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Chronic rejection in heart transplant (HTx) presents as 
cardiac allograft vasculopathy (CAV), manifesting as 

progressive and diffuse intimal proliferative arteriosclerosis.1 
CAV can cause late graft failure and death after pediatric 
HTx. Approximately half of pediatric HTx recipients develop 
CAV during the first 15 posttransplant years.2 Recipient- 
and donor-related risk factors for CAV include general 
metabolic risk factors for atherosclerosis, cytomegalovirus 

infection, older donor or recipient age, stroke as donor cause 
of death, and graft cold ischemia time.1 More importantly, 
immune-mediated factors such as acute cellular rejections and 
donor-specific antibodies (DSAs) lead to vascular endothelial 
inflammation and contribute to CAV development.3

Acute cellular rejection, especially if moderate to severe 
or associated with hemodynamic compromise, is a well-
established risk factor for CAV both in adult and pediatric 

Background. Immune-mediated factors such as acute cellular rejections and donor-specific antibodies (DSAs) are risk 
factors for cardiac allograft vasculopathy (CAV). We studied a national cohort with a unified setting and thorough protocol 
endomyocardial biopsy (EMB) data for an association between cellular rejections, especially when mild and recurrent, and 
DSAs with CAV in pediatric heart transplant (HTx) patients. Methods. This is a retrospective, national cohort study of 94 
pediatric HTxs performed between 1991 and 2019 and followed until December 31, 2020. Diagnosis of CAV was based 
on reevaluation of angiographies. Protocol and indication EMB findings with other patient data were collected from medical 
records. Associations between nonimmune and immune-mediated factors and CAV were analyzed with univariable and mul-
tivariable Cox regression analyses. Results. Angiographies performed on 76 patients revealed CAV in 23 patients (30%). 
Altogether 1138 EMBs (92% protocol biopsies) were performed on 78 patients (83%). During the first posttransplant year, 
grade 1 rejection (G1R) appeared in 45 patients (58%), and recurrent (≥2) G1R findings in 14 patients (18%). Pretransplant 
DSAs occurred in 13 patients (17%) and posttransplant DSAs in 37 patients (39%). In univariable analysis, pretransplant 
DSAs, appearance and recurrence of G1R findings, and total rejection score during the first posttransplant year, as well as 
recurrent G1R during follow-up, were all associated with CAV. In multivariable analysis, pretransplant DSAs and recurrent 
G1R during the first posttransplant year were found to be associated with CAV. Conclusions. Our results indicate that 
pretransplant DSA and recurrent G1R findings, especially during the first posttransplant year, are associated with CAV after 
pediatric HTx. (Transplantation Direct 2023;9: e1534; doi: 10.1097/TXD.0000000000001534.)

A.K.K., J.T., H.J.J., and T.J. participated in research design. A.K.K., J.T., J.I.P., 
J.P.P., J.L., A.R., and J.M.M. participated in data collection. A.K.K. participated 
in data analysis and acquisition of funding. A.K.K., J.T., J.I.P., J.P.P., J.L., A.R., 
J.M.M., H.J.J., and T.J. participated in the writing of the article.
The authors declare no conflicts of interest.
This work was funded by the Finnish Foundation for Pediatric Research.
http://links.lww.com/TXD/A568
Copyright © 2023 The Author(s). Transplantation Direct. Published by Wolters 
Kluwer Health, Inc. This is an open-access article distributed under the terms of 
the Creative Commons Attribution-Non Commercial-No Derivatives License 4.0 
(CCBY-NC-ND), where it is permissible to download and share the work provided 
it is properly cited. The work cannot be changed in any way or used commercially 
without permission from the journal.

mailto:anu.kaskinen@helsinki.fi
https://orcid.org/0000-0001-5350-1472
https://orcid.org/0000-0002-1142-3792
https://orcid.org/0000-0003-1133-6653
https://orcid.org/0000-0003-1799-2504
http://links.lww.com/TXD/A568
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 Transplantation DIRECT   ■   2023 www.transplantationdirect.com

populations.2 Mild grade 1 rejections (G1Rs), which often 
are left untreated, may contribute to CAV, especially in case 
of recurrence.4,5 Both pretransplant and de novo DSAs (dnD-
SAs), especially class II HLA DSAs, may predispose patients to 
CAV.6,7 Today, data on these immune-mediated risk factors for 
CAV remain scarce in pediatric populations, and most studies 
have investigated only DSA or endomyocardial biopsy (EMB) 
findings in different study settings. Thus, we aimed to study 
whether cellular rejections, especially mild and recurrent, and 
DSAs increase CAV risk in our national cohort of 94 pediatric 
HTx patients.

PATIENTS AND METHODS

Patients
All Finnish pediatric HTxs were performed and fol-

lowed up at least annually at Children’s Hospital, Helsinki 
University Hospital, until 2018 and thereafter at New 
Children’s Hospital. This study comprised a complete 
national cohort of 94 pediatric HTx recipients who received 
an HTx between 1991 and 2019. Patients were followed 
up until death, retransplantation, transition to adult care 
(approximately 20 y old), or the last observation day on 
December 31, 2020. All patient data, except angiographies, 
were collected by reviewing patient records. Clinical data on 
heart donors were collected from the organ allocation office’s 
medical records. The institution’s ethics committee approved 
the study protocol. For register-based research, no individual 
consent was required.

Immunosuppression
In all patients, triple immunosuppression consisted of 

cyclosporine A until 2012 or tacrolimus from 2013 onward, 
in addition to azathioprine and methylprednisolone. 
Methylprednisolone dosage was tapered in the first year after 
HTx. Antithymocyte globulin (ATG) was used for induction 
therapy. Our immunosuppression protocol has been detailed 
previously.8

EMBs and Rejections
In our institution, EMBs are performed in children aged 

≥4 y. Protocol EMBs were performed 2 to 3 wk after HTx, 
approximately biweekly until discharge, then 3, 6, 9, 12, 18, 
and 24 mo after HTx, and then annually. Indication biopsies 
were performed in case of clinical rejection suspicion and on a 
case-by-case basis for controlling EMB findings 4 to 8 wk after 
initiation of rejection treatment. Biopsy findings were classi-
fied according to the 2004 International Society for Heart and 
Lung Transplantation (ISHLT) grading system and abstracted 
from medical records.9 Patients with ≥2 episodes of G1R were 
classified as having recurrent G1R. We calculated the total 
rejection score (TRS), adapted from a previous study.10 All 
EMBs were scored as G0R = 0, G1R = 1, G2R = 2, and G3R = 3, 
and scores were normalized by dividing by total number of 
EMBs taken during the period of interest. According to our 
protocol, ≥grade 2 rejections (G2Rs) and any grade symp-
tomatic rejections were treated with methylprednisolone 
pulses of 10 mg/kg, whereas asymptomatic G1Rs were prefer-
ably treated with increased dose of oral methylprednisolone 
(1–2 mg/kg/d). Enhancement of maintenance immunosup-
pression was considered case by case. In the case of verified 
antibody-mediated rejection (AMR), plasmapheresis, ATG, or 
rituximab were introduced.

Coronary Angiographies
Protocol coronary angiography (CA) was performed 

in children aged ≥4 y after HTx and annually thereafter. 
Selective CA was the standard investigation, but in some chil-
dren weighing <20 kg, coronary arteries were evaluated from 
aortic root angiograms. All CAs were reevaluated by a single 
cardiologist (J.P.) to grade the CAV severity according to 2010 
ISHLT guidelines.11

HLA Typing, Cytotoxic Crossmatching, and DSA 
Analyses

HLA typing methods have changed over time. Since 2007, 
recipients were typed for low-resolution HLA-A, -B, and -DR 
with Luminex using One Lambda LABType kits, and since 
2015, donors with LinkSēq HLA-ABCDRDQA1DQB1DP 
384 Typing Kit (One Lambda Inc, West Hills, CA) accord-
ing to manufacturers’ instructions. For recipient typing, only 
serology was used until 1997. Between 1997 and 2007, DRB1 
HLA was typed with sequence-based oligonucleotide probes 
(Inno-LiPA, Innogenetics, Ghent, Belgium). Before mid-2015, 
donors were HLA typed with sequence-specific primers.

The complement-dependent cytotoxicity crossmatches 
with the Amos technique were performed with purified T cells 
(Fluorobeads, One Lambda) and with density gradient–puri-
fied splenocytes until 2015. Immunodensity-purified periph-
eral blood T and B cells (RosetteSep, Stemcell Technologies, 
Vancouver, Canada) were used thereafter. Final crossmatch 
was considered positive if any individual T-cell or splenocyte/
B-cell crossmatch was positive.

HLA antibody analyses were performed according to clini-
cal surveillance after Luminex antibody screening began in 
2006. The antibody status of stored samples beore 2006 
was updated later. Donor specificity of all antibodies was 
evaluated, apart from HLA-DP antibodies because donor 
HLA-DP types were unknown in all donors typed before 
2015. Sensitization was defined as calculated panel-reactive 
antibody measurement of ≥10% for either class I or II HLA. 
A mean fluorescence intensity (MFI) of >1000 was consid-
ered positive, and cumulative MFI was the MFI sum of all 
positive DSAs. We further classified patients with DSAs by the 
presence of persistent DSAs (presence of DSAs on ≥2 separate 
occasions for at least 2 y), transient DSAs (presence of DSAs 
on ≥2 separate occasions for <2 y), or single DSA (presence of 
DSAs only once).

Statistics
We compared qualitative variables (number of patients 

with percentages) with the χ2 test and continuous vari-
ables (median with interquartile range [IQR], or mean ± SD, 
as appropriate) with the t test or Mann-Whitney U test, as 
appropriate. We estimated survival probabilities using the 
Kaplan-Meier method and compared them by log-rank analy-
sis. Cox proportional hazard model was used for both uni-
variable and multivariable regression analyses to estimate 
risk factors affecting CAV-free survival and graft survival. 
Variables with a P value of ≤0.1 (model 1) or P value of <0.05 
(model 2) in univariable analyses were considered significant 
and included in multivariable models. Of the correlating fac-
tors, 1 was included in the multivariable model and selected 
on the basis of clinical reasoning. For analyses on CAV as an 
outcome, patients were excluded if their follow-up was <1 y 
and no angiographies performed (n = 18). The level of statisti-
cal significance was set at 0.05 for all analyses. Statistics were 
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analyzed using SPSS version 28.0 (SPSS, Inc., Chicago, IL) and 
Prism version 9.3.1 (GraphPad Software, La Jolla, CA).

RESULTS

Patient Characteristics and Outcome
Between 1991 and 2019, 94 patients underwent HTx. The 

median age at the time of HTx was 8.7 y (range, 0.47–19.49 
y). Table 1 shows recipient and donor characteristics. At the 

end of follow-up, 36 patients had transitioned to adult care 
after a median pediatric follow-up of 8.1 (range, 1.6–18.9) 
y, 37 remained in pediatric follow-up, and 21 had either died 
(n = 18) or undergone re-HTx (n = 3). Five patients (5%) died 
within 30 d of operation, and a further 13 deaths (14%) 
occurred on average 3.4 y (range, 0.11–11.28 y) after HTx. 
Group 1 had more graft losses (43% versus 2%, P = 0.003) 
and lower left ventricular ejection fraction at the end of fol-
low-up (61% versus 70%) than group 2 (Table 2, Figure 1).

TABLE 1.

Recipient and donor characteristics among patients who developed CAV (group 1) and those who did not (group 2)

 N = 94 
Group 1, CAV

(n = 23) 
Group 2, no CAV

(n = 53) HR (95% CI) Pa 

Recipient characteristics      
 Age, y 8.7 (3.1–13.5) 7.4 (4.1–13.2) 11.3 (4.6–14.1) 1.05 (0.96–1.15) 0.29
 Male gender 45 (48%) 10 (44%) 26 (49%) 1.03 (0.45–2.37) 0.94
 Indication for transplantation      
  Congenital heart defect 42 (45%) 11 (48%) 19 (36%) 1.72 (0.75–3.94) 0.20
  Cardiomyopathy 50 (53%) 12 (52%) 34 (64%)   
  Otherb 2 (2%) 0 (0%) 0 (0%)   
 Previous cardiothoracic surgery 55 (59%) 15 (65%) 26 (49%) 1.53 (0.65–3.61) 0.33
 Positive CDC crossmatch 5 (5%) 4 (17%) 1 (2%) 2.26 (0.76–6.70) 0.14
 HLA recipient–donor mismatch      
  AB 3 (2–3) 3 (2–3) 3 (2–3) 1.18 (0.73–1.91) 0.50
  DR 1 (1–2) 2 (1–2) 1 (1–2)  1.08 (0.54–2.14) 0.83
 Sensitized before HTxc 16 (17%) 6 (38%) 5 (11%) 2.69 (0.98–7.44) 0.06
 CPRA I pretransplant,d % 19 (0–69) 35 (0–94) 14 (1–39) 1.01 (1.00–1.03) 0.61
 CPRA II pretransplant,d % 26 (0–69) 37 (1–94) 3 (0–52) 1.01 (1.00–1.03) 0.06
 DSA pretransplante 13 (17%) 7 (37%) 3 (6%) 3.78 (1.46–9.76) 0.006
 CMV seropositivity 43 (46%) 10 (44%) 27 (51%) 0.95 (0.41–2.18) 0.91
 CMV donor–recipient mismatch 

(D+/R–)
27 (29%) 6 (26%) 18 (34%) 0.65 (0.26–1.66) 0.37

 Era (since 2005) 46 (49%) 28 (53%) 8 (35%) 0.90 (0.37–2.17) 0.81
 ABO-incompatible HTx 4 (4%) 0 (0%) 2 (4%) 0.05 (0.00–12 133) 0.63
 Graft cold ischemia, min 197 (151–241) 187 (146–260) 208 (156–254) 1.00 (1.00–1.00) 0.52
Donor characteristics      
 Age, y 13.7 (4.8–29.8) 7.5 (5.6–17.6) 15.3 (7.3–30.1) 1.00 (0.97–1.04) 0.77
 Male gender 44 (47%) 12 (52%) 25 (47%) 1.09 (0.47–2.51) 0.845
 BMI,f kg/m2 18.8 (16.0–21.4) 19.1 (16.5–23.1) 18.8 (16.5–21.4) 1.12 (1.00–1.27) 0.06
 CMV seropositivity 54 (57%) 12 (52%) 35 (66%) 0.69 (0.30–1.56) 0.37
 Stroke as cause of death 26 (28%) 3 (13%) 17 (32%) 0.47 (0.14–1.60) 0.23

Data are presented as n (%) or median (IQR), as appropriate.
aEffect of recipient and donor characteristics for CAV development analyzed by univariable Cox regression analysis.
bOne total atrioventricular block and 1 thrombotic occlusion of left coronary ostial stenosis.
cCPRA data available for 71 patients, 16 in group 1 and 45 in group 2.
dPatients with CPRA >0% for either class I or II HLA included (n = 21).
eDSA data available for 78 patients, 19 in group 1 and 48 in group 2.
fDonor BMI data available for 75 patients, 18 in group 1 and 43 in group 2.
BMI, body mass index; CAV, cardiac allograft vasculopathy, CDC, complement-dependent cytotoxicity; CI, confidence interval; CMV, cytomegalovirus; CPRA, calculated panel-reactive antibody; DSA, 
donor-specific antibody; HR, hazard ratio; HTx, heart transplant; IQR, interquartile range.

TABLE 2.

Outcome after HTx among patients who developed CAV (group 1) and those who did not (group 2)

Outcome after HTx  
All patients

(N = 94) 
Group 1, CAV

(n = 23) 
Group 2, no CAV

(n = 53) HR (95% CI) Pa 

Graft loss (death or retransplantation) 21 (22%) 10 (43%) 1 (2%) 23.7 (3.03–185.87) 0.003b

LVEF at end of follow-up,c % 68 (60–75) 61 (54–67) 70 (63–75)  0.0006
Follow-up time,d y 5.9 (2.6–10.3) 6.3 (3.4–11.3) 6.0 (3.6–11.1)  0.76

Data are presented as n (%) or median (IQR), as appropriate.
aComparisons between groups 1 and 2 by the Mann-Whitney U test unless otherwise stated.
bEffect of CAV for graft loss analyzed by univariable Cox regression analysis.
cn = 86.
dIntraoperative deaths during HTx operation excluded, n = 92.
CAV, cardiac allograft vasculopathy; CI, confidence interval; HR, hazard ratio; HTx, heart transplant; IQR, interquartile range; LVEF, left ventricular ejection fraction.
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EMB and Anti-HLA Antibody Findings
Altogether 1138 EMBs were performed during the fol-

low-up for 78 patients (83%) at a median of 15 (10–19) 
procedures; 91 EMBs were performed because of clinical indi-
cations for 40 patients (43%) after first posttransplant year. 
Biopsies were performed during the first 3 mo after HTx in 
74 patients (79%), during the first posttransplant year in 77 
patients (82%), after 1 y in 73 patients (78%), and after 3 y in 
56 patients (60%; Table 3). Group 1 underwent more EMBs 
during the first 3 mo and first year after HTx than group 2 
(Table 3).

Fifty-nine patients (76%) had a median of 2 (1–3) histo-
logically proven rejection episodes during follow-up. G1R 
occurred in 54 patients (69%), G2R in 11 patients (12%), 
recurrent G1R in 36 patients (46%), and AMR in 6 patients 
(8%); no grade 3 rejection (G3R) occurred (Table 3). During 
the first posttransplant year, protocol EMBs revealed rejection 
in 46 patients (60%) and 1 patient showed G2R in an EMB 
taken because of clinical indication. After the first posttrans-
plant year, protocol EMBs revealed rejection in 36 patients 
(50%), whereas indication EMBs revealed G1R findings 
in 3 patients (8%) and G2R findings in another 3 patients 
(8%). The median TRS showed no difference between first 
year after transplant (0.13 [0.00–0.25]) and thereafter (0.00 
[0.07–0.23], P=0.94).

All rejections, regardless of grading, were treated during 
the first 3 mo posttransplant and later if clinical rejection 
was suspected. After 3 mo, all G2Rs and all rejection findings 

revealed by biopsies taken because of clinical rejection suspi-
cion were treated. However, after 3 mo, at least some G1R 
findings revealed by protocol biopsies were left untreated in 
26% of patients.

Pretransplant DSAs, occurred more often in group 1 than 
in group 2 (37% versus 6%; Table 1). Thirty-seven patients 
(39%) had a median of 2 (1–3) posttransplant DSAs and 34 
(36%) patients developed dnDSAs (Table 4). Posttransplant 
DSAs developed a median of 0.09 (0.06–0.97) y after HTx. 
No difference in the appearance of posttransplant DSAs 
occurred between groups 1 and 2 (Table 4).

Cardiac Allograft Vasculopathy
Angiography was performed on 76 (81%) patients, of 

whom 23 (30%) developed CAV a median 3 y (1.47–8.1) 
after HTx (Figure 1). Severity of CAV was mild in 17 (74%) 
patients and moderate to severe in 5 (22%). In 1 patient, CAV 
was discovered at autopsy and angiographic degree of CAV 
could not be evaluated. Kaplan-Meier estimated survival of 
patients alive 1 y after transplant and diagnosed with CAV 
was 77% and 56% at 5 and 10 y after HTx, respectively, 
and poorer compared with patients without CAV (P<0.0001; 
Figure 1).

Risk Factors for CAV
Of the pre- and perioperative factors, only the presence 

of pretransplant DSAs was associated with increased CAV 
risk in univariable analysis (Table 1). Of the posttransplant 
EMB findings, the appearance of G1R findings during the first 
posttransplant year and of G2R findings within 3 mo after 
HTx was associated with CAV (Table  3). Recurrent G1R 
and TRS during the first year and recurrent G1R during the 
total follow-up were also associated with increased CAV risk 
(Table 3). However, the rejection findings after the first post-
transplant year were not associated with CAV (Table 3).

Recurrent G1R during the first year after HTx and donor 
body mass index were independent significant risk factors 
for CAV development in multivariable analysis, including 
covariates with a P value of <0.1 in univariable analyses. The 
presence of pretransplant DSAs in addition to recurrent G1R 
during the first year after HTx remained independently sig-
nificant risk factors for CAV development in multivariable 
analysis, including only covariates with a P value of <0.05 in 
univariable analysis (Table 5, Figure 2).

DISCUSSION

Despite advances in posttransplant management, CAV 
remains a significant challenge after pediatric HTx and con-
tributes to fibrosis and impaired heart graft function.1 The 
vascular endothelial inflammation leading to CAV is trig-
gered by immune-mediated factors such as T cell–mediated 
and AMRs and DSAs.1 In this national pediatric HTx cohort, 
pretransplant DSA and recurrent mild rejections during the 
first posttransplant year were risk factors for CAV. To the best 
of our knowledge, this is the first pediatric retrospective study 
using both DSAs and thorough protocol EMB data.

Almost a third of the patients were diagnosed with CAV, 
and Kaplan-Meier estimated CAV-free survival was 80%, 
67%, and 50% at 5, 10, and 15 y after HTx, respectively. 
Estimated CAV incidence was slightly higher at 5 and 10 y in 
our cohort than in large registry data showing estimated CAV 
incidence of 13% to 15% at 5 y and 25% at 10 y.2,12 However, 
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estimated incidences of CAV at 15 y were congruent.2,12 Our 
complete follow-up in a unified setting without dropouts, an 
angiography protocol including only patient years or older, 
and an immunosuppression protocol may explain this mod-
est difference. In our center, cyclosporine A–based immuno-
suppression has been used until relatively recently. However, 
we found no significant difference in CAV incidence between 
transplant eras. Notably, most patients with preexisting DSAs 
or immunoactivity in EMBs have been changed to tacrolimus 
and mycophenolate mofetil–based immunosuppression. All 
patients received triple immunosuppression; thus, our results 
do not support previous suggestions that triple immunosup-
pression may decrease incidence of CAV.13,14

Pretransplant DSAs were associated with CAV. A previ-
ous adult study with 10% incidence of pretransplant DSA 
also showed pretransplant DSA as a risk factor for CAV.6 
Furthermore, higher pretransplant calculated panel-reactive 
antibodies are a CAV risk factor based on ISHLT registry 
data.15 However, evidence shows that patients with pre-
transplant DSAs may have less graft loss than patients with  
dnDSAs or without DSAs, presumably because of pretrans-
plant antibody-depleting treatments.16 In our study, all 
patients received polyclonal ATG induction therapy indepen-
dently of pretransplant antibody status.

Posttransplant DSAs occurred in 43% of patients, of whom 
92% had dnDSAs and 70% had HLA class II DSAs, corre-
sponding to previous reports from pediatric HTx popula-
tions.17,18 Adult studies have clearly revealed that dnDSAs, 
persistence of DSAs, and class II HLA DSAs are associated 
with adverse outcomes after HTx.3,7,16,19 Also, pediatric 
patients with persistent DSAs, especially against class II HLA, 
have worse survival, whereas transient DSAs play a minor or 
no role in outcome.17,18,20 DSAs play an integral role in the 
development of AMR, which in turn clearly associates with 
CAV.3 In our study, posttransplant DSAs, neither persistent 
DSAs, DSAs against class II HLA, nor dnDSAs are associ-
ated with CAV risk. Although most of the AMR cases were 
in patients who developed CAV, we could not demonstrate an 
association between AMR and CAV with our limited sample 
size. Furthermore, a recent multicenter study on >2000 pedi-
atric HTx patients showed no difference in graft loss between 
ABO-incompatible and ABO-compatible HTx.21 In our data, 
ABO-incompatible HTx were few, preventing the reliable 
study of ABO-incompatibility and CAV risk.

Almost 70% of patients had at least 1 G1R, and 46% 
had recurrent G1R during follow-up. Typically, G1Rs are 
left untreated and not considered as rejection in retrospec-
tive studies. Thus, comparing G1R incidence between our 

TABLE 3.

EMB findings after HTx among patients who developed CAV (group 1) and those who did not (group 2)

 
All patients

(N = 94) 
Group 1, CAV

(n = 23) 
Group 2, no CAV

(n = 53) HR (95% CI) Pa 

During follow-up n = 78 (83%) n = 23 (100%) n = 53 (100%)   
 No. EMBs per patient 15 (10–19) 17 (11–21) 14 (10–19)  0.27b

 Grade 1 54 (69%) 20 (87%) 33 (62%) 3.1 (0.93–10.6) 0.07
 Grade 2 11 (12%) 5 (22%) 6 (11%) 1.44 (0.53–3.89) 0.47
 Recurrent grade 1 36 (46%) 17 (74%) 19 (36%) 3.91 (1.51–10.12) 0.005
 AMR 6 (8%) 4 (17%) 2 (4%) 1.39 (0.46–4.22) 0.56
≤3 mo after HTx n = 74 (79%) n = 23 (100%) n = 53 (100%)   
 No. EMBs 5 (4–6) 6 (5–7) 4 (3–6)  0.02b

 Grade 1 38 (51%) 14 (61%) 23 (43%) 1.76 (0.76–4.08) 0.19
 Grade 2 5 (7%) 4 (17%) 1 (2%) 3.72 (1.23–11.26) 0.02
 Recurrent grade 1 10 (14%) 6 (26%) 4 (8%) 2.56 (0.99–6.65) 0.05
 Total rejection score 0.14 (0.00–0.25) 1.7 (0.00–0.50) 0.00 (0.00–0.25) 2.27 (0.50–10.21) 0.29
≤12 mo after HTx n = 77 (82%) n = 23 (100%) n = 52 (98%)   
 No. EMBs 7 (6–8) 8 (7–9) 6 (5–8)  0.03b

 Grade 1 45 (58%) 17 (74%) 27 (51%) 2.62 (1.03–6.70) 0.04
 Grade 2 6 (8%) 4 (17%) 2 (4%) 2.24 (0.76–6.61) 0.14
 Recurrent grade 1 14 (18%) 8 (35%) 6 (11%) 3.31 (1.36–8.05) 0.008
 Total rejection score 0.13 (0.00–0.25) 0.14 (0.00–0.40) 0.11 (0.00–0.19) 15.51 (2.15–84.90) 0.006
>12 mo after HTx n = 73 (78%) n = 21 (91%) n = 52 (98%)   
 No. EMBs 6 (3–11) 7 (5–12) 6 (3–11)  0.38b

 Grade 1 36 (49%) 13 (62%) 23 (44%) 1.68 (0.69–4.07) 0.25
 Grade 2 5 (7%) 1 (5%) 4 (8%) 0.59 (0.08–4.42) 0.61
 Recurrent grade 1 15 (21%) 7 (33%) 8 (15%) 2.21 (0.89–5.51) 0.09
 Total rejection score 0.00 (0.07–0.23) 0.11 (0.00–0.23) 0.00 (0.00–0.24) 4.52 (0.50–40.80) 0.18
>3 y after HTx n = 56 (60%) n = 17 (74%) n = 39 (74%)   
 No. EMBs 5 (3–9) 6 (4–10) 5 (3–9)  0.49b

 Grade 1 19 (34%) 7 (41%) 12 (31%) 2.40 (0.77–7.41) 0.13
 Grade 2 5 (9%) 1 (6%) 4 (10%) 0.67 (0.09–5.09) 0.70
 Recurrent grade 1 7 (13%) 4 (24%) 3 (8%) 2.11 (0.67–6.50) 0.19
 Total rejection score 0.00 (0.00–0.22) 0.00 (0.00–0.27) 0.00 (0.00–0.17) 3.21 (0.41–24.98) 0.27

Data are presented as n (%) or median (IQR), as appropriate.
aEffect of recipient and donor characteristics for CAV development analyzed by univariable Cox regression analysis unless otherwise stated.
bComparisons between groups 1 and 2 by Mann-Whitney U test.
AMR, antibody-mediated rejection; CAV, cardiac allograft vasculopathy; CI, confidence interval; EMB, endomyocardial biopsy; HR, hazard ratio; HTx, heart transplant; IQR, interquartile range.
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study and others is challenging.22 In our study, severe G3Rs 
did not occur, whereas G2Rs appeared mainly during the 
first 3 mo and only in 12% compared with other pediatric 
HTx data showing 35% of patients having G2R or higher 
rejections.22 Incidence of G2R was also low in our study 
when compared with ISHLT reports showing treated rejec-
tions during the first year in 13% of patients from 2010 to 
2018 and 24% of patients from 2005 to 2009.2 The low 
incidence of G2R or higher rejections may reflect the effect 
of triple immunosuppression and active treatment of G1R 
in our institute.

First-year G1R findings and G2R findings during the first 
3 mo after HTx were associated with CAV, consistent with 
a previous pediatric study showing an association between 
≥2 rejection episodes during the first posttransplant year and 
CAV.23 Also, in a 2019 ISHLT report, a rejection episode in 
the first year after HTx was associated with CAV.2 Other 
pediatric studies have also shown that patients with moderate 

or severe rejection after the first year are at higher risk for 
developing CAV, especially if clinical signs of rejection are pre-
sent.5,22 Contrary to these findings, rejections after the first 
year showed no association with CAV in our data. Recurrent 
G1R findings during the first year and during total follow-
up were associated with CAV. Furthermore, during the first 
year after HTx, TRS did associate with CAV, which further 
emphasizes the effect of recurrent rejections on CAV develop-
ment. In the adult HTx population, 6-mo TRS but not 12-mo 
was associated with earlier onset of CAV.10 The association 
between recurrent mild rejections and CAV is also supported 
by previous data from pediatric and adult HTx populations 
demonstrating that recurrent mild (1B) rejections associate 
with worse graft function and patient outcome.4,24 In contrast, 
Asimacopoulos et al22 suggested that rejection diagnosed only 
on a protocol biopsy without decreased graft function does 
not associate with CAV development. Notably, approximately 
one-third of patients had G1R in their protocol EMBs even 

TABLE 4.

DSA findings before and after HTx among patients who developed CAV (group 1) and those who did not (group 2)

 
All patients

(N = 94) 
Group 1, CAV

(n = 23) 
Group 2, no CAV

(n = 53) HR (95% CI) Pa 

DSA findings before HTx n = 78 n = 19 n = 48   
 Any DSA 13 (17%) 7 (37%) 3 (6%) 3.78 (1.46–9.76) 0.006
 HLA class      
  Class I DSA 5 (38%) 2 (29%) 2 (67%)   
  Class II DSAb 4 (31%) 2 (29%) 1 (33%) 1.43 (0.27–7.37) 0.69
  Class I and II DSA 4 (31%) 3 (43%) 0 (0%)   
 Cumulative MFIc 3267 (1174–24 370) 14 449 (1220–58 975) 1126 (1000–2114)b 1.00 (1.00–1.00) 0.63
DSA findings after HTx n = 87 (93%) n = 23 (100%) n = 53 (100%)   
 Any DSA 37 (43%) 12 (52%) 18 (34%) 1.81 (0.80–4.10) 0.16
  Single DSA 15 (17%) 4 (17%) 10 (19%)   
  Transient DSA 12 (14%) 3 (13%) 3 (6%)   
  Persistent DSAd 10 (11%) 5 (22%) 5 (9%) 1.28 (0.47–3.47) 0.63
De novo DSA 34 (39%) 10 (44%) 17 (32%) 1.53 (0.67–3.49) 0.31
 HLA class      
  Class I DSA 11 (30%) 4 (17%) 6 (11%)   
  Class II DSAb 12 (32%) 2 (9%) 7 (13%) 1.50 (0.64–3.54) 0.36
  Class I and II DSA 14 (38%) 6 (26%) 5 (9%)   
 DQ DSA 22 (25%) 7 (30%) 9 (17%) 1.68 (0.69–4.10) 0.25
 No. DSAc 2 (1–3) 2 (1–4) 1.5 (1–3) 1.15 (0.98–1.34) 0.09
Highest cumulative DSA MFIc 7232 (4061–17 846) 8723 (4500–19 580) 5111 (2000–14 585) 1.00–1.00 0.28

Data are presented as n (%) or median (IQR), as appropriate.
aEffect of variables for CAV development analyzed by univariable Cox regression analysis.
bPatients with HLA class II DSA alone or with HLA class I DSA compared with the patients without HLA class II DSA.
cPatients with DSA included.
dPatients with persistent DSA compared with patients with single, transient, or no DSA.
CAV, cardiac allograft vasculopathy; CI, confidence interval; DSA, donor-specific antibody; EMB, endomyocardial biopsy; HR, hazard ratio; HTx, heart transplant; IQR, interquartile range; MFI, mean 
fluorescence intensity.

TABLE 5.

Multivariable models for cardiac allograft vasculopathy after heart transplant

  
Model 1a Model 2b

HR 95% CI P HR 95% CI P 

Presence of pretransplant DSA 3.59 0.77–16.61 0.10 3.54 1.36–9.22 0.01
Donor BMI 1.19 1.02–1.38 0.03    
Recurrent G1R ≤12 mo after HTx 12.1 2.97–49.57 0.0005 3.19 1.23–8.30 0.017
No. DSA after HTx 0.89 0.69–1.14 0.35    

aModel 1 includes covariates with P < 0.1 in univariable analysis.
bModel 2 includes covariates with P < 0.05 in univariable analysis.
BMI, body mass index; CI, confidence interval; DSA, donor-specific antibody; G1R, grade 1 rejection; HR, hazard ratio; HTx, heart transplant.
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after 3 y post-HTx. Although no significant association with 
CAV risk was found, this may indicate poor compliance and 
warrant closer follow-up of these patients. This assumption is 
supported by the finding that great variability in immunosup-
pressive medicine levels associates with increased CAV inci-
dence and poorer outcome after HTx.25 Contrary to findings 
of pediatric registries, in our data, donor body mass index was 
the only recipient- or donor-related CAV risk factor linked to 
CAV.2,12,15

The present study has several limitations. First, the small 
sample size reduces the power to reliably analyze CAV risk 
factors; caution is needed especially when interpreting nega-
tive results. Second, the material stems from a single center, 
and follow-up ended at the transition to adult care. Third, 
CAV diagnoses were based on angiography findings, which 
may underestimate CAV prevalence.26 Fourth, because this 
is a retrospective study, we could not correlate our findings 
with recently invented biomarkers, such as cell-free DNA 
or circulating microRNA, which could potentially replace 
EMB in rejection diagnostics.27,28 Finally, dnDSA prevalence 
may be slightly underestimated because of incomplete typ-
ing for donor HLA-DP loci. However, our study population 
comprises a national cohort of pediatric HTx recipients with 
uniform treatment and comprehensive follow-up protocol 
without any dropouts, substantially strengthening our study 
results.

In conclusion, our data confirm previous findings that 
immune-mediated factors increase CAV risk after pediatric 
HTx, which is associated with poorer graft function and loss. 
Repetitive low-grade cell-mediated rejections, especially dur-
ing the first posttransplant year, may not be as harmless as 
previously expected. However, these conclusions should be 
confirmed in larger patient populations.
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