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Endomyocardial biopsy (EMB) is the gold standard for diagnosing post-heart 
transplant acute rejection (AR) but is invasive. Donor-derived cell-free DNA 
(dd-cfDNA) is a promising noninvasive biomarker, yet thresholds for Asian 
recipients remain undefined. This prospective study enrolled 80 patients, with 
299 dd-cfDNA specimens analyzed via a novel Chinese-developed next- 
generation sequencing assay targeting 48 Indel sites. A reference cohort 
(n = 42) established post-transplant dd-cfDNA kinetics, while a biopsy cohort 
(n = 41, 18 acute cellular rejection [ACR], 9 antibody-mediated rejection 
[AMR], 14 no rejection [NR]) paired with EMB evaluated diagnostic 
performance. dd-cfDNA peaked at week 1, with a stable trend emerging 
from week 4 and stable levels reached by week 8. AR patients had 
significantly higher dd-cfDNA levels than NR patients (0.87% vs. 0.23%, P < 
0.001). The optimal composite AR threshold was 0.33% (AUC = 0.874, 
sensitivity 81.0%, specificity 85.7%). dd-cfDNA decreased post-therapy (P = 
0.011) and showed an inverse association with left ventricular ejection 
fraction (LVEF) (P = 0.004). This study provides initial evidence for an 
assay- and cohort-specific dd-cfDNA threshold (0.33%) for AR detection in 
Chinese recipients. Given the modest NPV (75.0%), this threshold is better 
suited for a “rule-in” strategy, and low values should not be used in isolation to 
defer biopsy. External validation in multicenter cohorts is required before 
routine clinical implementation.
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Introduction

Acute rejection (AR) remains a leading cause of early graft failure after heart 
transplantation. While endomyocardial biopsy (EMB) is the diagnostic gold standard, its 
invasiveness and limitations, including sampling error and interobserver variability, are well 
documented [1–8]. Donor-derived cell-free DNA (dd-cfDNA) has emerged as a promising 
tool for detecting graft injury [6, 9–12], with international studies validating its diagnostic 
performance in predominantly Western populations [10, 11]. However, existing diagnostic 
thresholds are primarily derived from Western populations, and data from Asian cohorts, 
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particularly Chinese heart transplant recipients, are scarce. This gap 
impedes the clinical implementation of dd-cfDNA in China.

To address this, we conducted the first prospective validation of 
a domestically developed, Indel-based dd-cfDNA assay in a Chinese 
cohort [13, 14]. Our study aimed to: (1) define the kinetics of dd- 
cfDNA post-transplantation; (2) establish assay- and cohort-specific 
diagnostic thresholds for cellular (ACR) and antibody-mediated 
rejection (AMR); (3) correlate dd-cfDNA levels with histological 
severity and graft function; and (4) assess its utility in monitoring 
therapy.

Materials and methods

Study design and population

This prospective, single-center observational study was 
conducted at Fuwai Hospital, part of the Chinese Academy of 
Medical Sciences (CAMS). We enrolled two cohorts: a reference 
cohort (n = 42) of consecutive patients (Oct 2023-Mar 2024) for 
longitudinal dd-cfDNA monitoring at predefined timepoints up to 
1 year (1 week, 2 weeks, 4 weeks, 8 weeks, 24 weeks, and 48 weeks), 

and a biopsy cohort (n = 41) of patients undergoing EMB for clinical 
suspicion of rejection. The reference cohort comprised clinically 
stable patients without signs or symptoms of rejection. All patients 
in the reference cohort underwent regular post-transplant 
surveillance, including clinical assessment, laboratory testing, 
echocardiography, and electrocardiography, with no signs or 
symptoms suggestive of rejection during the study period. In 
accordance with our center’s practice, which reserves 
endomyocardial biopsy for clinical indications due to its invasive 
nature, protocol (surveillance) biopsies were not routinely 
performed in this cohort; consequently, the absence of rejection 
was not systematically confirmed histologically (see Limitations). 
The clinical indications for for-cause biopsy, which were primarily 
based on international guidelines, are detailed in Supplementary 
Table S1 [15]. The study was approved by the Fuwai Hospital Ethics 
Committee (Approval No. 2023-2131). All organs were voluntarily 
donated after brain death within China’s national donation system 
and were allocated through the China Organ Transplant Response 
System (COTRS). We explicitly confirm that no organs from 
executed prisoners were used. The research protocol and the 
organ donation process strictly adhered to the Declaration of 
Helsinki and the Declaration of Istanbul from both donor and 
recipient perspectives.

Histopathological diagnosis

EMB specimens were graded per the International Society 
for Heart and Lung Transplantation (ISHLT) criteria for ACR 
and AMR by cardiac pathologists blinded to dd-cfDNA results 
[16, 17]. Laboratory personnel were likewise blinded to biopsy 
and clinical data. AR was defined as ACR ≥ Grade 2R and/or 
AMR ≥ Grade 1. The no rejection (NR) group comprised 
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biopsies with ACR grade 0R and AMR grade 0. For the purpose 
of rejection subtype analysis, cases of mixed rejection were 
classified under the AMR group.

Treatment protocol

Patients with biopsy-proven AR received standardized therapy 
per ISHLT guidelines and institutional protocols [15, 18]. Treatment 
was stratified by rejection phenotype, involving pulse 
methylprednisolone for ACR and combination therapy (e.g., 
plasmapheresis, Intravenous Immunoglobulin, rituximab) for 
AMR. Detailed treatment regimens are provided in 
Supplementary Material, Supplementary Section S2.

Laboratory methods

Blood was collected in cfDNA BCT tubes (Streck). Plasma 
was separated by sequential centrifugation, and cfDNA was 
extracted from 1.8 mL plasma using the QIAamp Circulating 
Nucleic Acid Kit (Qiagen). dd-cfDNA was quantified using a 
novel, Chinese-developed NGS assay targeting 48 insertion- 
deletion (Indel) markers optimized for the East Asian 
population. The assay demonstrates a linear quantifiable 
range of 0.05%–1.5% [13, 14], as detailed in Supplementary 
Material, Supplementary Section S3 and Supplementary 
Figure S1. Samples with dd-cfDNA levels at or below 0.05% 
(n = 3) were assigned a value of 0.05% for statistical analysis; no 
samples were excluded on this basis. Comprehensive 
methodological details, including primer design, library 
preparation, sequencing, and bioinformatic analysis, are 
described in Supplementary Material, Supplementary 
Section S3.

Statistical analysis

The primary objective was to evaluate dd-cfDNA’s ability to 
discriminate acute rejection (AR) from no rejection (NR). 
Analyses were performed separately for the reference cohort 
and the biopsy-paired cohort according to their study designs. 
For the reference cohort (longitudinal repeated measures), 
temporal dynamics were analyzed using generalized estimating 
equations (GEE) with an exchangeable correlation structure to 
account for within-subject correlation and missing data. For 
cross-sectional group comparisons in the biopsy cohort, each 
patient contributed only one sample, ensuring independent 
observations; the Kruskal-Wallis test was used for three or 
more groups, followed by Dwass-Steel-Critchlow-Fligner post- 
hoc comparisons, and the Mann-Whitney U test for two groups. 
Paired pre- vs. post-therapy comparisons were performed using 
the Wilcoxon signed-rank test. The association between dd- 
cfDNA and left ventricular ejection fraction (LVEF) was 
assessed using GEE models, with LVEF treated as both a 
categorical and a continuous variable, followed by a GEE-based 
subgroup analysis stratified by rejection status to account for 
repeated measurements and confounding. Diagnostic 
performance was evaluated using receiver operating 
characteristic (ROC) curve analysis, with internal validation via 
hierarchical (patient-level) bootstrapping (1,000 resamples). No a 

priori sample size calculation was performed; the main diagnostic 
analysis (21 AR events) and subgroup analyses (particularly for 
AMR) are based on a limited number of events and therefore 
should be interpreted as preliminary. These findings provide 
useful exploratory evidence that merits validation in larger, 
independent cohorts. All tests were two-sided, with P < 
0.05 considered significant. Detailed statistical methods are 
provided in Supplementary Material, Supplementary Section S4.

Results

Study population

From October 2023 to April 2025, 80 heart transplant recipients 
were enrolled, yielding 299 plasma dd-cfDNA samples. The 
reference cohort (n = 42) contributed 243 samples, while the 
biopsy cohort (n = 41) contributed 56 samples paired with EMB.

In addition to the pre-biopsy sample collected for each biopsy 
procedure, some patients also contributed post-therapy samples (see 
Figure 1). Detailed patient disposition, including the overlap 
between cohorts and the distribution of biopsies and samples 
across groups, is provided in Supplementary Material, 
Supplementary Section S5.1. Baseline characteristics are 
summarized in Table 1.

Longitudinal dd-cfDNA dynamics

In the reference cohort (n = 42, 243 samples), the overall 
distribution of dd-cfDNA levels is shown in Figure 2A (median 
0.22%, IQR: 0.16%–0.33%). Figure 2B presents boxplots of dd- 
cfDNA levels at each predefined post-transplant time point. 
Table 2 summarizes the median values and interquartile ranges: 
levels peaked at Week 1 (0.29%, IQR: 0.18%–0.40%), gradually 
declined to a nadir at Week 8 (0.19%, IQR: 0.14%–0.22%), and 
remained low through Week 48 (0.20%, IQR: 0.10%–0.39%). 
Figure 2C displays individual patient trajectories over time (gray 
lines) with the median trend overlaid (red line), illustrating the 
overall decline and subsequent stabilization.

We further analyzed the longitudinal dynamics using GEE with 
an exchangeable correlation structure. The GEE analysis revealed a 
significant overall time effect (Wald χ2 = 15.7, df = 5, P = 0.008). 
Pairwise comparisons with Holm-Bonferroni adjustment identified 
significant decreases from Week 1 to Week 8 (mean difference = 
0.166%, 95% CI: 0.055%–0.277%, P = 0.042) and from Week 2 to 
Week 8 (mean difference = 0.095%, 95% CI: 0.033%–0.157%, P = 
0.042). No significant difference was observed between Week 4 and 
Week 8 (mean difference = 0.102%, 95% CI: −0.102%–0.306%, P = 
0.330). No significant differences were observed between Week 
8 and later time points (Week 24, P = 1.000; Week 48, P = 
0.569), nor between Week 24 and Week 48 (P = 0.569), 
suggesting that week 4 represented the onset of a stable trend, 
whereas levels had entered a stable range by week 8, although this 
observation is based on a small cohort and limited follow-up; larger 
studies are needed to confirm this timing. The estimated marginal 
means and 95% confidence intervals from GEE are presented in 
Supplementary Material, Supplementary Section S5.2, 
Supplementary Table S2.
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Association of dd-cfDNA levels with acute 
rejection phenotype and severity

A total of 42 endomyocardial biopsies were obtained from 
41 patients, including one patient who underwent two biopsies at 
2 years and 3 years post-transplant (both confirming AMR grade 2). 
These biopsies were paired with 56 dd-cfDNA samples for analysis. 
Based on biopsy findings, the cohort was categorized into four 
groups: 14 patients/samples with no rejection (ACR 0R, AMR 0); 
7 patients/samples with ACR 1R (no AMR); 11 patients with ACR 
≥2R (no AMR), paired with 20 samples in total (11 pre-therapy + 9 
post-therapy); and 9 patients with AMR (AMR grade 1 or AMR ≥2, 
including 5 cases of mixed rejection) paired with 15 samples. Among 
the 21 diagnosed AR episodes, 8 occurred during the first-year post- 
transplant, 2 during the second year, 8 during years 3–5, and 
3 beyond 5 years post-transplant.

The median baseline dd-cfDNA level in the entire biopsy cohort 
was 0.36% (IQR: 0.23%–0.88%; Figure 3A). Patients with AR 
exhibited a significantly higher median dd-cfDNA level (0.87%) 
compared to those without rejection (NR, 0.23%; P < 0.001) 
(Figure 3B; Table 2). Subgroup analysis by ACR grade showed 
comparable median dd-cfDNA levels between ACR 1R and ACR 0R 
biopsies (0.27% vs. 0.23%, P = 0.735). However, dd-cfDNA levels 

were significantly elevated in biopsies with ACR ≥ 2R compared to 
ACR 0R (0.81% vs. 0.23%, P = 0.009) (Figure 3C; Table 2). Although 
numerically higher in ACR ≥ 2R than in ACR 1R (0.81% vs. 0.27%), 
this difference did not reach statistical significance (P = 0.272; 
Figure 3C; Table 2).

dd-cfDNA levels also correlated with AMR severity. dd-cfDNA 
levels in the AMR 1 group were notably higher than those in the 
AMR 0 group (0.87% vs. 0.23%); however, this elevation did not 
reach statistical significance (P = 0.159), likely due to limited sample 
size. Notably, a statistically significant increase was observed in the 
AMR ≥2 group compared to AMR 0 (1.04% vs. 0.23%, P = 0.013) 
(Figure 3D; Table 2). No significant difference in dd-cfDNA levels 
was detected between the AMR ≥2 and AMR 1 groups (1.04% vs. 
0.87%, P = 0.705; Figure 3D; Table 2).

At histologically matched severity grades, median dd-cfDNA 
levels were numerically higher in AMR than in ACR, although these 
differences did not reach statistical significance, with values of 0.87% 
in AMR 1 versus 0.27% in ACR 1R (P = 0.948) and 1.04% in 
AMR ≥2 versus 0.81% in ACR ≥ 2R (P = 0.885). The median dd- 
cfDNA level in the reference population (0.22%) was nearly identical 
to that in the NR group (0.23%; P > 0.999; Figure 3E). Notably, both 
the ACR group (defined as ACR ≥ 2R) and the AMR group (defined 
as AMR ≥1) demonstrated markedly elevated dd-cfDNA levels 

FIGURE 1 
Study enrollment and cohort composition. The flowchart illustrates patient and sample allocation across the reference cohort and the biopsy-paired 
cohort. In the biopsy-paired cohort, the subset of patients with ACR ≥ 2R or AMR ≥1 received anti-rejection therapy and contributed paired post-therapy 
samples, with sample numbers as shown in the figure.
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TABLE 1 Demographic and clinical characteristics of the population.

Variable Reference 
cohort

All biopsies 
cohort

AR (ACR≥2R, 
AMR≥1)

NR (ACR 0R and 
AMR 0)

P-value (NR 
vs. AR)

No. of patients† 42 41 20 14

Age at enrollment, year 47 (32, 56) 50 (41, 58) 51 (41, 57) 50 (41, 60) 0.944

Days post-transplant at enrollment 7 (7, 7) 722 (15, 1,989) 494 (22, 1,480) 1,063 (15, 2,902) 0.335

Height, cm 169 ± 8 169 ± 8 169 ± 8 169 ± 9 0.879

Weight, kg 61 ± 13 61 ± 12 61 ± 11 60 ± 16 0.831

Female, n% 8 (19.0%) 12 (29.3%) 5 (25.0%) 4 (28.6%) >0.999

Pretransplant diagnosis, n% >0.999

Nonischemic cardiomyopathy 35 (83.3%) 34 (83.0%) 16 (80.0%) 12 (85.7%)

Ischemic cardiomyopathy 5 (11.9%) 6 (14.6%) 3 (15.0%) 2 (14.3%)

Congenital 1 (2.4%) 1 (2.4%) 1 (5.0%) 0 (0.0%)

Valvular 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Other 1 (2.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%)

Mechanical support, n%

None 27 (64.3%) 32 (78.0%) 16 (80.0%) 11 (78.6%) >0.999

Left ventricular assist device 1 (2.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%) >0.999

ECMO 1 (2.4%) 0 (0.0%) 0 (0.0%) 0 (0.0%) >0.999

IABP 14 (33.3%) 9 (22.0%) 4 (20.0%) 3 (21.4%) >0.999

LVEF at enrollment, % 62 (60, 65) 61 (55, 65) 60 (50, 62) 65 (61, 68) 0.003

PRA positive, n% 5 (11.9%) 8 (18.6%) 4 (20.0%) 2 (14.3%) >0.999

HLA-I positive*, n% 1 (2.4%) 3 (7.3%) 2 (10.0%) 1 (7.1%) >0.999

HLA-II positive*, n% 4 (9.5%) 4 (9.8%) 1 (5.0%) 2 (14.3%) 0.555

Donor age, year 43 ± 10 39 ± 10 38 ± 10 39 ± 11 0.648

Donor-recipient blood type 

incompatibility, n%

7 (16.7%) 3 (7.3%) 2 (10.0%) 1 (7.1%) >0.999

Sex of donor to recipient, n% 0.293

Male to male 33 (78.6%) 28 (68.3%) 14 (70.0%) 10 (71.4%)

Male to female 6 (14.3%) 10 (24.4%) 5 (25.0%) 2 (14.3%)

Female to male 1 (2.4%) 1 (2.4%) 1 (5.0%) 0 (0.0%)

Female to female 2 (4.8%) 2 (4.9%) 0 (0.0%) 2 (14.3%)

Post-transplant mechanical support, n%

None 33 (78.6%) 31 (75.6%) 14 (70.0%) 12 (85.7%) 0.422

Left ventricular assist device 0 (0.0%) 1 (2.4%) 0 (0.0%) 0 (0.0%) >0.999

ECMO 0 (0.0%) 3 (7.3%) 3 (15.0%) 0 (0.0%) 0.251

IABP 9 (21.4%) 8 (19.5%) 5 (25.0%) 2 (14.3%) 0.672

Ischemic time, min 198 (166, 355) 268 (192, 359) 311 (208, 358) 209 (172, 350) 0.150

CPB time, min 150 (121, 177) 180 (155, 209) 182 (170, 212) 154 (142, 209) 0.042

Aortic cross-clamping time, min 51 (44, 59) 61 (55, 72) 63 (56, 72) 57 (47, 74) 0.293

(Continued)
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compared to both the NR and reference populations (Figure 3E). 
The wide range of post-transplant time points at biopsy 
(from <1 year to >5 years) introduces potential confounding due 
to differential dd-cfDNA kinetics between early and late periods; this 
is further addressed in the Discussion.

dd-cfDNA changes after anti- 
rejection therapy

The dd-cfDNA was measured before and 2 weeks after the anti- 
rejection therapy. The median dd-cfDNA levels exhibited a 
significant reduction from 0.98% (IQR: 0.77%–1.35%) at baseline 
(pre-therapy) to 0.38% (IQR: 0.31%–0.69%) post-therapy (P = 0.011, 
paired Wilcoxon test; Figure 4A). Meanwhile, among the 14 patients 
included in this analysis, several key clinical parameters showed 
significant differences between pre- and post-therapy assessments. 
NT-proBNP levels decreased substantially from 7884.0 (IQR: 
4385.0–15810.5) pg/mL to 3236.0 (IQR: 2113.3–4432.5) pg/mL 
(P = 0.014; Figure 4C). CD4+ lymphocyte counts also declined 
significantly, from 497.5 (IQR: 254.3–677.3) × 106/L to 275.0 
(IQR: 202.8–481.8) × 106/L (P = 0.046; Figure 4D). In contrast, 
no significant differences were observed in left ventricular ejection 
fraction (pre-therapy: 60.0% [IQR: 45.5%–61.3%] versus post- 
therapy: 59.0% [IQR: 52.8%–65.0%], P = 0.565; Figure 4B) or 
total B cell counts (pre-therapy: 73.5 [IQR: 47.0–156.3] × 106/L 
versus post-therapy: 60.5 [IQR: 5.5–120.5] × 106/L, P = 0.370; 
Figure 4E). These treatment-response analyses are based on a 
small subset (n = 14).

When stratified by rejection type, a significant reduction in dd- 
cfDNA levels was observed only in the ACR subgroup. Following 
anti-rejection therapy, dd-cfDNA levels in the ACR subgroup 
declined from 0.81% (IQR: 0.57%–1.17%) to 0.35% (IQR: 0.25%– 
0.51%) (P = 0.011; Figure 4F), whereas in the AMR subgroup, the 
decrease from 1.04% (IQR: 0.85%–1.52%) to 0.65% (IQR: 0.42%– 
1.72%) did not reach statistical significance (P = 0.421; Figure 4G).

Association of dd-cfDNA levels with severity 
of allograft dysfunction

All dd-cfDNA measurements were collected concurrently with 
echocardiographic assessments. Stratification of the study cohort by 
LVEF revealed significant differences in dd-cfDNA levels across 
groups (P < 0.001, GEE model; Figure 5A). Patients with severely 
reduced LVEF (<50%; n = 9 measurements from 9 patients) 
exhibited the highest median dd-cfDNA level (0.79%; IQR: 

0.27%–1.03%). Intermediate levels were observed in patients with 
mildly reduced LVEF (50%–60%; n = 30 measurements from 
22 patients), with a median of 0.35% (IQR: 0.25%–0.71%). In 
contrast, patients with preserved LVEF (≥60%; n = 
251 measurements from 68 patients) demonstrated the lowest 
median dd-cfDNA level (0.22%; IQR: 0.17%–0.34%). In the GEE 
model with LVEF ≥60% as the reference group, patients with 
LVEF <50% had significantly higher dd-cfDNA levels 
(Estimate = 0.00476, SE = 0.002122, Wald = 5.04, P = 0.025). 
Patients in the 50%–60% group also exhibited significantly higher 
dd-cfDNA levels compared to the reference group (Estimate = 
0.00203, SE = 0.000965, Wald = 4.45, P = 0.035). In GEE models 
treating LVEF as a continuous variable, a statistically significant 
negative association was observed between LVEF and dd-cfDNA 
levels in the overall cohort (Estimate = −0.000143, 95% CI: 
−0.000240 to −0.000046; Wald = 8.44, P = 0.004; Figure 5B). To 
evaluate whether this association was confounded by acute rejection, 
we performed a stratified analysis by rejection status using GEE. In 
the AR subgroup, the negative association between LVEF and dd- 
cfDNA remained significant (Estimate = −0.000208, 95% CI: 
−0.000393 to −0.000023; Wald = 4.90, P = 0.027; Figure 5C), 
whereas no significant association was detected in the NR 
subgroup (Estimate = −0.000010, 95% CI: −0.000064 to 0.000044; 
Wald = 0.14, P = 0.711; Figure 5C). These findings suggest that the 
overall inverse relationship between LVEF and dd-cfDNA is largely 
driven by the presence of acute rejection.

To explore discordant results between dd-cfDNA levels and 
echocardiographic function (as shown in Figure 5A), clinically 
significant cases are described in detail in Supplementary Table 
S4. Among 12 patients with elevated dd-cfDNA (0.35%–2.48%) 
despite preserved LVEF (≥60%), 91.7% (11/12) had biopsy-proven 
rejection (ACR ≥1R or AMR ≥1), with 66.7% (8/12) exhibiting 
significant rejection (ACR ≥2R or AMR ≥2). Conversely, among 
3 patients with reduced LVEF (27%–47%) but low dd-cfDNA 
(<0.3%), 66.7% (2/3) had biopsy-confirmed absence of rejection, 
while one patient had ACR grade 1R. Three patients exhibited 
elevated dd-cfDNA with preserved LVEF but biopsy findings of 
no or low-grade rejection with prominent Quilty lesions.

Performance characteristics of dd-cfDNA to 
detect AR

In the biopsy cohort, each patient contributed only one dd- 
cfDNA measurement for the diagnostic performance analysis, which 
was collected prior to the corresponding endomyocardial biopsy and 

TABLE 1 Continued

Variable Reference 
cohort

All biopsies 
cohort

AR (ACR≥2R, 
AMR≥1)

NR (ACR 0R and 
AMR 0)

P-value (NR 
vs. AR)

Post-transplant CMV antigen 

positive, n%

2 (4.8%) 4 (9.8%) 2 (10.0%) 0 (0.0%) 0.501

Post-transplant EBV antigen positive, 

n%

17 (40.5%) 11 (26.8%) 6 (30.0%) 3 (21.4%) 0.704

Post-transplant infection, n% 7 (16.7%) 7 (17.1%) 6 (30.0%) 0 (0.0%) 0.031

†All patient counts represent unique patients.
*HLA-I positive and HLA-II, positive in this table refer to pre-transplant panel-reactive antibody (PRA) positivity, not donor-specific antibodies (DSA).
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before any anti-rejection therapy. Thus, the observations were 
independent, and standard receiver operating characteristic 
(ROC) curve analysis was performed. ROC curve analysis was 
used to evaluate the diagnostic performance of dd-cfDNA levels 
for AR, ACR and AMR, with each phenotype distinguished from the 

no rejection state (Figure 6A). For AR, the ROC analysis yielded an 
apparent AUC of 0.874 (95% CI: 0.734–1.000). An optimal dd- 
cfDNA threshold of 0.33% was identified (Table 3), which achieved a 
diagnostic sensitivity of 81.0%, specificity of 85.7%, PPV of 89.5% 
and NPV of 75.0%. For ACR, the ROC curve demonstrated an AUC 
of 0.832 (95% CI: 0.657–1.000). At its optimal threshold of 0.33% 
(Table 3), diagnostic sensitivity was 81.8%, specificity was 85.7%, 
with a corresponding PPV of 81.8% and NPV of 85.7%. For AMR, 
the ROC analysis showed an AUC of 0.875 (95% CI: 0.715–1.000). 
Using the optimal threshold of 0.69% (Table 3), diagnostic 
sensitivity was 80.0%, specificity was 92.9%, yielding a PPV of 
88.9% and NPV of 86.7%.

The diagnostic performance of dd-cfDNA for diagnosing AR at 
the threshold of 0.33% was internally validated using 
1,000 hierarchical bootstrap resamples with patient-level block 
sampling as a sensitivity analysis. This analysis yielded a 
sensitivity of 75.95% (95% CI: 54.03%–90.91%), specificity of 
76.15% (95% CI: 50.00%–90.00%), PPV of 76.20% (95% CI: 
52.38%–90.92%), and NPV of 75.91% (95% CI: 52.94%–90.48%). 
All point estimates clustered within a narrow range of 75.91%– 
76.20%, while the confidence intervals exhibited substantial width, 
spanning 36.88% for sensitivity, 40.00% for specificity, 38.54% for 
PPV, and 37.54% for NPV. The lower confidence bounds reached 
54.03% for sensitivity and 50.00% for specificity. Figure 6B presents 
density plots for sensitivity, specificity, PPV, and NPV with vertical 
dashed lines demarcating the 95% confidence interval bounds, 
which revealed near-symmetrical distributions for sensitivity and 
NPV, a right-skewed distribution for PPV, and a bimodal tendency 
for specificity with density peaks at 0.6 and 0.8.

Discussion

This prospective study provides the first evaluation of dd- 
cfDNA for monitoring acute rejection in a Chinese heart 
transplant cohort using a domestically developed assay platform. 
The field of dd-cfDNA research has progressed substantially, with 
recent investigations exploring diverse methodological approaches 
and uncovering significant ethnic variations, such as differences 
between Black and White populations, alongside sex-specific 
disparities [19–22]. Existing evidence suggests that Black patients 
experience higher levels of allograft injury and exhibit significantly 
elevated dd-cfDNA levels post-transplantation compared to their 
White counterparts [21]. Nonetheless, data concerning dd-cfDNA 
in the context of heart transplant rejection remain limited among 
Asian populations, thereby creating a critical knowledge gap within 
this ethnic group. Consequently, our study was designed to address 
this unmet need. This prospective study represents the first 
validation of dd-cfDNA for monitoring acute rejection in a 
Chinese heart transplant cohort using a domestically developed 
assay platform.

The diagnostic performance of dd-cfDNA observed in our 
cohort is broadly consistent with foundational studies such as 
GRAfT, supporting its potential cross-ethnic applicability as a 
biomarker for rejection [11]. We determined an assay- and 
cohort-specific diagnostic threshold of 0.33% for composite acute 
rejection, which exhibited apparently high diagnostic accuracy 
(apparent AUC 0.874). This threshold is numerically higher than 

FIGURE 2 
Longitudinal dynamics of dd-cfDNA in the heart transplant 
reference cohort. (A) Histogram showing the distribution of all dd- 
cfDNA values (n = 243). (B) Box plots of dd-cfDNA levels at specific 
post-operative time points (1, 2, 4, 8, 24, and 48 weeks). (C) Line 
plots of individual dd-cfDNA trajectories over time for all 42 patients.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 07

Zheng et al. 10.3389/ti.2026.16415

https://doi.org/10.3389/ti.2026.16415


the 0.20%–0.25% cutoffs established in Western cohorts using a 
Single Nucleotide Polymorphism (SNP)-based targeted 
amplification next-generation sequencing (NGS) assay 
(AlloSure®; CareDx, Inc.). The observed discrepancy may result 
from several factors: (1) intrinsic ethnic variations in cfDNA 
metabolism or immunological responses; (2) fundamental 
methodological differences between our Indel-based NGS assay 
and the SNP-based AlloSure® platform, particularly concerning 
background noise and informatics; and (3) potential cohort 
selection biases. Notably, without an external validation cohort 
and direct head-to-head comparison with other assays, the 
relative contributions of biological (ethnic) versus technical 
(assay-specific) factors to the higher observed threshold cannot 
be disentangled. These findings highlight the necessity of assay- 
and population-specific validation to ensure precise clinical 
application.

To further contextualize our findings with previously published 
dd-cfDNA studies, we compared the diagnostic performance of our 
assay with several representative studies (Supplementary Material, 
Supplementary Section S5.3; Supplementary Table S3). Our assay 
demonstrated an AUC of 0.874 and a sensitivity of 81.0% at the 
0.33% threshold, which is broadly comparable to the performance 
reported in the GRAfT study (AUC ~0.85) and the DEDUCE study 
(AUC 0.86), both of which utilized SNP-based NGS platforms in 
predominantly Western populations [11, 23]. In contrast, Rodgers 
et al. reported lower sensitivity (39%) for their SNP-based dd- 
cfDNA assay in a mixed cohort, although the specificity was 
comparable (82%–84%) [24]. These variations in performance 
metrics are likely influenced by multiple factors, including assay 
design (Indel vs. SNP), cohort composition (for-cause vs. 
surveillance/mixed), prevalence of rejection, and differences in 

study populations, rather than population differences alone. 
Notably, our assay achieved a higher sensitivity than the SNP- 
based assay reported by Rodgers et al. [24], which may be 
attributable to the use of population-optimized Indel markers in 
the East Asian genetic context.

Beyond AUC and sensitivity, a crucial distinction lies in the 
negative predictive value (NPV), which is heavily influenced by the 
prevalence of rejection in the study cohort. In surveillance-oriented 
cohorts such as GRAfT, DEDUCE, FreeDNA-CAR, and D-OAR 
[10, 11, 23, 24], the low prevalence of rejection (typically <20%) 
yields NPVs of ≥90% and often above 94%, supporting the use of dd- 
cfDNA as a rule-out test in routine monitoring. In contrast, our for- 
cause biopsy cohort had a high prevalence of rejection (~60%), 
which inflates the PPV but reduces the NPV to 75% (with a 
bootstrap lower bound of 53%). Therefore, in a high-pretest- 
probability setting such as for-cause biopsy, the 0.33% threshold 
is better suited for a rule-in strategy, whereas its utility as a rule-out 
test in routine surveillance would require validation in lower- 
prevalence cohorts. Collectively, these comparative analyses 
reinforce that dd-cfDNA performance characteristics, including 
both sensitivity/specificity and predictive values, are influenced 
by the intended use (surveillance vs. for-cause testing), assay 
methodology, and patient population. Direct head-to-head 
comparisons using identical cohorts and standardized protocols 
are warranted to further elucidate these differences, and caution 
is needed when extrapolating our findings to different clinical 
settings. A key finding was the strong association between dd- 
cfDNA levels and histological injury severity. The significant 
elevations in ACR ≥2R and AMR ≥2, but not in ACR 1R, 
reinforce dd-cfDNA’s role as a biomarker for clinically significant 
graft injury. The numerical trend toward higher dd-cfDNA levels in 

TABLE 2 dd-cfDNA levels across study groups.

Group Subgroup No. of samples Median dd- 
cf DNA

dd-cf DNA interquartile 
range (%)

P-value

The reference 

population

Week 1 42 0.29% 0.18%–0.40% †

Week 2 42 0.27% 0.20%–0.34%

Week 4 42 0.21% 0.18%–0.31%

Week 8 40 0.19% 0.14%–0.22%

Week 24 39 0.21% 0.14%–0.28%

Week 48 38 0.20% 0.10%–0.39%

The biopsy population NR (ACR 0R and AMR 0) 14 0.23% 0.18%–0.27% <0.001

AR (ACR≥2R,AMR≥1) 21 0.87% 0.35%–1.28%

ACR 0R 14 0.23% 0.18%–0.27% 0.014

1R 7 0.27% 0.16%–0.73%

≥2R 11 0.81% 0.33%–1.03%

AMR 0 14 0.23% 0.18%–0.27% 0.008

1 3 0.87% 0.57%–1.08%

≥2 7 1.04% 0.85%–1.52%

†For the reference cohort, pairwise comparisons between time points are described in the Results section (Longitudinal dd-cfDNA, Dynamics); this table presents descriptive statistics only.
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AMR compared to ACR is biologically plausible. AMR, primarily 
mediated by humoral immunity, often causes endothelial damage, 
which is a rich source of cfDNA. This pattern has been observed in 
other solid organ transplants and warrants investigation in larger, 
AMR-focused studies [10]. However, the small number of AMR 
events (n = 9) limits the reliability of these subgroup comparisons, 
and no definitive conclusions should be drawn regarding the 
differential performance of dd-cfDNA for ACR versus AMR 
based on this study alone. Longitudinal analysis revealed that dd- 

cfDNA levels approached a stable range from week 4, with stable 
levels reached by week 8. This timeframe is broadly consistent with 
the stabilization period described in the GRAfT study, which 
reported a 28-day (4-week) timeframe for dd-cfDNA to reach a 
stable baseline after transplantation [11]. Consequently, our data 
suggest that dd-cfDNA levels stabilize after 8 weeks post-transplant, 
and accordingly, caution should be exercised when interpreting dd- 
cfDNA-based signals obtained before this time point. However, 
given the relatively small cohort and limited follow-up, this 

FIGURE 3 
dd-cfDNA levels in the for-cause biopsy cohort: (A) overall distribution histogram; (B) comparison between acute rejection (AR, defined as ACR≥2R 
and/or AMR≥1) and non-rejection (NR) groups; (C) levels by acute cellular rejection (ACR) severity grade; (D) levels by antibody-mediated rejection (AMR) 
severity grade (including mixed rejection); (E) comparison between NR, the reference population, ACR ≥2R, and AMR ≥1 groups. For panels (B–E), each 
patient contributed one sample; N indicates the number of unique patients. Data are presented as median with sample size indicated.
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FIGURE 4 
Dynamics of dd-cfDNA and associated clinical parameters in 14 acute rejection patients before and after anti-rejection therapy. Box plots show 
changes in (A) dd-cfDNA, (B) left ventricular ejection fraction (LVEF), (C) NT-proBNP levels, (D) CD4+ T-cell counts, (E) B-cell counts across all patients, (F) 
dd-cfDNA in patients with acute cellular rejection (ACR), and (G) dd-cfDNA in patients with antibody-mediated rejection (AMR). Solid lines represent 
medians; dashed lines indicate interquartile ranges. *P < 0.05, **P < 0.01 versus pre-therapy.
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observation should be confirmed in larger studies before any 
categorical recommendation regarding the optimal timing for 
clinical monitoring can be made.

Serial measurements of dd-cfDNA have provided preliminary 
pathophysiological insights into the responses to rejection therapy. 
In our cohort treated with methylprednisolone-based regimens, dd- 
cfDNA levels decreased significantly following anti-rejection 
therapy. This reduction was paralleled by improvements in NT- 
proBNP levels and CD4+ lymphocyte depletion. The parallel decline 
in dd-cfDNA alongside clinical improvement suggests that dd- 
cfDNA may serve as a real-time indicator of graft injury 
resolution during anti-rejection therapy. When stratified by 
rejection type, dd-cfDNA decreased significantly in the ACR 
subgroup at the two-week assessment, whereas the decrease in 
the AMR subgroup was more modest and did not reach 
statistical significance. This observation suggests that for AMR, 
the resolution of graft injury as reflected by dd-cfDNA decline 
may require a longer time course than the two-week window 
assessed in this study. However, given the small sample size and 
the absence of post-treatment biopsy confirmation, these 
exploratory findings should be interpreted with caution, and the 
optimal timing for dd-cfDNA assessment after AMR treatment 
warrants further investigation. Furthermore, the lack of 
significant change in LVEF despite improvements in dd-cfDNA 
levels may reflect a delayed structural response following injury 
resolution. Collectively, these findings support the potential utility of 
dd-cfDNA for monitoring treatment response, and suggest that the 
kinetics of dd-cfDNA recovery may differ between ACR and AMR, 
with AMR potentially requiring a longer observation window. These 
preliminary observations warrant validation in larger 
prospective studies.

Moreover, dd-cfDNA exhibited a graded inverse correlation 
with graft systolic function, with the highest levels observed in cases 
of severe dysfunction (LVEF <50%), intermediate levels in mild 
impairment (LVEF 50%–60%), and the lowest levels in preserved 
function (LVEF ≥60%). This relationship was further supported by a 
weak but significant inverse association in GEE models. Notably, a 
stratified analysis revealed that this inverse association persisted in 
the AR subgroup but was absent in the NR subgroup, suggesting that 
the overall correlation is largely driven by acute rejection. This 
finding supports the interpretation that dd-cfDNA specifically 
reflects immune-mediated graft injury rather than serving as a 
general marker of cardiac dysfunction. However, the limited 
number of observations in the severely reduced LVEF group 
warrants caution in interpreting the categorical findings.

Nevertheless, the relationship between dd-cfDNA and LVEF 
was not uniform across all patients, and several discordant patterns 
were observed that further inform the interpretation of dd-cfDNA 
levels in relation to graft injury. First, elevated dd-cfDNA levels were 
noted in patients with biopsy-confirmed moderate-to-severe ACR 
(≥2R) despite preserved LVEF, suggesting that dd-cfDNA elevation 
may precede functional deterioration. This observation aligns with 
recent evidence that dd-cfDNA elevation is associated with an 
increased risk of subsequent graft dysfunction, and that dd- 
cfDNA may be more sensitive than conventional 
echocardiography for detecting early graft injury [25–27]. Second, 
patients with reduced LVEF but without dd-cfDNA elevation were 

FIGURE 5 
Relationship between dd-cfDNA levels and allograft 
dysfunction assessed by echocardiography. (A) dd-cfDNA levels 
stratified by left ventricular ejection fraction (LVEF) severity. Boxes 
represent median and interquartile range; whiskers indicate 
1.5×IQR. P value (P < 0.001) was derived from a generalized 
estimating equation (GEE) model comparing all three LVEF 
categories. The number of measurements for each group was: 
LVEF <50% (n = 9 measurements from 9 patients), LVEF 50%–60% 
(n = 30 measurements from 22 patients), and LVEF ≥60% (n = 
251 measurements from 68 patients). (B) Association between dd- 
cfDNA levels and continuous LVEF from GEE regression models. 
The blue line indicates the linear regression fit. (C) GEE-based 
regression analysis of the association between continuous LVEF 
and dd-cfDNA levels, stratified by rejection status (AR vs. NR). 
Error bars represent 95% confidence intervals. AR, acute rejection; 
NR, no rejection.
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FIGURE 6 
Diagnostic performance of dd-cfDNA for acute rejection detection. (A) Receiver operating characteristic (ROC) curves for dd-cfDNA in identifying 
any acute rejection (AR), antibody-mediated rejection (AMR ≥1), and acute cellular rejection (ACR ≥2R). Area under the ROC curve (AUROC) values are 
shown. Corresponding ROC characteristics are summarized in Table 3. (B) Bootstrap distributions of diagnostic metrics at the 0.33% dd-cfDNA threshold 
across 1,000 resamples: (a) NPV, (b) PPV, (c) Sensitivity, and (d) Specificity. Vertical dashed lines represent 95% confidence interval bounds. Note the 
bimodal distribution pattern in specificity.
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found to have no rejection on biopsy, suggesting that the LVEF 
reduction in these cases may be attributable to non-myocardial 
injury factors such as altered loading conditions or arrhythmias. 
Third, a small subset of patients exhibited elevated dd-cfDNA with 
preserved LVEF but only low-grade or no rejection, often with 
prominent Quilty lesions. While the significance of this finding 
remains uncertain, it has been suggested that certain Quilty 
phenotypes may reflect subclinical immune activity [28, 29]. It is 
also worth noting that endomyocardial biopsy, despite being the 
gold standard, has well-documented sampling error and 
interobserver variability [1, 30]. In this context, the discordant 
cases we observed may partly reflect these inherent limitations, 
raising the possibility that dd-cfDNA could detect subclinical graft 
injury missed by EMB. Collectively, these observations support dd- 
cfDNA as a direct marker of myocardial injury rather than a 
surrogate for cardiac function. This distinction enhances its 
clinical utility, particularly in detecting early or subclinical 
allograft injury before functional decline becomes apparent. 
However, these observations are based on case-level descriptions 
(Supplementary Material, Supplementary Section S5.4; 
Supplementary Table S4) and require confirmation in 
prospective studies.

To facilitate clinical implementation within the Chinese context, 
we have developed an innovative NGS-based assay utilizing a panel 
of 48 insertion-deletion (Indel) markers specifically optimized for 
East Asian genetic backgrounds. This selection of markers was 
informed by minor allele frequencies (MAF 0.4–0.6 in East 
Asians) and the characteristics of flanking sequences. Previous 
studies have predominantly employed SNP-based methodologies 

for dd-cfDNA detection [13, 31]. Compared to SNP-based 
approaches, our Indel-focused design may overcome limitations 
associated with single-base resolution of NGS and reduce 
background noise. Additionally, the multiplexing capability of 
NGS surpasses that of digital PCR (dPCR) by enabling 
simultaneous multi-locus assessment, which mitigates the risks 
associated with single-marker failure and enhances assay 
robustness [32, 33]. Paired-end sequencing further ensures the 
accurate discrimination of true Indel variants from 
sequencing artifacts.

Based on the preliminary validation of our locally developed 
assay and the established threshold in this exploratory study, we 
suggest that dd-cfDNA monitoring may be integrated as an 
adjunctive tool in heart transplant surveillance protocols for 
Asian populations, with monitoring initiated after the early 
postoperative phase to allow for resolution of graft injury 
associated with ischemia-reperfusion injury. A cutoff value of 
0.33% may be employed to inform clinical decision-making. 
However, the clinical utility of this threshold must be 
interpreted in the context of the observed performance 
metrics. The high PPV (89.5%) is expected given the elevated 
prevalence of rejection (60%) in our for-cause biopsy cohort, 
and caution is warranted when extrapolating this value to 
routine surveillance settings where the prevalence of rejection 
is lower. Conversely, the NPV (75.0%) is substantially lower than 
the ≥94% reported in previous surveillance studies [11, 21, 23, 
34, 35], with a lower confidence bound of 52.94% in bootstrap 
validation, indicating that dd-cfDNA at this threshold is 
insufficient to safely rule out clinically significant rejection. 

TABLE 3 AUCs and 95% CI of dd-cfDNA test and dd-cfDNA optimal cutpoint to detect biopsy-positive acute rejection.

Diagnosis dd-cfDNA 
test

Metric 
score: 

youden

Cutpoint TP FP TN FN Sensitivity Specificity PPV NPV AUC 
(95% 
CI)

AUC 95% 
CI

AR 

(ACR≥2R,AMR≥1)

0.874 0.734– 

1.000

0.67 0.33% 17 2 12 4 81.0% 85.7% 89.5% 75.0% 0.833 

(0.705– 

0.962)

NA 0.69% 15 1 13 6 71.4% 92.9% 93.8% 68.4% 0.821 

(0.700– 

0.943)

ACR (ACR≥2R) 0.832 0.657– 

1.000

0.68 0.33% 9 2 12 2 81.8% 85.7% 81.8% 85.7% 0.838 

(0.685– 

0.990)

NA 0.69% 7 1 13 4 63.6% 92.9% 87.5% 76.5% 0.782 

(0.618– 

0.947)

AMR (AMR≥1) 0.875 0.715– 

1.000

NA 0.33% 8 2 12 2 80.0% 85.7% 80.0% 85.7% 0.829 

(0.667– 

0.990)

0.73 0.69% 8 1 13 2 80.0% 92.9% 88.9% 86.7% 0.864 

(0.716– 

1.000)

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 13

Zheng et al. 10.3389/ti.2026.16415

https://doi.org/10.3389/ti.2026.16415


Therefore, dd-cfDNA is more suitable as a “rule-in” test than a 
“rule-out” test: elevated levels (≥0.33%) should trigger 
comprehensive evaluation, whereas low values should not be 
used in isolation to defer biopsy but interpreted alongside 
clinical assessment and other biomarkers. Collectively, these 
observations support dd-cfDNA as a direct marker of donor 
myocardial injury, detectable before systolic dysfunction 
becomes apparent, which may facilitate earlier identification 
of allograft injury and provide additional context for 
evaluating graft dysfunction. Future studies are needed to 
externally validate these findings and assess the clinical utility 
of dd-cfDNA-guided monitoring in broader populations.

This study has several limitations that should be considered 
when interpreting its findings. First, the single-center design and 
limited sample size, particularly the small number of AMR cases, 
may limit the generalizability of the results. Of note, infection 
was significantly more frequent in the rejection group than in the 
non-rejection group (30.0% vs. 0%, P = 0.031), and the limited 
sample size precluded adjustment for this and other potential 
confounders such as infection, which may elevate dd-cfDNA 
levels independently of rejection. This potential confounding 
should be considered when interpreting the observed 
associations. Second, since the reference cohort did not 
undergo protocol biopsies, the possibility of misclassifying 
subclinical rejection as “rejection-free” cannot be excluded, 
which may have influenced the estimated baseline levels and 
the derived threshold. Third, the biopsy cohort consisted 
exclusively of patients with clinical suspicion of rejection, 
which increases the pre-test probability and may affect the 
generalizability of the diagnostic performance estimates to 
routine surveillance settings. Fourth, the heterogeneity in 
post-transplant time at biopsy and the limited follow-up 
beyond 1 year restrict our ability to assess the stability of the 
threshold across different post-transplant periods. Additionally, 
the small sample size for treatment response analysis limits the 
robustness of these observations. Finally, the absence of direct 
comparison with commercial assays available in other regions 
prevents benchmarking against international platforms. Despite 
these limitations, this study represents one of the first 
comprehensive evaluations of dd-cfDNA in a Chinese heart 
transplant population, with a relatively large single-center 
cohort and a broad spectrum of analyses encompassing 
longitudinal kinetics, rejection phenotyping, treatment 
response, and graft function. Future multicenter studies with 
larger sample sizes, protocol biopsies, and extended follow-up 
are warranted to validate these findings and refine the clinical 
application of this assay.

Conclusion

This exploratory study provides initial evidence that dd-cfDNA, 
measured using a domestically developed Indel-based assay, may 
serve as a noninvasive biomarker for detecting acute rejection in 
Chinese heart transplant recipients. An assay- and cohort-specific 
threshold of 0.33% was identified, with diagnostic performance 
broadly comparable to that reported in international studies. The 
association between dd-cfDNA levels and histological injury 

severity, along with its kinetic changes following treatment, 
supports its potential as an adjunctive tool in rejection 
monitoring. Given the modest NPV, the current threshold 
appears better suited for a “rule-in” rather than a “rule-out” 
strategy, and low values should not be used in isolation to defer 
biopsy. When used as part of a multimodal surveillance strategy, dd- 
cfDNA monitoring could potentially contribute to reducing reliance 
on invasive biopsies, facilitating earlier therapeutic intervention, and 
potentially improving long-term graft outcomes. However, these 
findings are exploratory and should not be interpreted as evidence 
that dd-cfDNA can safely replace or reduce the need for 
endomyocardial biopsy; prospective validation in larger, 
multicenter cohorts and routine surveillance settings is required 
before any clinical implementation.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary Material, further inquiries can be directed 
to the corresponding author.

Ethics statement

The studies involving humans were approved by Fuwai Hospital 
Ethics Committee (Approval No. 2023-2131). The studies were 
conducted in accordance with the local legislation and 
institutional requirements. The participants provided their 
written informed consent to participate in this study.

Author contributions

SZ: Conceptualization, Methodology, Investigation, Data Curation, 
Formal Analysis, Writing – Original Draft Preparation. ZZhu: 
Investigation, Data Curation, Formal Analysis, Writing – Original 
Draft Preparation. JH: Resources, Validation, Writing – Review and 
Editing. ZL: Resources, Validation, Writing – Review and Editing. 
ZZheng: Resources, Writing – Review and Editing. XF: Investigation, 
Resources. LZ: Investigation, Resources. HX: Investigation, Resources. 
JM: Investigation, Resources. YH: Investigation, Resources. XX: 
Investigation, Resources. ZZou: Investigation, Resources. SL: 
Conceptualization, Methodology, Resources, Supervision, Project 
Administration, Writing – Review and Editing, Funding 
Acquisition, Guarantor. All authors critically reviewed the 
manuscript and approved the final version for submission.

Funding

The author(s) declared that financial support was received for 
this work and/or its publication. This work was supported by the 
Clinical Research Project of Central High Level Hospital of Fuwai 
Hospital, Chinese Academy of Medical Sciences (Grant Number 
2023-GSP-GG-15). The funding organization played no role in the 
design of the study, data collection, analysis, interpretation, or 
writing of the manuscript.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 14

Zheng et al. 10.3389/ti.2026.16415

https://doi.org/10.3389/ti.2026.16415


Acknowledgments

The authors thank Shanghai AlloDx Biotech Co., Ltd. for 
performing the dd-cfDNA testing and providing technical 
support for the assay methodology. The authors also extend their 
gratitude to the nursing staff and clinical coordinators at Fuwai 
Hospital for their invaluable assistance in patient care and sample 
collection.

Conflict of interest

The author(s) declared that this work was conducted 
in the absence of any commercial or financial 
relationships that could be construed as a potential conflict 
of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure 
accuracy, including review by the authors wherever possible. If 
you identify any issues, please contact us.

Supplementary material

The Supplementary Material for this article can be found online 
at: https://www.frontierspartnerships.org/articles/10.3389/ti.2026. 
16415/full#supplementary-material

References

1. Baraldi-Junkins C, Levin HR, Kasper EK, Rayburn BK, Herskowitz A, Baughman KL. 
Complications of endomyocardial biopsy in heart transplant patients. J Heart Lung 
Transpl (1993) 12:63–7.

2. Bhat G, Burwig S, Walsh R. Morbidity of endomyocardial biopsy in cardiac transplant 
recipients. Am Heart J (1993) 125:1180–1. doi: 10.1016/0002-8703(93)90138-y

3. Marboe CC, Billingham M, Eisen H, Deng MC, Baron H, Mehra M, et al. Nodular 
endocardial infiltrates (quilty lesions) cause significant variability in diagnosis of ISHLT 
grade 2 and 3A rejection in cardiac allograft recipients. J Heart Lung Transpl (2005) 24: 
S219–26. doi: 10.1016/j.healun.2005.04.001

4. Saraiva F, Matos V, Goncalves L, Antunes M, Providencia LA. Complications of 
endomyocardial biopsy in heart transplant patients: a retrospective study of 
2117 consecutive procedures. Transpl P (2011) 43:1908–12. doi: 10.1016/j. 
transproceed.2011.03.010

5. Cusi V, Vaida F, Wettersten N, Rodgers N, Tada Y, Gerding B, et al. Incidence of acute 
rejection compared with endomyocardial biopsy complications for heart transplant 
patients in the contemporary era. Transplantation (2024) 108:1220–7. doi: 10.1097/TP. 
0000000000004882

6. Khush K, Hall S, Kao A, Raval N, Dhingra R, Shah P, et al. Surveillance with dual 
noninvasive testing for acute cellular rejection after heart transplantation: outcomes 
from the surveillance HeartCare outcomes registry. The J Heart Lung Transplantation 
(2024) 43:1409–21. doi: 10.1016/j.healun.2024.05.003

7. Eiskjaer H, Andersen MJ, Clemmensen TS. Time to let go of the biopsy? A new era in 
cardiac rejection monitoring? JHLT Open (2025) 11:100478. doi: 10.1016/j.jhlto.2025. 
100478

8. Patrichi G, Satala C, Patrichi AI, Voidăzan TS, Tomuţ AN, Mihalache D, et al. Cellular 
rejection post-cardiac transplantation: a 13-Year single unicentric study. Medicina 
(Kaunas, Lithuania) (2025) 61:1317. doi: 10.3390/medicina61081317

9. De Vlaminck I, Valantine HA, Snyder TM, Strehl C, Cohen G, Luikart H, et al. 
Circulating cell-free DNA enables noninvasive diagnosis of heart transplant rejection. 
Sci Transl Med (2014) 6:241ra77. doi: 10.1126/scitranslmed.3007803

10. Khush KK, Patel J, Pinney S, Kao A, Alharethi R, DePasquale E, et al. Noninvasive 
detection of graft injury after heart transplant using donor-derived cell-free DNA: a 
prospective multicenter study. Am J Transplant (2019) 19:2889–99. doi: 10.1111/ajt. 
15339

11. Agbor-Enoh S, Shah P, Tunc I, Hsu S, Russell S, Feller E, et al. Cell-free DNA to 
detect heart allograft acute rejection. Circulation (2021) 143:1184–97. doi: 10.1161/ 
CIRCULATIONAHA.120.049098

12. Agbor-Enoh S, Fraser E, Nadella N, Andargie TE, Alnababteh M. dd-cfDNA: the 
new frontier for heart/lung transplant surveillance? Transpl International (2025) 38: 
15555. doi: 10.3389/ti.2025.15555

13. Shen J, Zhou Y, Chen Y, Li X, Lei W, Ge J, et al. Dynamics of early post-operative 
plasma ddcfDNA levels in kidney transplantation: a single-center pilot study. Transpl Int 
(2019) 32:184–92. doi: 10.1111/tri.13341

14. Ju C, Xu X, Zhang J, Chen A, Lian Q, Liu F, et al. Application of plasma donor- 
derived cell free DNA for lung allograft rejection diagnosis in lung transplant recipients. 
BMC Pulm Med (2023) 23:37. doi: 10.1186/s12890-022-02229-y

15. Velleca A, Shullo MA, Dhital K, Azeka E, Colvin M, DePasquale E, et al. The 
international society for heart and lung transplantation (ISHLT) guidelines for the care 
of heart transplant recipients. The J Heart Lung Transplantation (2023) 42:e1–141. doi: 
10.1016/j.healun.2022.10.015

16. Stewart S, Winters GL, Fishbein MC, Tazelaar HD, Kobashigawa J, Abrams J, et al. 
Revision of the 1990 working formulation for the standardization of nomenclature in the 
diagnosis of heart rejection. J Heart Lung Transpl (2005) 24:1710–20. doi: 10.1016/j. 
healun.2005.03.019

17. Berry GJ, Burke MM, Andersen C, Bruneval P, Fedrigo M, Fishbein MC, et al. The 
2013 international society for heart and lung transplantation working formulation for 
the standardization of nomenclature in the pathologic diagnosis of antibody-mediated 
rejection in heart transplantation. J Heart Lung Transpl (2013) 32:1147–62. doi: 10.1016/ 
j.healun.2013.08.011

18. Costanzo MR, Dipchand A, Starling R, Anderson A, Chan M, Desai S, et al. The 
international society of heart and lung transplantation guidelines for the care of heart 
transplant recipients. J Heart Lung Transpl (2010) 29:914–56. doi: 10.1016/j.healun.2010. 
05.034

19. DeFilippis EM, Sweigart B, Khush KK, Shah P, Agbor-Enoh S, Valantine HA, et al. 
Sex-specific patterns of donor-derived cell-free DNA in heart transplant rejection: an 
analysis from the genomic research alliance for transplantation (GRAfT). J Heart Lung 
Transpl (2024) 43:1135–41. doi: 10.1016/j.healun.2024.03.001

20. Nikolova A, Agbor-Enoh S, Bos S, Crespo-Leiro M, Ensminger S, Jimenez-Blanco M, 
et al. European society for organ transplantation (ESOT) consensus statement on the use 
of non-invasive biomarkers for cardiothoracic transplant rejection surveillance. Transpl 
International (2024) 37:12445. doi: 10.3389/ti.2024.12445

21. Shah P, Agbor-Enoh S, Lee S, Andargie TE, Sinha SS, Kong H, et al. Racial differences 
in donor-derived cell-free DNA and mitochondrial DNA after heart transplantation, on 
behalf of the GRAfT investigators. Circ-heart Fail (2024) 17:e011160. doi: 10.1161/ 
CIRCHEARTFAILURE.123.011160

22. Kim PJ, Olympios M, Sideris K, Tseliou E, Tran TY, Carter S, et al. A two-threshold 
algorithm using donor-derived cell-free DNA fraction and quantity to detect acute 
rejection after heart transplantation. Am J Transplant (2025) 25:1895–905. doi: 10.1016/ 
j.ajt.2025.04.021

23. Kim PJ, Olymbios M, Siu A, Wever Pinzon O, Adler E, Liang N, et al. A novel 
donor-derived cell-free DNA assay for the detection of acute rejection in heart 
transplantation. J Heart Lung Transpl (2022) 41:919–27. doi: 10.1016/j.healun. 
2022.04.002

24. Rodgers N, Gerding B, Cusi V, Vaida F, Tada Y, Morris GP, et al. Comparison of two 
donor-derived cell-free DNA tests and a blood gene-expression profile test in heart 
transplantation. Clin Transplant (2023) 37:e14984. doi: 10.1111/ctr.14984

25. Moeller CM, Fernandez Valledor A, Oren D, Rahman S, Baranowska J, Hertz A, et al. 
Significance of elevated donor-derived cell-free DNA in heart transplant recipients with 
negative endomyocardial biopsies: a dawn of a new era. Circ Heart Failure (2025) 18: 
e012787. doi: 10.1161/CIRCHEARTFAILURE.125.012787

26. Teszak T, Barcziova T, B DRC, Hegyi L, Levay L, Nagy B, et al. Donor-derived cell- 
free DNA versus left ventricular longitudinal strain and strain-derived myocardial work 
indices for identification of heart transplant injury. Biomedicines (2025) 13:841. doi: 10. 
3390/biomedicines13040841

27. Safiullah ZN, Su H, Kong H, Jang MK, Shah K, Berry GJ, et al. Donor-derived cell- 
free DNA stratifies risk of mortality and graft dysfunction in severe acute cardiac 
allograft rejection. Circ Heart Failure (2026) 19:e013718. doi: 10.1161/ 
CIRCHEARTFAILURE.125.013718

28. Dong C, Winters GL, Wilson JE, McManus BM. Enhanced lymphocyte longevity 
and absence of proliferation and lymphocyte apoptosis in quilty effects of human heart 
allografts. Am J Pathol (1997) 151:121–30.

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 15

Zheng et al. 10.3389/ti.2026.16415

https://www.frontierspartnerships.org/articles/10.3389/ti.2026.16415/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2026.16415/full#supplementary-material
https://doi.org/10.1016/0002-8703(93)90138-y
https://doi.org/10.1016/j.healun.2005.04.001
https://doi.org/10.1016/j.transproceed.2011.03.010
https://doi.org/10.1016/j.transproceed.2011.03.010
https://doi.org/10.1097/TP.0000000000004882
https://doi.org/10.1097/TP.0000000000004882
https://doi.org/10.1016/j.healun.2024.05.003
https://doi.org/10.1016/j.jhlto.2025.100478
https://doi.org/10.1016/j.jhlto.2025.100478
https://doi.org/10.3390/medicina61081317
https://doi.org/10.1126/scitranslmed.3007803
https://doi.org/10.1111/ajt.15339
https://doi.org/10.1111/ajt.15339
https://doi.org/10.1161/CIRCULATIONAHA.120.049098
https://doi.org/10.1161/CIRCULATIONAHA.120.049098
https://doi.org/10.3389/ti.2025.15555
https://doi.org/10.1111/tri.13341
https://doi.org/10.1186/s12890-022-02229-y
https://doi.org/10.1016/j.healun.2022.10.015
https://doi.org/10.1016/j.healun.2005.03.019
https://doi.org/10.1016/j.healun.2005.03.019
https://doi.org/10.1016/j.healun.2013.08.011
https://doi.org/10.1016/j.healun.2013.08.011
https://doi.org/10.1016/j.healun.2010.05.034
https://doi.org/10.1016/j.healun.2010.05.034
https://doi.org/10.1016/j.healun.2024.03.001
https://doi.org/10.3389/ti.2024.12445
https://doi.org/10.1161/CIRCHEARTFAILURE.123.011160
https://doi.org/10.1161/CIRCHEARTFAILURE.123.011160
https://doi.org/10.1016/j.ajt.2025.04.021
https://doi.org/10.1016/j.ajt.2025.04.021
https://doi.org/10.1016/j.healun.2022.04.002
https://doi.org/10.1016/j.healun.2022.04.002
https://doi.org/10.1111/ctr.14984
https://doi.org/10.1161/CIRCHEARTFAILURE.125.012787
https://doi.org/10.3390/biomedicines13040841
https://doi.org/10.3390/biomedicines13040841
https://doi.org/10.1161/CIRCHEARTFAILURE.125.013718
https://doi.org/10.1161/CIRCHEARTFAILURE.125.013718
https://doi.org/10.3389/ti.2026.16415


29. Duong VHJ, Fedrigo M, Fishbein GA, Leone O, Neil D, Marboe C, et al. The XVth 
banff conference on allograft pathology the banff workshop heart report: improving the 
diagnostic yield from endomyocardial biopsies and quilty effect revisited. Am 
J Transplant (2020) 20:3308–18. doi: 10.1111/ajt.16083

30. Shah KB, Flattery MP, Smallfield MC, Merinar G, Tang DG, Sheldon EH, et al. Surveillance 
endomyocardial biopsy in the modern era produces low diagnostic yield for cardiac allograft 
rejection. Transplantation (2015) 99:e75–80. doi: 10.1097/TP.0000000000000615

31. Chen XT, Qiu J, Wu ZX, Zhang H, Chen T, Yang SC, et al. Using both plasma and 
urine donor-derived cell-free DNA to identify various renal allograft injuries. Clin Chem 
(2022) 68:814–25. doi: 10.1093/clinchem/hvac053

32. Sigdel TK, Archila FA, Constantin T, Prins SA, Liberto J, Damm I, et al. Optimizing 
detection of kidney transplant injury by assessment of donor-derived cell-free DNA via 
massively multiplex PCR. J Clin Med (2018) 8(1):19. doi: 10.3390/jcm8010019

33. Clausen FB, Jorgensen K, Wardil LW, Nielsen LK, Krog GR. Droplet digital PCR- 
based testing for donor-derived cell-free DNA in transplanted patients as noninvasive 
marker of allograft health: methodological aspects. Plos One (2023) 18:e0282332. doi: 10. 
1371/journal.pone.0282332

34. B Hmer J, W Hlander HK, Tran-Lundmark K, Odermarsky M, Alpman MS, Asp J, 
et al. Absolute quantification of donor-derived cell-free DNA following pediatric and 
adult heart transplantation. The J Heart Lung Transplantation (2025) 44:1638–47. doi: 
10.1016/j.healun.2025.04.024

35. Jiménez-Blanco M, Crespo-Leiro MG, García-Cosío Carmena MD, Gómez 
Bueno M, López-Vilella R, Ortiz-Bautista C, et al. Donor-derived cell-free DNA as 
a new biomarker for cardiac allograft rejection: a prospective study (FreeDNA- 
CAR). The J Heart Lung Transplantation (2025) 44:560–9. doi: 10.1016/j.healun. 
2024.11.009

Transplant International 
Published by Frontiers 

European Society for Organ Transplantation 16

Zheng et al. 10.3389/ti.2026.16415

https://doi.org/10.1111/ajt.16083
https://doi.org/10.1097/TP.0000000000000615
https://doi.org/10.1093/clinchem/hvac053
https://doi.org/10.3390/jcm8010019
https://doi.org/10.1371/journal.pone.0282332
https://doi.org/10.1371/journal.pone.0282332
https://doi.org/10.1016/j.healun.2025.04.024
https://doi.org/10.1016/j.healun.2024.11.009
https://doi.org/10.1016/j.healun.2024.11.009
https://doi.org/10.3389/ti.2026.16415

	Prospective evaluation of donor-derived cell-free DNA for noninvasive detection of acute rejection in an Asian heart transp ...
	Introduction
	Materials and methods
	Study design and population
	Histopathological diagnosis
	Treatment protocol
	Laboratory methods
	Statistical analysis

	Results
	Study population
	Longitudinal dd-cfDNA dynamics
	Association of dd-cfDNA levels with acute rejection phenotype and severity
	dd-cfDNA changes after anti-rejection therapy
	Association of dd-cfDNA levels with severity of allograft dysfunction
	Performance characteristics of dd-cfDNA to detect AR

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Supplementary material
	References


