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1. Introduction  
 

In recent years, modern therapeutic innovations have prolonged the 

life of patients living with different cardiac diseases leading to an 

increasing prevalence of heart failure. However, despite 

improvements in therapy, the mortality rate in patients with HF has 

remained high. Heart transplantation (HTx) remains the gold standard 

definitive surgical approach in the treatment of refractory heart failure.  

 

According to the registry of the International Society of Heart and 

Lung Transplantation the 1 year survival after HTx is 85%, the 5-year 

survival is 73%. During the first year after heart transplantation 

cardiac allograft vasculopathy (CAV) is one of the leading causes of 

death. The overall prevalence of CAV at 1, 5, and 10 years after 

transplantation is 8%, 30%, and 50%, respectively. The mortality of 

patients with 3-vessel CAV can be up to 90% in the first year from 

diagnosis. In addition, more than 0.5 mm change in the maximal 

intimal thickness within the first post-transplantation year is 

associated with increased mortality.  

 

CAV is characterized by diffuse concentric intimal hyperplasia which 

leads to ischemic consequences, including graft failure, arrhythmias, 

and sudden death. Because of the denervated nature of transplanted 

hearts, patients do not experience symptoms related to ischemia, 

therefore, early diagnosis of CAV is challenging. International 

guidelines recommend annual or biannual invasive coronary 

angiography (ICA) for the assessment of coronary status. However, 

ICA has limited diagnostic accuracy to detect CAV because of the 

diffuse and concentric manifestation of the disease. Furthermore, ICA 

does not provide information regarding the coronary wall; therefore, 

intravascular ultrasound or optical coherence tomography is suggested 

as a complementary imaging test. 
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The combination of ICA with intravascular imaging techniques 

increases sensitivity, but their routine use increases costs and rates of 

procedural complications; therefore, it is considered optional for CAV 

assessment. In addition, the International Society for Heart and Lung 

Transplantation consensus statement does not recommend the routine 

use of intravascular ultrasound for CAV assessment. 

 

Coronary CT angiography (CTA) allows noninvasive visualization of 

the coronary artery wall and lumen with a high diagnostic accuracy, 

and it can detect 1.5–2 times more coronary segments with coronary 

atherosclerotic plaques than invasive coronary angiography does.  

Contemporary CT scanners have a very good temporal resolution of 

0.5-0.625 mm.  

Notably, the absence of parasympathetic and sympathetic innervation 

of the transplanted hearts results in higher resting heart rates (HRs), 

which may compromise the diagnostic performance of coronary CTA 

in this patient population. Moreover, because of their higher HRs, 

retrospective ECG-gating has been used for HTx recipients, which 

results in higher radiation dose. These concerns precluded the 

widespread use of coronary CTA in HTx recipients. Prospectively 

ECG-triggered coronary CTA would be desirable because of its low 

radiation dose, but it requires a low HR (generally < 65 beats/min).  

The HTx recipients have higher but steady HR with minimal HR 

variability because of the lack of autonomic innervation. The steady 

HR of HTx recipients might provide a unique opportunity to scan 

these patients with low radiation dose and achieve good image quality.  

 

Beyond ruling out significant coronary artery disease (CAD), coronary 

CT can be a useful tool to assess cardiovascular risk. Calcified plaque 

burden can be evaluated on the non-enhanced, low radiation dose, 

ECG-gated images; the resulting coronary calcium score is an important 

predictor of cardiovascular morbidity and mortality. Calcium score 

assessment is possible in asymptomatic and in symptomatic patient 

population as well. According to the guidelines, chest pain evaluation 
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should be based on the probability assessment of CAD. Risk assessment 

is traditionally performed using the Diamond and Forrester model or 

the Duke clinical score, however, these models may overestimate the 

probability of obstructive coronary lesions yielding to additional 

unnecessary testing.  

 

2. Aims 

 

Our primary aim was to assess the image quality and the radiation dose 

of prospectively ECG-triggered coronary CTA in HTx recipients.  

 

The secondary aim of our study was to assess the feasibility of 

quantitative coronary wall volume change assessment in HTx patients 

using coronary CTA. Furthermore, we aimed to compare the 

performance of quantitative coronary CTA assessment versus 

conventional qualitative clinical reading to rule out progressive 

coronary vessel wall thickening, indicative for CAV. 

 

We perceived a need for an updated and stepwise approach to estimate 

the probability of coronary artery disease in patients with new onset 

of chest pain in a low prevalence population as clinical information 

and test results become available, in particular because 

implementation of the guidelines needs calculation of the pretest 

probability. Therefore, we aimed to estimate the probability of 

obstructive coronary artery disease on the basis of clinical 

presentation and cardiovascular risk factors, and to determine the 

incremental diagnostic value of exercise electrocardiography and the 

coronary calcium score. 
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3. Methods 

3.1. The image quality of coronary CTA in heart 

transplant recipients 

 

In a retrospective matched case-control cohort study, we evaluated the 

image quality of coronary CTA performed of HTx recipients. During 

a 4-year period, 97 coronary CTAs were performed of 57 HTx 

recipients to rule out CAV. If a patient underwent more than one scan, 

the scan obtained with the highest HR was selected. In total, 50 HTx 

recipients (HTx group) were included in the study. The image quality 

of the scans of the HTx recipients was compared with that of scans of 

a control group of patients who did not undergo HTx. The control 

group was selected from our institutional cardiac CT registry. We 

selected the control group according to matching criteria that may 

influence image quality: age, sex, body mass index (weight in 

kilograms divided by the square of height in meters), HR, data 

acquisition phase (systole or diastole), and coronary dominance.  

 

All patients underwent imaging with a 256-MDCT scanner (Brilliance 

iCT 256, Philips Healthcare). Tube voltage was 100–120 kV, and the 

tube current was set to 100–300 mA depending on the body mass 

index of the patients. Collimation was 2 × 128 × 0.625 mm, with a 

gantry rotation time of 270 ms. Both the HTx recipients and the 

control group were scanned with a prospectively ECG-triggered 

acquisition mode. When the HR was over 80 beats/min, systolic 

triggering was used at 40% of the cardiac cycle with 3% padding (37–

43% of the R-R interval); in all other cases, diastolic triggering was 

used at 78% of the cardiac cycle with 3% padding (75–81% of the R-

R interval). The same coronary CTA scan protocol and settings were 

used for each patients’ baseline and follow-up scans.  

Reconstructed images were evaluated by two readers (with 5 and 3 

years of experience in coronary CTA) using the 18-segment model of 

the Society of Cardiovascular CT. Coronary segments with a diameter 
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greater than 1.5 mm were assessed. Motion artifacts were described in 

every coronary segment using a 4-point Likert scale (Fig. 1).  

 

To quantify the total amount of motion artifacts on a per-patient level, 

we defined the segment motion score, which describes how many 

segments had motion artifact, and the segment Likert score, which is 

the sum of the motion severity Likert score of the patient. Because the 

number of coronary segments affects the total obtainable score, we 

normalized the scores by dividing them by the number of segments 

present, which resulted in the segment motion score index and 

segment Likert score index. To describe how many non-diagnostic 

segments were present, we defined the segment non-diagnostic score 

and also divided it by the number of the evaluated segments, which 

yielded the segment non-diagnostic score index.  

 

 
Figure 1. Examples of 4-point Likert scale of motion artifacts in heart transplant 

recipients: 0, excellent image quality with no artifacts; 1, good image quality with 
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minor artifacts; 2, moderate image quality, acceptable for routine clinical 

diagnosis; 3, not evaluable, with severe artifacts impairing accurate evaluation 

3.2. Qualitative and quantitative image analysis 

 

We included 35 consecutive HTx patients who underwent coronary 

CTA examination at one year and at two years after HTx as part of the 

routine clinical workflow at our institution. The first-year and second-

year follow-up CTA scans were analyzed retrospectively and no data 

acquisition was performed in addition to routine examinations.  

 

The Society of Cardiovascular CT guidelines were used for 

conventional data analysis. Coronary CTA reading was performed by 

a cardiologist with 6 years of experience in coronary CTA imaging. 

Luminal stenosis was categorized into the following classes: (0) 

normal – absence of any plaque, no luminal stenosis; (1) minimal – 

plaque causing <25% stenosis; (2) mild – 25% to 49% stenosis; (3) 

moderate – 50% to 69% stenosis; (4) severe − 70% to 99% stenosis; 

(5) occluded. Calcified, non-calcified and partially calcified lesions 

were distinguished. Baseline and follow-up coronary CTA datasets 

were loaded side by side for comparison. Progression was defined as 

the appearance of any novel coronary lesion and/or the classification 

of a previously described coronary lesion into a higher stenosis 

category on the follow-up scan.  

 

A dedicated offline workstation (QAngioCT, version 2.1; Medis 

Medical Imaging Systems, Leiden, The Netherlands) was used for 

semi-automated lesion quantification. Two experienced observers 

evaluated the images in a random order, blinded to acquisition date 

and the results of the clinical read. Fix window settings of 1400/500 

Hounsfield Units (HU) were used for segmentations. We used fixed 

threshold parameters to distinguish lesion components on different 

HU strata: calcified lesion volumes (>350 HU), non-calcified lesion 

volumes with high attenuation (131–350 HU), non-calcified lesion 
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volumes with intermediate attenuation (75–130 HU) and non-calcified 

lesion volumes with low attenuation (<75 HU). Lumen volume, 

overall lesion volume and overall lesion burden (total vessel volume 

minus the lumen volume, divided by the total vessel volume) were 

assessed on a per vessel basis. Progression was defined as more than 

10% increase in overall lesion volume on the follow-up CTA, as 

compared to the baseline scan.  

 

Statistical analysis  

 

The Shapiro-Wilk test was used to assess normality. Because all 

continuous variables showed non-normal distribution, continuous 

variables are expressed as median and interquartile range (IQR). 

Categoric variables are expressed as numbers and percentages. The 

Mann-Whitney U test was used to compare continuous data of the 

HTx and non-HTx groups. Categoric data were compared using the 

chi-square test. Intrareader and interreader reproducibility was 

assessed on the basis of 20 randomly selected individuals’ images 

using Cohen kappa, interpreted as follows: 1.00–0.81, excellent; 0.80– 

0.61, good; 0.60–0.41, moderate; 0.40–0.21, fair; and 0.20–0.00, poor.  

 

Categorical variables are expressed as numbers and percentages. 

Wilcoxon signed-rank test was used to compare the plaque volumes 

of the baseline and follow-up CTA. Categorical data was compared 

using the McNemar test. The inter-reader reproducibility between 

quantitative plaque measurements was calculated using the intra-class 

correlation coefficient (ICC). The following descriptive scale was 

used for values of the ICC: <0.40 poor, 0.40–0.59 fair, 0.60–0.74 good 

and 0.75–1.00 excellent. All statistical calculations were done using 

SPSS software (version 23, IBM). A p < 0.05 was considered 

significant. 
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3.3. Prediction model to estimate presence of 

coronary artery disease 

 

Researchers from Europe and the US formed a consortium. An 

existing database of at least 80 eligible patients was required for 

participation. Patients were eligible for the analysis if they presented 

with stable chest pain and were referred for catheter based or CT based 

coronary angiography (≥64 slice). 

 

We collected data for age, sex, symptoms, cardiovascular risk factors, 

test results, and presence of coronary artery disease. Chest pain 

symptoms were classified as typical, atypical, or non-specific. Typical 

chest pain was defined as all of the following criteria: (1) substernal 

chest pain or discomfort that is (2) provoked by exertion or emotional 

stress and (3) relieved by rest or nitroglycerine (or both). We defined 

atypical chest pain as two of these criteria. If one or none of the criteria 

was present, symptoms were classified as non-specific. Primary 

outcome was obstructive coronary artery disease, defined as at least 

one vessel with at least 50% diameter stenosis found on catheter based 

coronary angiography.   

 

We defined three prediction models: a basic model including age, sex, 

symptoms; a clinical model including age, sex, symptoms, diabetes, 

hypertension, dyslipidaemia, smoking, and body mass index; and an 

extended model including all clinical variables and the coronary 

calcium score. Since all clinical variables are known to be associated 

with coronary artery disease, all predictors were entered 

simultaneously in a multivariable, random effects, logistic regression 

model. 

We quantified diagnostic performance by calculating the area under 

the receiver operating characteristics curve (c statistic). 

Reclassification was assessed by use of the continuous net 

reclassification improvement. We regarded p < 0.05 to be statistically 

significant. Analyses were performed using Stata/SE 11 (StataCorp). 
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4. Results 

4.1. The image quality of coronary CTA in heart 

transplant recipients 

 

In total, 50 HTx recipients were included in our study. Every HTx 

recipient had a matched control subject who did not undergo HTx; 

therefore, 100 subjects in total were evaluated. In the HTx group (11 

women [22%]; 4.3 years after transplantation), the median age was 

57.9 years (IQR, 46.7–59.9 years) and the median HR was 74.0 beats/ 

min (IQR, 67.8–79.3 beats/min), compared with 73.0 beats/min (IQR, 

68.5–80.0 beats/ min) in the matched control group (p = 0.58). We 

found no significant difference between the HTx and control groups 

regarding anthropometric data and scan characteristics. The effective 

radiation dose was relatively low in both groups (3.7 mSv [IQR, 2.4– 

4.3 mSv] in the HTx group vs 4.3 mSv [IQR, 2.6–4.3 mSv] in the 

control group; p = 0.24).  

 

In total, 1270 coronary segments were evaluated, 662 segments in the 

HTx group and 608 segments in the control group. The distribution of 

motion scores between the two groups is shown in Figure 2. In the 

HTx group, more segments (624; 94.3%) had diagnostic image quality 

compared with the control group (504; 82.9%) (p < 0.001) (Fig. 2).  
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Figure 2. Proportions of coronary segments with non-diagnostic, moderate, good 

and excellent image quality in heart transplantation (HTx) recipients and control 

subjects. 

In the HTx group, more segments had excellent image quality than in 

the control group (442 [66.7%] vs 271 [4.5%]; p < 0.001). 

Furthermore, in the HTx group the number of non-diagnostic 

segments was approximately one-third of that of the control group (38 

[5.8%] vs 104 [17.1%]; p < 0.001). We a found a significant difference 

between the two groups regarding the segment Likert score, the 

segment motion score, and the segment non-diagnostic score indices.  

(Table 1.) 

 
 

Table 1. Segment motion score indices in the heart transplantation group (HTx) and 

in the control group. Data are median and interquartile range [IQR] 

 

Parameters HTX Control p 

Segment Likert Score index 0.4 [0.1 - 0.9] 0.9 [0.3 - 1.6] 0.003 

Segment Motion Score index 0.3 [0.1 - 0.5] 0.6 [0.2 - 0.9] 0.001 

Segment Non-diagn. Score i. 0.0 [0.0 - 0.1] 0.1 [0.0 - 0.3] 0.004 
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Intrareader and interreader agreement for image quality scores was 

good (κ = 0.72 and κ = 0.62, respectively). Dichotomization of image 

quality scores to excellent and non-excellent image quality scores 

resulted in excellent intrareader (κ = 0.83) and good interreader (κ = 

0.69) reproducibility. Dichotomization to diagnostic and non-

diagnostic image quality scores also showed excellent intrareader (κ 

= 0.82) and good interreader (κ = 0.73) reproducibility. 

 

4.2. Qualitative image analysis 

 

We included 35 consecutive HTx patients (age 58 [50–61] years, 66% 

male). Coronary lesions were detectable in 74% (26/35) of the patients 

at baseline standard CT read, while on the follow-up CTs 80% (28/35) 

of the patients had at least one lesion present (p = 0.48). At baseline 

19% (82/427), whereas at the follow-up 27% (116/427) of the 

coronary segments showed any lesion (p < 0.001). The distribution of 

the segments containing non-calcified, calcified and partially calcified 

lesions were 61% (50/82), 22% (18/82) and 17% (14/82) at the first 

CT, and 64% (74/116), 20% (23/116) and 16% (19/116) at the follow-

up CT (p < 0.001, p = 1.00 and p = 0.26, respectively). At the baseline 

CT scan 55% (45/82) of the lesions caused minimal stenosis, 39% 

(32/82) mild and 6% (5/82) moderate luminal narrowing. No severe 

coronary stenosis was revealed. At the follow-up CT scan, 50% 

(58/116) of the coronary lesions caused minimal, 36% (42/116) mild, 

10% (12/116) moderate luminal narrowing and in 4% (4/116) of the 

segments severe stenosis was detected (p < 0.001, p = 0.14, p = 0.08, 

p = 0.25, respectively). Patients with severe stenosis were referred for 

ICA, which confirmed the severe luminal stenosis in all cases.  

4.3. Quantitative image analysis 

 

The total length of analyzed coronary arteries did not differ between 

the baseline and follow-up CTAs, 248 [IQR: 213;295] mm versus 250 
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[IQR: 213;296] mm, (p = 0.18). Total lumen volume did not change 

between baseline and follow-up studies (2237 [IQR: 1610;2783] vs. 

2197 [IQR: 1677;2527] mm3, p = 0.59). Total vessel wall volume 

showed significant increase during the follow-up period (464 [IQR: 

338; 571] vs. 563 [IQR: 345; 718] mm3, p < 0.001). Accordingly, 

overall lesion burden increased from 17% [IQR: 14; 19] to 20% [IQR: 

15; 24], p < 0.001. 

 

The volume of high-, intermediate and low-attenuation non-calcified 

coronary vessel wall components showed significant increase (332 

[IQR:217;425] vs. 385 [IQR: 238;489], 40 [IQR: 12;48] vs. 59 [IQR: 

16;83] and 18 [IQR: 4;21] vs. 46 [IQR: 6;41] mm3, respectively, 

p < 0.05 all), while calcified volume did not change between baseline 

and follow-up CTAs (72 [IQR: 16;127] vs. 72 [IQR: 29;102] mm3, 

p = 0.73). Lesion volumes are summarized in Table 2.  

4.4. Progressive vessel wall thickening 

 

Based on conventional coronary CTA reading, progression was 

present in 11 of 35 (31%) patients, whereas quantitative analysis 

revealed progression in twice as many patients, 22 of 35 (63%), 

p = 0.01. Individual lesion volumes showed very good inter-observer 

agreement for calcified, high-, intermediate-, and low-attenuation 

non-calcified volumes (ICC: 0.93 [95%CI 0.65; 0.98], 0.92 [95%CI 

0.66; 0.98], 0.92 [95%CI 0.66; 0.98] and 0.88 [95%CI 0.53; 0.97], 

respectively). These resulted in an excellent reproducibility for overall 

lesion volume and overall lesion burden (ICC: 0.87 [95%CI 0.48; 

0.97] and 0.85 [95%CI 0.43; 0.96], respectively.)  
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Figure 3. Coronary lesion tissue volumes at baseline (A) and at follow-up (B) of the 

same HTx patient quantified with dedicated software. The excessive lesion volume 

progression was mainly attributable to the increase of non-calcified lesions (from 

222 mm3 to 882 mm3), while calcified components remained practically unchanged 

(15 mm3 and 20 mm3). 
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Table 2. Coronary wall thickness progression between baseline and follow-up coronary CTA as quantified with semi-

automated software 

 Baseline CTA Follow-up CTA p 

Lesion burden (%) 17 [IQR: 14;19] 20 [IQR: 15;24] <0.001 

Total lesion volume (mm3) 464 [IQR: 338;571] 563 [IQR: 345;718] <0.001 

Total lumen volume (mm3) 2227 [IQR: 1611;2783] 2197 [IQR: 1677;2528] 0.59 

Low att. lesion vol. (mm3) 332 [IQR: 217;425] 385 [IQR: 238;489] 0.01 

Inter. att. lesion vol. (mm3) 40 [IQR: 12;48] 59 [IQR: 16;83] 0.01 

High att. lesion vol. (mm3) 18 [IQR: 4;21] 46 [IQR: 6;41] <0.001 

Dense calcium vol. (mm3) 72 [IQR: 16;127] 72 [IQR: 29;102] 0.73 
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4.5. Prediction model to estimate presence of 

coronary artery disease 

 

We retrieved databases from 18 hospitals. The study population 

included 5677 patients (3283 men, 2394 women; mean age 58 and 60 

years, respectively). Nearly all patients (5190, 91%) underwent CT 

based coronary angiography, which revealed obstructive coronary 

artery disease in 1634 (31%). Of these 1634 patients, 1083 (66%) 

underwent catheter based coronary angiography, which showed 

positive results in 886 (82%). Of the 3556 patients without obstructive 

disease on CT based coronary angiography, 526 (15%) underwent 

catheter based coronary angiography, which showed negative results 

in 498 (95%). Overall, 2062 (36%) patients underwent catheter based 

coronary angiography, with 1176 (57%) diagnosed with obstructive 

coronary artery disease. 

 

In the clinical model, all predictors except body mass index were 

significantly associated with obstructive coronary artery disease. The 

clinical model improved the prediction, compared with the basic 

model (cross validated c statistic improved from 0.77 to 0.79). 

Whereas an abnormal exercise electrocardiography had limited 

predictive value in the multivariable prediction model the coronary 

calcium score was a major predictor, which increased the c statistic 

from 0.79 to 0.88. Most predictor effects decreased after addition of 

the coronary calcium score; dyslipidaemia and smoking were no 

longer significant.  

5. Conclusions 

 

In our retrospective matched case-control study, we found that scans 

of HTx recipients had better coronary CTA image quality than did 

scans of a matched control group with similar HRs. Despite the 

relatively high HR of HTx recipients, the number of non-diagnostic 
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segments was low (5.8%), suggesting that coronary CTA with 

prospective ECG triggering is a robust diagnostic tool with low 

radiation dose in this patient population. Based on our results the 

radiation dose does not exceed that what is associated with diagnostic 

invasive coronary angiography.  

 

Our results demonstrate progression of coronary vessel wall volume 

already within the first two years after HTx. This progression was 

mainly attributable to non-calcified lesions causing only mild luminal 

narrowing. When evaluating lesion characteristics, the main 

components of non-calcified lesions showed high-attenuation (131–

350 HU) corresponding to fibrous tissue, while smaller percentage of 

the lesions showed intermediate attenuation (75–130 HU) consistent 

with fibro-fatty tissue, and low-attenuation (<75 HU) analogous with 

lipid-rich content. These findings are characteristic for CAV, in which 

coronary lesions are rather diffuse, and focal significant luminal 

narrowing develops only in a small number of patients. 

 

Based on these results quantitative vessel wall assessment is feasible 

with coronary CTA in HTx patients. When using quantitative analysis 

with coronary CTA, CAV is detected in significantly more patients 

using ≥10% cut-off than detected with standard CT read. This finding 

suggests that invasive coronary angiography could be replaced by 

coronary CTA in experienced centers to diagnose CAV. With the use 

of coronary CTA in the clinical routine, the burden of invasive 

investigations could be reduced in this vulnerable patient population. 

 

With recently collected data and modern statistical methods, we 

developed a prediction model that performed well in estimating the 

probability of coronary artery disease. The need for an updated model 

was evident by our results showing that the Duke clinical score 

significantly overestimated the probability of coronary artery disease. 

Age, sex, symptoms, and coronary calcium score were strong 

predictors for disease.  
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