lazar HL, McCormick JR, Roberts AJ,
Madoff I: Intraoperative angioscopy of saphenous vein and coronary arteries. J Thorac
Cardiovasc Surg 91: 339—343, 1986.

Schwartz A, Aulich A, Lahrkamp H: Percutaneous transluminal angioscopy: a new
approach to intravasal interventional techniques. Laser 1: 5—9, 1986.

Schwartz A, Aulich A, Lahrkamp H: Percutaneous transluminal angioscopy: a new
approach to intravascular interventional techniques Laser 3: 30—32, 1987.

Seeliger, K.: Direkte intravasculére fibroskopische Lymphoskopie und ductus thoracicus
Kaniilierung. Folia angiologica 21: 287—292, 1973.

Seeliger K, Witte M, Kintner K, Bracamonte R, Cardenas A: Endoscopy of the thoracic
duct (lymphoscopy) via the external jugular vein in dogs. Lymphology 7: 109—116, 1974.
Sherman C, Litvack F, Grundfest W, Lee M, Chaux A, Kass R, Swan H, Matloff J,
Forrester J: Fiberoptic coronary angioscopy identifies thrombus in all patients with
unstable angina. Circulation 72 (Suppl. II): 446, 1985 (Abstract).

Sherman C, Litvack F, Grundfest W, Lee M, Hickey A, Chaux A, Kass R, Blanche C,
Matloff J, Morgenstern L, Ganz W, Swan H, Forrester J: Demonstration of thrombus and
complex atheroma by in-vivo coronary angioscopy in patients with unstable angina
pectoris. New Engl J Med 315:913—919, 1986.

Silander T: Cardioscopy without thoracotomy. Acta Chir Scand 127: 67—84, 1964.

Spears J, Spokojny A, Marais H, Grossman W: Coronary angioscopy during cardiac
catheterization. ] Am Coll Cardiol 6: 93—97, 1985.

Spears J, Marais H, Serur J: In vivo coronary angioscopy.J Am Coll Cardiol 1: 1311—
1314,1983.

Spears J, Marais H, Serur J, Paulin S, Grossman W: In vivo coronary angioscopy.
Circulation 66 (Suppl. II): 366, 1982 (Abstract).

Susawa T, Yui Y, Hattori R: Direct observation of coronary thrombus using a newly de-
veloped ultrathin (1.2 mm) flexible angioscope. J Am Coll Cardiol 9: 197A, 1987
(Abstract).

Takahashi M, Yui Y, Susawa T: Evaluation of coronary thrombus by a newly developed
ultrathin (0.75 mm) flexible quartz microfiber angioscope. Circulation 76 (Suppl. IV):
282, 1987 (Abstract).

Tanabe T, Yokota A, Sugie S: Cardiovascular fibreoptic endoscopy: development and
clinical application. Surgery 87: 375—378, 1980.

Towne J, Bernhard V: Vascular endoscopy — an adjunct to carotid surgery. Stroke 8:
569—571,1977.

Towne JB, Bernhard VM: Vascular endoscopy: useful tool or interesting toy? Surgery 82:
415—419,1977.

Uchida Y, Masuo M, Tomaru T, Kato A, Sugimoto T: Fiberoptic observation of
thrombosis and thrombolysis in isolated human coronary arteries. Am. Heart J 112:
691—696, 1986.

Uchida Y, Tomaru T, Nakamura F, Furuse A, Fujimori Y: Percutaneous coronary
angioscopy in patients with ischemic heart diseases. Am HeartJ 114: 1216—1222, 1987.
Uchida Y, Tomaru T, Kato A: Angioscopy of blood flow through stenotic arteries:
rheologic mechanisms of thrombosis. Am Heart J 114: 63—69, 1987.



180

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Uchida Y, Furuse A, Hasegawa K: Percutaneous coronary angioscopy using a novel
balloon guiding catheter in patients with ischemic heart diseases. Circulation 76 (Suppl.
IV):IV—185, 1987 (Abstract).

Uchida Y, Masuo M, Tomaru T, Kato S: Fiberoptic observation of coronary luminal
changes caused by transluminal coronary angioplasty. Circulation 72, (Suppl. III): III—
218, 1985 (Abstract).

Vincent G, Fox J: Cardiovascular endoscopy, Cardiovasc. Rev Rep 6: 1227—1234, 1985.
Vollmar J, Junghanns K: Die Arterioskopie. Langenbecks Arch Klin Chir 325: 1201—
1212, 1969.

Vollmar J, Storz L: Vascular endoscopy: Possibilities and limits of its clinical application.
Surg Clin North Am 54:111—122,1974.

Vollmar J: Die GefédBendoskopie. Ein neuer Weg der intraoperativen Geféaf3diagnostik.
Endoscopy 1: 141—151, 1969.

Wendt Th, Miiller Th, Eckel L, Krause E, Rauber K, Riemann H, Sarai C, Satter P,
Sievert H, Stauder M, Vallbracht Ch, Kober G, Kaltenbach M: In vivo Angioskopie:
Technik, Indikationen und Ergebnisse beim Menschen. Z Kardiol 76 (Suppl I): 51, 1987
(Abstract).

Wendt Th, Eckel L, Krause E, Miiller Th, Radiinz N, Sarai C, Sievert H, Vallbracht C,
Satter P, Kaltenbach M, Kober G: Coronary balloon dilatation — angioscopic findings.
Europ Heart J 8 (Suppl II): 222, 1987 (Abstract).

Wendt Th, Reinemer H, Miiller Th, Panitz HG, Friedel M, Schneider M, Hiibner K,
Kaltenbach M, Kober G: Angioskopie, Angiographie und pathologische Anatomie des
Kranzgefésssystems. Z Kardiol 77 (Suppl I): 149, 1988 (Abstract).

Wendt Th, Eckel L, Kaltenbach M, Krause E, Miiller T, Radiinz N, Sarai K, Satter P,
Schrader R, Sievert H, Vallbracht C, Kober G: Coronary angioscopy during cardiac
catheterization and surgery. In: New developments in quantitative arteriography. JHC
Reiber, PW Serruys (Eds.), Kluwer Academic Publishers, Dordrecht/Boston/London,
1988:248—260.

Wendt Th, Eckel L, Krause E, Miiller Th, Radiinz N, Sarai C, Sievert H, Vallbracht Ch,
Satter P, Kaltenbach M, Kober G: Coronary balloon dilatation-angioscopic findings. In:
Advances in Laser Medicine 1. Miiller, G Biamino, FGJ (Eds.) Ecomed verlagsgesells-
chaft mbh, Landsberg Lech, 1988: 275—281.

Wendt Th, Moosdorf R, Bettinger R, Kamlot A, Reinemer H, Scheld HH, Hehrlein FW,
Kober G: Immediate angioscopic results following human coronary argon laser angio-
plasty. Heart and Vessels 4: 63, 1988 (Abstract).

Wendt Th, Moosdorf R, Bettinger R, Kamlot A, Hehrlein WF, Kober G: Intraoperative
koronare Argon Laser Angioplastie: angioskopische und angiographische Ergebnisse. Z
Kardiol 78 (Suppl. I): 21, 1989 (Abstract).

Wendt, Th: Neue Einblicke. Angioskopie und Mikroendoskopie. E. Theo Hofmann
Verlag, Frankfurt am Main, 1990.



8. Intravascular ultrasound: direct visualization of
atheroma within the arterial wall

PAUL G. YOCK, DAVID T. LINKER and BIOERN A.J. ANGELSEN

Cardiovascular Research Institute and Division of Cardiology, University of California, San
Francisco, California, USA

* Department of Biomedical Engineering and Division of Cardiology, University of Trond-
heim, Trondheim, Norway.

Summary

Catheter-based, two-dimensional intravascular ultrasound imaging has
emerged in the past two years as a promising new technology for the assess-
ment of atherosclerosis. Several university-based and commercial groups
have developed prototype systems which have two basic designs. In one type
of system (solid state) a radial array of transducer element is activated by a
sequencing circuit to provide a two-dimensional beam perpendicular to the
tip of the catheter. In the second type of system (mechanical) the transducer
or reflector is rotated by a cable running the length of the catheter, again
resulting in a 360 degree beam perpendicular to the catheter tip. Current
prototype catheters are in the 5 to 9 French size range and have center
frequencies between 20 and 40 MHz.

Initial clinical studies have been performed in the peripheral arteries of
patients. These studies show that the plaque burden is substantially greater
than would be anticipated from angiography and that the distribution of
atheroma within the vessel wall is often unpredictable based on the angio-
graphic images. Ultrasound imaging is already being used clinically at some
centers to guide the process of mechanical plaque extraction (atherectomy).

Trials of coronary artery imaging have begun recently. Other areas which
appear promising for further development include combined imaging and
therapeutic catheters (balloons, atherectomy, lasers), tissue characterization,
three-dimensional image reconstruction and combined imaging and Doppler
ultrasound.

Introduction and basic catheter design features

Brief history of development

Although intravascular ultrasound imaging is now receiving attention as a
“new” imaging modality, developmental work on catheter ultrasound dates
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back nearly three decades. In 1960 Cieszynski recorded intracardiac echoes
by inserting a catheter-mounted transducer through the jugular vein in
animals [1]. Real-time recording of a catheter ultrasound signal was first
reported by Carleton and Clark in 1968, using an A-mode format to track
the dynamics of left ventricular contraction in dogs [2]. The first two-dimen-
sional catheter imaging system was designed by Bom and colleagues in 1972,
based on a radial array of 32 transducer elements activated in sequence by
wires running the length of the catheter [3]. The system was successfully used
in animals to obtain intracardiac images, but work on the catheter project
was suspended in light of the rapid advances in noninvasive, transcutaneous
cardiac imaging with ultrasound.

Fundamentals of current catheter designs

Interest in catheter-based ultrasound imaging resurfaced in the early 1980s
with the explosive development of balloon angioplasty and other catheter
interventions. Several groups began development efforts aimed at producing
high-resolution prototype systems operating at 20 MHz or higher frequencies.
One commercially-based group adapted the multi-element, solid state ap-
proach (Figure 1) with an innovative modification [4]. Instead of assigning
wires to each transducer element, a miniature integrated circuit was incor-
porated into the tip of the catheter to provide the appropriate sequencing of
signals. This design offered the promise of greater catheter flexibility and
simplified manufacture of the catheter shatft.

A number of other groups, including Bom’s team in Rotterdam, began
work on mechanical catheter systems based on the expectation that superior
image quality could be achieved by this approach compared with the solid-
state technology [5—8]. Two principal factors contributed to this analysis:

transducer
elements

Fig. 1. Schematic of solid-state, multiple element transducer. Individual elements are activated
in sequence or in groups, sweeping out an image plane perpendicular to the catheter tip
(right). Reproduced with permission from Yock PG, Linker DT, Angelsen BAJ, Two-dimen-
sional, intravascular ultrasound: technical development and initial clinical experience. J] Am
Soc Echocard, 1989 (in press).
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first, the mechanical approach allowed use of high-quality ceramic piezo-
electric transducers that are difficult to use in a tiny, multi-element format.
Second, the mechanical approach provided a relatively large aperture (effec-
tive beam-forming area of the transducer) within the constraints of the size of
the catheters.

Two basic approaches have been taken in the design of the mechanical
catheters. In one, the transducer is directly attached to the end of the cable
and is rotated at the tip of the catheter (Figure 2A). This approach shares a
disadvantage with solid-state system caused by the fact that there is a zone of
“ring-down” artifact for a short distance in front of the transducer which is
unavailable for imaging. This problem results in an annulus of bright artifact
appearing immediately around the catheter, so that any tissue structure
within this region cannot be imaged accurately (Figure 3). Since catheters
tend to be pushed to the side of vessels by blood flow, this is a potentially
significant problem for these systems. A second mechanical design overcomes

NG

beam
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|

crystal
E reflector} m —_—

Fig. 2. (A) Mechanical catheter design in which the transducer is rotated by means of a cable.
In this case the transducer is tipped slightly forward, producing a cone-shaped image. (B)
Reflector system. The crystal is mounted in the tip of the catheter facing rearward; the signal
reflects off a rotating surface, creating a scan plan perpendicular to the catheter tip.
Reproduced with permission from Yock PG, Linker DT, Angelsen BAJ, Two-dimensional,
intravascular ultrasound: technical development and intitial clinical experience. J Am Soc
Echocard, 1989.
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Fig. 3. Schematic showing effect of “ring-down” artifact on a catheter image. An annular zone
of bright artifact (hashed area in right panel) is created around the catheter, obscuring
visualization in this region. This is a significant difficulty in the case of catheter imaging, since
the catheter frequently is pushed against the side of the lumen (left panel).

this specific difficulty by using a rotating reflector (Figure 2B). The extra
beam path within the catheter allows the region of ring-down artifact to be
consumed within the catheter, so that as the beam exits the catheter skin it is
fully available for imaging.

Basic system specifications

Current prototype catheters from the different groups are available in sizes
ranging between 5 and 9 French (diameters of 1.6 to 2.9 mm). At present,
the only catheter being used clinically in an over-the-guidewire configuration
is the solid state system [4]. This feature, combined with the catheter flexi-
bility, constitute important advantages for this approach to catheter imaging.
The mechanical systems which are presently approved for peripheral vessel
applications in the United States are fixed-wire systems (a short length of
guidewire is attached to the tip of the catheter). Over-the-wire systems for
the mechanical catheters are currently undergoing testing. Another relative
disadvantage of the mechanical catheter systems is the necessity for con-
necting to a motor drive unit. These have been designed by the different
engineering groups either as sterile, hand-held units or as part of an arm that
is suspended over the catheterization table.

Center frequencies for the peripheral imaging catheters are in the 20—25
MHz range for the currently available systems. This frequency range repre-
sents a compromise between the competing requirements of resolution
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(better at higher frequencies) and penetration (better at lower frequencies). In
the coronary arteries, where an effective radial penetration less than 1 cm
will suffice, higher frequencies may be appropriate. Bom and colleagues have
demonstrated excellent image quality at 40 MHz in in-vitro studies [8]. At
this frequency, however, blood reflections may considerably reduce effective
penetration of the beam. Even at 20 MHz blood is frequently imaged with a
cloudy, swirling appearance. Fortunately, this effect does not significantly
impair visualization of the arterial wall structures at this frequency.

Rate of image acquisition and display is another important parameter of
system function which varies between the solid state and mechanical systems.
In the current implementation of the solid state technology, frame rates are
10/second or lower. Low acquisition rates are potentially problematic if the
catheter moves quickly relative to the vessel wall, since the image may not be
fully defined before the catheter moves. This appears not to be a significant
problem in the peripheral circulation, but is an issue in the coronary arteries,
particularly in the atrioventricular groove vessels. The current mechanical
systems have generally higher frame rates than the solid state technology,
ranging from 15—30/second, depending on the depth of image.

In-vitro studies on image interpretation and morphometry

Differentiation of media: the three-layer appearance

One of the main factors that has made intravascular ultrasound a potentially
viable imaging technology for assessment of atherosclerosis is a fortuitous
property of arterial wall acoustics: the arterial media is generally a weak
reflector of ultrasound relative to the adventitia, most forms of atheroma,
and the internal and external elastic laminae. As a result, the media is
generally well defined in the intravascular images as a dark stripe defining the
contour of the normal vessel wall. This finding was first appreciated in in-
vitro studies of human pathologic arterial specimens, where the three-layer
appearance of both diseased and normal vascular segments was described
(Figure 4) [9]. The studies of Meyer and colleagues showed an excellent
correlation between the appearance of the layers on ultrasound and on high-
resolution magnetic resonance scanning [10]. Gussenhoven and co-workers
studied the appearance of normal and diseased arterial specimens at 40
MHz, and found that the media of elastic arteries was significantly more
echo-dense than in muscular arteries, frequently obscuring the three-layered
appearance [11]. These authors also evaluated the appearance of different
plaque types, demonstrating that fibromuscular lesions generally imaged
as weakly echo-reflective regions, fibrous areas appeared brighter (more
strongly reflective), and calcified regions were intensely echogenic, often
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Fig. 4. Ultrasound image of pathologic specimen showing three-layered appearance. The
media (not labeled) is echo-poor relative to the inner layer and adventitia. A positioning
artifact is seen at 6 o’clock. Reproduced with permission from Yock PG, Johnson EL, Linker
DT, Intravascular Ultrasound: development and clinical potential. Am J Card Imaging 2:
185—193,1988.

shadowing structures beyond. In a pilot study of coronary atheromata
Mallery and colleagues identified the appearance of “lipid lakes” as regions
of relative echolucency within areas of atheroma [12]. Potkin et al. have
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demonstrated that fibrous and calcific lesions can be correctly identified
from ultrasound scans in the large majority of cases [13]. Lipid-filled regions
may be more difficult to characterize if closely associated with fibrous or
calcific tissue, due to the bright echogenicity of these latter regions.

Early morphometric studies

Several early morphometric studies have assessed the accuracy of intra-
vascular ultrasound in measuring lumen size and wall thickness (7, 11, 13,
14, 15]. In general, lumen measurements have been shown to be highly
accurate when compared to histologic sections. Measurements of wall thick-
ness have correlated slightly less well, potentially due to the effects of
variable attenuation of the ultrasound signal moving through wall layers of
different composition. The early studies have also suffered from a methodo-
logic problem due to inhomogeneous shrinkage artifacts of the histologic
sections during fixation, leading to a distortion in the reference measurements
to which the ultrasound image measurements are compared [13].

Significance of the bright inner layer

There is continued discussion concerning the origin of the bright, inner layer
frequently visualized immediately internal (on the luminal side) of the media
on both in-vitro and clinical studies. Meyer et al. speculated that although
this layer was seen in sections which were normal histologically, it might re-
present an artificat resulting from corrugation of the intimal surface resulting
from fixation [10]. This interpretation has been supported by the intermittent
appearance of the internal layer in clinical studies of peripheral vessels.
Unpublished observations from our group suggest that the major cause of the
inner layer echo is not the intima but the internal elastic lamina, a structure
which images brightly on transmission acoustic microscopy. This layer also
corrugates with fixation, so that the appearance of the inner layer may indeed
be exaggerated in imaging non-pressure fixed pathologic specimens.

Clinical utility of intravascular imaging
Initial clinical studies in the periphery

Pilot clinical studies in the peripheral circulation have been reported by
several groups using the different systems [4—8]. Overall, these studies have
documented the safety of the catheters and the ability to obtain images
which show the actual shape and size of the lumen, identify intraluminal
processes such as thrombus and dissection, and shown the extent and
distribution of atheroma within the vessel wall (Figure 5—7). Although
specific comparisons with quantitative angiography have not been published,
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Fig. 5. Dissection in an iliac artery following mechanical atherectomy. A horseshoe-shaped,
calcified plaque is attached to the vessel wall to the right in the image (small arrows). The
dissection plane (large arrows) has lifted the arms of the plaque away from the vessel wall.

the general impression from the pilot studies is that the extent of athero-
sclerotic disease is significantly underestimated by angiography. In addition,
although frankly eccentric deposits of atheroma or plaque are correctly
identified by angiography, the distribution of atheroma within the vessel wall
generally cannot be predicted from the angiogram.

Imaging in conjunction with catheter-based therapies

The major initial clinical application for intravascular ultrasound imaging will
be as a visualization technology to assist in the performance of the various
catheter therapeutic procedures. In general, there are two areas in which
ultrasound may prove useful as an enabling technology: (1) in providing
guidance for “debulking” of atheroma, allowing the maximal amount of
atheroma to be extracted without perforating the vessel; and (2) in providing
guidance for “tunneling” through a completely obstructed segment of artery
in order to establish a lumen for further operations.

Atherectomy. Perhaps the most straightforward application of imaging is in
the context of catheter atherectomy, in which plaque is either shaved and
extracted [16] or abraded [17, 18] by means of a rotating mechanical device.
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Fig. 6. Scan from a minimally diseased femoral artery showing slight intimal thickening (inner
bright layer). The dark medial stripe is clearly visualized.

Currently the most extensive clinical experience has been accumulated with
the Simpson Atherocath (TM), which is a shaving device with a side-cutting
mechanism at its tip which is positioned along the side of the vessel in a
region judged to contain a significant accumulation of atheroma [16]. This is
a “directional” atherectomy device that must be oriented both axially (by
advancing the catheter) and radially (by rotating the catheter) to the appro-
priate region of the vessel wall for excision of atheroma.

Preliminary experience by our group has shown that ultrasound imaging
can be of considerable practical benefit in use of the Simpson atherectomy
device [5]. In general, positioning of the device and the initial cuts can be
accomplished without use of the catheter, since the load of atheroma is large
compared to the amount taken with the early cuts. An exception to this rule
is the case of a complete occlusion, where the path taken by the guidewire in
the initial passage may be subintimal and not through the center of the
plaque material. In this case the usual “quadrant cutting” strategy (rotating
the device to make cuts in all four quadrants) will inevitably result in some
cuts being made in normal vessel wall. We have found that by placing the
imaging catheter along the track created by the guidewire in these cases, a
subintimal passage can be identified and the orientation for appropriate
atherectomy defined.
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Fig. 7. Image from the same vessel as in Figure 6, in a section with significant atherosclerotic
disease. The media appears thinned in comparison to the more normal segment, and is
covered by a narrow layer of bright atheroma, probably consisting mainly of fibrous tissue.
Overlying of this bright brand (on the luminal side) is a thicker layer of soft, less echogenic
atheroma.

Once the initial passes with the atherectomy device have been made, it is
highly useful to image with the ultrasound catheter to determine the regions
of the vessel wall that require further attention. The logistics of interrupting
the atherectomy procedure for imaging are not difficult in practice, since the
atherectomy device must periodically be emptied of atheroma. This provides
a natural pause in the procedure during which time the imaging can be
performed. It is a very common situation, in our experience, to find that the
neolumen created by the atherectomy device is eccentric, having media on
one boundary and a relatively thick accumulation of residual atheroma
elsewhere. Imaging provides definitive guidance for directing the device to
the areas of residual plaque and for determining when the lumen is ap-
proaching the perimeter of media.

In our early experience we have also found that angiography substantially
underestimated the plaque load remaining after the initial passes of the
atherectomy device. Residual deposits of atheroma occupying 50 or 60
percent of the true lumen may appear nearly normal on angiography. There
are several potential reasons for this occurrence: (1) The regions adjacent to
the area of maximal stenosis also have significant accumulations of atheroma,
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although they appear “normal” on angiography by virtue of their larger
lumen caliber; (2) The media and adventitia are expanded in the region of
severe disease relative to the neighboring segments as a part of the athero-
sclerotic process, so that the “true” lumen in the diseased segment is actually
larger than elsewhere in the vessel; (3) The atherectomy device may stretch
the vessel during the procedure, transiently dilating both the lumen and the
media/adventitia perimeter. In combination, these factors appear to be
substantial enough to seriously compromise the ability of angiography to
provide definitive guidance for debulking by atherectomy.

Several of the other atherectomy devices undergoing clinical testing are
coaxial and not directional in their basic operation, so that the cutting or
abrading action occurs in a symmetric fashion around the guidewire [17, 18].
Since radial orientation of the device is not an issue with these catheters,
intravascular imaging will not be necessary in positioning in this respect.
Ultrasound imaging may still be helpful, however, in deciding the dimensions
of the neolumen to be created. Currently, the size of lumen created is a
function of the fixed diameter of the cutting/abrading device selected. Future
iterations of the catheters may have an adjustable cutting radius that can be
varied during the procedure. In either case, it may be useful to be able to
identify the dimensions of the medial border in order to select a definitive
channel size. In addition, the appearance of the vessel on ultrasound scanning
may influence the type of atherectomy device initially selected. It may be
the case, for example, that regions of predominantly eccentric atheroma are
best addressed by a directional device, whereas long regions of concentric
atheroma can be most efficiently treated with a coaxial cutter.

Balloon angioplasty. The positioning of balloon catheters for angioplasty is
determined by angiography, which allows reasonably accurate centering of
the balloon in the region of maximal stenosis. For this reason, and because
inflation of the balloon is an intrinsically symmetric process, there seems at
this point to be little need for ultrasound imaging as a guiding therapy for
placement of the balloon. Perhaps there are details of plaque substructure —
for example, the extent and distribution of hard accumulations of calcium —
that might dictate some particular strategies in balloon, sizing, placement or
inflation technique. For the present such considerations are highly speculative.

An application for catheter ultrasound of more immediate practical
interest is in the assessment of dissections created by balloon angioplasty
[19]. Although dissection is part of the mechanism of successful angioplasty,
severe dissections are a major contributor to the phenomenon of abrupt
reclosure, in which a dilated vessel occludes during the first hours following
the procedure. It is possible that dissections created by balloon angioplasty
can be characterized at the time of the procedure in terms of the risk of
progression to abrupt reclosure. Those dissections which appear to be
unstable could be treated with an additional therapy such as laser balloon
“welding” or stenting. The extent of dissection may also influence the rates of
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restenosis, the aggressive myointimal proliferative response that causes a
narrowing of the dilated segment in the several months following angioplasty.
Data from an animal model of angioplasty suggest that when significant
media is exposed by a dissection, rates of restenosis increase substantially
[20]. Other morphologic features of the post-angioplasty segment, such as the
overall size and regularity of the lumen, the degree of stretching of media and
adventitia, or the extent of early thrombus formation, may be predictive of
restenosis.

There is indirect evidence to suggest that the choice of balloon angioplasty
as the appropriate therapy for a particular lesion may be influenced by
features of the atheroma that can be characterized from the ultrasound
image. Based on pathologic studies, Waller and colleagues have suggested
that there may be an optimal, middle range of calcium substructure in a
lesion that is predictive of a favorable angioplasty result [21]. Lesions which
have too little calcium may not have a sustained angioplasty effect, whereas
severely calcified lesions may undergo such extensive disruption with angio-
plasty that there is an increased incidence of abrupt reclosure and, poten-
tially, restenosis.

Laser angioplasty. Although laser angioplasty systems have been developed
and are undergoing clinical testing in both peripheral and coronary arteries,
perforation continues to be a significant concern. One promising new tech-
nology for guidance of laser therapy is laser-induced fluorescence, in which
fluorometric analysis of the material adjacent to the catheter tip is performed
by means of the same fiber bundle that is used for ablation [22]. Even if this
method proves to be clinically reliable in discriminating normal vessel wall
from atheroma, however, there are at least two potential limitations in
practice. First, the current prototype systems rely primarily on the detection
of media as the signal to stop penetration with the catheter. Unfortunately,
the media tends to be thinned (or absent altogether) precisely in those areas
in which the accumulation of atheroma is the greatest. A second theoretical
problem with the system is that detection of media serves as a boundary
condition for the laser catheter, but does not provide an indication of which
direction is the most favorable to proceed in the first place. This is an
intrinsic limitation of the fluorescence method, since it only provides infor-
mation about tissue to a depth of approximately 100 microns. By contrast,
ultrasound effectively penetrates a distance of 1 cm or more in the frequency
range of the catheter transducers, offering the prospect of aiming a laser
device along an axis which is the safest and most direct route through the
lesion. This remains only a theoretical prospect at present, however, since the
catheter technology combining the ultrasound sensing and laser ablating
capabilities would be relatively complex. One group has reported initial
developmental efforts on a system for simultaneous ultrasound imaging and
laser ablation in a side-cutting mode [23].
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Intravascular stents. Stenting, like balloon angioplasty, is a radially symmetric
procedure for which angiography appears to provide relatively satisfactory
guidance. There are several areas in which intravascular imaging could
provide useful information in addition to the angiogram, but these applica-
tions are theoretical at present. These include the ability of ultrasound
imaging to: (1) identify regions where the deployed stent is not closely
apposed to the vessel wall, potentially creating an area of flow disturbance at
risk for thrombosis; (2) specify the appropriate final size of the expanded
stent, based on a knowledge of the perimeter of media and the distribution of
atheroma; (3) predict lesions at high risk for acute thrombotic occlusion,
based on the amount of thrombus or exposed media present at the time of
stent implantation; (4) aid in the assessment of stent restenosis (the location
of the stent within the restenosis lesion can be easily determined because of
the echogenicity of the metal stent components).

Demonstration of clinical utility

High-resolution intravascular imaging has potential application across the
entire range of catheter-based or operative vascular procedures. It is clearly
too early in the evolution of the technology to determine what the extent of
practical clinical value of imaging will be in these contexts. With the increas-
ingly severe cost constraints in the interventional vascular arena, the utility of
imaging will have to be convincingly documented in clinical trials before
reimbursement is available. Given that the technology is currently in a
prototype stage, and that understanding of the features of the images is
currently at a very rudimentary level, it seems likely that it will require at
least several years to complete significant clinical trials.

Comparison with fiberoptic angioscopy

In attempting to predict the eventual clinical utility of intravascular ultra-
sound, it is useful to contrast this technology with fiberoptic angioscopy,
the other major high-resolution, intravascular imaging technique. Although
angioscopy has had a somewhat longer period of concerted technical devel-
opment than intravascular ultrasound, it has been only recently advocated as
a practical clinical modality. Part of the reason for this delay involves the
requirement for an effective flushing and/or occlusion system in order to
clear the visual field of blood. Methods are presently evolving which allow
intermittent visualization without the need for high volumes of flushing
solution. The lack of a flushing requirement remains a relative practical
advantage for intravascular ultrasound, however. The ability to image in a
blood-filled environment means that the logistics of imaging with ultrasound
are relatively simple, and that prolonged periods of imaging can be per-
formed without any risk of ischemia.



194

A more fundamental difference between the two technologies is in the
basic image format. Fiberoptic angioscopy provides a detailed view of the
inner surface of the vessel wall and any intraluminal processes such as
thrombus or intimal flaps. The image is three-dimensional, oriented in a
forward-looking direction, and is substantially enhanced by the color of the
tissues being examined. The ultrasound image is a two-dimensional “slice” at
the level of the catheter tip. The main advantage of this format is that details
of arterial wall structure below the surface are clearly defined. The current
catheters provide an image plane which is perpendicular to the catheter tip.
Differentiation of tissue structures depends on varying acoustic properties of
the tissue, and may not provide as fine a distinction as the color/texture
information from angioscopy.

Catheter performance characteristics are also significantly different be-
tween the two modalities. The imaging fibers of the angioscopes have under-
gone substantial miniaturization; high resolution catheters with diameters of
less than 1 mm are being manufactured. The ultrasound catheters are
currently 5 French (1.6 mm) or larger in caliber, and it appears that it will be
difficult to achieve reduction in size below 3 French with existing technology.
Shaft flexibility will probably be relatively comparable between the ultrasound
catheters and the angioscopes. Because the ultrasound catheters image
radially, a soft tip can be incorporated to facilitate tracking. This feature is
not possible with the angioscopes, because of the end-imaging format.

Future development
Combined imaging/therapeutic devices

The ability to image while simultaneously treating an atherosclerotic segment
with a single catheter has obvious clinical appeal. The concept of a combined
device seems most readily applicable in the case of a directional therapy
such as atherectomy or laser, where the cutting/ablating action can be
oriented to a specific region of the vessel wall. Addition of imaging to
balloon angioplasty might be useful in precise positioning of the balloon or
perhaps in gauging the appropriate inflation pressure and time parameters.
Developing combined imaging and therapeutic catheters represents a consid-
erable technical challenge, particularly given the restrictions in miniaturizing
the ultrasound catheter alone.

Tissue characterization

Computer-assisted analysis of the backscattered radiofrequency signal offers
the potential of obtaining more precise information about tissue composition
than is available in the image proper. Pilot studies from our group have
suggested that the degree of calcification in an atherosclerotic lesion can be
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quantitated by straightforward analysis of the amplitude of backscatter [24].
More sophisticated analysis of the signals may provide detailed information
about plaque characteristics such as the extent of fatty versus fibrous tissue.
The potential clinical significance of this information is unclear at present,
although it is conceivable that precise information about tissue composition
could influence choice of a specific therapy. Tissue characterization in the
context of catheter ultrasound has two distinct advantages over noninvasive,
transcutaneous ultrasound: (1) in the case of catheter ultrasound, the trans-
ducer is immediately adjacent to the tissue of interest, so the effects of
variable attenuation of the signal as it travels through intervening tissue are
minimized; (2) the high frequencies of the catheter transducers in general
increase the diagnostic sensitivity of the tissue characterization technique.

Three-dimensional image reconstruction

Catheter images are well suited for three-dimensional reconstruction, since
the spatial information can be accumulated as a series of two-dimensional
“slices” which are indexed according to axial position in the vessel. Early
efforts at three-dimensional presentation of ultrasound scans of arteries by
Kitney and colleagues have demonstrated the feasibility of the approach and
the power of the three-dimensional format in conveying an accurate impres-
sion of vessel pathology.

Combined Doppler and imaging ultrasound

Although velocities measured by a Doppler catheter can be used to estimate
coronary flow reserve, direct measurements of flow have not been possible.
Cross-section area determinations by imaging, combined with mean velocity
determination by Doppler, offer the prospect for real-time measurement of
flow in vessels. Conceivably, flow patterns could be displayed in a two-
dimensional, color-flow format, although the clinical value of this form of
display would need to be validated.

Conclusions

Intravascular ultrasound is in the early stages of validation as a potentially
useful new imaging modality. Initial feasibility has been demonstrated: it
appears relatively certain that high quality images can be obtained from
catheters with sufficiently good performance characteristics to be safely
inserted into the peripheral and coronary vessels. The clinical applications
for these imaging catheters are potentially broad, particularly in the context
of providing guidance for second-generation catheter therapies. Extensive
clinical testing will be required before the range of practical applications for
catheter ultrasound can be determined.
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9. Current intra-arterial ultrasound imaging systems
and automatic contour detection

NICOLAAS BOM, J.G. BOSCH, J H.C. REIBER,
E. GUSSENHOVEN, C.J. SLAGER and RW. BROWER

Summary

Three techniques for the intra-arterial ultrasonic visualization of the lumen
cross section are described. These are based on: 1) single rotating transducer;
2) single fixed transducer with rotating mirror; and 3) fixed transducers in a
multiple phased array. In vivo tests have shown that the single transducer
currently produces the clearest images at the cost of a complex mechanical
rotational design. The multiple phased array requires further development to
realize its full potential. These catheter tip transducers are finding application
in desobstruction techniques such as laser ablation and spark erosion, where
it is important to precisely guide the catheter and avoid arterial perforation.
Finally, a method for quantifying the extent of tissue desobstruction is
described based on a minimum cost algorithm for automatically detecting the
contours of complex structures produced by intra-arterial visualization tech-
niques.

Introduction

Relatively little work has been reported on the use of catheter tip transducers
capable of internally imaging the lumen and vascular wall of coronary
arteries. This is so despite the fact that there is a major clinical problem that
might be resolved if a high-quality intra-arterial ultrasonic imaging device
were available.

The use of percutaneous transluminal coronary angioplasty (PTCA),
introduced by Gruentzig [1] in 1979, has had a major impact on the
treatment of symptoms of myocardial ischaemia, resulting in a significant
reduction in surgical referrals of patients with single or double vessel
coronary artery disease. During PTCA a specially constructed catheter with a
balloon at the tip is positioned inside the obstructed lumen. The balloon is
inflated and the stenosis is dilated, but not removed. The initial success rate
has been encouraging, notwithstanding the fact that approximately one third
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of the treated lesions show signs of restenosis within 6 months of treatment.
In another 5 to 10% of the cases the dilatation procedure itself is unsuccess-
ful, for example, when the balloon cannot pass the obstruction or when a
clinically significant dilatation is not achieved.

It is hoped that the removal of the obstruction would diminish the risk of
restenosis. Furthermore, such techniques would allow for the treatment of
both total and partial obstructions not accessible by the current balloon
dilatation techniques.

Much work is being directed toward the development of new techniques
for the complete removal of the obstruction during cardiac catheterisation.
Current desobstruction methods represent a variety of approaches and
technologies: for example, a rotating abrasive tip [2]; an atherectomy catheter
tip method [3], and the “hot tip” method [4]. The application of an intense
laser beam transmitted by fiber optics [5, 6, 7] and the use of ‘spark erosion’
[8, 9] have been explored in our laboratory.

During the removal of tissue by these techniques, however, perforating the
arterial wall must be avoided. The curvature of the artery itself and the
eccentric location of the obstruction demand appropriate steering of the
catheter tip. The information needed for such a procedure can be provided
by intra-arterial echo imaging. Furthermore, such an imaging technology
should also be able to yield information on the extent to which the desob-
struction technique has been successful.

The principal technical problem in developing such intra-arterial imaging
techniques has been one of miniaturization. This has required the use of very
small transducers, necessitating high frequency transmission and detection
techniques. The well understood technology of present day echocardiogra-
phy, as well as aspects of electro-mechanical design, have thus been severely
strained. Three echo based methods are described below. This chapter
concludes with a discussion of a technique to quantify the lumen size and the
extent of desobstruction.

Intra-arterial imaging techniques
Single rotating transducer

One tested design for a mechanically rotating ultrasonic transducer mounted
in a catheter is shown in Figure 1. The outer diameter of the tip is 1.6 mm
and the transducer frequency is 30—40 MHz. Real-time images can be
produced at a rotational speed of 1000—3000 rpm (Figure 2). So far the
device has been tested in short segments of arteries obtained from the
anatomy laboratory.

As can be seen in the cross-sectional image of Figure 2, the stenotic areas
can be easily recognized. This particular example was taken from a femoral
artery. The image shows the typical acoustic characteristics of a muscular
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artery with an echo-free media. The eccentrically located obstruction (clock-
wise between 09 and 01 o’clock) is clearly visible and varies in echo
intensity. Collagen appears to be highly reflective, while the fatty parts
correspond to a lower echo brightness level. The lamina elastica interna can
also be identified as a highly reflecting thin layer. Initial in vivo experiments
in a pig resulted in well delineated realtime cross-sectional images of carotid
arteries.
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Single fixed transducer, rotating mirror

A schematic drawing of an improved catheter tip design is illustrated in
Figure 3. It consists of a flexible shaft (1), transparent dome (2), echo
element (3) and rotating mirror (4). The mirror is mounted at the end of the
shaft and is the only part of the structure which rotates. The piezoelectric
element is positioned over an air-backing for optimal sensitivity and emits
backwards towards the rotating mirror.

Fixed transducer elements, phased array configuration

As early as 1969 we initiated a program to develop a miniature phased array
imaging technique using state-of-the-art technology [10]. A 32-element
circular array with an outer diameter of 3.2 mm mounted at the tip of a No.
9 French catheter was constructed (Figure 4). The array configuration was a
compromise between the optimal design from the point of view of acoustics
and the limitations imposed by technological constraints. The final design
was chosen to operate at 5.6 MHz with a narrow main beam at the expense
of a pronounced grating lobe at +/— 56 degrees. As a consequence, the
resulting scan was made up of three components: an image based on echoes
generated within the main beam and two superimposed images of reduced
intensity from grating lobe echoes, rotated over +/— 56 degrees. Due to the
technical difficulties and the limited resources available at the time, the effort
was shifted to noninvasive work. Nevertheless, real-time intraluminal images
were recorded.

It was clear, however, that this was the most attractive mechanical design
in the sense that it required no moving parts. Today, at 20 MHz this phased
array principle has been reactivated and has become available as an “over the
guide wire” echo catheter system. A slight disadvantage of this design might
be the somewhat extended dead zone area due to the circumferential
mounting of the echo elements.

Fig. 3. Catheter tip with a rotating mirror (by permission of the author).
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Fig. 4. Schematic diagram of phased array construction at a catheter tip. (see Bom, 1972).

Image processing

Regardless of the source of the images, a method to define the contours of
the observed structures would be a valuable adjunct and thus provide a basis
for quantifying the changes associated with therapeutic techniques such as
PTCA, laser desobstruction, or ‘spark erosion’. Because of the well known
inter- & intraobserver variability in manual edge definition and its labor
intensive nature, this process should be automated as much as possible.

For the automatic detection of the intraluminal contour, we adapted an
automated contour detection technique developed for endocardial contours
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in short-axis echocardiographic cross-sections of the left ventricle [11]. This
contour detection scheme is based on minimum-cost criteria using a novel
iterative approach. Minimum-cost contour detection has been used earlier
with success in our laboratory on coronary and left ventricular angiograms
and on technetium-99 m and thallium-201 scintigrams [12, 13]. This tech-
nique is not very sensitive to image noise and small disturbances, and can be
optimized with respect to specific characteristics of the image.

The principle of ‘minimum cost’ contour detection is the following. Each
picture element in the two-dimensional echo image is assigned a cost value
according to the intensity gradient (high gradient = low cost). A path is then
determined through the cost image so that the total cost is minimum. This
path must obey a number of constraints including the requirement that it
must end at the same point where it began; the resulting path is then a closed
curve.

The practical implementation of this principle for the echo image can be
described as follows:

1. A circle with a fixed radius is defined around the center of the transducer.
This circle is used as a first model for the contour to be detected (Figure
5A). The total area to be processed is defined by a fixed radial distance
on either side of this circle (shown in Figure 5A by the inner and outer
circles). The image is then resampled along scan lines perpendicular to

Fig. 5A. The middle circle (M) represents the first luminal ‘model’ used in the detection of the
wall position. The inner & outer circles (I, 0, respectively) denote the boundaries of the region
of interest.
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Fig. 5C. The detected contour of figure 5B is used as an improved model, generating a new
region of interest based on its own shape. In the second iteration the scanlines are taken
perpendicular to this model contour.
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Fig. 5D. The resulting final contour (2nd iteration).

the local direction of this model. This results in a rectangular array of
resampled image data resembling a polar transformation of the image.

2. A spatial first-derivative value is computed for each point in this trans-
formed image and a cost matrix generated. The cost value for each point
is defined by the spatial first-derivative value and the mean grey value to
the left of this point. Low cost values will be associated with points with a
high probability of being part of the luminal contour, and vice versa.

3. An optimal path (i.e. a path with minimal overall cost) through this cost
matrix is computed. The algorithm for determining the optimal path has
been described previously [12, 14]. This path is subject to constraints on
connectivity and smoothness. As the luminal contour is a closed curve,
the beginning and endpoints of the path should be connected.

4. The points of the path are transformed back into the original image,
interpolated and smoothed. This results in a closed curve that is a first
approximation of the actual luminal contour (Figure 5B).

5. As described above the contour resulting from this first iteration will be
used as an improved model in the second iteration. In this second
iteration, the image is resampled along the new model, i.e. scan lines are
defined perpendicular to the local direction of the first contour (Figure
5C). The minimum cost contour detection is again applied and in most
cases an accurate luminal contour is found (Figure 5D). If necessary,
manual corrections can be made to this otherwise automatically detected
luminal contour.
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Practical example, spark erosion & lumen detection

Slager [8, 9] has introduced the combination of echo and electrode spark
erosion at the catheter tip, although many design-related problems still need
to be resolved. Firstly, there is the direct blood-echo tip contact. For
diagnostic purposes only, the probe should be redesigned in such a way that
the echo tip is covered. Unfortunately, this prevents easy integration with
ablation methods. Secondly, the rotational motion must be designed in such a
way that the actual orientation of the catheter tip corresponds well with the
echo display orientation on the monitor.

As a concluding example of the potential utility of this technology, a cross-
sectional intra-luminal echocardiogram was obtained from a specimen of
carotid artery both before and after application of the ‘spark erosion’
desobstruction technique. This is illustrated in Figures 6A and 6B. In Figure
6C the resulting minimum cost contour is shown. The ‘spark erosion’ tech-
nique has taken a clear and quantifiable bite out of the plaque.

At this stage one can only speculate about the relative merits of intra-
luminal echocardiography with respect to competing technologies such as
angiography. However, it is an open question whether angiography has the
precision to detect, much less quantify, complex cross-sectional structures.
The repeated measurement of such cross-sections could provide a powerful
tool for the investigation of progression/regression of disease and the evalua-
tion of desobstruction techniques.

Fig. 6A. Specimen of carotid artery before spark erosion, unprocessed cross-sectional echo
image.
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Fig. 6C. The same section of Figure 6B processed with the minimal cost contour detection
algorithm.
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Conclusion

The need for intra-luminal techniques to visualize the cross-section of
arteries is clear. Such techniques will have a direct impact on both the actual
performance of desobstruction techniques and on the determination of their
efficacy. This is particularly so when follow-up studies must be performed to
determine the presence of progression/regression of disease. Three tech-
niques for the intra-arterial ultrasonic visualisation of the lumen cross-section
have been described. At this moment the best results are obtained with a
single rotating transducer. However, flexible shaft design problems will most
likely limit the ultimate utility of this method. The phased-array method
requires more work to fully develop its potential. At the same time the image
processing tools for quantifying the intraluminal echos are being developed.
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Part IV

Coronary blood flow and flow reserve



10. Assessment of coronary blood flow and velocity in
the catheterization laboratory

ROBERT A. VOGEL and LISA W. MARTIN

Summary

Over the past two decades, radiographic, inert gas washout and catheter
techniques have been developed which allow measurement of relative and
absolute coronary blood flow. Although contrast medium is not an ideal
indicator substance for application of the Stuart-Hamilton, Kety-Schmidt, or
Sapirstein principles, transit-time methodology has been successfully em-
ployed through combination with digital radiographic techniques. Parameter
images have been utilized to display coronary flow reserve data. Scintigraphic
assessment of Xenon-133 and catheter measurement of hydrogen washout
allow determination of regional myocardial perfusion using the Kety-Schmidt
principle, although inaccuracies at low and high flow states have been
reported. The most widely used approaches use coronary sinus thermodilu-
tion and intracoronary Doppler catheters. Impedance catheter and guidewire
techniques have recently been introduced. The latter two are regionally
specific, and promise to provide assessment of coronary blood flow simply
and inexpensively in the catheterization laboratory.

Introduction

Despite its clinical importance for patients with coronary ischemia and
myocardial infarction, the measurement of regional coronary blood flow
remains difficult. Over the past two decades, radiographic, inert gas washout,
and catheter means for assessing coronary blood flow have been introduced
and are listed in Table 1. This chapter discusses the applications and
limitations of these techniques, and focuses on a new methodology for
measuring absolute coronary blood flow using impedance catheters and
guidewires.
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Table 1. Techniques for measuring coronary
blood flow in the catheterization laboratory.

Transit-time
Videodensitometry
Contrast Medium Appearance Time

Inert Gas Washout
Xenon-133
Hydrogen Electrode Catheter

Catheter
Coronary Sinus Thermodilution
Doppler
Impedance Catheter/Guidewire

Radiographic techniques

Most clinical methods for measuring regional blood flow or perfusion are
based on one of the following principles: indicator dilution (Stuart-Hamil-
ton), inert substance washout (Kety-Schnidt), or first pass distribution (Sapir-
stein) [1, 2]. Coronary sinus thermodilution, Xenon-133 myocardial washout,
and thallium-201 scintigraphy are representative examples of applications of
these three methods. However, none of these general principles can be used
directly for the radiographic measurement of coronary blood flow largely
because of the effects of the contrast media on the coronary circulation and
the method by which it is injected. Primarily, all of these methods require
that the indicator substance does not alter the regional flow being measured.

Unlike the substances used in the traditional clinical methods, all contrast
media have substantial vascular effects, although non-ionic media may dis-
turb blood flow less than ionic agents. Injection of contrast media into the
coronary circulation results in a three phase response |3]. Initially, over the
first 1—2 seconds, a minor increase of approximately 10% in coronary blood
flow results from the increased perfusion pressure. From 2—4 seconds
following contrast administration, coronary flow drops to approximately 50%
of its initial level. Thereafter, the widely recognized hyperemic response
follows raising baseline flow approximately 3-fold. Injection of contrast
media during hyperemic flow results in similar phase 1 and phase 2 changes,
although the hyperemic response is minimally higher than initial levels.
Despite changes in the absolute magnitude of coronary blood flow, the rela-
tive ratio of hyperemic and baseline flow following contrast media adminis-
tration remains approximately proportional during the first 5 seconds. These
phenomenon limit the radiographic measurement of absolute coronary blood
flow and the relative measurement of coronary flow reserve to the first 1.5
and 5 seconds following contrast injection, respectively.

Other problems exist with the use of contrast media as blood flow
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indicators. The Stuart-Hamilton principle requires administration of a fixed
or known amount of an indicator, which must remain intravascular and
detectable quantitatively downstream. Contrast media cannot be adminis-
tered easily in fixed or known amounts without subselective injection to
prevent reflux. Moreover, contrast media increases peripheral coronary
intravascular volume as part of their vasodilator effect. This effects down-
stream contrast media quantification by effectively increasing the vascular
volume under study. Whereas this is not a major problem for methods
limited to intracoronary artery contrast media detection, those techniques for
measuring regional myocardial perfusion must take this effect into considera-
tion. Because of the complexities of contrast media diffusion, surface ad-
herence, capillary sludging, and vasoreactivity, the requirement of tracer
inertness necessary for application of the Kety-Schmidt principle is not
fulfilled. Lastly, the factors of minimal first-pass uptake and regional variabil-
ity of image intensifier veiling glare and radiation scatter and absorption
make the use of the Sapirstein principle problematic.

Using alternative geometric approaches, Rutishauser et al. and Smith et al.
developed the first successful radiographic techniques for assessing regional
coronary blood flow [4—7]. These similar approaches measure the density of
contrast medium at 2 sequential locations in a proximal coronary artery to
determine the transit-time of the contrast bolus between the two points. The
volume of the arterial segment between the chosen points is then determined
geometrically from the segment's mean diameter and length. The flow
transversing the arterial segment is calculated from the segment’s volume and
the bolus’ transit-time with the following equation:

regional flow = vascular volume/transit time 1

This approach cannot be applied to branching, distal, or circuitous arterial
segments. For segments that cannot be positioned parallel to the plane of the
image intensifier, multiple radiographic projections and three-dimensional
analysis must be used. Although it requires precise determinations of transit-
time and arterial diameter, this technique does measure absolute blood flow
(ml/minute). Using current technology, Spiller et al. have found excellent
correlations between data obtained by electromagnetic flow meter and mean
and phasic blood flow measurements obtained by a similar approach (8). The
reported technique uses determinations of wave-front transit-time in opposi-
tion to the measurements of mean transit-time used by the previous investi-
gators. Use of measurements obtained during this earliest phase of contrast
transit, before blood flow is perturbed by the contrast itself, gives this
approach a theoretical advantage.

An indicator-dilution videodensitometric method, which measures relative
coronary flow ratios rather than absolute blood flow, was first reported by
Foerster et al. [9]. A fixed amount of contrast media is injected and indicator-
dilution analysis is performed on videodensitometric data obtained over an
arterial region of interest. This approach eliminates the need for precise
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measurements of arterial diameter and length and can be applied to more
distal arterial segments. It is complicated, however, by streaming and reflux
of contrast media. Using subselective contrast injection and linearized
contrast density detection, Elion et al. (10) have found this method to be
valid, and have displayed regional arterial coronary flow reserve measure-
ments using parametric images.

In an attempt to increase the detection of very low concentrations of
contrast medium, digital radiography was introduced during the past decade
[11, 12]. The simplest enhancement operation employed is mask-mode
subtraction, which is accomplished by subtracting a radiographic image
obtained just before injection of contrast media (mask) from each of the
subsequent contrast containing images. This eliminates densities common to
the mask and subsequent frames, ideally leaving visualization of only the
contrast containing structures. The quality of mask-mode subtraction images
is very sensitive to subject motion, which alters the superposition of the mask
and contrast containing frames and produces registration artifacts. Because
of the cyclical cardiac motion, registration artifact can be minimized by use
of electrocardiographic-synchronized mask selection.

The use of ECG-synchronized mask mode subtraction for the purpose of
measuring regional blood flow was first proposed by Robb et al. [13]. These
investigators demonstrated that digital subtraction results in a significant
increase in the ability to visualize contrast medium transit in its myocardial
phase after selective coronary injection. Our laboratory combined this
approach with a modification of the vascular volume/transit-time analysis of
Rutishauser and Smith. We developed color and intensity coded parametric
images to depict the timing and density of selectively injected boluses of
contrast medium as they transit the coronary circulation [14, 15]. Relative
coronary flow ratios are assessed in myocardial regions-of-interest by quanti-
tatively comparing parametric images obtained at baseline and hyperemic
conditions.

Measurement of relative regional coronary blood flow is achieved using
independent assessment of transit-time and vascular volume. Relative con-
trast media transit-time to myocardial region-of-interest are analyzed within
the initial 5 second period by application of a threshold criteria, equal to
approximately one-third peak. As a first-order approximation, relative
vascular volume is assessed proportional to peak regional contrast medium
density by the following equation:

vascular volume = k (integrated contrast medium density)/ (contrast
medium concentration) @)

where k represents the primary radiographic imaging system transfer func-
tion. Assuming that the vascular space has been filled with contrast medium
but that additional vasodilatation or substantial diffusion has not yet oc-
curred, vascular volume is then proportional to mask-mode subtracted
density. Relative flow ratios can then be calculated by substitution of density
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data for vascular volume in equation 1, which determines regional flow as
vascular volume/transit time. Despite the difficulties associated with the use
of contrast media and the densitometric rather than geometric assessment of
relative vascular volume employed, good correlations between electromag-
netic flowmeter and digital radiographic determinations of relative regional
coronary blood flow have been found using this approach. Independent
validation of this technique has been provided by Mistretta et al. and Serruys
etal. [16,17].

This approach can be implemented on a pixel by pixel basis with paramet-
ric images in which individual pixel color and intensity are modulated
according to the transit time and density values calculated for that pixel.
Region-of-interest density/transit-time values are then calculated as the mean
of the individual pixel ratios, thus increasing precision by averaging several
thousand ratios. Parametric images have the advantages of providing simult-
aneous visualization of the entire arterial bed undergoing analysis and
recognition of problems in injection of contrast medium, such as streaming.
This parametric method has been utilized to determine the physiological
significance of individual coronary stenoses, especially pertinent for the
consideration of coronary angioplasty [18]. The technique is helpful in
situations of multi-vessel disease for determination of the significance of
lesser grade stenoses. In this circumstance, stress testing, even with thallium-
201 scintigraphy, often fails to adequately assess these additional distribu-
tions, as patients cease exercising when they develop ischemia of their
primary distribution. This approach has also been found helpful for the
assessment of myocardial ischemia in patients with chest pain and radiogra-
phically normal coronary arteries [19]. A close correlation between radiogra-
phically measured coronary flow reserve and stress scintigraphic data have
been found, which confirms the independence of anatomical and physio-
logical assessments of coronary anatomy and physiology.

There are several technical and clinical limitations of the parametric
imaging technique for measuring coronary flow reserve. Whereas digital
radiographic equipment is expensive, the great advantages of immediate
review, image enhancement and quantitation has led to its widespread use in
catheterization laboratories, especially those performing angioplasty. Patient
motion, and the need for atrial pacing and electrocardiographic-synchronized
power injection of contrast medium required for the parametric imaging
approach complicates the performance of this technique. Overlap of coron-
ary artery distributions has also been found to be problematic. Moreover,
coronary flow reserve can be reduced by many factors other than epicardial
coronary stenosis, including: myocardial hypertrophy, hypertension, prior
myocardial infarction, collateralization, coronary spasm and intrinsic vascor-
eactivity, syndrome X, prolonged ischemia, angioplasty, and vasoactive drugs
[1]. Arterial, ventricular end-disatolic, and intrathoracic pressures, which can
vary during arteriographic procedures, also affect flow reserve. Changes in
coronary flow in one artery may affect flow in other arteries. Lastly, as a
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relative parameter, flow reserve ratios are altered by changes in resting blood
flow. This latter problem is especially problematic immediately following
angioplasty which has been found often to be associated with determinations
of low flow reserve despite adequate dilatation {20, 21]. This is thought likely
due to increases in resting blood flow occurring during this period. These
factors need to be considered in using flow reserve to clinically determine
physiological severity of lesions and may explain, in part, conflicting
anatomic and physiological data.

Several alternative digital radiographic methods for measuring absolute
and relative coronary blood flow have been proposed. Parker et al. have
performed three-dimensional reconstruction of coronary artery distributions
enabling application of the transit-time approach to circuitous vessels [22].
Rutishauser et al. have compared the results of parametric images generated
by several appearance-time indices, as well as using Fourier analysis, and
have found them clinically helpful [23]. Eigler, Pfaff, Whiting et al. have
analyzed the radiographic assessment of contrast medium transit using linear
systems which analyze contrast transit by transfer function analysis [24].
Regions-of-interest for densitometric analysis are employed over the
proximal coronary artery and distal myocardial perfusion bed. This approach
obviates the need for ECG-synchronized power contrast injection. Initial
data have suggested that physiologically significant stenoses can be detected
without need for hyperemic flow assessment by analysis of the system
transfer function under baseline conditions. This is thought to result from the
alterations in resistance vessels which dilate to compensate for the upstream
stenosis.

Contrast medium washout analysis of regional coronary blood flow has
also been studied using the Kety-Schmidt principle. Resultant washout ratios
vary with severity of coronary stenosis, but their correlation with actual flow
ratios have been reported to be of variable accuracy. Detailed comparison of
washin and washout parameters have been reported by Nissen et al. [25]. As
mentioned above, this group has developed an approach for measuring
relative and absolute coronary blood flow using subselective contrast media
injection and indicator-dilution analysis [10]. Color coded parametric images
of regional arterial coronary flow reserve result from the first aspect of this
approach. Using comparison of coronary artery and aortic densitometry
combined with assessment of cardiac output, absolute coronary blood flow
analysis can be accomplished secondarily. Unfortunately, although promising,
each of the digital radiographic methods are technically complex and have
been largely performed only for investigative studies to date.

Diffusable indicators

Following infusion of a diffusable indicator into the coronary circulation, the
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regional concentration of the indicator will depend upon its integrated
arterial concentration, myocardial extraction ratio and myocardial perfusion.
This Kety-Schmidt principle has been used to measure the blood flow to
many tissues including the coronary circulation using several inert sub-
stances, notably Xenon-133 |2, 26]. Time-concentration curves of myocardial
transit of these substances have been followed using both planar and
tomographic scintigraphic imaging. Measurements are generally made during
the desaturation or washout phase during which absolute regional myocardial
perfusion can be calculated from the time course of desaturation, alone. In
order to obtain regional information, Xenon is infused selectively into the
coronary circulation. Unfortunately, this approach requires long-term steady
state hemodynamics and the addition of scintigraphic equipment. Under
conditions of regional, especially subendorcardial, ischemia, the indicator is
preferentially distributed to those areas with higher myocardial perfusion,
resulting in over-estimations of flow [27]. Nonlinearity of perfusion estimates
have also been found under high flow conditions.

In order to make the inert gas washout approach more compatible with
cardiac catheterization methods, our laboratory has introduced a hydrogen
washout, platinum catheter detection method which can be employed during
standard coronary angioplasty [28]. Hydrogen-saturated saline is infused
through the angioplasty catheter at a rate of 10 ml/minute for 30 seconds
subselectively. High impedance electrical potential measurements are ob-
tained from a platinum tipped pacing catheter positioned in the pulmonary
artery to monitor the effluent concentration of hydrogen during its washout
phase. In contrast to previously used washout techniques, this approach uses
subselective administration of the inert gas tracer and nonselective detection.
As with all washout techniques, it assumes that coronary blood flow remains
constant during the approximate 5 minutes required for the measurement.
This approach additionally requires that cardiac output remains constant
during the same period. Validation of this approach was performed in a
canine model using radio-labelled microspheres as the standard. Although
good correlations were obtained, as with other reported washout techniques,
some overestimation of low flow conditions and underestimations of high
flow conditions were found. As is true of the other washout methodologies,
this approach cannot assess transmyocardial perfusion abnormalities. Due to
alterations in the platinum electrode surface, some degree of baseline wander
was often observed. The ability to measure regional myocardial perfusion is
of, at least, theoretic interest as it allows assessment of region-of-risk when
combined with measurements of regional coronary blood flow. The theoretic
validity of assessing region-of-risk by simultaneous assessment of segmental
coronary blood flow and myocardial perfusion was demonstrated in our
laboratory [28]. Region-of-risk was calculated from the ratio of blood flow
(ml/minute) to perfusion (ml/minute/gm), simultaneously determined using
electromagnetic flowmeter and platinum catheter hydrogen washout tech-
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niques, respectively, in a canine model. A good correlation was found
between the two determinations over a wide range of risk areas.

Catheter techniques

In 1971, Ganz et al. introduced a thermodilution method for measuring
coronary sinus flow in humans which uses the indicator-dilution principle
[29]. A catheter is introduced retrograde to the coronary sinus through which
is infused room temperature saline at a constant rate. Adequate mixing is
achieved through infusion of the reference solution perpendicular to the flow
of blood in the coronary sinus. Although this technique is simple and
inexpensive, it has two major problems. Firstly, the position of the catheter in
the coronary sinus is ofter unstable making repeated determinations inac-
curate [2]. Regional specificity, even with the catheter positioned in the great
cardiac vein, is often problematic, leading measurements to be only estimates
of overall coronary blood flow. Secondly, coronary flow reserve measure-
ments using maximal hyperemic stimuli often give values of approximately 2,
in comparison with determinations greater than 3—4 using other methodolo-
gies.

In an attempt to increase the regional specificity of flow measurements,
subselective and balloon catheters have recently been developed which allow
measurement of coronary blood flow velocity using Doppler techniques [30,
31]. Although absolute coronary blood flow cannot be measured by this
approach, coronary flow reserve can be determined by comparing blood
velocities under pharmacologically induced hyperemic and baseline condi-
tions. Papaverine, injected intracoronary, has proven especially useful for this
purpose as it provides both near maximal vasodilation and short duration of
action [32]. Major advantages of this approach are that both phasic and mean
blood flow data are provided continuously and that injection of an indicator
substance is not required. This technique is, however, sensitive to catheter
position and velocity measurements are significantly reduced when the
catheter is located translesionally [33].

Our laboratory has recently developed a method for measuring absolute
coronary blood flow using either a standard angioplasty catheter or guide-
wire and the indicator-dilution principle [34, 35]. The initial intraluminal
device employed was a standard angioplasty catheter modified with the
addition of a third lumen which terminates in a small side hole located just
proximal to the balloon (Figure 1). Impedance measurements are made at the
catheter’s tip by two pairs of microelectrodes. Impedance is measured at a
frequency of 50 kHz and a constant current of 10 A between the two
proximal and distal microelectrodes spaced 2 mm apart. One-half ml of 5%
glucose solution (D5W) is injected over a 3—6 second period through the
proximal port. The solution is hypotonic relative to blood, thereby causing an
increase in impedance measurable at the microelectrodes. Absolute coronary
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Fig. 1. Absolute coronary blood flow measuring impedance angioplasty catheter.

blood flow is determined by inverse proportionality to the area under the
impedance curve, in a manner analogous to the determination of cardiac
output using thermodilution catheters. Absolute flow is calculated by the
following equation:

flow = K, I/A 3

where K| = sensitivity constant, which is the slope of the impedance-D5W
concentration relationship, / = amount of D5W indicator, and A = area
under the first-pass transit curve. By the indicator-dilution principle, blood
flow is determined at the site of introduction of the indicator substance.
Subsequent arterial branching does not affect this determination, as long as
adequate mixing is achieved. The impedance catheter utilizes two factors to
ensure adequate indicator mixing. Firstly, the DSW indicator is sprayed out
the side hole in a direction perpendicular to blood flow, similar to the
technique employed in the coronary sinus thermodilution catheter. Secondly,
the presence of the dilatation balloon causes turbulence, further increasing
mixing. Experimental studies have shown that mixing is essentially complete
within 1—2 cm distance from the point of ejection. While coronary artery
irregularities may further increase mixing, it is unlikely that the impedance
catheter could accurately measure absolute coronary blood flow while
positioned across the stenosis due to partial occlusion of the lumen. Whereas
this does not appear to be a problem for resting blood flow, maximal
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hyperemic flow is substantially reduced with a catheter placed translesionally.
In practice, this necessitates that the catheter be withdrawn proximally in the
coronary vessel in order to assess blood flow.

The necessity of withdrawing the impedance catheter proximal to the
stenosis led us to develop an impedance guidewire capable of measuring
blood flow using the same principles [35]. We are currently studying a 0.014"
diameter guidewire which has a 2 mm electrode gap located 5 cm from its
tip. The tip of the electrode is composed of a spring wire with characteristics
analogous to standard angioplasty guidewires. We employ the guidewire
through any standard over-the-wire dilatation catheter, ejecting the DSW
indicator through the catheter’s end hole. This allows the indicator to be
infused at a point immediately proximal to the coronary stenosis, with
sufficient distance to achieve mixing being provided by the guidewire
extended distally across the stenosis. In contrast to the impedance catheter,
this much smaller diameter guidewire has not been found to reduce even
hyperemic flow substantially. The guidewire system allows determination of
blood flow through very proximal stenoses, which would not be possible
using the catheter system, as the point of ejection would be in the aorta or
guiding catheter.

Impedance measurements are affected by blood conductivity, vessel
volume, and parallel conduction. The unwanted contribution to impedance
measurements of parallel conduction is reduced by minimizing the electrode
gap. Preliminary studies suggest that vessel cross-sectional area varies
inversely with baseline impedance. Whereas this may enable the catheter and
guidewire systems to assess vessel dimensions [36], this is a complicating
feature for the measurement of blood flow. This effect is partially negated by
the larger component of parallel conduction contributing to measured
impedance which occurs in smaller vessels, which have decreased intrinsic
conductivity. Additionally, partial correction of the effect of vessel diameter
is achieved in practice by normalizing the sensitivity constant, k,, to baseline
impedance values.

Validation of these approaches to measuring absolute coronary blood flow
was performed in four phases [37]. In-vitro studies in arterial phantoms,
experimental studies in canine femoral arteries, experimental studies in
canine coronary arteries, and clinical studies during coronary angioplasty
have been performed. The catheter and guidewire systems were found to
accurately measure saline flow in plastic tube phantoms ranging from
2—4 mm diameter, employing baseline impedance corrected sensitivity con-
stants. These data support that the two basic requirements for application of
the indicator-dilution principle, namely adequacy of mixing and linearity of
indicator detection are met by this technique. The latter was additionally
validated by direct measurement of the linearity of the area under first pass
curves resulting from injection of from 0.1 to 2.0 ml indicator boluses.

Due to intrinsic limitations of measuring absolute coronary blood flow,
validation of the catheter and guidewire systems was performed in canine
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femoral arteries used timed arterial collection as the standard. Blood flow
was varied over a wide range from 5—300 ml/minute using vessel constric-
tion and vasodilating drugs. Close correlations between catheter and guide-
wire calculated and timed arterial collection data were found (r = 0.96).

Blood flow measurements were also studied in canine coronary vessels
ranging in diameter from 2.3—3.3 mm using stenosis and pharmacologically
varied blood flow. Again, close correlations were found between impedance
catheter and electromagnetic flow-meter determinations over a wide range of
flow. A slightly lower correlation coefficient (0.94) was found, likely due to
intrinsic inaccuracies in electromagnetic flowmeter determination (Figure 2).
Of importance, the injection of the 0.5 ml indicator bolus was found to affect
intrinsic blood flow minimally. Several examples of measurements of abso-
lute coronary blood flow first pass impedance curves are shown in Figure 3.
Injection of the DSW bolus is seen to cause little change in intrinsic coronary
blood flow (top panels). The inverse relationship between blood flow and
area under the first-pass curves is seen in the lower panels.

Following successful validation of the impedance catheter in experimental
situations, we have started to employ it during clinical angioplasty. Repeated
first-pass curves obtained during angioplasty of a mid left anterior descend-
ing coronary stenosis are shown in Figure 4. Coronary blood flow was
calculated to be approximately 30 ml/min. These findings suggest that it will
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Fig. 2. Correlation between impedance cathether and electromagnetic flowmeter determina-
tions of absolute coronary blood flow in canine model.
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Fig. 3. Examples of coronary blood flow and first-pass impedance curves from which absolute
coronary blood flow is calculated, obtained in a canine coronary artery model.
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Fig. 4. Examples of first-pass impedance catheter tracings obtained during clinical angioplasty
of left anterior descending coronary artery.

be clinically possible to measure absolute coronary blood flow in interven-
tional situations using standard catheter and guidewire systems. It is likely
that the impedance guidewire will have the greatest clinical application
because it can be used with any over-the-wire system and produces the least
compromise of the vessel lumen. We are also currently investigating the
impedance guidewire as a means for assessing coronary cross-sectional area
[36]. We have observed that passage of the guidewire electrode gap across
experimental stenoses results in an abrupt and reproducible increase in
baseline impedance. This may allow assessment of interventional success,
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although it is not likely that it would provide information on most interven-
tional complications such as dissection.

Technological advances in digital radiographic and catheter systems now

allow measurement of relative and absolute coronary blood flow in the
catheterization laboratory. It remains to be proven that these measurements
affect interventional and clinical patient management. This is likely to occur
as techniques become simpler and more refined.
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11. Coronary obstructions, morphology and
physiologic significance

RICHARD L. KIRKEEIDE

Summary

The problem of interpreting the physiologic significance of coronary ste-
noses, i.e. their flow-limiting behavior, from their morphology is reviewed in
this paper. This problem is approached from a fluid dynamic viewpoint
starting with the observed effects of stenoses on the pressure-flow relations in
coronary arteries. Recognizing that stenosis morphology is important
physiologically only to extent that it effects the pressure drop-flow relation of
stenoses, a theoretic analysis and in vitro stenosis model experiments are
described. From these experiments, the pressure drop-flow relations for
stenoses of various geometries could be accurately predicted. It is then
shown how these predictive relations can be used with standardized hemody-
namic test conditions to assess the flow-limiting behavior of stenoses through
derivation of the stenosis flow reserve. Finally, the appropriate uses of
stenosis flow reserve, its sensitivity to diffuse coronary disease, and the need
for measuring the size of the stenosis bed at risk is discussed.

Introduction

Assessing the clinical significance of coronary stenoses remains one of the
most common and important exercises in the practice of cardiology. Patients
demonstrating symptoms suggestive of significant coronary artery disease are
referred by the cardiologist for coronary arteriography. In the subdued light
of the viewing room and with the patient’s history and symptoms in mind,
the cardiologist scans the coronary images looking for, among other things,
evidence of coronary disease. Are the coronary vessels smooth and of
normal size? Does the dye flow evenly and with normal velocity through the
coronary tree? Are all the major coronary vessels apparent? Is there any
collaterization between normally distinct perfusion fields? These questions
arise because the cardiologist is trying to understand why the patient’s
symptoms, usually related to poor myocardial perfusion, are occurring. Only
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after a probable cause of the patient’s myocardial problems has been
inferred, can the cardiologist consider his therapeutic strategy for the patient.

This admittedly verbose review of the reasons for analyzing a coronary
arteriogram was included, prior to discussions of pixels and pressure drops,
to underscore that when analyzing the image of a partially blocked coronary
artery, it is the possible effect that this stenosis has on myocardial blood flow
that is clinically relevant. Assigning clinical significance to any geometric
characteristic of the stenosis i.e., its apparent relative diameter reduction,
shape or length, can rightfully be done only when the influence of that
characteristic on blood flow is understood.

This chapter then describes a brief conceptual tour of how myocardial
blood flow is influenced by stenoses by the pressure losses incurred by blood
flow thru stenoses, how certain geometric characteristics of stenosis influence
pressure losses, and how this understanding of stenosis hydraulics can be
merged with quantitative coronary arteriography to rationally describe the
flow limiting potential of an angiographically demonstrated coronary steno-
sis. Included in this tour will be stops to admire the pitfalls and strengths of
assessing the physiological significance of coronary stenoses as well as some
possible routes for the future.

Effect of coronary stenoses on coronary flow

The effect of stenoses on coronary blood flow is demonstrated in Figure 1,
derived from an experiment in which a series of discrete stenoses were
produced in the circumflex artery of a dog. The figure plots mean coronary
pressure (distal to the stenoses) against the simultaneously recorded mean
coronary flow (electromagnetic flowmeter). Without a stenosis (topmost
curve with triangles) progressive vasodilation of the distal bed (i.e. adenosine)
caused flow to increase from its resting level near 0.3 ml/s to an observed
maximum of nearly 3 ml/s, while pressure decreased only slightly (95—
90 mmHg) from the aortic pressure level. With a 60% area reduction
stenosis, coronary pressure and flow were normal at rest, but moved
downwards along the curving pressure-flow relation as the distal bed was
progressively dilated. The maximal attainable flow for this stenosis was about
2.5ml/s with an associated 25 mmHg drop in coronary pressure to
70 mmHg. The 85% stenosis showed the same type of hemodynamic
behavior, falling pressure with increased flow, but to a greater degree. Flow
in this case could be increased to just over 1 ml/s at the cost of a 50 mmHg
pressure drop.

Several important points regarding the influence of stenoses on coronary
flow can also be illustrated through Figure 1. Flow changes in a stenosed
coronary artery are determined by a host of factors other than the stenosis.
Resting conditions for example, were near normal despite the presence of the
60 and 85% stenoses. Only with more severe stenoses did resting coronary
pressure significantly drop and then without a concomitant drop in coronary
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Fig. 1. Effect of stenoses on coronary pressure-flow relations.

flow. Coronary autoregulation was clearly at work in this case. The barore-
ceptors and resting myocardial oxygen demand also play a determining role
in fixing the pressure-flow coordinates of resting conditions (95 mmHg,
0.3 ml/s). The distal coronary bed is also seen to present a flow barrier, in
the form of the maximal vasodilation pressure-flow relation, which is
independent of stenosis severity. Hemodynamically then, stenoses can be
viewed simply as abnormal pressure-flow pathways which must be followed
when going from one flow demand state to another. How far along such a
path the coronary circulation can travel is largely fixed by nonstenotic
factors.

Influence of stenosis geometry on stenosis pressure losses

It should be apparent from the preceding discussion that the ability to assign
physiologic significance to a given stenosis morphology must hinge on the
ability to derive the pressure drop-flow relation for a stenosis when given its
geometric characteristics. Various engineers and physicians have recognized
this principle and pursued such understanding. The interested reader would
be well advised to review their writings [1—9] since the following can offer
only a brief overview of the subject.

The total pressure drop (dP) across moderate to severe stenoses derives
largely from two sources: frictional losses along the entrance and throat
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regions of the stenosis and inertial losses stemming from the sudden expan-
sion of the flow as it emerges from the stenosis throat. As frictional losses are
linearly related to flow and sudden expansion losses scale with the square of
the flow, pressure drop can be expressed by the relation

dP=C,0+ C, 07, €))

where C, and C, are the viscous and expansion loss coefficients of the
stenosis. The curvilinear nature of the drop in coronary pressure with
increasing flow seen in Figure 1, graphically reflects this equation with the
curvilinear nature of the data demonstrating the presence of the nonlinear
inertial losses. An important implication of Equation (1) is that stenosis flow
resistance (dP/Q) besides being dependent on stenosis geometry (C, and C,)
is directly related to flow. In a strict sense therefore, a stenosis physiologic
significance cannot be judged solely on the basis of its appearance but rather,
only in association with a given flow. Depending on the application, this flow
could be either the measured flow through the stenosis or a hypothetical
desired flow.

Before addressing this flow problem the dependencies of C, and C, on
specific stenosis geometries can be suggested by considering the stenosis
flowfield shown in Figure 2. As the flow enters the stenosis it accelerates i.e.,
its velocity profile is axially stretched in direct proportion to the reduction in
lumen area. Because of this convective acceleration, pressure falls in the
direction of flow due to both conversion of pressure energy to kinetic energy
(which can be later converted back to pressure energy) and viscous wall
friction (which is permanently lost). This flow field continues through the
stenosis with viscous losses accumulating until the flowfield dramatically
changes as the flow enters the sudden lumen expansion region at the distal
end of its throat. Although the vessel lumen can change abruptly, the
flowfield may not be able to follow due to its now large axially directed
momentum. If this is the case the flow exits the stenosis as a high velocity jet
bounded radially by a recirculation zone or eddy. Due to the large velocity
differences across these two flows, shear stresses develop which diffuse the
jet and irreversibly deplete the flow’s energy. Since the flow separation point
marks the boundary between the viscous and expansion flow fields, it also
marks the sections along which their accompanying pressure losses must be
computed.

By analogy to the viscous pressure losses along pipes, we can expect these
losses (dP,) to be describable by a relation suggested by Young etal. [1—3]

U
dP,=K,— V| 2
v UDO 0 ()

from which C, is then written

7
C,=K 3
v " DyA, )




233
FLOWFIELD

Flow Separation
Contraction Expansion
Acceleration
Flow Development

Deceleration
Disordered Flow

i

]

AP

\  Kinetic (o V) \ o
Po ‘\ 2 K ——

‘~. -

-~
-~
-~ R
. — P
c

Ps

Potential (P)

Fig. 2. Generalized flowfield and energy distribution for a stenosis.

where D, and A, are the proximal normal lumen diameter and area, u is the
blood’s absolute viscosity and K, is a dimensionless coefficient. As cross-
sectional area and shape will in general vary along stenoses, K, needs to be
computed by an integral relation. Deriving K, from the pressure loss
equation suggested for use with quantitative arteriography by Brown et al.
[9], K, can be written as

A, | D, \* dx
K =32 |22 =2 = 4
] JA(D,) D, 4)

where, A and D’ are the cross-sectional area and hydraulic diameter at a
given position along the stenosis and dx is the axial spacing between
consecutive cross-sectional geometries defined by quantitative arteriography.
Integration of Equation (4) then proceeds from the defined proximal normal
section to the assumed point of flow separation.

Expansion pressure losses are usually described by equations of the form

Ay 2 /OVE
dP,=K, |——1| — 5
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where A, and A, are the cross-sectional areas along the stenosis at which the
flow separates and distally reattaches to the vessel wall respectively, o is the
blood density (1.0 gm/cm?) and K, a dimensionless coefficient whose value is
approximately 1. Comparison of Equations (1) and (5) shows C, to be
describable as

pKe AO :
N 6
€ =%l (As ) ©

To compute the pressure drop across a stenosis, Equations (1), (3), (4), and
(6) can then be used along with an assumed or measured flowrate Q. Using
this technique, Young [1] found that pressure drops across hollowed plugs of
known dimension, inserted into the femoral, carotid and aortic arteries of
dogs could be predicted within 2.2 mmHg of their measured values. Gould
[8] created stenoses in canine coronary arteries by the external balloon
technique. Using the Brown method of quantitative arteriography [9], tracing
the vessel borders by hand, predicted pressure drops were within +/—
18 mmHg at the 95% confidence level.

While the reported experimental data certainly validate the form of
Equations (3), (4), and (6), questions remain regarding their application to
the types of stenosis geometries seen in arteriograms. For example, how does
the exit geometry of a stenosis influence its pressure drop? The equations for
K, and C, take no account of exit geometry. Where should the flow
separation point be located along a stenosis? Its position is required in
Equation (4) as the upper limit for integrating viscous losses along stenoses.
When post-stenotic dilatation exists, what is the hemodynamically relevant
cross section(s)? Although at present only a couple of these questions can be
answered, the use of in vitro model experiment to be discussed offers an
efficient and general method of solving these problems.

In vitro studies of predicting stenosis pressure drop from its geometry

Modelling theory has been long used to understand and predict the behavior
of structures which are not available for testing themselves e.g., airfoils,
racing yachts, skyscrapers, and heart valves. For the purpose of understand-
ing stenosis pressure losses, modelling theory permits us to work with a
dimensionless and simplified form of the pressure drop equation i.e.,

&P K,
Vs oDV u

where the equations left-side is the so-called Euler number and describes
pressure drop in relation to the flows kinetic energy, and the Reynolds
number is recognized in the denominator term on the right-side of the
equation. To ensure the clinical applicability of the model experiments, the

+ C, @)



235

Reynolds number of the modelled flow conditions must be within the range
for coronary arteries i.e., below 2000.

In the experiments to be discussed, we were curious about the influence of
stenosis entrance and exit geometries and lumen cross-sectional shape on the
pressure drop. Thus a series of stenosis models were constructed of the gen-
eral form shown in Figure 3 and placed into a flow apparatus. Flow condi-
tions were then varied and pressure drops measured over the 0-2000 Rey-
nolds number range. Figure 4 demonstrates the results for a 90% stenosis
tested in this manner. Values of K, and C, where found by fitting the data to
the equation form y = K,/x + C, where y and x were the measured dimen-
sionless pressure drops and flows respectively.

We first examined the ability of Equation (4) to account for the effects of
stenosis length on pressure drop by testing two families of models (90 and
94% area reductions) within which stenosis length (L) was widely varied. As
seen in Figure 5, Equation (4) closely accounted for the observed behavior.
However a minor “entrance effect” was observed (for short stenoses, the
measured viscous losses were higher than predicted) which could be accounted
for by modifying Equation (4) slightly i.e.,

Ay D, : Ay | Dy ? dx
K,=321045—|———| +086 | — | — | — 8
¢ [ Am ( D’'m A D’ D, ()

where Am and D’m are the minimum area and hydraulic diameter along the
segment, respectively.
With this correction, the major effects of differing entrance and exit

A
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Fig. 3. Geometry for modeled coronary stenoses. (A) Axial geometries; (B) Cross-section
geometries.
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Fig. 5. Effect of area reduction and stenosis length on viscous pressure losses across stenoses.
Left panel, correlation of measured values with Equation 4. Right panel, same data following
“entrance effect” correction, Equation (8).



237

geometries could be predicted as shown in Figure 6. As the entrance or exit
angle of the stenoses increased (making the stenosis a more abrupt contrac-
tion) viscous losses increased. Predicting these effects by Equation (8)
required only that the flow separation point be located at that point along the
stenosis where the stenosis started to expand. As stenosis exit angles down to
18 degrees behaved in a similar manner, we now locate the flow separation
point along a coronary stenosis at that point where the lumen expansion
angle first exceeds 18 degrees.

Stenosis length, measured to the point of flow separation, was found to
have a significant effect on the expansion pressure losses as demonstrated in
Figure 7. The expansion loss coefficient, K,, was seen to increase linearly
with stenosis length as described by the regression formula

K,=121+0.08 (L/D) )

where L is the length of the stenosis to the flow separation point.

The reason for the length’s influence on expansion pressure losses is not
completely understood. However, it can be shown theoretically that depend-
ing on the shape of the velocity profiles at the points of flow separation and
distal reattachment, K, could vary from 1 to 2. The lower value being found
when the velocity profiles are flat at both locations, while the higher K, value
results when the velocity profile at separation is fully-developed but flat at
reattachment.

Finally we examined the influence of lumen cross-sectional shape on
stenosis pressure drop. As demonstrated in Figure 8, measured viscous
losses could be closely predicted by Equation 8, regardless of whether the
cross-section was circular or oval (major-to-minor diameter ratios between 1

A B

2000? ZOOOW

10004 10004

ENTRANCE ANGLE, 6, (degrees) EXIT ANGLE, 6, (degrees)

Fig. 6. Influence of entrance and exit geometries (Panels A and B) on viscous pressure losses.
Solid lines indicate values predicted by Equation (8).
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and 3). This result provides a positive check on the use of the hydraulic
diameter (D’) to account for non circular cross sections. Cross-sectional
shape had no apparent effect on expansion pressure losses.

Figures 9 and 10 show the predicted-to-measured correlations for the
coefficients K, and C,. Considering the data from all model experiments
these modified equations predict within 5% the experimentally measured
values of any stenosis geometry, as demonstrated in these figures.

We now have the means for translating the geometric characteristics of a
coronary stenosis to its pressure drop-flow relation. Figure 9 shows that for
the broad range of stenosis geometries considered, the K, value of the
stenosis can be accurately predicted by use of Equation (8). Only in the case
of mild stenoses does the uncertainty in predicting K, reach a significant level
but only as a percent error of small absolute pressure drops. The viscous
coefficient (C,) in the stenosis pressure drop relation, Equation (1), is found
via Equation (3) when given the assumed blood viscosity (4 centipoise) and
the normal diameter and area of the vessel. The expansion loss coefficient
was similarly found to be predictable by use of Equations (6) and (9) as
shown in Figure 11. Implementing these equations for use in the analysis of
coronary arteriograms then requires the extraction of the vessel diameters
and areas along the stenotic segment in absolute (cm) terms. For this purpose
quantitative arteriographic methods, similar to those originally proposed by
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Fig. 9. Correlation of predicted to measured K, values. K, predicted by Equation (8).
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Fig. 10. Correlation of predicted to measured C, values. C, predicted by Equations (6) and
(9).

Brown et al. [9] with the exception of the use of automatic vessel border
recognition, have been implemented. A detailed description of these methods
has been presented by Buchi et al. [10] From the extracted major and minor
diameters (d1 and d2) found from the border recognition of biplane views of
the stenosis, the cross-sectional area and hydraulic diameter at each incre-
ment along the vessel is computed by the relations

A=0.7854 (d1) (d2)
and

_ 2(d1)(d2)

T dl1+4d2

’

Stenosis flow reserve

Having traveled along coronary pressure-flow curves, within stenosis flow-
fields, and seen how formulas have been developed to express the pressure
drop-flow relation of a stenosis from its geometry, the problem is now how
to express such information in a clinically meaningful way. Stating the viscous
and expansion loss coefficient values for a stenosis would be likely greeted by
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Fig. 11. Quantitative analysis of biplane views of a stenosis, prior to angioplasty, in the left
circumflex coronary artery.

blank stares from most physicians. More importantly, such data would not
clearly suggest the physiologic significance of the stenosis i.e., its potential
flow-limiting effects. To overcome this problem, we developed the idea of
stenosis flow reserve as a standardized test of the flow-carrying capacity of
coronary stenoses.

Stenosis flow reserve derives from the concepts discussed with Figure 1.
However, in place of measured values for resting pressure and flow, and the
maximally vasodilated pressure-flow relation assumed values (ml/s) we chose
to use resting relative flow so that the results would be akin to the coronary
flow reserve which is generally understood by cardiologists. The specific
hemodynamic assumption made in deriving stenosis flow reserve is: aortic
pressure equals 100 mmHg, the maximally vasodilated pressure-flow relation
for the distal bed goes from O relative flow at 10 mmHg to 5 times resting
flow at 100 mmHg. The final and most important assumption is that of the
resting coronary flow level. Realizing that volumetric flow rates vary widely
depending on the size of the dependent myocardial bed but that resting flow
velocity is roughly independent of normal vessel size, ranging from 10—
20 cm/s for coronaries of the aorta, we derive resting flow as the product of
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resting flow velocity times the normal cross-sectional area of the arterial
segment under study.

Figure 11 shows the stenosis flow reserve concept applied to a moderately
severe stenosis in a left circumflex coronary artery. Included in the report are
the geometric characteristics of the analyzed arterial segment and stenosis
e.g., the stenosis caused an 88% area reduction with a minimal area of
0.57 mm?. Integrating the geometry between the indicated proximal and
distal limits by Equation (10) and (9), K, and K, were found to be 1730 and
1.48 respectively. Shown in the upper right corner of the report is the
derivation of the stenosis flow reserve for this stenosis, 2.0. Thus, for these
conditions, this stenosis reduces arterial flow capacity to 40% of normal. In
this analysis Vo was assumed to be 20 cm/s and the resting flowrate then
equals Vo times the designated normal area. For the example shown in
Figure 11, the distal end of the stenosis was taken to be normal (0.047 cm?)
and the normal resting flowrate of 0.94 cc/s is derived.

Stenosis flow reserve . . . strengths and weaknesses

The strengths and weaknesses of stenosis flow reserve stem from the same
facts: it views only one small piece of the coronary circulation, and only
under a fixed set of standardized hemodynamic conditions. Given these facts,
one would expect good correlations between the derived stenosis flow
reserve and in vivo measurements of coronary flow reserve only when the
assumed conditions are close to those in vivo. In animal experiments
constrained to provide such similarities, stenosis flow reserve was closely
correlated to flowmeter measured coronary flow reserve [11]. In any more
complicated situation, e.g., serial stenoses along an artery, CAD with
hypertension, or CAD with reduced distal vasodilatory capacity, correlations
between stenosis flow reserve and any in vivo measured flow reserve index
should not be expected. Since in vivo flows are responsive to so many
hemodynamic factors, their values are representative of the coronary system
as-a-whole rather than any one factor. Obviously such system measures have
great value in diagnosing whether or not a problem exists in the delivery of
flow through an artery or to a defined region of myocardium. They cannot
however be logically considered as specific to the cause of the flow delivery
problem. Stenosis flow reserve in viewing only a 2—3 cm section of coronary
artery is fundamentally constrained to stating whether or not that section of
artery can be a cause of the flow delivery problem.

A true potential weakness of stenosis flow reserve stems from its
dependency on normal resting flowrate and our present methods by which it
is inferred. Next to the relative area reduction caused by a stenosis, resting
flowrate is the most important factor determining the stenosis flow reserve
value. This sensitivity results from the fact that stenosis pressure drop is
dependent on the square of the flowrate as seen in Equation (1). We
presently depend on being able to identify in the arteriogram a normal
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section of segment under analysis, and thereby the vessel’s normal cross-
sectional area and resting flowrate. Marcus has however repeatedly warned
that what appears to be a normal coronary artery is often in fact diffusely
diseased [12]. In such cases, the assumed normal area and resting flowrate
would both be lower than true normal values and stenosis flow reserve would
then be artificially high, underestimating the physiologic significance of the
stenosis.

The potential problem associated with diffuse coronary disease points to
the need for an alternate means for assigning an appropriate resting flow rate
for the segment understudy. In vivo measurement of flow would certainly be
useful in this regard so long as the resting conditions were “normal”. Such a
flow measurement could possibly be made from a coupling of quantitative
arteriography techniques with an intracoronary Doppler measurement of
flow velocity. Quantifying the angle of the doppler catheter with respect to
the flow axis would permit conversion of the perceived Doppler frequency to
units of velocity. Measurement of the vessel area at the point of the Doppler
cathether could then permit calculation of the volumetric flowrate in absolute
terms. Another approach to deciding on the appropriate resting flowrate for
an artery would look to the size of the dependent myocardial bed. If the mass
of the distal bed would be known, and a resting myocardial flow value is
assumed (e.g. 100 ml/min/100 gm) or measured, the resting flowrate which
the bed “demands” from the artery could be found.

Conclusion

I have attempted in this review to outline my ideas and working strategy in
dealing with the assessment of coronary stenoses. Although a fluid dynamics
approach to the problem may seem complicated and inappropriate to some,
blood is after all an incompressible fluid and thus subject to the physical
principles and laws governing the flow of all such fluids. These principles in
fact simplify matters by providing an analysis framework by which the
various anatomic characteristics of stenoses can be logically combined into a
single physiologic measure of stenoses. Certainly much can be done to
improve such fluid dynamics views of stenoses. For example, we need to
understand how bifurcations, edge roughness and post-stenotic dilation
influence the stenosis flowfield and thus its pressure-flow characteristics. The
availability of moderately-priced flow visualization software may be of value
for understanding these effects. More pressing, however, is the need to know
the size of the myocardial bed downstream of stenosis. Such information
would more easily permit us to decide whether the structure of a coronary
stenosis seen in an arteriogram is consistent with its functional imperative,
the delivery of blood to the downstream bed. Finally, although not much has
been explicitly said concerning quantitative arteriography in this review, the
hemodynamic interpretations of stenosis geometry outlined here could
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clearly not have been performed without QCA. For both acquiring the
detailed description of stenosis geometry in absolute dimensions and for
interpreting these data, QCA is required.
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12. Application of indicator dilution principles to
regional assessment of coronary flow reserve from
digital angiography

STEVEN E. NISSEN and JOHN C. GURLEY

Summary

Although cineangiography is widely utilized to assess the severity of coronary
artery disease, conventional arteriography exhibits intra- and interobserver
variability and provides no information regarding flow characteristics. We
have investigated application of indicator-dilution principles to computer
analysis of digital subtraction angiography (DSA) as a means to calculate
coronary flow reserve (CFR). Using a background-corrected epicardial
coronary region of interest, CFR is directly proportional to the ratio of the
quantity of contrast administered under hyperemic and basal conditions, and
inversely proportional to the area under the contrast time curve. Ultilizing
this indicator-dilution algorithm, normal canine coronaries exhibit a CFR
ratio exceeding 4:1. In the presence of artificially induced stenoses, we
compared the indicator-dilution method to surgically implanted electromag-
netic flow (EMF) probes and found a good correlation between DSA and
EMF, CFR, r =0.86.

Initial studies utilized a single frame per cardiac cycle which provided
inadequate temporal resolution for slow heart rates. The method was subse-
quently modified to utilize 30 frames per second ECG-gated DSA and hand
injection of contrast. A separate validation study showed close correlation in
the animal model between CFR measured by DSA and EMF probe, r =
0.86. We subsequently investigated this method in 21 patients (35 vessels).
Normal CFR in seven patients without stenoses was 4.8:1 £ 0.65. Patients
with unstable angina had much lower flow reserve averaging 1.7 % 0.3.
Angioplasty generally improved CFR. We have recently applied the indica-
tor-dilution method to calculation of absolute coronary blood flow (CBF), in
an animal model. In this application, we used paired injections of contrast,
one in the left ventricle (30 to 40 ml) and a second subselectively in the
coronary. By comparing the area under these two epicardial contrast
intensity curves, the proportion of cardiac output perfusing the coronary
could be calculated. CBF was calculated by measuring total cardiac output
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using a thermodilution catheter. A close correlation between EMF and DSA
was confirmed, r = 0.89.

These data indicate that an indicator-dilution model can be applied to
contrast injection in the coronary arteries and CFR or CBF can be calculated
accurately in both an animal model and in a patient population. Further
investigations will be required to determine the clinical utility of these
findings.

Introduction

Cineangiography is universally utilized to assess the severity of coronary
artery disease (CAD) and to guide therapy in patients with coronary obstruc-
tions. However, the accuracy of conventional arteriography in accurately
depicting the severity of CAD has been seriously questioned. There is
significant intra- and interobserver variability in the interpretation of coron-
ary angiograms and pathological studies have demonstrated that angiographic
estimates of coronary obstruction do not necessarily correspond to subse-
quent pathologic examination {1—3].

Traditionally, the severity of a stenosis is reported as percent reduction in
luminal area. However, this measurement is significantly influenced by
overlapping vessels, collateral blood flow, and angle-of view [4,5]. Further-
more, many patients with coronary artery disease have diffuse vessel involve-
ment with focal stenoses superimposed upon a generalized narrowing. In this
setting, percent luminal area reduction cannot accurately reflect the severity
of the disease.

Even when conventional coronary arteriography is accurate in classifying
the severity of stenoses, arteriography provides no data regarding functional
consequences of obstructive lesions. There is a nonlinear relationship
between percent luminal reduction and functional impairment which further
complicates accurate visual interpretation of films [6]. Thus, percent stenosis
alone, measured by quantitative angiography or assessed by visual inspection
of coronary angiograms, is an unreliable means to determine the physiology
of coronary obstruction and a limited standard upon which to base therapeu-
tic decisions.

Perhaps of even greater significance, the angiographic luminal reduction
associated with coronary stenotic lesions does not predict the decrease in
either resting coronary blood flow or coronary reserve capacity produced by
the lesion [7]. A major reduction in coronary hyperemic flow reserve does
not occur until approximately 75% cross-sectional reduction is reached.
Between 75 and 90% luminal area reduction, coronary flow reserve declines
from near normal to very low levels in a curvilinear fashion. Thus, a very
small change in luminal diameter can have enormous physiological conse-
quences.
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Accordingly, considerable effort has been undertaken to utilize the
coronary angiogram to extract physiological information. Using either cine-
angiography or digital subtraction angiography, a variety of algorithms have
been proposed for the assessment of coronary flow reserve from coronary
images. Each method has inherent value and nearly all techniques have
significant limitations. We have extensively evalutated methods based upon
indicator dilution theory to determine the value and limitations of this
approach.

Coronary flow reserve

In comparison to anatomic assessment of coronary stenoses, measurement of
coronary hyperemic flow reserve (CFR) has many potential advantages.
Coronary flow reserve is defined as the ratio of maximal coronary flow
produced by ischemic or pharmacologic stimuli compared to resting flow
measured under basal conditions. In the absence of epicardial coronary
stenoses, normal dogs or man exhibit flow reserve ratios generally exceeding
4:1 and can range as high as 7 or 8:1. The introduction of epicardial
coronary stenoses has been shown to blunt the hyperemic response and thus
a reduction in coronary reactive hyperemia represents an excellent physio-
logical descripter of significant coronary lesions [8].

A major consideration in the development of digital angiographic methods
for the assessment of coronary flow reserve was the development of an
adequate means by which to induce maximal arteriolar vasodilation within
the coronary resistance vessels. Initial studies in many laboratories utilized
temporary coronary occlusion in the dog to induce reactive hyperemia. Since
coronary occlusion was not suitable for use in man, other methods have
evolved. These have included the use of radiographic contrast and more
recently, the intracoronary administration of papaverine hydrochloride to
produce maximal reactive hyperemia [9]. Intracoronary papaverine is a
superior method for induction of hyperemia, since it produces a prompt
near-maximal increase in coronary flow with a duration that persists only a
few minutes.

Although coronary flow reserve is an excellent predictor of the physiologi-
cal consequences of epicardial stenoses, flow reserve has its own inherent
limitations. Since flow reserve is a ratio of maximal hyperemic-to-basal flow,
the method is sensitive to any condition which increases basal flow. It is well
established that tachycardia, ventricular hypertrophy, and factors affect-
ing the metabolic state of the myocardium can alter basal flow. Under condi-
tions of increased basal flow, the ratio of maximal hyperemic-to-basal flow
will be decreased even in the absence of an epicardial lesion. The presence of
confounding variables which elevate basal flow must be considered in any
clinical setting in which coronary flow reserve is utilized as an indicator of
the severity of coronary disease.
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Indicator-dilution method
Theoretical principles

One approach to determine the coronary flow reserve from digital angiogra-
phy is based upon the mathematical principles of indicator-dilution theory.
The equations describing the behavior of tracer substances were originally
published in the 1920’s and are also known as the Stewart-Hamilton method.
The principles have been extensively studied for indicators such as indocya-
nine green or iced saline. In digital angiography the indicator is radiographic
contrast media. However, instead of sampling the indicator directly, the
brightness of contrast for a region of interest (ROI) in the coronary image is
utilized to determine the relative concentration of iodine present in the
vessel. Indicator-dilution theory predicts that the area under a density-time
curve derived from a coronary ROI will be directly proportional to the
quantity of contrast injected and inversely proportional to the flow (Figure
1.

)Unlike other indicators, absolute volumetric flow cannot be calculated
from a density-time curve using radiographic contrast because the density of
the region of interest is affected by other parameters, specifically, radiogra-
phic factors such as kVp and patient thickness. However, if a known quantity
of contrast is administered under two different flow states and if both the
radiographic technique and the ROI analyzed are unchanged, then the ratio
of the area under these two time intensity curves will reflect relative flow.
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Fig. 1. Mathematics of the indicator-dilution method as applied to radiographic images. The
area (A) of a concentration (C) — time (f) curve is utilized to calculate flow. When
radiographic images are analyzed, a region of interest is placed over a coronary segment of
constant volume (V) and the mass of contrast (M) measured from the brightness of the image.
In radiographic imaging, the absolute flow cannot be measured using a concentration — time
curve, since the radiographic factors (K) cannot be measured.
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This principle is applicable to measurement of coronary flow reserve. Time-
density curves are obtained during basal and hyperemic conditions using a
constant region-of-interest. Since the area under the curve is inversely related
to flow, the ratio basal area divided by hyperemic area represents coronary
flow reserve. The factors related to radiographic technique cancel as long as
X-ray parameters are kept constant. This method is schematically illustrated
in Figure 2. This indicator-dilution method was first applied in the calcula-
tion of coronary flow reserve by Forrester et al. [10] and has been subse-
quently evaluated in our laboratory both in an animal model of coronary
artery disease and in man.

Indicator-dilution assumptions

There are several theoretical aspects of the Stewart-Hamilton method which
must be considered in its application to radiographic contrast. The classic
indicator-dilution equations assume that there is a linear relationship
between the concentration of the indicator and its measured quantity. This

Basal
Curve

Ap

Density

Hyperemic
Curve i

CFR = Ab
h b

Fig. 2. Method for calculating coronary flow reserve from a pair of density-time curves.
Coronary flow reserve (CFR) is directly proportional to the area under the basal density time
curve (A,) and the volume or mass of contrast injected (M,) under hyperemic conditions.
CFR is inversely proportional to the area under the density-time curve obtained under
hyperemic conditions (A4,) and volume or mass of contrast injected under basal conditions
(My)-
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assumption is not correct for iodinated contrast since radiographic absorp-
tion varies logarithmically with the density or thickness of any absorbing
material. This principle is known as the Beer-Lambert law. Thus, a loga-
rithmic transformation is required for digital subtraction angiography prior to
application of indicator-dilution analysis. In some settings, a simple loga-
rithmic transformation may not prove adequate since distortions of the
density-absorption relationship may result from factors such as scatter and
veiling glare. These nonlinearities must be corrected for some critical
applications. In the studies described in this review, scatter and veiling glare
were minimal factors because the subtraction process attenuates such non-
linearities because they are present both in the mask and contrast frames.

The use of radiographic contrast as an indicator for calculation of
coronary flow reserve makes several important assumptions. It is assumed
that the quantity of indicator delivered is small compared to the volumetric
flow in the coronary. An additional assumption is that mixing in the coronary
is complete prior to contrast arrival at the site where densitometry will be
performed. In each case, these assumptions can be satisfied with close
attention to experimental methodology.

Validation of indicator-dilution methods
Experimental design

We have validated the application of indicator-dilution methods to calculate
coronary flow reserve from digital angiography in an animal model of
coronary artery disease [11]. Nine dogs were instrumented with an electrom-
agnetic flow probe (EMF) and two pneumatic occluders on the left circum-
flex coronary artery. The circumflex was subselectively cannulated with a 5
French catheter. Digital angiography was performed under basal conditions
and repeated following the induction of reactive hyperemia produced by a 15
second coronary occlusion. Stenoses were produced by partial inflation of
one of the pneumatic occluders. For each level of stenosis, digital subtraction
angiography was performed under both basal conditions and following
induction of hyperemia. For each level of stenosis, simultaneous electromag-
netic flow (EMF) was recorded during the digital imaging acquisition.

Data analysis

The ratio of hyperemic-to-basal coronary blood flow by EMF was measured
by planimetry of the continuous flow tracings. The digital coronary angio-
grams were subjected to ECG-gated mask-mode subtraction using only end-
diastolic frames. Thus, digital subtraction was performed in a phasic manner
in which an end-diastolic mask was subtracted from each end-diastolic image
to obtain a series of apparently stationary frames. Density-time curves for
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two ROI's were analyzed, one placed over the proximal epicardial coronary
artery and a second ROI placed over the adjacent myocardium (Figure 3).
For each end-diastolic image, summated intensity value for the myocardial
background ROI were subtracted from the coronary ROI values to obtain a
difference curve. This correction was necessary because myocardial density
begins to appear during the later phases of coronary epicardial opacification.
Thus, the coronary ROI contains density attributable both to contrast in the
coronary artery and to the opacification of underlying myocardium.

Coronary flow reserve was computed from digital angiography by measur-
ing the area under the curve obtained under basal conditions and dividing
this value by the area under the curve obtained under hyperemic conditions.
Representative pairs of background corrected density-time curves are
illustrated in Figure 4. In the absence of stenosis, the area under the density-
time curve obtained during basal conditions was much larger than a similar
curve obtained during post-occlusion hyperemia. In the presence of a critical
stenosis, there is no increase in blood flow following temporary occlusion
and the difference in curve area is completely blunted.

In this study, the hyperemic-to-basal flow ratios obtained by electromag-
netic probe were compared to similar measurements performed by digital
angiography. The comparison was performed for a wide range of pneumatic
coronary stenoses varying from approximately 25 to 90% stenosis.

Fig. 3. Location of coronary and background regions of interest for indicator-dilution analysis
of coronary flow reserve.
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Fig. 4. Coronary density-time curves under basal and hyperemic conditions in the presence of
no stenosis (top panel) and in the presence of a severe stenosis (bottom panel). The presence
of a severe stenosis blunts the development of hyperemia in response to temporary coronary
occlusion. As a result, the area under the basal and hyperemic curves is similar under both
basal and hyperemic conditions when a severe stenosis is present.

Results

A total of 38 stenoses were evaluated in which the range of values for the
ratio of hyperemic-to-basal coronary flow by EMF was 0.8:1 to 4.2:1. Thus,
coronary stenoses with a broad spectrum of physiological significance were
evaluated. CFR computed by indicator-dilution analysis using the ratio of
areas of background corrected density-time curves varied from 0.9:1 to 4.5:1.
Comparing coronary flow reserve measured from the EMF probe with CFR
calculated from digital angiography, there was a close correlation between
these two methods (Figure 5). The correlation coefficient was r = 0.86 and
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the regression equation was close to the line of identity y = 0.91x — 0.1.
These data demonstrate that in an animal model of coronary artery disease,
indicator-dilution analysis of digital subtraction angiography can yield highly
accurate measurements of CFR.

Limitations

Several limitations were apparent from these initial studies. Subselective
cannulation of the coronary artery was required since indicator dilution
theory requires injection of precise quantities of contrast to be injected in the
analyzed vessel. Any spillage of contrast media into adjacent vessels or the
aorta renders the indicator-dilution method inaccurate, because the area
under the density-time curve is directly proportional to the volume of
contrast administered. An additional limitation is the requirement of the
digital subtraction process for close registration of mask and contrast end-
diastolic images. Thus, body movement or respiratory motion can signif-
icantly degrade the quality of the subtraction process and subsequent density
values in ROI’s.
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Furthermore, temporal resolution was limited because the method utilized
only end-diastolic gated images for analysis. As a result, some of the indica-
tor-dilution curves were constructed from analysis of less than 10 end-
diastolic frames. At slow heart rates, the accuracy of the technique could be
potentially compromised by the relatively few number of data points utilized
to produce the time-intensity curve. Indeed, preliminary studies of the
indicator-dilution method in man demonstrated that this latter limitation was
significant. Compared to anesthetized dogs, humans generally had slower
heart rates and thus provided fewer cardiac cycles from which to obtain
end-diastolic density values to construct a time-intensity curve.

An additional limitation was the necessity to use ECG-gated pressure
injections to deliver intracoronary contrast media in this study. Many
clinicians are hesitant to power inject contrast medium in the coronary artery
using any mechanical device which might be subject to failure. For safety
reasons, power injection is an undesirable requirement and has limited
acceptance of this and other methods for computation of CFR from digital
angiography.

Coronary reserve using hand injections

Because of the difficulties inherent in end-diastolic ECG-gated power injec-
tion of contrast, we subsequently modified the indicator-dilution approach
using hand injection of contrast. Instead of end-diastolic gating, we utilized
30-frame per second ECG-gated digital subtraction angiography in this
subsequent study. By increasing the framing rate, the necessity for end-
diastolic ECG-gated power injection was effectively eliminated. With 150 to
200 frames in each study, the potential impact of beginning a coronary
injection during the cardiac cycle is markedly reduced. The revised method-
ology using higher framing rates also permits curves to have distinctive
systolic and diastolic oscillations (Figure 6). Thus, the relative contributions
of systolic and diastolic coronary blood flow are represented in the area
under the curve.

Validation of hand injection method

Coronary flow reserve determination using indicator-dilution analysis and
hand injection of contrast medium was validated using an animal model
similar to the one previously described [12]. However, in this study intracor-
onary papaverine (8—10mg) was used to induce coronary reactive
hyperemia rather than temporary occlusion. Digital angiography was per-
formed with a more advanced pulse mode progressive scan imaging system at
30-frames per second, a pixel matrix of 512 X 512 and a radiographic dose
of 20 microroentgens per frame. Logarithmic transformation of the digital
images was utilized to linearize the exponential relationship between
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Fig. 6. Representative density-time curve obtained from 30 frames per second digital
angiography performed under basal conditions and following induction of reactive hyperemia.
An example of calculation of coronary flow reserve (CFR) is shown on the right.

radiographic attenuation and contrast concentration. Phasic subtraction was
performed such that each contrast containing frame was subtracted by a
mask-frame obtained from the same-phase of the cardiac cycle.

Since 30-frames per second digital angiography was utilized, background
corrected coronary time-intensity curves required analysis of as many as 200
consecutive frames. This required manual placement of the region of interest
for each frame — a tedious and time-consuming process. Software is
currently under development in our laboratory which will perform this
function automatically. The 30-frames per second digital angiograms yielded
very high-quality curves which eliminated reliance upon a few data points to
construct an indicator curve.

Results

Validation studies using hand injection and 30-frames per second acquisition
were performed for a total of 20 different stenoses in five animals. Coronary
flow reserve was simultaneously measured using EMF and compared to flow
reserve ratios calculated by analysis of the indicator-dilution curves. Linear
regression analysis demonstrated a close correlation between flow reserve
determined by EMF and the hand injection method (Figure 7). The correla-
tion coefficient was close, r = 0.86. These studies demonstrated that CFR
could be measured from digital angiography without the need for ECG-gated
power injection. Although the method required analysis of many frames, it
has the advantage of adequate temporal resolution to ensure an accurate
curve even at relatively slow heart rates.
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Fig. 7. Linear regression analysis comparing coronary flow reserve measured by electromag-
netic flow probe (EMF) with flow reserve calculated from digital angiography (DSA). In this
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Coronary flow reserve in man

We have applied the indicator-dilution method to analyze coronary flow
reserve in a small patient population using 30 frames per second angiography
and hand injection of contrast. A total of 35 vessels were analyzed in
twenty-one patients including seven with normal coronary arteries, eight
patients with unstable angina, and eleven arteries before and after angio-
plasty.

Since the indicator-dilution method requires subselective injection of
contrast in the coronary artery, evaluation of the left anterior descending or
circumflex vessels required a specialized adaptation of the technique. For
these left coronary vessels, contrast was injected through a balloon angio-
plasty catheter thus permitting administration of a small quantity of contrast
medium subselectively into the vessel. For the right coronary artery, a
standard angiography cathether was utilized. In human studies, digital sub-
traction angiography was performed under basal conditions and again follow-
ing induction of reactive hyperemia using intracoronary papaverine. As
previously described, images were logarithmically converted, gated subtrac-
tion was performed, and two regions of interest were analyzed, one for the
epicardial vessel and the other for the adjacent myocardium. For each frame,
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both regions of interest were manually placed by an operator and summated
intensity from the coronary curve was corrected for the background ROI.
CFR was computed as previously described:

Qu _ As , My

Oy Ay Mg

Op and Qy represent basal and hyperemic coronary flow, while A, and
Ay represent the integral of the basal and hyperemic dye curves, respec-
tively, My and My represent the quantities of dye injected for the basal and
hyperemic imaging sequences, respectively.

In addition, both quantitative angiography and visual assessment of
stenoses were performed for each lesion evaluated by indicator-dilution
analysis.

Results of human studies

Employing the indicator-dilution method, statistically significant differences
among patient subgroups were noted for CFR (Figure 8). Coronary flow
reserve for normal vessels was 4.8:1 + 0.65. Patients with stable angina had
a mean coronary flow reserve of 3.2:1 with a standard deviation considerably
higher than demonstrated for normals (£ 1.3). Thus, as might be expected,
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Fig. 8. Coronary flow reserve in normal subjects and in patients with stable angina, unstable
angina, coronary lesions of intermediate severity (30—70%) and coronary lesions of greater
severity (> 70%).
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considerable heterogeneity for CFR was apparent in the stable angina
population. However, patients with unstable angina were more homogeneous
with a coronary flow reserve averaging 1.7 + 0.3.

There was a general correlation between lesion severity by quantitative
angiography and CFR as measured by digital angiography. For patients with
a lesion severity of greater than 70%, coronary flow reserve averaged 2.3 +
0.8, while patients with lesions in the 30—70% range exhibited a coronary
flow reserve of 3.3 t 1.2. Despite this general correlation, there was
considerable disparity between CFR determinations from digital angiography
and percent stenosis as measured either by visual grading or quantitative
arteriography. Thus, overall correlation between percent stenosis and coron-
ary flow reserve for lesions in the 30—90% range was r = 0.62 for visual
grading and » = 0.67 for quantitative arteriography (Figure 9). Thus, either
measure of percent stenosis was a relatively poor prediccor of CFR as
measured by the indicator dilution method.

For the eleven patients studied before and after PTCA, coronary flow
reserve averaged 2.0:1 prior to angioplasty and increased to 3.7:1 approxi-
mately 30 minutes following angioplasty (Figure 10). In this setting, the
percent change in stenosis as determined by quantitative arteriography
correlated only moderately with the change in CFR as measured by indica-
tor-dilution analysis of digital angiography. This finding should not be
surprising since it is well recognized that PTCA distorts vessel anatomy and
thus impairs conventional anatomic analysis of stenoses.

Visual Grading

Quantitative Arteriography
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Fig. 9. Linear regression analysis comparing coronary flow reserve measured by the indicator-
dilution technique with percent stenosis derived either by visual grading (left panel) or
quantitative arteriography (right panel). In both cases, there was only a moderate correlation
between flow reserve values and percent stenosis.
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Fig. 10. Improvement in flow reserve following percutaneously transluminal coronary
angiography (PTCA). Although coronary flow reserve (CFR) increased in all patients, there
was only a moderate correlation between the change in DFR and the change in percent
stenosis as measured by quantitative arteriography.

Absolute coronary flow

Further studies in our laboratory have sought to apply indidator dilution
principles to the measurement of absolute coronary blood flow from digital
angiography [13]. We investigated a potential approach to this problem in an
animal model in which two contrast injections were performed, one subselec-
tively in the coronary as previously described. A second injection was
performed through a pigtail catheter placed into the left ventricle using a
large volume of contrast (30—40 ml) and digital subtraction. A background
corrected time-intensity curve for an epicardial coronary ROl is obtained for
each of the two injections. Since the quantity of dye injected subselectively is
known and the quantity injected in the left ventricle is known, it is possible to
calculate the percent of cardiac output perfusing the circumflex coronary
artery by comparing the areas of the coronary density-time curves (Figure
11). Since cardiac output could be determined by the thermodilution
method, volumetric coronary blood flow could be indirectly calculated using
this method. We validated the approach in an animal model similar to the
one described for previous experiments. However, in this case, the animal
was instrumented with a pigtail catheter in the left ventricle to permit
administration of a large enough volume of contrast to opacify the coronary
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Fig. 11. Mathematics of calculation of absolute blood flow from a pair of contrast injections,
one intracoronary and the other in the left ventricle. The ratio of circumflex blood flow (Q; ()
to total cardiac output (Q, ) is equal to the mass of contrast injected in the circumflex (M, )
divided by the mass of contrast injected in the left ventricle (M, ,) multiplied by the area under
the contrast time-intensity curve for the left ventricular injection (A4,,) divided by the area
under the intensity-time curve for the circumflex region of interest (A, ). In this case, 2 ml of
contrast was injected in the circumflex and 40 ml in the left ventricle. Using the areas shown in
this figure, left circumflex blood flow was equal to 0.0323 expressed as a fraction of cardiac
output. Thermodilution cardiac output was 3300 ml/minute which resulted in a calculated
coronary blood flow of 106.6 ml/minute.

arteries. Further, a thermodilution catheter was placed in the pulmonary
artery to measure cardiac output.

Results

Coronary blood flow was measured by EMF and digital angiography at 21
flow levels in five animals (Figure 12). This wide range of flows was achieved
by either increasing flow using injection of intracoronary papaverine and/or
limiting flow by the introduction of epicardial stenoses. There was a close
correlation between flow values obtained by the electromagnetic method and
that calculated by digital angiography. These data demonstrate the potential
for digital angiography to be employed in the calculation of absolute
coronary blood flow. If flow is expressed as percent of cardiac output, these
calculations do not require any other assumptions beyond the indicator-
dilution method.

Summary and conclusions

These studies illustrate the value and limitations of the indicator-dilution
methods for analysis of coronary flow reserve and absolute coronary blood
flow. The indicator-dilution method is an adaptation of well-established
physiological principles which have been applied to the problem of radiogra-
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Fig. 12. Linear regression analysis comparing left circumflex (LCx) blood flow as measured
by electromagnetic probe (EMF) to flow calculated from indicator-dilution analysis of digital
subtraction angiography (DSA).

phic imaging. Initial studies demonstrate a good correlation for calculation
for CFR using end-diastolic gated image acquisition and ECG-gated power
injection of contrast in the coronaries (Figure 5). At the relatively high heart
rates present in the animal model, a sufficient number of data points were
produced to accurately construct an indicator-dilution curve. Because slower
heart rates prevalent in human subjects provided a fewer number of data
points for each curve, this method was subsequently modified to utilize hand
injection of contrast with 30-frames per second image acquisition. This latter
method also demonstrated a close correlation for calculation of CFR in an
animal model of CAD (Figure 7). However, the hand-injection method
requires manual placement of regions of interest for as many as 200 consecu-
tive angiographic frames and is therefore very time-consuming.

In further studies, we have applied the indicator-dilution method in a
clinical setting to determine flow reserve in a variety of disease states (Figure
8). Major differences for coronary flow reserve as measured by the indicator-
dilution method were demonstrated for patients with stable or unstable
angina in comparison to a normal population. As anticipated, only moderate
correlation was observed between lesion severity by quantitative arteriogra-
phy or visual assessment and coronary flow reserve. In another subgroup, the
indicator-dilution method was applied to the measurement of CFR before
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and after balloon angioplasty (Figure 10). Statistically significant changes in
flow reserve were observed although the correlation between the improve-
ment in stenosis appearance and flow reserve was only moderate. Presum-
ably this disparity reflects the limitations in assessment of the severity of
stenoses following distortion of vessel anatomy by PTCA.

Lastly, we have adapted this method to the measurement of absolute
coronary blood flow in an animal model. Under controlled conditions, a
close correlation was obtained for absolute coronary flow calculated by
analysis of a pair of coronary angiograms, one performed indirectly via a
catheter placed in the left ventricle and a second injection subselectively in
the circumflex.

The data obtained in these studies demonstrate that indicator-dilution
analysis is a flexible and potentially useful tool in the evaluation of coronary
flow and coronary flow reserve. Further investigations are underway to
compare the indicator-dilution method with other reported techniques for
the assessment of the physiological consequences of coronary stenoses. A
large database of patients with a wide variety of coronary lesions will be
required to determine the relative value of the various methods for analysis
of angiography. Given the inherent limitations in the visual assessment of
coronary obstructions, it is anticipated that insights generated from computer
analysis in digital angiography will ultimately find application in routine
clinical care.
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13. 3D reconstruction of the coronary arterial tree
from multiview digital angiography: A study of
reconstruction accuracy

DENNIS L. PARKER and JIANG WU

Summary

In this paper we discuss the current state of 3D reconstruction of the
coronary artery vascular bed from multiview ECG correlated digital cardiac
angiography and provide details on progress toward applications in geome-
tric assessment of lesion severity, absolute blood flow determinations and the
correlation of lesion morphology with calcium deposition determined by
quantitative computed tomography. Each of these applications requires
accurate determinations of the three-dimensional position, orientation and
cross-sectional area on a significant fraction of the major branches of the
vascular bed. We therefore review some studies of reconstruction accuracy
and precision using: a) contrast embedded latex arterial casts; and b)
computer simulation where care is taken to account for the physics of the
imaging system (scatter, beam hardening, etc.).

3D reconstruction is a multistep process that requires specification of the
vascular bed structure and approximate location in each image, a dynamic
programming algorithm to determine accurate vessel centerline and edge
locations and compute the 3D vessel structure, and orientation corrected
densitometry to determine vessel lumen areas (independently for each
image).

The computer simulations and vessel cast studies have demonstrated that
sub-pixel accuracy and precision are possible using densitometric techniques
and that scatter and beam hardening cause a systematic (although small)
error in measurement that depends on vessel size. Reconstruction accuracy
of any specific vessel segment depends on the number of views in which the
segment is clearly visible. The fraction of the arterial bed that cannot be
analyzed decreases approximately exponentially with the number of views.

Introduction

The development of techniques for 3D reconstruction of the coronary artery
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vascular bed from angiographic projections may ultimately facilitate various
applications that require accurate measurements of global vessel morphology.
Such applications include the quantification of the morphology in diffuse
disease, the correlation of morphology with information from other modal-
ities such as computed tomography, and the determination of absolute blood
flow. For example, transit time or “time of flight” measurements of blood
flow can be obtained by tracking the leading edge (or some other characteris-
tic) of a contrast media bolus as it passes through the known dimensions of
an arterial segment. Flow is then defined as the volume traversed divided by
the time of transit. The absolute accuracy of such flow determinations will
obviously depend directly on the accuracy of the determination of vessel
dimensions.

Projection X-ray imaging currently offers the best spatial and temporal
resolution of vascular details. From these images it is possible to visualize the
passage of iodinated contrast media and it is also possible to make measure-
ments of vessel dimensions. However, it is not possible to determine the
lumen area, the relative orientation and the related absolute length of vessel
segments from the images of a single imaging plane. By combining detail
from two or more imaging planes the complete three-dimensional structure
(cross-sectional area, length and orientation) can be determined. Knowledge
of the projection orientation allows the bolus location to be mapped from its
position on the projection image back to the location in the 3D vessel
structure.

Measurements of vessel dimensions and flow in the coronary arteries are
significantly complicated by the branching nature of the vascular bed and the
fact that the arteries themselves are in continuous motion throughout the
cardiac cycle. The branching requires that bolus position determinations be
made more often than once per cardiac cycle and the motion requires that
the relative motion of the vessel segment itself must be known. It is thus
necessary to know the continuous 3D positions of the arterial segments at all
time points of interest in the cardiac cycle. The accuracy of blood flow
measurements will be directly related to how accurately the coronary
anatomy is known.

In this paper we address details related to the accurate determination of
vascular structure and dimensions. We begin with a review of the reconstruc-
tion process itself and discuss the potential sources of error, including
physical degradation such as scatter and beam hardening. We review simula-
tion studies and some results from studies on coronary artery casts. We also
present some details of geometric coordination (registration) of vascular data
from 3D reconstruction with cardiac images from ultrafast computed
tomography. The principal application of these latter studies is in the correla-
tion of calcium determined from ultrafast CT with coronary anatomy (lesion
severity) determined from coronary angiography.
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Reconstruction theory and simulation studies

Three-dimensional vessel reconstruction as used in this paper consists of the
determination of the three-dimensional vascular bed structure from 2 or
more digital angiographic projection images. The technique we have devel-
oped takes advantage of several apparently intrinsic properties of the imaged
coronary arteries. For example, 1) vessels of interest for measurement are
typically between 1 and 10 mm in diameter and are visualized in routine
X-ray imaging by injection of a radio-opaque (iodinated) contrast media; 2)
segments of interest typically appear sparse in a projection image, with
significant lengths of vessel segments being observed without the clutter of
overlapping vessels; 3) reasonably good subtraction images can be obtained
where only contrast enhanced vessels are visible (where such subtraction
cannot be performed, it is often true that the background overlapping the
vessel is sufficiently uniform to be predicted and subtracted based on neigh-
boring measurements); 4) the density of contrast media is constant interior to
the vessel lumen and usually zero outside. (This latter assumption breaks
down when contrast has had time to pass into the capillaries of the tissues.);
and 5) vessels are connected.

The final result in our reconstruction process is a linked set of elements
where each element has position coordinates (x, y, z) and dimensions
(radius). Our technique for 3D vessel reconstruction has been presented in
detail previously [1, 2] and is similar in some respects to other techniques
[3—6]. For the purposes of this paper, some aspects of the process are
reviewed.

Images to be used in the reconstruction process are obtained from ECG
correlated digital angiographic views of the arteries to be reconstructed. In
the case of the simulation studies, images of an original 3D structure are
obtained by a forward projection algorithm, which is described below. The
images are processed with the previously published algorithm for detecting
vessel edges and centerlines [1, 2, 7]. Using these determined vessel center-
lines, the 3D vessel centerline reconstruction is obtained. Densitometric
measurements of the vessel cross-sectional area are then made and corrected
for vessel orientation. The radius of the vessel is determined from the area.
The theory and algorithm of the densitometric measurement is briefly
reviewed later. After the reconstruction process a new 3D structure is
created. The original and reconstructed structures are then directly compared
on a point by point basis. For the simulation studies, the vessels are assumed
to be circular.

Vascular densitometry
Densitometric measurements of vessel dimensions are founded on the basic

interactions between X-rays and matter. For a typical digital angiographic
imaging system, it would appear [8, 9] that the relationship between signal
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voltage, S(u, v), received as input to the analog-to-digital (A/D) converter
from a specific location u, » in the image, and the X-ray path length through
the anatomy can be approximated by an expression of the form:

[

S(u,v) = Gln [h(u, v) *J
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where, u(x, y, z, E) is the linear attenuation coefficient, which is a function
of position in the anatomy and the X-ray energy, E; I(u, v, E) is the
incident X-ray intensity as a function of energy; I, is the X-ray scatter; A (u,
v) is the effective point spread transfer function of the imaging system
accounting for system blurring (the symbol * represents a 2D convolution);
and G represents the post-logarithmic gain of the imaging electronics. Note
that the integral in the exponential is along the X-ray path.

To the extent that the incident intensity is mostly mono-energetic, that
scatter is negligible and that the image system transfer function is well
localized (i.e. a delta function), Equation (1) can be simplified to:

S(u, v)= Gln Iy(u, v)— GJu(x, ¥, z2)dl )]

If contrast medium is added to and is uniform throughout the arteries of
interest, the measured signal will be:

S(u, v)=GIn Ily(u, v)— G J’/A(x, v z2)dl— Gup,t, 3

where u; and p, are respectively the mass attenuation coefficient and density
of the iodine, and ¢ is the X-ray path length through the vessels. The digital
number in the DSA image is the following difference:

d(u, v)y=S(u, v) — S(u, v) = Gu,0,t, =k’1,, 4)

In this case, the value at u, v in a projection image is directly proportional to
the incident X-ray path length (¢;) through the vessels.

For a circular vessel at an angle ¢, with respect to the imaging plane, the
central vessel diameter (D) at position (i) is proportional to the maximum
density value, d,

rmax*

D;=kd, .. cos 6, &)

I max

Similarly, the integral vessel area (A) at position (i) is related to the integral
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density:

A; =k L dy Ax cos 0,.=%D?. (6)
J

Here, j is the index orthogonal to the vessel, Zd,; is the summation of the
projected vessel density profile and Ax is the sample space of the profile. By
eliminating D, in the above, an estimate of the conversion factor, k, is
obtained:

Zd,», Ax
k»=i%———. (7)
" di . cos 0,

The angle, 6;, can be obtained from an accurate 3D reconstruction of the
vessel centerline. Detailed discussion of the above equations are found in
references [1, 2, 11].

Thus, in the absence of image degradation and to the extent that Equation
(2) is valid, densitometric measurements of the vascular bed are obtained by
first obtaining the 3D reconstruction of the vessel centerlines, then using
Equation (7) to obtain the densitometric conversion factor, k, and Equations
(5) and (6) to determine the vessel dimensions. Because the vessels deviate
somewhat from circular cross sections and to reduce the error in k due to
random errors, an estimate of k is usually obtained from some average of
many local measurements.

Reconstruction accuracy: densitometric errors

The accuracy obtained in the densitometric measurements of the vascular
bed will depend on many factors including the accuracy of the parameters
included in Equations (5), (6) and (7), as well as the validity of Equation (2).
To begin to understand the effects of the various errors we first consider
beam hardening and scatter.

If the imaging system is degraded by beam hardening and scatter, an error
in A, is expected, which is dependent on the errors in measuring d,,,, and
2d; Ax. If we assume the relative errors in d,,,,, and Zd; Ax to be 6, and ¢,
respectively, we have:

A= (1= 8,) d; o Yd;=(1—¢)Ld,. 8)
J J

The conversion factor, k, obtained from a single vessel profile measurement
is then:

= (1—&)
kmi - ktrue (1 _ a[)2 . (9)
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The area for the profile obtained using the single conversion factor becomes:

o (=)

A, 10
mi true { (l i) ( )

And the measured radius becomes:

mi true ¢ (1 - 8) 1 - Si
= ; . 11
\/ / 1 _ 6,) Nrue i 1— 6i ( )

In practice, we use an average k over a range of radii and angles in the
image:

k.. (12)

1

™M™=

-1
f=—
n

i

The measured area can then be expressed:

_ k
Ami =k Z d[j Ax = rAtruei (l - 81‘)' (13)

J rue

The corresponding radius becomes:

Ami /; IE b
=\/j7r_=r“—uei\/; = "truei& (1~7) (14)

Estimates of the magnitude of these errors were determined by computer
simulation and are presented later.

Reconstruction accuracy: image registration with computed tomography

The accuracy of the densitometric measurements depends, among other
things, on the accuracy in the determination of the vessel orientation relative
to the imaging plane which in turn depends on the accuracy of the vessel
centerline determination as well as the accuracy in the knowledge of the view
orientation. In order to improve the accuracy in the determination of the
view orientation as well as facilitate intercomparison of the 3D vessel
centerline location with the vessel visualized with computed tomography, we
have implemented a view calibration procedure based upon marks external
to the patient.

The general relationship between the 3D coordinates (x, y, z) of a point
and the projected coordinates (i, v) are typically related by the transforma-
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tion [13]:
x X
y hitip izt y u
T |7 =|tittstn| {70 =s]ot. (15)
1 b3y Iy 33 b3y 1 1

The corresponding transformation for the digital angiography system used in
this study (a Siemens Angioskop) with arbitrary view angles is:

X AVRAVRAE! X U=
X'=R |y| = |rimah; yip =s v~
z r3) I35 I3 < w
D—z |4t
—_-—L—— v — 1, (16)
w

where

—cos a cos ¢ cos a sin @ sin @ — sin a cos 8 —cos a sin ¢ cos @ —sin a sin 6
R=| sinacos¢ —sin a sin ¢ sin 6 — cos a cos 6 sin a sin ¢ cos 6 — cos a sin 0
—sin ¢ —cos ¢ sin 0 cos ¢ cos 6

and:

a, ¢, and 6, are the angle within the view.(rotation of the image), the
LAO/RAO angle and the Cranial/Caudal angle respectively. We define the
position, u’, as the image vector relative to the projected origin (ie. x = 0
implies u” = 0).

Comparing Equation (15) with Equation (16) we can relate the scaling
factors between both systems. Using a notation where repeated indices imply
summation over the values 1, 2 and 3 we can write:

D P X
S=ty Xt ty and s'=T—ikL—k. 17

By using a set of points for which the coordinates are known both in the
3D coordinate system and the projection space, it is possible to write a single
matrix equation with the projection geometry as the unknown vector:

” =

t, ]

t3 !
x¥z,10 00 0xu yuy zlun ], Y
0000xyz1x0v vy 3y 5, Zbl

o th | =17 (18)

e e 5, )
xn yn Zn 1 0 0 0 0 xnun ynun Znun t;4 Lt
0000x,y,2,1x,0, y,0, Zyn | 5 L”n

293 g
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or

At=u. (19)
The above equation can be solved in a least squares sense:

t'=[A'A]" Au. (20)

From these relations we can determine the transformation coefficients
between both systems:

e=ry =1,2) t,=—ry/L t;;,=D/L

7

L + Gy,

LA

. ” —t
(=12 t5,= t3k. (1)

34 34

It is thus possible to relate the coefficients from both systems and, in
principle, determine the relative view orientation for the Angioskop. Unfor-
tunately, given the Angioskop transformation, a singularity occurs at the
angle ¢ = $90°, at which point the other two angles are equivalent. This
simply means that at that angle it is impossible to distinguish a cranial/caudal
rotation from a within view rotation. This property has little, if any, effect on
the accuracy of the 3D reconstruction. It is also known that the within view
rotation is very small ( <5°) and this fact can, in principle, be used to obtain a
better estimate of the cranial/caudal angle.

Methods

The accuracy of the reconstruction process was assessed by computer
simulations and by comparisons with reconstructions from computed tomog-
raphy.

Computer simulation

The validity of the simulation study presented directly depends on how well
the physics of the forward projection process is emulated. A projection image
of the 3D data structure is obtained by a discrete simulation of Equation (1).
The incident X-ray intensity is simulated as a filtered Bremsstrahlung dis-
tribution with discrete intensity values at energy increments of 5 keV up to a
selected kVp. The X-rays pass through a few millimeters of pre-filtering
aluminum, 20 cm of water simulating soft tissue, and the vessel structure to
be imaged. To maximize beam hardening, an iodine concentration in the
vessels of 0.37 g/cc is assumed. Published attention coefficients for the
elemental constituents are used [10]. Scatter is assumed to be uniformly
distributed across the vessel, and is specified as a fraction, f, of the detected
primary X-ray intensity before adding the contrast media. This uniform
approximation is valid because the vessel sizes in an image are small and the
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changes in scatter across the vessel dimensions should also be small. Veiling
glare is neglected.

The complex problem of computing path lengths through the vessel
structure is addressed numerically by dividing vessel surfaces into small
patches and projecting each patch to the image plane. A pixel, receiving
X-rays which penetrate one or more vessels, will receive one or more pairs
of patches. Each pair is from the front and back surface of one vessel where
the X-ray penetrates. The distance between each pair of patches is the X-ray
path length through the vessel. The total path length for the pixel is the
summation of the distances for all the patch pairs projected to the pixel.

Computed tomography

In order to compare images obtained from digital angiography with those
from computed tomography, small radio-paque marks were placed on the
external surface of a plastic cylinder containing a barium impregnated latex
coronary artery cast. This phantom was imaged using the Ultrafast Com-
puted Tomography scanner with 3 mm slice thickness and 2 mm spacing
between slices. The absolute locations of the marks were determined on each
of the images. The phantom was also imaged with various orientations using
the digital angiography system. Using an estimate of the view orientation
obtained from the Siemens Angioskop, the points representing the marks
were projected onto the DSA images and the corresponding marks were
determined. The locations of the marks in the DSA images were then used in
conjunction with Equations (15) to (21) above to obtain the actual view
geometry relative to the CT geometry. Using these corrected geometries, a
pair of the vessel images were then used to obtain a 3D reconstruction using
the two view algorithm.

Results
Simulation experiments

To test the accuracy of the reconstruction process outlined in Equations (1)
through (7) two sets of simulations were performed. For the first set,
projection images of circular vessels of various radii, parallel to the imaging
plane, were computed in the presence of beam hardening and with various
amounts of scatter (f = 0.0, 0.2 and 0.6). The densitometric conversion
factor was computed first from vessels of the same size as the one measured
(analogous to Equation (11)) and second as an average of k over all vessel
sizes (analogous to Equation (14)). The results are plotted in Figure 1 for
vessel sizes ranging from 0.5 to 2.5 mm and from 0.5 to 4.0 mm.

In terms of the equations presented earlier, scatter and beam hardening
will always cause the measured d;,, and d; to be smaller than the corre-
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ERROR IN RADIUS (UNDER BEAM HARDENING AND SCATTER)
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Fig. 1. Computer determined vs. true vessel radii from a simulation of the effects of scatter
and beam hardening (60 kVp, 2 mm aluminum, 20 cm water, 0.37 g/cc lodine) for vessels
parallel to the imaging plane. The three cases simulated are: 1) f = 0.0 and no beam harden-
ing; 2) f= 0.2 and beam hardening; and 3) f= 0.6 and beam hardening. For k the following
situations were distinguished: a) k is determined for each size from vessels of the same size; b)
k is determined from an average over all vessel sizes of interest (0.5 to 2.5 mm); and ¢) same
as (b) for size range of 0.5 to 4.0 mm.

sponding true values. Thus, the error terms, 0 and ¢, defined in Equation ®),
will be positive. Curves a2 and a3 in Figure 1 represent a plot of Equation
(11) and illustrate that o, is larger than ¢ and the relative magnitude
increases with vessel size. Curves b2, b3, ¢2 and c¢3 are obtained from
Equation (14) and show that the value of k determined by averaging over a
range of vessel sizes is slightly larger than the “true” value that would be
obtained in the absence of beam hardening and scatter. This increase in k
provides some slight compensation for the measurement error due to g,.
Thus, because the error, ¢; increases as a function of vessel radius, the error
in measurement for these curves is seen to decrease as the radius increases. It
is evident that the range of error increases when the range of vessel sizes
increases. Finally, although these results were obtained assuming the vessels
were parallel with the imaging plane, the effect of vessel angulation would be
to effectively stretch the range of vessel sizes.

For the second set of simulations, a realistic vessel data structure was
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obtained by modification of a human coronary artery reconstruction re-
ported previously [12]. The results of the forward projection used to create
2D images of the arterial structure are shown in Figure 2. These two view
projections are separated by 90 degrees. The image matrix size is 256 X 256
with 0.5 mm/pixel on the surface of the simulated image receptor. One pixel
corresponds to approximately 0.4 mm referred back to the 3D position of
the vessels. For constructing a 3D lumen area, a weighted combination of the
two lumen area measurements determined from the two views is used to
discriminate against measurements from overlapping vessels and from vessels
highly angulated relative to the image plane.

(i}

tb}

Fig. 2. Densitometric projection of a 3D artery representation onto two views (view separa-
tion angle is 90°).
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The results of the simulation study are shown in Table 1 and 2 and
Figures 3 through 6. Shaded surface displays of the original and recon-
structed 3D structures are shown at three different viewing angles in Figure
3. The initial and reconstructed lumen area values of the two structures are
compared on a point by point basis. The pointwise matching is accomplished
by selecting the reconstructed point in the closest 3D proximity to the
original point. Figure 4 shows comparisons of the true radii with the recon-
structed radii. In Figure 4a, measurements from all vessel points are plotted.
It is expected that the accuracy of densitometric measurements will be
affected in regions of the projected images when vessels overlap. The effect
of vessel overlap is examined in Figure 4b, where only those points which are
clearly visible in both views are plotted. This results in an apparent improve-
ment in the reconstruction accuracy.

Table 1. Accuracy and precision vs visibility.

Position error (mm) average Vessel radius error (mm)
Visibility +/— Std. error +/— Std. error
Both Views 0.25+/—-0.13 0.05+/—0.07
One View 0.32+/-0.18 0.05+/-0.16
Neither View 0.44+/—0.24 0.13+/—0.46

The three diagrams in Figure 5 show the pointwise comparisons of the
true radius with the reconstructed radius under degradations of beam
hardening and scatter. For these studies, only reconstruction measurements
for those points which are clearly seen in both views are plotted. The
degradations result in small clockwise rotations of the plotted points around
an intermediate radius. These rotations can be more explicitly demonstrated
by plotting least-square-fit lines through the scattered points. The rotations
suggest that larger radii are underestimated and smaller radii are overestim-
ated. Radii closest to the point of rotation are least affected. In Table 2, we

Table 2. Comparisons of slopes of least square fit 60 kVp, 20 cm water, 0.37 g/cc iodine.

Beam hardening

Scatter None Aluminum prefilter thickness
fraction (no hardening)

5.0 mm 2.0 mm 0.0 mm
0.0 0.98 0.94 0.93 0.93
0.2 0.88 0.85 0.85 0.84

0.6 0.81 0.79 0.79 0.79
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Fig. 3. Shaded surface displays of the original (a, c, ) and reconstructed (b, d, f) arterial
representation from three different views.
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RADIUS COMPARISON: With Beam Hardening
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RADIUS COMPARISON: With Beam Hardening and Scatter
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Fig. 5. Pointwise comparison of the true radius with the reconstructed radius in the presence
of beam hardening (60 kVp, 2 mm aluminum and 20 cm soft tissue, iodine concentration of
0.37 g/cc) and scatter f = 0.2; (a) beam hardening only; (b) scatter only; and (c) beam harden-
ing and scatter.

list the slopes of the least-square-fit lines under various amounts of scatter
and beam hardening. Beam hardening is changed by varying the aluminum
prefilter thicknesses. Data in the Table show that an increase in scatter
causes an increase in the rotation, while aluminum prefiltration causes
virtually no change. Figure 6 combines errors measured in Figure 5c with
Figure 1 (curve c2). The solid curve represents the error caused by beam
hardening and scatter (f = 0.2). The scattered points show the reconstruction
errors of the clinical phantom under the same degradations. The scattered
points follow the trend of the curve well within the range of one pixel
(0.4 mm). The differences are caused by the randomness in determining
vessel centerlines as well as the vessel orientation angles to the image plane.
The vessels of Figure S5c have variable orientations, and thus variable path
lengths which, for any given size, are greater than or equal to the basic paths
of the vessels in Figure 1. Thus, the nonlinearity due to scatter and beam
hardening will be variable, but systematically shifted to smaller “true” vessel
dimensions. The curve of Figure 1 represents a limiting value for the data of
Figure Sc.
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ERRORS IN RADIUS (UNDER BEAM HARDENING AND SCATTER)
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Fig. 6. Predicted errors in radius (curve) and reconstruction errors (points) of the coronary
artery phantom. The curve represents a limiting value for the scattered errors.

Comparison with computed tomography

X-ray projection images of the coronary artery cast are shown in Figure 7.
These images show the marks which have been placed on the external
surface of the phantom and which are used to determine the relative view
orientations. Computed tomography images of the cast with external marks
were obtained using the previously described protocol (e.g. Figure 8a, ¢, ¢, g).
The approximate angiographic view orientation is used to project the mark
locations determined by CT back onto the angiographic images (Figure 7c
and 7d). Finally, the relative accuracy of the 3D coronary reconstruction was
evaluated by combining the 3D vessel reconstruction with the original CT
images. Some example images are shown in Figure 8 (b, d, f, h) and Figure 9.

Discussion
The studies presented in this paper provide an indication of the accuracy that

can be obtained in the reconstruction of the coronary artery vascular bed
from two or more digital angiographic views. From the simulation study it is
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Fig. 7. (a) and (b): X-ray projection images of the pig coronary artery cast showing small
radio-opaque marks used for view orientation determination: (c) and (d) Mark locations
determined from CT are reprojected onto images from (a) and (b) using the approximate view
orientation.
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ih}

Fig. 8. Computed tomography images of pig coronary artery phantom. External marks are
visible on the surface of the cylinder. (a, c, e, and g) are the original CT images; (b, d, f, and h)
show points from the 3D reconstruction superimposed back on the CT images.
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{13

Fig. 9. () A projection image through the set of axial CT images. (b) same as (a) with points
representing the 3D reconstruction added.
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evident that uncorrected X-ray scatter can cause a small, but significant
systematic error in the measured vessel dimensions. It is seen from the Figure
4 and 5 that the error is smallest for the small vessels and increases rapidly
with vessel size. The overall error is reduced when an averaging process over
a range of vessel sizes is used to determine k. For coronary arteries, vessels
involved in reconstructions normally range between 0.5 and 3.0 mm. In this
case, the averaging method is well behaved.

The simulation results presented in Table 1 indicate that the accuracy of
centerline determination is on the order of the linear dimensions of one pixel.
These results also indicate that the precision in this measurement is a strong
function of the number of views in which the vessel is clearly visible. Note
that the simulation study is clearly under ideal conditions. A qualitative
assessment of the results from the CT registration experiments indicate that
the vessel centerlines are very close to the vessel positions found in CT while
a systematic shift has appeared to occur. The cause of this shift, which is on
the order of the vessel dimensions, remains to be determined.

Data presented in Figure 4 and Table 1 show that significantly better
lumen measurement accuracy is obtained when the vessel segment is clearly
visualized in two views. In Table 1 it is evident that the measurement
precision is a strong function of visibility. This observation suggests that the
inclusion of information from one or more additional views will increase the
reconstruction accuracy because additional views can be expected to increase
the fraction of the arterial bed that is clearly imaged in at least two views.
Problems due to vessels which are highly angled with respect to the image
plane are not directly addressed in the study. However, it is obvious that
X-rays forming images of these vessels undergo longer distances than the
vessel diameters and suffer more severe degradations from beam hardening
and scatter. The probability that a vessel segment is nearly parallel to the
imaging plane in at least one view will increase with the number of views
available. Measurements from the view with smaller vessel angle are expected
to give more accurate reconstructions.

For a vessel segment to be unambiguously visualized in any projection
image, it is sufficient for the projected vessel segment to be separated from
other projected vessels by a small distance determined by the imaging
resolution and the distance required for background measurement. This is
illustrated in Figure 10. It is also necessary that vessel segments inclined
greater than some maximum angle be eliminated from analysis. Thus,
independent of the type of statistical distribution the vessel visibility may
follow, the probability that a vessel segment can be measured will be the
product of the probability that the vessel segment is visible and the pro-
bability that it is inclined less than the given angle:

fo=1Fsin6_,.. (22)

To the extent that there is independence of the vessel distribution between
views, the fraction of vessel segments measurable in at least one out of N
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Fig. 10. Tmaging region required for visualization of central vessel segment. The presence of
another vessel segment in the volume segment will reduce the accuracy of measurements made
from the region.

views is:
a=1—(1—fmN=1—(1—fvsin0max)"’. (23)

This function is plotted in Figure 11 for various visibility fractions.

The effects of beam hardening and scatter are not linear with respect to
vessel sizes. Although beam hardening has little effect in conjunction with the
20 cm of water equivalent tissue simulated, it will likely be more significant
through thinner body parts. Scatter, on the other hand, results in a significant
systematic error. Because the error is systematic, it is likely that the
magnitude of the error can be predicted and corrected. Ideally, such correc-
tion would be performed in the presence of some measurements of the
scatter distribution in the image.

Conclusions

This study provides some indication of the accuracy that may be currently
obtainable from 3D reconstruction of the coronary artery bed from 2 view
digital angiography images. Because of the effects which are not considered
in this study, including motion artifacts due to the heart and respiration, it is
likely that measurement accuracy will be lower than that obtained in the
simulation study. It is shown that the accuracy in morphology measurements
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(vessel position and lumen area) are strong functions of the number of views
in which the vessel is clearly visible and is imaged nearly parallel to the
imaging plane.

Measurements which are derived from vessel morphology (such as flow
and calcium lesion positions) will be affected by the accuracy in the morphol-
ogy determinations.
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14. Stenting of coronary arteries: Are we the sorcerer’s
apprentice?

PATRICK W. SERRUYS, KEVIN J. BEATT and
WILLEM J. VAN DER GIESSEN

Summary

Stenting of coronary arteries following coronary angioplasty may have a role
in relieving procedure-related abrupt occlusion and in the reduction of late
intimal hyperplasia responsible for “restenosis”. In the period from March
1986 to January 1988, the initial 117 Wallstent endovascular devices were
implanted in the native coronary arteries or saphenous vein bypass grafts in
105 patients. Follow-up angiograms (mean 5.3 + 4.3 months) were obtained
in 86 patients with 96 stents and analyzed quantitatively by a computer
assisted cardiovascular angiographic analysis system. Complete occlusion
occurred in 25 stents in 25 patients (26%), with 22 of these occlusions
documented within the first 14 days. In the 71 remaining patent stents, there
was a significant improvement in minimal luminal diameter (MLD) and
percentage diameter stenosis (DS) immediately following stenting (1.9 *+
0.4mm to 2.6 £ 0.5; 36 £ 11% to 19 £ 7%, respectively, p < 0.001).
However, there was significant late reduction in MLD and increase in mean
DS in the stented segment to 2.3 = 0.8 mm and 31 * 16% at follow up (p
< 0.002). Despite this late angiographic narrowing, MLD and DS remained
superior to the immediate post-angioplasty result (p < 0.002). Significant
hyperplasia, defined as a change in minimal luminal diameter = 0.72 mm or
increase in diameter stenosis to 2 50%, occurred in 30% and 14% of stents,
respectively. We conclude that early occlusion remains a significant limitation
with this particular coronary stent. Although hyperplasia occurs in a signifi-
cant number of stented lesions, the early intrinsic dilating function of the
stent appears to attenuate the effects of this process.

Introduction

The original work of Andreas Gruentzig in 1977 [1] provided the stimulus
for the rapid technological growth that has been seen in the field of interven-
tional cardiology. More recently, there has been an explosion of new devices
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designed to ablate coronary artery narrowings, recanalise occluded vessels,
and to prevent restenosis; this growth has been so overwhelming, that it is
currently difficult to evaluate the relative merits of each and to define their
places in clinical practice. In many of these areas the cardiologist has been
acting solely as a technician limiting his concern to the technical and
procedural aspects, and sometimes overlooking the complex biological and
physiological mechanisms of atherosclerosis in general, and more particularly
of the restenosis process.

In achieving the perceived benefit of the therapeutic intervention with
these devices, the vessel wall is subjected to thermal and mechanical insults,
which may have hidden long-term consequences, such as the restenosis
process [2, 3], which has now been iatrogenically induced in tens of
thousands of patients.

One of the most recent developments has been the use of the intravascular
stent [4] although the original concept of intravascular stenting precedes the
introduction of coronary artery interventional cardiology by many years. In
1969 Dotter developed a coilspring endovascular prothesis in an attempt to
improve the longterm patency of peripheral atherosclerotic vessel submitted
to recanalisation and dilatation. Even at the time he envisaged that “prompt
fibroblastic development and a rapid formation of a new, firmly anchored
autogenous lining surface” would be a critical factor in the longterm patency
of the device [5].

Since the original description of Dotter’s tubular coil spring [5], many
variants of the original concept have been deployed experimentally, includ-
ing: thermal shaped memory alloy stents [6—8], self expanding steel spirals
[9—12], self expandable stainless steel mesh stents [13—15], balloon expand-
able stainless steel mesh stents [16—19], balloon expandable interdigitating
coils [20, 21], synthetic polymeric stents and biodegradable stents [22]. These
various devices differ greatly in their fundamental geometry (mesh, single
wire), composition (metal, plastic) and mechanical behavior (active or passive
expansion). Besides these fundamental difference, there are a variety of
subtle dissimilarities which may be important in themselves such as thickness
of filaments, alloy composition, electrostatic behavior, biocompatible or
therapeutic coatings [23]. The prolonged presence of these materials residing
in the arterial wall may generate late unknown and unexpected consequences.

What is the rationale for stenting an atherosclerotic vessel during or
after dilatation?

In the first place the stent may optimize the dilatation process, by containing
the irregular surface of the atherosclerotic plaque created by the disruptive
action of the balloon. Two potential adverse effects, distal embolisation of
maroscopic debris originating from the plaque and a protruding obstructive
flap may be contained by the stent acting as a scaffolding device. The balloon
expandable stent in particular may be advantageous in the situation when the
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operator electively uses the device to dilate the lesion and implant the stent
in a single manoeuver. The self expanding stent on the other hand, by
exerting a continuous radial force has the effect of increasing the diameter of
the lumen until a balance is reached between the expanding force of the stent
and the circumferential compliance of the vessel [4, 24]. The physiopatholog-
ical consequence of this is unknown, but recently this interaction has been
documented to continue for at least 24 hours and possibly longer, resulting
in continued improvement in the vessel lumen over and above that obtained
at implantation [25]. The recoil phenomenon which is poorly documented
and probably underestimated as a cause of “restenosis”, will be equally
prevented by both types of stent [26]. In addition, both types of stent have a
smoothing effect which reduces the turbulent and laminar resistances and
may be beneficial in preventing restenosis [14, 15]. Much has been made of
the ability of the stent to prevent restenosis, with various theoretical pro-
posals as to how this can be achieved and why one particular design might be
more effective than another [4, 20]. An attractive concept which favors the
rigid stent is that the limitation of vessel wall stress seems to be protective
against atherogenesis [27]. The self expanding stent by stretching the wall
might have the effect of accelerating the restenosis process. However,
whether the accelerated process is mostly related to pulsatile stress rather
than stress per se remains to be demonstrated. Although there may be some
experimental work in animals to support these claims, there is as yet no
evidence to support them in the clinical situation and must therefore be
regarded as speculative. There may be ultimately little difference between
compliant and uncompliant devices (considering the amount of radial forces
at the site of the wires exerted on the vessel wall). The initial intuitive and
simplistic concept, not supported by experimental evidence that the stent
may act as a barrier preventing the migration of cellular structures (mono-
cytes, marcophages, smooth muscle cells) into the intima during the healing
process, has not been realised and the other potential mechanisms of
prevention of restenosis by stenting the internal wall of the vessel have not
yet been fully elucidated or unequivocally demonstrated. An alternative
mechanism is that chronic compression by the stent of vasa vasorum
underlying an atherosclerotic plaque may result in ischaemia of this micros-
copic vascular network and thereby limit the subsequent progression of the
atherosclerotic plaque [28].

The mechanism of restenosis prevention put forward by Palmaz et al. [18]
is open to criticism on the basis that it is a too dynamic interpretation of
what is in essence a series of post mortem “snap shots” which are difficult to
reconstruct in time (Figure 1).This evidence recently reiterated by Schatz is
extremely appealing and attractive, but remains an unsubstantiated inter-
pretation [29]. The struts of the mesh prevent the protrusion of sizeable
atherosclerotic plaques inside the lumen of the vessel and act as a “macro-
scopic sieve”, containing and pushing the atherosclerotic plaque away from
the neo-intimal lining into the adventitia. In addition, a sclerotic thinning of
the media is apparently induced converting the muscular and dynamic medial



Fig. 1. Microphotography of cross section of an atherosclerotic rabbit aorta 1 week (Panel A)
and 6 months (Panel B) after stenting. Note the thin layer of thrombus (T) covering the stent
struts(*) and the thick media (M) at 1 week. By 6 months, thrombus is replaced with acellular
ground substance and endothelium. A large plaque is evident (arrows) but does not encroach
the lumen (from Schatz [29], reprinted with the permission of Circulation).

layers of the vessel into a practically nonvasoactive and noncompliant “pipe”.
Whether this is true and applicable to the human clinical situation remains to
be demonstrated.
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There is a consensus among investigators in the field that stent implanta-
tion improves the immediate post dilatation result, producing a smooth
straight line appearance of the dilated segment. This visual impression has
been confirmed by quantitative analysis using both edge detection and
videodensitometric techniques [24]. Favorable results have also been re-
ported in the “bail-out” situation,when the stent has been implanted following
dilatation where presence of intimal dissection has led to a poor and even
critical hemodynamic result [30, 31].

The thrombogenic nature of the stent remains a concern, although there
may be important differences between the different devices [29, 32, 33]. This
concern is reflected in the anticoagulant regimens used in patients in whom
the Medinvent stent was implanted (Table 1). This complex and aggressive
protocol reflects the insecurity of the clinician and the knowledge that none
of the anticoagulant agents on their own will reliably prevent thrombus
formation. It is a paradox that similar devices but with different metallic
compositions have been used for just the opposite effect: to create thrombo-
tic occlusion in experimental animals [34—36].

At the Xth Congress of the European Society of Cardiology, Richard
Schatz reported the immediate results in fifteen patients who had received a
Palmaz stent. According to a FDA-approved protocol, the stents were
implanted in vessels (mostly right coronary arteries) supplied by a collateral
circulation. At that time he was convinced that all the patients could be
treated with heparin and dextran during the procedure and aspirin and
dipyridamole alone after discharge. There were no instances of abrupt
closure and no patient required warfarin. These initial results suggested that
this balloon expandable stent was relatively nonthrombogenic, which elimin-
ated the need for both routine administration of lytic agents during the
procedure and warfarin thereafter. Unfortunately, the angiographic follow-up
at 6 months of these first 15 patients has disclosed 4 total occlusions and one
restenosis. Since then, patients have been given coumadin.

Concern has also been expressed as to whether the composition of the
stent is able to trigger an allergic response, particularly in individuals who
may be hypersensitive to the individual metals that make up the composition
of the device. Although there have been reports of transient inflammatory
infiltrates in the adventitia following stent implantation, it is reassuring that
there are no reports of foreign body cells in the immediate vicinity of the
implanted device in the experimental animal model [13, 18, 37]. Human data
to support this assumption is, however, still lacking.

Stent induced restenosis

Do we know what happens at PTCA and understand the process of
restenosis?

Data from normal and atherosclerotic arteries of experimental animals and
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Table 1. Intracoronary stent: multicenter European trial drug regimen.

Day before implant procedure

Day of implant procedure

Before PTCA

At implantation

(Post implantation)

Post implantation (day)

Continuing anticoagulation

Longterm

— Salicylic acid 2 X 500 mg

— Dipyridamole 4 X 75 mg

— Sulphinpyrazone % X 200 mg

— Ca-antagonist: Nifedipine 3 X 20 mg/day

— Salicylicacid 1 X 100 mg
— Dipyridamole 4 X 75 mg (patients above 90 kg: 3 X 150 mg)
— Sulphinpyrazone 4 X 200 mg

— Diltiazem 5 mg
— Heparin 10.000 L.U.
— Dextran 500 mg/4 hr

— 100,000 I.U. Urokinase in 250 ml NaCl given intra
coronary (i.c.) up to the end of the procedure. Start drip at
guide-wire insertion given over 30—60 min and another
250 ml (100,000 1.U.) for each extra hour.

— Heparin 5000 IU. L.V.

At start of transfer, patient to receive heparin at the rate of
24,000 LU. per 24 hr. to control PTT at minimum 70 sec. (This
corresponds to about 400 1.U./kg/24 hr). For large patients the
maximum rate is 30,000 L.U. per 24 hr.

IfPTT > 200 sec (5 X control value) the infusion is slowed. If
PTT <70 seconds infusion flow is increased. No less than
24,000 L. U. heparin per 24 hr is to be given.

Start the oral anticoagulation with Acenocoumarol to be started
from the first day (i.e.: 6 tablets of 4 mg each the first day, then 4
the day after and 2 the third day and then according to
“QUICK”.

— Oral anticoagulation: Acenocoumarol: Quick to be
maintained in the range of: 17%—25% (T.P. Thromborel S,
Behring).

N.B. Heparin will be stopped when the therapeutic level of oral

anticoagulants is reached.

~— Salicylicacid 1 X 100 mg/day

— Dipyridamole 4 X 75 mg/day (patients above 90 kg: 3 X
150 mg/day)

— Sulphinpyrazone 4 X 200 mg/day

— Ca-antagonist Nifedipine 3 X 20 mg/day

This anticoagulation regimen is stopped after the 6 month
coronary angiography control. Aspirin (100 mg 1 X day) should
be given ad eternam.

human autopsied hearts have shown that following balloon dilatation the
arterial intima or atherosclerotic plaque may split down to the internal elastic
membrane [2, 3, 38]. Frequently, also damage of the arterial media with
overdistension and splitting occurs. Next to or partially as a result of locally
turbulent blood flow, a complex interaction between the exposed subendo-
thelial surfact and blood elements occurs. This results in platelet deposition
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locally in the region of the internal elastic membrane, which may be massive
in case of tearing of the media, and the release of a variety of mitogens which
may contribute to neointimal cell invasion and proliferation [39]. The most
well recognised of these factors is platelet derived growth factor (PDGF),
which may be released predominantly by platelets, endothelial cells as well as
intimal smooth muscle cells [40]. Recently,the dimeric structure of this
protein has been identified [41], while the three isoforms of PDGF may
stimulate effects unique to each isoform through interaction with different
classes of PDGF recptor [42]. There is now evidence that intimal mesenchy-
mal cells or modified smooth muscle cells (but not medial smooth muscle
cells) may by themselves release PDGF [40]. This may initiate the vicious
circle responsible for the sustained proliferative process as it occurs in
restenosis. However, the conditions under which this takes place, or the
triggers responsible for this event are far from understood. In animal experi-
ments, for example, two types of experimental arterial injury have been
described: the first induced by passive trauma such as a catheter in situ or
balloon denudation of the endothelial lining, and the second induced by a
more disruptive stimulus, causing not only endothelial denudation, but also
tearing of the media, which is the typical sequel of balloon dilatation [39, 43,
44]. Both are associated with the deposition of platelets on the vessel wall,
with subsequent migration of smooth muscle cells from the media and their
proliferation to form a neointima, and both can be prevented or inhibited by
reducing the circulating platelets to very low levels. The first type associated
with repeated trauma and presumably repeated thrombus formation, regress
following removal of the traumatising stimulus. The second more disruptive
type, however, results frequently in a lesion that is progressive in terms of
smooth muscle cell proliferation and lipid accumulation. The reasons why
one type of lesion regresses, while the other progresses are not clear. A
possible explanation may come from studies on failure of synthetic arterial
grafts. Once endothelial covering of synthetic grafts has progressed, smooth
muscle cell proliferation appears to slow down, except in the region of
anastomosis [45]. Thus a continued release of growth factors may occur even
after complete endothelial covering either in areas of turbulent flow, resulting
in continuous endothelial damage and repair, or at sites where the barrier
between neointima and media is minimal. Evidence for continued mediator
release by endothelial cells under specified conditions has very recently been
published [46]. The presence of a nondegradable stent in the arterial wall
may form such a trigger for continued mediator release. Immediately after
stent implantation its luminal surface becomes covered with a combined
platelet-fibrin deposition [13]. Within one week of implantation into previ-
ously dilated normal porcine arteries (Figure 2), there is complete endo-
thelial covering of the stenting device [37] varying between 60 and 125
micorns, which acts to isolate the thrombogenic stimulus from the vessel
lumen. Contained within this layer are abundant myofibrillar cells and
macrophages: the harbingers of the restenosis process. These cells can be
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Fig. 2. Histologic cross section of a porine left descending anterior coronary artery 1 month
after stent placement (magnification 200 x). The voids marked (*)originally contained the stent
wires. In the neointima strands of elongated cells (arrows) are present in abundance.

seen to originate in the immediate vicinity of the individual stent filament
adjacent to the internal elastic lamina, forming “geysers” of elongated cells
fanning out to fill the neointimal tissue in an evenly distributed fashion. In
some animals this process results in complete obstruction of the stented
coronary artery as early as one month after implantation. Electronmicro-
scopic examination (Figure 3) of these fusiform elongated cells reveal oval
nuclei with marginated chromatin, and abundant rough endoplasmatic
reticulum. Bundles of contractile proteins can be demonstrated (small
arrows) in a subplasmalemmal situation. These myofibroblasts or synthetic
type smooth muscle cells are identical to those observed in the neointima
after one week. It is therefore attractive to speculate that the same modified
smooth muscle cells that imigrate through the internal elastic membrance
(IEM) and which are implanted in the restenosis process after PTCA, [46,
47] can be operative in an accelerated fashion once a stenting device
damages this natural barrier (IEM), making it more permeable to the migrat-
ing cells or providing a direct stimulus for cell migration. Recently, it has
been suggested that the restenosis following primary balloon angioplasty is an
unfavorable lesion for interventions such as atherectomy and stenting [48,
49, 50]. From preliminary data presented by Simpson et al. at the 38th
session of the American College of Cardiology, it appears that restenosis rate
following atherectomy as a primary intervention is 23.5%, while the resteno-
sis rates are 36.8, 42.1 and 53.8%, when atherectomy was performed as the
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Fig.3. Transmission electron microscopy of the elongated cell-type of figure 2 (Magnification
25,000 x). Abundant rough endoplasmatic reticulum (RER) is present within these cells.
Along the cell membrane bundles of myofilaments (arrows) are also prominent.

secondary treatment following a first, second and third recurrence of stenosis
[51]. A similar opinion has been expressed by the group of Sigwart et al. [48].
Their preliminary data would seem to suggest that elective stenting for
restenosis early after previous angioplasty carries an increased risk (41%) of
restenosis within the stent. It could be that the active fibrocellular prolifera-
tion associated with the early phase of restenosis after balloon angioplasty is
further stimulated by stent implantation.

In this respect, one of the questions posed by Spencer King III in his
editorial is judicious and pertinent: whether the treatment is worse than the
disease? [33]. Perhaps a more appropriate question is whether we have to
apply these more costly interventions, as the initial procedure, in order to
achieve a reduction of the restenosis rate? Such is the dilemma we have to
face. Certain authors have already drawn the conclusion that atherectomy,
for example is a favorable primary approach for the treatment of selected
unfavorable lesions [50].
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The intracoronary stent like many other novel forms of treatment seems to
be following the well worn path of initially elated euphoria where enthusiasm
holds sway of over scientific evidence followed by critical scepticism with
little optimism for the future. A period of critical scientific evaluation is now
needed, in which the lessons learned from the past are implemented. The
initial experience has revealed three factors associated with complications:
small vessels < 3 mm, low blood flow with poor run off, and evidence of
hypercoaguability or local thrombus formation. This has led most investiga-
tors to restrict the use of this stent to saphenous bypass grafts with large
diamenters and to the native circulation as “bail-out” device. In Europe,
according to the data from the Working group on endoluminal prostheses,*
Medinvent stents have been implanted in 187 patients between March 1986
and January 1988 in both native coronary arteries and bypass grafts.
Although stent implantation is capable of producing a superior haemodyna-
mis result [19, 25], the preliminary data suggest that the restenosis rate is
between 14 and 30% according to the applied criteria (diameter stenosis 2>
50% 2 0.72 mm reduction in the minimal luminal diameter [54, 53] (Figure
4). The Palmaz stent, currently being used in three centers in Europe has
been implanted in situations which are considered low risk of acute prob-
lems, but high risk of reocclusion (total occlusions, protected myocardium
from collaterals). The intracoronary stent represents a two edged sword
although the scaffolding properties of the device are attactive and of shown
benefit, it may provide a iatrogenic stimulus for erratic and uncontrolled cell
proliferation. This potential has not been fully appreciated by the interven-
tional cardiologist, who may have opened a new Pandora’s box of complex
biological interactions, but who may well be rescued by the cellular biologist
in the future. The device is a logical vehicle for the topical release of agents
that will ideally enhance endothelialization, but suppress the keloid type
reaction of the traumatized vessel wall. The solution of this problem is not
helped by the lack of joint effort on the part of the pharmaceutical industry
and the industry producing the mechanical device, which is a source of
frustration to investigators in the field, but hopefully will be overcome in the
future. The initial hopes that stent implantation may prevent or diminish
restenosis has not been fulfilled. In addition, early thrombotic occlusion in
the native coronary circulations has led many to abandon temporarily this as
an indication except for emergency “bail-out” indications.

Are we the sorcerer’s apprentice?

A case report will illustrate our concern better than a long series of
arguments. A male patient from Los Angeles with two major risk factors for
CAD: diabetes and hypercholesteremia, sustained in 1977 an inferior

myocardial infarction. Post-infarction angina was treated by 2 saphenous vein

* Participating Centers and Collaborators: See appendix.
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Fig.4. Diagram demonstrating the change in the minimal luminal diameter following stent
implantation. The individual minimal lumen diameter (MLD) immediately following stent
implantation (horizontal axis) are compared to that at angiographic follow-up (vertical axis).
The two lines to either side of the identity Line represent the long-term variability for repeat
measurement. All points (n = 21)that fall below the lower line are therefore considered to
have undergone a significant deterioration (intimal hyperplasia >0.72 mm) and in addition
the closed blocks also fullfil the criterion of 2 50% diameter stenosis.

grafts on an obtuse marginal and on a diagonal branch. Following recurrent
angina he was reoperated and both internal mammary arteries were used to
bypass the LAD and the RCA. Between 1984—1987 the vein graft on the
left marginal artery was dilated on 4 occasions. In April 1987 his cardiologist
referred the patient to Ulrich Sigwart in Lausanne for a stent implantation in
both SVG. Seven months later in November 1987 repeated dilatation was
necessary within both stents. Five months later the patient has restenosis
again; this time, a hot balloon angioplasty was considered but rejected by
Richard Spears in Detroit (would the absorbed laser energy convert the stent
into a “hot roster”), and the first atherectomy inside the stent was performed
by John Simpson in Palo Alto. In July 1988, the patient underwent a second
atherectomy, which did not prevent restenosis. Disappointed by these results,
lasing with excimer laser (wavelength 308 nm) was successfully attempted in
Los Angeles by Jim Forrester and his group [54]. Unfortunately for the
patient, the stenotic lesion seems to be more stubborn than the treating
physicians and has recurred once more. Tired of these multiple and varied
interventions, the patient has decided for the time being to stay away from
the sorcerer’s apprentice and this long and thorny path has certainly brought
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down to earth the interventional cardiologist who has to face the unavoidable
reality: in addition to a mechanical device a pharmacological approach will
be necessary to achieve victory over restenosis.
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15. Coronary stenting, report of the initial clinical
experience with the Palmaz-Schatz TM balloon
expandable stent

RICHARD A. SCHATZ

Summary

In this chapter we report the short- and long-term clinical results of the
elective use of a balloon expandable intracoronary stent in a large non-
randomized multicenter trial. Two hundred patients were enrolled prospec-
tively, 180 of whom had successful delivery of the stent. Of these 180
patients, 45 were treated with only aspirin and dipyridamole (Group A) and
235 with full anticoagulation in addition to antiplatelet agents (Group B). We
found that acute closure did not occur in either group. Subacute closure did
occur in 16% of patients in Group A and 3.7% of patients in Group B. Other
complications in the entire series included death 1%, myocardial infarction
6%, urgent bypass surgery 2%, bleeding 7% and peripheral embolization of
the stent 3%.

Four to six month angiographic follow-up is available in 88 patients (98
lesions) who received single stents (lesions less than 15 mm in length) and 38
patients (38 lesions) who received multiple tandem stents (lesions greater
than 15 mm in length). Angiographic restenosis occurred in 18% of the
former and 53% of the latter. Clinical restenosis occurred in only 5% of the
former and 45% of the latter.

Despite a steep learning curve, these balloon expandable stents eliminate
abrupt closure and reduce restenosis following angioplasty, especially in
patients with lesions less than 15 mm in length. Anticoagulation is necessary
for at least 1 month post-stenting. A large randomized trial is necessary to
better define what role stents will play following PTCA in the future.

Introduction

Despite innovative technical advances in percutaneous transluminal coronary
angioplasty (PTCA), restenosis and abrupt closure continue to occur at
predictable rates following coronary angioplasty [1—7]. Vascular stents
represent one of the many new approaches to these problems and have been
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evaluated extensively by several investigators with mixed results [8—20]. In
this chapter the worldwide clinical experience with a balloon expandable
stent developed by Palmaz and colleagues will be reviewed.

Background

A variety of stent designs have been investigated since 1969 when Dotter
first reported his results using wire coils {8]. Predominantly two basic designs
were used: 1) self-expanding coils [9], or 2) heat sensitive coils (Nitinol) [10—
11]. In 1985 Palmaz reported the first experimental work with a balloon
expandable wire mesh [12], that was later replaced with a more streamlined
but rigid slotted stainless steel tube that allowed for expansion by balloon
inflation (Figure 1) [13—16]. This device worked well in relatively straight
vessels, however inflexibility proved to be a problem in the approach to
coronary arteries and thus was replaced with a more flexible design devel-
oped by Schatz et al. (Figure 2) [14]. The favorable biocompatibility profile
of both of these devices was well documented in many preclinical experi-
mental models. [15—18]

Following FDA approval 200 patients were enrolled prospectively into a
multicenter study. Entry criteria were 1) symptomatic coronary artery
disease (> 70% stenosis); 2) objective evidence of ischemia; 3) good left

Fig. 1. Original “rigid” prototype of the Palmaz TM balloon expandable stent.
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Fig. 2. Modified “articulated” Palmaz-Schatz TM tent for use in coronary arteries.

ventricular function; and 4) collateral flow to the target vessel. Exclusion
criteria were 1) unprotected left main coronary artery disease; 2) extreme
tortuosity of the target site; 3) acute myocardial infarction; 4) saphenous vein
bypass graft lesions; 5) abrupt closure following PTCA; and 6) inability to
give informed consent.

Based upon thrombogenicity testing in animals [17], the following anti-
coagulation regimen was used preoperatively; aspirin 5 grains orally, dipyrid-
amole 75 mg orally three times a day, low molecular weight dextran 40—
100 cc’s per hour beginning two hours prior to stenting; intraoperative
regimen: intravenous heparin to maintain an activated clotting time of 300
seconds, intracoronary nitroglycerin 200 mcg pre and post stenting, intrave-
nous nitroglycerin to maintain the arterial blood pressure between 100 and
120 mmHg; postoperative regimen: calcium channel blockers, aspirin and
dipyridamole for 3 months. The first 45 patients in the series received aspirin
and dipyridamole alone, while the remaining 135 patients received either
warfarin or home heparin in addition to aspirin and dipyridamole.

Results

The demographics of our patient population are listed in Table 1 and include
160 men and 40 women, mean age 56 years (range 24 to 84). Of the 188
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Table 1. Demographics of the stent patient population.

Patient population (N = 200)

Males 160
Females 40
Age, range (yr) 24—84
mean (yr) 56

CCS angina class

0 12

1 12

2 57

3 65

4 54
Single vessel disease 184
Two vessel disease 13
Three vessel disease 3
Prior myocardial infarction 89
Stenosis 2 70% 178
Total occlusion 22
Primary angioplasty 88
First restenosis 53
Second restenosis 38
Third restenosis 13
Fourth restenosis 4
Fifth restenosis 4
Vessel stented

RCA 113

LAD 69

Circumflex/OMB 14

Diagonal 2

Left main 2

patients with angina 12 had Canadian Cardiovascular Society Class I angina,
57 Class II, 65 Class III, and 54 Class IV. Eighty-eight patients had no prior
PTCA, 53 had one, 38 two, 13 three, 4 four, 4 five prior PTCA procedures.
Twenty-two patients had total occlusions, the remainder had severe stenoses.
Sixty-nine patients had stent delivery attempted in the LAD, 113 in the right
coronary artery, 14 in the circumflex/obtuse marginal branch, 2 in a diagonal
branch, and 2 in the left main coronary artery.

Of the 297 stents that were attempted in 200 patients, 276 were success-
fully delivered in 180 patients for a primary success rate of 93% by stent,
90% by patient. Thirty patients had delivery of the rigid stent attempted in
whom 24 were successfully delivered. The remainder received the more
flexible “articulated stent”. Stent delivery failed for a variety of reasons,
inflexibility with the rigid stent (N = 6) and snagging with the articulated
stent (N = 14). Stent retrieval following failed delivery was successful in 10 of
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20 patients, but was unsuccessful in 6 of 20 patients resulting in asymptomatic
embolization of the device into the peripheral circulation during attempted
withdrawal into the femoral sheath. In four other patients the stent was
deployed proximal to the target lesion but a second stent could not be passed
distally. One of these patients declined surgery despite ST elevation and pain
following failed delivery and suffered a fatal myocardial infarction one week
following discharge. Another underwent successful bypass surgery, one
developed asymptomatic restenosis of the nonstented target lesion and the
final stent in the fourth patient remains patient by angiography at 6 months.

Therefore, 180 patients had successful stent delivery. Their clinical out-
come is shown in Table 2. Group A represents the first 45 patients in the
series who received only aspirin and dipyridamole and Group B all remain-
ing patients (N = 135) who received aspirin, dipyridamole and either full
dose warfarin for 1—3 months (N = 132) or home heparin (N = 3).

Table 2. Clinical outcome following successful stent delivery.

Outcome following successful
sent delivery

(N =180 pts)

Group A Group B

(N =45) (N=135)
Acute closure 0 0
Subacute closure (4—10 days) 7(16%) 5(3.7%)
Death 0 1(0.7%)
Urgent CABG 2 1(0.7%)
Follow-up range (months) 4—18 1-10

mean (months) 9+2 4+1

Abrupt closure defined as total thrombosis of the stent within 48 hours
was absent in both groups, however 7 patients in Group A (16%) developed
subacute closure (thrombosis 48 hours to 2 weeks following stenting). Four
of these patients had discontinuation or interruption of their antiplatelet
agent prior to thrombosis. Only 5 patients in Group B (3.7%) developed
subacute closure, 4 of whom were successfully reperfused. No thrombosis
occurred after two weeks or after discontinuation of anticoagulation.

Predictors of thrombosis despite anticoagulation included undersizing of
the stent, failure to recognize and treat thrombus within the stent prior to
discharge, outflow restriction, excessive stent overlap when placed in tandem,
omission of dipyridamole and use of generic aspirin. Urgent bypass surgery
was required in 2 patients in Group A for a guiding catheter induced
dissection in one and a wire induced dissection in the other. One patient in
Group B underwent successful urgent bypass surgery one week after stent
placement which was complicated by thrombosis and myocardial infarction.
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One patient died of an intracranial bleed 8 weeks after successful delivery of
2 tandem stents to a totally occluded circumflex artery.

Angiographic follow-up is available in 126 patients (136 lesions). Figures
3a and b compare the clinical outcome in these patients to angiographic

100% 1 SINGLE STENTS _
Angiographic vs. Clinical Restenosis
82% N=98 Lesions/88 Patients
75% 1 —T
[:] Angiography
‘I’/;ASI')II:ENTS V7] Clinical
50% 4
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<50% 51-60% 61-70% >70%
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Fig. 3. Angiographic vs. clinical restenosis based upon angiographic follow-up of patients who
received a single stents (a) and those who received multiple stents (b).
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outcome. Restenosis (defined as > 50% luminal narrowing within the stent)
occurred in 18% of those patients who received single stents (lesions
<15 mm in length) and 53% of those who received multiple stents, (p <
0.001) regardless of anticoagulation. Clinical restenosis (i.e. further interven-
tion required) occurred in only 5% of the patients who received single stents.
Figures 4 and 5 illustrate examples of successful long-term follow-up after
stenting.

The overall complication rate is seen in Table 3. Major complications
defined as death, myocardial infarction or urgent bypass surgery occurred in
9% of the patients. All other complications occurred in 12%, the majority of
which were bleeding complications in Group B.

Table 3. Complications in all patients in whom
stent delivery was attempted.

Total complication rate

(N =200 pts)
Death 2/200 (1%)
Myocardial infarction 12/200 (6%)
Urgent bypass 4/200 (2%)
Bleeding 14/200 (7%)
Other 10/200 (5%)

The important findings of this initial series are that: 1) abrupt closure does
not occur with this device; and 2) that compared to historic controls
restenosis appears to be acceptably low, especially in patients who receive
single stents for lesions <15 mm in length. This may represent an improve-
ment over routine PTCA alone.

The significance of our findings is enhanced further by the observation
that a significant percentage of our patient population from the outset was at
high risk for restenosis i.e. 53 (27%) patients had one prior PTCA, 59 (30%)
more than one prior PTCA, 54 (27%) had unstable angina and 22 (11%)
had total occlusions. Limitations of this device as with most other stent
designs currently under investigation are: 1) radiolucency due to small mass;
and 2) deliverability. The former problem can be addressed by different
metals, such as tantalum [21] and the latter with a protective sheath to
separate the leading edge of the stent from the vessel wall during delivery.

Conclusions

We conclude from this initial study of the Palmaz-Schatz TM coronary stent
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Fig. 4. (a) Angiogram of a 44 year old male with a high grade stenosis of the left anterior
descending coronary (LAD), (b) post-stent, arrows and (c) six months later without anticoagu-
lation.

that this particular stent design is: 1) relatively nonthrombogenic compared
to published reports of other stents currently under investigation [19—20]; 2)
abrupt closure does not occur with this stent design; 3) mortality and urgent
bypass surgery rates are acceptably low: 4) subacute closure is common
(16%) without anticoagulation but rare with anticoagulation (3.7%). This
thrombosis rate may be improved by proper sizing of the stent and strict
continuation of pharmocologic therapy during the first 2 weeks following
stenting. At this time we recommend 1—3 months of anticoagulation for all
patients who receive a stent; 5) initial angiographic follow-up suggests that
restenosis following stenting may be significantly reduced when compared to
historic controls especially for lesions <15 mm (single stents); 6) restenosis
is common following multiple stent delivery in tandem and may be due to
variable degrees of overlap (increased concentration of metal).

Based on these data we are optimistic that a role exists for the elective use
of coronary stents for prevention of restenosis in patients undergoing PTCA
especially in those who receive single stents. A large randomized trial is
necessary, though to better define this role.
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Fig. 5. (a) Angiogram of a 55 year old male with total occlusion of the right coronary artery,
pre-stent, (b) post PTCA, (c) post-2 tandem stents, arrows, and, (d) six months later without
anticoagulation.
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16. Laser Balloon Angioplasty (LBA)

J. RICHARD SPEARS

Summary

A laser balloon catheter/delivery system has been developed to test the
hypotheses that the combination of appropriate levels of heat and pressure
during balloon inflation will improve luminal dimensions and morphology to
a greater extent than the application of pressure alone as well as mitigate
adverse biologic responses to mechanical injury. Experimentally, the condi-
tions under which fusion of separated tissue layers of the atheromatous
arterial wall can be achieved have been defined, and proposed beneficial
effects on arterial recoil and intraluminal thrombus have been demonstrated.
Recent clinical studies suggest that LBA improves coronary luminal dimen-
sions over those achievable with initial PTCA by these mechanisms. Im-
proved laser diffusing tip technology and continued laser dosimetry studies
will be required to determine whether adverse biologic responses can be
reduced by LBA.

Introduction

The occasional occurrence of acute closure and the unpredictable long term
efficacy associated with percutaneous transluminal coronary angioplasty
(PTCA) greatly limit the widespread applicability of the procedure. Mural
disruption, arterial recoil, and presence of thrombus are probably the
commonest causes for failure to achieve an adequate initial PTCA result.
Although the mechanisms of restenosis after PTCA are currently conjectural,
it is likely that suboptimal initial post PTCA luminal size and morphology [1,
2] and a reduced hemocompatibility of the new luminal surface, alone or in
combination, contribute to many instances of restenosis. Separated flow
patterns may predispose to chronic platelet and lipoprotein deposition, which
could amplify any problem of reduced hemocompatibility. Exposure of
collagen and other subendothelial proteins at the luminal surface and post
PTCA persistence of thrombus, which is inherently thrombogenic, are likely
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to be the principal causes of a reduced hemocompatibility. Cellular prolifera-
tion in response to growth factors released by platelets and leukocytes,
present as a result of the reduced hemocompatibility, would be expected to
occur, and organization of both old and new thrombus or microthrombi may
also contribute to neointimal formation.

Laser balloon angioplasty (LBA) consists of the simultaneous application
of laser-induced heat and pressure to all arterial tissues surrounding an
inflated angioplasty balloon. The hypotheses are currently being tested that
LBA is more effective than PTCA in improving luminal dimensions and
morphology as well as in mitigating adverse biologic responses associated
with mechanical injury.

Luminal dimensions and morphology
Tissue welding

Photothermal energy, delivered at a level below the threshold required for
tissue vaporization, has been used for many years in a variety of medical and
surgical specialities. Successful laser-induced repair of retinal tears and
photocoagulation of ischemic diabetic retinal tissue are well characterized,
commonly performed procedures, while laser/thermal anastomosis of a
variety of soft tissues [3—10] has been applied clinically only recently [9].
Sigel et al. {11, 12], demonstrated experimentally that when vascular anasto-
moses are induced by an appropriate degree of electrocoagulation, continuity
of connective tissue elements across the plane of juxtaposition appeared to
account for tissue bonding. At the ultrastructural level, Schober et al. [13]
showed that thermal cross-linking of fibrillary substructures of collagen was,
at least in part, responsible for laser-induced welding at vascular anastomotic
sites in a murine model.

In a series of in-vitro studies of separated layers of human postmortem
atheromatous aortas, our group defined the conditions under which laser/
thermal fusion of plaque-media pairs is expected to occur [14—19]. Con-
tinuous wave Nd: YAG (neodymium: yttrium aluminum garnet) laser radia-
tion at 1.06 microns was found to be useful as a result of the relatively
penetrating nature of the radiation, approximately 3—4 mm through most
soft tissues. Alternative, less penetrating wavelengths, such as 488/515 nm
from an argon-ion laser, 1.3 microns from a Nd: YAG laser, and solely
indirect heating by contact with a hot surface have not been as useful, in our
experience, in fusion of plaque-media pairs of human postmortem tissue
when the depth of thermal penetration needed exceeds approximately
0.5 mm into the underlying arterial wall.

Given the fact that laser-induced tissue fusion is a pure thermal effect, ie.,
photochemical and other non-thermal effects of laser exposure do not appear
to play a role, the temperature history of juxtaposed tissues is critical to the
success of the fusion. We have found that a minimum temperature of 80° C is
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Technique of Laser
Balloon Angioplasty
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Fig. 1. Schematic diagram of LBA concept. Following conventional PTCA, mural dissection,
arterial recoil, and thrombus contribute to acute closure. Appropriate application of cw Nd:
YAG laser energy to heat tissues under pressure during balloon inflation may seal dissections,
reduce arterial recoil, and desicate thrombus. Additional, more speculative, potentially
beneficial effects may include reduction of luminal surface thrombogenicity and destruction of
smooth muscle cell viability. Technical improvements in the ability to deliver a uniform
cylindrical pattern of radiation from the LBA balloon and definition of optimal laser
dosimetry for each proposed tissue effect are currently underway.
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Fig. 2. Relationship between weld strength of Nd: YAG laser-exposed separated layers of
human postmortem atherosclerotic aortic sections and plateau adventitial tissue temperature.
(From Jenkins et al. Lasers Surg Med 8: 392—396, 1987. Reprinted with permission from
Lasers Surg Med).

required, when cw Nd: YAG (1.06 microns) exposure durations of 20 sec or
less are used, to initiate plaque-media fusion. A linear relationship has been
found between peak plateau temperature and weld strength of juxtaposed
tissues over a 80°C—150°C range. Ordinarily, vaporization of the water
compartment of tissue would occur at 100°C, but a somewhat higher
temperature (110°C—120°C) is required when tissue pressure is applied
during laser exposure. Without application of tissue pressure on the order of
>0.5 atm, no tissue fusion occurs, probably because of inadequate contact
between tissue layers. Actual vaporization of the solid components of tissue
occurs at temperatures exceeding approximately 180° C. Thus, fusion of
separated tissue layers can be achieved at temperatures well below the
threshold for tissue vaporization.

According to the Arrhenius damage integral characterizing the degree of
thermal injury to tissues in general [20)], tissue damage is exponentially
related to temperature and linearly related to the duration at a particular
temperature. The peak temperature achieved is therefore more important
than the duration at a given temperature. Nonetheless, the latter plays a role
in tissue fusion studies, and a minimum exposure duration of approximately
10 sec is required for plaque-media bonding to occur, irrespective of the
peak temperature achieved. Thereafter, a roughly linear relationship between
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tissue weld strength and laser exposure duration obtains over a 10—30 sec
range, with some plateauing of the effect between 20—30 sec.

For the above temperature history studies, a decremental power format
was used to achieve a target tissue temperature relatively quickly, i.e., within
5 sec, with maintenance of a plateau temperature over the remainder of the
exposure. Achieving a target tissue temperature quickly with this power to
minimize the period of balloon occlusion, we have additionally found that
tissue weld strength is improved, at a lesser energy cost, compared to that
produced with constant power formats. Rapid tissue heating results in less
energy required, very likely, because of a reduction in thermal diffusion;
potentially increased and, therefore, more efficient absorption during heating;
and possibly more effective denaturation associated with a more rapid rate of
change in temperature.

Fortunately, except for temperature history and the need for some tissue
pressure, no other variables studied to date have been found to greatly affect
the weld strength of laser-exposed plaque-media pairs of tissue. Mean weld
strength of bonds between heavily calcified plaque and media was somewhat
lower than that for fibrous plaques, but the difference was not statistically
significant. Likewise, weld strength was unaffected by the presence of blood
vs. saline between tissue layers during laser exposure or by tissue pressure
over a 0.5 to 4.0 atm range.

An important mechanism at the ultrastructured level responsible for
laser/thermal fusion of tissue was described by Schober et al. [13] for a
murine model of vascular anastomosis. Cross-linking of fibrillary substruc-
tures between adjacent collagen fibers within juxtaposed tissues effectively
bonds the latter across the plane of tissue separation. We have shown that
laser-induced fusion of plaque-media layers can be performed in a repetitive
manner, and that transmission of laser radiation at 1.06 microns falls in a
reversible manner during heating. Since a similar phenomenon of “hyper-
chromaticity” to UV radiation during heating of preparations of both DNA
and collagen has been described [21, 22], it is attractive to postulate that the
proposed mechanism for this latter phenomenon, reversible breakage of
noncovalent bonds (e.g., hydrogen bonds), is also responsible for reversible
transmission changes during tissue heating and for the ability to weld tissues
in a repetitive manner.

For an in-vivo application of LBA in an atherosclerotic rabbit iliac artery
model [23], a prototype balloon was used to deliver a 20 sec cw Nd: YAG
laser dose which would achieve a peak plateau tissue temperature, 0.5 mm
from the surface of the inflated balloon, of 100°C—110°C. Dissections
produced by initial conventional balloon angioplasty with the same balloon
were usually successfully sealed by subsequent treatment with LBA. Occa-
sional failure to seal a dissection may have resulted from the fact that an axial
length of only 5 mm along the middle portion of the balloon received an
adequate laser power density; inherent azimuthal asymmetry in the circum-
ferential distribution of radiation no doubt compounded the problem.
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Fig. 3. 3.0 X 20 mm LBA balloon after treatment of a long (4 cm), total thrombotic occlusion
experimentally in-vivo. A collar of desicated residue of thrombus is adherent to the balloon
surface following multiple applications of a relatively high laser dose (450 watts). Lower laser
doses resultin dessication of thrombus with less adherence to the balloon.

Arterial recoil

Following successful PTCA, the mean luminal diameter is approximately
30% smaller than that of the inflated balloon diameter as a result, very likely,
of passive viscoelastic recoil. Within 30 min after PTCA and at 1 day after
PTCA, mean minimum luminal diameter decreases further but recovers to
the same immediate post PTCA value at 1 month after the procedure, most
likely as a result of temporary vasoconstriction {24, 25]. Thermal remodelling
of elastic tissue and destruction of smooth muscle cell viability during LBA
can be used to reduce both active and passive components of arterial recoil.
Currently, the 1.06 micron laser doses required to achieve these effects are
not well defined, but appear to be significantly lower than doses required for
tissue fusion.

Prototype LBA balloons have been used experimentally on dog normal
carotid and coronary arteries and on rabbit normal iliac arteries [26—28]. In
each case, the peak tissue temperatures achieved near the 5 cm long mid-
portion of the balloon approximated 90° C to 120° C, greatly exceeding that
achieved near the proximal and distal ends of the 2 cm long balloon,
estimated to be approximately 60°C—70°C. However, the reduction in
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arterial recoil appeared uniform along the full length of the balloon in each
model, and a marked reduction in the responses to vasoactive drugs was
noted along the full length of laser-exposed arterial segments subacutely and
at 1 month after treatment, unlike control segments treated with conventional
angioplasty. Although loss of nuclei on H & E stained sections was
demonstrable 1 day after LBA, compatible with loss of smooth muscle cell
viability throughout the media, the latter was fully cellular 1 month after
treatment, presumably as a result of fibroblast cell infiltration. The possibility
exists that smooth muscle cells could also migrate into the laser-exposed
segment and populate this region once again, but the random alignment of
the cells seen at the 1 month follow-up period suggests that synchronized
contraction would not be likely even if all cells had functional contractile
proteins.

The in-vivo experimental studies provided additional important insights.
Despite the relatively large number of animals treated with LBA, significant
adverse effects on the arterial lumen were rare. LBA increased luminal
diameter, as assessed by computerized analysis of digitized angiographic
images, to a greater degree than conventional balloon angioplasty in each
model. At a relatively high laser dose in the rabbit iliac model, however, the
gain in diameter improvement was lost at 1 month after treatment. The
predominant problem with the use of the high laser dose appeared to be the
induction of excessive perivascular fibrosis with some resultant stricture
formation, although neointimal thickening in response to the high dose might
have increased slightly compared to that associated with a moderate laser
dose. Interestingly, the degree of neointimal thickening appeared similar for
arteries treated with conventional balloon angioplasty and moderate dose
LBA, and no qualitative difference in the neointimal layer between the 2
groups was observable. The observation calls into question the hypothesis
that smooth muscle cells in the media of the mechanically injured artery are
responsible for neointimal thickening, in view of the loss of smooth cell
viability throughout the media of LBA-treated segments.

Mitigation of adverse biologic responses

Presence of pre-existing thrombus, thrombogenicity of the murally disrupted
luminal surface, increased vasomotor tone, and chronic neointimal thickening
following PTCA might each be favorably affected by LBA at an appropriate
laser dose.

Although thrombus is a well recognized problem in the clinical setting of
myocardial infarction and unstable angina, particularly when an angiographic
appearance of a cut-off or intra-luminal filling defect is noted, layered
thrombus cannot be distinguished from atheromatous plaque angiograph-
ically yet may, nevertheless, be occasionally present in lesions of clinically
stable patients. Remodelling of thrombus is unpredictable with conventional
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balloon angioplasty, but we have found experimentally that LBA results in
rapid desiccation of thrombus and is effective in remodelling the residue into
a thin, smooth film which is adherent to the luminal surface. The absorption
coefficient at 1.06 microns for thrombus is an order of magnitude higher
than that for atheromatous plaque and the normal arterial wall. As a result,
the temperature rise within thrombus adjacent to the LBA balloon is
considerably greater than that for arterial tissues. When a laser dose is used
which would ordinarily result in a peak temperature of 100°C within the
arterial wall, a peak temperature of approximately 130° C to 150° C will be
achieved within adjacent thrombus, which results in its rapid desication
without vaporization of the solid component of the tissue. In addition to
debulking and effective remodelling of the residue, the hypothesis that the
heat-treated thrombus is rendered less thrombogenetic is currently being
tested in our laboratory. Preliminary studies in our in-vivo dog model of
thrombotic femoral artery occlusion suggest that both the laser dose given
and the ability to distribute the laser energy in a uniform cylindrical pattern
along the length and circumference of the balloon will be important factors in
the long term success of LBA in the treatment of intraluminal thrombus.
Increased vasomotor tone, when demonstrable before and/or after PTCA,
is felt by some investigators to be a risk factor for restenosis. As discussed
earlier, thermal destruction of smooth muscle cells from LBA should abolish
vasospasm. If vasospasm per se inhibits repair of the endothelial lining layer,
LBA may be beneficia. However, the possibility exists that increased
vasomotor tone after PTCA is simply a frequent marker of the presence of
platelet aggregates or thrombus, and that elimination of vasospasm will have
no effect on restenosis. In fact, the possibility should be considered that the
increased velocity of flow associated with a vasoconstricted lumen may
actually help to inhibit further propagation of any thrombus present.
Thrombogenicity of the murally disrupted luminal surface may play a role
in both the short and long term success of PTCA. The hypothesis is currently
being tested that an appropriate degree of laser/thermal denaturation of
subendothelial proteins, such as collagen, basement membrane, fibronectin,
etc., will reduce the thrombogenicity of the luminal surface of the mechani-
cally injured arterial wall. It is well known that gluteraldehyde fixation of
heterograft porcine valves with cross-linking of proteins such as collagen
markedly reduces thrombogenicity of the valves. Since heat has been used in
a manner similar to gluteraldehyde for ultrastructural fixation of tissues [29],
and protein cross-linking is most likely an important mechanism of laser-
induced fusion of tissues, it is possible that appropriate thermal fixation of
subendothelial proteins during LBA may reduce surface thrombogenicity.
Preliminary experimental studies by several groups suggest that platelet
deposition may be reduced by LBA compared to conventional balloon
angiopolasty, but a great deal of work is needed to define the temperature
history range, if it exists, which will optimally produce such salutary effects.
The mechanisms for neointimal growth after PTCA are, of course,



337

currently poorly defined. If LBA proves useful in prevention of restenosis,
the effective treatment of thrombus, reduction of thrombogenicity of the
luminal surface, in addition to the creation of a larger, smoother surface, may
be contributory. Loss of smooth muscle cell viability could likewise be
helpful, but any potential benefit in this regard is highly speculative.

Clinical studies

It is beyond the scope of this chapter to describe the percutaneous coronary
clinical LBA studies performed since the first patient was treated March 10,
1988. However, the acute and subacute results demonstrate that LBA is
more effective than initial PTCA with a balloon of the same dimensions (3.0
X 20 mm) in increasing minimum luminal diameter as assessed by computer-
ized image processing of digitized cineangiographic images [30—32]. Fusion
of separated tissue layers, reduction of arterial recoil, and dessication of
thrombus, as would be expected from experimental studies, appeared to
account for the improvement in luminal dimensions and morphology. It
therefore appears that LBA may be effective in the treatment of impending
or overt acute closure associated with PTCA [31].

In order to test the potential utility of LBA acutely and for potentially
reducing the incidence of restenosis associated with PTCA, the currently
highly non-uniform pattern of radiation emitted by the LBA balloon will
need to be corrected, and laser dosimetry studies, similar to those performed
for defining the conditions under which tissue fusion can be expected, will be
required for the variety of other, potentially beneficial effects of this new
therapy.
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17. Mechanical recanalization of coronary arteries

MICHEL E. BERTRAND, JEAN M. LABLANCHE and
CHRISTOPHE BAUTERS

The remarkable clinical success of percutaneous transluminal coronary
angioplasty has stimulated innovative expression in research and clinical
practice. Within the past 5 years, significant advances have been made in the
original balloon catheter system described and used by A Gruentzig in 1977.
Steerable balloon catheters with a truly low profile, excellent pushability and
trackability are nowadays commonly used. New techniques (long guide wire
technique, monorail system) have been proposed and are employed in many
catheterization laboratories, at least in Europe.

More recently a different approach to the treatment of atherosclerotic
disease was described. It consists of new tools based on the principle of
mechanical recanalization: some of them are dedicated for the treatment of
chronic coronary occlusions while others try to remove the atherosclerotic
material. In this field, there are many possibilities: atheromatous removal can
be obtained by resection of the plaque (Excisional atherectomy), while others
tried to obtain a micropulverization of the atherosclerotic material with
rotating abrasive tips (rotative atherectomy).

The goal of this chapter is to review the current systems performing mech-
anical recanalization of the coronary vessels with atherosclerotic obstruction.

Mechanical recanalization with a guide wire

For many years chronic total coronary occlusions were deemed unsuitable
for coronary angioplasty until it was found that some of them could be
crossed by guide wires and dilated with balloon angioplasty. All chronic total
coronary occlusions are not associated with complete infarction of the
respective myocardial area. According to the degree of collateralization, the
myocardium may be completely necrotic, partially necrotic or almost normal.
An occluded vessel with a good collateralization is hemodynamically similar
to a 90% narrowing. This explains why certain occlusion with still viable
myocardium can be considered for angioplasty.

The first step of the technique consists of trying to cross the obstruction
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with a stiff guidewire: if this first attempt fails, a balloon with a very low
profile is advanced until contact with the obstacle is almost established. With
the guide wire sticking out of the balloon tip over a distance of 5 to 7 mm,
both devices are pushed forward until the total obstruction has been crossed;
next, the balloon is inflated.

Some authors proposed the Omniflex balloon system as an adequate tool
for these lesions. More recently, Meier et al. developed a new guidewire
(Magnum wire) for balloon recanalization of chronic total coronary occlu-
sions [1]. This device overcomes some of the major shortcomings of conven-
tional wires, such as insufficient pushability and a tendency to follow sub-
intimal pathways. Magnum is characterized by a stiff solid-steel wire shaft
ensuring excellent torque control combined with a distal portion made of a
flexible and shapeable spring wire with an olive-shaped ball tip of 1 mm in
diameter. This particular wire, retrogradely inserted in a balloon, protrudes
from the balloon during the progression through the proximal part of the
artery. The wire passes rarely the occlusion but when the balloon is advanced
close to the olive, the wire is splinted and then thrust forward. Injection of
contrast medium through the balloon or the guiding catheter provides
information about a possible subintimal pathway or the successful passage.

Table 1 shows the rates of success and complications of these different
attempts to mechanically recanalize complete coronary occlusions. At the
average, the primary success is 56% with no deaths, no new Q wave
infarctions, 8% of creatine kinase elevations and 1% of emergency bypass
surgery. With the new version of the Magnum wire, Meier et al. obtained a
68% primary success rate.

Table 1. PTCA in complete chronic coronary occlusion

NB Range of Primary EM. MI Recurrence
duration success CABG —_—
(months) Rest Re-occl.
Dervan 13 1 54% 0% 0% 43
Holmes 24 3 54% 4% 17% 20
Serruys 49 2 57% 2% 18% 25 40%
Kereiakes 76 7 53% 1% 11% 75%
Holmes 67 2 66% 39 4
Kober 31 4 42% 0 0 46 8
Melchior 100 4 56% 0 2% 35 20

Nevertheless the chances to recanalize are mainly dependent on and
decline with the age of occlusion. Moreover, the recurrence rate in the same
population ranges from 20 to 75% (average 55%).
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Directional atherectomy

The Simpson’s atherocath is characterized by a cylindrical metal housing
attached to the end of a braided double-lumen catheter |2]. The cylindrical
housing has a “longitudinal window” which is positioned snuggly against the
atheroma with the help of a small balloon opposite to the window. Inside the
window, a rotating cutter-blade shaves off atherosclerotic material and
deposits it in the distal part of the metal housing. A separate hand-held,
battery-powered motor drive is attached to a cable connected to the cutter-
blade.

The procedure is illustrated in Figure 1. The atherocath is advanced over
the wire under fluoroscopic guidance. The window of the cylindrical housing
is positioned across the stenosis. The positioning balloon is inflated, the

Atheroma Atherectomy
Catheter

\ Inflated
Balloon

Fig. 1. Schematization of removal of plaque using the Simpson’s device. (A) Catheter in
position; (B) Balloon inflation to position the cutting blade; (C—D) Plaque removal; (E) Final
result.



344

attached motor drive is activated and the cutter blade is slowly advanced
through the metal housing, shaving off atheroma and depositing it distally.
The positioning balloon is deflated, the catheter is torqued about 60 to 90° to
reposition the window and to remove additional atheroma. When the collec-
tion chamber is full, the catheter is withdrawn from the patient and the cutter
blade retracted into the proximal portion of the housing. Repeated passes are
made until the desired result is achieved. A residual stenosis at the conclusion
of the atherectomy procedure can lead to conclude with an appropriate-sized
balloon catheter.

Atherectomy is more time consuming than PTCA because multiple passes
must be made to achieve an optimal result. This technique permits studying
material removed from each atherectomy site. This technique is relatively
aggressive. In recent papers Safian et al. showed that on specimen removed
during 53 atherectomy procedures, media was retrieved in 64% of cases and
even adventitia was found in 23% of cases without acute clinical sequelae,
but finally there was in these cases a perforation of the vessel wall [3].

The immediate results of a multicenter study are listed in Table 2: the
primary success rate was 87.6%. 86 patients (18%) had a total of 109 in-
hospital complications [4]. Major complications included death in 3 patients
(0.6%), myocardial infarction in 23 (4.8%) (Q-wave Ml in 3 and non-Q-wave
in 20). Coronary bypass grafting was performed in 21 patients (4.4%) and
balloon angioplasty “rescue” was performed in 10 patients (2%).

The long term results are available for only a small number of patients [5].
Among 73 patients with successful directional atherectomy 62 patients
(85%) with 76 lesions underwent repeat catheterization between 3—9
months with mean of 5.3 months. Restenosis defined as > 50% reduction of
luminal diameter was observed in 21 of 56 native vessels (38%) and in
11/20 grafts (59%). Restenosis rate was 27% in patients with none or only

Table 2. Directional atherectomy multicenter study

N. patients 480

N. lesions 534
Primary success 87.6%
Major vessel occlusion 15 (3.1%)
Branch vessel occlusion 19 (4%)
Coronary embolism 11 (2.3%)
Coronary spasm 8 (1.6%)
Coronary dissection 3 (0.6%)
Perforation 1(0.2%)
Major arrhythmias 7 (1.5%)
Stroke 1(0.2%)
Device complication 4(0.2%)
Emery CABG 21 (4.4%)
MI 23 (4.8%)

Death 3(0.6%)
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one prior PTCA and in 47% of patients with 2 or more prior PTCA’s. When
atherectomy was performed in grafts the rates were 54 and 57%, respec-
tively.

Thus, one can conclude from this small preliminary series that the resteno-
sis rate after directional atherectomy is not very different from the one
observed with conventional balloon angioplasty.

3-Rotational atherectomy
This method includes several devices:
High speed rotational atherectomy

The Rotablator TM, designed by D. Auth, consists of a rotative abrasive burr
welded to a long flexible drive shaft tracking along a central flexible guide
wire. The abrasive tip is an elliptically shaped burr of various size (1.0, 1.25,
1.5, 1.75, 2, 2.25, 2.5 mm diameter) (Figure 2). The burr is coated with
diamond chips of 30 to 40 um embedded in the metal. The drive shaft is
housed in a 4F teflon sheath and connected to a turbine driven by com-
pressed air. The shaft and the turbine spin in 150,000 rpm. The number of
revolutions per minute is measured by a fiberoptic light probe and displayed
on a control panel. The speed of rotation is controlled by the air pressure,
which itself is controlled by a foot pedal. During rotation, a small volume of
sterile saline solution irrigates the catheter sheath to lubricate and cool the
rotating system. The burr and the drive shaft track along a central coaxial
guide wire (0.009 inch) of which the last 2 ¢cm is made of radio-opaque
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Fig. 2. Rotary atherectomy with Auth’s system.
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platinium. The central guide wire can be controlled and moved with a pin
vise. The wire and abrasive tip can be advanced independently; thus, the wire
could be placed in the selected arteries and serves to direct the burr safely
through the diseased artery. The steerable guide wire does not rotate with the
burr during atherectomy.

Several experimental studies, in vitro and in animals were performed
within the last 3 years with the rotablator. Hansen and Auth et al. showed a
significant reduction of stenosis with rotary atherectomy in 13 atherosclerotic
iliac arteries [6]. Only two complications occurred: one perforation related to
the guide wire and an acute occlusion due to an oversized olive burr. Ahn
and Auth et al. demonstrated in human cadavers the capability of the device
to transform calcified or fibrous plaques into a colloidal suspension made of
microparticles, generally smaller than five microns [7]. The authors did not
find embolic or necrotic sequelae after peripheral injection of ablation
particle fragments in dogs. We recently reported the histologic examination
of human peripheral arterial segments treated with Rotablator TM during
surgery [8]. The protocol included patients who had undergone bypass
operation of iliac or femoral arteries. Through the arteriotomy, the device
was introduced into the lumen and rotative abrasion was applied to this
segment. The treated segment was then resected and the surgeon performed
the bypass. This segment was studied with scanning electron microscopy. The
abrased surface was smooth and polished. Obviously, the endothelium of the
adjacent normal vessel had disappeared. There was however no damage to
the media. If low speed rotation was applied, some irregularities due to
debris and some disruption between the plaque and the media were observed.

In vivo, the first human rotational atherectomy was performed by Zacca et
al. in 6 patients with femoro-popliteal stenosis [9]. All the stenotic segments
were crossed and treated successfully without complications. In coronary
arteries, Hansen and Auth et al. showed in 11 normal canine coronary
arteries that this high speed rotating abrasive technique could be applied
safely and resulted in minimal vessel damage [10]. Finally, we have reported
in 1988 the first experience in human coronary arteries [11, 12].

The atherectomy device was introduced into the guiding catheter and
positioned just before the distal tip of the 9F guiding catheter. Under
fluoroscopy, the steerable guide wire was advanced through the narrowing
and directed into the distal part of the coronary artery. The abrasive tip was
then advanced along the guide wire and placed in contact with the stenosis
and rotation was started. When the adequate speed of rotation was reached
(175,000 rpm) the abrasive tip was gently advanced over the guidewire. If
a resistance was encountered, the tip was successively pulled back and
advanced to maintain a high speed rotation. Once the abrasive tip crossed
the lesion, several passages were performed until the impression of mechani-
cal resistance completely disappeared. On average, after 6 to 8 passages, the
rotation was stopped and the abrasive tip pulled back into the guiding
catheter, while the guidewire remained in the distal part of the vessel. Dye
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injection verified the quality and the success of the procedure; finally, the
rotational device and guidewire were completely withdrawn.

Primary success of rotational atherectomy is defined as a significant
reduction (>20%) in percentage stenosis without complications. When the
residual stenosis after rotational atherectomy remained significant (> 50%), a
percutaneous transluminal balloon angioplasty completed the procedure.

In Europe two groups performed rotative atherectomy with the Rotablator:
Bertrand et al. presented a first series of 50 patients with 52 narrowings. In 3
patients the guide wire was unable to cross the narrowing. A primary success
was obtained in 45 patients (90%). There were no deaths, Q-wave myocardial
infarction or emergency bypass surgery. Two patients developed a non
Q-wave ML

Similar results were obtained by Erbel in Germany in a smaller series of
17 patients [13]. More recently, two American groups presented their initial
experience with this device and obtained 78 and 97% of primary success [14,
15]. In terms of restenosis Bertrand et al. restudied angiographically 43
patients and observed a restenosis rate of 37% in patients treated by
Rotablator alone, while in 17 patients in which the procedure was completed
by balloon angioplasty the restenosis rate was 35%: W O’Neill observed a
restenosis rate of 44% in 18 patients restudied with angiography [15].

Low speed rotational angioplasty

Kaltenbach and Valbracht [16] proposed a guide wire (Rotacs) with a ball tip
connected to an electric motor rotating at 100—400 rpm. The main indica-
tion for this device is complete coronary occlusion: the ball tip of the
guidewire is placed in contact with the atherosclerotic obstruction and then
the motor is started to rotate at 200—300 rpm. The device was able to cross
chronic occlusions in 60% of the cases in a series of 60 patients. Seventeen
had an average angiographic follow-up of 3.7 months after the procedure.
Three patients showed a good result, but 8 had restenosis which was success-
fully re-dilated, six others had re-occlusions.

Thus, in patients with chronic coronary occlusions not responding to
conventional techniques the Rotacs was able to reopen 60% of the cases,
however, the mid term results were favorable only in a few of them.

Transluminal extracting catheter (TEC)

The TEC is a percutaneously introduced flexible torque tube device that
tracks over a flexible steerable guidewire under fluoroscopic control to the
targeted coronary artery lesion [17]. When the radiopaque tip is properly
positioned near the origin of the lesion, a two-stage trigger is activated on the
hand-held control piece (Figure 3). Next, the conical cutter rotates at 750
rpm while suction is applied through the opening of the cutting window to
extract the plaque fragments through the catheter and out of the patient’s
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Fig. 3. Transluminal extracting catheter (TEC)- R. Stack.

body. Material extracted from the artery is collected in a glass reservoir
attached to the rear panel of the control piece.

In experimental studies, normal vessels histology revealed focal intimal
disruption; in atherosclerotic vessels the depth of excision was typically
limited to the media but occasional disruption of the external elastic lamina
was noted.

Preliminary studies were performed at Duke University: in 147 patients
(155 lesions) a primary success was obtained in 93% of cases and emergency
bypass surgery was performed in 5%. Forty nine patients were restudied with
angiography and 21 (43%) had restenosis [18].

Kensey instrument

This device does not track over a guide wire. The tip rotates up to 100,000
rpm and simultaneously hurls high powered water jets laterally against the
walls. This creates a vortex that sucks in the atheromatous debris for micro-
pulverization.

In peripheral arteries, more than 100 patients have been treated with a
success rate of 80%; in coronary arteries trials are underway.

Other devices

Every month, a number of new devices are introduced. Helical “corkscrew”
blade (Leyser) etc., but most of them are still investigational and only used in
experimental studies.

Comments

The unlimited imagination of interventional cardiologists and engineers
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provide to the clinicians a lot of new tools: However the evaluation of these
new devices should be focussed on the two following points:

1) Do these new tools fulfill their promises?

2) What are their respective indications?

It is clear that most of the new devices were invented to improve the results
of PTCA which are globally satisfactory but need certain improvement in
terms of prevention of acute complications and mainly restenosis. In general,
these new means of mechanical recanalization have the same rate of primary
success and acute complications as the conventional balloon angioplasty.

From the standpoint of restenosis it becomes clearly evident that the risk
of restenosis is similar to those usually observed in patients treated with
PTCA. This is not totally unexpected since most of these tools are clearly
much more aggressive for the wall than the radial force exerted by a balloon.
Thus, we may suspect that the healing process is very active and leads to an
intensive myointimal proliferation.

Then the question of the superiority of these new tools over PTCA arises.
First of all it should be noted that such a comparison is unfair since it is
impossible to compare the small preliminary studies concerning the new
tools of mechanical recanalization to the impressive cohort of many thousands
of patients treated with balloon angioplasty throughout the world.

It is more interesting to remark that, finally all these devices, have certain
specifications which could lead in the future to different indications. For
example, one can propose that directional atherectomy of J. Simpson is
certainly the best tool to remove the atherosclerotic material of large (> 4/5
mm) coronary arteries, especially with eccentric lesions or in ostial obstruc-
tions. On the other hand, the flexibility and the small size of the Rotablator’s
burr is probably well adapted to distal diffuse narrowings.

Thus, in the future we could have particular indications reserved for these
new devices, the conventional PTCA being the gold standard employed in
most of the cases.

However, once the development phases have been completed, all these
new tools must undergo controlled prospective randomized trials versus the
current state-of-the-art of balloon angioplasty. However, they must also be
compared to each other to determine the best use of these new technologies.
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18. Videometric, angiographic and angioscopic
assessment of atherectomy; correlations and
discrepancies

BERTHOLD HOFLING, GERHARD BAURIEDEL and
AUDREY VON POLNITZ

Summary

In this study we report on percutaneous atherectomy and the use of the
adjunctive techniques of videometric and angioscopic assessment of results.
The Simpson atherectomy catheter was used to treat 40 patients with a total
of 72 lesions in the iliac (n = 5), superficial femoral (n = 62) and popliteal
(n = 5) arteries; five patients had rest pain and two had gangrene. The
primary success rate was over 90%. The percent of stenosis decreased from
87.2 £ 14% to 16.6 * 15.5%; the walking distance improved from 80.5 +
65.7m to 152.8 *+ 80.3 m; the Doppler index increased from 0.57 + 0.17
to 0.81 £ 0.16. A geometric and densitometric analysis of the lesions was
performed pre- and post-atherectomy in 10 patients with 13 lesions. A
significantly higher densitometric and geometric residual stenosis was found
as compared with the angiographic diameter stenosis. A higher 6-months
restenosis rate, however, was not found in those cases with higher densitome-
tric residual stenoses. Angioscopic inspection of the treated segment was
found to be helpful in identifying residual stenotic material or flaps, as well as
in evaluating total occlusions, but problematic for stenosis quantification. In
the long-term, angiographic restenosis was found in 21% of lesions with a
difference seen based on primary morphology: 27% for concentrics, 5% for
eccentrics and 42% in total occlusions.

Introduction

Percutaneous balloon angioplasty is commonly used to treat obstructive
vascular lesions in patients with peripheral vascular disease, but the treat-
ment of occlusions and the long-term restenosis rate of 20 to 45% remain
problematic [1—3]. Residual plaque material may contribute to this problem
and therefore new techniques which remove plaque material are being
developed. As new percutaneous interventional techniques are applied to the
treatment of vascular disease, improvement in stenosis quantification and
qualification may be useful, not only for the immediate assessment of the
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intervention, but also for prognosis. We report on our results with the
Simpson peripheral atherectomy catheter [4], which has been found to be
safe and effective in peripheral vessels [5—7]. In addition, we report on the
use of the adjunctive techniques of digital subtraction angiography with an
on-line quantification method [8], as well as angioscopy [9—11] during the
procedure.

Patients and methods

A total of 40 patients with symptomatic peripheral vascular disease were
accepted for atherectomy after baseline angiography revealed a target lesion
of >70% in diameter. Five patients had rest pain and 2 had gangrene. All
patients underwent baseline Doppler ultrasound and standardized walking
distance (3 km/hr with a 12.5% grade) evaluation, which were repeated at 1,
3, and 6 months. Control angiography was performed at 6 months. All
patients were treated with aspirin before and for at least 6 months after the
procedure.

The atherectomy procedure was performed under heparinization in the
catheterization laboratory. After baseline angiography and angioscopy, the
peripheral Simpson atherectomy catheter was advanced to the stenosis under
fluoroscopic control. The essential feature of the catheter is a cylindrical
housing with an opening encompassing one-third its circumference at its tip
(Figure 1). The catheter was positioned such that the stenotic plaque
protruded into the window of the housing; a low pressure balloon (10—40
p.s.i.) was then inflated, maintaining the housing securely in place within the
vessel. The motor-driven cutter was then advanced, excising 1 mm slices of
plaque (up to 15 mm in length), which were trapped in the distal housing
cup. Captured material could then be submitted for histologic [12], biochemi-
cal and cell culture studies [13]. In the treatment of total occlusions a Dotter
technique using either a guide wire, stylet of the introducer sheath, or PTA
was first necessary to establish a channel into which the atherectomy catheter
could be placed. The lumen was then enlarged by the removal of plaque
material.

Angioscopic evaluation was performed before, during and after the inter-
vention using a flexible fiberoptic endoscope (d = 1.5 or 1.0 mm, Miniflex
Angioscope, American Edwards Lab.). The angioscope was coaxially guided
by a cut X-ray dense catheter and inserted into the vessel through a 9F
sheath. Constant saline irrigation ensured a sufficient field of view. A 250 W
cold light source (American Edwards Lab.) provided intravascular illumina-
tion. The endoscope was coupled to a miniature video camera (Endovision
553, Storz Instr. FRG); images were relayed to a high resolution color video
monitor. Permanent recordings were made using a video cassette recorder
(U-matic VO-5800 PS, Sony).

Angioscopic inspection pre-atherectomy was performed for qualitative
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Fig. 1. The peripheral Simpson Atherectomy Catheter incorporates a guide wire at its tip, a
cylindrical housing (enlargement), and a rotating cutting edge which is driven by a hand-
controlled motor.

evaluation of stenosis morphology. The atherectomy procedure was then
performed until good angiographic results were obtained (goal of <30%
residual stenosis); thereafter, the angioscope was again passed and the lesion
inspected. If significant residual plaque material or flaps of the atherectom-
ized segment were angioscopically detected and found to obstruct the
recanalized lumen, they were exactly localized by fluoroscopic control of the
guide catheter tip position, and additional passes of the atherectomy catheter
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were performed before a final angioscopic inspection. In the case of total
occlusions, angioscopic evaluation was initially performed in an effort to
assess the characteristics of the occlusion. If an inner lumen could be
detected, passage of a guide wire or catheter was attempted under visual
control.

Digital image acquisition with on-line geometric and densitometric quanti-
fication was performed using a Digitron 3 (Siemens AG, Erlangen, FRG).
This system allows digital image acquisition simultaneously with the usual
angiographic imaging obtained during the procedure. On the video screen, an
image was selected which was free of subtraction and motion artifacts, and
which showed the stenosis with a minimum of geometric distortion or
overlay. The operator had to define the reference segment of the “normal
vessel”, followed by the definition of a centerline through the stenosis. The
remainer of all calculations proceeded with an automatic edge-detection
algorithm. Results were immediately displayed on the video screen showing
the stenotic diameter and calculated geometric area of stenosis. Simultane-
ously, the densitometric mearurement based on the densitometric evaluation
of each pixel of the digitized image was displayed.

The videometric “geometric” and “densitometric” percent stenosis was
defined as that value calculated by computer algorithm from the digitized
image as described above. From the cinefilm, which was acquired simultane-
ously with the DSA, the so called angiographic percent stenosis was assessed.
To this end, the contours of the vessel of interest were traced manally on a
piece of paper held against the projection screen of the cineprojector. Using
a mechanical caliper, the obstruction and reference diameters were measured
from the paper, from which the angiographic percent diameter stenosis could
be calculated.

Results are reported as mean * s.d.. The paired Student’s t-test (2-tailed)
was used to calculate significance of differences pre-and post-atherectomy;
the chi-square and Kruskal-Wallis tests were used to test differences between
the methods. Significance was considered at the <0.05 level.

Results
Angiographic results

Forty patients with 74 stenoses (iliac » = 5, superficial femoral n = 64, and
popliteal n = 5) underwent atherectomy. Acute success (residual stenosis of
<50%) could be achieved in 91% of occlusions (19/21) and in 93% of
stenoses (50/53). The mean (angiographic) diameter stenosis was reduced
from 87.2 + 14%t0 16.6 £ 15.5%.

A 6-month control angiography was performed in a total of 43 lesions.
The mean 6-months stenosis was 35 + 31%. Although not significant, there
was a tendency for a higher mean 6-months stenosis in the concentric
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(42.4%; n = 11) as compared to the eccentric lesions (25.7%; n = 20). Total
occlusions showed the highest mean stenosis of 64.3%. An angiographic
restenosis (defined as diameter stenosis >70%) was found in 9/43 lesions
(21%). When analyzing for primary morphology, a restenosis was found in
1/20 (5%) of eccentric lesions and in 3/11 (27%) of concentrics; total
occlusions had a significantly higher restenosis rate of 42% (5/12).

Despite our efforts to optimize our results by angioscopic inspection of
the treated site and the performance of additional passages of the atherec-
tomy catheter should angioscopy detect residual stenoses or plaque material,
there was no instance of vessel rupture or acute thrombosis. To date, there
has been one incidence of clinically relevant distal embolization and two
significant groin hematomas.

Videometric results

In 13 stenoses the routine angiographic %-diameter stenosis was compared
with the videometric geometric and densitometric value, pre- and post
atherectomy (Table 1, Figure 2). There was no significant difference in the
pre-atherectomy values among the groups; post-procedure, however, both
the densitometric and the geometric computer guided measurements were
significantly higher (p < 0.05) than the angiographic measurement. How-
ever, the presence of a higher densitometric or geometric residual stenosis
post-procedure did not correlate with the occurrence of a restenosis.

Table 1. Stenosis quantification before and after atherectomy; comparison between angiogra-
phic %-diameter stenosis and DSA-computer guided geometric and densitometric measure-
ments.

Angiographic Geometric Densitometric
n=13 n=13 n=13
Pre-atherectomy 87.0 £ 11.8 913 £ 48 89.7 £ 6.2
(%)
Post-atherectomy 185 £ 14.2 34.1 £ 23.0* 40.7 £ 21.7*
(%)

* p < 0.05 as compared to diameter residual stenosis.

Angiographic and videometric examples

Figure 3 shows an example of a subtotal concentric stenosis, pre- and
post-atherectomy. There is good agreement between the geometric and
densitometric calculations of the residual stenosis (43.8 and 44.8%), although
the angiographic %-diameter stenosis was only 25%. This patient presented
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Fig. 2. In high grade stenoses (pre-atherectomy), there was no significant difference in
stenosis quantification between routine angiographic %-diameter stenosis measurement and
computer guided DSA-geometric (geo) and densitometric measurements. Post-atherectomy,
however, both the geometric and densitometric residual stenoses were significantly higher than
the angiographic %-diameter stenosis (see Table 1).

with a restenosis at 6-months post-atherectomy. In Figure 4 the high grade
concentric stenosis could be effectively reduced, as measured both angiogra-
phically and with the geometric videometric analysis. However, the densitom-
etric residual stenosis was significantly higher at 26.4%, most likely repre-
senting residual plaque or thrombus material, or both. This patient was also
found to have a restenosis at 6 months angiographic follow-up. Figure 5
shows a total occlusion of the popliteal artery, which was initially recanalized
with the mechanical Dotter technique, followed by atherectomy.

Angioscopic results

Angioscopic inspection was performed in 47 patients with a total of 62
lesions of the superficial femoral or popliteal arteries. Pre-atherectomy
inspection usually revealed a red, pulsating vessel in the angiographically
normal segments, while pale white or yellow plaque formation obstructing
the lumen could be seen at the target lesion sites, qualitatively confirming the
angiographic image. Occlusions could be clearly visualized with a total white
out of the image. In some cases, the occlusion could be crossed with the
angioscope. Somewhat surprising was the finding of an occasional angiogra-
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Fig. 3a and b. High grade concentric stenosis of the superficial femoral artery, before (a) and
after (b) atherectomy. The residual diameter stenosis is 25%, while the geometric and

densitometric % occlusions are over 49%. At 6-months a clinically significant angiographic
restenosis was found.
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Fig. 5. Total occlusion of the popliteal artery before (6a) and after (6b) Dotter and
atherectomy.

phic-long occlusion, which in reality consisted of one or more shorter
occlusions, with intermediate non-collateralized segments with a relatively
intact vascular relief.

Exact quantification of the degree of stenosis and circumferential morpho-
logic categorization is difficult to perform, since a luminally centered align-
ment of the scope for a full cross-sectional view of the vessel is not always
possible.

After achievement of an angiographically acceptable result, an angioscopic
control of the treated areas revealed flaps or obstructing residual material in
26% of the inspected lesions. Based on this information and after fluoros-
copic localization, additional passages of the atherectomy catheter were
performed in an effort to optimize results. Figure 6 is an example of such an
irregularly shaped residual flap detected with the angioscope, which could be
removed by subsequent passes of the atherectomy catheter. Figure 7 shows
the angioscopic view of the slit-like opening of a disrupted occlusion after
passage of the angioscope and catheter used as a Dotter technique, but
before treatment with the atherectomy catheter.

Clinical results

Rest pain was resolved in all successful cases, while gangrene healed in 1/2.
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Fig. 6. Angioscopic view of a concentric lesion post-atherectomy. A large flap is seen pro-
truding into the vessel lumen.

For the entire group, the baseline walking distance (WD) increased from
80.5 £ 65.7mto 152.8 £ 80.3m (p < 0.001; n = 40) and was maintained
at 6 months follow-up (169.3 * 80.6 m). The baseline ankle/brachial
Doppler index of the treated leg was 0.57 % 0.17 and rose significantly to
0.81 + 0.16 (p < 0.0001); at 6 months: 0.78 £ 0.15.

Discussion

Percutaneous atherectomy is a new technique for removing obstructive
plaque material in peripheral vessels, which is feasible, safe and effective. The
presence of calcification does not preclude good results and total occlusions
can also be treated, usually after an initial mechanical Dotter technique to
establish vessel patency. Both eccentric and concentric lesions can be treated,
although a better 6 months result was found in the eccentric lesions.
Naturally, a longer term follow-up and a larger number of patients are
needed to further validate the technique and to assess its role in the
treatment of vascular disease.

The ability of the catheter to remove plaque material is important for the
following reasons: a) perhaps lowering the long-term restenosis rate; b) the
risk of distal embolization is largely eliminated; and c) the biopsy of plaque
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Fig. 7. Slit-like “lumen” of a total occlusion after Dotter (passage of the guide catheter) as
seen through the angioscope.

material for histologic, biochemical and cell culture studies [13] may provide
useful models for studying the process of restenosis and its pharmacological
prevention.

Exact quantification of the degree of stenosis by angioscopy is indeed
difficult due to vessel size and positioning of the angioscope within the
lumen, as well as to errors based on depth perspective [10]. Qualitative
inspection was found to be a useful adjunct to the procedure, since residual
obstructing flaps or plaques after atherectomy were occasionally not seen
angiographically. In addition, in cases of high grade stenosis (including 100%
stenosis), initial passage of the angioscope or a guide wire under visual con-
trol may avoid guide wire or catheter induced complications. An interesting
finding in total occlusions was the occasional collapsed “normal lumen”
segment between short occlusions and the lack of thrombus material. The
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latter could be due to the large flush volume used during angioscopy or a
“true” finding related to the chronicity of the occlusion.

It should be mentioned, that the moving image obtained on the real-time
video screen is to be preferred above still photographs which can be
obtained from frozen images, to discern luminal irregularites. New improve-
ments in angioscopic systems include more flexibility, steerability and
miniaturization.

The speed of on-line quantification allows for the examination of the
results directly and immediately during the procedure and thus may be
helpful in decision making. It is, however, not yet clear, whether decisions
regarding the need for an additional procedure should be made based on
densitometric or geometric evaluation. Conceptually, poor density should
reflect residual material in the vessel. In our small collective we could not
show any significant increase in restenosis in those lesions with poorer
density at the completion of the procedure, but a larger collective may be
needed. In addition, a comparison of angioscopic findings with densitometric
analysis may help to elucidate the nature of the “densitometric stenosis”.
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19. The history of coronary angiography

KURT AMPLATZ

Summary

The very early attempts to visualize the coronary arteries radiographically
were made in South America and Europe. Contrast medium was injected
either by direct needle puncture or surgically introduced catheters into the
aortic root. Visualization was generally poor due to the rapid flow in the
ascending aorta and the relatively slow delivery rate of contrast medium
without power injectors. Other important limitations were the filming tech-
niques due to the relatively weak generators which resulted in long exposure
times and consequent blurring of the coronary arteries.

Both limitations, namely motion and poor concentration, were eliminated
by the cardiac arrest technique introduced by Arnulf. Acetylcholin was
injected intravenously or directed into the ascending aorta producing cardiac
standstill of variable duration. During the cardiac arrest, the contrast medium
was injected and radiographs of the motionless heart were obtained.

This procedure was considered heroic by most investigators who were
looking for less invasive alternatives. The Swedish school, which had the
advantage to be leading in the design of film changers and power injectors,
carried out nonselective angiography on a large scale during decreased
cardiac output accomplished by increased intrabronchial pressure. Another
refinement which led to improved visualization of the coronary artery was
the loop catheter which delivered the contrast medium directly behind the
aortic valve into the sinus of Valsalva.

All indirect and semi-selective techniques were surpassed by selective
coronary angiography introduced by Sones. A specially designed catheter is
introduced into the surgically exposed brachial artery and manipulated
selectively into the right and left coronary arteries. With the same end-hole
catheter, left ventriculography is performed. The drawback of the original
Sones technique is the necessity to expose the brachial artery surgically and
the occasional semi-selective injection of the left coronary artery depending
on its origin. Also, left ventriculography was of inferior quality because of the
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end-hole catheter. Its major advantage is better control over bleeding which
allows safe outpatient coronary angiography.

More recently, percutaneous transfermoral selective catheters have been
developed (Judkins, Amplatz, Bourassa and others), which are gaining in
popularity.

Prior to the advent of effective coronary surgery such as coronary bypass,
there were few indications to visualize the coronary arterial tree. Conse-
quently the early literature on coronary angiography is sparse. However,
several pioneers attempted to angiographically demonstrate the coronary
arteries with great difficulties due to technical and equipment limitations.
Cineangiography was at its infancy yielding poor and blurred images at a
tremendous radiation dose to the patient. Radiographic demonstration,
therefore, was limited to a single radiograph and later on to film recording at
6—12 exposures per second using rapid film changers.

All early attempts to visualize the coronary arteries consisted of the
injection of contrast media via direct needle puncture into the aorta which
obviously resulted in marked dilution with poor visualization of the coronary
arteries.

The procedure was carried out at a high risk due to its complex technique,
and particularly the use of relatively toxic contrast media. Coronary angiog-
raphy, therefore, was only performed at a few pioneer institutions, and the
vast majority of the physicians attempted to establish the diagnosis by clinical
means. In the early days the indications for coronary angiography were not
well-established because of the high risk, which was usually not acceptable to
the individual and his physician. Furthermore, in most institutions, a well-
trained team of personnel and adequate X-ray facilities were not available.

One of the indications was the examination of patients who had atypical
chest pain with a normal electrocardiogram. These patients were severely
debilitated and may have profited by the angiographic demonstration of a
normal coronary tree.

Later on with the advent of surgical techniques such as ligation of the
mammary artery, wrapping omentum around the heart, the Vinberg proce-
dure, etc., the indications for coronary angiography were markedly broad-
ened.

The two major technical limitations which prevented adequate visualiza-
tion of the coronary tree were weak radiographic generators and the slow
injection of contrast medium into the ascending aorta. Under-powered
generators required a long-exposure time which resulted inevitably in
blurring of the beating heart. Even with relatively large-bore needles or later
on catheters, contrast medium could not be delivered fast enough by hand
injections. It is therefore not surprising that early pioneers of coronary
angiography attempted to arrest the heart eliminating motion unsharpness
and provided dense opacification of the aorta. Other investigators found
some means of decreasing cardiac output, which in turn would increase the
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relative concentration of contrast medium in the ascending aorta. Many
ingenious more or less dangerous techniques have been described.

Castellanos [1], at the University of Havana, introduced in 1931 angio-
cardiography. This technique was presented in October, 1937 by him and
co-workers before the Society of Clinical Studies in Havana [1, 2]. Prior to
this date, Bleichroeder (1912) [3] and Forsmann, in Germany, realized in
1929 the first catheterization of his own right atrium by introducing a
catheter into his antecubital vein [4]. Introduction of the catheter was carried
out by one of his assistants. Forsmann shared the Nobel prize together with
Cournand at the Mayo Clinic.

The Portuguese School of Lisbon under Moniz introduced the term
angiopneumografia, which was the injection of contrast medium through a
needle inserted directly into the right atrium in order to visualize the
pulmonary artery [5, 6]. In 1936, Ameuille [7] and his co-workers repeated
the same experiments injecting a solution of sodium iodine and coined the
term pulmonary arteriography. In the opinion of Ameuille, the opacification
of the pulmonary artery may be valuable for pulmonary disease, therefore,
the term “angiopneumography” [7].

Castellanos [1] is taking credit for developing a simple and rapid opacifi-
cation of the cardiac cavities and great vessels by direct needle puncture,
published in 1937 [1].

The contrast medium is introduced into the cardiac cavities directly via a
needle or by injection of a peripheral vein. Castellanos is therefore the father
of intravenous angiography. This technique was adopted by Robb and
Steinberg [8] of New York and became the most widely used angiographic
technique in the United States.

Castellanos and co-workers were the first who demonstrated that it is
possible to opacify the heart in humans using the same technique. Usually
two exposures were made: One during the dextrocardiogram and one when
the contrast medium had reached the left heart which was termed by
Castellanos “levocardiogram”. The time of the second exposure was deter-
mined by the preliminary injection of choline in order to determine the
circulation time. With a stop watch in hand, the radiologist would then
expose the second film at a predetermined time derived from the choline
injection. Because of the weak generator, X-ray exposures were made
without radiographic grid at one-tenth of a second, which obviously resulted
in poor contrast and blurring.

Needless to say, all these early attempts to visualize the heart and great
vessels did not provide satisfactory opacification of the coronary arteries.
Meneses Hoyos, et al. [9] from Mexico recognized this drawback and
introduced direct thoracic aortography in order to deliberately visualize the
coronary arteries. He proved that this method is superior to indirect intra-
venous angiocardiography. Other investigators in fact had proven that out of
1200 intravenous angiocardiograms, only 10 showed visualization of the
coronary arteries [10]. An 18-gauge needle was introduced directly into the
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ascending aorta through the second left interior interspace (Figure 1) and 30
cc of 70% contrast medium were injected by hand (Figure 2).

One year earlier, Radner [11] attempted the same technique by puncture
of the ascending aorta through the suprasternal notch. Meneses Hoyos
showed his coronary arteriograms in October, 1946 at the Interamerican
Congress of Cardiology held in Mexico City and takes priority of being the
first to visualize the coronary arteries. Later on other investigators injected
the contrast medium via catheter through brachial or femoral approach.
These ureteral catheters had very thick walls and only relatively slow injec-

RIGHT LEFT

ANTERIOR PLEURAL REFLECTIONS

Fig. 1. Diagram demonstrating the direct needle technique by Meneses Hoyos introducing an
18-gauge needle from the second left anterior interspace into the ascending aorta. The sharp
trocar was removed, and a blunt needle was advanced into the aortic root for opacification of
the coronary arteries. A similar technique was described by Radner introducing the needle
into the aortic arch via suprasternal puncture.
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Fig. 2. Coronary arteriogram performed by Jorge Meneses Hoyos in 1953 via direct needle
puncture of the ascending aorta through the left second anterior interspace. The angiogram
was supposed to show the “right coronary artery” (arrow) in a patient with aneurysm of the
descending aorta.

tions of contrast medium could be accomplished. This was also true for the
direct needle techniques which had the advantage of providing higher flow
rates because of shorter length. With either technique, the contrast con-
centration in the ascending aorta was poor and the radiographs were blurred
because the heart was beating.

In 1959, Ponsdomenech [12] and Nunez introduced direct needle punc-
ture of all cardiac chambers, which could also be used for visualization of the
coronary arteries by opacifying the left ventricle (Figure 3).

In 1959, Mouquin [13] also suggested opacification of the coronary
arteries by left ventriculography. By the injection of a large amount of
contrast medium into the left ventricle via catheter, both coronary arteries
could be visualized (Figure 4).

In 1956, Arnulf [14] from the University of Lyon, experimented with dogs
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Fig. 3 Vi
ventricle via divect left

Hization of the coromary arteries by injection of contrast medivm into the lefl
entriculsr punciure {open arrow).

Fig. 4. Visualization of the coronary arteries by Mouquin via catheter left ventriculography.
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in order to demonstrate the coronary arteries. By accident, one of the
animals had an anesthesia-induced cardiac arrest at the same moment that
the contrast medium was injected. X-rays were taken and the aorta and
coronary arteries were well opacified without any motion (Figure 5). He
concluded that only cardiac arrest can produce such superb visualization of
the coronary arteries.

It so happened that he worked at the same time in the physiologic labora-
tory under Professor Hermann in order to study the effect of acetylcholine
on the coronary circulation. By carrying out his experiments, he noticed that
acetylcholine will arrest the heart, and he was able to prove that excellent
coronary arteriograms could be obtained during acetylcholine arrest. He
presented his data in 1957 at the International Society of Angiology in
Atlantic City.

Prior to proceeding to human coronary angiography, the technique was
worked out in detail in animals. A cardiac arrest of 6—8 seconds was
obtained by the intravenous injection of 0.2—0.5 milligrams per kilo body-
weight. The tolerance of the human heart of acetylcholine is about 8—10
times greater than that of the dog. At that time psychiatrists used enormous
dosages in order to perform shock therapy. Some of the side effects were
attacks of cough, bronchospasm and nausea.

Cardiac arrest occurred only if the acetylcholine was delivered as a bolus
into the antecubital vein (Figure 6). Not all animals responded the same way

Fig. 5. Coronary arteriogram obtained by Arnulf in 1956. Just prior to the injection of
contrast medium, the animal had a cardiac arrest. There is dense filling of the ascending aorta
and coronary arteries and no motion artifact. Contrast medium delivered directly via needle
into the ascending aorta.
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Fig. 6. Electrocardiogram made following intravenous injection of 0.4 mg/kilo body weight of
acetylcholine. After cardiac arrest had occurred (arrow), the contrast medium was injected.

and there was a certain increasing tolerance after repeat injections. He
carried out hundreds of injections of acetylcholine with increasing dosage
until cardiac arrest for three minutes was obtained and well tolerated.
Furthermore, the cardiac arrest could be terminated by the injection of
atropine, which is the ideal antidote. He concluded that the technique is safe
and proceeded to human coronary angiography.

The contrast medium was injected either by direct puncture of the aortic
arch as described by Radner or by the injections through a catheter intro-
duced through the carotid artery. One of the major advantages was that only
one single radiograph was required because there was no cardiac motion. He
carried out 24 coronary arteriograms during acetylcholine arrests in man via
direct puncture of the aortic arch through the left second anterior intercostal
space (Figure 7). The patients tolerated the procedure well and the visualiza-
tion of the coronary arteries was excellent. The puncture of the aorta is
without danger using a blunt needle with a diamond-tipped trocar according
to Arnulf [15]. Once the aortic arch is punctured the trocar is removed and
the blunt needle is advanced into the sinus of Valsalva which is confirmed by
a radiograph.

Acetylcholine is injected as a bolus intravenously. At the moment cardiac
arrest is evident on the electrocardiogram, an injection of contrast medium is
started. Immediately following the injection, the first exposure is made and
thereafter an additional five exposures one second apart.

Arnulf reported the safety of his method in 25 patients. The cardiac arrest
was well tolerated by all patients, and injections were repeated up to three
times. Not one single accident occurred with the puncture of the aorta,
particularly there was no single hematoma. He reported a good demonstra-
tion of the coronary arteries in almost 100% of the patients.

Other means to alter the hemodynamics and improve the opacification of
the coronary arteries were advocated: 1) Hypotension which results in
improved contrast density in the aorta and coronary arteries. The simplest
technique was blood letting, which resulted in hypotension, and in spite
of the induced reflex tachycardia, superior coronary arteriograms were
obtained; 2) hypothermia which is associated with bradycardia and hypoten-
sion; 3) increased intrabronchial pressure.

In addition to the previously proposed direct needle puncture of the aortic
arch through the suprasternal notch or second left interior interspace, the
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Fig. 7. Coronary arteriogram made by Arnulf during cardiac arrest. Opacification via needle
(open arrow). Coronaries well opacified (solid arrows)..

introduction of catheters through the carotid, brachial and femoral arteries
were performed.

Taufic [15] proposed opacification via transbronchial needle puncture of
the left atrium. This technique was already developed for pressure measure-
ments particularly for the evaluation of mitral heart disease. A bronchoscope
is inserted into the trachea until the carina is visualized, then a 15-gauge
needle is passed through the scope into the left atrium. One cc/kilo body-
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weight of 70% contrast medium was injected and the left atrium, left
ventricle, and coronary arteries were opacified (Figure 8).

Dotter [16] introduced a very effective means of coronary angiography,
namely balloon occlusion of the ascending aorta. Although this can be
readily accomplished in babies and animals, it is virtually impossible in the
adult patient because of the large balloon size and migration of the balloon
during systole. However, this technique is still in use in pediatric cardiac
catheterization for visualization of central shunts and the coronary arteries.

Basically, in Dotter’s technique, a balloon catheter is introduced via
cutdown on a peripheral artery and positioned above the aortic valve. Fifty
cc’s of carbon dioxide or nitrous oxide are drawn up into a syringe which is
connected to the catheter. The anesthetist increases the intrabronchial pres-
sure to 40—60 mm of mercury by squeezing the anesthesia bag. When the
peripheral pulse disappears, which occurs usually 3—4 seconds following
increased intrabronchial pressure, the balloon is rapidly inflated resulting in
occlusion of the mid-ascending aorta. Contrast medium is then injected
through the catheter and rapid films are obtained (Figure 9).

A safe and simple technique was coronary arteriography during raised
endobronchial pressure. This technique was first suggested by Boerema and
Blickman (1955) [17] and was also widely used by Swedish investigators
(Jonsson et al. 1960) [18, 19]. Basically, during raised and obronchial
pressure the venous return to the heart was decreased resulting in decreased
cardiac output and a higher concentration of the injected contrast medium.
Once a catheter was correctly positioned in the ascending aorta, the patient
was anesthetized with sodium pentothal and the diaphragm was paralyzed
with Sussinylcholine. The patient was hyperventilated for about one minute
and the endobronchial pressure was raised to approximately 25 to 35mm of

Fig. 8. Opacification of the left atrium left ventricle, and aorta via transbronchial left atrial
needle puncture.
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Fig. 9. Balloon occlusion coronary arteriogram according to Dotter demonstrating excellent
opacification of the coronary arteries. This technique is still widely used in the evaluation of
congenital heart disease.

mercury by manual compression of the breathing bag. At this moment, the
contrast medium was injected by means of a Gidlund power injector. By
doing so improved opacification of the coronary arteries was obtained
(Figure 10).

A further improvement was achieved by the introduction of a loop-end
catheter by Williams [20] and Littmann [21] (1960). The catheter loop has
several holes on its inferior surface, delivering the contrast medium directly
into the aortic sinuses behind the aortic valve, thus minimizing dilution
(Figure 11).

This technique was carried out in a large group of patients by Paulin [22]
with excellent results and virtually no complications. Bilgutay [23], at the
University of Minnesota, improved the acetylcholine technique introduced by
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Fig. 10. Coronary arteriogram performed during increased intrabronchial pressure. The
contrast medium is delivered behind the aortic valve leaflets through a catheter directly into
the sinus of Valsalva, facilitating coronary artery filling.

Arnulf by injecting acetylcholine directly into the ascending aorta. A much
smaller amount could be used, since with the intravenous injection, part of
the acetylcholine is inactivated during its passage through the lung. Further-
more, the duration of systolic cardiac arrest could be terminated by a pace-
maker which had been inserted into the right ventricle (Figure 12). In spite of
cardiac arrest induced by acetylcholine, the ventricles remain responsive to
direct mechanical or electrical stimulation. Later on, he described double-
contrast coronary arteriography. As soon as the heart is arrested by the
injection of acetylcholine, contrast medium is injected which is followed by
the injection of 100cc of 100% carbon dioxide. Good double contrast
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Fig. 11. Coronary arteriogram performed with the loop catheter. Contrast medium is injected
into the sinus of Valsalva, resulting in excellent filling of the coronary arteries.

delineation of the aorta was achieved, but only the proximal portion of the
coronary arteries were filled, which was quite different from the results
obtained by Arnulf (Figure 13). Incomplete filling of the distal coronary
arteries was very likely due to a too late injection at a time when systemic
pressure was too low.

The major progress in opacification of the coronary arteries was described
by Sones [24] advocating selective canalization of both coronary arteries and
cine recording. With the classic Sones technique, the catheter is introduced
via arterial cutdown into the right brachial artery. The catheter has a gentle
curve and two sideholes similar to the bird’s eye catheter. It is manipulated
under fluoroscopic control selectively into the left and right coronary artery
for selective opacification.

Ricketts and Abrams [25] described a percutaneous transfemoral tech-
nique for selective coronary angiography. However, their catheters did not
come into commercial use. Judkins [26] and Amplatz [27] described at the
same time percutaneous transfemoral catheterization techniques which have
largely replaced the more cumbersome original Sones technique.

Several years thereafter Bourassa [28] from the Montreal Heart Institute
described a new set of catheters which are somewhat similar to the Judkins
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Fig. 12. Diagram demonstrating the improvement of Arnulf’s technique by Bilgutay. Acetyl-
choline is injected directly into the sinus of Valsalva after a right-sided pacemaker had been
introduced into the right ventricle. After cardiac arrest is achieved, the contrast medium is
injected and the heart is re-started with the pacemaker.
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Fig. 13. Double contrast coronary arteriogram. Contrast medium and carbon dioxide were
injected during cardiac arrest. The ascending and descending aorta are outlined by double
contrast (arrows), but only the proximal portion of the coronary arteries is filled (open
arrows).

catheter. At the present time, this technique is not widely used in the United
States.

Another transfemoral catheterization technique was described by Schoon-
maker and King. [29] The right and left coronary artery are catheterized with
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a single catheter, eliminating catheter exchange. Successful cannulation of
both coronary ostia is not uniformly successful, and consequently the
technique is not in wide use at the present time.
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