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Nitroglycerin-Induced Coronary Vasodilation
in Cardiac Transplant Recipients
Evaluation With In Vive Intracoronary Ultrasound

Fausto I. Pinto, MD; Frederick G. St. Goar, MDy; Tim A. Fischell, MD;
Michael L. Stadius, MD; Hannah A. Valantine, MD;
Edwin L. Alderman, MD; and Richard L. Popp, MD

Background. Coronary artery vasomotion is altered after cardiac transplantation. The impact
of accelerated transplant coronary atherosclerosis and myocardial rejection on vasomotion is
not well understood. Intravascular nltrasound is a new imaging method with the ability to study
real-time changes in coronary artery dimensions.

Methods and Results. Epicardial coronary artery response to nitroglycerin was studied in 32
cardiac transplant recipients (age, 47*11 years) 3 weeks to 10 years after transplantation with
intracoronary uitrasound. Cross-sectional luminal area and diameter were measured at a fixed
position in the left anterior descending artery immediately before and every 30 seconds for 5
minutes after 0.4 mg of sublingual nitroglycerin, Cross-sectional area increased from a baseline
of 13.1+3.9 mm? to 15.8+£3.9 mm’? at maximal vasodilation; luminal diameter increased from
4.0+0.6 mm to 4.5+x0.6 mm. This increase reached statistical significance (p<0.001) at 1.5
minutes after administration of nitroglycerin; mean maximum increase occurred at 4.5 minutes
(24% Ior cross-sectional area and 11% for luminal diameter). Patients with biopsy-proven mild
or moderate concurrent rejection had a significantly blunted vasodilatory response versus the
nonrejection group (9% versus 27% for cross-sectional area, p<0.04), although a vasodilatory
effect was still present. Nitroglycerin response was well preserved in patients up te 10 years
after transplantation; however, there was a trend toward a decreased response in patients
studied immediately after transplantation (21% versus 29%, p=0.37). Coronary intimal
thickness, as measured by ultrasound, had no impact on the vasodilatory response (R=0.23,
p=0.34).

Conclusions. Vasodilatory response to nitroglycerin in cardiac transplant recipients is
attenuated during episodes of cardiac’ rejection. This response is preserved in long-term
survivors and is independent of the degree of intimal thickening. Intravascular ultrasound
provides a new method to document real-time epicardial coronary vasomotion. (Circulation
1992;85:69-77)

69

he rapid development of diffuse occlusive cor-
onary artery disease in cardiac allografts has

emerged as a major predictor of allograft
loss in patients surviving 1 year beyond transplanta-
tion.!-* Both immunological and nonimmunological
factors have been implicated in the development of
graft coronary artery disease2?; however, no conclo-
sive correlation with specific factors has been estab-
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tished. The functional response to the endothelium-
dependent vasodilator acetylcholine is abnormal in
cardiac transplant recipients.5-7 These abntormalities
are identical to those observed in nontransplant
patients with coronary atherosclerosis®® and in pa-
tients with angiographically normal coronary arteries
but with risk factors for coronary atherosclerosis.1¢
Vasodilatory response to nitroglycerin is preserved
in nontransplant patients with coronary artery dis-
ease.!’'2 The magnitude of dilation differs according
to vessel size, with the smallest vessels showing the
greater magnitude of vasodilation.!:'2 In addition,
segments narrowed by the atherosclerotic process
commonly dilate after nitroglycerin.'! Cardiac rejec-
tion produces changes in vascular function leading to
a decreasc in myocardial perfusion.!3-18 However,
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the response of transplant coronary arteries to nitro-
glycerin early versus late after transplantation and
during rejection and the influence of local presence
of atheroma have not been evaluated. Intravascular
ultrasound is a new imaging technique with the
ability to define, and thus measure, luminal areas and
arterial wall components!?-22 and serves as a poten-
tial tool to assess dynamic vasomotor responses in
epicardial coronary arteries.

The purpose of the present investigation was three-
fold: Assess the time course of the coronary vasodila-
tory response to nitroglycerin by using intracoronary
ultrasound, study the impact of acute myocardial
rejection on the vasodilatory response to nitroglycerin,
and quantitate the amplitude of the vasodilatory re-
sponse in relation to the extent of intimal thickening
measured by intracoronary ultrasound.

Methods
Patient Population
Thirty-two cardiac transplant recipients, 24 men
and eight women undergoing annual routine coronary
arteriograms (mean age, 46.5+10.9 years; range,
20-62 years), were studied. Time after transplanta-
tion ranged from 2 weeks to 10 years, with a mean of

2.5 years. Eleven patients were studied within 1 month
of transplantation during a routine baseline angio-
gram performed immediately before posttransplanta-
tion hospital discharge. All patients were managed
with standard immunosuppressive regimens including
prednisone, azathioprine, and cyclosporine. The cy-
closporine serum levels were adjusted to 50-150 ng/dl
by radioimmunoassay technique at approximately 2—3
months after the transplant procedure. Antirejection
therapy, when indicated, consisted of increased corti-
costeroid dose and, in refractory cases, administration
of rabbit antithymocyte globulin. Fourteen patients
were on calcium channel blockers, which were
stopped 48 hours before the catheterization protocol.
Endomyocardial biopsies were performed at the time
of the coronary arteriographic procedure to assess
rejection and were graded according to the Billingham
criteria.2® All subjects gave informed written consent
to the protocol approved by the committee for the
protection of human subjects in research at the Stan-
ford University Medical Center.

Procedure
The intracoronary imaging system consists of a
high-frequency 30-MHz transducer and rotating mir-

FIGURE 1. Intracoronary ultrasound image obtained in a patient 7 years after transplantation, showing three-layer appearance
of vessel wall. Right panel shows the method of determining the index of intimal thickening (II). LA, luminal area; TA, total
area. Perpendicular grid of tick marks are at 0.5-mm intervals. Bright shadow at 11 o’clock position at the edge of the catheter
is an artifact caused by mechanical strut and coronary guide wire.
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FIGURE 2. Plots of mean data from this study showing nitroglycerin-induced changes in diastolic cross-sectional area {panel A)
and diameter (panel B) vs. time after administration of 0.4 mg sublingual nitroglycerin. Values were statistically different from

baseline at 1.5 minutes after nitroglycerin administration.

ror enclosed within an acoustic housing at the tip of
a 5F, flexible, 135-cm-long, rapid exchange catheter
(CVIS Inc., Sunnyvale, Calif.). The catheter assembly
houses a flexible drive cable connected to a motor at
the distal end, which is used to rotate the mirror at
1,800 rpm. The ultrasound beam, reflected onto the
rotating mirror, creates a 360° real-time image per-
pendicular to the catheter. At focal depth, the axial
resolution of the system is 150 pm and lateral reso-
lution is 200 wm. The radius of penetration is approx-
imately 5 mm. The imaging catheter has a lumen that
accommeodates a 0.014-in. coronary guide wire that
exits the catheter centrally, distal to the transducer,
via a flexible, tapered tip. After full anticoagulation
with 10,000 units of intravenous heparin, the catheter
was introduced through a high-flow 8F guiding cath-
eter (internal diameter, 0.082 in.) over a coronary
guide wire into the left anterior descending or left
circumflex artery. This allows for manipulation of the
ultrasound catheter in a coronary artery in a fashion
similar to coronary balloon angioplasty systems. Sev-
eral segments in each patient (up to four) were
visualized simultaneously with ultrasound and cine
angiography in right anterior obligue caudal projec-
tion. When the ultrasound catheter was in a midcor-
onary segment void of branch vessels, 0.4 mg of
sublingual nitroglycerin was given to the patient.
Ultrasound settings, including receiver gain compen-
sation, compression, and rejection were adjusted at
the time of image acquisition to generate images with
the largest gray-scale range to optimize visualization
of the vessel-lumen interface. Once these settings
were optimized, the imaging catheter was kept in the
same position for 5 minutes to visnalize and serially
measure the induced changes. During this period of
time, the gain settings were not changed. All vessel
images were within the focal zone of the transducer
between 1.5 and 4.5 mm. Each segment served as its

own control. Heart rate was determined from the
electrocardiographic recordings and blood pressure
was monitored during the procedure.

Intravascular Ultrasound Measurements

All recordings were made on 0.5-in. videotape for
subsequent measurement from single-frame images.
Representative sequential frames were digitized on a
512x512x8-bit matrix in 34-frame sequences by an
image processing computer dedicated to echocardio-
graphic analysis (Dextra Medical Inc.). All patients had
heart rates above 60 beats per minute (mean, 85+13
beats per minute), permitting at least one full cardiac
cycle to be digitized for each analysis sequence. Resi-
dent software algorithms for smoothing and contrast
enhancement were used to optimize visualization of
vascular wall layers. The ultrasound measurements
included vessel cross-sectional areas measured by trac-
ing the inner boundary of the coronary artery lumen-
wall interface from a single frame and mean vessel
diameter calculated from the area. In addition, the
combined area of lumen plus intima was measured.
Intimal thickness was measured from the processed
images as the distance from the leading edge of the
luminal echodense band to the leading edge of the
medial band. An index of intimal thickness was calcu-
lated as ([Juminal+intimal area]-[luminal area])/
(luminal+intimal area) (Figure 1). Intimal thickness
index, luminal, and intimal areas were measured every
30 seconds for 5 minutes after administration of nitro-
glycerin. Each arterial segment at the baseline (i.e.,
before nitroglycerin) was used as the standard for
comparison of subsequent change. Intimal thickening
was defined as ultrasound evidence of three vessel wall
layers appearing over greater than 75% of the lumen
circumference. This definition was based on recent in
vitro and in vivo imaging studies that demonstrated that
young nondiseased coronary vessels show a uniform
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FIGURE 3. Images of coronary artery cross section before and after nitroglycerin. Left panel shows cross section of the left
anterior descending artery at baseline before nitroglycerin in a patient studied 1 year after transplantation. Right panel shows the
same cross section visualized 4.5 minutes after administration of 0.4 mg sublingual nitroglycerin (NTG). D, diameter; LA,
luminal area. Perpendicular grid of tick marks is at 0.5-mm intervals.

vessel wall appearance with lack of the characteristic
three layers.* Two ultrasound sites from 10 patients
(n=20) were randomly selected and measured by one
observer at two separate times and once by a second
observer for intraobserver and interobserver variability.
These were expressed as a linear regression between
the two observations and as a percent error derived as
the absolute difference between observations.2s These
results were recently reported.2 An excellent repro-
ducibility was demonstrated, with an interobserver vari-
ability for the mean diameter of 3.3% with a correlation
coefficient of 0.97 and intraobserver variability of 2.7%
with a correlation coefficient of (.98.20

Clinical Characteristics

Analyzed clinical characteristics included duration
of ischemia during transplantation, time from trans-
plantation, and rejection status at the time of the
study. These were correlated with the amount of
nitroglycerin-induced changes.

Data Analysis

Values are expressed as mean+1 SD. Differences
in mean values between groups were compared using
a two-tailed unpaired Student’s ¢ test. Nitroglycerin

responses at different times after administration
were analyzed by two-way analysis of variance
(ANOVA). For significant F ratios, group mean
values were compared using Fisher’s test. A proba-
bility value of less than (.05 was considered to be
statistically significant.

Results
Systemic Hemodynamics
Mean heart rate and systolic blood pressure were
85+13 beats per minute and 137+36 mm Hg before

and 89+13 beats per minute and 122+23 mm Hg
after administration of nitroglycerin.

Vascular Response to Nitroglycerin

End-diastolic cross-sectional area for the whole
group increased from a baseline of 13.1+£3.9 mm? to
a maximum value of 15.8%+3.9 mm*® (24+19%
change). The derived mean diameter increased from
4.0%£0.6 mm to 4.5+0.6 mm (11+8% change). The
increase in luminal area and diameter versus baseline
reached statistical significance (p<0.001) at 1.5 min-
utes and peaked at 4.5 minutes (Figures 2 and 3). No
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FIGURE 4. Plot of mean values for maximal percent change
in luminal area vs. time after administration of nitroglycerin in
six patients with biopsy-proven rejection (solid symbols) and
those 26 patienis without signs of refection on biopsy (open
symbols). The difference in the magnitude of the response was
statistically significant (p<0.03) at 4 minutes.

patient showed evidence of coronary spasm before
nitroglycerin was given. (Also see Table 1).

Six patients had endomyocardial, biopsy-proven
rejection (mild to moderate) at the time of the
studies (four patients were studied within 3 weeks of
transplantation and the other two patients more than
1 year after transplantation). In this group of pa-
tients, the ability to vasodilate was still present
though significantly blunted when compared with
patients without rejection (9% versus 27% for cross-
sectional area, p<0.04; 4% versus 12% for diameter,
p<0.03) (Figure 4).

The vasodilatory response to nitroglycerin was well
preserved among the remaining 26 patients without
biopsy-proven rejection for up to 10 years after
transplantation. However, the seven patients studied
in the nonrejecting group less than 1 month after
transplantation showed a consistent trend toward a
decreased vasodilatory response when compared
with those patients more than 1 year after transplan-
tation, although the difference did not reach statisti-
cal significance (21% versus 29% for cross-sectional
arca, p=0.37; 10% versus 13% for diameter, p=0.36)
(Figure 5). When compared with the four patients
with early rejection, this group of seven patients
without rejection showed a trend toward increased
vasodilatory response, although this did not reach
statistical significance (21% versus 8% for cross-
sectional area, p=0.20; 10% versus 4% for diameter,
p=0.18). In the 19 patients studied more than 1 year
after transplantation, there was no signiticant corre-
lation between the degree of vasodilation and time
since transplantation (R=0.35; p=0.14} (Figure 6A).

Twenty-three patients (72%) showed intimal thick-
ening measurable by intravascular ultrasound (mean,
0.28x0.17 mm) and an intimal thickening ratio of
0.23x0.12. Twenty of these 23 patients (87%}) had no
angiographic evidence of coronary artery disease.
Neither the amount of intimal thickening, as mea-
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FIGURE 5. Plot of mean values for maximal percent change
in luminal area vs. time after nitroglycerin adninistration in
two groups. Patients studied within 3 weeks of transplantation
and those studied more than I year after transplantation are
noted by symbols. Decreased vasodilatory response is implied
but the difference did not reach statistical significance.

sured with intravascular ultrasound, nor the presence
of angiographic disease altered the vasodilatory re-
sponse to nitroglycerin (R=0.23, p=0.34) (Figure
6B). Nitroglycerin response also was independent of
the baseline diameter {R=0.32, p=0.09). This sug-
gests that the response to nitroglycerin was not
primarily influenced by basal tene.

Discussion

Changes in coronary artery response to pharmaco-
logical interventions have been studied with various
technologies, including quantitative angiography,?6-27
intracoronary Doppler catheterization,?%2? transtho-
racic high-frequency (7.5 MHz) echocardiography,
and transesophageal echocardiography.®-#2 Each
technique has limitations, including inaccuracy in
detecting changes in vessel size, limited length of
segments visualized, and need for contrast agents,
Intravascular ultrasound is a recently developed im-
aging modality33-35 with the ability to define and
measure the structural components of the arterial
wall.21.22.3 Prior studies have shown its reproducibil-
ity and variability in measuring wall thickness and
luminal diameters.'%22 Qur group has recently dem-
onstrated a good correlation of intravascular ultra-
sound and quantitative angiography, although intra-
coronary ultrasound measurements were consistently
larger than angiographic values.?? This may be par-
tially related to catheter angulation inside the lumen,
among other factors.2? The present study shows that
intravascular ultrasound can be used to accurately
measure the time course and magnitude of coronary
artery luminal changes in response to nitroglycerin.
These findings demonstrate the potential of intravas-
cular ultrasound as a tool to study epicardial coro-
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TabLE 1. Corenary Lumen Response to Nitroglycerin in 32 Cardiac Transplant Recipients

% Change
Patient age Donor age Time from Index Int th (luminal
Patient {years}) {years) Patient sex Tx {months) Biopsy int th {mm) area)
1 24 20 F 69 - 0.12 13 31
2 20 23 F 48 - 008 010 i
3 47 29 M 36 + 0.35 {1.57 26
4 36 v F <1 + nm nm i3
5 32 16 M 12 - 0.16 0.6 47
6 44 23 F <l - nm THm i6
7 46 27 M 27 - 0.37 .44 47
8 32 20 M 72 - 0.36 0.37 2
9 51 14 M 108 - 0.35 G.45 55
1 31 23 F 27 - (130 (33 36
11 46 21 M 118 - (1.50) .69 19
12 51 it M 48 - 3.21 0.25 32
13 59 31 M 48 - 0.16 0.17 14
14 59 23 M 48 - 0.31 0.45 13
13 47 21 M 12 - 0.26 0.30 25
16 41 43 M =1 + 017 (120 16
17 44 29 M 17 + 0.38 0.45 -5
18 53 22 M 54 - 0.32 .39 24
19 39 33 M <1 - nm nm 9
20 56 37 M <1 - .13 0.11 6l
21 47 25 M <1 - 0.10 0.13 15
22 62 16 F 51 - 0.14 0.15 36
23 53 19 M 15 - 0.14 .18
24 54 33 M 12 - nm nm
25 35 17 M <1 - am nm 22
26 5] 38 M <1 + 0.11 0.12 3
27 45 17 M o0 - 0.10 0.10 41
28 60 21 M <1 - nm nm 14
29 50 41 F 46 - .18 0.24 23
30 52 13 F <1 - nm nm 13
31 47 34 M <] + nm nm 2
32 29 21 M 12 - nm nm 3

Tx, transplant: int th, intimal thickness; F, female; M, male; —, no rejection; +, rejection; nm, nonmeasurable,

nary artery vasomotor responses induced by pharma-
cological interventions.

Coronary Vasomotion in Cardiac Transplants

In normal native ceronary arteries, vasodilatory
response to a number of agents is mediated via the
release of endothelium-derived relaxing factor
(EDRF).*7** Studies from several groups have shown
an abnormal paradoxical vasoconstrictor response to
the endothelium-dependent vasodilator acetylcho-
line in the presence of coronary atherosclerosis.®®
More recently, this same observation of abnormal
acetylcholine responses has been reported in patients
with angiographically normal coronary arteries but
with risk factors for coronary artery disease.'® This
may reflect early atherosclerosis at a stage not detect-
able by angiography or an isolated disturbance of
endothelial function that precedes the development of
atherosclerosis.l® The same vasoconstrictor response

to acetylcholine has been documented in some trans-
plant recipients, showing that by 1-2 years after
transplantation, endothelium-dependent relaxation is
abnormal in the majority of coronary arterics even in
the absence of angiographic disease.>-7 These endo-
thelial defects are probably due to the development of
early atherosclerosis not detected by angiography.s
Recently, Dumeont et al,’* using canine heart trans-
plants, have shown that nitroglycerin elicits its coro-
nary vascdilator effect even in the setting of acute
myocardial rejection. Other studies have shown a
reduction in myocardial perfusion associated with
rejection.’*'* Multiple explanations have been given,
including arteriolar damage and capillary destruc-
tion, vascular spasm, or release of vasoactive sub-
stances elicited by immunological reactivity.!s
Perivessel edema, diffuse hemorrhages, vessel wall
thickening, and lymphocytic infiltration seen on myo-
cardial biopsy reduce lumen diameters and compro-
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FIGURE 6. Panel A: Scatterplot of induced percent changes in luminal diameter and area vs. time after cardiac transplantation.
No significant corvelation is observed. Panel B: Scatterplot of maximal percent diameter change after nitroglycerin vs. intimal
thickness index measured from intracoronary images. No significant correlation is observed.

mise myocardial perfusion. This contributes to the
hypoxia observed with advanced states of rejec-
tion.,1817.3% The correlation observed between the
number and severity of rejection episodes and the
development of accelerated coronary artery discase
may be influenced by these vascular abnormalities,*®

In the present study, transplant coronary arteries
showed a preserved vasodilatory response to nitro-
glycerin several years after transplantation. However,
this vasodilatory response was significantly blunted in
patients with biopsy-proven rejection at the time they
were stodied, and a trend toward a decreased va-
sodilatory response was observed in those patients
studied shortly after transplantation. These attenu-
ated responses might be due to reduced basal tone or
a defect in responsiveness to nitroglycerin. The fact
that nitroglycerin response was independent of the
baseline diameter suggests that it was not primarily
dve to alterations in basal tone. Therefore, a de-
creased sensitivity to nitroglycerin seems to be a
more attractive explanation. The acute iasult of
transplantation, including surgical trauma and isch-
emia caused by graft procurement or myocardial
rejection, may be responsible for the observed abnor-
malities in the endothelium-independent vasodila-
tory response to nitroglycerin. This may also explain
the abnormal response to acetylcholine observed in
some transplant patients shortly after transplantation
and its subsequent recovery.! Our findings, although
limited to a single observation for each patient,
suggest that an abnormally functioning media is
present during rejection and possibly shortly after
transplantation. Thus, interpretation of EDRF-me-
diated responses at the time of myocardial rejection

and shortly after transplantation may be affected by
these changes,

Nitroglycerin is a potent vasodilator that has been
shown to increase the cross-secticnal area of normal
coronary arteries by approximately 20%.!! When ad-
ministered sublingually, a dose of 0.4 mg typically
elicits a maximal vasodilatory response.!? A differen-
tial response to nitroglycerin has been observed, with
smaller vessels showing a relatively greater vasodila-
tion.!? In addition, segments narrowed by atheroscle-
rotic processes commonly dilate after nitroglycerin'2
although demonstrating lower magnitude of dilation
than that observed in nonstenosed arteriat segments. 12
In our study, the magnitude of vasodilation (24% for
cross-sectional area) was similar to that previously
reported using quantitative angiography." The lack of
correlation between the magnitude of vasodilation
and the baseline diameter may be explained by the
fact that only the proximal and midsegments of the
epicardial coronary arteries were visualized. Thus,
vessel dimensions are more homogeneous and bigger
than those reported on other studies using angiogra-
phy, presenting a mean diameter of 4.0+0.6 mm and a
mean cross-sectional area of 13.1£3.9 mm? Brown et
al*2 have shown that atherosclerotically diseased ves-
sels have a dilatory response comparable with nondis-
eased vessels, although in their study, 25% of the
lesions showed no significant reduction in flow resis-
tance after nitroglycerin.

The impact of intimal thickening on vasodilatory
capacity of transplanted coronary arteries is not well
understood. Histopathological studies have demon-
strated that many short-term and virtually all long-term
survivors have significant coronary disease.}43-4 Trans-
plant coronary artery disease of long-term allografts is
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often diffuse, especially affecting the distal vessels,
which may partly explain the failure of arteriography to
measure accurately the severity of graft coronary artery
disease.#-%¢ In this study, we demonstrate that the
degree of intimal thickness, detected by intravascular
ultrasound, does not affect the response (o nitroglyc-
erin. This confirms previous reports showing vasodila-
tion with nitroglycerin even in angiographically evident
atherosclerotic coronary arteries.’742 One limitation of
the present study is that size of the visualized segments
is limited by the catheter size (5F). Thus, only proximal
and midepicardial segments were studied. This limita-
tion is more significant for patients with native coronary
artery disease than transplant recipients because of the
diffuse pattern of coronary artery disease observed in
these patients. The use of intracoronary ultrasound to
measure intimal thickness also has to be interpreted
cautiously because adequate ultrasound resolution of
vessel wall characteristics depends on several factors,
including imaging frequency, system dynamic range,
signal processing, and catheter design. The system used
in this study uses a 30-MHz transducer. It has recently
been shown that the intimal thickness of a coronary
artery needs to be at least 150 wm to be resolved by this
system.2* Although this criteria was convenient to de-
fine intimal thickening in this study, a better definition
of minimal disease is needed.

Clinical Implications

The present study shows that in vivo changes in
coronary artery dimensions can be monitored with
intravascular ultrasound. In cardiac transplant re-
cipients, the vasodilatory response to nitroglycerin
is independent of intirnal thickening, angiographic
evidence of coronary artery disease and time after
transplantation. This capacity to vasodilate indi-
cates preservation of medial smooth muscle func-
tion. However, it also shows that vasodilatory re-
sponse to nitroglycerin is significantly blunted
during rgjection and perhaps shortly after trans-
plantation. These findings may have implications in
the medical management of cardiac transplant re-
cipients, particularly during rejection, when vasodi-
lator responsivencss may be exiremely important
for myocardial function and viability.
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