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Abstract

Aims Cardiac allograft vasculopathy (CAV) is the major long-term complication after heart transplantation, leading to mor-
tality and re-transplantation. As available non-invasive biomarkers are scarce for CAV screening, we aimed to identify a pro-
teomic signature for CAV.
Methods and results We measured urinary proteome by capillary electrophoresis coupled with mass spectrometry in 217
heart transplantation recipients (mean age: 55.0 ± 14.4 years; women: 23.5%), including 76 (35.0%) patients with CAV diag-
nosed by coronary angiography. We randomly and evenly grouped participants into the derivation cohort (n = 108, mean
age: 56.4 ± 13.8 years; women: 22.2%; CAV: n = 38) and the validation cohort (n = 109, mean age: 56.4 ± 13.8 years; women:
24.8%, CAV: n = 38), stratified by CAV. Using the decision tree-based machine learning methods (extreme gradient boost), we
constructed a proteomic signature for CAV discrimination in the derivation cohort and verified its performance in the valida-
tion cohort. The proteomic signature that consisted of 27 peptides yielded areas under the curve of 0.83 [95% confidence in-
terval (CI): 0.75–0.91, P < 0.001] and 0.71 (95% CI: 0.60–0.81, P = 0.001) for CAV discrimination in the derivation and
validation cohort, respectively. With the optimized threshold of 0.484, the sensitivity, specificity, and accuracy for CAV differ-
entiation in the validation cohort were 68.4%, 73.2%, and 71.6%, respectively. With adjustment of potential clinical con-
founders, the signature was significantly associated with CAV [adjusted odds ratio: 1.31 (95% CI: 1.07–1.64) for per 0.1%
increment in the predicted probability, P = 0.012]. Diagnostic accuracy significantly improved by adding the signature to the
logistic model that already included multiple clinical risk factors, suggested by the integrated discrimination improvement
of 9.1% (95% CI: 2.5–15.3, P = 0.005) and net reclassification improvement of 83.3% (95% CI: 46.7–119.5, P < 0.001). Of
the 27 peptides, the majority were the fragments of collagen I (44.4%), collagen III (18.5%), collagen II (3.7%), collagen XI
(3.7%), mucin-1 (3.7%), xylosyltransferase 1 (3.7%), and protocadherin-12 (3.7%). Pathway analysis performed in Reactome
Pathway Database revealed that the multiple pathways involved by the signature were related to the pathogenesis of CAV,
such as collagen turnover, platelet aggregation and coagulation, cell adhesion, and motility.
Conclusions This pilot study identified and validated a urinary proteomic signature that provided a potential approach for
the surveillance of CAV. These proteins might provide insights into CAV pathological processes and call for further investiga-
tion into personalized treatment targets.
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Introduction

Heart transplantation is the ultimate therapeutic option for
patients with end-stage heart failure. The survival time
post-heart transplantation has been remarkably prolonged
due to progress in immunosuppression in recent decades.1

However, within 7 to 13 years after heart transplantation,
around 50% of heart transplantation recipients are affected
by cardiac allograft vasculopathy (CAV) characterized by the
progressive diffuse intimal thickening of the coronary
arteries.2,3 Patients with CAV are exposed to a 5.7-fold higher
risk of death or re-transplantation compared with recipients
without CAV.4 Although various risk factors, such as inflam-
mation, thrombosis, endothelial dysfunction, and fibrosis
have been demonstrated to be associated with CAV, the
pathogenesis remains incompletely understood.5–12 To date,
the routine surveillance of CAV is via invasive diagnostic tech-
niques. Non-invasive diagnostic biomarkers are scarce in clin-
ical practice.1,13,14

With the advent of precision medicine, the bottom-up pro-
teomic approach has been extensively implemented in car-
diovascular research.15–17 It enables us to identify
thousands of proteins from a small volume of biofluids with
no prior assumption. Nevertheless, the acquired massive,
multi-dimensional proteomic data also brings new challenges
to the biomarker discovery in large-scale cohorts due to the
complex, formidable data analysis.18 To address this issue,
machine learning has been recently introduced to process
and analyse proteomic data.19–21

Embracing these cutting-edge approaches, we aimed to
identify and validate a urinary proteomic signature of CAV
in a relatively large heart transplantation cohort and to pro-
vide perspectives on the underlying mechanism of CAV.

Methods

Study cohort

This study was conducted in compliance with the Helsinki dec-
laration for research in humans and was approved by the
Ethics Committee of the University Hospitals Leuven [approval
numbers B322201421186 (S56384) and B322201421045
(S56472)]. Written informed consents were obtained from all
participants. The recruitment was started in 2014 at the Uni-
versity Hospital Leuven. All surviving heart transplantation re-
cipients were invited to provide a 5 mL midstream urine
sample during their regular follow-up visit at the hospital. Pa-
tients with CAV were included in the study if they had been di-
agnosed with CAV before or within 3 months of the urinary
sample collection. For the non-CAV group, patients were re-
quired to have a negative coronary angiographic result within
3 months of the urine sample collection or two negative re-
sults before and after urine sample collection. Of 305 heart
transplant recipients, 88 patients were excluded because their
coronary angiography results were uncertain (n = 28), or they
were deemed ineligible according to the inclusion criteria

Figure 1 Schematic diagram of the study design. In total, 217 post-heart transplantation (HTx) patients were included in this study and divided into a
derivation and a validation cohort by stratified random sampling. The derivation cohort was further divided into 5-folds for cross-validation when train-
ing the decision tree-based machine learning model for the discrimination of cardiac allograft vasculopathy (CAV). The diagnostic performance of the
final model was evaluated in the validation cohort and enrichment pathway analysis was applied.
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(n = 60): CAV diagnosed after 3 months of urine sample collec-
tion (n = 3), or non-CAV diagnosed beyond a 3 month interval
of urine sample collection and without a repetitive angiogra-
phy afterwards (n = 57). Thus, a total of 217 patients were in-
cluded in the current study, 76 of which were CAV cases. To
develop and validate the proteomic classifier, participants
were divided into a derivation cohort (n = 108) and a validation
cohort (n = 109) stratified by random sampling with equal dis-
tribution of CAV cases (Figure 1).

All recipients were prescribed lifelong immunosuppressive
agents that consisted of calcineurin inhibitors, antimetabo-
lites, steroids, and mammalian target of rapamycin (mTOR) in-
hibitors. Most patients received double or triple-drug
regimens for maintenance treatment, and it usually included
a calcineurin inhibitor, an antimetabolite with or without
methylprednisolone. Few patients were maintained by regi-
mens that combined an mTOR inhibitor (everolimus) with a
calcineurin inhibitor or an antimetabolite. For calcineurin in-
hibitors, cyclosporine was replaced with tacrolimus around
2000, while antimetabolite was changed from azathioprine
to mycophenolate mofetil. Patients who did not experience
rejection episodes were weaned off steroids during 6 to
12 months.

Diagnosis of cardiac allograft vasculopathy

The surveillance of CAV by coronary angiography was recom-
mended by the International Society for Heart and Lung
Transplantation (ISHLT).13 Coronary angiography was sched-
uled at the first year after heart transplantation, at
three-year intervals during the first 10 year, and at 5 year in-
tervals thereafter. Additional angiographies were performed
as clinically indicated. According to ISHLT criteria, CAV was
classified as CAV0, and CAV1 to 3.

13 CAV0 indicated no signifi-
cant angiographic lesion detected; CAV1 denoted mild angio-
graphic lesion without allograft dysfunction, including <50%
stenosis of the left main coronary artery, or <70% stenosis
of any primary vessel (the proximal and middle 33% of the
left anterior descending artery, the left circumflex, and right
coronary artery), or <70% stenosis (including diffuse
narrowing) in any branch of three systems (the distal 33%
of the left anterior descending artery, the left circumflex,
and right coronary artery); CAV2 was defined as moderate an-
giographic lesions without allograft dysfunction, including
<50% stenosis of the left main coronary artery, or ≥70% ste-
nosis of a single primary vessel, or ≥70% isolated stenosis in
branches of two systems; CAV3 referred to severe angio-
graphic lesions, including ≥50% stenosis of the left main cor-
onary artery, or ≥70% stenosis of 2 or 3 primary vessels, or
≥70% isolated stenosis of branches in all three systems, or
CAV1 or CAV2 with allograft dysfunction. Allograft dysfunction
was defined as left ventricular ejection fraction ≤45% or re-
strictive physiology determined by right atrial pressure

>12 mmHg, pulmonary capillary wedge pressure
>25 mmHg, or cardiac index <2 L/min/m2. Coronary angiog-
raphy reports were retrospectively retrieved. Due to the lim-
ited cases of CAV2 and CAV3, patients were classified into CAV
or non-CAV groups for analysis.

Urinary proteomics

Urine samples were bio-banked until assayed. Detailed infor-
mation on sample preparation, proteome analysis by capillary
electrophoresis coupled to mass spectrometry, data process-
ing, and sequencing of the peptides were described in previ-
ous publications22,23 and are included in the methods section
of the supplements. Due to sparsity and multicollinearity of
high dimension data and the risk of overfitting, peptides were
excluded when being detectable in less than 90% of all partic-
ipants or had a high correlation with other peptides (Pearson
correlation coefficient <0.7).24 Under these circumstances,
89 peptides were eventually analysed.

Machine learning model

The extreme gradient boost (XGBoost), a recently developed
machine learning algorithm, was applied in this study.
XGBoost is an ensemble method based on decision trees un-
der the gradient boosting framework.25 The algorithm starts
from a weak decision tree and boosts by sequentially stacking
succeeding decision trees to minimize the error of previous
trees by optimizing the weights of misclassified samples.
Moreover, this algorithm also regularizes parameters to avoid
overfitting. The detailed information on the model construc-
tion is described in the supplements. Briefly, the proteomic
data of the derivation cohort was used to train the model
for the discrimination of patients with and without CAV.
The derivation cohort was further randomly shuffled into
5-folds for cross-validation to evaluate internal discrimination
performance and generalization performance. The final
model was verified by an unforeseen validation cohort
(Figure 1). The model construction was performed with
Python, version 3.9 (https://www.python.org) and Scikit-
learn package, version 0.24.1 (https://scikit-learn.org).26

Statistical analysis

The statistical analysis was completed in SAS, version 9.4 (SAS
Institute Inc., Cary, NC, USA). The means and proportions of
clinical characteristics were compared by t test, Wilcoxon
rank-sum test or the Fisher’s test where appropriate. Statisti-
cal significance was a two-sided P value of 0.05. The
predetermined sample size was calculated assuming that
the area under the curve (AUC) of the proteomic classifier
was at least 0.70. To achieve a power of 0.90 and a probabil-
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ity of type I error of 0.05 using a two-sided test with a CAV to
non-CAV ratio of 2, the minimal sample size requested was 96
patients per cohort.27,28

Univariate logistic models were applied to identify potential
covariables. Then, statistically significant clinical variables
were summarized in a propensity score. In the
multivariable-adjusted logistic regression model, the associa-
tion between CAV and the urinary proteomic classifier was
analysed after the adjustment of the propensity score. The as-
sociation was presented as odds ratio (OR) every 0.1% incre-
ment in the predicted probability. The correlations of the
proteomic classifier with high-sensitivity troponin T (hsTnT),
estimated glomerular filtration rate (eGFR) were analysed by
the Spearman correlation and multivariable-adjusted linear
regression. The associations of the proteomic signature with
the rejection episodes, the use of antiplatelet agents, and dia-
betes mellitus were determined by logistic regression analysis.

To evaluate the potential utility of the classifier for CAV de-
tection, a predicted probability threshold was used to dichot-
omize the predicted probabilities into a binary prediction
status (1/0). The optimized probability threshold
was determined by maximizing Youden’s index
(sensitivity + specificity � 1) in the validation cohort. The di-
agnostic performance of the urinary proteomic classifier was
evaluated by AUC, sensitivity, specificity, accuracy, positive
predictive value, and negative predictive value. The added di-
agnostic value of the classifier was assessed by the integrated
discrimination improvement (IDI) and the net reclassification
improvement (NRI).29,30 IDI refers to the difference in dis-
crimination slopes before and after adding the proteomic
classifier into a reference model. Specifically, the discrimina-
tion slope was the difference between the predicted proba-
bility of patients with and without CAV. For NRI, if P(up/CAV)
is the percentage of patients with CAV whose predicted prob-
ability increased by adding the urinary proteomic classifier
and if P(up/non-CAV) is the percentage of patients without
CAV whose predicted probability is increased, the continuous
NRI equals 2 × [P(up/CAV) � P(up/non-CAV)]. The 95% confidence
interval (CI) was calculated by 1000 times bootstrap methods.
To interpret the biological function of the parental proteins
from peptides included in the proteomic classifier, the enrich-
ment pathway analysis was performed with Online Reactome
Pathway Database, version 75 (https://reactome.org).31 The
P value of the annotated pathways was corrected by
Bonferroni correction and considered as statistically signifi-
cant if P < 0.05.

Results

Characteristics of study cohort

The age (±SD) of the 217 recipients averaged 55.0 ± 14.4 years.
Of 217 patients, 51 (23.5%) were female, 76 (35.0%) were

diagnosed with CAV, 173 (79.7%) underwent transplantation
due to ischaemic cardiomyopathy or dilated cardiomyopathy,
192 (88.5%) had hypertension, 47 (21.7%) had diabetes
mellitus. For the immunosuppressive regimens, 210 (96.8%)
received calcineurin inhibitors, 181 (83.4%) were prescribed
with antimetabolites, and 14 (6.5%) received mTOR inhibi-
tors. Among all the patients, 57 (26.3%) were prescribed with
antiplatelet agents, 8 (3.7%) with anticoagulants. The interval
between heart transplantation and urine sample collection
was a median of 7.6 years [interquartile range (IQR):
4.0–13.8]. The characteristics did not differ between the der-
ivation and validation cohorts (Table 1, P ≥ 0.13), except for
the proportion of ischaemic cardiomyopathy (41.7% vs.
28.4%, P = 0.047). Compared with non-CAV patients, patient
with CAV were older, had longer years after heart transplan-
tation, a higher prevalence of severe renal dysfunction and
higher usage of antiplatelet agents (P ≤ 0.013, Table S1) in
both derivation and validation cohorts, whereas the indica-
tions for transplantation, the prevalence of hypertension
and diabetes mellitus, donor age, same donor–recipient sex,
body mass index, immunosuppressive regimen, use of antico-
agulants, serum total cholesterol, and left ventricular ejection
fraction were similar (P ≥ 0.063, Table S1).

The diagnostic performance of the proteomic
classifier

Among 89 analysed peptides, the XGBoost model eventually
selected 27 peptides to establish the classifier for discrimina-
tion of patients with CAV from those without CAV. The 27
peptides were listed in Table S2, and their contribution to
the classifier was assessed by the importance score. As
shown in Figure 2, the AUCs for CAV diagnosis were 0.83
(95% CI: 0.75–0.91, P < 0.0001) and 0.71 (95% CI:
0.60–0.81, P = 0.001) in the derivation cohort and the valida-
tion cohort, respectively. With the optimized threshold of
0.484, the classifier achieved the maximum of Youden’s index
of 0.42 in the validation cohort. With this threshold, its sensi-
tivity, specificity, and accuracy were 73.7%, 71.4%, and 72.2%
in the derivation cohort, and 68.4%, 73.2%, and 71.6% in the
validation cohort (Table 2). The negative predictive value was
over 80% and the positive predictive value was around 58% in
both cohorts.

The subgroup analysis by the prescription of antiplatelet
agents showed similar results. For patients without the treat-
ment of antiplatelet agents, the proteomic signature offered
an AUC of 0.82 (95% CI: 0.71–0.92, P = 0.0001) and 0.72
(95% CI: 0.59–0.86, P = 0.001) in the derivation cohort and
the validation cohort, respectively. The corresponding AUCs
were 0.86 (95% CI: 0.72–0.99, P < 0.0001), and 0.71 (95%
CI: 0.51–0.90, P = 0.039) for patients treated with antiplatelet
agents.
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The associations of the proteomic classifier with
cardiac allograft vasculopathy and clinical
variables

In univariate analysis, every 0.1% increment of the predicted
probability of the proteomic classifier was associated with a
1.60 (95% CI: 1.34–1.98, P < 0.0001) and 1.32 (95% CI:
1.13–1.58, P = 0.001) fold-increase in the odds of having
CAV in the derivation and validation cohort, respectively.
Age, donor age, years after heart transplantation, history of
hypertension, diabetes mellitus, diastolic blood pressure, se-
rum creatinine, and the use of antiplatelet agents and meth-
ylprednisolone (P ≤ 0.043) were significantly associated with
CAV (Table S3). Forcing sex into the model, all the significant
variables were combined into a propensity score. With ad-
justment for the propensity score, every 0.1% increment in
the predicted probability significantly increased the odds of

CAV [ORs: 1.46 (95% CI: 1.20–1.83, P = 0.0003) in the deriva-
tion cohort; 1.31 (1.07–1.64, P = 0.012) in the validation co-
hort, respectively].

The proteomic signature was positively correlated with the
conventional biomarkers of myocardial injury, hsTnT (r = 0.35,
P < 0.0001) whereas inversely correlated with eGFR
(r = �0.37, P < 0.0001). These correlations were still signifi-
cant after adjustment for sex, age (P ≤ 0.007). Within
6 months of urine sample collection, 10 patients experienced
a rejection episode determined by myocardial biopsy. How-
ever, the proteomic signature was not significantly associated
with the rejection episode [OR: 0.99 (95% CI: 0.81–1.23),
P = 0.97]. The association between the proteomic signature
and the use of antiplatelet agents was not significant with ad-
justment of age [OR: 1.06 (95% CI: 0.95–1.19), P = 0.27]. The
same was observed for diabetes mellitus as well [unadjusted
OR: 1.10 (95% CI: 0.99–1.22), P = 0.09].

Table 1 Clinical characteristics of participants

Characteristics Derivation cohort (n = 108) Validation cohort (n = 109) P

Number (%) with characteristic
Male 84 (77.8) 82 (75.2) 0.75
Same sex as donor 22 (20.6) 27 (25.0) 0.52
Indication for transplantation
Ischaemic cardiomyopathy 45 (41.7) 31 (28.4) 0.047
Dilated cardiomyopathy 46 (42.6) 51 (46.8) 0.59
Others 17 (15.7) 27 (24.8) 0.13

Smoking history 71 (66.4) 64 (58.7) 0.30
Hypertension 93 (86.1) 99 (90.8) 0.86
Diabetes mellitus 26 (24.1) 21 (19.3) 0.26
Treatments
Methylprednisolone 25 (23.2) 28 (25.7) 0.41
Calcineurin inhibitors 105 (97.2) 105 (96.3) 0.75
Antimetabolites 93 (86.1) 88 (80.7) 0.36
mTOR inhibitors 4 (3.7) 10 (9.2) 0.17
Statins 98 (90.7) 103 (94.5) 0.31
Antiplatelet agents 29 (26.9) 28 (25.7) 0.88
Anticoagulants 3 (2.8) 5 (4.6) 0.72

Mean ± SD or median (IQR) of characteristic
Age (years) 56.4 ± 13.8 53.6 ± 15.0 0.15
Donor age (years) 36.6 ± 12.7 34.4 ± 12.9 0.20
Years after transplantation (years) 8.2 (4.2, 14.3) 7.5 (3.9, 13.2) 0.50
Body mass index (kg/m2) 25.0 ± 3.9 25.8 ± 4.3 0.28
Systolic blood pressure (mmHg) 140 ± 19 140 ± 18 0.97
Diastolic blood pressure (mmHg) 84 ± 10 85 ± 12 0.33
Biochemistry
Serum total cholesterol (mmol/L) 4.02 ± 0.73 3.98 ± 0.69 0.74
HDL-C (mmol/L) 1.49 ± 0.43 1.46 ± 0.43 0.57
LDL-C (mmol/L) 1.97 ± 0.60 1.90 ± 0.55 0.76
Triglycerides (mmol/L) 1.19 ± 0.71 1.32 ± 0.79 0.13
Serum creatinine (mg/dL) 1.33 ± 0.42 1.36 ± 0.46 0.69
eGFR (mL/min/1.73 m2) 63.1 ± 26.3 61.1 ± 21.5 0.95

Left ventricular ejection fraction (%) 58.9 ± 2.8 59.3 ± 2.7 0.31

Abbreviations: CAV, cardiac allograft vasculopathy; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein choles-
terol; IQR, interquartile range; LDL-C, low-density lipoprotein cholesterol; mTOR, the mechanistic target of rapamycin; SD, standard
deviation.
Continuous values are presented as mean ± SD or median (IQR) and categorical variables as numbers (percentage). History of smoking
referred to inhaling tobacco on a daily basis in the past; hypertension was an office blood pressure of ≥140 mmHg systolic or
≥90 mmHg diastolic or use of antihypertensive drugs; diabetes mellitus was a fasting/random blood glucose of ≥126/200 mg/dL or the
use of antidiabetic drugs; calcineurin inhibitors included cyclosporine and tacrolimus; antimetabolites consisted of azathioprine and my-
cophenolate mofetil; mTOR inhibitors included everolimus; eGFR was estimated using the chronic kidney disease epidemiology collabo-
ration creatinine equation.
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Improvements in diagnostic accuracy for cardiac
allograft vasculopathy

The capability of CAV detection increased after adding the
proteomic classifier into the reference model in the
validation cohort. The reference model consisted of the clin-
ical variables that were significantly associated with CAV, in-
cluding age, donor age, years after heart transplantation,
history of hypertension, diabetes mellitus, diastolic blood
pressure, serum creatinine, and the use of methylpredniso-
lone. Sex was forced into the reference model for clinical co-
herence. Because the use of antiplatelet agents usually

started after the diagnosis of CAV, it was not included in
the reference model. As shown in Table 3, the model ex-
tended for the proteomic classifier significantly improved
the diagnostic accuracy for CAV, as suggested by NRI of
80.5% (95% CI: 41.7–116.9, P < 0.0001) in overall, 36.8%
(95% CI: 4.9–67.1, P = 0.018) for recipients with CAV and
43.7% (95% CI: 22.7–63.3, P < 0.0001) for recipients without
CAV. Consistent with this, IDI was 9.9% (3.5–16.2, P = 0.002)
and the relative IDI was 33.4% (10.7–65.1, P = 0.014), indicat-
ing the proteomic signature substantially improved the diag-
nostic accuracy of CAV.

Pathway enrichment analysis

The proteomic classifier included 22 peptides annotating to 7
different proteins and 5 unknown peptides (Table S2). The
annotated proteins included collagen I (12, 44.4%), collagen
II alpha I chain (1, 3.7%), collagen III alpha I chain (5,
18.5%), collagen XI alpha 1 chain (1, 3.7%), mucin-1 subunit
alpha (1, 3.7%), xylosyltransferase 1 (1, 3.7%), and
protocadherin-12 (1, 3.7%). With the Reactome pathway
enrichment analysis, the biological processes of these pro-
teins were predominately relevant to collagen biosynthesis
and degradation, platelet aggregation and blood coagulation,
cell-extracellular matrix interaction, as well as cell adhesion
and motility (Figure 3 and Table S4).

Table 2 Diagnostic performance of the urinary proteomic classifier
for non-invasive assessment of cardiac allograft vasculopathy

Parameters
The derivation

cohort
The validation

cohort

Sensitivity, % 73.7 68.4
Specificity, % 71.4 73.2
Positive predictive value, % 58.3 57.8
Negative predictive value, % 83.3 81.3
Accuracy, % 72.2 71.6

Abbreviation: AUC, area under the receiver operating characteristic
curve.
The optimal threshold of the predicted probability of the urinary
proteomic classifier was 0.484, obtained by maximizing Youden’s
index in the validation cohort.

Table 3 Improvements in diagnosis accuracy of cardiac allograft
vasculopathy upon addition of the urinary proteomic classifier

Improvements in diagnosis accuracy

% (95% CI) P

Continuous NRI
NRICAV 36.8 (4.9–67.1) 0.018
NRInon-CAV 43.7 (22.7–63.3) <0.0001
NRI 80.5 (41.7–116.9) <0.0001

IDI
IDICAV 6.4 (0.7–11.9) 0.026
IDInon-CAV 3.5 (0.5–6.2) 0.021
IDI 9.9 (3.5–16.2) 0.002
Relative IDI 33.4 (10.7–65.1) 0.014

Abbreviation: CAV, cardiac allograft vasculopathy; CI, confidence
interval; IDI, integrated discrimination improvement; NRI, net re-
classification improvement.
The reference models included age, sex, donor age, years after
heart transplantation, history of hypertension, diabetes mellitus,
diastolic blood pressure, serum creatinine, and the use of methyl-
prednisolone. Improvement of the diagnostic accuracy was evalu-
ated in the validation cohort.
IDI refers to the difference in discrimination slopes before and after
adding proteomic classifier into a reference model. Specifically, the
discrimination slope was the difference between the predicted
probability with CAV and without CAV. If P(up/CAV) is the percentage
of patients with CAV whose predicted probability increased by
adding the urinary proteomic classifier and if P(up/non-CAV) is the per-
centage of patients without CAV whose predicted probability is in-
creased, the continuous NRI equals 2 × [P(up/CAV) � P(up/non-CAV)].

Figure 2 Receiver operating characteristic (ROC) curves of the urinary
proteomic classifier for the diagnosis of cardiac allograft vasculopathy.
AUC, area under the receiver operating characteristic curve; TPR, true
positive rate; FPR, false positive rate.
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Discussion

To the best of our knowledge, this is the first study investigat-
ing non-invasive biomarkers for the discrimination of CAV in a
well-powered cohort, which also provide insights into the un-
derlying mechanisms of CAV by pathway enrichment. In the
present study, we constructed a novel urinary proteomic clas-
sifier for CAV diagnosis by machine learning and confirmed its
performance in a validation cohort. Our main findings could
be summarized as follows: (i) The established urinary proteo-
mic classifier provided an AUC of 0.71 and a negative predic-
tive value over 80% for the detection of CAV; (ii) the
prediction of the classifier was independently associated with
CAV after adjustment for potential clinical confounders; (iii)
the urinary classifier significantly improved the diagnostic ac-
curacy for CAV over and beyond the clinical risk factors with
an NRI of 80.5% and an IDI of 9.9%; (iv) the enriched path-
ways involved collagen turnover, platelet aggregation, coagu-
lation, cell-extracellular matrix interaction, cell adhesion, and
motility, providing important perspectives on the pathologi-
cal mechanism of CAV.

The proteomic signature achieved an AUC of 0.83 for the
detection of CAV in the derivation cohort, and it offered an
AUC of 0.71 when generalizing to the validation cohort. The

decreased performance might be explained by the variances
between the two cohorts. In fact, prior to the construction
of the proteomic signature, we used random sampling to di-
vide the participants into the derivation and validation co-
horts to eliminate the potential influence of the variances.
Consequently, the important clinical characteristics, as shown
in Table 1, were basically balanced between the cohorts
(P ≥ 0.13), except that the proportion of transplantation indi-
cation due to ischaemic cardiomyopathy was higher in the
derivation cohort (41.7% vs. 28.4, P = 0.047). However, isch-
aemic cardiomyopathy as the transplantation indication did
not show a significant difference between CAV group and
non-CAV group, as shown in Table S1. Moreover, it was not
significantly associated with CAV [unadjusted OR = 1.13
(0.63–2.02); P = 0.68]. Although the characteristics of the par-
ticipants were well balanced, the residual variance among
cohorts may exist and interfere with the performance of
the signature in the validation cohort. Collaboration with
other heart transplantation centres to extend the sample size
would improve the generalized performance. Nonetheless,
the proteomic signature developed with 217 heart transplan-
tation patients had a decent performance, with an AUC of
>0.71, suggesting its diagnostic value for CAV. This was fur-
ther confirmed in the multivariate-adjusted logistic regres-

Figure 3 Enrichment pathways highlighted for cardiac allograft vasculopathy. The pathways were ranked by�log10 adjusted P values as shown by the
blue bars. The corresponding numbers of overlapped proteins with urinary proteomic classifier are presented as orange bars. ECM, extracellular ma-
trix; GPVI, glycoprotein VI; GP1b-IX-V, platelet glycoprotein 1b-V-IX complex; IL, interleukin; MET, mesenchymal epithelial transition; NCAM1, neural
cell adhesion molecule 1; PTK2, protein tyrosine kinase 2.
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sion analysis and supported by the improvement of NRI and
IDI.

Previous studies reported several biomarkers related to
CAV, including vascular endothelial growth factor (VEGF),
plasma cytokines, C-reactive protein, high-sensitive troponin
T, and micro-RNA 628-5p.32–36 For instance, a study investi-
gated 55 serum angiogenesis-related proteins in 33 heart
transplantation recipients (17 with CAV and 16 without
CAV) using assay kit, and revealed that the levels of
VEGF-A, VEGF-C, and platelet factor-4 were higher in the
CAV group.32 In addition, a few studies have attempted
to investigate the plasma proteomics of CAV. One study
analysed the plasma proteome profile by labelled mass
spectrometry in 19 heart transplantation patients (10 CAV
and 9 non-CAV). Using the elastic net regression model,
they constructed a classifier with 18 plasma proteins.37

The classifier consisted of proteins mainly involved in im-
mune response, complement activation. Another targeted
proteomics study compared the concentrations of a set of
serum proteins between 12 heart recipients with CAV and
10 without CAV by Slow Off-rate Modified Aptamer assay.38

There were 14 differentially expressed proteins between
CAV and non-CAV groups, involved in apoptosis, cell injury,
platelet aggregation, coagulation, and inflammation. In-
deed, despite no overlapping proteins between the plasma
and urinary proteomic signatures, some biological pathways
were shared such as platelet aggregation, coagulation, and
the immune process. The dissimilar proteomics signatures
are probably ascribed to the differences in protein constitu-
tions between plasma and urine, the quantified proteomics
approaches, statistic methods, the variation between stud-
ied cohorts.

Overall, most of the proteins in our proteomic signature
were involved in collagen turnover, platelet aggregation, co-
agulation, and cell adhesion and motility. It appeared that im-
munological processes and smooth muscle cell (SMC)
proliferation that have been considered to associate with
the pathogenesis of CAV were not predominant.39 One possi-
ble explanation might be the interference from the lifelong
immunosuppressive regimens after heart transplantation
that suppress the host immune response against the donor
graft, including interference in activated T cells, DNA synthe-
sis in T and B cells, and anti-inflammation.1 In general, most
recipients receive immunosuppressive regimens including
calcineurin inhibitors, antimetabolites inhibitors, steroids,
and mTOR inhibitors. Notably, mTOR inhibitors have been
demonstrated to be beneficial in the prevention of CAV by
impeding SMC proliferation.40 In our cohort, the prescription
of mTOR inhibitors was more prevalent among CAV patients
(10.5% vs. 5.7%). On the other hand, the proteomic signature
was related to immune response and SMC proliferation to a
certain extent. In pathway analysis, it enriched immunoregu-
latory interactions between a lymphoid and a non-lymphoid
cell. As the major component in the proteomic signature, col-

lagen I is considered to promote the migration of SMCs and
proliferation probably mediated by integrin.41,42

Fibrosis is one of the major pathogenesis of CAV.11 Trig-
gered by various factors, such as inflammation, ischaemia,
the fibrotic accumulation of extracellular matrix (ECM) initi-
ates from the intima and gradually invades to the media. No-
tably, the trivial intimal thickening can already be observed at
6 months after transplantation.43 In a previous study with 27
heart transplantation patients, the early stage CAV measured
by the coronary intima-media thickness ratio was correlated
with the cardiac interstitial fibrosis quantified by the
endomyocardial biopsy.44 Along the same lines, our study
found that CAV was associated with urinary peptides of colla-
gen I and III, which are the major fibrotic components of
ECM. Although future studies are required to verify this, the
finding highlights the possibility of urinary collagen fragments
being used as a surrogate for the fibrosis process of CAV.

In addition, our study demonstrated that platelet activa-
tion and coagulation were associated with the pathological
processes of CAV. An animal experiment showed that the
presence of fibrin or antithrombin reactivity in the coronary
capillary was more pronounced in CAV.6 Similarly, a study in-
vestigating coronary morphology by serial intravascular ultra-
sounds in 132 heart transplantation recipients suggested that
frequent thrombosis in coronary arteries may lead to the pro-
gression of CAV.12 Recently, emerging evidence illustrated
that antiplatelet therapy might reduce the risk of CAV or at-
tenuate its progression.45,46 A recently published randomized
controlled trial showed that early aspirin intervention seems
to slow down the progression of CAV.45 Of note, in our co-
hort, over 80% of patients with moderate to severe CAV re-
ceived antiplatelet drugs, whereas the proportion dropped
to 32% in patients with mild CAV. The prescription of anti-
platelet drugs might be attributed to their benefits in ischae-
mic heart disease. Despite that several studies showed that
the exposure of antiplatelet agents was associated with a
lower risk of CAV,45,46 its benefit for prevention of CAV re-
quires the accumulating evidence, especially large, random-
ized clinical trials. Lacking the recommendation from the
ISHLT,13,47 antiplatelet agents in our transplantation centre
was prescribed when clinically indicated. Whether antiplate-
let strategies could attenuate the progression of CAV and
prolong survival times after heart transplantation, including
its effects in subgroups with different CAV severities, needs
to be addressed. In addition to the benefits in attenuating
the hypercoagulable state, the novel anticoagulants targeting
factor Xa also reduce the activation of protease-activated
receptors that could stimulate fibrosis and inflammation.48

Future studies assessing the effect of the novel anticoagu-
lants on CAV prevention might be of great interest.

Mucin-1 is a transmembrane glycoprotein and provides a
protective layer for epithelial cells under physiological
conditions.49 A previous study indicated that urinary
mucin-1 is inversely associated with renal function after heart
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transplantation.50 In our study, mucin-1 remained signifi-
cantly associated with CAV after adjustment of renal func-
tion. Another protein in the proteomic signature is
xylosyltransferase-1, which is an essential enzyme for proteo-
glycan biosynthesis.51 An experimental study observed the
significant upregulation of xylosyltransferase-1 in cardiac fi-
broblasts from human dilated cardiomyopathy tissue
samples.51 In addition, deficiency in protocadherin-12, a
member of the cadherin superfamily with a role in cell adhe-
sion, was associated with reduced thickness of elastic proper-
ties and mild hypotension in mice.52 However, little is known
about the role of these proteins in CAV pathogenesis and fu-
ture studies might enhance the understanding of the underly-
ing mechanisms of CAV.

Clinical implications

Given its relatively high negative predictive value (81.3%), a
proteomic classifier value of ≤0.484 indicated a low risk for
CAV. This non-invasive approach might provide an alterna-
tive when recipients are exposed to a higher risk of
contrast-induced nephropathy. Notably, chronic kidney dis-
ease is the common comorbidity after heart
transplantation.53 In our cohort, the prevalence of moder-
ate to severe chronic kidney disease (eGFR <60 mL/min/
1.73 m2) was as high as 53.5%. Besides, a recent retrospec-
tive study on 17,587 post-heart transplantation recipients
reported that around 11% of the recipients developed solid
malignancy between 1 and 5 years after heart
transplantation.54 Apart from chronic immunosuppression
and older age, radiation exposure might be another risk
factor of malignancy. Of note, the heart transplantation re-
cipients were exposed to a mean radiation dose of 8.4 mSv
per year, 3.5-fold more than the general population who
underwent imaging procedures.55 Cardiac procedures
(52%) and computed tomography (25%) were the largest
radiation sources. Therefore, to a certain extent, using
non-invasive proteomic biomarkers might reduce radiation
exposure for heart recipients and physicians.

The incidence of CAV increases with the time after heart
transplantation, achieving 10% at 1 year, 44% at 10 years
and 59% at 20 years.4 The surveillance of CAV by coronary
angiography is regularly performed at the first year and at
3 year intervals in the following 9 years. This study investi-
gated the urinary proteomics in patients who underwent
heart transplantation after 7.6 years (IQR: 4.0–13.8) ago.
Given these conditions, it might be rational to screen CAV
with urinary proteomic analysis by every 3 years within 4
to 14 years after heart transplantation. However, future
studies are warranted to assess this timeframe. The merits
of urinary proteomics analysis include the comfort and con-
venience for the patients, because it just requires a 5 mL
fresh urine sample. The profile of urinary proteins is stable

enough to conduct proteomic analysis when it is appropri-
ately stored.56 The feasibility of this approach has been
shown in a multicentre randomized controlled trial
PRIORITY.57 Urine samples will be shipped to a central lab
for measurement and the results will be available within
3 days after receiving samples. The cost effectiveness of
urinary proteomic markers has already been proven for
chronic kidney disease.58

The proteomic signature was significantly associated with
CAV independent of clinical variables, including diabetes
mellitus and renal function. Despite the association be-
tween the proteomic signature and eGFR, introducing the
proteomic signature could further improve the diagnostic
accuracy for CAV patients, including those with renal dys-
function, as suggested by the IDI and NRI. As the devel-
oped signature was not significantly associated with
diabetes, it is applicable for patients with or without
diabetes.

Strengths and limitations

One of the major strengths of the study is the relatively large
sample size to develop and validate the proteomic classifier.
It is crucial to validate whether the diagnostic performance
of a biomarker could generalize in an independent cohort.
Another strength is that the association of a novel biomarker
with CAV was assessed after adjustment for potential con-
founders, including age and years after transplantation. Fur-
thermore, we introduced the NRI and IDI to evaluate
whether the urinary proteomic biomarkers improved the di-
agnostic accuracy on top of known risk factors. In addition,
we incorporated a machine learning model algorithm into
high-throughput proteomics, formulating a pipeline for fu-
ture proteomic biomarker discovery.

Nonetheless, our study must be interpreted within the
context of its limitations. First, the proteomic signature was
not correlated with the severity of CAV defined by the ISHLT
(P = 0.89). This was attributed to the limited cases of moder-
ate to severe CAV for performing machine learning. Of 76
CAV cases, 53 (69.7) were diagnosed with Grade 1, 15
(19.7%) with Grade 2, and 8 (10.5%) with Grade 3. As a result,
we trained a proteomic signature based on the discrimination
of all CAV cases. We will continue to collect the moderate
and severe CAV cases in the future. Second, although the di-
agnostic value of the urinary proteomic study has been
assessed by this retrospective study, further study is required
to determine its prognostic value. Our next study will be
focusing on the predictive value of this novel signature. Be-
sides, the pathogenesis of CAV is rather complicated, which
involves multiple pathological processes and is hardly fully
elucidated with a single biomarker. However, with the prote-
omic approach, we could comprehensively identify a panel of
proteins related to CAV without prior assumptions, which is
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also a major distinction from conventional protein
analysis.15,16 Nonetheless, the mechanisms annotated by pro-
teomics and pathway analysis still require clear,
well-designed experiments to verify. Last, this is a
single-centre study, and replication of the current findings
in other heart transplantation cohorts are needed.

Conclusions

In conclusion, this study developed and validated a novel pro-
teomic signature for the diagnosis of CAV. These proteomic
biomarkers have the potential to be used as non-invasive
screening tools for CAV after further validation in other co-
horts. Moreover, the novel urinary proteins and pathways
shed light on the pathophysiological process of CAV, which
might be used to guide future treatments.
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