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SUMMARY

Cardiac allograft vasculopathy (CAV) is an accelerated form of coronary
artery disease that affects long-term outcomes in heart transplant (HTx)
patients. We prospectively evaluated the feasibility of coronary computed
tomography angiography (CCTA) for the detection of CAV during clinical
implementation at our center. All consecutive HTx patients >4 years post-
transplant were actively converted from myocardial perfusion imaging to
CCTA for the annual assessment of CAV. Between February 2018 and May
2019, 129/172 (75%) HTx patients underwent a CCTA. Renal impairment
(n = 21/43) was the most frequent reason for patients could not undergo
CCTA. CCTA image quality was good–excellent in 118/129 (92%) patients,
and the radiation dose was 2.1 (1.6–2.8) mSv. CCTA showed obstructive
CAV in 19/129 (15%) patients. Thirteen (10%) patients underwent addi-
tional tests, of which 8 patients underwent coronary revascularization
within 90 days of CCTA. After 1 year, 3 additional coronary angiograms
were performed, resulting in one revascularization in a patient with known
severe CAV who developed ventricular tachycardia. One myocardial infarc-
tion after coronary stenting and 2 non-cardiac deaths were observed.
CCTA can be successfully implemented for routine detection of CAV with
good image quality and low radiation dose. CCTA allows CAV evaluation
with the limited need for additional invasive testing.
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Introduction

Cardiac allograft vasculopathy (CAV) is a major chal-

lenge for successful long-term outcomes in heart trans-

plant (HTx) patients and accounts for 1 in 8 deaths

after the first year post-transplantation [1]. CAV is

characterized by diffuse coronary wall thickening which

progresses to obstructive coronary lesions and

consequently leads to ischemic events, heart failure,

arrhythmias, and sudden cardiac death [2]. Routine
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surveillance of coronary arteries by invasive coronary

angiography (ICA) is recommended due to the often

silent progression of CAV in denervated transplanted

hearts [3]. However, ICA is uncomfortable due to its

invasive nature with accompanying procedural risk for

complications [4]. Therefore, noninvasive imaging

modalities such as coronary computed tomography

angiography (CCTA) have been proposed as alterna-

tives. CCTA visualizes both the coronary lumen and

wall with high sensitivity (86% to 89%) and specificity

(89% to 99%), but has not yet been widely adopted due

to concerns about potential lower image quality and

higher radiation dose associated with the relatively high

heart rates often encountered in HTx patients [5]. How-

ever, technical advances including increased detector-

row coverage, decreased rotation time, and iterative

reconstruction algorithms have improved the image

quality of CCTA in patients with elevated heart rates

[6,7]. Therefore, CCTA has become a more attractive

alternative to ICA for the detection of CAV with more

ease for the patient and logistics at a lower cost and

could be used as gatekeeper to ICA. This has prompted

us to implement routine CCTA for the annual detection

of CAV in HTx patients at our center. In the present

article, we describe our experience during the first

15 months of implementation in clinical practice and

evaluate the feasibility of CCTA as the first-line test for

CAV detection.

Materials and methods

Study population

This prospective observational study assessed the clinical

implementation of CCTA for the routine detection of

CAV in HTx patients at the Erasmus Medical Center

over a 15-month period between February 15, 2018 and

May 15, 2019. Routine surveillance of CAV at our cen-

ter was previously performed by ICA in the first and

fourth year after HTx and annually by myocardial per-

fusion imaging (MPI) by single photon emission com-

puted tomography (SPECT), followed by an ICA if

myocardial ischemia was present, after the fourth year

post-transplantation. All HTx patients are seen at the

outpatient clinic in our hospital at least twice a year.

Each visit includes a detailed clinical history, extensive

blood laboratory tests, medication review, and an imag-

ing test for CAV once every year. Extensive and struc-

tured clinical letters of each clinical visit are stored in

the electronic medical record of each patient. All con-

secutive HTx patients who were at least four years post-

transplantation and scheduled for annual routine

follow-up at our center were actively converted from

undergoing SPECT MPI to CCTA as the first-line test

for CAV detection if logistically feasible. Exclusion crite-

ria to convert to CCTA were renal failure (glomerular

filtration rate <45 ml/min/1.73 m2 prior to March 15,

2018 and <30 ml/min/1.73 m2 after March 15, 2018 as

our institutional protocol for prevention of contrast

nephropathy was changed) or known allergy for iodi-

nated contrast agents. For the purpose of this study,

clinical characteristics including patient demographics,

CAV scores, and medication use were obtained from

local registries and medical records of the most recent

outpatient visit. Consequently, none of the HTx patients

was included twice. This study was conducted in accor-

dance with the Declaration of Helsinki and approved by

the local Ethical Committee of the Erasmus Medical

Center (MEC-2017-421).

Cardiac computed tomography

All scans were performed on second- or third-

generation dual-source CT scanners (Somatom Defini-

tion Drive or Force, Siemens Healthineers). A non-

contrast-enhanced scan was performed to calculate the

coronary calcium score according to the Agatston

method [8]. CCTA examinations were performed fol-

lowing normal clinical routine for CCTA [9]. Patients

received sublingual nitroglycerin before CCTA and if

indicated (heart rate ≥70/min) intravenous beta-

blockers up to the dose approved by the transplant car-

diologist that requested the CCTA. A prospective elec-

trocardiographically triggered scan mode was used, with

an exposure window during diastole and/or systole

depending on the heart rate. Tube current and tube

voltage were selected semi-automatically based on body

size. A test bolus acquisition was performed using 10–
15 ml of contrast medium (Iopromide 37 mg/ml, Bayer,

Germany), followed by a 20-ml saline chaser. For the

CCTA, a contrast bolus of 50–70 ml was used, followed

by a 25-ml saline chaser. Images were reconstructed

with a medium smooth kernel, slice thickness of

0.6 mm, and an increment of 0.3 mm. The CCTA scans

were assessed by an experienced cardiovascular radiolo-

gist with extensive (>10 years) experience in cardiac

imaging and reported according to a standardized pro-

tocol. The standardized protocol included the following

items: (1) CCTA image quality according to a 4-point

Likert scale: 1 non-diagnostic; 2 moderate image qual-

ity, differentiation of coronary artery wall possible with

reduced confidence; 3 good image quality, minimal
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artifacts without limiting coronary artery wall differenti-

ation; 4 excellent image quality, no artifacts present and

clear differentiation of the coronary artery wall; (2)

stenosis grading per vessel, including those with coro-

nary stents: no stenosis, stenosis <50%, stenosis ≥50%;

(3) assessment of incidental findings on a large field of

view reconstruction that included all the lungs and the

chest wall. CCTA-based CAV score was determined

based on the International Society for Heart and Lung

Transplantation CAV grading scale for ICA where the

stenosis threshold was defined as ≥50% stenosis instead

of 70% in accordance to the guidelines of the Society of

Cardiac Computed Tomography.

Clinical outcomes

Clinical outcomes through 90 days and 1-year post-

CCTA were collected including performance of addi-

tional tests for coronary ischemia, medication use, coro-

nary revascularization, and the occurrence of major

adverse cardiac events defined as cardiac and non-

cardiac death, nonfatal myocardial infarction, and

unstable angina requiring revascularization. In general,

patients with a stenosis >50% on CCTA or with new

symptoms suspect for coronary ischemia were consid-

ered for additional coronary tests. To determine the

impact of CCTA findings on the prescribed medication,

the treating clinical physician indicated whether a medi-

cation change was initiated based on the CCTA find-

ings.

Statistical analysis

Data are presented as mean � standard deviation, med-

ian with 25th–75th percentile, and totals with percent-

ages where appropriate. A 2-sided p-value of <0.05 was

considered statistically significant. Statistical analyses

were performed using SPSS (version 25, IBM Corp).

Results

Study population

A total of 129 out of 172 (75%) HTx patients scheduled

for noninvasive imaging for the detection of CAV

underwent a CCTA (Fig. 1). Renal impairment was the

most frequent reason why patients could not undergo

CCTA (21 out of 43 (49%) patients), followed by

known iodine contrast allergy (9 out of 43 (21%)

patients). In 7 out of 172 (4%) patients, the new rec-

ommendations were not followed, including 6 patients

who did not receive a CCTA because of the clinical

preference of the physician to perform a SPECT MPI in

patients with known severe CAV (n = 5) or angina

symptoms (n = 1) and one patient who was on

hemodialysis without residual diuresis who did receive a

CCTA for logistical reasons. Patients who underwent a

CCTA were 55 (43–64) years, 11 (8–17) years post-

transplantation, 65% were male, and 13% had prior

percutaneous coronary interventions (Table 1). One

hundred and eleven out of 129 (86%) patients used

Figure 1 Flowchart of all HTx patients scheduled for annual routine follow-up. CCTA: coronary computed tomography angiography; HTx:

heart transplantation; MPI: myocardial perfusion imaging.
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statins and/or other lipid-lowering medication, all

patients used calcineurin inhibitors, 88 (68%) patients

used steroids, 48 (37%) patients used mycophenolate

mofetil, and 27 (21%) patients used mammalian target

of rapamycin receptor inhibitors.

Cardiac computed tomography

Cardiac CT was performed with a second- or third-

generation dual-source CT scanner in 37 (29%) and 92

(71%) patients, respectively (Fig. 2, Table 2). The total

radiation dose for the entire scan (including both coro-

nary calcium scan and CCTA) was 2.1 (1.6–2.8) mSv

when a conversion factor of 0.014 mSv/mGy/cm was

used and 3.8 (2.9–5.3) mSv when a conversion factor of

0.026 mSv/mGy/cm was used. No severe allergic reac-

tions to contrast or newly diagnosed renal failure were

observed after CCTA. The coronary calcium score was

calculated in all patients without prior percutaneous

coronary intervention (112 of 129 (89%) patients) and

showed a median calcium score of 5 (0–77) and no

detectable calcium (score 0) in 51 out of 112 (40%)

patients. The CCTA image quality was good or excellent

in 118 (92%) patients, moderate in 9 (7%) patients,

and non-diagnostic in 2 (2%) patients due to incorrect

timing of contrast arrival. Patients with non-diagnostic

image quality on CCTA were planned for SPECT MPI

at their next outpatient clinical visit. The mean heart

rate prior to the CCTA was 84 � 15/min and 29 (22%)

had a heart rate <70/min. In 82 out of 100 (82%)

Table 1. Baseline patient characteristics.

Total number of patients, n 129
Age, years 55 (43–64)
Recipient gender, % male 84 (65%)
Reason for transplantation
Ischemic heart disease 36 (28%)
Other 93 (72%)

Time since heart transplantation, years 11 (8–17)
Recipient age at transplant, years 43 (28–52)
Diabetes mellitus recipient prior heart transplant 8 (6%)
Donor age, years 39 (23–49)
Donor gender, % male 56 (43%)
Active cytomegalovirus within first year post-transplant 26 (20%)
Total cellular-mediated rejection periods per patient 1 (0–2)
Total antibody-mediated rejections periods per patient 0 (0–0)
Body mass index, kg/m2 27 (24–29)
Diabetes mellitus 41 (32%)
Insulin use 14 (11%)
Hypertension 103 (80%)
Smoking
Current 3 (2%)
Previous 42 (33%)
Never 84 (65%)

Prior percutaneous coronary interventions 17 (13%)
Blood creatinine, µmol/l 107 (88–130)
Glomerular filtration rate CKD-EPI, ml/min/1.73m2 62 (48–79)
Left ventricular ejection fraction <50% 5 (4%)
Statin and/or Ezetimibe use 111 (86%)
Thrombocyte aggregation inhibitors and/or oral coagulant use 121 (94%)
Current immunosuppressive regimen
Calcineurin inhibitors 129 (100%)
Steroids 88 (68%)
Mycophenolate mofetil 48 (37%)
Mammalian target of rapamycin receptor inhibitors 27 (21%)
Purine antagonists 3 (2%)

Continuous data are presented as median with 25th–75th percentiles and categorical data as number of patients with percent-
ages. CCTA: coronary computed tomography angiography.
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patients with a heart rate ≥70/min, beta-blockers

(5.0 mg (5.0–7.5 mg) intravenous metoprolol) were

administered to reduce to heart rate from 90 � 12/min

to 77 � 10/min, which resulted in an overall mean

heart rate during CCTA of 75 � 11/min. No severe side

effects from beta-blockers including conductions

(a) (b) (c) (d) (e) (f)

Figure 2 A case example of severe CAV in a 63-year-old man 29 years after HTx. The right coronary artery showed intermediate stenoses in

the proximal and distal segments on ICA (a) and CCTA (b). The left anterior descending artery showed an intermediate stenosis in the middle

segment on ICA (c) and CCTA (d). The circumflex artery showed severe stenosis in the distal segment on ICA (e) and CCTA (f). CAV: cardiac

allograft vasculopathy; CCTA: coronary computed tomography angiography; HTx: heart transplantation; ICA: invasive coronary angiography.

Table 2. Cardiac CT findings.

Total number of patients, n 129
Scanner type
Second-generation dual source 37 (29%)
Third-generation dual source 92 (71%)

Median radiation dose, mSv* (conversion factor 0.014 mSv/mGy/cm) 2.1 (1.6–2.8)
Median radiation dose, mSv* (conversion factor 0.026 mSv/mGy/cm) 3.8 (2.9–5.3)
Agatston calcium score 5 (0–77)
0 51 (40%)
1–100 36 (28%)
101–400 19 (15%)
>400 5 (4%)
Stent in situ 17 (13%)
Unknown 1 (1%)

Image quality of CCTA
Excellent 66 (51%)
Good 52 (41%)
Moderate 9 (7%)
Non-diagnostic 2 (2%)

CCTA
Normal† 80 (62%)
Non-obstructive 30 (23%)
Obstructive 19 (16%)
One-vessel 15 (12%)
Two-vessel 2 (2%)
Three-vessel 2 (2%)

CCTA—CAV classification‡

0—none 76 (59%)
1—mild 27 (21%)
2—moderate 13 (10%)
3—severe 13 (10%)

Continuous data are presented as median with 25th–75th percentiles and categorical data as number of patients with percent-
ages. CCTA: coronary computed tomography angiography.

*4 missing values.
†7 patients had a stent in situ but no other evidence of CAV on CCTA.
‡According to the International Society of Heart and Lung Transplantation (ISHLT) with a cutoff value of >50% for obstructive
stenosis.
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disorders or hypotension were observed. In patients that

did not receive beta-blockers when indicated, this was

due to logistics (n = 14), pacemaker-based rates ≥70/
min (n = 2), hemodialysis (n = 1), or patient refusal

(n = 1).

Coronary computed tomography findings

CCTA showed obstructive coronary lesions (≥50%
stenosis) in 19 out of 129 (15%) patients of which 15

(12%) patients had new obstructive stenosis in primary

vessels (n = 10) or side branches (n = 5) and 4 (3%)

patients had known obstructive CAV. Of those with

known obstructive CAV, 3 patients had stenoses that

were determined not to be suitable for coronary inter-

vention (e.g., vessel diameter <1.5 mm, total coronary

occlusions) based on previous ICA and 1 patient had

non-obstructive CAV on a recently performed ICA. Out

of the 25 obstructive stenosis in 19 patients, 16 (64%)

were non-calcified, 6 (24%) were calcified, and 3 (12%)

were mixed. New incidental findings were observed in 6

(5%) patients, including lung nodules (malignant

(n = 1) and nonmalignant (n = 1)), suspected atrial

thrombus (n = 2), apical left ventricular hypertrophy

(n = 1), and pulmonary infection (n = 1).

Clinical follow-up

After 90 days of follow-up, nine out of 19 (47%)

patients with obstructive CAV on CCTA underwent

additional tests to assess the coronary arteries including

1 SPECT MPI and 9 ICA. Eight out of 9 (89%) patients

showed obstructive CAV on ICA of whom 4 patients

underwent coronary revascularization, 2 patients under-

went coronary revascularization and revision in medical

therapy, and in 1 patient medical therapy was revised

(Fig. 3, Table S1). Changes in medication consisted of

initiating and increasing statins or other lipid-lowering

medication in 2 patients and changing mycophenolate

mofetil to mammalian target of rapamycin receptor

inhibitors in 1 patient. Ten out of 19 (53%) patients

with obstructive CAV on CCTA did not undergo any

additional tests as coronary stenoses were determined

not to be suitable or critical enough for coronary inter-

vention based on previous ICA or stenosis severity and

location on CCTA. Four out of 110 (4%) patients with

non-obstructive CAV on CCTA underwent ICA includ-

ing 3 patients in which a stenosis could not be excluded

and 1 patient who developed non-sustained ventricular

tachycardia within 90 days after CCTA. Two out of 4

patients (50%) showed obstructive CAV on ICA and

underwent coronary revascularization. Medication use

was revised due to CCTA findings in 7 out of 110 (6%)

patients with non-obstructive CAV on CCTA and con-

sisted of initiating or increasing statins or other lipid-

lowering medication in 6 patients and changing

mycophenolate mofetil to mammalian target of rapamy-

cin receptor inhibitors in 3 patients. Between 90-day

and 1-year follow-up, 3 patients underwent ICA and

none of the patients underwent additional noninvasive

coronary tests. Two out 3 patients underwent ICA

because of angina symptoms, one of whom had one-

vessel disease and one had non-obstructive disease on

their prior CCTA, and both had non-obstructive CAV

Figure 3 Medical management after 90 days of follow-up. CAV: cardiac allograft vasculopathy; CCTA: coronary computed tomography

angiography; ICA: invasive coronary angiography; MPI: myocardial perfusion imaging. *Directly related to CCTA findings.
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on ICA. One out of 3 patients had known severe CAV

and underwent ICA and percutaneous coronary revas-

cularization because of non-sustained ventricular tachy-

cardia, whose prior CCTA did not show progression of

known severe CAV. After 1 year, MACE was observed

in 3 patients of which 1 patient undergoing percuta-

neous coronary revascularization suffered from no

reflow after stenting resulting in a myocardial infarction

type 4a and 2 patients died of non-cardiac causes.

Discussion

Main findings

In this study, we describe our clinical experience with

the introduction of CCTA as first-line imaging modal-

ity for the detection of CAV. We demonstrate that

(1) CCTA can be successfully implemented in the

majority of HTx patients with high image quality and

low radiation dose and (2) CCTA allows for clinical

detection of CAV with limited need for additional

invasive testing.

Feasibility of CCTA for the detection of CAV

ICA is still the golden standard for the detection of

CAV, but is associated with patient discomfort, adverse

events such as bleeding complications, stoke, and coro-

nary artery dissection, and higher cost [10]. In contrast,

CCTA can be performed at the outpatient clinic with

an examination duration of about 30 minutes (includ-

ing preparation time) and at a lower cost. CCTA has

shown to detect early-stage CAV and obstructive

(stenosis >50%) CAV with high negative predictive val-

ues (94% and 99%) and moderate positive predictive

values (79% and 73%), confirming its value as a gate-

keeper for ICA [5]. Yet, the clinical implementation of

CCTA as a first-line image modality for the detection

of CAV has been hampered due to lower image quality

and higher radiation dose in patients with elevated

heart rates [3]. Recent studies have shown that contem-

porary CT technology reaches good diagnostic image

quality in HTx patients at reasonable radiation expo-

sure [6,7,11,12]. In the present study with a large real-

world HTx population with relatively high heart rates,

similar results were observed. Additionally, beta-

blockers are typically used prior CCTA to reduce the

heart rate and optimize the image quality [9]. However,

previous studies have made limited use of beta-blockers

HTx patients prior CCTA, because there is no consen-

sus on the effect and safety of beta-blockers in

denervated hearts [11,13,14]. In this study, most

patients received intravenous beta-blockers after consul-

tation with the transplant cardiologist, which safely

reduced the heart rate by 15%, suggesting the potential

clinical value of beta-blockers in HTx patients prior

CCTA. Alternatively, ivabradine has also shown to

safely and effectively lower heart rates in HTx patients

in sinus rhythm [11,14].

Applicability of CCTA for the detection of CAV

CCTA was successfully implemented in three-quarters

of the HTx patients scheduled for noninvasive imaging

for the detection of CAV. Renal impairment was the

most frequent reason why patients could not undergo

CCTA, followed by known iodine contrast allergy (i.e.,

mild to anaphylaxis) and logistical reasons. This

addresses important considerations for the clinical

implementation of CCTA as a first-line imaging modal-

ity for the detection of CAV. Firstly, patients with sev-

ere renal impairment have a much higher risk for

iodine contrast-induced acute kidney injury, which

makes the use of iodine contrast unfavorable in these

patients [15]. Therefore, CCTA should be avoided in

patients, especially since ICA requires at least similar

amounts of iodine contrast medium. Secondly, CT

scanners with high temporal resolutions are preferred to

deliver high image quality and low radiation dose in

HTx patients, because the majority of these patients

have resting heart rates >70/min. Overall, CCTA is an

attractive alternative to ICA in most HTx patients with

more ease for the patients and logistics.

Future perspectives

Although ICA is advised for routine surveillance of

CAV, we believe that CCTA can be used as a gatekeeper

for ICA, which can have additional clinical implications.

Firstly, medication including statins, mycophenolate

mofetil, and mammalian target of rapamycin receptor

inhibitors has shown favorable clinical outcomes but

has also associated significant side effect [16,17]. The

timing of initiation of this kind of medication is there-

fore crucial to optimize clinical impact and outcome in

each specific patient. CCTA allows quantitative coronary

wall analysis with good agreement with intravascular

ultrasound and has shown to be feasible to assess the

progression of early-stage CAV [5,11,12]. Moreover,

Rohnean et al. investigated the prognostic value of

CCTA in HTx patients and showed that patients with-

out CAV on CCTA were free from cardiovascular events
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after 5-year follow-up [18]. Therefore, early detection of

CAV by CCTA could be valuable to tailor preventive

and immunosuppressive therapy. Secondly, new inci-

dental findings were found in 5% of the patients, which

may also benefit the prognosis of other transplant-

related diseases (e.g., malignancies). Finally, coronary

calcium scoring is widely used as a cardiovascular risk

modifier in asymptomatic non-transplanted patients

and has been shown to correlate well with the severity

of CAV on ICA [19]. However, the clinical value of

coronary calcium scoring in HTx patients has yet to be

determined.

Limitations of CCTA for the detection of CAV

CCTA has a high sensitivity but a lower specificity

[5]. This is the reason that some cases in this study

with known or potential severe CAV were not con-

verted to CCTA. Additionally, CCTA lacks the ability

to evaluate microvascular CAV, which has been shown

to precede epicardial CAV and independently predicts

long-term survival [20]. Furthermore, CCTA does not

allow a functional assessment of CAV, making it diffi-

cult to determine whether a stenosis affects myocardial

perfusion. Alternatively, MPI allows for a functional

assessment of epicardial and microvascular disease

without the need for iodized contrast medium. There-

fore, MPI could be valuable in selected cases. More-

over, emerging CT technologies including CT-derived

fractional flow reserve and CT MPI offer the potential

to functionally assess the coronary arteries without

using additional modalities [21,22]. Further investiga-

tions of these methods are needed to confirm this in

HTx patients.

Conclusions

CCTA can be safely and successfully implemented as a

noninvasive alternative for routine detection of CAV in

HTx patients with good image quality and low radiation

dose. CCTA allows CAV evaluation with limited need

for additional invasive testing.
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