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Summary

Functional images of left ventricular myocardial perfusion were obtained using the washout time
constant obtained from the analysis of digital subtraction angiograms (DSA). The results were com-
pared with those of left ventriculography to evaluate its clinical validity. DSA examinations were per-
formed in eight patients with old anterior myocardial infarction and in 10 control subjects. Washout
time constant images of the left ventricular wall were nearly homogeneous in normal cases. On the
contrary, regional heterogeneity on the washout time constant images was observed in cases of anterior
infarction. The abnormal region in the washout time constant image corresponded well to the area of
abnormal percent wall thickening, whereas the extent of the abnormal wall motion area tended to be
broader than that of the abnormal washout time constant area or area of abnormal percent wall thicken-
ing. Thus, the washout time constant images obtained by DSA may comprise a reliable means of es-
timating the extent of ischemia in the myocardium.
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Introduction

Recently digital subtraction angiography
(DSA) has been used to evaluate ventricular
function and myocardial perfusion!~13. After
arterial injection of contrast material, DSA can
clearly delineate coronary arterial images, and
capillary and venous phase images in sequence.
We have already performed the regional densi-
tometry of these images to estimate the dynamics
of regional myocardial perfusion, and have
analyzed the time density curves. In the venous
phase, contrast material disappears monoex-
ponentially. In that study, the calculated washout
time constant derived from this curve proved to
be a valid parameter for differentiating the
ischemic regions from the normal regions®, and
it was assumed that a single compartmental
model should be available for analysis of this
phenomenon. In the present study, a washout
time constant image was constructed and com-
pared with left ventriculograms to evaluate the
clinical validity of this image.

Methods and materials

1. Patients

DSA examinations were performed in eight
patients with old anterior myocardial infarc-
tion and in ten control subjects. The eight pa-
tients consisted of seven men and one woman
whose ages ranged from 48 to 67 years (57+7
years old, mean+SD). The angiograms of all
patients showed marked stenosis (more than
90%,) in the left coronary artery. Control sub-
jects consisted of four men and six women
whose ages ranged from 36 to 68 years (52+10
years old, mean+SD). All control subjects had
normal coronary arteriograms, normal exercise
cardiac scintigrams, and normal left ventricular
wall motion, though each of them had a history
of chest pain.

2. Data acquisition system and data process-
ing procedure

A commercial DSA system (Digiformer-X,
Toshiba) was used for these examinations. Selec-
tive coronary angiography was performed using
the Judkins technique. Sequentially subtracted

images were obtained by using a continuous
mode with 4 ml 76%, Urografin manually in-
jected into the left coronary artery. During
coronary arteriography, the patients were placed
in a 30 degree right anterior oblique position
and maintained motionless. Breath was held in
inspiration for 20 sec. Right atrial pacing was
performed to maintain a regular heart rate. All
examinations were performed after Nitorol® ad-
ministration. .

For digital processing, X-ray TV images were
logarithmically amplified and digitized using a
10 bit AD converter, into 512x512 pixel ma-
trices with an 8 bit depth at standard TV rates
(30 frames/s) using DSA. Before the injection
of contrast material, an ‘ averaged ”’ image of
the heart over one sec (30 frames) was obtained
and stored in the image memory as a digital
mask image. Immediately after the mask was
stored, contrast material was injected. Each suc-
cessive frame of the X-ray TV image was sub-
tracted from the mask image in real time, and
these subtracted images were converted to ana-
log signals and stored on an analog video disc
recorder. '

3. Image synthesis of washout time constant

Regional myocardial perfusion images were
synthesized by a post-processing computer (Fig.
1). A total of 600 frames of digital subtraction
images with 512 512x 8 bits were obtained by
the DSA system. The memory capacity of the
post-processing computer (GMS-55A) was lim-
ited, therefore, each of the blocks of image data
was compressed to a 64 X 64 matrix with an 8 bit
depth. A large general purpose computer
(FACOM M-380) was used to calculate and
construct the washout time constant images in
brief computation times. Densitometry was per-
formed sequentially at each pixel of the con-
densed digital image; then a regional time den-
sity curve was obtained. Small periodic density
changes were observed in those pixels corres-
ponding to the cardiac cycle and they were
thought to represent the myocardium. The time
of the maximal point in each cardiac cycle corre-
sponded to the end-diastolic phase. No cyclic
density changes were observed in the lung field
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Washout time constant images obtained by DSA
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Fig. 3. Regional time density curve at the end-
diastolic phase.

Contrast material is washed out monoexponentially,
and an initial portion of washout curve (dotted zone)
is used to calculate the washout time constant.

(Fig. 2). A smoothed time density curve was
drawn from the original time density curve on
the myocardial region by connecting each maxi-
mal point; i.e., points corresponding to the end-
diastolic phase. Fig. 3 shows the schematic time
density curve obtained by this method. The
density of contrast material in the region of in-
terest increased rapidly in the arterial phase and
washed out almost monoexponentially in the
venous phase. The initial portion of the washout
curve in the venous phase was used to calculate
the time constant by the least square method.
An image which visualized the time constant of
each myocardial region was synthesized from
the value of the washout time constant at each
pixel as a time constant image.

4. Comparison of time constant image anal-
ysis with wall motion analysis and percent
wall thickening analysis

Left ventriculography was performed in the
same position as selective coronary angiography.
Forty ml 76% Urografin were injected into
the left ventricle. The end-systolic ventricular
silhouette traced from the cineangiogram was
superimposed on the traced end-diastolic sil-
houette. Regional wall motion determined by
comparisng end-systolic and end-diastolic trac-
ings was semiquantitatively assessed by two ex-

AREA

ANTERIOR

APEX

INFERIOR

Fig. 4. Five areas of interest for comparison of
analyzing procedure.

perienced observers as normal, hypokinesis,
akinesis, and dyskinesis. Wall motion analysis
was performed in five areas as illustrated in
Fig. 4.

At the end-systolic and end-diastolic phases,
the thickness of the myocardial wall (WT) was
measured between the endocardial and epi-
cardial tracings. Percentile changes of wall
thickness were calculated by the following equa-
tion:

WT (%)=(WTs—WTd)/WTd x 100,
where WTs and WTd represent systolic and
diastolic wall thicknesses at each area. The
epicardial and endocardial lines of each area
were divided into three parts equal in length.
The average value of percent wall thickening
obtained from two corresponding points of each
area, was used as a representative percent wall
thickening at each area. In the normal cases,
percent wall thickening ranged from 359, to
116%,, and abnormal percent wall thickening
was thus defined as a value less than 309%,.

The normal area was established from the
washout time constant image, where the number
of pixels showing a time constant below 6.1
sec exceeded 509, in the area of interest.

The number of areas selected for percent wall
thickening analysis and washout time constant
analysis was the same as that used for wall mo-
tion analysis.
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Washout time constant images obtained by DSA
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Fig. 5. The washout time constant image in a normal case.
The left ventricular wall perfused by the left coronary artery is nearly homogeneous as shown in

blue.
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Fig. 6. The washout time constant image in a case of anterior myocardial infarction.

Abnormal perfusion is seen at the apical region.
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Fig. 7. Comparison of the three analyzing pro-
cedures for the case shown in Fig. 6.

Results

Fig. 5 shows the washout time constant image
of a normal case. Sixteen steps of color represen-
tation were used to describe washout time con-
stant images. The left ventricular wall perfused
by the left coronary artery is shown nearly
homogeneously in blue (time constant ranging
from 3.0 sec to 4.5 sec). However, in the in-
ferobasal regions, the washout time constant
image is light blue (time constant ranging
from 4.5 to 6.0 sec). This difference expressed
the prolonged time constant value of the myo-
cardium.

Washout time constant images of a case of

- old anterior myocardial infarction are shown in
Fig. 6. Abnormal perfusion is demonstrated
in the apical region. This 61-year-old man had
dual LAD, and complete obstruction in the long
LAD (#7). Myocardial infarction was limited
to the apical region. Here, the washout time
constant image was compared to the wall mo-
tion and percent wall thickening using the pro-
cedure previously explained. Fig. 7 shows the
results of the comparison made in the case
shown in Fig. 6. The abnormal region in the
washout time constant image appear in area
5. The wall motion abnormality appear in
area 4 (hypokinesis) and in area 5 (akinesis).
The abnormal percent wall thickening appear
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Fig. 8. Comparison of three analyzing pro-
cedures for 8 cases of anterior myocardial in-
farction.

in area 5. Thus, the abnormal regions in the
washout time constant images corresponded
well to the apparent ischemic regions accord-
ing to the percent wall thickening abnormality.
The regions with abnormal wall motion tended
to be broader than the abnormal regions as
estimated by washout time constant images and
percent wall thickening.

Ten control subjects demonstrated no ab-
normalities in either wall motion or percent wall
thickening. Forty areas in eight patients with
old anterior infarction were examined (Fig. 8).
The number of abnormal areas of washout
time constant images was 26 (65%,). Wall mo-
tion abnormalities were demonstrated as hy-
pokinesis in 11 areas, severe hypokinesis in 6
areas, akinesis in 13 areas and dyskinesis in 3
areas. The total percentage of abnormal areas
was 829%,. Abnormality in percent wall thicken-
ing was demonstrated in 28 areas (709,). The
detailed distribution of the assessments cor-
responding to each area is shown in Table 1.
The regions of abnormal washout time constant
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Table 1. Detailed distribution of the judgements
corresponding to the area for the cases
of anterior myocardial infarction

Area
1 2 3 4 5
Perfusion Normal 7 1 1
Abnormal 1 3 7 7 8
Normal 3 3 1
Wall Hypokinesis 5 3 1
motion Severe hypokinesis 3 1 1 1
Akinesis 3 6 4
Dyskinesis 3
30~ 7 3 1 1
20~ 1 3 1
9% wall
t}‘;ickening 10~ 1
0~ 5 7 5
~0

images corresponded well to those of abnormal
percent wall thickening as in the case shown in
Fig. 7.

Discussion

Assessment of regional myocardial perfusion
abnormalities is important for evaluating
ischemic heart disease. Selective coronary an-
giography is widely used to predict disturbances
of coronary blood flow caused by stenosis, but
this method cannot directly reveal the dynamics
of regional myocardial perfusion. Recent de-
velopments in radiography and computer tech-
nology have facilitated evaluating not only ana-
tomical information about the coronary artery,
but the dynamics of regional myocardial perfu-
sion, as well. Previously, we proposed the
washout time constant as a parameter for esti-
mating regional myocardial perfusion by DSA
images®. In the present study, the images of
washout time constants are constructed and
used as diagnostic information.

Washout time constant images of the left
ventricle were nearly homogeneous in the normal
cases except at the basal region, where heteroge-
neity indicating prolonged time constants was

Washout time constant images obtained by DSA

demonstrated. Such regions were not used in our
comparative studies. This phenomenon might
be caused by superimposed contrast material,
which originated from the coronary sinus in the
right ventricle and in the pulmonary artery®.
In a case of myocardial infarction, regional het-
erogeneity was demonstrated on washout time
constant images in the ischemic region.

From comparative studies of washout time
constant images, wall motion analysis, and per-
cent wall thickening analysis it can be concluded
that the ischemic regions assessed by washout
time constant images agreed well with those
assessed by percent wall thickening analysis,
whereas the ischemic regions assessed by ab-
normal wall motion tended to be broader than
those assessed by the former two methods.
Wall motion analysis is less precise than percent
wall thickening analysis in discriminating be-
tween infarcted and noninfarcted zones and
could lead to some overestimations of infarct
sizes!>~20, Kerber et al'» reported that such
overestimations of wall motion abnormality
might be due to passive alteration of the motion
of the normally perfused area by the severe
dyskinesis of the adjacent ischemic myocardium.

In the present study, the threshold of the ab-
normal time constant of the regional myocardium
was established as 6.1 sec from data of our pre-
vious study®. Holman et al?V, using the Xenon
washout study, reported that there was con-
siderable overlap of regional specific flow values
(corresponding to washout time constants) ob-
tained at rest in patients with normal coronary
arteriograms and values obtained in those with
moderate or even severe coronary artery disease.
However, they indicated that the regional spe-
cific flow index measured during reactive hy-
peremia induced by contrast material may be
more sensitive than that measured during base-
line studies to detect hemodynamically signifi-
cant coronary arterial lesions in man?V. For our
DSA study only a small amount of contrast ma-
terial was used, so that reactive hyperemia cannot
be induced sufficiently to differentiate ischemic
from normal regions??. Thus, using the maximal
reactive hyperemic technique, more precise in-
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formation can be obtained about regional myo-
cardial perfusion and coronary flow reserve by
DSA examinations.

In the washout method, it is assumed that a
steady flow state exists during the time of mea-
surement, i.e., the Kety-Schmidt principle?24.
However, the injection of contrast material re-
sults in an unsteady state with an initial de-
crease in blood flow, followed by a subsequent
increase in flow, and then a return to normal
flow!4:21:22) | Therefore, the Kety-Schmidt princi-
ple does not strictly apply. However, our pre-
vious study® showed that the washout curve
was fitted to the exponential curve statistically.
Thus the initial portion of the washout curve
approximates the monoexponential curve, and
the image of the washout time constant is con-
structed from these curves.

Other approaches have been tried in at-
tempting to estimate regional myocardial perfu-
sion using DSA3%10~4  Vogel!® made parame-
tric images using the ECG-gated DSA images
in the arterial and capillary phases. Dual pa-
rameter functional images were generated using
color and intensity coding to represent contrast
arrival times and contrast densities, respectively.
These parametric images have proved helpful
in determining the physiological significance of
intermediate coronary artery stenosis. For 509,
diameter stenosis they seem to be the best
criteria for determining the physiological signi-
ficance of the stenosis. Vogel proposed to
evaluate the coronary flow reserve by contrast-
induced reactive hyperemia.

In the future, many types of parametric im-
ages must be used to assess the physiological
significance of stenosis, abnormalities of the
microcirculation, and coronary flow reserve,
using DSA.
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