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Abstract
Background—Naive coronary vessels may appear to have intimal thickening histologically
characteristic of cardiac allograft vasculopathy (CAV). This study appraises the experimental and
clinical impact of this observation.

Methods—Tissue sections from 12 naïve hearts of miniature swine, 13 native porcine hearts of
recipients of heterotopic cardiac allografts, three native human hearts, and 3 human hearts with CAV
were compared with light microscopy and morphometric analysis. Results were also compared with
morphometric data previously gathered from 3 grafts in a standard experimental model of CAV
(rejectors) and 3 grafts harvested from swine rendered tolerant to their donor hearts (chimeras).

Results—In the naïve and native porcine hearts, the prevalence of CAV "mimics” was 0–6.94%
(mean ± s.d. (m) =1.99 ± 1.97%) and 0–7.57% (m=2.97 ± 2.20%), respectively (P=0.12). The
prevalence of CAV in the grafts of porcine rejectors and chimeras was 9.9–14.8% (m = 12.4 ± 2.5%)
and 0.6–4.5% (m = 2.6 ± 2.0%), respectively (P < 0.05). “CAV” in the chimeras was similar in
prevalence to that of the naïve and native hearts. In native human hearts and human grafts, the
prevalence was 1.86–2.00 (m=1.95 ± 0.08) and 9.09–17.50% (m=12.80 ± 4.29%), respectively
(P=0.01).

Conclusions— Smooth muscle bundles inside the internal elastic laminae are similarly prevalent
in human and porcine coronary vasculature. Their histological similarity to intimal thickening of
CAV could lead to an inaccurate distinction between graft tolerance and CAV in clinical, as well as
experimental, studies of heart transplantation.

INTRODUCTION
With the advent of effective immunosuppressive agents, which have reduced the loss of
allografts due to acute rejection, cardiac allograft vasculopathy (CAV) is the chief cause of
allograft failure after the first year of transplantation1–3. Originally observed more than thirty
years ago4, CAV in cardiac allografts is manifest by accelerated, diffuse coronary artery
disease, which has important morphologic differences from native vessel atherosclerosis5.
CAV is characterized as progressive, concentric intimal thickening by donor-derived6,7
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smooth muscle cells and extracellular matrix, leading to severe allograft ischemia and causing
over 50% of late deaths in some transplant centers8.

An experimental large animal model using miniature swine with defined MHC loci (termed
SLA, for swine leukocyte antigens) has been developed by a selective breeding program over
the last 30 years9. This unique model has offered a means of studying the development of CAV
in a MHC-defined manner. As we have previously reported10, the majority of vascular lesions
in this model reveal intimal expansion by α-smooth muscle actin-positive spindle cells and
extracellular matrix. The lesions, at the time of graft failure, typically lack inflammatory cells
and maintain an intact endothelium. The severity and prevalence of CAV have been considered
useful parameters in comparing the effectiveness of different protocols of heart transplantation
(HT) in this large animal model.

In our standardized morphometric analysis of vessels in a harvested graft, 24 tissue sections
are routinely examined. On occasion, we have observed vessels in naïve porcine hearts that
appear to have intimal thickening histologically characteristic of CAV. Furthermore, in some
cases, apparent lesions of CAV were observed in a relatively few number of sections. These
findings led to occasional uncertainty in the diagnosis and quantification of CAV in
experimental allografts, a potentially important caveat in comparing the effectiveness of
various protocols of HT. This study appraises the impact of these observations on our
assessment of experimental CAV and tests for a clinical correlation.

MATERIAL AND METHODS
Animals

Three to four month-old swine with intra-MHC recombinant haplotypes were derived from
spontaneous recombination events during the breeding of heterozygotes as part of the breeding
program11. Genotyping has been controlled by strict pedigree breeding and confirmed by
microcytotoxicity testing with allospecific antisera.

All animal care and procedures complied with the “Principles of Laboratory Animal Care”
formulated by the National Society for Medical Research and the “Guide for the Care and Use
of Laboratory Animals” prepared by the Institute of Laboratory Animal Resources and
published by the National Institutes of Health (NIH publication 86–23, revised 1985).

Non-transplanted animal hearts
An effort was made to quantify the prevalence of vessels with histologic morphology
resembling that of CAV in naive hearts taken from pigs that had undergone no experimental
treatment. Likewise, native (non-transplanted) hearts from recipients of heterotopic porcine
heart allografts were examined similarly to determine any effect of experimental treatment on
the prevalence of CAV mimics.

Twelve hearts of randomly selected, untreated miniature swine (naïve hearts) and 13 orthotopic
hearts (native hearts) of recipients of heterotopic cardiac allografts were harvested at the time
of sacrifice of the animals, which ranged 3–4 months in age. The allograft recipients received
hearts that were transplanted across an MHC matched, minor antigen mismatched barrier (n =
5), an MHC class I barrier (n = 7), or an MHC class II barrier (n = 1). Treatment of these
recipients varied according to seven different experimental protocols.

Cardiac transplantation in animals
Hearts were implanted heterotopically into partially inbred miniature swine, as previously
described12. Briefly, donor and recipient animals underwent general anesthesia,
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heparinization, and preparation for long-term vascular access. The donor pulmonary artery and
aorta were sewn end-to-side to the recipient inferior vena cava and aorta, respectively.
Epicardial pacemaker wires were placed and brought out through the skin. Graft function was
followed daily by direct transabdominal palpation and electrocardiography (EK/5A, Burdick
Corp, Milton, WI). Allografts were harvested when loss of graft function was documented.

Allograft data are from hearts transplanted into two groups of three miniature swine, which
have been described in recent publications. Rejectors were class I disparate allograft recipients
treated with a 12-day course of cyclosporin A (CsA), starting on the day of HT12. A second
group of hearts were transplanted into MHC-matched, minor antigen-disparate recipients made
chimeric to minor antigens by treatment with peripheral hematopoietic progenitor cells (PHPC)
from their respective donors, as described previously13. CsA was given through a gastric tube
one day prior to and continued for 30 days after PHPC infusion. Rejection of skin grafts
documented maintenance of a selectively immunocompetent state in each of the chimeras.

Human hearts
Three native hearts harvested at autopsy were studied to obtain histomorphometric data
comparable to that of the naïve animal hearts. The deceased individuals included 2 males and
1 female, who were 9–18 (mean 13.3) years old. Two of them had myocarditis, and one had
died suddenly with Wolf-Parkinson-White syndrome. Although the hearts examined in this
study were not normal, vascular disease was not an issue in any of the three hearts.

Three cardiac allografts were harvested at autopsy from patients who had succumbed to CAV.
The deceased were three males, who were 49–59 (mean 53.7) years old at the time of death.
One patient was 4 years post-HT, and two were 6 years out.

Histomorphometric analysis
Using an established protocol, three parallel, 0.5 cm thick, cross-sections of heart were sampled
midway between the left atrioventricular groove and apex and parallel to the right
atrioventricular groove. A total of twenty-four sections of myocardium were cut for analysis,
the same representative sections from each of the three slices of heart. In each slice, sections
of left anterior descending, circumflex, and right coronary arteries were taken. Additional
sections included posteromedial and anterolateral papillary muscles, lateral wall of left
ventricle, interventricular septum, and anterior right ventricular wall.

Cardiac tissue obtained at autopsy was fixed in 10% formalin and subsequently embedded in
paraffin. Five-micron, representative histologic sections were cut from paraffin blocks, stained
with hematoxylin and eosin (H&E) and Verhoeff elastic stain and studied by light microscopy.

Morphometry was done to quantify the prevalence and severity of CAV-like morphology.
Cardiac tissue sections were cut in a standardized fashion except in two of the human allografts,
which were cut prior to our established protocol. Each tissue section was scanned with a 10X
objective lens until the entire section was examined. All vessels with intact muscular walls, no
branching distortions, and a clear presence or absence of CAV-like morphology were included
in the study. The morphometric analysis included all vessels showing intimal thickening. These
vessels demonstrated intimal expansion by spindle cells (smooth muscle-like cells), with or
without extracellular matrix, inside the internal elastic laminae. They included epicardial and
myocardial arteries and veins ranging from 20 μm to 2 mm in diameter.

Images of vessels with morphologic features of CAV were captured to a Power Macintosh
7300/200 computer by a Hitachi 3-CCD Color Camera (model HV-C20) attached to a Nikon
Eclipse E600 microscope. With digital imaging (IPLab Spectrum, Signal Analytics
Corporation, Vienna, VA), images were then analyzed by manual color segmentation by
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tracing the endothelial surface (intima), internal elastic lamina, and external elastic lamina of
each vessel that demonstrated intimal thickening. From segmented images, intimal and luminal
areas were computed, allowing calculation of percent stenosis of each vessel lumen. Prevalence
of CAV-like morphology was defined as the percent of vessels with apparent lesions of CAV,
i.e., [number of vessels with CAV-like morphology/number of vessels examined] x 100.
Severity of CAV-like morphology quantified the apparent percent stenoses of involved vessels,
i.e., [intimal area/intimal area + luminal area] x 100. The prevalence and severity reported for
each group represent the mean of prevalences and severities of all animals in each group. The
data were stored digitally.

Statistical analysis
All results are reported as mean ± standard deviation (s.d.). Statistical differences between the
mean values within the experimental and clinical groups were determined by using a Student's
T-test. Scatter plots were derived according to standard methods.

RESULTS
Animal data

Naïve porcine hearts were studied to quantify the prevalence of vessels with morphologic
features of CAV despite the de facto absence of allograft vasculopathy. Native hearts from
recipients of heterotopic allografts were similarly studied to seek evidence that vasculopathy
might somehow be induced by experimental treatment protocols.

In 3444 and 3118 vessels assessed in naïve and native porcine hearts, respectively, the
prevalence of intimal thickening (Figure 1) was 0–6.94% (mean ± s.d. (m) =2.0±2.0%) in the
naïve hearts and 0–7.57% (m=3.0±2.2%) in the native hearts (P=0.12); mean severity was 81.5
±7.5% and 86.4±4.5% (P=0.06), respectively. Hence, the prevalence of vessels with CAV-like
morphology was found to be small but notable, and there is no statistically significant difference
between prevalence and severity of CAV-like morphology in naïve and native porcine hearts.

As we have previously reported13, the prevalence of CAV in 1547 vessels of rejectors and
6195 vessels of the chimeras (Figure 2) was 9.9–14.8% (m=12.4 ± 2.5%) and 0.6–4.5% (m=2.6
± 2.0%), respectively (P<0.05), while the mean severity of CAV in the two groups was similar
(64.8±15.2% and 60.3±9.9%) (P=0.69), respectively). These data are compared with the
prevalence of intimal thickening in a scatter plot in Figure 3. As in the naive and native control
hearts, vascular intimal thickening consisted of smooth muscle cells in a similarly dense pattern
with a random or more regular orientation inside the internal elastic lamina. In addition, there
was a small amount of extracellular matrix, but intimal mononuclear cells were rarely observed.

Interestingly, the prevalence of CAV in the rejectors, in which the experimental protocol is
known not to result in graft tolerance, is more than the prevalence of intimal thickening in the
naïve and native porcine hearts; however, the prevalences of intimal thickening in the naïve
and native porcine hearts are similar to the prevalence of what was considered to be CAV in
the chimeras, in which the treatment protocol does result in graft tolerance. Prior to the current
study, the prevalence of CAV in the chimeras was considered to be relatively low compared
to that of the rejectors. However, the current study suggests that statistically there is no CAV
in chimeras at all.

Human data
To test for a clinical correlation of these experimental data, three native human pediatric hearts
were examined to compare with the data obtained from the naïve and native porcine hearts. Of
1344 vessels in these hearts, the prevalence of intimal thickening (Figure 4) was 1.86–2.00
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(m=2.0 ± 0.1), similar to that in the non-transplanted porcine hearts; mean severity was 48.0
±1.9%.

Likewise, a study of human allografts with documented severe CAV was performed to check
for a distinction between real vasculopathy and a normally variant appearance of intimal
thickening. In 845 vessels assessed in the human grafts, the prevalence of CAV (Figure 5) was
9.1–17.5% (m=12.80 ± 4.3%); mean severity was 72.0±5.0%. As in experimental rejectors,
the prevalence of CAV is clearly higher (P<0.05) than the prevalence of apparent intimal
thickening in the native human hearts (Figure 6). Human and animal data are compared in
Table 1.

DISCUSSION
Principal Findings

To our knowledge, this report is the first to quantify the small but notable prevalence of vessels
in naïve porcine epicardium and myocardium, which have morphologic features of CAV in
experimental heterotopic porcine allograft hearts. Longitudinally oriented cushions of smooth
muscle have been characterized in human coronary arteries as normal14 and as pathologic
findings15–20. They have also been observed in rhesus monkeys and rabbits21–24. In the only
other known report of this finding in porcine coronary arteries, Whelan et al25 described these
“coronary endocardial cushions” in humans as well as seven additional mammalian species
and suggested that these cushions may play a functional role in intramural coronary arterial
blood flow and predispose to ischemic heart disease.

Vessels with these muscular cushions, particularly if they produce a more or less concentric
morphology in cross-section, could clearly mimic histological features of CAV. This study
provides convincing evidence that intimal thickening observed in the naïve miniature swine
hearts and native hearts of recipients of porcine allografts reflect the presence of morphologic
variants of normal coronary arteries, viz., smooth muscle cell cushions inside internal elastic
laminae, that have previously been described in human hearts. The validity of this conclusion
is supported by the prevalence of intimal thickening found in the native human hearts, which
was similar to that of the non-transplanted porcine hearts. As anticipated, we observed no
evidence of intimal smooth muscle cell cushions in veins of naive or native hearts.

The development of severe cardiac allograft vasculopathy in pediatric recipients has recently
been shown to be more common than previously thought26, 27. Because of the relatively young
ages of the experimental animals and human cadavers from which the native (control) hearts
were studied, native vessel atherosclerosis was not observed in these coronary arteries.
Likewise, the typical phenotype of native vessel atherosclerosis was not observed in the human
allografts. Such a finding could have confounded histologic interpretation in our study.
Fortunately, we were able to focus on CAV versus normal smooth muscle cushions as the cause
of intimal thickening.

The second important finding in this study is related to the impact of this morphologic variant
in coronary arteries on the assessment of various models of HT in a large animal model such
as the miniature swine. In retrospect, a very regular arrangement of smooth muscle cells inside
internal elastic lamina is characteristic of longitudinal intimal cushions. We have no reason to
believe that the procedure of transplantation itself alters the morphology of longitudinally
oriented smooth muscle cushions since the neatly regular pattern of smooth muscle cells seen
in some naive and native vessels has also been observed in some vessels of allograft hearts.

However, as illustrated in Figure 1 and Figure 4, in a notable number of vessels in naive and
native hearts, the smooth muscle cells expanding intimae lacked this neatly regular pattern.
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Ignoring this finding could result in a diagnosis of CAV when, in fact, no CAV is present. As
shown in our comparison of morphometric data of the rejectors and chimeras, a cursory
assessment suggests that CAV was present in both groups albeit significantly lower in the
chimeras. On the basis of this study, one could argue that CAV was indeed present in the
rejectors but, in fact, did not reach statistical significance in the chimeras, an assessment which
might alter one’s evaluation of the latter experimental protocol.

Finally, the study indicates that muscular cushions in human coronary arteries can potentially
affect one’s assessment of prevalence of CAV in human grafts. The diagnosis of CAV on a
limited amount of cardiac tissue could be invalidated by morphologic variants of normal
coronary vessels. Furthermore, although intimal thickening of CAV is frequently concentric,
lesions of CAV are not necessarily concentric. Longitudinally oriented smooth muscle
cushions vary in morphology, and, depending on the manner in which a vessel with these
cushions is cut in cross-section, an apparent intimal thickening might be concentric or eccentric.
The importance of taking 10–15 sections of myocardium from allografts at autopsy, i.e., enough
to allow one to assess 100–200 vessels, is clearly established by the findings of this study.
When the prevalence of CAV has then been calculated, one must then adjust for the prevalence
of morphologic variants of normal coronary vessels, based on the assessment of naïve hearts,
before being decisive about the actual prevalence of CAV.

Conclusion
We confirm that longitudinally oriented smooth muscle bundles inside internal elastic laminae,
previously described as a normal variant in human coronary vascular morphology, are also
present in porcine epicardial and myocardial vessels. In histological cross-section, they can
closely mimic intimal thickening of CAV. This occurrence can lead to an inaccurate distinction
between CAV and graft tolerance in experimental protocols of heart transplantation.
Furthermore, because of CAV mimics, a failure to quantify vascular lesions in allograft hearts
at the time of autopsy may result in an erroneous diagnosis and assessment of severity of CAV
in clinical studies as well.
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Figure 1.
Porcine coronary arteries of three naïve (A–C) and three native (D–F) hearts. The vessels reveal
morphologic features of CAV in experimental grafts (elastic stains) (arrows mark internal
elastic laminae). (A–C) Myocardium, x200; (D–E) Myocardium, x600; (F) Epicardium x600.
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Figure 2.
Typical features of CAV seen in two porcine heterotopic allografts (elastic stains) (arrows mark
internal elastic laminae). (A) Myocardium in a rejector’s graft, x200; (B) Myocardium in a
graft from a chimeric recipient, x320.
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Figure 3.
A scatter plot comparing the prevalence of vessels with intimal thickening in the non-
transplanted and transplanted porcine hearts. The prevalence in the grafts of the rejectors is
higher than that of the chimeric animals as well as that of the naïve and native hearts.
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Figure 4.
Human coronary arteries of three native hearts. The vessels reveal morphologic features that
could be confused with those CAV (elastic stains) (arrows mark internal elastic laminae). (A)
Epicardium, 50; (B) Myocardium, x200; (C) Myocardium, 400.
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Figure 5.
Typical features of CAV seen in three human orthotopic allografts (elastic stains) (arrows mark
internal elastic laminae). (A) Epicardium, 100; (B) Myocardium, x100; (C) Myocardium, 200.

Houser et al. Page 12

J Heart Lung Transplant. Author manuscript; available in PMC 2008 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
A scatter plot comparing the prevalence of vessels with intimal thickening in the native human
hearts. The prevalence in the human grafts is higher than that of the native human hearts.
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Table 1
Comparison of prevalence and severity of CAV-like morphology.

Mean Prevalence (%) Mean Severity (%)

Naive pig hearts 2.0 ± 2.0 81.5 ± 7.5
Native pig hearts 3.0 ± 2.2 86.4 ± 4.5
Rejector pig hearts 12.4 ± 2.5 64.8 ± 15.2
Chimera pig hearts 2.6 ± 2.0 60.3 ± 9.9
Human control hearts 2.0 ± 0.1 48.0 ± 1.9
Human allograft hearts 12.8 ± 4.3 72.0 ± 5.0
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