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Coronary Collateral Circulation: A New Predictor 
of Mortality in Heart Transplant Recipients With 
Allograft Vasculopathy
Giovanni Civieri, MD,1 Giulia Masiero, MD,1 Elena Osto, MD, PhD,2,3 Antonio Gambino, MD,4  
Annalisa Angelini, MD,5 Angela Fraiese, MD,2 Marny Fedrigo, MD,5 Giuseppe Toscano, MD,2  
Tomaso Bottio, MD,2 Martina Perazzolo Marra, MD,1 Sabino Iliceto, MD,1 Gino Gerosa, MD,2 and  
Francesco Tona, MD, PhD1

Coronary collateral arteries (CCAs) develop between 
adjacent epicardial coronary arteries in response to cor-

onary stenosis to provide alternative sources of blood supply 
to a myocardial area jeopardized by ischemia.1,2 In coronary 

atherosclerotic disease (CAD), CCAs are considered a benefi-
cial adaptive response2,3 that protects the myocardium from 
infarction during ischemia.4 Instead, in heart transplanta-
tion (HT) recipients, the overall contribution of CCAs is less 

DOI: 10.1097/TXD.0000000000001470
ISSN: 2373-8731

Received 1 December 2022. Revision received 23 January 2023.
Accepted 25 January 2023.
1 Cardiology Unit, Department of Cardiac, Thoracic, Vascular Sciences and 
Public Health, University of Padua, Padua, Italy.
2 Department of Cardiology, Heart Center, University Hospital Zurich and 
University of Zürich, Zurich, Switzerland.
3 Institute for Clinical Chemistry, University Hospital Zurich and University of 
Zürich, Zurich, Switzerland.
4 Division of Cardiac Surgery, Department of Cardiac, Thoracic, Vascular 
Sciences and Public Health, University of Padua, Padua, Italy.
5 Cardiac Pathology Unit, Department of Cardiac, Thoracic, Vascular Sciences 
and Public Health, University of Padua, Padua, Italy.
The authors declare no funding or conflicts of interest.
G.C. and F.T. generated figures and tables, and drafted the article. S.I., G.G., 
and F.T. contributed to the conception and design of the research as well as 
editing of the article. A.A., G.T., and M.F. contributed to the conception and 
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Background. Coronary collateral arteries (CCAs) are anastomotic channels between vessels; although beneficial in ath-
erosclerosis, their role in heart transplantation (HT) recipients is underinvestigated. CCAs initially develop as microcirculation 
and cardiac allograft vasculopathy (CAV), promoting immune-dependent proliferative angiogenic response, and play a role in 
their development. In our hypothesis, ischemia induced by coronary microvascular dysfunction (CMD) triggers the develop-
ment of CCAs, which are, in turn, less functional as affected by CAV themselves. Methods. One hundred twenty-one 
patients receiving HT at our institution were retrospectively evaluated and were included if transthoracic echocardiography 
with coronary flow velocity reserve (CFVR) assessment and coronary angiography were performed. CMD was defined as 
CFVR of ≤2.5. Patients with CAV were enrolled, and their angiograms were reviewed to evaluate the presence of CCAs. 
Cardiovascular mortality was assessed as the main clinical outcome. Results. Forty patients were found to have CCAs. 
Patients with CCAs have lower CFVR than those without CCAs (2.22 ± 0.72 versus 2.69 ± 0.92;P = 0.003), reflecting in dif-
ferent rates of CMD in the 2 groups (72.5% versus 37%; P < 0.001). CMD is associated with higher CAV grades (P < 0.001), 
which are also associated with CCAs (P < 0.001). Patients with poorly developed CCAs have lower CFVR (P < 0.001). At 
multivariable analysis, CMD (P = 0.008) and higher CAV grades (P = 0.005) are independent predictors of CCAs. During the 
median follow-up time of 10.2 (6.6-13.3) y, patients with CCAs have been found to have higher mortality than those without 
CCAs (57.5% versus 32.1%; P = 0.007). CCAs are associated with a lower probability of survival also in patients with CMD 
(P < 0.001) and are independent predictors of mortality (P < 0.001). Conclusions. Our results demonstrate an interplay 
between CAV, CMD, and CCAs. We confirm that CAV is associated with CMD, and we show, for the first time, that CMD is 
associated with CCAs. CCAs are pathophysiologically associated with more severe graft vasculopathy and independently 
predict mortality after HT.

(Transplantation Direct 2023;9: e1470; doi: 10.1097/TXD.0000000000001470.)
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defined. The incidence of CCAs in HT is controversial, with 
studies reporting similar,5 lower,6 or higher7,8 incidence com-
pared with CAD patients.

Cardiac allograft vasculopathy (CAV) is the leading cause 
of long-term graft dysfunction after HT, accounting for the 
majority of patients’ mortality at 5 to 10 y.9,10 CAV develops 
in about 50% of patients 10 y after HT.9 Histologically, CAV 
is a constellation of vascular changes characterized by intimal 
fibromuscular hyperplasia, atherosclerosis, and vasculitis.11 
Differently from atherosclerosis, it involves not only epicar-
dial coronary arteries but also coronary microcirculation.12,13 
Coronary angiography with intravascular ultrasoundis a well-
established method14,15 to assess coronary intimal thickening 
only of epicardial vessels. Coronary flow velocity reserve 
(CFVR) evaluation by transthoracic echocardiography, on the 
other hand, can accurately detect CAV,16,17 as well as coronary 
microvascular dysfunction (CMD) in HT patients.18,19

CCAs first develop as capillaries in a process called angi-
ogenesis.4 Therefore, coronary microcirculation is a major 
determinant of collateral circulation5 and, although being 
early affected by CAV, there is no evidence, to our knowledge, 
about the relationship between CMD, CAV, and collateral cir-
culation. We aimed to evaluate the interplay between CAV, 
CMD, and CCAs. Moreover, we aimed to investigate the prog-
nostic implications of CCAs in HT recipients.

MATERIALS AND METHODS

Study Population
In this single-center retrospective study, patients receiv-

ing HT at the Padua University Hospital between November 
1985 and November 2015 were included. Study patients 
underwent within 24 h transthoracic Doppler echocardiog-
raphy to assess CFVR and coronary angiography to evalu-
ate the presence of CAV and CCAs. Only patients with CAV 
were enrolled. Exclusion criteria included any of the follow-
ing conditions: cerebral vascular disease, carotid artery bruit, 
peripheral bruit, or abnormal pulse. All participants had nor-
mal electrocardiogram at rest and during adenosine-induced 
hyperemia. The immunosuppression protocol has been previ-
ously described.20,21 Ongoing medical therapy at the moment 
of coronary angiography was recorded. The study protocol 
was approved by the institutional ethical committee. All par-
ticipants gave written informed consent.

Acute Rejection Scores
Acute graft rejection was monitored by periodical endomy-

ocardial biopsies according to standardized protocols.18 After 
the first year of HT, endomyocardial biopsies were performed 
only in the presence of clinical suspicion of acute rejection. 
On the basis of modification20 of the International Society 
for Heart and Lung Transplantation (ISHLT) grading,22 a 
rejection score (RS) was assigned for each patient. For each 
patient, the following scores were calculated: RS in the total 
follow-up (TRS); RS in the first y (RS 1st y), RS including 
only severe grades (≥3A) in the total follow-up (SevTRS); and 
first-y RS including only severe grades (1styrSevRS). All scores 
were subsequently normalized for the number of biopsies per-
formed on each patient.

Echocardiography and CFVR Assessment
Transthoracic Doppler echocardiography (Vivid 7, GE 

Medical System, Inc., Horten, Norway) was performed. 

Left ventricular ejection fraction was measured according to 
American Society of Echocardiography criteria.23 Coronary 
images were obtained in the distal part of the left anterior 
descending (LAD) artery with a 7-MHz transducer. After 
recordings of peak coronary diastolic flow velocity (DPV) at 
rest (DPVr), adenosine was intravenously infused (140 μg/kg/
min) for 3 min, obtaining hyperemic DPV (DPVh). CFVR was 
the ratio of DPVh and DPVr. A CFVR of ≤2.5 was considered 
abnormal and diagnostic for CMD.18,24 The population was 
dichotomized according to this cutoff point.

The evaluation of coronary flow involved the assessment 
of microvascular resistance. Coronary microvascular resist-
ance (mm Hg·s/cm) was obtained from the mean blood pres-
sure measured in the arm by a sphygmomanometer (mean 
pressure = [2 × diastolic + systolic]/3) divided by DPV,25 both 
at rest and during hyperemia, assuming that the distal pres-
sure in the microvascular bed can be neglected. In particular, 
we assessed coronary microvascular resistance in the basal 
(BMR, basal microvascular resistance) and in the hyperemic 
condition (HMR, hyperemic microvascular resistance). The 
arteriolar resistance index (ARI), defined as the difference 
between BMR and HMR, was calculated. ARI was consid-
ered a marker of vascular compliance and expressed the vessel 
capacity to dilate under maximal hyperemia.

Coronary Angiography
All HT patients at our institution undergo routine coronary 

angiography following a standardized protocol: (1) at baseline, 
(2) every y for 3 y, and (3) every 2 y thereafter. For every patient, 
an angiogram performed in a 24-h interval before or after CFVR 
assessment was chosen as a reference for the assessment of CAV 
and CCAs. Angiograms were reviewed by a cardiologist (G.M.) 
who was unaware of clinical findings and were compared, when 
available, with the first angiogram performed after HT.

CAV was defined and classified according to ISHLT criteria,26 
which take into account stenosis of left main coronary artery 
(LM), primary vessels, and secondary branch vessels, as well as 
graft dysfunction and evidence of restrictive physiology. CAV 
was defined as (1) mild (CAV1): angiographic LM < 50%, or 
primary vessel with maximum lesion of <70%, or any branch 
stenosis <70% (including diffuse narrowing) without allograft 
dysfunction; (2) moderate (CAV2): angiographic LM < 50%; a 
single primary vessel ≥70%, or isolated branch stenosis ≥70% 
in branches of 2 systems, without allograft dysfunction; and 
(3) severe (CAV3): angiographic LM ≥50%, or ≥2 primary ves-
sels ≥70% stenosis, or isolated branch stenosis ≥70% in all 3 
systems, or ISHLT CAV1 or CAV2 with allograft dysfunction or 
evidence of significant restrictive physiology. CAV2 and CAV3 
will also be referred to as “higher” CAV grades. Collateral 
coronary circulation was visually and morphologically evalu-
ated according to Rentrop classification.27,28 Grades of col-
lateral circulation from the contralateral vessel were Rentrop 
0 = none; Rentrop 1 = filling of side branches of the artery with-
out visualization of the epicardial segment; Rentrop 2 = partial 
filling of the epicardial segment via collateral channels; and 
Rentrop 3 = complete filling of the epicardial segment via col-
lateral channels. Coronary occlusion with balloon catheters 
was not routinely performed, and data about this procedure 
are therefore not included in our study.

Clinical Outcomes
Two independent investigators (A.F. and T.B.), specifi-

cally assigned to this task and blinded to CFVR and CCAs 
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assessment, carefully reviewed clinical outcomes. For this 
study, we considered cardiovascular mortality (sudden cardiac 
death and death during heart failure hospitalizations) as the 
main clinical outcome. Data about mortality were collected 
from the medical records and from the medical information 
system of our region.

Statistical Analysis
Continuous variables with no/mild skew were presented 

as mean ± standard deviation; skewed measures were rep-
resented as median with first and third quartiles. Discrete 
variables were summarized as frequencies and percentages. 
The distribution of the data was analyzed with a 1-sample 
Kolmogorov-Smirnov test. Categorical variables were com-
pared by the χ2 test or the Fisher exact test as appropriate. 
Continuous data were compared using the Mann-Whitney 
U test. Kaplan-Meier curves were constructed to estimate 
the cumulative event-free survival and compared by the log-
rank test. Univariable and multivariable logistic regression 
analyses were performed to investigate the determinants of 
CCAs. Univariable Cox regression analysis was performed 
for all predictors of survival, and the variables with a P 
value of <0.10 were included in a multivariable Cox regres-
sion analysis to identify independent predictors of the end-
point: hazard ratio and 95% confidence intervals (CIs) were 
calculated. To evaluate the incremental value of CCAs on 
top of clinical and standard echocardiographic parameters, 
calculation of the overall C-statistic as proposed by Harrell 
et al29 was performed as an analog of the area under the 
receiver operating characteristic curve for survival analy-
sis. Furthermore, we assessed the impact of adding CCAs 

to a basic model using the continuous net reclassification 
improvement.

The intraobserver and interobserver reproducibilities of CFVR 
were evaluated by linear regression analysis and expressed as 
correlation coefficients (r), the standard error of estimates (SEE), 
and the intraclass correlation coefficient (ICC). These reproduc-
ibilities were assessed by repeating the CFVR evaluation twice, 
1 h apart, by the same operator (G.F.) in all patients and by 
another operator (F.T.) in all patients. Reproducibility was con-
sidered satisfactory if the ICC was between 0.81 and 1.0.

All tests were 2-sided, and statistical significance was 
accepted if the null hypothesis could be rejected at a P value 
of <0.05. Data were analyzed with SPSS software version 28.0 
(Chicago, SPSS, Inc., Chicago, IL).

RESULTS

Eight hundred forty-three patients who underwent HT at 
the Padua University Hospital between November 1985 and 
November 2015 were screened. For 191 of them (22.7%), 
coronary angiography and contemporary (within 24 h) CFVR 
assessment were available. Among these 191 patients, 121 
(63.3%) presented any-grade CAV at coronary angiography 
and were included in the study. Fifty-six patients (46.3%) had 
mild CAV (CAV1) and 65 patients (53.7%) had higher CAV 
(CAV2 = 31 and CAV3 = 34, respectively; (Figure 1).

Baseline Characteristics
Mean age at HT was 50.6 ± 1.2 y and HT recipients were 

19 females (15.7%) and 102 males (84.3%). Considering the 
whole study population, the median time between HT and 

FIGURE 1. Study design. Among 843 screened patients, 191 underwent coronary angiography and transthoracic echocardiography with 
CFVR assessment within a 24-h period. One hundred twenty-one (63.3%) of them had CAV, which was mild (CAV1) in 56 patients (46.3%) and 
more than mild (CAV2 and CAV3) in 65 patients (53.7%). The prevalence of CCAs was 12.5% CAV1 and 50.8% in CAV2 and CAV3. CAV, cardiac 
allograft vasculopathy; CCA, coronary collateral artery; CFVR, coronary flow velocity reserve; HT, heart transplantation.
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CFVR/CCAs assessment was 18.3 (14.2–23.3) y, whereas the 
median follow-up time thereafter was 10.2 (6.6–13.3) y. The 

clinical characteristics of the patients are reported in Table 1. 
Donor/recipient sex mismatch was reported in 25 cases 
(20.7%). CAV2 and CAV3 and mortality were significantly 
more frequent among patients with CCAs (P < 0.001 and 
P = 0.007, respectively). Therapy with ACE inhibitors (ACEi) 
or angiotensin receptor blockers (ARBs) was significantly 
more frequent among patients without CCAs (P = 0.028).

Microvascular Coronary Flow Parameters
All included patients underwent noninvasive evaluation of 

microvascular coronary flow parameters using transthoracic 
Doppler echocardiography. The main findings are reported in 
Table 1.

Patients with CCAs showed a significantly lower CFVR 
(P = 0.003), suggesting a lower capacity of these patients to 
increase coronary blood flow after hyperemic stimulation as 
confirmed by a lower ARI. As a consequence, higher rates of 
CMD (CFVR ≤2.5) were found among patients with CCAs 
(P < 0.001). A lower ARI was detected in patients with CCAs 
(P = 0.036). No significant differences were found regarding 
other microvascular coronary flow parameters.

Coronary Angiography
Different CAV grades were reported among included 

patients: 56 (46.3%) CAV1, 31 (25.6%) CAV2, and 34 (28.1%) 
CAV3. CMD was significantly more frequent in patients with 
higher CAV grades (28.6% in CAV1, 61.3% in CAV2, and 
70.6% in CAV3; P < 0.001; Figure 2A).

Prevalence of CCAs was also significantly higher among 
patients with higher degrees of CAV (12.5% in CAV1, 45.2% 
in CAV2, and 55.9% in CAV3; P < 0.001; Figure 2B).

As regards CFVR, it was significantly different in CAV sub-
groups (P < 0.001), and it was higher in CAV1 than in CAV2 
(P = 0.009) and CAV3 (P = 0.003). No difference was found 
between CAV2 and CAV3 (P = 0.982; Figure 3A).

Coronary collaterals were present in 40 of 121 patients 
(33.1%). According to the Rentrop score, these patients were 
divided into Rentrop 1 (21; 52.5%), Rentrop 2 (16; 40%), 
and Rentrop 3 (3; 7.5%).

CFVR was found to be significantly different between sub-
groups of patients with different Rentrop scores, being lower 
in patients with less developed CCAs (Rentrop 1: 1.88 ± 0.12; 
Rentrop 2: 2.44 ± 0.14; and Rentrop 3: 3.51 ± 0.45; Figure 3B).

Among subgroups of patients with different Rentrop 
scores, there was a higher prevalence of CMD in patients with 
Rentrop 1 (85.7%) and Rentrop 2 (68.8%) than in patients 
with Rentrop 3 (0%; P = 0.007).

Determinants of Collateral Circulation
We performed univariable logistic regression analy-

sis to investigate the determinants of CCAs. Beyond CFVR 
(P = 0.007) and CMD (P < 0.001), also higher CAV (P < 0.001), 
ACEi/ARBs therapy (P = 0.032), and higher TRS (P = 0.032) 
were associated with CCAs. In the final multivariable regres-
sion model, CMD (odds ratio [OR] 23.3, P = 0.008), higher 
CAV grade (OR 3.48, P = 0.005), and TRS (OR 9.33, P = 0.021) 
were independently associated with CCAs (Table 2).

Long-Term Survival
Differences between survivors and nonsurvivors are 

shown in Table  3. The presence of CCAs (P = 0.007) and 
presence of higher CAV grade (P < 0.001), higher donor age 
(P = 0.046), higher 1styrSevRS (P = 0.036), and higher SevTRS 

TABLE 1.

Clinical characteristics and microvascular coronary flow 
parameters of patients with and without CCAs

 No CCAs (n = 81) CCAs (n = 40)  P 

Clinical characteristics
 Age at HT, y 51.1 ± 13.7 49.5 ± 11.3 0.528
 Donor age, y 34.8 ± 14.6 36.8 ± 15.3 0.485
 Female recipient, n (%) 13 (16.0) 6 (15.0) 0.881
 Female donor, n (%) 26 (32.1) 8 (20) 0.164
 Sex mismatch, n (%) 19 (23.5) 6 (15.0) 0.280
 Time from HT, y 18.3 (13.9–23.5) 18.3 (15.6–23.4) 0.781
 Follow-up time, y 10.9 (8.4–13.4) 7.5 (4.6–12.8) 0.006
 BMI at HT, kg/m2 23.0 ± 3.1 23.2 ± 2.7 0.828
 IHD pre-HT, n (%) 33 (40.7) 16 (40.0) 0.938
 Hypercholesterolemia, n (%) 78 (96.3) 39 (97.5) 0.728
 Diabetes, n (%) 12 (14.8) 6 (15.4) 0.935
 Obesity, n (%) 15 (18.5) 10 (25.0) 0.407
 CKD, n (%) 72 (90.0) 35 (89.7) 0.965
 Ischemic time, min 175.7 ± 52.6 164.4 ± 46.5 0.253
 LVEF, % 64.8 ± 6.8 65.5 ± 5.5 0.607
 eGFR, mL/min/m2 42.3 ± 17.1 41.5 ± 16.6 0.807
 RS 1st y 1.2 (0.7–1.4) 1.5 (1.2–1.9) 0.069
 TRS 1.2 (0.7–1.3) 1.4 (1.2–1.8) 0.042
 1styrSevRS 0.7 (0.2–0.8) 1.1 (0.5–1.3) 0.121
 SevTRS 0.6 (0.2–0.8) 0.8 (0.5–1.3) 0.094
 CAV

2
 and CAV

3
, n (%) 32 (39.5) 33 (82.5%) <0.001

 Deaths, n (%) 26 (32.1) 23 (57.5) 0.007
Therapies
 Cyclosporine, n (%) 62 (76.5) 25 (62.5) 0.106
 Tacrolimus, n (%) 1 (1.2) 0 (0) 0.480
 Azathioprine, n (%) 16 (19.8) 3 (7.5) 0.081
 Mycophenolate, n (%) 21 (25.9) 5 (12.5) 0.091
 Prednisone, n (%) 28 (34.6) 15 (37.5) 0.751
 Everolimus, n (%) 18 (22.2) 9 (22.5) 0.972
 Statin, n (%) 26 (32.1) 11 (27.5) 0.606
 ACEi/ARB, n (%) 30 (37) 7 (17.5) 0.028
 β-blocker, n (%) 5 (6.2) 5 (12.5) 0.234
 Spironolactone, n (%) 1 (1.2) 2 (5) 0.210
 Ca antagonist, n (%) 13 (16) 5 (12.5) 0.606
Microvascular coronary flow parameters
 MAP

r
, mm Hg 104.28 ± 14.36 102.50 ± 13.39 0.521

 MAP
h
, mm Hg 94.74 ± 15.50 95.67 ± 17.26 0.769

 DPV
r
, cm/s 26.80 ± 9.68 28.13 ± 8.39 0.462

 DPV
h
, cm/s 69.10 ± 25.95 66.75 ± 24.25 0.633

 CFVR 2.69 ± 0.92 2.22 ± 0.72 0.003
 BMR, mm Hg·s/cm 4. 28 ± 1.38 3.95 ± 1.24 0.203
 HMR, mm Hg·s/cm 1.64 ± 0.85 1.66 ± 0.78 0.895
 ARI, mm Hg·s/cm 2.69 ± 1.18 2.19 ± 1.08 0.036
 CMD, n (%) 30 (37.0) 29 (72.5) <0.001

Continuous variables with no/mild skew are presented as mean ± SD; skewed measures are 
represented as median with Q1–Q3. Discrete variables are summarized as frequencies and 
percentages.
1styrSevRS, severe rejection score within the first y; ACEi, angiotensin-converting enzyme inhibi-
tors; ARB, angiotensin receptor blocker; ARI, arteriolar resistance index; BMI, body mass index; 
BMR, basal microvascular resistance; Ca antagonist, calcium antagonist; CAV, cardiac allograft 
vasculopathy; CCA, coronary collateral artery; CFVR, coronary flow velocity reserve; CI, confidence 
interval; CKD, chronic kidney disease; CMD, coronary microvascular dysfunction; DPV

h
, hyperemic 

diastolic peak velocity; DPV
r
, rest diastolic peak velocity; eGFR, estimated glomerular filtration 

rate; HMR, hyperemic microvascular resistance; HT, heart transplantation; IHD, ischemic heart 
disease; LVEEF, left ventricular ejection fraction; MAP

r
, mean arterial pressure at rest; MAP

h
, mean 

arterial pressure during hyperemia; OR, odds ratio; Q1–Q3, first and third quartiles; RS 1st y, 
rejection score in the first y; SD, standard deviation; SevTRS, severe total rejection score; TRS, 
total rejection score.
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(P = 0.001) were clinical characteristics associated with mor-
tality. Obviously, nonsurvivors also presented shorter follow-
up time (P < 0.001). Therapies with cyclosporine (P < 0.001), 
azathioprine (P = 0.004), statin (P = 0.045), and ACEi/ARBs 
(P = 0.045) were more frequent among survivors. As regards 
microvascular coronary flow parameters, lower DPVh 
(P = 0.027), lower CFVR (P < 0.001), and CMD (P < 0.001) 
were significantly more frequent among nonsurvivors. Indexes 
of microvascular resistance (such as BMR, HMR, and ARI) 
were comparable in the 2 groups.

Figure  4 shows the Kaplan-Meier curves for different 
variables. We found that survival was lower in CAV2 and 
CAV3 patients (P = 0.003; Figure 4A), in patients with CMD 
(P = 0.0003; Figure 4B), and in patients with CCAs (P = 0.001; 
Figure 4C).

Regarding CMD and CCAs, we further categorized the 
patient population into 4 different subgroups (no CMD/no 
CCAs, CMD/CCAs, no CMD/CCAs, and CMD/CCAs). As 
shown in Figure 5, there was a significantly different prob-
ability of survival among different subgroups (P < 0.0001) 
and among patients with CMD, CCAs conferred a worse 
prognosis.

At multivariable Cox survival analysis (Table  4), CMD 
(P = 0.006), CCAs (P = 0<0.001), and therapy with cyclo-
sporine (P < 0.001) were found to be independent predictors 
of mortality.

Consequently, we evaluated the impact of strategies 
including CCAs on a prognostic model covering only the 
independent clinical predictors of mortality (referred to as 
model 1: CMD, donor age, SevTRS, cyclosporine, and aza-
thioprine treatment). The inclusion of CCAs to model 1 per-
mitted better prediction of survival in HT patients (P = 0.03; 
Figure 6).

Intraobserver and Interobserver Reproducibilities of 
CFVR

The intraobserver reproducibility was high (r = 0.92, 
SEE = 0.11); the mean difference was −0.004; the upper and 
lower limits of agreement between the measurements were 
+0.19 (95% CI, +0.11 to + 0.23) and −0.15 (95% CI, −0.21 
to −0.10), respectively; and the ICC was 0.968. The inter-
observer reproducibility was also high (r = 0.89, SEE = 0.10); 
the mean difference was −0.02, the upper and lower limits of 
agreement between the 2 measurements were +0.33 (95% CI, 

FIGURE 2. CMD and collateral arteries in different CAV grades. A, Patients with higher CAV grades (CAV2 and CAV3) have significantly higher 
rates of CMD (P < 0.001). B, Patients with higher CAV grades (CAV2 and CAV3) have a significantly higher incidence of CCAs (P < 0.001). CAV, 
cardiac allograft vasculopathy; CCA, coronary collateral artery; CMD, coronary microvascular dysfunction.

FIGURE 3. CFVR in different subgroups of patients. A, Patient with higher CAV grades (CAV2 and CAV3) have significantly lower CFVR (P = 0.009 
CAV1 versus CAV2 and P = 0.003 CAV1 versus CAV3, respectively). B, Patients with higher Rentrop grades have higher CFVR (P = 0.01 Rentrop 1 
versus Rentrop 2, P = 0.01 Rentrop 2 versus Rentrop 3 and P < 0.001 Rentrop 1 versus Rentrop 3). CAV, cardiac allograft vasculopathy; CFVR, 
coronary flow velocity reserve.
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+0.25 to +0.45) and −0.37 (95% CI, −0.45 to −0.25), respec-
tively; and the ICC was 0.955.

DISCUSSION

In this study, CAV and CMD were associated with CCAs. 
Moreover, CCAs were found to be independent predictors of 
cardiovascular mortality, reflecting a higher severity of CAV 
disease. Our results have a conceivable background in the 
pathophysiology of CAV and CMD.

The role of CCAs is well established in CAD, where col-
laterals have a beneficial effect on the reduction of mortal-
ity and major adverse cardiovascular events.2-4,30 In HT, the 
picture is less clear and underinvestigated. It was first found 
that coronary involvement in HT patients is represented by 
a progressive proliferative disease that occurs without col-
lateral vessels development,6 remarking the difference with 
CAD. Subsequent studies reported different results: CCAs 
were found in most HT patients with CAV, suggesting that 

they represent an angiogenic response to microvascular 
ischemia, similar to what also happens in CAD.8 Moreover, 
functional testing using collateral flow index showed that HT 

TABLE 2.

Univariable and multivariable logistic regression analyses 
of the determinants of CCAs

  Univariable Multivariable

Covariates OR 95% CI P OR 95% CI P 

CFVRa 0.51 0.32-0.84 0.007 0.62 0.37-1.03 0.071
CMDa 4.48 1.95-10.25 <0.001 23.3 2.27-26.3 0.008
Ischemic time 0.99 0.99-1.00 0.252    
Donor age 1.0 0.97-1.05 0.482    
CAV

2
 and CAV

3
3.98 1.72-9.18 <0.001 3.48 1.44-8.38 0.005

Age at HT 0.91 0.96-1.02 0.525    
IHD 0.97 0.44-2.09 0.938    
Female donor 1.89 0.76-4.77 0.167    
Female recipient 1.09 0.33-3.65 0.881    
Sex mismatch 2.05 0.56-7.53 0.284    
RS 1st y 1.77 0.97-3.22 0.059    
TRS 4.31 1.85-18.73 0.032 9.33 1.25-16.2 0.021
1styrSevRS 1.68 1.15-3.63 0.222    
SevTRS 1.40 0.58-3.39 0.444    
Hypercholesterolemia 1.50 0.15-14.80 0.729    
Obesity 1.46 0.59-3.64 0.409    
Metabolic syndrome 1.26 0.58-2.75 0.549    
LVEF 1.01 0.95-1.08 0.604    
CKD 0.97 0.27-3.44 0.965    
Diabetes 1.04 0.36-3.03 0.935    
Cyclosporine 1.95 0.86-4.44 0.109    
Tacrolimus 0.84 0.41-1.12 0.723    
Azathioprine 0.32 0.09-1.26 0.093    
Mycophenolate 0.40 0.14-1.17 0.098    
Prednisone 1.13 0.51-2.49 0.751    
Everolimus 1.01 0.41-2.52 0.972    
Statin 1.24 0.54-2.87 0.606    
ACEi/ARB 0.36 0.14-0.91 0.032 0.32 0.03-3.52 0.332
β-blocker 2.17 0.59-7.98 0.243    
Spironolactone 4.21 0.37-4.7 0.247    
Ca antagonist 0.74 0.24-2.26 0.607    

aThese 2 covariates were included separately 1 at a time in the multivariable model.
1styrSevRS, severe rejection score within the first y; ACEi, angiotensin-converting enzyme inhibi-
tors; ARB, angiotensin receptor blocker; Ca antagonist, calcium antagonist; CAV, cardiac allograft 
vasculopathy; CCA, coronary collateral artery; CFVR, coronary flow velocity reserve; CI, confi-
dence interval; CKD, chronic kidney disease; CMD, coronary microvascular dysfunction; HT, heart 
transplantation; IHD, ischemic heart disease; LVEEF, left ventricular ejection fraction; OR, odds 
ratio; RS 1st y, rejection score in the first y; SevRS, severe rejection score; SevTRS, severe total 
rejection score.

TABLE 3.

Baseline characteristics and coronary flow parameters of 
patients, divided into survivors and nonsurvivors

 Survivors (n = 72) 
Nonsurvivors 
(n = 49)  P 

Baseline characteristics
 Age at HT, y  50.9 ± 13.0 50. 0 ± 12.9 0.716
 Donor age, y 33.2 ± 15.3 38.7 ± 13.6 0.046
 Female recipient, n (%) 14 (19.4) 5 (10.2) 0.170
 Female donor, n (%) 19 (26.4) 15 (30.6) 0.612
 Sex mismatch, n (%) 13 (18.1) 12 (24.5) 0.391
 Time from HT, y 16.3 (13.7-25.3)  20.1 (15.8-22.2) 0.530
 Follow-up time, y 12.1 (8.5-13.9) 7.9 (4.8-11.4) <0.001
 BMI at HT, kg/m2  23.1 ± 3.2 23.0 ± 2.6 0.914
 IHD pre-HT, n (%) 26 (36.1) 23 (46.9) 0.234
 Hypercholesterolemia, n (%)  68 (94.4) 49 (100) 0.093
 Diabetes, n (%) 9 (12.7) 9 (18.4) 0.391
 Obesity, n (%) 17 (23.6) 8 (16.3) 0.331
 CKD, n (%) 63 (90.0) 44 (89.8) 0.971
 Ischemic time, min  175.0 ± 53.8 167.4 ± 46.1  0.420
 LVEF at HT, %  64.5 ± 7.1 65.9 ± 5.2 0.271
 eGFR at HT, mL/min/m2 41.6 ± 18.1 42.6 ± 15.1 0.751
 RS 1st y 1.1 ± 0.6 1.3 ± 0.7 0.221
 TRS 1.1 ± 0.5 1.4 ± 0.6 0.116
 1styrSevRS 0.5 ± 0.5 0.7 ± 0.5 0.036
 SevTRS 0.4 ± 0.4 0.8 ± 0.4 0.001
 CAV

2
 and CAV

3
, n (%) 29 (40.3) 36 (73.5) <0.001

 CCAs, n (%) 17 (23.6) 23 (46.9) 0.007
Therapies
 Cyclosporine, n (%) 66 (91.8) 21 (42.9) <0.001
 Tacrolimus, n (%) 1 (1.4) 0 (0) 0.407
 Azathioprine, n (%) 17 (23.6) 2 (4.1) 0.004
 Mycophenolate, n (%) 17 (23.6) 9 (18.4) 0.491
 Prednisone, n (%) 27 (37.5) 16 (32.7) 0.585
 Everolimus, n (%) 20 (27.8) 7 (14.3) 0.080
 Statin, n (%) 27 (37.5) 10 (20.4) 0.045
 ACEi/ARB, n (%) 27 (37.5) 10 (20.4) 0.045
 β-blocker, n (%) 6 (8.3) 4 (8.2) 0.973
 Spironolactone, n (%) 2 (2.8) 1 (2) 0.798
 Ca antagonist, n (%) 13 (18.1) 5 (10.2) 0.234
Coronary flow parameters
 DPV

r
, cm/s 27.5 ± 9.3 26.8 ± 9.2 0.695

 DPV
h
, cm/s 72.5 ± 27.4 62.1 ± 20.7 0.027

 CFVR 2.8 ± 0.9 2.2 ± 0.8 <0.001
 BMR, mm Hg·s/cm 4.1 ± 1.3 4.2 ± 1.4 0.799
 HMR, mm Hg·s/cm 1.6 ± 0.8 1.7 ± 0.8 0.352
 ARI, mm Hg·s/cm 2.6 ± 1.1 2.5 ± 1.3 0.568
 CMD, n (%) 25 (34.7) 34 (69.4) <0.001

Continuous variables with no/mild skew are presented as mean ± SD; skewed measures are 
represented as median with Q1–Q3. Discrete variables are summarized as frequencies and 
percentages.
1styrSevRS, severe rejection score within the first year; ACEi, angiotensin-converting enzyme 
inhibitors; ARB, angiotensin receptor blocker; ARI, arteriolar resistance index; BMI, body mass 
index; BMR, basal microvascular resistance; Ca antagonist, calcium antagonist; CAV, cardiac 
allograft vasculopathy; CCA, coronary collateral artery; CFVR, coronary flow velocity reserve; 
CI, confidence interval; CKD, chronic kidney disease; CMD, coronary microvascular dysfunction; 
DPV

h
, hyperemic diastolic peak velocity; DPV

r
, rest diastolic peak velocity; eGFR, estimated glo-

merular filtration rate; HMR, hyperemic microvascular resistance; HT, heart transplantation; IHD, 
ischemic heart disease; LVEEF, left ventricular ejection fraction; MAP

r
, mean arterial pressure at 

rest; MAP
h
, mean arterial pressure during hyperemia; Q1–Q3, first and third quartiles; RS 1st y, 

rejection score in the first y; SD, standard deviation; SevTRS, severe total rejection score; TRS, 
total rejection score.
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patients present with the same degree of functional collateral 
flow compared with CAD patients.5 To our knowledge, only 
1 study analyzed the prognostic implications of CCAs in HT 
patients: among HT patients with moderate-to-severe CAV, 
patients with CCAs had better outcomes compared with those 
without CCAs.7

CAV, Coronary Microcirculation, and CCAs
Differently from CAD, which predominantly affects epicar-

dial coronary arteries, CAV also extensively affects coronary 
microcirculation.31 Furthermore, as already shown, the pres-
ence of CMD can predict the occurrence of CAV, suggesting 
that microvascular involvement may precede epicardial vascu-
lopathy.12,17,32,33 Consistent with these observations, we found 
that patients with higher CAV grades also presented more 
severe microvascular impairment with low CFVR values and 
higher rates of CMD (Figures 2A and 3A). This is not surpris-
ing because microcirculation affected by CAV is dysfunctional 

FIGURE 4. Probability of survival according to macro- and 
microvascular flow parameters. Kaplan-Meier curves show (A) 
lower survival in patients with CAV2 and CAV3 compared with CAV1 
(P = 0.003); (B) lower survival in patients with CMD compared with 
those without (P = 0.0003); and (C) lower survival in patients with 
CCAs compared with those without (P = 0.001). CAV, cardiac allograft 
vasculopathy; CCA, coronary collateral artery; CMD, coronary 
microvascular dysfunction.

FIGURE 5. Probability of survival in different subgroups of patients. 
Kaplan-Meier curves show a significantly different probability (P < 0.001) 
of survival among different subgroups (no CMD/no CCAs, CMD/CCAs, 
no CMD/CCAs, CMD/CCAs). Patients with CMD and CCAs show the 
lowest probability of survival. Interestingly, also among patients with 
CMD, those with CCAs have a lower probability of survival. CCA, 
coronary collateral artery; CMD, coronary microvascular dysfunction.

TABLE 4.

Univariable and multivariable Cox regression analyses of 
the determinants of survival

 Univariable Multivariable

Covariates HR 95% CI P HR 95% CI P 

CMD 3.01 1.60-5.65 <0.001 2.51 1.31-4.34 0.006
Ischemic time 0.99 0.99-1.00 0.569    
Donor age 1.02 1.01-1.04 0.037 1.01 0.99-1.04 0.176
CCAs 2.44 1.39-4.30 0.002 2.71 1.52-4.83 <0.001
CAV grade 2–3a 2.48 1.31-4.68 0.005    
Age at HT 0.99 0.97-1.02 0.730    
IHD 1.73 0.97-3.01 0.061    
Female donor 0.93 0.51-1.71 0.817    
Male recipient 1.45 0.57-3.70 0.087    
Sex mismatch 1.25 0.65-2.39 0.505    
RS 1st y 1.12 0.73-1.74 0.597    
TRS 1.77 0.75-4-20 0.195    
SevRS 1st y 1.34 0.86-2.10 0.201    
SevTRS 2.58 1.13-5.86 0.024 1.71 0.98-2.97 0.057
Hypercholesterolemia 2.13 0.02-2.42 0.394    
Obesity 0.80 0.38-1-72 0.574    
Metabolic syndrome 1.10 0.62-1.96 0.735    
LVEF 1.02 0.97-1.06 0.429    
CKD 1.00 0.40-2.53 0.995    
Diabetes 1.30 0.62-2.70 0.484    
Cyclosporine 0.19 0.11-0.35 <0.001 0.22 0.12-0.40 <0.001
Tacrolimus 0.04 0.01-0.09 0.915    
Azathioprine 0.19 0.04-0.80 0.023 0.33 0.07-1.44 0.142
Mycophenolate 0.62 0.30-1.31 0.216    
Prednisone 0.81 0.44-1.47 0.494    
Everolimus 0.47 0.21-1.06 0.072    
Statin 0.51 0.25-1.03 0.064    
ACEi/ARB 0.49 0.24-0.99 0.048    
β-blocker 0.74 0.26-2.10 0.580    
Spironolactone 1.01 0.14-7.40 0.986    
Ca antagonist 0.49 0.19-1.26 0.143    

CCA, coronary collateral arteries.
aThis covariate was not included in the multivariable model for its collinearity with CCAs.
1styrSevRS, severe rejection score within the first y; ACEi, angiotensin-converting enzyme inhibi-
tors; ARB, angiotensin receptor blocker; Ca antagonist, calcium antagonist; CAV, cardiac allograft 
vasculopathy; CCA, coronary collateral artery; CFVR, coronary flow velocity reserve; CI, confi-
dence interval; CKD, chronic kidney disease; CMD, coronary microvascular dysfunction; HT, heart 
transplantation; IHD, ischemic heart disease; LVEEF, left ventricular ejection fraction; OR, odds 
ratio; RS 1st y, rejection score in the first y; SevRS, severe rejection score; SevTRS, severe total 
rejection score.
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and loses its ability to increase blood flow when the myo-
cardial demand is higher. From the data in our possession, 
we observed that CFVR is comparable in CAV2 and CAV3 
patients (Figure  3A); this could suggest that microvascular 
impairment becomes overt when CAV is more than mild and 
that, thereafter, there is no graded relationship between CFVR 
and CAV grades, but further studies with higher numerosity 
will be required to confirm this hypothesis.

Even in the absence of epicardial obstructions, CMD can 
cause myocardial ischemia,34-36 involving the mechanism of 
ischemia-induced angiogenesis.1,4,37 We hypothesized that 
ischemia caused by CAV-induced CMD may trigger the for-
mation of CCAs through angiogenesis, and this hypothesis 
was confirmed by our results because we showed that CFVR 
values are significantly lower among patients with CCAs 
(Table 1). In our hypothesis, CMD was caused by CAV and, 
indeed, patients with higher CAV grades more often presented 
CCAs (Figure 2B).

To further investigate the determinants of CCAs, we per-
formed multivariable analysis that showed how CMD and 
CAV2/CAV3 are independent predictors of the presence of 
collaterals (Table 2). Also, TRS was an independent predictor 
of CCAs, and this suggests that severity of allograft disease, 
both in terms of vascular involvement and immune activation, 
may lead to the development of CCAs. Interestingly, medical 
therapy did not show significant influence on the development 
of CCAs.

Conflicting evidence are reported about the functionality of 
CCAs in HT patients. We found that the majority of patients 
with CCAs presented with Rentrop 1 and Rentrop 2 (52.5% 
and 40%, respectively), whereas only 7.5% had Rentrop 3 
CCAs, suggesting a certain incapacity of patients with CAV 
to form fully functional CCAs. This might be the result of 
the immunological activation against the heart and its vessels. 
Moreover, we compared CFVR in different Rentrop classes 
and found a significant association between lower Rentrop 

grade and lower CFVR (Figure  3B). This was reflected by 
a significantly higher prevalence of CMD in lower Rentrop 
classes. These results may seem contradictory to the “angio-
genetic hypothesis” of CCAs  because low CFVR (and thus 
more ischemia) should trigger the development of more effi-
cient CCAs. Anyway, we must not forget that CAV first affects 
microcirculation and that CCAs first develop as microcircula-
tion: CCAs themselves could therefore be affected by CAV, 
and this could hamper their complete development. Again, 
immune derangement damages CCAs and impairs their pro-
tective function. This hypothesis is in line with the results of 
studies finding a >2-fold difference in microvascular density 
between CAV patients and controls.7

Our study is the first to noninvasively measure CFVR to 
find a possible correlation between microvascular function 
and CCAs. One study already assessed microvascular density 
in a similar subgroup of patients, finding increased microvas-
cular density in CAV patients with CCAs.7 Because microvas-
cular evaluating techniques were substantially different, we 
believe that the results are not comparable with ours. Indeed, 
although we used transthoracic echocardiography to measure 
a functional index that mainly regards arterioles, they used 
endomyocardial biopsies to assess a structural parameter 
(such as microvascular density) that mainly regards capillaries.

Prognostic Implications
Prognostic implications of CAV and CMD in HT patients 

have been previously extensively described.18,38 Also, in our 
cohort, patients with higher CAV and with CMD had a sig-
nificantly lower probability of survival (Figure 4A and B), and 
CMD was an independent predictor of mortality at multivari-
able analysis (Table 4). As regards CCAs, we assessed the asso-
ciation between CCAs and cardiovascular mortality and found 
that patients with CCAs had a significantly higher mortality 
rate (Figure  4C); moreover, at multivariable Cox regression 
analysis, the presence of CCAs was the strongest predictor of 
survival (Table  4). Also, in patients with CMD, CCAs were 
a negative prognostic factor (Figure  5) and the inclusion of 
CCAs in a model with CMD (and other clinical predictors 
of mortality) allowed better prediction of survival (Figure 6). 
From a clinical perspective, this is especially relevant given 
the easy availability of CCAs assessment, which requires only 
routine coronary angiograms and not focused adenosine echo-
cardiography such as CFVR. However, these results may seem 
counterintuitive when compared with the vast amount of data 
collected in CAD patients, showing how CCAs have a clear 
prognostic benefit.2-4 Anyway, although atherosclerosis affects 
epicardial coronary arteries, in CAV, we must also take into 
account microvascular involvement that affects CCAs them-
selves, as reflected by the higher rates of lower Rentrop grades. 
Interestingly, also in CAD, in which CCAs have a clear overall 
beneficial effect, the presence of barely developed CCAs was 
reported to be a prognostic indicator of adverse cardiovas-
cular outcome,39 and this is what we believe also happens in 
HT with CAV: CAV causes the development of CCAs through 
CMD-induced ischemia (as in CAD), but these CCAs are 
poorly developed as they are affected by CAV itself, which is 
the result of a profound immune derangement because of the 
immunogenicity of HT. Therefore, CCAs are indirectly associ-
ated with the extent of CAV and with the overall severity of 
disease.

Only 1 study has already assessed the prognostic implica-
tions of CCAs in HT, reporting a favorable effect on survival.7 

FIGURE 6. Performance of 2 survival prediction models among 
HT patients. CMD, donor age, SevTRS, cyclosporine treatment, and 
azathioprine treatment are independent predictors of survival (referred 
to as model 1). We evaluated the incremental prognostic value of 
CCAs to model 1 and found that the inclusion of CCAs permitted 
better prediction of survival among HT patients (P = 0.03). CCA, 
coronary collateral artery; CMD, coronary microvascular dysfunction; 
MM, multivariable model; HT, heart transplantation; SevTRS, severe 
total rejection score.
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CCAs were found in 34 of 59 patients (57.6%), and the prev-
alence was comparable with our results. Regarding the timing 
of diagnosis, patients with CAV who formed coronary col-
lateral vasculature were diagnosed later than those without 
CCAs (7.9 ± 3.6 versus 4.8 ± 3.1 y; P = 0.001). Because coro-
nary angiography was performed on the basis of a strategy 
driven by a combination of factors (routine screening but also 
high-risk stress testing or heart failure symptoms), the authors 
concluded that collateral formation may protect patients from 
the development of symptoms, thus leading to a later time 
of diagnosis of CAV. However, as the authors also stated, an 
earlier diagnosis of CAV may reflect a more aggressive dis-
ease. Indeed, those patients could not have had enough time 
to form CCAs. Vice versa, patients with CAV and CCAs may 
have had time to form collaterals as a consequence of milder 
disease. Given these premises, it is questionable whether the 
prognostic benefit of CCAs is driven by an effective protective 
role or it is only a reflection of a milder form of disease. In 
our study, we did not analyze the coronary angiography of 
CAV diagnosis but a routine angiography performed within 
24 h from CFVR assessment, in patients in whom CAV could 
be previously known or not. Indeed, in our study, there was 
no difference between patients with and without CCAs as 
regards the time of assessment after HT (Table  1), and the 
prognostic value of CCAs could not be influenced by this bias.

Study Limitations
Some important limitations must be taken into account. 

Firstly, all patients included in the study have CAV. Our study 
is, therefore, not adequate to demonstrate that the presence 
of CCAs gives a benefit compared with the evaluation of CAV 
alone but shows, among patients with CAV, a negative prog-
nostic impact of CCAs. Secondly, the relatively small sam-
ple size makes this study hypothesis-generating, and further 
studies will be needed to confirm our results. Moreover, our 
population mainly consists of male patients, and thus results 
cannot be with certainty extrapolated to women. Thirdly, 
there is a lack of gold-standard invasive data that would pro-
vide evidence of which patients definitively had CMD and 
CCAs. Obviously,  because we collected data from routine 
coronary angiography, these data were not available and we 
relied on noninvasive studies. However, the close relationship 
between invasive and noninvasive measurements of CFVR 
has already been described.40 Fourthly, a reduction of CFVR 
could be caused by both a significant epicardial coronary ste-
nosis and CMD; therefore, the measurement of distal LAD 
flow may result in misleading conclusions in case there is a 
severe stenosis in the proximal LAD, and this is an intrin-
sic limitation of CFVR assessment by echocardiography. 
However, in our study, only 3 of 121 patients (2.5%) had 
impaired CFVR and concomitant CAV3 involving LAD: our 
results are therefore not invalidated, given the small percent-
age of patients in this “gray zone.” Finally, we do not have 
histological data to validate our hypothesis on the relation-
ship between CAV and CCAs development.

As regards medical therapy, we collected these data at the 
moment of CFVR assessment, and they do not necessarily 
reflect the medical therapy of the patient for the entire fol-
low-up. Cumulative doses, which might be more accurate for 
investigating the impact of medical therapy,20 were not avail-
able. Moreover, cyclosporine was the most frequently used 

calcineurin inhibitor, and this may not reflect the actual thera-
peutic preferences of most centers.

CONCLUSION

In HT patients with CAV, the presence of noninvasively 
assessed CMD and the severity of CAV correlate with CCAs 
at coronary angiography. We found that, on top of other 
well known risk factors, the presence of CCAs has a negative 
prognostic impact on cardiovascular mortality. Assessment of 
CCAs may, therefore, contribute to better risk stratification of 
HT recipients and should be routinely adopted.
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