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ABSTRACT

Cardiac allograft vasculopathy (CAV) is a type of coronary artery disease unique to heart
transplant recipients that can result from chronic rejection of the transplanted heart. CAV
is a major cause of morbidity and mortality after the first year of transplantation. Both
immune and nonimmune mechanisms contribute to the initiation and progression of
CAV and result in intimal thickening, fibrosis with luminal stenosis, chronic myocardial
ischemia and eventual graft failure. Recent advances in imaging modalities—including
invasive intracoronary imaging and noninvasive imaging with cardiac positron emission
tomography—have improved the early detection of CAV and may allow for optimization of
CAV-targeted therapies to reduce CAV progression and ultimately preserve graft function.
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INTRODUCTION

Cardiac allograft vasculopathy (CAV), coronary disease
unique to heart transplant recipients, is characterized by
progressive fibroproliferative changes to the coronary
vasculature. Both immune and nonimmune mechanisms
contribute to endothelial damage, vascular fibrosis, and
vascular smooth muscle hyperplasia. This ultimately leads
to luminal stenosis and subsequently myocardial ischemia,
systolic and diastolic dysfunction, and even death.

CAV remains a significant cause of mortality and graft
failure beyond the first year after transplantation, and
progression of CAV portends increased risk for mortality
and the need for heart re-transplantation. Therefore,
early detection of CAV is paramount as modified
immunosuppressive regimens that include antiproliferative
agents can reduce progression of established CAV. Invasive
coronary angiography with intracoronary imaging remains
the gold standard for the diagnosis of CAV. However,
advances in other imaging modalities including cardiac
positron emission tomography and cardiac magnetic
resonance imaging provide noninvasive means to detect
CAV and have technical characteristics that may allow for
early identification of CAV.

59

EPIDEMIOLOGY AND RISK FACTORS

The incidence of cardiac allograft vasculopathy increases
steadily post-transplantation, with an occurrence of nearly
10% at 1 year, 30% at 5 years, and 50% at 10 years after
transplant.! Presence of CAV is associated with lower long-
term post-transplant survival.! Overall, CAV remains a
leading cause of mortality for transplant patients after 1
year, with CAV and late graft failure as the primary cause of
mortality after 5 to 10 years followed by malignancy and
infection.?

Multiple factors influence the development and
progression of cardiac allograft vasculopathy; these
include both immune and nonimmune risk factors.’
Immune risk factors include recurrent cellular and
antibody-mediated rejection, presence of donor-
specific antibodies, and cytomegalovirus infection. Donor-
related risk factors include donor age and ischemia-
reperfusion injury to the transplant heart.* Nonimmune
risk factors include those traditionally associated
with coronary artery disease, including hypertension,
hyperlipidemia, obesity, smoking, and diabetes, all of
which are associated with vascular endothelial cell injury
(Figure 1).°
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Figure 1 Risk factors and treatment of cardiac allograft vasculopathy. Multiple immune risk factors and nonimmune risk factors contribute
to the development and progression of cardiac allograft vasculopathy (CAV), which is defined by intimal hyperplasia due to immune
infiltration and immune signaling/activity, myofibroblast proliferation, and collagen deposition, ultimately restricting coronary luminal
diameter. CMV: cytomegalovirus; mTORi: mammalian target of rapamycin inhibitors (including sirolimus and everolimus); ASA: aspirin;

PCI: percutaneous coronary intervention. Image created with Biorender



Stomberski and Colvin Methodist DeBakey Cardiovasc J doi: 10.14797/mdcvj.1580 60

Due to denervation of the transplanted heart and
incomplete reinnervation, patients may not present with
anginal chest pain despite having myocardial ischemia.
Presenting symptoms may be vague and include
weakness, fatigue, nausea, and abdominal pain. Patients
may ultimately present with clinical heart failure—such
as pulmonary edema, peripheral edema, orthopnea, and
biomarkers of elevated ventricular filling pressures, with
either reduced or preserved left ventricular systolic ejection
fraction. More dramatic presentations may include new-
onset arrhythmia, silent myocardial infarction, and sudden
cardiac death. As such, surveillance imaging to detect CAV
is standard post-transplantation through at least the first
4 to 5 years, although the specific screening modality may
vary depending on individual institutional expertise.

PATHOPHYSIOLOGY

Cardiac allograft vasculopathy is defined by diffuse,
concentric luminal narrowing of the coronary arteries
(and veins) in response to chronic endothelial cell damage,
immune activation, and smooth muscle hyperplasia
and fibrosis. This subsequently leads to transplant graft
ischemia and dysfunction. Autopsy studies and studies
of explanted hearts at the time of re-transplantation
have demonstrated heterogeneous arterial pathology
associated with CAV. In a study of explanted hearts from
re-transplantation  recipients, arteriosclerosis  (intimal
hyperplasia), atherosclerosis, and chronic inflammation
(vasculitis) were found within epicardial arteries and
their branches.® Importantly, these different pathologies
could be found within the same artery or in different
arteries within the same patient, indicating a degree of
heterogeneity of CAV as a disease entity and suggesting
a spectrum of disease. Distinct findings of coronary artery
intimal hyperplasia, inflammation (vasculitis), or intimal
fibrosis were seen at autopsy,’ again indicating a spectrum
of disease within CAV that would dictate different therapies
to target different pathological mechanisms.

The pathogenic mechanisms driving the initiation
and progression of CAV are complex, but ultimately graft
endothelial cells become targets for the activated host
immune system, initiating cellular and humoral immune
responses that drive vascular smooth muscle proliferation
and fibrosis. Immune profiling of coronary arteries with
CAV demonstrated predominantly activated CD4+ Thl
memory cells with high levels of interferon-gamma
(IFN-y) production.t In a murine model of heart transplant,
genetic-mediated or antibody-mediated disruption of
IFN-y prevented vasculopathy, thus providing mechanistic
plausibility for this pathway.® Furthermore, grafting porcine
or human artery segments into immunodeficient mice

and subsequent treatment with IFN-y induced intimal
hyperplasia.’®  Interferon-gamma activates  vascular
smooth muscle cell proliferation via mammalian target
of rapamycin (mTOR), providing mechanistic rationale
for the use of mTOR inhibitors (mTORi) in reducing CAV
progression.t* Ultimately, this work and others suggest a
central role of IFN-y in the pathogenesis of CAV.*?

The role of antibody-mediated immunity (ie,
allosensitization with antibodies against donor proteins) in
the development and progression of CAV is highlighted by
the discovery that transplant recipients with CAV frequently
have antibodies to donor human leukocyte antigen-DR
isotype (HLA-DR) or DQregions as well as otherless common
antigens.” Engraftment of human arterial samples into
immunodeficient mice and subsequent treatment with
HLA antibodies provoked a CAV-like response, even in
the absence of immune cells, suggesting a direct effect
of autoantibodies on vascular smooth muscle cells.**
Additionally, donor-specific antibodies activate NK cells to
produce IFN-y and drive a CAV-like vasculopathy.’> Non-
HLA antibodies may also drive vasculopathy preferentially
in the coronary microvasculature.'® Together, these
results suggest that both cellular and humoral immunity
contribute to CAV pathogenesis in complex ways, and
further understanding of this pathobiology may allow for
targeted molecular therapies to treat CAV.

DIAGNOSIS

BIOMARKERS

The identification of a biomarker that could serve as a
noninvasive or non-imaging-based method for early
detection of subclinical CAV and allow for optimization of
medical therapy to slow progression of CAV would provide
great benefit to the field. To date, no single biomarker to
predict CAV has been adopted into widespread clinical
practice.

Brain natriuretic peptide (BNP) and C-reactive protein
(CRP) are elevated in patients with CAV; however, they are
nonspecific due to other causes of ventricular pressure
overload and inflammation, respectively.'”'* Multiple
microRNAs, including miR-125-5p, miR-92a-3p, and
miR-628-5p, were found to be predictive of CAV as they
represent endothelial and vascular inflammation.2°
Since alloimmunity is central to CAV pathogenesis,
circulating cytokine levels could serve as biomarkers. A
panel of circulating cytokines including IL-4, IL-6, IL-
10, IL-21, IL-23, IL-31, IL-33, tumor necrosis factor
alpha, IFN-y, and soluble CD40 ligand generated a CAV
prediction score that could identify patients at risk for
advanced CAV.?! The clinical utility of this panel is unknown
because it is unclear whether this panel can predict
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early, intervenable CAV, and some cytokines may not be
routinely available in all pathology labs. Serum proteomics
has also identified potential protein biomarkers for CAV.
Fourteen proteins involved in inflammation, apoptosis,
and platelet aggregation/activation were identified in
patients with CAV?%; four of these proteins—intercellular
adhesion molecule-2, peptidylprolyl-isomerase D, SPARC/
osteonectin, cwcv and kazal-like domains proteoglycan
1 (SPOCK1), and N (6)-adenine-specific DNA methyl-
transferase—showed the ability to discriminate for mild-
moderate CAV, suggesting these could be clinically useful
indicators of early, intervenable CAV. Profiling of serum
exosomal proteins may also provide biomarker evidence of
CAV.% Overall, there are currently no biomarkers that have
been assessed in a prospective, randomized trial to guide
targeted therapy to reduce the progression of CAV.

CORONARY ANGIOGRAPHY

Coronary angiography is considered the gold standard for
surveillance and monitoring of CAV and is recommended by
the International Society for Heart and Lung Transplantation
(ISHLT) guidelines.? The ISHLT CAV grading scale is based on
angiographic features and allograft function, ranging from
CAVO to CAV3 with increasing severity by grade (Table 1).
Grading by these standards has prognostic implications,
with higher grades (CAV2-3) imposing greater risk for major
adverse cardiovascular events (MACE).?®> Furthermore, the
presence of angiographic CAV, particularly severe CAV,
portends 5-year major adverse cardiovascular events and
need for re-transplantation.?® Unfortunately, standard
coronary angiography lacks sufficient sensitivity to detect
early CAV, particularly when compared to intracoronary
imaging modalities such as intravascular ultrasound.?”’
Early CAV may include both luminal narrowing from
vascular smooth muscle hyperplasia and fibrosis as well as
outward remodeling that may limit identification of CAV on
standard angiography prior to the development of severe
luminal stenosis.?®

INTRACORONARY IMAGING WITH
INTRAVASCULAR ULTRASOUND AND OPTICAL
COHERENCE TOMOGRAPHY

Intracoronary imaging with intravascular ultrasound
(IVUS) and optical coherence tomography (OCT) have
emerged as invasive imaging modalities to detect CAV.
While intravascular ultrasound received a quideline
recommendation (class 2a) for the assessment of CAV in
select patients,” OCT remains investigational at this time,
although recent data as described below may support the
use of OCT to detect early CAV.

One of the major limitations of coronary angiography is
reduced sensitivity in detecting early CAV due to its inability
to image vessel lumen and vessel wall morphology.
IVUS, however, is able to overcome this limitation, as
demonstrated in a critical study comparing the sensitivity
of IVUS with coronary angiography for identifying CAV. 2.9
In this study, 42 patients with angiographically normal
coronary arteries had moderate-severe intimal thickening
by intracoronary ultrasound, and nearly all patients
had some degree of intimal thickening at 1-year post-
transplantation. These results led to the creation of the
Stanford Classification of CAV by intracoronary ultrasound
(Table 1).

Identification of CAV by IVUS has clear prognostic
implications. Two early trials demonstrated that increased
intimal thickness is associated with major adverse
cardiovascular events and mortality outcomes. Mehra and
colleagues demonstrated that maximal intimal thickness
> 0.5 mm was associated with increased risk for myocardial
infarction, need for revascularization, or sudden cardiac
death,’® even in the setting of angiographically normal
coronary arteries. Similarly, a separate study reported
that intimal thickness > 0.3 mm (measured at a mean
3.1 years post-transplant) was associated with reduced
survival and reduced freedom from cardiac death or re-
transplantation.? Subsequently, a 2005 multicenter study
showed that patients with progression of intimal thickness

CAV SEVERITY ISHLT GRADING BY CA*

STANFORD CLASSIFICATION BY IVUS-
DERIVED INTIMAL THICKNESS**

None/Minimal CAV,: No lesion with normal allograft function

[: <0.3 mmand < 180°

Mild CAV,: LM < 50% or primary vessel < 70% or branch stenosis < 70% with

normal allograft function

II: <0.3 mmand > 180°

Moderate CAV,: LM < 50% and single primary vessel > 70% or at least 2 branch vessels  III: 0.3-0.5 mm or > 0.5 mm and < 180°
> 70% with normal allograft function
Severe CAV,: LM > 50% or 2 primary vessels > 70% or branch vessels > 70% in all IV:>1.0 mmor > 0.5 mm and > 180°

coronary distributions; or CAV, or CAV, with allograft dysfunction

Table 1 Guideline-based grading of CAV by coronary angiography and intravascular ultrasound.

*Adapted from Mehra et al.®’
**Adapted from St Goar et al.”®
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to > 0.5 mm at 1-year (compared to baseline imaging 4-6
weeks post-transplant), were more likely to experience
death or graft failure, non-fatal MACE, or progression to
angiographic CAV,*” and similar results were seen in a
single-center study.” While these trials were conducted in
an era prior to routine use of mMTOR, statin therapy, and
more modern immunosuppressive agents (tacrolimus
and mycophenolate), it is evident that early, progressive
CAV as defined by intracardiac ultrasound is associated
with worse outcomes and requires intensification of CAV-
directed therapy,”* although the exact change in intimal
thickness that defines early, progressive CAV in the modern
immunosuppressive era may need further elucidation.”
OCT is a more recent intracoronary imaging modality
that uses infrared light to image the coronary vessel wall
and demonstrates improved spatial resolution when
compared to IVUS.** OCT can detect early CAV, and one
small study (n=15) suggested an intima/media ratio > 1 as
a cutoff to define abnormal intimal thickening suggestive
of CAV.*> More recently, a single-center study that used
comprehensive  anatomic/physiological  phenotyping
of early post-transplant patients demonstrated that
the presence of fibrotic plaque by OCT was predictive
of progression of CAV at 1-year post-transplantation.®®
Prospective studies are needed to define actionable OCT
parameters and cutoff values that would identify early
CAV and lead to changes in management that lower the
risk of subsequent death, graft failure, MACE, and need
for re-transplantation. OCT generally uses more iodinated
contrast than IVUS, and more centers are familiar with
IVUS than with OCT. As a result, IVUS remains the more
widely used method for invasive intracoronary imaging.

INTRACORONARY PHYSIOLOGICAL ASSESSMENT
Invasive assessment of coronary physiology, including
fractional flow reserve (FFR), coronary flow reserve (CFR),
and index of microvascular resistance (IMR) provides
additional information regarding the physiological
consequences of epicardial CAV and microvascular CAV.*’
Multiple studies have shown that invasive coronary
physiology markers predict progression of CAV and long-
term transplant outcomes.”’”* In the largest, multicenter
prospective trial of intracoronary assessment in CAV,*’
patients with reduced FFR (< 0.80) and evidence of
microvascular dysfunction (IMR > 25 or coronary flow
reserve < 2.0 with FFR > 0.80) were at higher risk of death
or re-transplantation at 10 years.?” A more recent study
showed that IMR predicts the progression of CAV.*® The
results from these trials suggest that early assessment of
coronary physiology may identify patients in which CAV-
targeted therapy may provide long-term benefit; however,
the optimal cutoffs for these parameters may need to

be updated for transplant patients when compared to
nontransplant patients.*’

CARDIAC POSITRON EMISSION TOMOGRAPHY
Cardiac positron emission tomography (cPET) is an
emerging modality for the detection of CAV that uses short-
lived radiotracers combined with pharmacological stress
(typically regadenoson) to evaluate both epicardial and
microvascular coronary physiology.*® Over the past decade,
multiple studies have demonstrated the ability of cPET
to identify CAV and provide prognostic information.”! In
general, studies have found a relationship between stress
myocardial blood flow and myocardial flow reserve and
ISHLT CAV grade by coronary angiography. Reductions in
stress myocardial blood flow and myocardial flow reserve
correlate with more severe CAV by coronary angiography.
Chih et al. compared the performance of cPET with coronary
angiography/IVUS and invasive flow reserve measurements
in 40 patients following transplantation.®” CAV was
identified by IVUS in 80% of patients, and PET markers of
coronary physiology, such as cPET myocardial flow reserve,
correlated with invasive coronary flow reserve. cPET relative
flow reserve (vessel territory) correlated with invasive FFR
and cPET coronary vascular resistance correlated with
invasive index of microcirculatory resistance.* Patients with
IVUS-determined CAV had reduced cPET myocardial flow
reserves, reduced cPET stress myocardial blood flow, and
increased coronary resistance indices,*” and the authors
proposed optimal diagnostic cutoffs for cPET diagnosis of
CAV as myocardial flow reserve < 2.9, stress myocardial
blood flow < 2.3 mL/min/g, and coronary vascular resistance
> 55 mm Hg/mL/min/g.

Additional studies have sought to determine the
prognostic capability of PET for CAV and transplant
outcomes. Bravo et al. showed that using multiple cPET
parameters refined the detection and noninvasive staging
of CAV, and that moderate-severe CAV by cPET imaging is
predictive of MACE.** Konerman et al. demonstrated that
reduced cPET myocardial flow reserve was associated with
MACE at a median follow-up time of 1.4 years, and they
provided further evidence that reduced cPET myocardial
flow reserve and stress myocardial blood flow were
associated with higher CAV stage by invasive coronary
angiography.“s A recent single-center study of patients
with ISHLT stage 0 or 1 CAV who underwent cPET imaging
demonstrated that a myocardial flow reserve < 2.0 was
associated with an increase in death or re-transplantation,
particularly in patients with ISHLT stage 1 CAV.* Finally,
CPET achieves longitudinal monitoring of coronary
physiology parameters such as myocardial flow reserve
and stress myocardial blood flow without the need for an
invasive procedure. Evaluation of longitudinal cPET data
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from 183 heart transplant recipients who underwent 658
CPET studies showed that myocardial flow reserve initially
rises in the first 3 years following transplant and then
declines over time.*® Decline was abrogated by treatment
with mTORi and by higher intensity statin therapy.

Multiple risk factors for decline in myocardial flow
reserve were identified and included acute rejection,
time from transplant, hypertension, diabetes mellitus,
antibody-mediated  rejection, and cytomegalovirus
infection.“®*” Reduced myocardial flow reserve and cPET-
identified epicardial ischemia were predictors of the
composite of death, heart failure hospitalizations, acute
coronary syndrome, need for revascularization, and re-
transplantation. In sum, cardiac PET shows sensitivity
and specificity for the diagnosis of CAV, including early
CAV, and is prognostic for important clinical outcomes
post-transplantation. Additionally, it can be used to assess
response to CAV-targeted therapies. Thus, cardiac PET can
be considered an alternative to invasive testing for the
screening and management of CAV.“® Further studies are
needed to identify the optimal cPET coronary physiology
parameter cutoffs that would indicate the need to intensify
CAV-directed therapy.

Cardiac Magnetic Resonance Imaging

Cardiac magnetic resonance imaging (cMRI) is an
alternative noninvasive imaging modality that can be used
to evaluate CAV.“® Muehling et al. determined that when
left ventricular hypertrophy and/or prior rejection were
excluded, then resting endocardial/epicardial perfusion
ratio > 1.3 could exclude CAV.* However, patients with CAV
were identified by invasive coronary angiography and had
extensive transplant vasculopathy; as such, these cutoffs
may not readily identify mild CAV. Miller et al. showed that
cMRI could detect moderate and severe CAV, as defined
by invasive coronary angiography and IVUS.>? In this study,
reduced myocardial perfusion reserve predicted both
epicardial and microvascular disease (the latter defined
by invasive index of microvascular resistance), although
the ability to detect mild CAV was not assessed. cMRI also
has prognostic implications for CAV. Hughes et al. found
that transplant patients with CAV defined by ISHLT CAV
staging quidelines had progressive myocardial fibrosis
with increasing CAV stage, and that increasing myocardial
fibrosis correlated with mortality and MACE.>! Stress CMRI
may also have predictive value in transplant recipients.”>*
Overall, and when compared to cPET, cMRI presently
lacks the ability to detect early CAV, limiting its use as a
therapeutic target.

Ultimately, the aforementioned work led to ISHLT
guideline recommendations for OCT, cPET, and cMRI in
the detection of CAV (Figure 1).>* Stress echocardiography
and coronary computed tomography angiography (CCTA)

are alternative modalities that can be used to detect CAV
(Table 2). Briefly, dobutamine stress echocardiography has
low sensitivity in the detection of CAV and provides limited
prognostic information.>>>¢ CCTA has adequate sensitivity,
specificity, and negative predictive value to detect
epicardial stenosis > 50% when referenced to invasive
coronary angiography®” but cannot detect microvascular
CAV. Nevertheless, CCTA can be considered as an alternative
to invasive coronary angiography in patients unable to
undergo invasive testing for epicardial disease in vessels >
2 mm in diameter.

CAV PREVENTION AND MANAGEMENT

Preventative strategies to reduce the progression of
CAV include the routine use of statin therapy and the
inclusion of mTORi and mycophenolate mofetil as part
of immunosuppressive therapy (Figure 1). Antiplatelet
therapy with aspirin may reduce the rate of CAV progression
and mortality and is commonly used to prevent CAV
progression.”®®® Antioxidant vitamins (vitamins C and E)
appeared to reduce CAV progression by IVUS at 1 year in
a small cohort of patients; however, whether antioxidant
vitamins change clinical outcomes is unknown.®
Percutaneous coronary intervention and re-transplantation
are options for advanced CAV; however, their outcomes are
generally unfavorable, as detailed below.

STATINS AND OTHER LIPID LOWERING
THERAPIES

Two clinical trials and their follow-up studies have shown
benefits of statins to reduce CAV incidence. Pravastatin
initiated early after transplant improved survival and
lowered incidence of CAV at 1 year;® this effect extended
to 10 years despite crossover of patients from placebo to
pravastatin, indicating that early treatment with statins
has a durable, positive impact on CAV progression.®
Simvastatin  showed similar reduction in mortality at
4 years,® with preservation of effect at 8 years.”> Two
retrospective analyses of statin intensity and incident
CAV failed to show that higher intensity statin therapy
reduces CAV incidence.®>®” The optimal low-density-
lipoprotein cholesterol goal (LDLc) is unclear, although
one retrospective study suggests that LDLc < 100 mg/dL
is associated with reduced CAV incidence.®® Proprotein
convertase subtilisin/kexin type 9 inhibition, in addition
to statin therapy after transplant, lowered LDLc levels by
approximately 50% but did not change intimal thickness
at 1 year, suggesting that aggressive LDLc lowering does
not necessarily improve CAV incidence or progression.®
Taken together, current data on lipid lowering therapies
to reduce CAV support use of statins to lower LDLc and
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MODALITY ADVANTAGE DISADVANTAGE GUIDELINE GUIDELINE
INDICATION* RECOMMENDATION*
Invasive
Coronary angiography Widely available Low sensitivity for early CAV  Diagnosis and grading Class 1
Traditional gold standard for  Todinated contrast based on ISHLT
epicardial CAV Procedural risk guidelines
Intravascular ultrasound Improved detection of early Moderate resolution Early detection of donor-  Class 2a
CAV (compared to OCT) derived CAD and early
Vessel anatomy Increased cost progressive CAV
Procedural risk
Optical coherence Improved detection of early Additional iodinated Early detection of donor-  Class 2a
tomography CAV contrast derived CAD
Detailed vessel anatomy Increased cost
with highest resolution Procedural risk
Coronary physiology Improved sensitivity for Increased cost and time Intracoronary flow to Class 2a
small vessel CAV Procedural risk detect small vessel CAV
Noninvasive
Cardiac positron emission  Lower radiation than Lower availability than Noninvasive detection of  Class 2a
tomography coronary angiography other modalities CAV and prognostication
No iodinated contrast Requires expertise for
Accuracy to diagnose interpretation
moderate-severe CAV, and
possibly early mild CAV
Cardiac magnetic No radiation or iodinated Low sensitivity for mild CAV  Noninvasive detection of ~ Class 2b
resonance imaging contrast Lower availability than CAV and prognostication
Accuracy to diagnose other modalities
moderate-severe CAV Requires significant
Early detection of expertise for interpretation
myocardial fibrosis Gadolinium-based contrast
may be discouraged in ESRD
Stress echocardiography Widely available Low sensitivity for the Prognostication Class 2a
Low cost detection of CAV
No radiation or iodinated
contrast
Coronary computed Alternative to ICA for No information on small CAV detectionin>2mm  Class 2a

tomography angiography

epicardial disease

Able to detect moderate-
severe CAV

vessel disease

Requires lower heart rate
for optimal images

Todinated contrast

epicardial vessels

Table 2 Imaging modalities for the detection of cardiac allograft vasculopathy.

*Based on the 2023 ISHLT guidelines for the care of heart transplant recipients;>* CAD: coronary artery disease; CAV: cardiac allograft

vasculopathy; OCT: optical coherence tomography; ESRD: end-stage renal disease; ICA: invasive coronary angiography

access immunomodulatory effects of statins. Additional
randomized, prospective studies are needed to determine
optimal LDLc goal and whether high intensity statin therapy
benefits CAV prevention when initiated early.

mTOR INHIBITION
Mammalian target of mTORi (such as everolimus and
sirolimus) are antiproliferative agents that reduce

immunoproliferation as well as fibroblast and smooth
muscle cell proliferation, which can ultimately reduce
CAV incidence and progression. In a randomized trial
comparing everolimus to azathioprine, everolimus reduced
the incidence of vasculopathy and intimal thickness by
intracoronary ultrasound.”” Slower increase in intimal
thickness by intracoronary ultrasound was confirmed in a
later clinical trial comparing everolimus to mycophenolate
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mofetil.” Similar results, including reduced CAV incidence
and intimal and medial thickness by intracoronary
ultrasound, were demonstrated with sirolimus compared
to azathioprine.”? Additionally, sirolimus has been shown
to reduce progression of established CAV.”>’* mTORi have
a narrow therapeutic window, and their use is limited by
renal dysfunction, impaired wound healing, effusions,
interaction with calcineurin inhibitors, proteinuria, and
cytopenias. Despite this, mTORi may be beneficial in
the prevention of CAV progression and are one of very
few agents shown to prevent progression. Indeed, early
conversion to sirolimus reduced CAV progression and
lowered long-term transplant mortality without significant
or limiting side effects compared to continued treatment
with tacrolimus.”

PERCUTANEOUS CORONARY INTERVENTION
AND RE-TRANSPLANTATION

Percutaneous coronary intervention (PCI) with balloon
angioplasty with or without stent placement is an option
for severe vasculopathy with focal disease. Angioplasty has
a high immediate success rate and may be beneficial in
patients without significant distal arteriopathy.’® Stenting
is safe and generally well-tolerated in CAV.””-”° Drug-eluting
stents are generally preferred to bare metal stents.®°PCI is
considered palliative even when there is an obvious focal
lesion amenable to angioplasty and stent placement, as
outcomes remain poor for patients with CAV who require
PCL# Re-transplantation is definitive therapy for CAV;
however, survival following re-transplantation is inferior to
primary heart transplant.t2#* Yet, patients undergoing re-
transplant for CAV have greater 1-year survival than those
re-transplanted for other reasons,® and re-transplant
may be superior to medical management in patients
with systolic dysfunction due to CAV.** Indeed, Goldraich
et al. demonstrated that patients with severe CAV who
underwent re-transplantation faired similarly to those who
were maintained on medical therapy alone, and subsequent
subgroup analysis suggested a mortality benefit in patients
with severe CAV and systolic dysfunction. Therefore, the
current ISHLT guidelines recommend consideration for
re-transplantation in patients with ISHLT severe CAV and
concomitant systolic dysfunction.**

MANAGEMENT OF VENTRICULAR ARRHYTHMIA
AND SUDDEN CARDIAC DEATH

Risk of sudden cardiac death (SCD) due to ventricular
arrhythmia or pulseless electrical activity is increased
in patients with CAV. Patients with severe CAV and graft
dysfunction had a 5.4% risk of SCD 2 years after the

diagnosis of CAV, while those without graft dysfunction
had a 3.2% risk of SCD in the same time period.®
Treated rejection increased the risk to 4.9% in patients
with normal graft function and 8% in those with graft
dysfunction. Despite this, the benefit of implantable
cardioverter-defibrillators (ICDs) in patients with CAV,
particularly for primary prevention, is unclear, and there
is little evidence to support routine use of ICDs in this
population. A retrospective analysis of heart transplant
recipients who received ICDs showed that CAV was present
in all patients that received appropriate ICD treatment
for ventricular tachycardia or ventricular fibrillation,®
suggesting that CAV and associated ischemia predisposes
patients to ventricular arrhythmias that can terminate
with appropriate ICD therapy; however, no prospective
trials have evaluated whether routine use of ICDs would
improve outcomes in patients with CAV. Thus, current
ISHLT quidelines recommend consideration for ICD
placement only when severe CAV with systolic dysfunction
is present and there is a chance for meaningful longevity
(ie, > 1 year).>*’

CONCLUSIONS AND FUTURE DIRECTIONS

Cardiac allograft vasculopathy remains a significant
limitation to long-term heart transplant survival. Over
the last decades, significant advances have been made
in both invasive and noninvasive diagnosis of CAV,
particularly early CAV where patients are most likely
to derive benefit from current and future CAV-targeted
therapies. Additional prospective studies that incorporate
novel invasive and noninvasive diagnostic modalities to
determine the ideal initiation of CAV-directed therapy
(ie, introduction of mTORi as part of immunosuppressive
strategy) are needed. Our current diagnostic algorithm
for CAV screening and management is presented in
Figure 2. Ultimately, therapies to prevent and treat CAV
remain limited. Targeting novel pathways in CAV such
as the endothelin-1 pathway (NCT05373108), using
photopheresis for CAV (NCT06899828, NCT04226521),
or using targeted genetics to guide treatment
(NCT02082821) may provide novel approaches to CAV
management. As understanding of the pathological
mechanisms within the immune system, endothelium,
and vascular smooth muscle that drive CAV improves,
new therapeutic approaches such as CRISPR/Cas9, siRNA,
device-based therapies, and novel pharmaceuticals may
become available to prevent or treat CAV and improve
long-term heart transplant outcomes.
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Surveillance for CAV post-transplantation

Heart Transplantation

Consider coronary

............... > angiogram with IVUS at

4 weeks - 3 months for
donor-derived CAD*

" . ISHLT Grade 0 Baseline coronary
CLHMPEREHURGEEIVEN | angiogram with IVUS at Consider mTOR inhibitor
and immunosuppression Stanford 1 year post-transplant
Classification 1 Optimize statin and

immunosuppression
ISHLT Grade 1-3

Consider PCI for focal
Stanford symptomatic lesions
Classification 2-4
Continued serial imaging with
coronary angiography +/- IVUS or

Annual cardiac PET for Ischemia Coronary angiogram cardiac PET
ischemia and +-IVUS
myocardial flow reserve Reduced
myocardial flow
reserve

Special Considerations
1. Clinical symptoms or change in cardiac function by echocardiography should prompt
coronary angiogram or cardiac PET
2. Coronary angiogram should be performed 6 months after PCI

3. Stress cardiac MRI or stress echocardiography are used in patients unable to
undergo cardiac PET imaging or coronary angiography
4. Patients with eGFR < 45 mL/min/1.73m? should undergo non-invasive studies
without contrast when able

Figure 2 Diagnostic algorithm for the surveillance of cardiac allograft vasculopathy (CAV) post-transplantation. This is an adaptation

of the CAV surveillance protocol at our institution. Following heart transplantation, CAV screening typically starts at 1-year post-
transplantation with coronary angiography with IVUS to assess for early CAV. Early coronary angiography between 4 weeks and 3
months post-transplantation can be considered if there are risk factors for donor-derived coronary artery disease. For patients with
ISHLT grade 0 or Stanford classification 1 CAV (see Table 1), optimization of statin therapy and immunosuppression is preferred. These
patients are screened for progression of CAV with serial noninvasive imaging, such as cardiac PET (alternatives include cardiac MRI or
stress echocardiography, depending on institutional expertise). If serial cardiac PET imaging reveals ischemia or reduced myocardial
flow reserves, patients undergo coronary angiography with or without IVUS. When ISHLT grade 1-3 or Stanford classification 2-4 CAV is
detected, mTOR inhibition is considered, PCI may be performed for symptomatic, focal, lesions, and serial imaging is continued with either
coronary angiography or cardiac PET imaging. Certain special considerations are listed above. CAV: cardiac allograft vasculopathy; IVUS:
intravascular ultrasound; ISHLT: International Society for Heart and Lung Transplantation; PET: positron emission tomography; mTOR:
mammalian target of rapamycin; PCIL: percutaneous coronary intervention. Image created with Biorender

KEY POINTS COMPETING INTERESTS

* Cardiac allograft vasculopathy (CAV) is a leading cause
of graft loss and mortality after heart transplant.

+ Coronary angiography remains the gold standard for
detection of CAV yet lacks sensitivity to detect early
CAV.

* Cardiac positron emission tomography with functional
testing demonstrates sensitivity and specificity for the
diagnosis of CAV, is prognostic for important clinical
transplant-related events, and can potentially serve as
a therapeutic target.

* Statins are the only therapy shown to reduce mortality
and progression of CAV in a randomized clinical trial.
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