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Introduction

Heart transplantation remains a life-saving therapy for 
patients with end-stage heart failure. However, despite 
many advancements in care, acute rejection (AR) and 
immunosuppression related complications remain the primary 

drivers of morbidity and mortality in heart transplant patients 
[1,2]. The current gold standard for monitoring AR and guiding 
immunosuppression treatment strategies is endomyocardial 
biopsy (EMB) of the cardiac allograft [3]. While effective, 
this invasive procedure has several limitations, including 
procedural risks, patient discomfort, sampling variability, 
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variability in interpretation, high resource utilization, and 
that it is not amenable to easy, repeated serial testing [4,5]. 
Thus, there is a critical need for development of non-invasive 
biomarkers for AR surveillance in heart transplantation

Acute cellular rejection (ACR) is mediated by recipient 
alloreactive T-cells and occurs more frequently than antibody 
mediated rejection (AMR). Highest rates of ACR occur during 
the first six months after heart transplantation, which is 
associated with increased risk of development of cardiac 
allograft vasculopathy [3,4]. Biomarker development for 
noninvasive surveillance of ACR has remained a very active 
area of research over the past sixty years. More recently, 
advances in molecular profiling, proteomics, transcriptomics, 
and other high-throughput technologies have yielded 
some promising candidates for clinical use [7]. Non-invasive 
methods such as donor-derived cell-free DNA (dd-cfDNA), 
immune cell phenotyping, and metabolomic signatures are 
gaining traction as potential biomarkers of ACR. However, 
these new developments also have limitations, including 
suboptimal sensitivity, specificity and low positive predictive 
value [8]. 

In addition to their limitations in diagnostic accuracy, current 
non-invasive biomarkers are not yet reliable for monitoring 
treatment response in patients with ACR [9]. While they may 
suggest the presence of rejection, they cannot consistently 
determine whether therapeutic interventions, such as 
intensification of immunosuppression, have successfully 
resolved the rejection episode. As a result, repeat EMB 
remains necessary to confirm histologic resolution of ACR, 
further underscoring the urgent need for biomarkers that not 
only detect rejection but also guide and monitor the efficacy 
of treatment in real time [9]. In this review, we summarize 
the current state of research in non-invasive biomarker 
development for detecting ACR in heart transplantation.

Donor-derived Cell-free DNA

Cellular death leads to release of DNA into peripheral blood. 
As ACR causes targeted cell death of allograft cardiomyocytes, 
some of its cellular DNA is released into circulation. Therefore, 
donor derived cell free DNA (dd-cfDNA) quantification may 
serve as a biomarker of ACR [10]. Although the DNA released 
into peripheral circulation from cellular death by apoptosis 
is far less than by cellular necrosis, there is strong evidence 
demonstrating the biomarker potential of this platform for 
ACR diagnosis [10]. Over the past twenty years, as dd-cfDNA 
has gained traction in transplant monitoring, many large 
cohort studies have been performed to evaluate dd-cfDNA's 
ability to diagnose ACR in heart transplant patients [10–18].

In a study by Deshpande et al., dd-cfDNA demonstrated 
strong concordance with clinical rejection and showed 
particular utility in predicting significant clinical outcomes 

after treatment for rejection [11]. More recently, Sorbini et al. 
demonstrated that dd-cfDNA levels were significantly higher 
in patients with ACR compared to controls without rejection, 
highlighting its potential as a non-invasive diagnostic tool 
[12]. These findings underscore the value of dd-cfDNA as 
a biomarker for monitoring rejection. Currently, there are 
two ways to detect dd-cfDNA: the first leverages genetic 
differences between donor and recipient, such as human 
leukocyte antigen (HLA) mismatches or single nucleotide 
polymorphisms (SNPs).The second on the other hand, 
quantifies dd-cfDNA levels using advanced methods like 
quantitative polymerase chain reaction (qPCR), digital droplet 
PCR, or whole genome sequencing [12–14]. 

The clinical potential of dd-cfDNA as an ACR biomarker has 
been investigated through multicenter studies, such as the 
Genomic Research Alliance for Transplantation (GRAfT). This 
prospective cohort study identified a 0.3% dd-cfDNA threshold 
with a negative predictive value (NPV) of 81% for detecting 
ACR or antibody mediated rejection (AMR) [15]. Additionally, 
Agbor-Enoh et al. observed that dd-cfDNA levels declined to 
a stable baseline of 0.13% by day 28 post-transplant but rose 
significantly during episodes of acute rejection, reaching a 
median of 0.38% compared to 0.03% in non-rejection states 
(P<0.001) [10]. Notably, elevated dd-cfDNA was detectable up 
to 5 months prior to biopsy-proven ACR and up to 3.2 months 
before AMR, highlighting its potential for early detection [10]. 
Although given the PPV of <20% in this study, it is difficult to 
ascertain the importance of a dd-cfDNA test to enable earlier 
detection. Using a dd-cfDNA threshold of 0.25%, the assay 
achieved a negative predictive value (NPV) of 99% for acute 
rejection, suggesting that this threshold could safely eliminate 
approximately 81% of routine biopsies [10]. Furthermore, 
dd-cfDNA levels were found to peak immediately after 
transplantation due to ischemia-reperfusion injury and 
then decline to a baseline (median ~0.13%) by day 28 post-
transplant [10]. Increases in dd-cfDNA precede histologic 
diagnosis of ACR by approximately 0.5 months, and AMR by 
up to 3.2 months [10]. The study also found that dd-cfDNA 
levels were significantly higher in AMR compared to ACR, 
and that distinct fragmentomic signatures, such as increased 
guanosine-cytosine content and shorter DNA fragment sizes, 
could help differentiate between rejection subtypes [10].

Despite these advantages, dd-cfDNA is not without 
limitations. One key drawback is its low PPV and inability to 
distinguish ACR from AMR. Elevated dd-cfDNA levels can also 
be seen in other forms of graft injury, such as AMR or infection, 
potentially leading to false positives [10]. The sensitivity for ACR 
is only 70–75% [10]. As a result, while dd-cfDNA is a valuable 
screening tool, it cannot reliably distinguish between different 
causes of graft injury and should not be used as a standalone 
diagnostic test to rule in ACR. Furthermore, specificity for 
dd-cfDNA is around 80–85% [10]. Another limitation of dd-
cfDNA is its relatively low positive predictive value (PPV), 
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which hovers around 8–20%, underscoring the importance 
of interpreting elevated values within the broader clinical 
context [4,10,19]. Additionally, dd-cfDNA detection relies on 
advanced molecular techniques, such as next-generation 
sequencing or digital droplet PCR, which may not be widely 
available across all transplant centers, potentially limiting 
access to this technology [12]. Timing also poses a challenge, 
dd-cfDNA levels are typically elevated in the immediate post-
transplant period due to surgical and ischemic injury, making 
it unreliable for detecting rejection within the first month 
[10]. Furthermore, technical issues related to sample handling 
can affect test accuracy. For example, delayed processing of 
blood samples may result in contamination with recipient 
nuclear DNA due to cell lysis, even when using specialized 
blood collection tubes, compromising the integrity of the 
results [10]. In addition to these pre-analytical limitations, 
performance data show that both standard and expanded 
SNP dd-cfDNA tests have low sensitivity (39%, p = 1.0) but 

high specificity (82% and 84%, p = 1.0) for detecting ACR, while 
gene expression profiling (GEP) did not improve sensitivity 
and demonstrated even worse specificity compared to 
standard dd-cfDNA (p<.001) [16]. Moreover, Kim et al. found 
that dd-cfDNA levels rise above cutoff for ACR detection after 
24 months following transplant which makes using dd-cfDNA 
less reliable for long term management [17].

Although extensive research has been performed with dd-
cfDNA platforms, it has not replaced EMB as the gold standard. 
Overall, its high NPV enables ruling out ACR, but due to its low 
PPV and inability to distinguish ACR versus AMR, a positive 
test mandated by EMB is required for ACR diagnosis (Table 1). 
dd-cfDNA also has not been extensively studied to determine 
if it can enable noninvasive monitoring of treatment efficacy 
for ACR. Combining dd-cfDNA with other biomarkers, such as 
gene expression profiling or immune cell phenotyping, may 
enhance diagnostic accuracy [18].

Table 1. Summary of cfDNA studies.

Study Sensitivity Specificity PPV NPV Conclusions

Agbor-Enoh et al., 
Circulation 2021 
[10]

89% (ACR), 
100% (AMR)

78% ~20% 99.2% at 
0.25% 
threshold

Unreliable in first month post-transplant due to 
elevated baseline; dd-cfDNA detectable up to 3.2 
months before rejection. Concludes dd-cfDNA can 
reduce biopsy burden and differentiate ACR vs 
AMR using fragmentomics.

Deshpande et al.,  
Pediatr Transplant 
2022 [11]

Not specified Not specified Not specified High; 
dd-cfDNA 
correlated 
with clinical 
rejection

Used in pediatric patients; dd-cfDNA tracked 
resolution of rejection after treatment. Supports 
clinical concordance and post-rejection 
monitoring utility.

Sorbini et al.,  
JHLT 2021 [12]

84% 73% Not specified 93% dd-cfDNA higher in rejection; limited by 
requirement for HLA-DRB1 mismatch. Suggests 
potential for broader application with further 
validation.

Lo et al.,  
Lancet 1998 [14]

Proof-of-
concept study

Not 
applicable

Not 
applicable

Not 
applicable

Early proof-of-concept showing donor DNA in 
plasma post-transplant. Laid groundwork for 
future cfDNA research.

Knüttgen et al., 
Transplantation 
2022 [13]

83% 78% Not specified High Validated cfDNA as a clinical tool; noted influence 
of confounding factors (e.g., infection). Concludes 
cfDNA is useful but context-dependent.

Agbor-Enoh et al.,  
JHLT 2016 (GRAfT) 
[15]

Not specified Not specified Not specified 81% at 0.3% 
threshold

Early multicenter study establishing dd-cfDNA 
thresholds (0.3%) with moderate NPV. Suggested 
potential to reduce unnecessary biopsies.

North et al.,  
PLoS One 2020 
[71]

High (assay 
validation)

High (assay 
validation)

Not specified Not specified Sample degradation due to delayed processing 
and nuclear DNA contamination noted. 
Emphasized importance of timely handling and 
proper storage.

Qian et al., Curr 
Opin Organ 
Transplant 2022 
[18]

Review 
summary 
of multiple 
studies

Review 
summary 
of multiple 
studies

~20% Up to 99% in 
well-designed 
assays

Summarized field advances; emphasized dd-
cfDNA's high NPV and limited PPV. Stressed 
integration of cfDNA with other biomarkers for 
rejection monitoring.
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Gene Expression Profiling

By analyzing the transcriptional activity of immune-
related genes in peripheral blood mononuclear cells, gene 
expression profiling (GEP) provides a potential window into 
the underlying immune activation associated with ACR. GEP 
is one of the most extensively studied surveillance strategies 
for ACR and is among the few with a clinically validated and 
FDA-approved test [20–22]. It is primarily employed to detect 
low to moderate grades of ACR in stable patients beyond 55 
days post-transplant [4]. For example, the AlloMap test, which 
is FDA approved, utilizes a panel of 11 genes, including those 
involved in T-cell activation and inflammation, to stratify 
patients by rejection risk [23].

Recently, Pham et al. conducted a multicenter randomized 
clinical trial demonstrating that GEP of peripheral blood 
samples offers a viable alternative to routine EMB for 
monitoring rejection in cardiac transplant recipients [21]. Their 
findings indicated that GEP may be effective as a surveillance 
tool for patients at low risk for ACR after six months following 
transplant [21]. The trial revealed that compared to routine 
EMBs alone, treatment plans including GEP monitoring did not 
increase risk of adverse outcomes and significantly reduced 
the number of biopsies necessary for effective treatment [21]. 
However, the study has several limitations. First, the study 
population consisted primarily of stable, low-risk patients, 
which limits the generalizability of the findings to higher-risk 
or early post-transplant cohorts [24]. Additionally, only about 
20% of eligible patients were enrolled in the study, raising 
the possibility of selection bias [24]. Furthermore, the study's 
noninferiority design allowed for a relatively wide margin, and 
the 95% confidence interval did not exclude the possibility of 
a 68% increase in primary events in the GEP group [21,24]. This 
statistical uncertainty limits the conclusiveness of the findings. 
Also, out of 34 rejection episodes in the GEP group, only six 
were detected solely by the gene-expression profiling test 

[21]. The majority were identified through clinical assessment 
or other means, suggesting that GEP may not be sufficient as 
a standalone monitoring tool. Lastly, the study had limited 
power to definitively conclude that GEP could replace routine 
biopsies, and the median follow-up period was 19 months 
[21].

In further support of GEP as a valid method for low grade 
ACR detection, Leiro et al. demonstrated that GEP could 
reliably identify the absence of moderate to severe rejection, 
with a high NPV of 98.1% to 100%, enabling the avoidance 
of biopsies in specific clinical contexts [25]. The CARGO II 
study reinforced prior findings by showing that GEP has a 
consistently high NPV across diverse patient populations, 
supporting its utility as a reliable, non-invasive tool for ruling 
out clinically significant rejection in stable heart transplant 
recipients [25]. These studies highlight the potential utility of 
GEP in risk stratification and ACR monitoring, particularly in 
low-risk patient populations. 

Despite its strengths, the test demonstrated a low positive 
predictive value (2.0% to 4.7%) despite a high negative 
predictive value, meaning that positive results did not reliably 
indicate true rejection and often required confirmatory 
biopsies [25]. This may subject patients who do not have 
ACR to the procedural risks associated with EMB based on 
false positive GEP testing. Additionally, GEP is limited to the 
detection of acute cellular rejection and does not assess for 
antibody-mediated rejection (AMR), potentially missing other 
clinically important forms of allograft injury [26,27]. Finally, 
the test's utility is constrained by its dependence on biopsy 
for confirmation in cases of positive or ambiguous results, 
limiting its role as a standalone diagnostic tool [27]. Given 
some of these limitations associated with GEP, researchers 
are investigating the diagnostic utility of combining GEP with 
other platforms such as dd-cfDNA to improve accuracy.

Study Sensitivity Specificity PPV NPV Conclusions

Kim et al., Am J 
Transplant 2025 
[72]

86.5% 83.6% 33.58% 98.5% Prospective study (n=187) introducing two-
threshold algorithm combining dd-cfDNA 
fraction (0.26%) and donor-quantity score (18 
copies/mL). Exceeding either threshold indicates 
positive result. Improved performance over single 
threshold approach with excellent NPV for ruling 
out rejection.

Richmond et al., 
JHLT 2020 [36]

78.5% 76.9% 25.1% 97.3% Multicenter prospective study (n=223 patients, 
811 samples) including pediatric and adult 
recipients. Optimal threshold of 0.15% dd-
cfDNA with AUC 0.86. Novel SNP-based test 
demonstrates good accuracy for non-invasive 
rejection surveillance. Cell lysis can affect results.
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MicroRNAs

MicroRNAs (miRNAs) are small, single-stranded, non-coding 
RNA molecules that regulate gene expression by inhibiting 
mRNA translation or promoting mRNA degradation [28]. By 
acting within complex miRNA-mRNA networks, miRNAs are 
able to modulate multiple genes simultaneously, as well as 
control biological pathways and cellular processes [29]. Their 
detectability in biofluids makes miRNAs highly attractive for 
clinical diagnostic applications [29]. Specifically, their inclusion 
in exosomes and microvesicles, binding to lipoproteins, and 
interactions with Argonaute 2 protein complex make them 
less susceptible to degradation by ribonucleases in blood 
[30,31]. Furthermore, their specificity for distinct biological 
processes means expression patterns of miRNAs may reflect 
molecular mechanisms associated with ACR, positioning them 
as potential biomarkers for transplant monitoring [32].

Several studies have highlighted the diagnostic potential of 
miRNAs in ACR and AMR. Wei et al. identified that miR-182 is 
significantly elevated in peripheral blood mononuclear cells 
and plasma during graft rejection, suggesting its utility as a 
biomarker for graft status [33]. Constanso-Conde et al. validated 
miR-185a-5p as a marker for ACR, achieving an area under 
the curve (AUC) of 0.80 and a NPV of 98% in a cohort of 121 
patients [34]. More recently, Kennel et al. identified elevated 
miR-139-5p, miR-151a-5p, and miR-186-5p levels as a marker 
of rejection, and miR-29c-3p as predictive of subsequent ACR 
development [35]. Collectively, these studies demonstrate 
that miRNA analysis holds promise as a candidate biomarker 
platform for ACR surveillance in heart transplantation. 

However, despite growing evidence supporting the utility of 
microRNAs (miRNAs) as non-invasive biomarkers for detecting 
ACR and AMR, several limitations constrain their clinical 
adoption. A major challenge lies in the variability of identified 
miRNA signatures across studies, reflecting differences in 
patient populations, transplant types, immunosuppressive 
regimens, and assay methodologies. While some studies 
report high NPVs, such as 98% for miR-181a-5p, the PPVs 
are often unreported or modest, limiting their confirmatory 
power [34]. Moreover, the lack of standardized protocols for 
miRNA quantification and normalization introduces technical 
variability that hampers reproducibility [32]. Sample sizes 
are frequently small, and validation in large, multicenter 
cohorts remains scarce. Finally, the temporal relationship 
between miRNA expression and rejection episodes is 
incompletely understood, raising questions about their role 
as early predictive markers versus concurrent indicators of 
graft injury [32,33,36]. To address these limitations, ongoing 
research is exploring the integration of miRNA profiling with 
complementary biomarkers such as donor-derived cell-
free DNA (dd-cfDNA) and proteomic signatures to enhance 
diagnostic precision and clinical applicability.

Proteomics and Metabolomics

Proteomics and metabolomics may serve as powerful 
tools for identification of unique protein and metabolite 
signatures associated with ACR versus allograft quiescence 
[37]. These signatures might enable biomarker discovery 
that may not be detectable through traditional diagnostic 
approaches. For instance, proteomics can detect alterations in 
extracellular matrix proteins and complement pathways, while 
metabolomics reveals disruptions in metabolic pathways like 
energy metabolism and oxidative stress during rejection 
episodes. 

Cardiac troponins (cTn) T and I are proteins exclusively 
expressed in cardiomyocytes and are well-established 
biomarkers for myocardial injury due to their high sensitivity 
and specificity [38]. Advances in high-sensitivity immunoassays 
(hs-cTn) have enabled the detection of extremely low troponin 
concentrations, prompting investigation into their utility for 
ACR monitoring in heart transplant patients. Fitzsimons et al. 
evaluated the performance of cTn assays in detecting ACR and 
reported a sensitivity range of 8% to 100% and a specificity 
range of 13% to 88%. Notably, the positive predictive value 
(PPV) was generally low, often below 50%, indicating limited 
utility in confirming rejection when troponin levels were 
elevated. In contrast, the negative predictive value (NPV) was 
consistently higher, ranging from 79% to 100%, suggesting 
that normal cTn levels could be somewhat reassuring in 
excluding significant rejection [39,40].

However, significant heterogeneity in assay types, rejection 
grading criteria, sampling intervals, and cut-off thresholds 
undermined the reliability of cTn as a diagnostic tool. 
Furthermore, their 2022 study specifically assessed hs-cTnI in 
a cohort of heart transplant recipients and similarly concluded 
that hs-cTnI was not associated with biopsy-proven ACR (≥2R) 
[39]. The receiver operating characteristic (ROC) analysis 
yielded an area under the curve (AUC) of only 0.509, indicating 
no discriminatory capacity [39]. The authors suggested that 
elevated troponin levels in transplant recipients likely reflect 
non-rejection-related myocardial injury, such as ischemia-
reperfusion injury, infections, or allograft vasculopathy, rather 
than immunologically mediated rejection [39]. Together, 
these studies underscore the lack of diagnostic specificity of 
cTn assays for ACR and support the conclusion that troponin, 
despite its sensitivity to myocardial injury, is not a reliable 
standalone biomarker for rejection surveillance in heart 
transplant patients.

Additionally, Linda et al. assessed biomarkers such as NT-
proBNP, troponin T, and C-reactive protein and found that 
their levels prior to acute rejection did not reliably predict ACR 
occurrence [41]. Taken together, these studies underscore the 
current limitations of troponin-based assays in diagnosing 
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ACR at this juncture. However, future analyses and integration 
of proteomic and metabolomics data with other platforms 
may enhance diagnostic accuracy and reliability.

Cytokine and Chemokine Profiling

Cytokine and chemokine profiling may provide a valuable 
approach for detecting ACR in heart transplant recipients by 
reflecting the immune response associated with ACR. These 
soluble mediators, such as interleukin-2 (IL-2), interferon-
gamma (IFN-γ), and chemokines like CXCL9 and CXCL10, play 
central roles in T-cell activation, recruitment, and inflammatory 
signaling [42]. Specifically, the odds of identifying ACR on 
endomyocardial biopsy increased significantly with rising 
concentrations of the inflammatory markers CXCL10 and 
CD5 [43]. A two-fold increase in CXCL10 levels was associated 
with more than double the odds of detecting ACR (odds 
ratio [OR] = 2.2; 95% confidence interval [CI], 1.3–3.6), while 
a similar increase in CD5 levels was linked to a nearly five-fold 
elevation in the odds of ACR (OR = 4.7; 95% CI, 1.7–12.9) [43]. 
These findings suggest that both CXCL10 and CD5 may serve 
as valuable non-invasive biomarkers for the detection and 
monitoring of acute cellular rejection, potentially aiding in 
the early identification of allograft inflammation and guiding 
timely clinical interventions. 

Furthermore, Whang et al. found that cytokines and 
chemokines are differentially expressed in patients with 
ACR when compared to control [44]. Kong et al. found that 
CXCL10+Gbp2+ subcluster of cardiac fibroblasts (CFBs) 
were enriched within grafts at the later phase of acute 
rejection after heart transplantation [45]. These CFBs exhibit 
strong interferon responsiveness and high expression of 
chemokines, indicating their role in immune cell recruitment 
and activation. This highlights the potential of targeting 
CXCR3 for therapeutic intervention in transplant rejection. 
Additionally, the expression of the chemokine receptor CXCR3 
and its ligand IP-10 has been strongly associated with episodes 
of acute rejection. Specifically, the presence of CXCR3⁺ T 
cells and elevated levels of IP-10 within endomyocardial 
biopsy specimens has shown a significant correlation with 
histopathological evidence of acute rejection [46]. The odds 
of identifying acute rejection were markedly increased in 
the presence of CXCR3⁺ T cells (odds ratio [OR] = 11.73) and 
IP-10 (OR = 4.05), indicating a strong association between 
these immune markers and rejection pathology [46]. These 
associations were highly significant (p<0.001), underscoring 
their potential utility as biomarkers for detection and risk 
stratification in heart transplant recipients [46]. However, it 
is unclear whether the changes noted in the allograft biopsy 
translate to significant changes in the blood. 

Despite the promising associations of cytokines and 
chemokines such as CXCL10 and CD5 with ACR, several 

limitations hinder their routine clinical application. One major 
concern is specificity, these biomarkers can be elevated in 
various inflammatory conditions beyond ACR, potentially 
leading to false-positive results [43,47]. Additionally, their 
expression exhibits temporal variability, with levels fluctuating 
over time and not always aligning with histopathological 
findings, making the timing of sample collection critically 
important [45]. Moreover, the immune response in ACR 
is inherently complex, involving a broad network of cells 
and signaling pathways, and measuring a limited subset 
of cytokines or chemokines may fail to capture the full 
immunological landscape [45,48]. Technical challenges 
further complicate cytokine use, as accurate quantification 
requires specialized laboratory techniques and consistent 
sample handling, both of which can introduce variability [49]. 
Finally, the effects of immunosuppressive therapy, commonly 
administered in transplant patients, can alter biomarker 
profiles, making it difficult to distinguish true rejection from 
drug-induced changes [50]. Therefore, while cytokine and 
chemokine profiling holds promise for detecting ACR, these 
limitations highlight the need for further validation and 
standardization before it can be widely adopted in clinical 
practice.

Extracellular Vesicles

Extracellular vesicles (EVs), including exosomes, are being 
extensively investigated as promising biomarkers for several 
disease states, especially in cancer and neurodegenerative 
disorders [51–55]. Their ability to carry bioactive molecules 
reflective of the conditional states of their cells of origin, thus 
offering a rich, noninvasive source of molecular information 
makes them ideal candidates for non-invasive diagnostic and 
prognostic tools [37]. Recent studies have demonstrated their 
clinical potential across a wide range of conditions, including 
cardiovascular disease, central nervous system disorders, 
and regenerative medicine applications, highlighting their 
versatility as both biomarkers and therapeutic agents [51–55].

The diagnostic potential of EVs for ACR surveillance in heart 
transplant patients has been investigated by several groups. 
Castellani et al. investigated the utility of EVs as a link between 
allograft phenotypes, biochemical indices, and histological 
parameters for the detection of ACR. Their findings revealed 
a significant increase in circulating EV concentration and a 
decrease in their diameter in patients experiencing ACR and 
AMR [56]. Specific EV surface markers, such as CD3, CD2, ROR1, 
SSEA-4, HLA-I, and CD41b, were identified as discriminants 
between controls and ACR patients, while markers like HLA-II, 
CD326, CD19, CD25, CD20, ROR1, SSEA-4, HLA-I, and CD41b 
differentiated controls from AMR patients [56]. A diagnostic 
model built upon differential EV-marker expression achieved 
an accuracy of 86.5% in an independent validation cohort [56]. 
Additionally, the Mean fluorescence intensity (MFI) for EV-
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carried HLA-I, CD2, and SSEA-4 displayed a sensitivity of 100% 
in the diagnosis of ACR, with specificities ranging between 
63.6% and 87.9% [56].

Kennel et al. explored the proteomic profiles of serum-
derived exosomes during rejection episodes, identifying 15 
differentially expressed proteins associated with the ACR 
process [57]. These proteins included several with known 
immunologic relevance, suggesting they may reflect ongoing 
immune activation during rejection. Principal component 
analysis demonstrated distinct clustering between rejection 
and non-rejection samples, underscoring the discriminatory 
potential of exosomal protein signatures [57]. Together, these 
studies highlight the potential promise of EV-based diagnostics 
for ACR surveillance in heart transplantation, offering a non-
invasive alternative to endomyocardial biopsy. Notably, 
eight of the differentially expressed proteins were found to 
play direct roles in immune and inflammatory pathways, 
supporting their biological plausibility as biomarkers [57]. 
Together, these studies highlight the potential promise of EV-
based diagnostics for ACR surveillance in heart transplantation. 

Our group has been investigating the diagnostic potential 
of EVs in ACR for the past decade [49,58–68]. Our work 
has focused on studying the quantitative cargo profiles of 
enriched sub-populations of EVs as biomarkers of ACR and 
AMR [49,66]. In the animal model, we demonstrated that 
these subpopulations of EVs are specifically altered during 
ACR [60,61]. Extrapolating these results to the clinical setting, 
our group investigated cell specific EVs in heart transplant 
patients, which demonstrated ACR detection with high 
diagnostic accuracy [69]. Accordingly, we reported that a 
composite panel of small EV cargoes for donor heart small EVs 
and T-cell small EVs demonstrated a sensitivity and specificity 
>95% for ACR detection [66,69]. Therefore, future studies may 
enable the clinical translation potential of cell specific small 
EV platforms.

A key strength of EVs lies in their stability in biological fluids 
[49,66]. This stability coupled with their ability to preserve 
their cargo under various conditions, makes EVs suitable for 
non-invasive, real-time monitoring [70]. Additionally, EVs 
provide a snapshot of immune cell dynamics and allograft 
status, enabling the identification of rejection-specific 
molecular signatures [70]. However, one of the challenges 
in implementing EVs as a diagnostic tool is the need for 
standardization of EV isolation and characterization methods, 
which can vary widely and impact the reproducibility of 
findings. Moreover, the small size and heterogeneity of EV 
populations can complicate their analysis, and the specificity 
of EV-derived markers for ACR compared to other forms of 
graft dysfunction is still under investigation. Additionally, 
successful translation into clinical practice will require further 
validation in large, multicenter studies, along with the 

development of standardized, high-throughput platforms for 
EV analysis. However, EV-based diagnostics hold promise as 
novel biomarkers for ACR surveillance in heart transplantation.

Conclusion

Emerging evidence suggests that non-invasive, blood-based 
biomarker platforms hold significant promise for monitoring 
cardiac allograft health. Potential biomarkers such as dd-
cfDNA, EVs, and miRNAs have shown encouraging results and 
warrant further investigation. Ongoing large-scale studies aim 
to refine the diagnostic performance of these biomarkers and 
establish standardized protocols for their clinical application. 
Prospective multicenter clinical trials are also needed to 
evaluate their utility as rule-out tests for rejection and as tools 
for guiding immunosuppressive therapy.

The lack of standardized methodologies and protocols 
has hindered the widespread adoption of biomarkers in 
post-transplant care. Comparatively low PPV and sensitivity 
have precluded the widespread use of these noninvasive 
platforms, as EMB remains the gold standard. While individual 
biomarkers show promise, future research needs to explore 
the synergistic potential of combining these biomarkers to 
enhance diagnostic accuracy. 

Funding

None.

Conflict of Interest

PV is consultant for Terumo Aortic, Edwards Lifesciences. 

References

1.	 Khush KK, Cherikh WS, Chambers DC, Harhay MO, Hayes D 
Jr, Hsich E, et al. The International Thoracic Organ Transplant 
Registry of the International Society for Heart and Lung 
Transplantation: Thirty-sixth adult heart transplantation report - 
2019; focus theme: Donor and recipient size match. J Heart Lung 
Transplant. 2019 Oct;38(10):1056–66.

2.	 Lee F, Nair V, Chih S. Cardiac allograft vasculopathy: Insights 
on pathogenesis and therapy. Clin Transplant. 2020 
Mar;34(3):e13794.

3.	 Oh KT, Mustehsan MH, Goldstein DJ, Saeed O, Jorde UP, Patel SR. 
Protocol endomyocardial biopsy beyond 6 months-It is time to 
move on. Am J Transplant. 2021 Feb;21(2):825–9.

4.	 Holzhauser L, DeFilippis EM, Nikolova A, Byku M, Contreras JP, 
De Marco T, et al. The End of Endomyocardial Biopsy?: A Practical 
Guide for Noninvasive Heart Transplant Rejection Surveillance. 
JACC Heart Fail. 2023 Mar;11(3):263–76.

5.	 From AM, Maleszewski JJ, Rihal CS. Current status of 
endomyocardial biopsy. Mayo Clin Proc. 2011 Nov;86(11):1095–
102.



Talapaneni S, Hu R, Burke V, DeMarais N, Korutla L, Vallabhajosyula P. Spectrum of Non-Invasive Biomarkers for 
Acute Cellular Rejection Surveillance in Heart Transplantation.  J Cell Immunol. 2026;8(1):1–10.

J Cell Immunol. 2026
Volume 8, Issue 1 8

6.	 Costanzo-Nordin MR. Cardiac allograft vasculopathy: relationship 
with acute cellular rejection and histocompatibility. J Heart Lung 
Transplant. 1992 May-Jun;11(3 Pt 2):S90–103.

7.	 Vilalta A. Cost and Use Trends of Endomyocardial Biopsy in Heart 
Transplant Patients: A 4-Year Claims Data Analysis. Transplant 
Proc. 2023 Nov;55(9):2186–90.

8.	 Strecker T, Rösch J, Weyand M, Agaimy A. Endomyocardial biopsy 
for monitoring heart transplant patients: 11-years-experience at 
a german heart center. Int J Clin Exp Pathol. 2013;6(1):55–65.

9.	 Song Y, Wang Y, Wang W, Xie Y, Zhang J, Liu J, et al. Advancements 
in noninvasive techniques for transplant rejection: from 
biomarker detection to molecular imaging. J Transl Med. 2025 
Feb 3;23(1):147.

10.	 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 Mar 23;143(12):1184–97.

11.	 Deshpande SR, Zangwill SD, Kindel SJ, Schroder JN, Bichell DP, 
Wigger MA, et al. Relationship between donor fraction cell-
free DNA and clinical rejection in heart transplantation. Pediatr 
Transplant. 2022 Jun;26(4):e14264.

12.	 Sorbini M, Togliatto GM, Simonato E, Boffini M, Cappuccio M, 
Gambella A, et al. HLA-DRB1 mismatch-based identification of 
donor-derived cell free DNA (dd-cfDNA) as a marker of rejection 
in heart transplant recipients: A single-institution pilot study. J 
Heart Lung Transplant. 2021 Aug;40(8):794–804.

13.	 Knüttgen F, Beck J, Dittrich M, Oellerich M, Zittermann A, Schulz 
U, et al. Graft-derived Cell-free DNA as a Noninvasive Biomarker 
of Cardiac Allograft Rejection: A Cohort Study on Clinical 
Validity and Confounding Factors. Transplantation. 2022 Mar 
1;106(3):615–22.

14.	 Lo YM, Tein MS, Pang CC, Yeung CK, Tong KL, Hjelm NM. Presence 
of donor-specific DNA in plasma of kidney and liver-transplant 
recipients. Lancet. 1998 May 2;351(9112):1329–30.

15.	 Agbor-Enoh S, Fideli U, Doveikis J, Zhu J, Tunc I, Shah P, et al. 
Genomic Research Alliance for Transplantation (GRAfT): a model 
for long term transplant studies in thoracic organ transplantation. 
J Heart Transplant. 2016 Apr 1;35(4):S161.

16.	 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 Jun;37(6):e14984.

17.	 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 Transplant. 
2022 Jul;41(7):919–27.

18.	 Qian X, Shah P, Agbor-Enoh S. Noninvasive biomarkers in heart 
transplant: 2020-2021 year in review. Curr Opin Organ Transplant. 
2022 Feb 1;27(1):7–14. 

19.	 Cooper LT, Baughman KL, Feldman AM, Frustaci A, Jessup 
M, Kuhl U, et al. The role of endomyocardial biopsy in the 
management of cardiovascular disease: a scientific statement 

from the American Heart Association, the American College of 
Cardiology, and the European Society of Cardiology. Circulation. 
2007 Nov 6;116(19):2216–33.

20.	 Kobashigawa J, Patel J, Azarbal B, Kittleson M, Chang D, Czer L, 
et al. Randomized pilot trial of gene expression profiling versus 
heart biopsy in the first year after heart transplant: early invasive 
monitoring attenuation through gene expression trial. Circ Heart 
Fail. 2015 May;8(3):557–64.

21.	 Pham MX, Teuteberg JJ, Kfoury AG, Starling RC, Deng MC, 
Cappola TP, et al. Gene-expression profiling for rejection 
surveillance after cardiac transplantation. N Engl J Med. 2010 
May 20;362(20):1890–900.

22.	 Kao A, Linard J, Austin BA, Everley MP, Fendler TJ, Khumri 
TM, et al. The Combined Use of Gene Expression Profile and 
Donor-Derived Cell-Free DNA Testing in the Management of 
Heart Transplant Patients: The Mid America Experience. J Heart 
Transplant. 2020 Apr 1;39(4):S253–4.

23.	 Moayedi Y, Foroutan F, Miller RJH, Fan CS, Posada JGD, Alhussein 
M, et al. Risk evaluation using gene expression screening to 
monitor for acute cellular rejection in heart transplant recipients. 
J Heart Lung Transplant. 2019 Jan;38(1):51–8. 

24.	 Myrvang H. Transplantation: A noninvasive strategy to monitor 
rejection in patients with a heart transplant. Nat Rev Cardiol. 
2010 Aug;7(8):418.

25.	 Crespo-Leiro MG, Stypmann J, Schulz U, Zuckermann A, Mohacsi 
P, Bara C, et al. Clinical usefulness of gene-expression profile to 
rule out acute rejection after heart transplantation: CARGO II. Eur 
Heart J. 2016 Sep 1;37(33):2591–601.

26.	 Pullen LC. Diagnosing Cardiac Rejection. Am J Transplant 2017; 
17: 2751–2 

27.	 Goldberg JF, Truby LK, Agbor-Enoh S, Jackson AM, deFilippi 
CR, Khush KK, et al. Selection and Interpretation of Molecular 
Diagnostics in Heart Transplantation. Circulation. 2023 Aug 
22;148(8):679–94.

28.	 O'Brien J, Hayder H, Zayed Y, Peng C. Overview of MicroRNA 
Biogenesis, Mechanisms of Actions, and Circulation. Front 
Endocrinol (Lausanne). 2018 Aug 3;9:402.

29.	 Ying SY, Chang DC, Lin SL. The microRNA (miRNA): overview of 
the RNA genes that modulate gene function. Mol Biotechnol. 
2008 Mar;38(3):257–68.

30.	 Parikh VN, Chan SY. Analysis of microRNA niches: techniques to 
measure extracellular microRNA and intracellular microRNA in 
situ. Methods Mol Biol. 2013;1024:157–72.

31.	 Sourvinou IS, Markou A, Lianidou ES. Quantification of circulating 
miRNAs in plasma: effect of preanalytical and analytical 
parameters on their isolation and stability. J Mol Diagn. 2013 
Nov;15(6):827–34.

32.	 Shah P, Bristow MR, Port JD. MicroRNAs in Heart Failure, Cardiac 
Transplantation, and Myocardial Recovery: Biomarkers with 
Therapeutic Potential. Curr Heart Fail Rep. 2017 Dec;14(6):454–64.



Talapaneni S, Hu R, Burke V, DeMarais N, Korutla L, Vallabhajosyula P. Spectrum of Non-Invasive Biomarkers for 
Acute Cellular Rejection Surveillance in Heart Transplantation.  J Cell Immunol. 2026;8(1):1–10.

J Cell Immunol. 2026
Volume 8, Issue 1 9

33.	 Wei L, Wang M, Qu X, Mah A, Xiong X, Harris AG, et al. Differential 
expression of microRNAs during allograft rejection. Am J 
Transplant. 2012 May;12(5):1113–23.

34.	 Constanso-Conde I, Hermida-Prieto M, Barge-Caballero E, Núñez 
L, Pombo-Otero J, Suárez-Fuentetaja N, et al. Circulating miR-
181a-5p as a new biomarker for acute cellular rejection in heart 
transplantation. J Heart Lung Transplant. 2020 Oct;39(10):1100–8.

35.	 Kennel PJ, Yahi A, Naka Y, Mancini DM, Marboe CC, Max K, et 
al. Longitudinal profiling of circulating miRNA during cardiac 
allograft rejection: a proof-of-concept study. ESC Heart Fail. 2021 
Jun;8(3):1840–9.

36.	 Richmond ME, Zangwill SD, Kindel SJ, Deshpande SR, Schroder 
JN, Bichell DP, et al. Donor fraction cell-free DNA and rejection 
in adult and pediatric heart transplantation. J Heart Lung 
Transplant. 2020 May;39(5):454–63. 

37.	 Kobashigawa J, Hall S, Shah P, Fine B, Halloran P, Jackson AM, 
et al. The evolving use of biomarkers in heart transplantation: 
Consensus of an expert panel. Am J Transplant. 2023 
Jun;23(6):727–35.

38.	 Dyer AK, Barnes AP, Fixler DE, Shah TK, Sutcliffe DL, Hashim I, 
et al. Use of a highly sensitive assay for cardiac troponin T and 
N-terminal pro-brain natriuretic peptide to diagnose acute 
rejection in pediatric cardiac transplant recipients. Am Heart J. 
2012 Apr;163(4):595–600.

39.	 Fitzsimons SJ, Evans JDW, Rassl DM, Lee KK, Strachan FE, 
Parameshwar J, et al. High-sensitivity Cardiac Troponin Is 
Not Associated With Acute Cellular Rejection After Heart 
Transplantation. Transplantation. 2022 May 1;106(5):1024–30.

40.	 Fitzsimons S, Evans J, Parameshwar J, Pettit SJ. Utility of troponin 
assays for exclusion of acute cellular rejection after heart 
transplantation: A systematic review. J Heart Lung Transplant. 
2018 May;37(5):631–8.

41.	 Battes LC, Caliskan K, Rizopoulos D, Constantinescu AA, Robertus 
JL, Akkerhuis M, et al. Repeated measurements of NT-pro-B-type 
natriuretic peptide, troponin T or C-reactive protein do not 
predict future allograft rejection in heart transplant recipients. 
Transplantation. 2015 Mar 1;99(3):580–5.

42.	 Tokunaga R, Zhang W, Naseem M, Puccini A, Berger MD, Soni S, 
et al. CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation 
- A target for novel cancer therapy. Cancer Treat Rev. 2018 
Feb;63:40–7.

43.	 Goldberg JF, deFilippi CR, Lockhart C, McNair ER, Sinha SS, 
Kong H, et al. Proteomics in Acute Heart Transplant Rejection, 
on Behalf of the GRAfT Investigators. Transplantation. 2025 Jul 
1;109(7):1230–40.

44.	 Whang EC, Rossetti M, Guerra MR, Cheng E, Marcus EA, McDiarmid 
SV, et al. Differential cytokine and chemokine expression during 
rejection and infection following intestinal transplantation. 
Transpl Immunol. 2021 Dec;69:101447.

45.	 Kong D, Huang S, Miao X, Li J, Wu Z, Shi Y, et al. The dynamic 
cellular landscape of grafts with acute rejection after heart 
transplantation. J Heart Lung Transplant. 2023 Feb;42(2):160–72.

46.	 Melter M, Exeni A, Reinders ME, Fang JC, McMahon G, Ganz P, et 
al. Expression of the chemokine receptor CXCR3 and its ligand 
IP-10 during human cardiac allograft rejection. Circulation. 2001 
Nov 20;104(21):2558–64.

47.	 Fahmy NM, Yamani MH, Starling RC, Ratliff NB, Young JB, 
McCarthy PM, et al. Chemokine and chemokine receptor 
gene expression indicates acute rejection of human cardiac 
transplants. Transplantation. 2003 Jan 15;75(1):72–8.

48.	 Kim JV, Assadian S, Hollander Z, Burns P, Shannon CP, Lam K, 
et al. Regulatory T Cell Biomarkers Identify Patients at Risk of 
Developing Acute Cellular Rejection in the First Year Following 
Heart Transplantation. Transplantation. 2023 Aug 1;107(8):1810–
9. 

49.	 Korutla L, Hoffman JR, Rostami S, Hu R, Korutla V, Markmann C, 
et al. Circulating T cell specific extracellular vesicle profiles in 
cardiac allograft acute cellular rejection. Am J Transplant. 2024 
Mar;24(3):419–35.

50.	 Kany S, Vollrath JT, Relja B. Cytokines in Inflammatory Disease. Int 
J Mol Sci. 2019 Nov 28;20(23):6008.

51.	 Ciferri MC, Quarto R, Tasso R. Extracellular Vesicles as Biomarkers 
and Therapeutic Tools: From Pre-Clinical to Clinical Applications. 
Biology (Basel). 2021 Apr 23;10(5):359

52.	 Zanirati G, Dos Santos PG, Alcará AM, Bruzzo F, Ghilardi IM, 
Wietholter V, et al. Extracellular Vesicles: The Next Generation of 
Biomarkers and Treatment for Central Nervous System Diseases. 
Int J Mol Sci. 2024 Jul 5;25(13):7371.

53.	 Das D, Jothimani G, Banerjee A, Dey A, Duttaroy AK, Pathak S. A 
brief review on recent advances in diagnostic and therapeutic 
applications of extracellular vesicles in cardiovascular disease. 
Int J Biochem Cell Biol. 2024 Aug; 173:106616.

54.	 Ghosh S, Rajendran RL, Mahajan AA, Chowdhury A, Bera A, Guha 
S, et al. Harnessing exosomes as cancer biomarkers in clinical 
oncology. Cancer Cell Int. 2024 Aug 7;24(1):278. 

55.	 Odehnalová N, Šandriková V, Hromadka R, Skaličková M, 
Dytrych P, Hoskovec D, et al. The potential of exosomes in 
regenerative medicine and in the diagnosis and therapies of 
neurodegenerative diseases and cancer. Front Med (Lausanne). 
2025 Mar 13;12:1539714.

56.	 Castellani C, Burrello J, Fedrigo M, Burrello A, Bolis S, Di Silvestre D, 
et al. Circulating extracellular vesicles as non-invasive biomarker 
of rejection in heart transplant. J Heart Lung Transplant. 2020 
Oct;39(10):1136–48.

57.	 Kennel PJ, Saha A, Maldonado DA, Givens R, Brunjes DL, Castillero 
E, et al. Serum exosomal protein profiling for the non-invasive 
detection of cardiac allograft rejection. J Heart Lung Transplant. 
2018 Mar;37(3):409–17. 

58.	 Habertheuer A, Korutla L, Rostami S, Siddiqui S, Xin Y, Rizi R, 
et al. Donor Lung Specific Exosome Profiles for Noninvasive 
Monitoring of Acute Rejection in a Rat Orthotopic Left Lung 
Transplant Model. The Journal of Heart and Lung Transplantation. 
2018 Apr 1;37(4):S203–4.



Talapaneni S, Hu R, Burke V, DeMarais N, Korutla L, Vallabhajosyula P. Spectrum of Non-Invasive Biomarkers for 
Acute Cellular Rejection Surveillance in Heart Transplantation.  J Cell Immunol. 2026;8(1):1–10.

J Cell Immunol. 2026
Volume 8, Issue 1 10

59.	 Habertheuer A, Chatterjee S, Sada Japp A, Ram C, Korutla L, 
Ochiya T, et al. Donor extracellular vesicle trafficking via the 
pleural space represents a novel pathway for allorecognition 
after lung transplantation. Am J Transplant. 2022 Jul;22(7):1909–
18.

60.	 Habertheuer A, Korutla L, Rostami S, Reddy S, Lal P, Naji A, et al. 
Donor tissue-specific exosome profiling enables noninvasive 
monitoring of acute rejection in mouse allogeneic heart 
transplantation. J Thorac Cardiovasc Surg. 2018 Jun;155(6):2479–
89. 

61.	 Habertheuer A, Ram C, Schmierer M, Chatterjee S, Hu R, Freas 
A, et al. Circulating Donor Lung-specific Exosome Profiles 
Enable Noninvasive Monitoring of Acute Rejection in a Rodent 
Orthotopic Lung Transplantation Model. Transplantation. 2022 
Apr 1;106(4):754–66.

62.	 Hu R, Korutla L, Vallabhajosyula P. Peripheral Blood Extracellular 
Vesicle RNA Profiling: The Next Step in Cancer Liquid Biopsies. 
Ann Surg Oncol. 2024 Jul;31(7):4179–81.

63.	 Hu RW, Korutla L, Reddy S, Harmon J, Zielinski PD, Bueker A, et al. 
Circulating Donor Heart Exosome Profiling Enables Noninvasive 
Detection of Antibody-mediated Rejection. Transplant Direct. 
2020 Oct 19;6(11):e615.

64.	 Korutla L, Habertheuer A, Hu R, Zielinski P, Reddy S, Naji A, et al. 
Characterization of circulating donor heart specific exosomes 
in clinical heart transplantation. The Journal of Heart and Lung 
Transplantation. 2018 Apr 1;37(4):S331.

65.	 Korutla L, Bai YZ, DeMarais N, Talapaneni S, Hu R, Burke V, et al. 
B-cell extracellular vesicle biomarkers for detection of antibody-
mediated rejection in lung transplantation. JTCVS Tech. 2025 
Mar 18;31:224–32. 

66.	 Korutla L, Hu R, Liu Y, Romano C, Habertheuer A, Abedi P, et al. 
Circulating Tissue Specific Extracellular Vesicles for Noninvasive 
Monitoring of Acute Cellular Rejection in Clinical Heart 
Transplantation. Transplantation. 2025 Sep 1;109(9):1540–50.

67.	 Vallabhajosyula P, Korutla L, Habertheuer A, Yu M, Rostami S, Yuan 
CX, et al. Tissue-specific exosome biomarkers for noninvasively 
monitoring immunologic rejection of transplanted tissue. J Clin 
Invest. 2017 Apr 3;127(4):1375–91.

68.	 Vallabhajosyula P, Korutla L, Habertheuer A, Reddy S, Schaufler C, 
Lasky J, et al. Ex Vivo Lung Perfusion Model to Study Pulmonary 
Tissue Extracellular Microvesicle Profiles. Ann Thorac Surg. 2017 
Jun;103(6):1758–66.

69.	 Korutla L, Hoffman JR, Rostami S, Hu R, Korutla V, Markmann C, 
et al. Circulating T cell specific extracellular vesicle profiles in 
cardiac allograft acute cellular rejection. Am J Transplant. 2024 
Mar;24(3):419–35.

70.	 Beck S, Hochreiter B, Schmid JA. Extracellular Vesicles Linking 
Inflammation, Cancer and Thrombotic Risks. Front Cell Dev Biol. 
2022 Mar 17;10:859863.

71.	 North PE, Ziegler E, Mahnke DK, Stamm KD, Thomm A, Daft P, 
et al. Cell-free DNA donor fraction analysis in pediatric and 
adult heart transplant patients by multiplexed allele-specific 
quantitative PCR: Validation of a rapid and highly sensitive 
clinical test for stratification of rejection probability. PLoS One. 
2020 Jan 13;15(1):e0227385.

72.	 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 Sep;25(9):1895–905.


