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ascular Remodeling 1 Year After Cardiac Transplantation
aiyan Li, MD, Koji Tanaka, MD, Ankush Chhabra, MD, Brandy Oeser, MPH, Jon A. Kobashigawa, MD,
nd Jonathan M. Tobis, MD

ackground: The belief that vascular remodeling and intimal hyperplasia are causes of luminal narrowing in
cardiac allograft vasculopathy (CAV) is controversial. This study evaluated the relationship of
vascular remodeling and intimal hyperplasia to luminal narrowing 1 year after orthotopic heart
transplantation.

ethods: Intravascular ultrasound imaging was performed on 190 cardiac transplant recipients at baseline and
again 1 year after transplantation as part of a randomized trial of mycophenolate mofetil (MMF) and
azathioprine (Aza). Studies 1 year apart were matched at 625 sites. All sites were classified into
positive, non-significant and negative remodeling patterns, depending on a change of �10% in
external elastic membrane area. Of the 190 patients, 99 were randomized to receive MMF, and 91
to receive Aza.

esults: A total of 625 sites were observed. Of these, 52% had no remodeling, 25% exhibited vessel dilation,
and 23% had vessel shrinkage in the presence of variable intimal growth (� intimal area: 0.73 � 1.70
mm2, p � 0.0001; 1.23 � 2.02 mm2, p � 0.0001; and 0.20 � 1.40 mm2, p � 0.09, respectively).
Sixty percent of the lumen loss was due to a decrease in external elastic membrane area and 40%
to an increase in intimal area (p � 0.005). Compared with Aza-treated patients, the MMF-treated
patients had a lower incidence of vessel shrinkage (17% vs 28%, p � 0.001), and a trend for smaller
maximum intimal thickness (0.21 � 0.25 mm vs 0.29 � 0.31 mm, p � 0.052).

onclusions: Positive remodeling is associated with intimal growth, but negative remodeling does not correlate
with any specific change in intimal hyperplasia. Constrictive remodeling is more responsible than
intimal hyperplasia for the luminal narrowing that occurs. MMF is more efficacious than azathio-
prine in preventing the development of CAV at 1 year, by reducing the degree and incidence of
vessel shrinkage and the progression of intimal hyperplasia. J Heart Lung Transplant 2007;26:56–62.

Copyright © 2007 by the International Society for Heart and Lung Transplantation.
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ardiac allograft vasculopathy (CAV) is characterized by
iffuse and concentric intimal thickening that may

nvolve all portions of the coronary arteries and veins,
ncluding the intramyocardial branches.1 CAV is the

ajor factor limiting long-term survival of heart trans-
lant recipients.2– 4 After orthotopic heart transplanta-
ion (OHT), 83% of adult patients survive to 1 year and
5% to 3 years post-transplant.5 In the first year after
HT, intravascular ultrasound (IVUS) detects abnormal

ntimal thickening in 50% of recipients.6 Angiography
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etects the presence of CAV in 10% to 20% of recipients
t the first year post-transplant, rising 10% per year to
0% at 5 years.7 There is no definitive treatment to
revent CAV, but current therapies may slow its pro-
ression. Repeat transplantation is the only alternative
or patients with severe diffuse CAV.4,8 Several IVUS
tudies have demonstrated that luminal narrowing is
aused not only by intimal hyperplasia but also by the
hange in the vascular geometry after OHT.9 –15 Vascu-
ar remodeling is known to play an important role in
nfluencing luminal narrowing for native coronary arter-
es and vascular grafts.16 –18 The objective of this study

as to evaluate the relationship of vascular remodeling
nd intimal hyperplasia to luminal narrowing in the first
ear after OHT.

ETHODS
atient Population

randomized, multicenter, double-blind, controlled
rial of mycophenolate mofetil (MMF) in heart trans-
lant recipients was initiated in 1994.19 One hundred
inety patients with evaluable baseline and 1-year IVUS
tudies were analyzed. All patients received cyclospor-

ne and prednisone and were randomized to receive
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ither MMF or azathioprine (Aza). The trial was ap-
roved by the institutional review board of each partic-

pating center, and signed informed consent was ob-
ained from all patients.

VUS Imaging Procedure
uantitative angiography and IVUS imaging were per-

ormed at 1 to 8 weeks and 12 months post-transplantation.
fter full anti-coagulation with heparin 100 U/kg, an 8F
uide catheter was advanced over a guide-wire into the
elected coronary artery. Patients received 0.4 mg of
ub-lingual nitroglycerin and/or 200 �g of intracoronary
itroglycerin before advancing the IVUS catheter. A
0-MHz ultrasound transducer (4.3 Fr, CVIS, Sunnyvale,
A; 3.5 Fr, Hewlett-Packard, Palo Alto, CA) was inserted

nto a distal position of the selected vessel where the
uminal diameter exceeded 2 mm. A manual slow (�30-
econd) pullback was performed from the distal position
o the proximal coronary artery. The catheter location was
ecorded with cine-angiography. IVUS images were re-
orded on s-VHS videotape with voice annotation.

Table 1. Clinical Characteristics in MMF-treated and Aza

Characteristics

Baseline demographics
Recipient age (years)
Recipient female gender
Donor age (years)
Cold ischemic time (hours)
HLA mismatch
Pre-transplant CAD

Risk factors
Cholesterol, mean value during the first year (mg/dl)
Diabetes
Hypertension

Use of medications
Statins
Calcium blockers

Rejection Grade �3A at Year 1

Values are n (%) or mean � SD. Significance ( p-value) assessed
or chi-square tests for categoric data. CAD, coronary artery dise

Table 2. Geometric Features in Three Vascular Remodel

Parameter changes
at Year 1

Expansive remodeling
(n � 159 sites)

MIT (mm) 0.13 � 0.25
IA (mm2) 1.23 � 2.03
EEM area (mm2) 2.91 � 2.00
LA (mm2) 1.67 � 2.54
IA/EEM area (%) 4.69 � 9.88

Values are mean � SD. Significance ( p-value) assessed 1-way A
test. MIT, maximum intimal thickness; IA, intimal area; EEM ar
cross-sectional area stenosis.

ap � 0.001, bp � 0.009 for the comparison with expansive
cp � 0.001, dp � 0.05 for the comparison with expansive re

ep � 0.001, fp � 0.05 for the comparison with no remodeling.
VUS Imaging Analysis

he IVUS tapes were sent to a core laboratory that was
linded to patient treatment. The IVUS images were
igitized using ECHOPLAQUE software (version 2.5, Indec
ystems, Inc., CA). IVUS landmarks, such as side
ranches, calcification, pericardium and cardiac veins,
ere used in matching the sites. Two to four matched

ites from the same artery were chosen using side-by-
ide comparison of the baseline and follow-up images.
hese sites included the left main, proximal, middle and
istal sites of each coronary artery. Frames obtained
uring the diastolic phase of the cardiac cycle were
elected for measurement. The frame with the most
evere intimal thickening from each site was identified
n the first-year IVUS study after OHT. These selected
rames were matched with sites from the baseline IVUS
tudy. Only sites that had clear matching identifiers
ere chosen for analysis. Luminal and vessel contours
ere drawn with the planimetry software on each

ross-sectional view by manually tracing the border

eated Patients

MMF (n � 99) Aza (n � 91) p-value

52.8 � 8.6 50.6 � 10.1 0.11
21 (21.2) 14 (15.4) 0.30

27.7 � 12.2 29.4 � 13.2 0.36
3.1 � 1.0 3.0 � 0.9 0.60

4.64 � 1.16 4.58 � 1.13 0.76
55 (55.6) 41 (45.1) 0.15

212.2 � 34.8 204.2 � 34.0 0.11
49 (49.5) 54 (59.3) 0.17
98 (99.0) 88 (96.7) 0.35

49 (49.5) 42 (46.2) 0.65
77 (77.8) 74 (81.3) 0.55
41 (41.4) 48 (52.7) 0.12

g independent t-test for continuous variables and Fisher’s exact
; HLA, human leukocyte antigen.

Patterns

No remodeling
(n � 325 sites)

Constrictive remodeling
(n � 141 sites)

0.09 � 0.21 0.04 � 0.23d

0.73 � 1.70b 0.20 � 1.40c,f

�0.06 � 0.92a �3.31 � 2.36c,e

�0.80 � 1.91a �3.51 � 2.75c,e

3.71 � 8.75 3.66 � 9.65

A followed by multiple comparisons with the Bonferroni post hoc
external elastic membrane area; LA, lumen area; IA/EEM area,

odeling.
eling.
-tr
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etween the intima and the lumen, and the boundary
etween the media and adventitia. At each site, maxi-
um intimal thickness (MIT), intimal area (IA), external

lastic membrane area (EEM area) and lumen area (LA)
ere measured. Percent area stenosis was defined as

IA/EEM area) � 100%.
The reproducibility of measurement in terms of mean

nterobserver variability was 1.4 � 3.8% for LA and 2.7 �
.3% for EEM area. Therefore, a change of �10% was
hosen to represent a measurable difference of �2
tandard deviations of interobserver variability. Based
n the interobserver value, positive remodeling was
efined as sites with an increase of �10% in EEM area
rom baseline to 12 months; negative remodeling was
efined as sites with a decrease of �10% in EEM area;
o significant remodeling was defined as an absolute
hange of �10% in EEM area.

Figure 1. An example of positive remodelin
Figure 2. An example of negative remodeling.
tatistical Analysis

he mean � standard deviation was calculated for all
umeric data. Comparisons between baseline and follow-
p were determined by paired t-test. The data from
ifferent groups were compared using an independent
-test and 1-way analysis of variance (ANOVA). Differences
mong categoric variables were assessed using the chi-
quare or Fisher’s exact test. A linear regression was used
o describe the correlation between measured variables.
wo-sided p � 0.05 was considered statistically significant.

ESULTS
atient Enrollment

total of 190 de novo cardiac transplant recipients (155
en, 35 women, mean age 51.8 � 9.4 years) were

nalyzed. IVUS imaging was performed on all recipients

EEM area: external elastic membrane area.
EEM area: external elastic membrane area.
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t 1.4 � 0.6 months and again at 12.1 � 0.7 months
fter OHT. A total of 625 sites from 190 arteries (mean
.3 sites per artery) were matched from baseline to 12
onths. The mean donor age was 28.6 � 12.7 years

range 11 to 61 years). IVUS studies were performed on
54 left anterior descending arteries, 29 left circumflex
rteries and 7 right coronary arteries. Of the 190
atients, 99 were assigned to receive MMF, and 91 to
eceive Aza. The patients in the two groups had similar
emographic characteristics (Table 1).

erial Changes in IVUS Parameters

y the first year after OHT, the coronary artery lumen
rea decreased by 5.7% (from 13.59 � 6.40 mm2 at
aseline to 12.81 � 5.90 mm2, p � 0.0001), but the
verage EEM area did not change significantly (from
5.47 � 6.95 mm2 at baseline to 15.43 � 6.93 mm2,
� 0.7). The intimal area increased by 39.6% compared
ith baseline (2.61 � 2.63 mm2 vs 1.87 � 1.92 mm2,
� 0.0001) and the maximum intimal thickness in-

reased by 33.3% (from 0.27 � 0.31 mm at baseline to
.36 � 0.37 mm, p � 0.0001).

ascular Remodeling Patterns

he 625 sites were classified into three vascular remod-
ling patterns depending on the change of �10% for
EM area (Table 2). Of the 625 sites, 325 (52.0%) had no
ignificant remodeling, 159 (25.4%) had vessel enlarge-
ent (positive remodeling; Figure 1), and 141 (22.6%)
ad vessel shrinkage (negative remodeling; Figure 2) in
he presence of variable intimal growth. The average
EM area at baseline was smaller at sites with positive
emodeling than at sites with negative remodeling
14.10 � 5.87 mm2 vs 17.11 � 7.38 mm2, p � 0.001).

ntimal Hyperplasia and Vascular Remodeling

or the 625 sites, the change in EEM area correlated
nly mildly with the change in intimal area (r � 0.21,
� 0.0001). Of the 625 sites, 345 (55.2%) had intimal

rowth of �10% from baseline to 12 months. The
verage increase in intimal area was 1.62 � 1.88 mm2,
n increase of 97.6% over baseline. Of the 345 sites with
ntimal growth, 180 (52.2%) did not show significant
emodeling, 120 (34.8%) exhibited compensatory ves-
el enlargement, and 45 (13.0%) had vessel constriction.

umen Loss or Gain

or the 625 sites, the change in lumen area correlated
ost closely with the change in EEM area (r � 0.81, p �

.0001; Figure 3A), and mildly with the change in intimal
rea (r � �0.41, p � 0.0001; Figure 3B). Of the 625
ites, 227 (36.3%) showed a decrease of �10% in lumen
rea (lumen loss), 125 (20.0%) had an increase of �10%
n lumen area (lumen gain), and 273 (43.7%) had no

ignificant change (absolute percent change in lumen a
rea �10%). In addition, 59.5% of lumen loss was due to
decrease in EEM area and 40.5% to an increase in

ntimal area ( p � 0.005; Table 3). Lumen gain was
aused primarily by an increase in EEM area, whereas
ntimal area did not change significantly.

iscordant Vascular Remodeling Patterns Within the
ame Artery

able 4 describes the relative incidence of remodeling
atterns found within each artery. Only 24% (46 of 190)
f the arteries had the same remodeling pattern at all
ites measured (two to four sites per artery).

MF and Aza

f the 625 sites, 319 came from 99 MMF-treated
atients and 306 came from 91 Aza-treated patients. At
aseline IVUS study, there was no significant difference

n MIT, intimal area, EEM area, lumen area or percent

igure 3. Relationship between the change in lumen area, the change
n EEM area and the change in intimal area. EEM area: external elastic

embrane area.
rea stenosis between the MMF group and the Aza
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roup. At the first year after OHT, the average decrease
n lumen area was 2.4 times greater in the Aza group
han in the MMF group ( p � 0.005; Table 5). The
umulative average percent area stenosis was higher
n the Aza group than in the MMF group at 1 year
p � 0.03). Compared with Aza-treated patients, the
MF-treated patients had a trend for smaller maximal
IT per patient (0.21 � 0.25 mm vs 0.29 � 0.31 mm,
� 0.052).
The distribution in the two groups was different for

he three vascular remodeling patterns, defined as a
hange of �10% for EEM area. The incidence of
egative remodeling was lower in the MMF group
han in the Aza group (17% vs 28%, p � 0.001), and the
ncidence of no significant remodeling was higher in
he MMF group than in the Aza group (57% vs 46%, p �
.006). However, there was no difference in incidence
f positive remodeling between the two groups (26% vs
5%). At those sites with positive remodeling, the
egree of vessel enlargement was higher in the MMF

able 3. Determinants of Lumen Loss or Gain

arameter changes
t Year 1

Lumen loss
(n � 227 sites)

Lumen gain
(n � 125 sites)

A (mm2) �3.51 � 2.46a 2.61 � 1.96a

EM area (mm2) �2.09 � 2.55a 2.75 � 2.30a

A (mm2) 1.42 � 2.27a 0.14 � 1.20

A, intimal area; EEM area, external elastic membrane area; LA, lumen area.
ap � 0.001: baseline compared with the first year after orthotopic heart

ransplantation, by paired t-test.

able 4. Geometric Features in MMF-treated and Aza-treated
atients at Year 1

arameters
MMF

(n � 99 patients)
Aza

(n � 91 patients) p-value

aseline
MIT (mm) 0.26 � 0.29 0.28 � 0.32 0.60
IA (mm2) 1.78 � 1.79 1.97 � 2.05 0.22
EEM area (mm2) 15.40 � 6.76 15.54 � 7.15 0.80
LA (mm2) 13.62 � 6.20 13.57 � 6.61 0.92
IA/EEM area (%) 11.70 � 10.16 12.54 � 11.11 0.33

hanges at Year 1
MIT (mm) 0.08 � 0.20a 0.11 � 0.25a 0.09
IA (mm2) 0.69 � 1.60a 0.79 � 1.91a 0.46
EEM area (mm2) 0.23 � 2.78 �0.32 � 2.60b 0.01
LA (mm2) �0.46 � 2.78b �1.11 � 3.00a 0.005
IA/EEM area (%) 3.27 � 8.19a 4.65 � 10.20a 0.06

t Year 1
IA/EEM area (%) 14.97 � 10.96 17.19 � 14.68 0.03

ean � SD are the average value of all matched sites in each group. p-value
or comparison between MMF-treated and AZA-treated patients by independent
-test. MIT, maximum intimal thickness; IA, intimal area; EEM area, external
lastic membrane area; LA, lumen area; IA/EEM area, cross-sectional area
tenosis.
lap � 0.001, bp � 0.05, baseline compared with one year by paired t-test.
roup than in the Aza group (�EEM area: 3.36 � 2.30
m2 vs 2.43 � 1.47 mm2, p � 0.003).

ISCUSSION

his study has shown that 52% of all sites had no
ignificant remodeling, 25% exhibited vessel enlarge-
ent, and 23% had vessel shrinkage in the presence of

ariable intimal thickening in the first year after OHT.
essel compensatory enlargement is associated with

ntimal growth, but negative remodeling is not directly
inked to any change in intimal hyperplasia at Year 1.
lagov et al originally found from autopsy studies that
uman native coronary arteries enlarge in response to
theroma plaque area.20 Positive remodeling may be a
ompensatory mechanism in the early development of
ative coronary artery disease and CAV that prevents

uminal loss.21–23 This compensatory remodeling is
enerally inadequate to compensate for the effects of
laque growth in recipients.12,14

The ability to undergo compensatory vessel enlarge-
ent in response to plaque formation is dependent on

ntact endothelial function.24 Coronary endothelial dys-
unction has been found in the early post-transplantation
eriod before the development of intimal thickening.25

oronary endothelial dysfunction is an early marker for
he development of intimal thickening and graft athero-
clerosis.26 The prevalence of epicardial endothelial
ysfunction is 30% to 40% in patients during the first
ear post-OHT and persists at long-term follow-up.27 If
ompensatory positive remodeling is influenced by
ndothelial dysfunction in the first year after transplan-
ation, this may explain why �50% of sites did not
nlarge sufficiently in the presence of intimal growth.
n the other hand, adventitial inflammation and subse-
uent fibrosis may inhibit vessel enlargement, and
ause vessel shrinkage.22,28 Progression to symptomatic
AV is in part due to the lack of vessel compensatory
ilation or even shrinkage in the setting of intimal
roliferation.
The relative contribution of vascular remodeling and

ntimal hyperplasia as the cause for luminal narrowing
n CAV is controversial. One study demonstrated that
umen loss in transplant coronary artery disease is a
iphasic process involving early intimal thickening and

able 5. Predictors for Lumen Loss by Multivariate Logistic
egression Analysis

ariable Odds ratio 95% CI p-value

onstrictive remodeling 195.74 25.04–1530.37 �0.001
rogression of intimal
thickening 21.48 2.48–186.29 0.005

I, confidence interval. Significance ( p-value) assessed using the backward
tepwise method (likelihood ratio).
ate constrictive remodeling.13 In the present study we
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ound that 20% of the sites had lumen enlargement of
10% from baseline, and 36% of the sites had lumen

oss of �10% from baseline at Year 1. Lumen enlarge-
ent was associated primarily with an increase in EEM

rea. The contribution to lumen loss was due more to a
ecrease in EEM area than intimal thickening, which
upports the finding by Pethig and colleagues.10 Thus,
n CAV, the change in vessel remodeling is a major
actor influencing the change in lumen area at the first
ear after OHT.
In addition, the discordant remodeling patterns
ithin the same artery seen in 76% of the arteries is in

greement with previous studies.9,15,29 Endothelial
unction may not be uniformly disturbed after cardiac
ransplantation.30 Different vascular remodeling pat-
erns could be observed in the same artery due to
ariable responses of the local vessel and the interac-
ion of systemic immunologic processes with pre-existing
athology.29

The randomized trial that formed the basis of this
VUS core laboratory data showed that MMF, an immu-
osuppressive agent that inhibits cellular proliferation,
as more efficacious than Aza in reducing rejection

pisodes and improving survival among heart transplant
ecipients.19 The present study is an expansion of the
VUS results from that clinical trial. The IVUS data
emonstrate that the MMF-treated patients showed a
rend for lower maximal MIT per patient compared
ith the Aza-treated patients (p-value was borderline,
ost likely due to small sample size). MMF also de-

reased the degree and incidence of vessel shrinkage.
he mechanism of MMF in decreasing the development
f CAV may be due to the inhibitory effects on both

ymphocyte proliferation and smooth muscle cell pro-
iferation.31–33 In addition, the benefit of MMF may
artly contribute to the decrease in systemic inflamma-
ory activity as indicated by reduced levels of highly
ensitive C-reactive protein in MMF-treated patients.34

tudy Limitations

his is not a natural history study of CAV because the
atients were treated with different medications. How-
ver, all studies of CAV are confounded by the multiple
rugs these patients receive. All IVUS images were
erformed with manual pullback of the IVUS catheter
ecause motorized pullback devices were not available
uring the study period. This could lead to difficulty in
atching sites from the baseline and follow-up studies.
owever, the only sites chosen were those with phys-

cal characteristics that could be identified on both
tudies. In addition, automated pullback studies do not
uarantee correspondence between sites based on the
istance from reference markers. This study did not
nalyze the relation between vascular remodeling and

linical characteristics.
In conclusion, in CAV, the vascular remodeling pat-
ern is the major factor influencing the change in lumen
rea at Year 1 after OHT. Vascular remodeling is a
omplex process determined by many factors, and the
athophysiologic mechanisms are not fully understood.
n the first year after cardiac transplantation, vascular
emodeling occurred in 48% of coronary artery sites and
he majority of coronary arteries had discordant vascu-
ar remodeling patterns. When the lumen narrows, the
ontribution from the decrease in EEM area is greater
han that of intimal thickening, whereas lumen enlarge-
ent results primarily from an increase in EEM area,

nd not from regression of baseline intima thickening.
Compensatory enlargement (positive remodeling) is

ssociated with intimal growth, and vessel shrinkage
negative remodeling) is not directly linked to any
hange in intimal hyperplasia. Angiography alone can-
ot distinguish the mechanism of lumen narrowing and

t requires IVUS cross-sectional imaging to clarify these
ssues. These results support the hypothesis that nega-
ive remodeling post-transplantation is due to the in-
ammatory process of CAV. Mycophenolate mofetil
as more efficacious than azathioprine in preventing

he development of CAV by reducing the degree and
ncidence of vessel shrinkage and the progression of
ntimal hyperplasia in the first year after cardiac
ransplantation. (Table 6).

he authors express their appreciation to the Hoffmann–La
oche Co. for making the clinical data available.
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