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A B S T R A C T

Background: We sought to compare quantitative coronary CT angiography (CTA) assessment versus standard
clinical reading to identify heart transplanted (HTX) patients with progressive coronary wall thickening.
Methods: 35 patients (23 males, age 58 [IQR: 50;61] years) underwent 256-slice coronary CTA at one year and
two years after HTX to rule out cardiac allograft vasculopathy (CAV). In addition to the standard clinical read,
we quantified total vessel wall volume in all coronaries up to 2-mm luminal diameter. Fixed threshold settings
were used to assess calcified (> 350 HU) and non-calcified vessel wall components with high- (131–350 HU),
intermediate- (75–130 HU) and low-attenuation (< 75 HU).
Results: Total lumen volume did not change between baseline and follow-up studies (p=0.59). Total vessel wall
volume showed significant increase (464 [IQR: 338; 570] vs. 563 [IQR: 345; 717] mm3, p < 0.001). The vo-
lume of high-, intermediate and low-attenuation non-calcified wall components showed progression (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). Quantitative analysis identified more patients with
progressive coronary wall thickening (≥10% cut-off) than standard clinical read (11 vs. 22, p= 0.01).
Conclusion: Quantitative coronary wall assessment is feasible with coronary CTA in HTX patients. Coronary wall
thickening within the first two years after HTX is mainly attributable to non-calcified lesion components and
might be an early sign of CAV.

1. Introduction

Cardiac allograft vasculopathy (CAV) affects up to 50% of heart
transplanted (HTX) patients within 10-years of transplantation.1 The
mortality of patients with 3-vessel CAV can be up to 90% in the first
year from diagnosis.2 The progression of CAV is usually asymptomatic
and shows high inter-patient variations. Yearly follow-up with invasive
angiography (ICA) and optional intravascular ultrasound (IVUS) is
therefore recommended.3 More than 0.5mm change in the maximal
intimal thickness within the first post-transplantation year is associated
with increased mortality.4 Coronary computed tomography angio-
graphy (CTA) has been proposed as an alternative to ICA for routine
follow-up of HTX patients.5 Coronary CTA has sufficient spatial re-
solution to measure intimal thickening> 0.5mm, similar to IVUS on
clinically relevant coronary arteries.6 In a recent meta-analysis the
sensitivity, specificity, positive and negative predictive value of CT for

detection of CAV were 97%, 81%, 78% and 97%, respectively.7 Up until
today, all studies evaluating CAV with coronary CTA have implemented
qualitative reading.8,9 Therefore, the 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 con-
ventional qualitative clinical reading to rule out progressive coronary
vessel wall thickening, indicative for CAV.

2. Methods

2.1. Study population

We included 35 consecutive HTX patients (age 58 [50–61] years,
66% male) who underwent coronary CTA examination at one year and
at two years after HTX as part of the routine clinical work-flow at our

https://doi.org/10.1016/j.jcct.2018.11.006
Received 30 June 2018; Received in revised form 2 November 2018; Accepted 15 November 2018

∗ Corresponding author. Heart and Vascular Center, Semmelweis University, Hataror St. 18, 1122, Budapest, Hungary.
E-mail address: p.maurovich.horvat@mail.harvard.edu (P. Maurovich-Horvat).

1 BM and PMH contributed equally.

Journal of Cardiovascular Computed Tomography 13 (2019) 128–133

Available online 19 November 2018
1934-5925/ © 2019 Society of Cardiovascular Computed Tomography. Published by Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/19345925
https://www.elsevier.com/locate/jcct
https://doi.org/10.1016/j.jcct.2018.11.006
https://doi.org/10.1016/j.jcct.2018.11.006
mailto:p.maurovich.horvat@mail.harvard.edu
https://doi.org/10.1016/j.jcct.2018.11.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcct.2018.11.006&domain=pdf


institution. Patients with impaired renal function (GFR<30ml/min/
1.73m2), poor image quality and with irregular heart rates due to atrial
fibrillation, or frequent premature ventricular complex were not in-
cluded in the study. The first-year and second-year follow-up CTA scans
were analyzed retrospectively and no data acquisition was performed in
addition to routine examinations. Patients’ informed consent was
waived by the institutional review board due to the retrospective study
design. Patient demographics are summarized in Table 1.

2.2. Coronary CTA scan protocol

All CTA scans were performed on a 256-slice scanner (Brilliance iCT
256, Philips Healthcare, Best, The Netherlands) with prospective ECG-
triggered acquisition mode. The same coronary CTA scan protocol and
settings were used for each patients’ baseline and follow-up scans.
Images were acquired in cranio-caudal direction during single breath-
hold in inspiration. Imaging parameters were used for data acquisition
as follows: 100–120 kV tube voltage with 200–300mAs tube current,
128×0.625mm detector collimation and 270ms gantry rotation time
was used. The same tube voltage settings were used for the follow-up
CTA for each patient. A mid-diastolic triggering with 3% padding
(75–81% of the R-R interval) was chosen in patients with a heart
rate< 80 bpm, whereas in patients with ≥80 bpm systolic triggering
(37–43%) was used. Using a dual-syringe system iomeprol contrast
media with an iodine concentration of 400mg/ml (Iomeron 400,
Bracco Ltd, Milan, Italy) was delivered into an antecubital vein via an
18-gauge catheter. A four-phasic injection protocol was used with
85–95ml contrast agent at a flow rate of 4.5–5.5 ml/s.10 For proper
scan timing bolus tracking technique was used with a region of interest
(ROI) placed in the left atrium. For heart rate control 7.5–15mg of
ivabradine was used 3 h prior the CTA examination.11 All patients re-
ceived 0.8 mg sublingual nitroglycerin prior the CTA acquisition. All
CTA datasets were reconstructed with 0.8 mm slice thickness, and
0.4 mm increment with hybrid iterative reconstruction technique
(iDOSE,4 Philips Healthcare, Best, The Netherlands) with a medium
iteration level (level 4 of levels 1–7).12

2.3. Qualitative image analysis

The Society of Cardiovascular Computed Tomography (SCCT)
guidelines were used for conventional data analysis.13 Coronary CTA
reading was performed by a cardiologist with 6 years of experience in
coronary CTA imaging. Axial images, multiplanar and curved re-
formations were used for data analysis. Luminal stenosis was categor-
ized 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) se-
vere −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. Pro-
gression 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. An example for qua-
litative analysis is shown in Fig. 1.

2.4. Quantitative image analysis

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 re-
sults of the clinical read. Datasets were loaded separately into the
workstation. First, coronary tree centerline extraction was performed.
Second, the proximal and distal endpoints of the coronary tree were set
manually for further vessel analysis. A screen shot from the proximal
measurement point was taken, while the distal point was set to the same
distance on baseline and follow-up CTs, to ensure measurement con-
sistency. The left main (LM) and left anterior descending artery (LAD),
left circumflex artery (LCx) and right coronary artery (RCA) were as-
sessed up to 2-mm luminal diameter. A delineation of the inner and
outer vessel-wall boundaries was performed along the vessel path and
corrected on cross-sectional images, if necessary. Fix window settings of
1400/500 HU were used for segmentations. We used fixed threshold
parameters to distinguish lesions components on different HU strata:
calcified lesion volumes (> 350 HU), non-calcified lesion volumes with
high attenuation (131–350 HU), non-calcified lesion volumes with in-
termediate attenuation (75–130 HU) and non-calficied lesion volumes
with low attenuation (< 75 HU).14 Lumen volume, overall lesion vo-
lume 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 base-
line scan.15 Fig. 2 shows the quantitative results of a patient with dif-
fuse progressive coronary vessel wall thickening.

2.5. Statistical analysis

We used the Shapiro-Wilk-test to assess the normality of continuous
variables. All continuous variables showed non-normal distribution,

List of abbreviations

CAV Cardiac allograft vasculopathy
CTA Computed tomography angiography
LCx Left circumflex coronary artery
HU Hounsfield units
HTX Heart transplantation

ICA Invasive coronary angiography
IQR Interquartile range
IVUS Intravascular ultrasound
LM Left main coronary artery
RCA Right coronary artery
SCCT Society of Cardiovascular Computed Tomography

Table 1
Patients’ characteristics.

Patient data Study population (n= 35)

Recipient age (years) 58 [IQR: 50;61]
Recipient BMI (kg/m2) 25 [IQR: 23;27]
Male transplant recipient, n (%) 23 (66)
Recipient eGFR (mL/min/1.73m2) 59 [IQR: 50;81]
Recipient cardiovascular risk factors
Hypertension, n (%) 23 (66)
Diabetes mellitus, n (%) 18 (51)
Dyslipidemia, n (%) 13 (37)
Former smoker, n (%) 3 (9)
Cerebrovascular disease, n (%) 5 (14)
Peripheral arterial disease, n (%) 1 (3)
Family history of CAD, n (%) 2 (6)

Donor age (years) 45 [IQR: 38;50]
Male donor, n (%) 25 (71)
CT Dose Length Product (mGy x cm) 342 [IQR: 218;362]
CT Contrast agent (ml) 90 [IQR: 85;95]
Heart rate during coronary CTA (beats/min) 74 [IQR: 68;79]

Recipient demographic data is given at the time of the first coronary CTA ex-
amination.
BMI = Body mass index, eGFR=Estimated glomerular filtration rate.
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therefore non-parametric tests were used and median and interquartile
range [IQR] is reported. 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.16 All statistical calculations were per-
formed using SPSS software (SPSS version 23; SPSS, Armonk, NY). A p
value less than 0.05 was considered statistically significant.

3. Results

3.1. Qualitative image analysis

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 seg-
ments 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, re-
spectively). Patients with severe stenosis were referred for ICA, which
confirmed the severe luminal stenosis in all cases.

3.2. 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

Fig. 1. Progressive coronary wall thickening on
coronary CTA.
Curved reformatted CT images at baseline (A)
showed only mild atherosclerotic disease with a focal
calcified lesion, while follow-up images (B) revealed
diffuse coronary wall thickening on the LAD, and
LCx, while the RCA is apparently unchanged.
LAD= left coronary artery, LCx= left circumflex
coronary artery, RCA= right coronary artery,
CAV= cardiac allograft vasculopathy.

Fig. 2. Quantitative coronary wall analysis.
Coronary lesion tissue volumes at baseline (A) and at follow-up (B) of the same
HTX patient as seen on Fig. 2, quantified with dedicated software. The excessive
lesion volume progression was mainly attributable to the increase of non-cal-
cified lesions (from 222mm3 to 882mm3), while calcified components re-
mained practically unchanged (15mm3 and 20mm3). Red: low-attenuation
non-calcified tissue (necrotic core), yellow: intermediate-attenuation non-cal-
cified (fibro-fatty) tissue, green: high-attenuation non-calcified (fibrous tissue),
white: calcified tissue. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

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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[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-calci-
fied 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.

3.3. Progressive vessel wall thickening

Based on conventional coronary CTA reading, progression was
present in 11 of 35 (31%) patients, whereas quantitative analysis re-
vealed 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.)

4. Discussion

In the present study, we focused on the role of quantitative coronary
wall assessment in HTX patients using coronary CTA. We compared our
results with standard clinical CT read. Majority of the patients showed
slight increase of coronary vessel wall volume during the follow-up
period, which might indicate CAV progression. This progression was
mainly attributable to non-calcified lesions, while calcified volumes
remained unchanged. We demonstrated that quantitative analysis of
coronary CTA images identifies more patients with progressive cor-
onary vessel wall thickening, than qualitative assessment.

CAV remains the key limiting factor of HTX patients' long-term
survival and it is considered as an immune-mediated endothelial injury
of the graft organ aggravated by several non-immunologic factors. It
manifests as a luminal narrowing of the intramyocardial and epicardial
coronary arteries with concomitant myocardial ischemia and graft
function failure. In most cases CAV advances silently as ∼90% of the
transplanted hearts remain denervated.17 Therefore, regular screening
with ICA is recommended on a yearly basis.5 The anatomical and his-
topathological characteristics of CAV differ from the atherosclerotic
process. Typically, the disease affects small, distal vessels, while lu-
minal narrowing of the larger epicardial coronaries occurs only in the
advanced phase of CAV.18 Unlikely the eccentric and focal lesions
characteristic for atherosclerotic disease, CAV often manifests with
concentric intimal hyperplasia with no positive wall remodeling, which
might mimic normal coronary wall, therefore it might easily be over-
looked by an unexperienced angiographer.19 The addition of IVUS to
ICA reveals about 19% more coronary arteries affected with CAV, than
ICA alone, which makes this imaging modality the most sensitive test
available to monitor CAV progression in the clinical setting.20 However,
it is an invasive technique with a considerable complication rate of
1–2%. In addition, due to its invasive nature and inconvenience for the
patients it decreases patient's adherence to the regular invasive follow-
up protocol.

Coronary CTA combines the advantages of both ICA and IVUS with
its ability to visualize coronary wall and lumen in a non-invasive
fashion. Despite of the relatively high heart-rate and suboptimal heart-
rate control of HTX patients the image quality of the coronary CTA

exam is usually sufficient for CAV assessment, probably due to the low
heart rate variability.21 The excellent sensitivity and negative pre-
dictive values of 64-slice CT generations to identify wall irregularities
suspicious for CAV (92–100% and 92–100%) and significant luminal
narrowing ≥50% (94% and 99%) prompted several groups – inclusive
ours – to replace conventional ICA with CT for annual screening of the
HTX patients.7,18 Moreover, current CT scanner generations with high
temporal resolution combined with iterative image reconstruction al-
gorithms allow for serial follow-up studies at low radiation dose in this
population.22 Furthermore, it is important to note that the radiation
dose of invasive coronary angiography is comparable with coronary
CTA acquired by current scanner generations.23 Currently, there is no
standard reading method available for the investigation of CAV on
coronary CTA images, and the discrimination of CAV from athero-
sclerotic lesions might be challenging. Most groups use SCCT guidelines
originally developed to grade atherosclerotic plaques by composition
and the subsequent luminal narrowing. A 3-point scale derived from
ICA studies was suggested to grade CAV, where grade A represents
discrete proximal tubular narrowing, grade B diffuse concentric luminal
stenosis, and grade C diffuse irregular concentric luminal narrowing,
where occluded branches may be present.19 At the same time visual
assessment of coronary lesions is highly dependent on reader's experi-
ence, therefore a robust quantitative assessment seems to be essential.24

Recently, quantitative software tools were introduced for assessment of
stenosis severity on coronary CTA. Higher accuracy was reported in
comparison with conventional visual analysis (95% vs. 87%; p= 0.08),
with an improved positive predictive value (100% vs. 78%;
p < 0.05).25 Furthermore, excellent inter-observer (ICC: 0.90–0.98),
and inter-scan reproducibility (r: 0.88–0.96) were reported for plaque
volume assessment using dedicated quantification software, which
paved the road for conducting serial follow-up studies.26,27 In line with
these findings, we have observed excellent inter-observer reproduci-
bility of quantitative measurements (ICC: 0.85–0.93).

Our results demonstrate progression of coronary vessel wall volume
already within the first two years after heart transplantation. 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 percen-
tage of the lesions showed intermediate attenuation (75–130 HU)
consistent with fibro-fatty tissue, and low-attenuation (< 75 HU) ana-
logous with lipid-rich content.14 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. Most
non-HTX studies used semi-quantitative plaque assessment and in-
vestigated atherosclerotic plaque regression/progression under lipid
lowering therapy in patients with established coronary artery disease.
In addition, these studies had longer follow-up periods. Nevertheless,
prior studies reported 6–13% increase in plaque burden within 2–3
years’ follow-up period, generally due to non-calcified volume changes,
where calcified lesions mostly remained unchanged.15 Only very lim-
ited data are available concerning the follow-up of HTX patients using
serial coronary CTA. The only study conducted by Rohnean et al. also
reported rather slow progression of CAV after a 5-years follow-up
period of HTX patients as detected with qualitative coronary CTA as-
sessment.18 According to their results, the time to significant stenosis
was consistently longer than 3 years among the 62 HTX patients eval-
uated, and therefore they recommended to consider a 2-year interval
between follow-up studies among patients with normal baseline CT.
Patients were classified as having normal coronaries, any wall thick-
ening or significant stenosis. Importantly, in our study we found twice
as many patients with significant coronary vessel wall thickening when
using quantitative analysis, as compared with standard clinical read.
Our findings draw attention to early CAV progression. Even experi-
enced observes might miss the correct diagnosis when concentrating
only on focal luminal lesions. The detection of CAV progression in a
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very early phase might create the possibility to alter im-
munosuppressive therapy effectively in the initial phase of the disease
and avoid serious complications, such as heart failure, ventricular ar-
rhythmias or sudden cardiac death. Further studies with longer follow-
up periods are warranted to define the prognostic value of subclinical
CAV progression as detected with quantitative coronary CTA analysis.
We have detected predominantly non-calcified lesions. These findings
are in line with serial IVUS and virtual histology studies. Torres et al.
reported CAV in 55% of the patients when assessed with IVUS and in
only 32% when evaluated with subjective reading of ICA (p= 0.01).
Although they evaluated only the first segment of the left anterior
descending coronary with virtual histology IVUS, they demonstrated
that fibrous tissue is the predominant component of CAV.28 Similarly, a
recent study using near-infrared spectroscopy and IVUS showed that
calcification was barely present in CAV lesions, while a higher pre-
valence of lipid-rich lesions was observed in CAV, as compared to
atherosclerotic plaques.29

Our study results are limited to patients undergoing heart trans-
plantation. Patients with general contraindications to coronary CTA
were not included in the study, however among HTX patients the most
frequent contraindication is impaired renal function, which is also a
contraindication for ICA. Furthermore, we did not use a reference
standard measurement, however the accuracy of coronary CTA for the
detection of coronary atherosclerotic plaque and luminal narrowing is
well established in the literature. Moreover, the software we used for
quantitative CT analysis was validated against IVUS,14 and it would not
be ethical to expose a patient population, which is already susceptive
for malignancies, to additional invasive studies and ionizing radiation
exposure. Also, we have analyzed coronary arteries only up until 2-mm
luminal diameter, although CAV might affect smaller branches in the
early phase of the disease. At the same time these vessels are not sui-
table for revascularization. Lastly, as a head-to-head comparison be-
tween the commonly accepted segment based qualitative reading and
semi-automated vessel based quantitative analysis is not feasible, we
compared our findings at a patient-based level. This illustrates the in-
herent limitations of qualitative coronary CTA interpretation in CAV
follow-up.

5. Conclusions

Quantitative vessel wall assessment is feasible with coronary CTA in
HTX patients. CAV progression within two years after HTX is mainly
attributable to non-calcified lesion components, while calcified lesions
remain unchanged. 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 may imply that CAV might
be detected in an early stage when using quantitative CT analysis.

Conflicts of interest

None.

Disclosures

The authors of this manuscript have no conflicts of interest to dis-
close.

This study was supported by the National Research, Develop-ment
and Innovation Office of Hungary (NKFIA; NVKP-16-1-2016-0017).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jcct.2018.11.006.

References

1. Lund LH, Edwards LB, Kucheryavaya AY, et al. The registry of the International
Society for Heart and Lung Transplantation: thirty-first official adult heart transplant
report–2014; focus theme: retransplantation. J Heart Lung Transplant.
2014;33:996–1008.

2. Kobashigawa J. Coronary computed tomography angiography: is it time to replace
the conventional coronary angiogram in heart transplant patients? J Am Coll Cardiol.
2014;63:2005–2006.

3. Mehra MR, Crespo-Leiro MG, Dipchand A, et al. International Society for Heart and
Lung Transplantation working formulation of a standardized nomenclature for car-
diac allograft vasculopathy-2010. J Heart Lung Transplant. 2010;29:717–727.

4. Kobashigawa JA, Tobis JM, Starling RC, et al. Multicenter intravascular ultrasound
validation study among heart transplant recipients: outcomes after five years. J Am
Coll Cardiol. 2005;45:1532–1537.

5. Badano LP, Miglioranza MH, Edvardsen T, et al. European Association of
Cardiovascular Imaging/Cardiovascular Imaging Department of the Brazilian Society
of Cardiology recommendations for the use of cardiac imaging to assess and follow
patients after heart transplantation. Eur Heart J Cardiovasc Imaging.
2015;16:919–948.

6. Schepis T, Achenbach S, Weyand M, et al. Comparison of dual source computed to-
mography versus intravascular ultrasound for evaluation of coronary arteries at least
one year after cardiac transplantation. Am J Cardiol. 2009;104:1351–1356.

7. Wever-Pinzon O, Romero J, Kelesidis I, et al. Coronary computed tomography an-
giography for the detection of cardiac allograft vasculopathy: a meta-analysis of
prospective trials. J Am Coll Cardiol. 2014;63:1992–2004.

8. Romeo G, Houyel L, Angel CY, Brenot P, Riou JY, Paul JF. Coronary stenosis de-
tection by 16-slice computed tomography in heart transplant patients: comparison
with conventional angiography and impact on clinical management. J Am Coll
Cardiol. 2005;45:1826–1831.

9. Iyengar S, Feldman DS, Cooke GE, Leier CV, Raman SV. Detection of coronary artery
disease in orthotopic heart transplant recipients with 64-detector row computed to-
mography angiography. J Heart Lung Transplant. 2006;25:1363–1366.

10. Karady J, Panajotu A, Kolossvary M, et al. The effect of four-phasic versus three-
phasic contrast media injection protocols on extravasation rate in coronary CT an-
giography: a randomized controlled trial. Eur Radiol. 2017 Nov;27(11):4538–4543.

11. Doesch AO, Celik S, Ehlermann P, et al. Heart rate reduction after heart transplan-
tation with beta-blocker versus the selective if channel antagonist ivabradine.
Transplantation. 2007;84:988–996.

12. Takx RA, Willemink MJ, Nathoe HM, et al. The effect of iterative reconstruction on
quantitative computed tomography assessment of coronary plaque composition. Int J
Cardiovasc Imag. 2014;30:155–163.

13. Leipsic J, Abbara S, Achenbach S, et al. SCCT guidelines for the interpretation and
reporting of coronary CT angiography: a report of the Society of Cardiovascular
Computed Tomography Guidelines Committee. J Cardiovasc Comput Tomogr.
2014;8:342–358.

14. de Graaf MA, Broersen A, Kitslaar PH, et al. Automatic quantification and char-
acterization of coronary atherosclerosis with computed tomography coronary an-
giography: cross-correlation with intravascular ultrasound virtual histology. Int J
Cardiovasc Imag. 2013;29:1177–1190.

15. Sandfort V, Lima JA, Bluemke DA. Noninvasive imaging of atherosclerotic plaque
progression: status of coronary computed tomography angiography. Circ Cardiovasc
Imaging. 2015;8:e003316.

16. Cicchetti DV. Guidelines, criteria, and rules of thumb for evaluating normed and
standardized assessment instruments in psychology. Psychol Assess. 1994;6:284–290.

17. Costanzo MR, Naftel DC, Pritzker MR, et al. Heart transplant coronary artery disease
detected by coronary angiography: a multiinstitutional study of preoperative donor
and recipient risk factors. Cardiac Transplant Research Database. J Heart Lung
Transplant. 1998;17:744–753.

18. Rohnean A, Houyel L, Sigal-Cinqualbre A, To NT, Elfassy E, Paul JF. Heart transplant
patient outcomes: 5-year mean follow-up by coronary computed tomography an-
giography. Transplantation. 2011;91:583–588.

19. Bogot NR, Durst R, Shaham D, Admon D. Cardiac CT of the transplanted heart: in-
dications, technique, appearance, and complications. Radiographics.
2007;27:1297–1309.

20. Pflugfelder PW, Boughner DR, Rudas L, Kostuk WJ. Enhanced detection of cardiac
allograft arterial disease with intracoronary ultrasonographic imaging. Am Heart J.
1993;125:1583–1591.

21. Bartykowszki A, Kolossvary M, Jermendy AL, et al. Image quality of prospectively
ECG-triggered coronary CT angiography in heart transplant recipients. AJR Am J
Roentgenol. 2018;210:314–319.

22. Beitzke D, Berger-Kulemann V, Schöpf V, et al. Dual-source cardiac computed to-
mography angiography (CCTA) in the follow-up of cardiac transplant: comparison of
image quality and radiation dose using three different imaging protocols. Eur Radiol.
2015;25:2310–2317.

23. Stocker TJ, Deseive S, Leipsic J, et al. Reduction in radiation exposure in cardio-
vascular computed tomography imaging: results from the prospective multicenter
registry on RadiaTion dose estimates of cardiac CT AngIOgraphy IN daily practice in
2017 (PROTECTION VI). Eur Heart J. 2018; Aug 25. https://doi.org/10.1093/
eurheartj/ehy546 [Epub ahead of print].

24. Arbab-Zadeh A, Hoe J. Quantification of coronary arterial stenoses by multidetector
CT angiography in comparison with conventional angiography methods, caveats, and
implications. JACC Cardiovasc Imaging. 2011;4:191–202.

25. Boogers MJ, Schuijf JD, Kitslaar PH, et al. Automated quantification of stenosis se-
verity on 64-slice CT: a comparison with quantitative coronary angiography. JACC

M. Károlyi et al. Journal of Cardiovascular Computed Tomography 13 (2019) 128–133

132

https://doi.org/10.1016/j.jcct.2018.11.006
https://doi.org/10.1016/j.jcct.2018.11.006
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref1
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref1
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref1
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref1
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref2
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref2
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref2
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref3
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref3
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref3
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref4
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref4
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref4
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref5
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref5
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref5
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref5
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref5
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref6
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref6
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref6
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref7
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref7
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref7
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref8
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref8
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref8
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref8
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref9
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref9
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref9
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref10
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref10
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref10
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref11
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref11
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref11
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref12
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref12
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref12
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref13
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref13
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref13
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref13
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref14
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref14
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref14
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref14
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref15
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref15
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref15
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref16
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref16
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref17
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref17
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref17
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref17
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref18
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref18
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref18
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref19
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref19
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref19
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref20
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref20
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref20
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref21
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref21
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref21
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref22
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref22
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref22
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref22
https://doi.org/10.1093/eurheartj/ehy546
https://doi.org/10.1093/eurheartj/ehy546
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref24
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref24
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref24
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref25
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref25


Cardiovasc Imaging. 2010;3:699–709.
26. Lee MS, Chun EJ, Kim KJ, Kim JA, Vembar M, Choi SI. Reproducibility in the as-

sessment of noncalcified coronary plaque with 256-slice multi-detector CT and au-
tomated plaque analysis software. Int J Cardiovasc Imag. 2010;26:237–244.

27. Schuhbaeck A, Dey D, Otaki Y, et al. Interscan reproducibility of quantitative cor-
onary plaque volume and composition from CT coronary angiography using an au-
tomated method. Eur Radiol. 2014;24:2300–2308.

28. Torres HJ, Merello L, Ramos SA, et al. Prevalence of cardiac allograft vasculopathy
assessed with coronary angiography versus coronary vascular ultrasound and virtual
histology. Transplant Proc. 2011;43:2318–2321.

29. Zheng B, Maehara A, Mintz GS, et al. In vivo comparison between cardiac allograft
vasculopathy and native atherosclerosis using near-infrared spectroscopy and in-
travascular ultrasound. Eur Heart J Cardiovasc Imaging. 2015;16:985–991.

M. Károlyi et al. Journal of Cardiovascular Computed Tomography 13 (2019) 128–133

133

http://refhub.elsevier.com/S1934-5925(18)30226-0/sref25
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref26
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref26
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref26
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref27
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref27
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref27
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref28
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref28
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref28
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref29
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref29
http://refhub.elsevier.com/S1934-5925(18)30226-0/sref29

	Quantitative CT assessment identifies more heart transplanted patients with progressive coronary wall thickening than standard clinical read
	Introduction
	Methods
	Study population
	Coronary CTA scan protocol
	Qualitative image analysis
	Quantitative image analysis
	Statistical analysis

	Results
	Qualitative image analysis
	Quantitative image analysis
	Progressive vessel wall thickening

	Discussion
	Conclusions
	Conflicts of interest
	Disclosures
	Supplementary data
	References




