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ABSTRACT

Background: Coronary computed tomography angiography (CCTA) is emerging as a valuable
tool for non-invasive surveillance of cardiac allograft vasculopathy (CAV) in patients with heart
transplant (HTx). We assessed the diagnostic performance of a comprehensive CCTA-based
approach compared to the invasive reference [including invasive coronary angiography (ICA),
intravascular ultrasound (IVUS), and fractional flow reserve (FFR)] for detecting CAV.
Methods. Multicenter prospective study including 37 HTx patients undergoing CCTA, ICA,
IVUS, and FFR. The comprehensive CCTA-based approach included quantitative and qualitative
plaque analysis and functional assessment by CCTA-derived fractional flow reserve (FFRcr).
CAYV was diagnosed based on ICA (ISHLT criteria) and IVUS. Univariable logistic regression
analysis was performed to test CCTA-derived predictors of CAV. The area under the curve
(AUC) and accuracy indicators were calculated to test the performance and best cut-offs of
CCTA predictors of CAV.

Results. The median interval between CCTA and HTx was 5 years. Among the 37 recipients, 23
(62.2%) were diagnosed with CAV. The integration of diameter stenosis and plaque morphology
(including plaque burden at minimum lumen area >42% and percent atheroma volume >23%) at
CCTA yielded the highest diagnostic performance (accuracy:84%, sensitivity:83%,
specificity:86%). The integration of AFFRcr frans-vessel gradient led to increased sensitivity,
albeit with decreased specificity and overall accuracy. The non-invasive approach was associated
with lower contrast and radiation dose, compared to the invasive approach.

Conclusions. A non-invasive strategy based on CCTA is accurate for managing HTx patients.
CCTA might be considered the preferred imaging modality for annual CAV surveillance after

the first year post-HTx.

Keywords: Cardiac allograft vasculopathy, heart transplant, coronary computed tomography

angiography, invasive coronary angiography, intravascular ultrasound, plaque analysis.



ABBREVIATIONS LIST

CAYV — Cardiac Allograft Vasculopathy

HTx — Heart Transplant

ICA — Invasive Coronary Angiography

IVUS — Intravascular Ultrasound

ISHLT — International Society for Heart and Lung Transplantation
CCTA — Coronary Computed Tomography Angiography

FFR — Fractional Flow Reserve

FFRct — Fractional Flow Reserve derived from Coronary Computed Tomography Angiography
MIT — Maximal Intima Thickness

DS — Diameter Stenosis

LAP — Low Attenuated Plaque

PPV — Positive Predictive Value

NPV — Negative Predictive Value

AUC — Area Under the Curve

MLA — Minimal Lumen Area

PCI — Percutaneous Coronary Intervention



CLINICAL PERSPECTIVES

A comprehensive non-invasive assessment based on coronary computed tomography
angiography (CCTA) might be valuable for the surveillance of cardiac allograft vasculopathy
(CAV) after the first-year post-heart transplant (HTx). Beyond the early CAV surveillance (at 12
months follow-up), for which invasive assessment might provide prognostic information, the
integration of CCTA-derived measures of coronary diameter stenosis (DS>35%) and plaque
morphology (plaque burden at minimum lumen area>42% and percent atheroma volume>23%)
proved to be accurate in detecting CAV compared to invasive coronary angiography plus
intravascular ultrasound. These findings suggest the potential usefulness of integrating plaque
morphology and DS in CAV classification at CCTA, similar to the recent integration
recommended in the CAD-RADS 2.0 classification for native coronary artery disease. Fractional
flow reserve derived from computed tomography (FFRct) was feasible in all patients. Due to the
diffuse nature of CAV, the AFFRcr trans-vessel gradient could be considered a valuable
physiological parameter that is more sensitive in detecting CAV presence compared to distal
FFRct. Thus, CCTA could act as a gatekeeper to select HTx patients requiring invasive
assessment, thereby reducing their exposure to radiation and contrast agents as well as
minimizing hospital costs. This approach has the potential to improve patients’ care and quality
of life. Furthermore, the detection of CAV and assessment of plaque composition at an early
stage at CCTA might facilitate optimization of pharmacotherapy (e.g. changing
immunosuppressive regimen, optimizing the control of cardiovascular risk factors and

comorbidities), potentially improving patients’ outcomes.



INTRODUCTION

Cardiac allograft vasculopathy (CAV) is the leading cause of long-term graft dysfunction in
patients who underwent heart transplantation (HTx) and is associated with significant morbidity
and mortality (1,2). Thus, prevention and early detection of CAV are crucial for improving long-
term outcomes.

While invasive coronary angiography (ICA) is still considered the gold standard for CAV
diagnosis and annual surveillance, intravascular imaging [either by intravascular ultrasound
(IVUS) or optical coherence tomography] and physiologic assessment using fractional flow
reserve (FFR) are valuable additional tools in the cardiac catheterization laboratory. Specifically,
IVUS is the preferred invasive method for assessing the extent and progression of CAV, while
FFR provides complementary long-term prognostic information and helps identify patients at
risk of accelerated CAV and acute rejection (3,4). Invasive assessment carries procedural risks
and discomfort for the patient, and the use of intravascular imaging is limited due to costs and
the need for operators’ expertise. Thanks to technological advancements and growing evidence,
non-invasive imaging is emerging as a valuable alternative for CAV assessment. Indeed,
coronary computed tomography angiography (CCTA) can detect CAV, providing information
about plaque assessment and patients’ prognosis (5-7). CCTA-derived FFR (FFRcrT) is feasible
and identifies HTx patients with hemodynamically significant coronary stenosis (8).

In this study, we evaluated the diagnostic performance of a comprehensive non-invasive
approach based on CCTA (including anatomical, morphological, and functional plaque analysis)
compared to the invasive reference (including ICA, IVUS, and FFR) for CAV assessment in HTx

patients.



MATERIALS AND METHODS
The data that support the findings of this study are available from the corresponding author

upon reasonable request.

Study Design

Prospective, multicenter, observational study conducted at Cardiovascular Center OLV Aalst,
Belgium, and University Hospital Policlinico Sant’Orsola Malpighi in Bologna, Italy. Between
June 2021-August 2023, consecutive HTx recipients referred for routine CAV surveillance with
ICA were included. IVUS was performed in at least one vessel in all patients. Per study protocol,
all patients underwent CCTA within 2 months before ICA, and all CCTAs were sent for
processing FFRct (HeartFlow, Inc., Redwood City, CA, USA). An overview of non-invasive and
invasive data analysis is provided in Figure 1. Exclusion criteria were estimated glomerular
filtration rate (eGFR) <30 mL/min/m? prior PCI, poor CCTA image quality, and lack of
informed consent. The study protocol was approved by the institutional review board of the ethics
committee and adhered to the principles of the World Medical Association Statement on Organ
and Tissue Donation. The present study was conducted according to the Declaration of Helsinki.
All patients were informed about their participation and provided informed consent for the

anonymous publication of scientific data.

Invasive Strategy

The invasive strategy consisted of CAV surveillance using ICA with IVUS performed in at least
one vessel in all patients. Details on the acquisition protocol are provided in Supplementary
Files—Extended Methods. CAV was defined according to the International Society for Heart
and Lung Transplantation (ISHLT) CAV criteria and grading scale (1). In detail, the presence

and extent of CAV were graded by either ICA according to the ISHLT standard criteria (1) or



IVUS findings (Supplementary Files—Extended Methods and Figure 1). Both ICA and IVUS

were evaluated by an expert interventional cardiologist who was blinded to CCTA findings.

Non-invasive strategy

CCTA scans were performed on the latest generation CT scanner (Dual Source CT scanner
SOMATOM FORCE, Siemens) following current image acquisition guidelines (9). The
comprehensive anatomical, morphological and functional CCTA-based approach included
quantitative and qualitative plaque assessment and FFRcr analysis. Plaque volume and
composition were analyzed on a per vessel basis using a semi-automated validated software
(QAngio CT, Medis Medical Imaging, the Netherlands) by an expert reader with >5-year
experience in CCTA (10,11). Plaque components were quantified within the manually designated
area using adaptive algorithms, as currently recommended (9,12,13). Percent atheroma volume
(PAV) was computed as total plaque volume (PV)/vessel volume x 100% (14). CCTAs were
centrally processed for FFRcr (HeartFlow, Inc., Redwood City, CA, USA) (15,16). Details on
CCTA acquisition protocol and analysis of FFRct model are provided in Supplementary Files—

Extended Methods.

Statistical analysis

Patients were stratified according to the absence or presence of CAV (CAV-/CAV+,
respectively) as assessed by ICA+IVUS (reference). The normality distribution of continuous
variables was assessed using Shapiro-Wilk test. Continuous variables with a normal distribution
were expressed as mean+tstandard deviation, and non-normally distributed variables as median
[interquartile range]. Categorical variables were expressed as counts (percentages). Comparison
of continuous data between groups was performed using Student’s t-test or Mann-Whitney U
test, as appropriate. Categorical data were compared between groups using the Chi-square test or

Fisher’s exact test as appropriate. Univariable logistic regression analysis to test CCTA-derived
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predictors of CAV was performed. The agreement between ICA+IVUS and CCTA assessment
was tested using standard accuracy indicators [sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), and accuracy]. The area under the curve (AUC) was
calculated to test the accuracy of CCTA predictors of CAV. The agreement between ICA+IVUS
and CCTA findings was evaluated as bias and limits of agreements by Bland-Altman analysis.
The significance level was set at p<0.05. Statistical analyses were performed using R statistical
software version 4.2.1 (R Foundation for Statistical Computing, Vienna, Austria), Statistical
Package for Social Sciences, v28.0 (SPSS, PC version, Chicago, IL, USA), and GraphPad Prism

(GraphPad Software, Inc., CA, US).



RESULTS

From the initial study population of 40 patients, 3 patients were excluded for poor CCTA image
quality. Plaque analysis and FFRct processing were feasible in all the remaining 37 patients.
Thus, the final study population consisted of 37 patients for whom comprehensive anatomical,
morphological, and functional plaque analysis was available (Supplementary Figure S1). The
mean age was 6319 years; 27 (73%) were males. Dilated cardiomyopathy was the most common
indication of HTx. Nine patients (24.3% of the study population) had a known CAV before the
ICA and CCTA (Table 1). Based on invasive assessment, CAV was detected in 23 (62.2%)
patients (“CAV+ group”) (Table 1). The median time since transplantation was 5 [2-11] years,
similar for both CAV+ and CAV- patients. There was no significant difference in clinical,
laboratory, and echocardiographic parameters between the two groups. Medical therapy,
including immunosuppressive and cardiovascular therapy, was also similar in both cohorts
(Table 1). After CCTA, in the CAV+ group, statin therapy was increased in 7 patients who had
been treated with low-intensity dosage and was reintroduced in 2 patients who had a history of
statin intolerance.

During a median follow-up of 15 [7-20] months, 4 patients died (3 in CAV+ group, among which
2 for septic shock and 1 for massive pulmonary embolism; 1 in CAV- group, for septic shock)
(Table 1). At a median follow-up of 5 [3 — 10] months after CCTA, 10 patients in CAV+ cohort
underwent percutaneous coronary intervention (PCI) (Table 1). Interestingly, HTx recipients
undergoing PCI presented mainly focal lesions, with a high plaque burden at MLA and a high
percent atheroma volume (Supplementary Table S1). The plaques were mostly non-calcified,
with a percentage of non-calcified plaque volume of 90%. In 6 (60%) patients there was at least
one of the high-risk plaque features (i.e. positive remodeling, spotty calcifications, and low
attenuated plaque). Among them, the presence of spotty calcifications was the most frequent one,

being present in 60% of the cases. In half of the cases, FFRct was <0.80, with a mainly focal



pattern of disease (median AFFRcr trans-lesion and trans-vessel gradient of 0.12 and 0.19,

respectively) (Supplementary Table S1).

Diagnostic accuracy

The median time between non-invasive and invasive assessment was 25 [1-46] days, similar for
both groups. Supplementary Table S2 summarizes the invasive anatomical (ICA+IVUS) and
functional (FFR) findings of the study population. At the time of ICA, the median blood pressure
was 133/70 [120/61 — 142/77] mmHg. In vessels classified as CAV+, the median diameter
stenosis (DS) was 20 [10-70]%, and plaque burden as assessed by IVUS was 57 [44-77]%. The
FFR was 0.90 [0.87-0.93] in the CAV- group and 0.86 [0.80-0.92] in the CAV+ group. Overall,
a rate of 2.7% of vascular complications occurred, with only one patient reporting a femoral
pseudoaneurysm.

As for the CCTA-based strategy, the mean heart rate before the CCTA was 83+14 bpm and the
median blood pressure was 125/70 [120/64 — 135/75] mmHg. Seventy-six percent (76%) of the
patients received intravenous beta-blockers, achieving a median heart rate of 72+10 bpm at
CCTA acquisition (Supplementary Table S3). Sublingual nitrates were administered in 95% of
the cases. No severe side effects, including conduction disorders or hypotension, were observed.
CCTA image quality was excellent or good (Likert score 3-4) in 34 (92%) patients. FFRct was
feasible in all patients included in the final study population. The non-invasive CCTA per vessel
findings stratified by the absence or presence of CAV (as assessed by ICA+IVUS, the reference)
are reported in Table 2. In the CAV+ group, CCTA analysis showed a greater DS and a greater
median plaque burden at minimum lumen area (MLA) compared to CAV- group (p=0.001 for
both, Table 2). There was no significant difference between groups in terms of per lesion plaque
volume, non-calcified plaque, and calcified plaque volume. However, the per vessel plaque
volume and percent atheroma volume were significantly higher in the CAV+ group (p<0.027).

Among high-risk plaque features, spotty calcifications and low attenuated plaque (LAP) were
10



more frequently detected in the CAV+ group (p=0.033 for both). The median FFRct was 0.91
[0.87-0.95] in CAV- group and 0.86 [0.80-0.91] in CAV+ group (p<0.001). Interestingly, the
AFFRcr trans-vessel gradient was significantly higher in the CAV+ group (p=0.002), unlike the
AFFRcr trans-lesion gradient, highlighting that CAV patients presented a mainly diffuse pattern
of disease (Table 2).

Univariable analysis identified several CCTA-derived predictors of CAV, including DS, MLA,
plaque burden at MLLA, percent atheroma volume, spotty calcifications, LAP, and AFFRcr trans-
vessel gradient (Table 3).

Among them, DS had the highest accuracy in predicting CAV, with an AUC of 0.86 (95%CI
0.73-0.99, sensitivity=74%, specificity=93%, threshold=35%). Among morphological
quantitative plaque features, plaque burden at MLA showed an AUC of 0.83 (95%CI 0.71-0.95,
sensitivity=82%, specificity=75%, threshold=42%), while the AUC of percent atheroma volume
was 0.63 (95%CI 0.52-0.74, sensitivity=80%, specificity=43%, threshold=23%). As for
functional plaque assessment, AFFRcr trans-vessel gradient presented an AUC of 0.68 (95%CI
0.57-0.78, sensitivity=59%, specificity=75%, threshold=0.13) (Figure 2).

The integration of CCTA-derived coronary DS and plaque morphology showed the highest
diagnostic performance with an accuracy of 84% (sensitivity=83%, specificity=86%, PPV=91%,
NPV=75%) (Figure 3 and Supplementary Tables S4-S5). Both at per patient and per vessel
level, the integration of AFFRcr frans-vessel gradient resulted in heightened sensitivity and
negative predictive value compared to both anatomy alone and the combination of anatomy plus
morphology, albeit with a reduction in specificity and positive predictive value, ultimately
leading to an overall decrease in accuracy (Figure 3).

In 6 out of 37 patients in which CCTA did not detect CAV compared to IVUS, the median plaque
burden at MLA was 34 [27-36]%, thus lower than the optimal threshold (42%) for CAV

detection; none of these 6 patients underwent PCI at follow-up (Supplementary Table S4).
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Moreover, we analyzed the CCTA plaque characteristics and FFRcr findings in the CAV+
vessels of patients included in the CAV+ subgroup (Supplementary Table S6). CCTA correctly
identified CAV (as defined by ICA+IVUS) in 17 patients and 36 vessels. In these cases,
intermediate, focal, mainly non-calcified plaques with a high plaque burden were detected.
Interestingly, the median DS was 44 [36 — 60] %, with only 11 vessels having a DS<35%. The
median FFRct value was 0.84 [0.79 — 0.90], with a median AFFRcr trans-lesion and trans-vessel
gradient of 0.11 [0.09 — 0.13] and 0.14 [0.09 — 0.20], respectively.

At Bland—Altman analysis, the mean difference between CCTA and IVUS for the MLA was -
0.29 (LLA= -3.85; ULA= 3.27) mm; for plaque burden at MLA, it was 4.72 (LLA= -18.26,
ULA=27.21) (Supplementary Figure S2).

The non-invasive approach was associated with lower contrast and radiation dose for HTx

patients compared to the invasive approach (Figure 4).
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DISCUSSION

In this multicenter, prospective study of HTx patients, we evaluated the diagnostic performance
of'a comprehensive approach using CCTA, including quantitative and qualitative plaque analysis
and functional assessment by FFRct for detecting CAV. We compared this approach to the
reference methods of ICA+IVUS. We found that: i) based on invasive assessment, CAV was
detected in 23 (62.2%) patients (“CAV+ group”™); ii) at univariable analysis, CCTA-derived DS,
MLA, plaque burden at MLA, percent atheroma volume, spotty calcifications, LAP and AFFRcr
trans-vessel gradient were predictors of CAV; iii) the combination of CCTA-derived coronary
DS (DS>35%) and plaque morphology (plaque burden at MLA>42% and percent atheroma
volume>23%) showed the highest accuracy in predicting CAV; iv) FFRcr was feasible in all

patients, showing a mainly diffuse pattern of disease in CAV+ patients.

Diagnostic accuracy

The main strength of this study lies in integrating qualitative, quantitative, and functional CCTA
analysis for CAV detection, comparing it with the reference invasive assessment methods, i.e.
ICA, TVUS, and FFR. In clinical practice, ICA remains the standard for annual surveillance of
CAV in HTx patients, and the classification of CAV, as recommended by the ISHLT, is mostly
based on visually assessed DS at ICA (17). Prior studies have demonstrated that CAV detection
at CCTA, based on DS, has an excellent NPV compared to ICA (18). However, CAV progression
has an early phase with intima thickening and expansion of the external elastic membrane with
minimal luminal stenosis, which occurs at a more advanced stage (5,19). Assessing intima
thickening by IVUS allows for early detection of CAV, particularly in “angiographically silent”
coronary arteries (20,21). Despite the prognostic implications of IVUS findings, its use for annual
CAV surveillance in HTx patients is not common mostly due to high costs, invasiveness, and the
need for operator expertise. Furthermore, there are no recommended treatment options based on

IVUS that can significantly impact patient outcomes beyond the first year after HTx (17,18).
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Nowadays, technological advances in CCTA scanners and the availability of semiautomated
software allow accurate quantification of plaque burden and plaque volume composition
throughout the entire coronary tree, unlike IVUS, which is typically performed only in one or the
main coronary arteries. In a retrospective study, coronary wall volume-length ratio, wall burden,
and proportion of fibrotic plaque at CCTA were identified as independent predictors of CAV.
However, DS at CCTA was not considered and IVUS was not performed (5). Our study reported
an AUC of 0.86 (95%CI 0.73-0.99, sensitivity 74%, specificity 93%) for CAV prediction using
CCTA-based DS. The NPV of CCTA to diagnose CAV was 68%, which is lower compared to
its diagnostic ability for obstructive CAD. This could be attributed to the fact that CAV is a
mainly diffuse disease, with a low prevalence of obstructive stenoses (17). Moreover, the spatial
resolution of commonly used CCTA scanners does not allow the assessment of intimal thickness,
unlike IVUS. Consequently, CCTA may have a lower predictive value in identifying CAV as
compared to the reference of ICA+IVUS. This limitation could be potentially overcome by the
widespread of photon-counting CCTA scanners, even though this hypothesis has yet to be tested.
Furthermore, we found that the optimal cut-off value for DS in predicting CAV (35%) was lower
than the commonly used cut-off of 50% used in previous studies comparing CCTA and ICA,
which might contribute to explaining the relatively lower NPV (5,17,18). Integrating DS with
quantitative plaque features might be crucial in improving the diagnostic accuracy of CAV
detection, thereby significantly increasing the NPV. Indeed, plaque analysis allows the detection
and quantification of the plaque throughout the entire vessel, providing valuable information on
the ongoing CAV development and progression, beyond the assessment of DS alone. These
findings suggest the potential usefulness of integrating plaque morphology and DS in CAV
classification at CCTA, similar to the recent integration recommended in the CAD-RADS 2.0
classification for native coronary artery disease (22). This would overcome the limitations of the
current classification, especially in case of ISHLT grade CAV1 (23). Although the prognostic

implications of plaque morphology at CCTA still require further investigation, our findings
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suggest that the presence of spotty calcifications and LAP may be predictive of CAV. Larger
studies are needed to explore whether these features might aid in identifying patients with CAV
and a high likelihood of requiring PCL

While plaque morphology might aid CAV assessment, FFRct could inform about its functional
significance. In our study, FFRct was feasible and safe in all patients. When integrating AFFRcr
trans-vessel gradient, both at per patient and per vessel level, there was an increase in sensitivity
and NPV compared to assessments based solely on anatomical or anatomical plus morphological
criteria, albeit with a decrease in specificity and PPV, resulting in an overall reduction in
accuracy. This finding may be partially explained by the lower FFRcr values observed in HTx
recipients. Despite the absence of focal stenoses, FFRct values have been shown to often be
abnormal in these patients, probably due to negative remodeling of the coronary arteries causing
a reduction in vessel volume without a change in plaque volume (8). Nonetheless, the
combination of CCTA-derived plaque morphological and physiological assessment improved the
diagnostic accuracy for CAV detection compared to DS alone. Physiological assessment
enhances sensitivity, while plaque morphological assessment enhances specificity. However, the
best diagnostic accuracy is achieved using the CCTA-derived anatomical and morphological
model, with an accuracy of 84% at per patient and 89% at per vessel level. This might be
explained considering that CAV is currently defined by ICA+IVUS, which are techniques
assessing plaque anatomy and morphology themself, while FFR is used to determine the
functional significance of coronary stenosis, which is not part of the classification itself.

In the univariable analysis, we showed that distal FFRcr was not associated with CAV, unlike
AFFRcr trans-vessel gradient. This might be due to the diffuse nature of CAV and the definition
of CAV used in our paper, relying on both ICA and IVUS. Therefore, the AFFRct trans-vessel
gradient could be considered a valuable physiological parameter that is more sensitive in

detecting CAV presence compared to distal FFRcr, thereby resembling the role of pullback
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pressure gradient for invasive FFR (24,25). The physiological assessment plays a complementary
role in CAV assessment, compared to anatomical and morphological assessment, informing about
the functional pattern of disease (focal vs diffuse) and the potential need for coronary
revascularization (8,26).

Technological advances and appropriate premedication protocols have significantly improved
the quality of CCTA images, even in HTx patients who may face difficulties in achieving an
optimal heart rate for image acquisition (5). CCTA image quality was excellent or good (Likert
score 3-4) in 34 patients (>90%), allowing for a comprehensive plaque analysis and FFRcr
processing in all patients included in the final study population. Importantly, high image quality
was achieved with lower levels of radiation and contrast doses compared to ICA, unlike prior
studies using older-generation scanners (17,18). This is crucial considering the high radiation
exposure of HTx patients due to surveillance and diagnostic procedures and the high prevalence
of chronic kidney disease among them. Moreover, CCTA can be combined with other diagnostic
exams (e.g. CT thorax, CT abdomen), frequently prescribed for the HTx population. CCTA also
enhances safety and comfort for HTx patients by eliminating procedural complications associated
with the invasive approach (27). However, it should be acknowledged that the current methods
do not include the assessment of coronary microcirculatory function, which is increasingly
recognized as being relevant in HTx recipients (4,28,29). An ongoing prospective cohort study

will provide additional insights on this aspect (NCT02798731).

Clinical perspectives

A comprehensive non-invasive assessment based on CCTA might be valuable for CAV
surveillance after the first year post-HTx. Beyond the early CAV surveillance (at 12 months
follow-up), for which invasive assessment might provide prognostic information, the integration
of CCTA-derived measures of coronary DS and plaque morphology proved to be accurate in

detecting CAV when compared to ICA+IVUS. Thus, CCTA could act as a gatekeeper to select
16



HTx patients requiring invasive assessment, thereby reducing their exposure to radiation and
contrast agents as well as minimizing hospital costs. Furthermore, the detection of CAV and
assessment of plaque composition at an early stage at CCTA might facilitate optimization of
pharmacotherapy (e.g. modification of the immunosuppressive regimen, optimization of
cardiovascular risk factors and comorbidities control). This approach has the potential to improve
patient care, quality of life, and clinical outcomes (30,31). Pericoronary fat attenuation index
(FAI) is emerging as a prognostic marker in HTx patients, suggesting that combining CCTA with
FAI assessment could enhance routine surveillance for CAV (32). Nonetheless, it should be
acknowledged that functional non-invasive imaging modalities (e.g. stress echocardiography,
stress cardiac magnetic resonance, positron emission tomography) are currently used and might

aid referral to invasive assessment, albeit being less accurate in detecting diffuse disease (17).

Limitations

Our findings should be interpreted considering some limitations. First, this was an observational
study with a relatively small sample size and limited outcomes data; thus, it should be considered
hypothesis-generating, and further studies in a larger population are needed to validate our
results. Secondly, plaque analysis requires dedicated software and might be currently time-
consuming, thus limiting the generalizability to routine clinical practice. Nonetheless, artificial
intelligence algorithms with automatic plaque analysis have shown encouraging results in this
regard. Lastly, our study does not allow to draw definite conclusions on the time frame after HTx
at which patients would benefit the most from non-invasive CAV surveillance compared to the

invasive one.
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CONCLUSION
A non-invasive strategy based on CCTA is accurate for CAV surveillance in HTx patients. CCTA

could be considered the preferred imaging modality for annual CAV surveillance, after the first

year post-HTx.
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TABLES

Table 1. Baseline characteristics and comorbidities of the study population.

Overall HTx patients HTx patients p-value
HTx patients CAV- CAV+
N=37 N=14 N=23
Age, years 6319 61£9 64£10 0.188
Male sex, n (%) 27 (73) 10 (71) 17 (74) 0.869
BMI, kg/m? 27+4 26+3 2745 0.138
Cardiovascular risk factors
Current smoker, n (%) 3 (8.1 1(7.1) 2 (8.7) 0.867
Arterial hypertension, n (%) 25 (67.6) 12 (85.7) 13 (56.5) 0.066
Dyslipidemia, n (%) 32 (86.5) 12 (85.7) 20 (87) 0.915
Type-2 diabetes, n (%) 11(29.7) 2(14.3) 9(39.1) 0.109
CKD, n (%) 22 (59.5) 9 (64.3) 13 (56.5) 0.641
BMI >30, n (%) 8(23.5) 1(8.3) 7 (31.8) 0.123
Known CAYV, n (%) 9(24.3) - 9(39.1) -
Indication for HTx 0.911
Ischemic heart disease, n (%) 12 (32.4) 4 (28.6) 8 (34.8)
Dilated cardiomyopathy, n (%) 18 (48.6) 7 (50) 11 (47.8)
Others, n (%) 7 (18.9) 3(21.4) 4(17.4)
HTx data
Time from HTX, years 5[2-11] 412-9] 6 [2-14] 0.414
Age of donor, years 39+13 36x13 41+14 0.298
Male sex donor, n (%) 27 (73) 8 (57) 19 (83) 0.091
CMYV Infection mismatch, n (%) 10 (27) 4 (28) 6 (206) 0.869
Time between CCTA and Angio, days 25 [1-46] 2 [1-43] 31 [12-51] 0.121
Laboratory Tests
Creatinine, mg/dl 1.34+£0.4 1.35£0.4 1.33£0.5 0.573
¢GFR, ml/min/m? 57 [42-72] 57 [41-64] 55 [42-73] 0.771
Total cholesterol, mg/dl 173 [155-191] 177 [158-199] 170 [148-189] 0.355
LDL, mg/dl 91 [80-110] 93 [87-124] 90 [74-104] 0.234
Blood glucose level, mg/dl 107 [96-122] 105 [98-117] 107 [94-128] 0.616
CRP, mg/dl 2.8 [0.6-6.8] 1.8 [0.6-6.8] 2.9 [0.8-8] 0.210
Echocardiography

25




LVEDV, ml 92 [78-101]

LVEF, % 55 [55-60]
TAPSE, mm 17 [16-19]
SysPAP, mmHg 25 [25-30]

Immunosuppressive therapy

Tacrolimus, n (%) 26 (70.3)
Cyclosporine A, n (%) 9 (24.3)
Everolimus, n (%) 2(5.4)
Mycophenolate, n (%) 33(89.2)
Azathioprine, n (%) 1(2.7)
Corticosteroids, n (%) 14 (41.2)

Concomitant Medication

Statins, n (%) 34 (91.9)
Low intensity 17 (50)
High intensity 17 (50)

Ezetimibe, n (%) 2(5.4)

Antiplatelets, n (%) 24 (64.9)

Follow-up

Acute rejection 22 (ISHLT grade), n (%) 3(8)

PCIL, n (%) 10 (27)

All-cause death, n (%) 4(11)

91 [75-104]
57 [55-61]
17 [16-19]
25 [21-27]

11 (78.6)
3(21.4)
1(7.1)

12 (85.7)

4(33.3)

13 (92.9)
9 (69.2)
4(30.8)
1(7.1)
7 (50)

1(7)

1(7)

93 [80-99]
55 [55-60]
17 [16-20]
25[25-30]

15 (62.5)
6(26.1)
1(43)
21 (91.3)
1(43)
19 (45.5)

21 (91.3)
8 (38.1)
13 (61.9)
1(43)
17 (73.9)

209
10 (44)
3(13)

0.938
0.216
0.637
0.457

0.389
0.749
0.715
0.595

0.493

0.867
0.078

0.715
0.139

0.867

0.575

Continuous variables are presented as mean (SD) or median [LQ-UQ], when indicated; categorical ones as n (%).
Continuous variables were compared using Student’s t-test or Mann-Whitney U test, as appropriate. Categorical

variables were compared using the Chi-square test or Fisher’s exact test as appropriate.

Abbreviations. HTx: Heart Transplant; CAV: Coronary Allograft Vasculopathy; BMI: Body Mass Index; CKD:
Chronic Kidney Disease; CMV: Cytomegalovirus; CCTA: Coronary Computed Tomography Angiography; Angio:
Angiography; eGFR: estimated Glomerular Filtration Rate; LDL: Low-Density Lipoprotein; CRP: C-reactive
Protein; LV: Left Ventricular; EDV: End-diastolic Volume; LVEF: Left ventricular ejection fraction; TAPSE:
Tricuspid Annular Plane Systolic Excursion; SysPAP: Systolic Pulmonary Arterial Pressure; PCI: Percutaneous

Coronary Intervention.
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Table 2. CCTA-derived findings of the study population.

CCTA FINDINGS
Vessel Level (N=111)

CAV*- CAV*+ p-value

(N=54) (N=57)
Lesion length, mm 17 [12-29] 15 [11-25] 0.686
DS, % 4 10-32] 38 [31-59] 0.001
MLA, mm? 9 [6-13] 4.7 [3.8-7.8] 0.022
Plaque analysis
Per-lesion
Plaque burden at MLA, % 22 [0-53] 70 [55-79] <0.001
Plaque volume, mm? 153 [81-263] 137 [83-199] 0.933
Non-calcified plaque volume, mm3 130 [65-245] 124 [78-141] 0.603
Fibrous volume, mm? 77 [34-127] 56 [39-84] 0.559
Fibrous-fatty volume, mm? 22 [7-42] 22 [11-27] 0.933
% of non-calcified plaque vol, mm3} 91 [71-98] 93 [86-99] 0.729
Calcified Plaque volume, mm3 8.3 [2-39] 13 [2-21] 0.734
% of calcified plaque volume, mm? 8.7 [1.2-28] 9 [2-16] 0.838
Per-vessel
Lumen volume, mm? 566 [367-940] 648 [390-815] 0.937
Vessel volume, mm3 862 [517-1204] 967 [609-1167] 0.513
Plaque volume, mm? 205 [131-322] 289 [193-413] 0.027
Percent atheroma volume, % 26 [19-34] 30 [24-39] 0.025
High risk plaque features
Remodeling Index 1.1 [0.9-1.5] 1[0.9-1.3] 0.781
Positive Remodeling, % 1 (20) 5 (20) 1.000
Spotty Calcifications, % 3(5.6) 15 (26.3) 0.033
LAP, % 2(3.7) 9 (16) 0.033
LAP, HU 18 [13-30] 23 [8-27] 0.722
Napkin ring, % 1(1.9) 0(0) 0.302
Functional Assessment
FFRct1<0.80, % 3(6.4) 13 (28.3) 0.005
FFRcr, distal value 0.91 [0.87-0.95] 0.86 [0.80-0.91] <0.001
AFFRcr, trans-lesion gradient 0.08 [0.04-0.11] 0.11[0.09-0.13] 0.087
AFFRcr, trans-vessel gradient 0.08 [0.04-0.12] 0.13 [0.07-0.18] 0.002
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Continuous variables are presented as mean (SD) or median [LQ-UQ], when indicated; categorical ones as n (%).
Diameter stenosis was considered as a continuous variable. Continuous variables were compared using Student’s t-
test or Mann-Whitney U test, as appropriate. Categorical variables were compared using the Chi-square test or
Fisher’s exact test as appropriate.

Abbreviations. CCTA: Coronary Computed Tomography Angiography; CAV: Cardiac Allograft Vasculopathy;
DS: Diameter Stenosis; MLA: Minimum Lumen Area; LAP: Low Attenuated Plaque; HU: Hounsfield Units; FFRcr:
Fractional Flow Reserve derived from Computed Tomography.

*CAYV assessed with ICA+IVUS, as reference.

tCalculated as the ratio of non-calcified plaque volume and total plaque volume.

iCalculated as the ratio of calcified plaque volume and total plaque volume.
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Table 3. Univariable analysis testing the CCTA-derived predictors of CAV.

CAV Univariable analysis

Variables OR 95%CI p-value

Baseline characteristics

Age 1.06 0.98-1.14 0.172
Sex 0.75 0.17-3.35 0.706
Diabetes 3.3 0.59-18.4 0.173
Dyslipidemia 1.27 0.18-8.79 0.807
CKD 0.63 0.16-2.47 0.503
Obesity 4.94 0.54-45.6 0.159
CCTA analysis

Diameter stenosis, % 1.09 1.03-1.16 0.003
MLA, mm? 0.82 0.69-0.99 0.036

Plaque analysis per lesion

Plaque burden at MLA, % 1.05 1.02-1.08 <0.001
Non-calcified plaque volume, mm? 0.99 0.98-1.01 0.418
Dense calcium volume, mm? 1.01 0.98-1.03 0.573

Plaque analysis per vessel
Plaque volume 1.00 0.99-1.00 0.161
Percent atheroma volume (PAV), % 1.04 1.01-1.08 0.035
High risk plaque features
Spotty calcifications, % 6.07 1.65-22.4 0.007
LAP, % 4.88 1.00-23.71 0.050
Functional assessment

FFRcr distal value 0.05 0.01-9.83 0.271

AFFRcr trans-vessel gradient 3.6 1.43-8.85 0.006

Abbreviations. CAV: Cardiac Allograft Vasculopathy; CCTA: Coronary Computed Tomography Angiography;
OR: Odds ratio; CI: Confidence Interval; CKD: Chronic Kidney Disease; MLA: Minimum Lumen Area; LAP: Low
Attenuated Plaque; FFRcr: Fractional Flow Reserve derived from Computed Tomography.

Diameter stenosis was considered as a continuous variable.
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FIGURES LEGEND

Figure 1. Case example of the CCTA and ICA plus IVUS findings. In detail, Panel E shows an
attenuated signal plaque.

Abbreviations. ICA: invasive coronary angiography; IVUS: intravascular ultrasound; CCTA: Coronary Computed
Tomography Angiography.

Figure 2. ROC curves assessing the accuracy of diameter stenosis, plaque burden at minimum
lumen area, spotty calcifications, and low attenuated plaques in predicting the presence of cardiac

allograft vasculopathy.

Abbreviations. AUC: Area under the curve; CI: Confidence Interval; MLA: minimum lumen area; ROC: receiver
operating characteristic curve.

Figure 3. Diagnostic accuracy of anatomical (i.e. diameter stenosis), anatomical plus FFRcr
(AFFRcr trans-vessel gradient), anatomical plus morphological (i.e. plaque burden at minimum
lumen area plus percent atheroma volume) and anatomical plus morphological plus FFRcr

assessment in predicting the presence of CAV at per patient and per vessel level.

Abbreviations. CCTA: Coronary Computed Tomography Angiography; NPV: Negative Predictive Value; PPV:
Positive Predictive Value; FFRcr: Fractional Flow Reserve derived from Computed Tomography.

*CCTA anatomy included diameter stenosis.

+CCTA morphology included plaque burden at minimum lumen area and percent atheroma volume.

FFRcr included AFFRcr trans-vessel gradient.

Figure 4. Contrast and radiation dose of invasive versus non-invasive approach for CAV

assessment.
Abbreviations. CCTA: Coronary Computed Tomography Angiography; ICA: Invasive Coronary Angiography;

IVUS: Intravascular Ultrasound; FFR: Fractional Flow Reserve; FFRcr: Fractional Flow Reserve derived from
Computed Tomography.

30



Figure 1.

ICA + IVUS (reference)
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Figure 3.
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Figure 4.

200

Contrast Dose (ml)

50

300

250

150

100

o §§.~ :;QQQ ad &
&g &
& o

Radiation Dose (mSv)

QEF;P£§S§ qﬁéé* {ffy-£E‘H§
« 59 ﬁc‘ﬁ?

34



Graphical Abstract.

The median IMT was Higher par-vessel
1.10[0.71-2] mm, plague volume and
with 23 pts being plague burden at
Among high-risk CAV+, MLA in CAV+, Integrating DS and

plague features, L plague morphology

ASF were found in z was accurata in
4 (7%) of pts. CAV surveillance in Heart Transplant predicting CAV.
37 patients undergoing both:
Operator’ expertise —_ Z i Spotty calcifications
and local resource / p “ [0 . and LAP were
availability needed Y [ : | predictors of CAV.

ICA plus IVUS plus FFR CCTA plus FFR;

for IVUS. il | ———

3N
\.
There was good @ ﬂFF:ng:;ﬂniE;:E:sai
ement bet ¢
ﬁ.ﬁ.:: 3 WGSW;E: associated with CAY,
and PB at MLA Invasive assessment Considered as a one- potentially detecting
i after CCTA might be stop shop exam in its diffuseness.
reserved to a minority Most cases.
of HTx patients.




