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Abstract

BACKGROUND: Endomyocardial biopsy (EMB), the reference surveillance test for acute 

rejection (AR) in heart transplant (HTx) recipients, is invasive, costly, and shows significant 

interobserver variability. Recent studies indicate that donor-derived cell-free DNA (dd-cfDNA), 

obtained non-invasively from blood, is associated with AR and could reduce the frequency of 

EMB surveillance. The aim of this study was to examine the performance characteristics of a 

novel test for detecting AR in adult HTx recipients.

METHODS: Plasma samples with contemporaneous EMBs were obtained from HTx recipients. 

A clinically available SNP-based massively multiplexed-PCR dd-cfDNA assay was used to 

measure dd-cfDNA fraction. dd-cfDNA fractions were compared with EMB-defined rejection 

status and test performance was assessed by constructing ROC curves and calculating accuracy 

measures.
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RESULTS: A total of 811 samples from 223 patients with dd-cfDNA testing and 

contemporaneous EMB were eligible for the study. dd-cfDNA fraction was significantly 

higher in AR (median 0.58%, IQR, 0.13%-1.68%) compared to non-AR (median 0.04%, IQR, 

0.01%-0.11%, pc < 0.001). ROC analysis produced an area under the curve (AUC-ROC) of 0.86 

(95% CI, 0.77–0.96). Defining samples with dd-cfDNA fraction ≥0.15% as AR yielded 78.5% 

sensitivity (95% CI, 60.7%–96.3%) and 76.9% specificity (95% CI, 71.1%–82.7%). Positive and 

negative predictive values were 25.1% (95% CI, 18.8%–31.5%) and 97.3% (95% CI, 95.1%–

99.5%) respectively, calculated using the cohort AR prevalence of 9.0% (95% CI, 5.3%–12.8%) 

with adjustment for repeat samples.

CONCLUSIONS: This novel dd-cfDNA test detects AR in HTx recipients with good accuracy 

and holds promise as a noninvasive test for AR in HTx recipients.
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Heart transplantation (HTx) is the definitive treatment option for patients with advanced 

heartfailure.1,2 Despite continued advances in post-transplant outcomes, allograft rejection 

and allograft injury remain impediments to post-transplant survival. Endomyocardial biopsy 

(EMB) and histopathology, pioneered several decades ago by Caves and Billingham, are still 

the principal surveillance tools for rejection following heart transplant.3 EMB is regarded 

as the “gold standard” for the diagnosis of acute rejection (AR), but is invasive and 

costly.4–8 Further, histopathology reads are prone to interobserver variability.9,10 Although 

there are internationally accepted grading systems for acute cellular rejection (ACR) and 

antibody mediated rejection (AMR), recent studies using molecular diagnostic tools have 

demonstrated a discordance between rejection grades and clinical outcomes; furthermore, 

EMB does not detect early rejection.11,12 There remains an unmet need for a less invasive 

and more accurate approach for diagnosing or ruling out allograft rejection after HTx.

Donor-derived cell-free DNA (dd-cfDNA) has been evaluated in solid organ transplantation 

as a potential marker of donor organ injury and shows promise in HTx.13–17 Cell-free DNA 

is extracellular DNA found in blood originating from cellular apoptosis and necrosis, and is 

associated with tissue injury.13,18 Genetic differences between the donor and recipient allow 

quantification of cell-free DNA originating from the heart allograft, allowing dd-cfDNA 

to act as a biomarker of allograft injury.13–17 A recent study from the Genomic Research 

Alliance for Transplantation (GRAfT) found dd-cfDNA was strongly associated with AR 

with a high area under the receiver operating characteristic curve (AUC-ROC) and a high 

negative predictive value (NPV). In addition, a rise in dd-cfDNA was often seen before AR 

was confirmed histopathologically.19 These findings suggest that dd-cfDNA could reduce 

the need for frequent surveillance EMBs after HTx.

We report on a novel, clinically available test for measuring dd-cfDNA fraction in heart 

transplant recipients without the need for prior genotyping of the donor or recipient. 

The platform is run in a CLIA-certified, College of American Pathologists-accredited 

laboratory, has been analytically validated, and clinically validated in kidney transplant 
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recipients.20,21 The test measures allele sequence read counts at over 13,000 single 

nucleotide polymorphisms (SNPs) selected to maximize the number of informative SNPs 

across ethnicities, with a limit of quantification of 0.05% and very low coefficient of 

variation (CV),20 which is critical as dd-cfDNA fractions in HTx recipients are the lowest of 

all solid organ transplants.

The purpose of the study was to determine the most appropriate cutoff threshold for AR, and 

measure performance characteristics of the test for detecting AR after HTx.

Materials and methods

Study design

This was an observational study of HTx patients at the University of Utah Medical Center 

and University of California, San Diego Health who had EMB and a contemporaneous 

blood draw for dd-cfDNA testing. Eligible patients were HTx recipients 18 years of age 

or older with no other solid organ transplant. dd-cfDNA samples were included if the 

blood draw was performed at least 28 days post-HTx. Retrospective samples from eligible 

patients collected from July 2017 to August 2020 with matched EMBs were obtained from 

the University of Utah Medical Center Biobank. Prospective samples were collected from 

October 2020 to December 2021 at University of Utah Medical Center and from March 

2020 to January 2022 at UC San Diego Health. A dd-cfDNA test was considered to be 

contemporaneous with EMB if the blood sample was collected within the 4 days prior 

to EMB. Both for cause EMBs (where dd-cfDNA was not used in the decision-making 

process) and surveillance EMBs were included in the study cohort. Demographic and 

clinical data were collected for each patient.

All patients provided informed consent. Approval for these studies was provided by the 

University of Utah Medical Center and the UC San Diego Health Institutional Review 

Boards (IRB numbers 00094302 and 201821, respectively). This study adheres to the 

principles of the Declaration of Helsinki formulated by the World Medical Association, 

the Declaration of Istanbul, and the International Society for Heart and Lung Transplantation 

statement on Transplant Ethics.

Sample collection

University of Utah Medical Center Biobank plasma samples preserved with EDTA were 

stored at −80°C. The prospective plasma samples collected at either University of Utah 

Medical Center or UC San Diego Health, were centrifuged, isolated and frozen or collected 

in Streck cfDNA BCT tubes and stored at room temperature. Samples were shipped to 

Natera’s CLIA-certified and College of American Pathologists accredited laboratory (San 

Carlos, California, USA) for analysis.

dd-cfDNA analysis

Laboratory testing involved cfDNA extraction and library preparation as described 

previously for retrospective21 and prospective22 samples using the Prospera™ test 

(Natera Inc., Austin, Texas). This was followed by cfDNA amplification using massively 
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multiplexed-PCR, targeting over 13,000 single nucleotide polymorphisms designed to 

maximize the number of informative SNPs across ethnicities and next-generation 

sequencing of the resultant amplicons,21 with sequencing performed on the Illumina Next-

Seq500 on rapid run with an average of 14 to 15 million reads per sample. Laboratory 

technicians involved in processing samples were blinded to biopsy results. For all samples, 

the donor-derived cfDNA (dd-cfDNA) fraction (analyzed as the percentage of total cfDNA) 

was measured. A previous study has demonstrated that this test has high reproducibility 

(coefficient of variation <5%, upper confidence limit <6% for various DNA inputs), and 

linearity (donor vs. targeted mixture fractions: slope = 1.0813 95% CI, 0.9721 to 1.1906, 

R2= 0.9995 [95% CI, 0.9994–0.9996]).20

Biopsy defined rejection

The ISHLT revised classification scheme for ACR23 and pathologic diagnosis of AMR24 

were used to grade biopsies. AR was defined as AMR ISHLT grade pAMR1 (H+), pAMR1 

(I+), pAMR2 and pAMR3, ACR ISHLT grade 2R and grade 3R, or a combination thereof. 

Non-rejection (non-AR) was defined as AMR ISHLT grade pAMR 0 and ACR ISHLT grade 

0 or 1R on biopsy histology.

Statistical analysis

Box plots, showing the interquartile range (IQR) and minimum and maximum whiskers (1st 

quartile − 1.5 × IQR, 3rd quartile + 1.5 × IQR), were constructed to compare dd-cfDNA 

fractions in samples grouped by matched EMB rejection status (AR, AMR and ACR 

subtypes, and no rejection) and the Mann-Whitney U test used to assess the statistical 

significance between groups. To account for correlations arising from resampling from the 

same patients, we also assessed the statistical significance amongst the different rejection 

categories by implementing bootstrapping for each patient.25 For these particular analyses 

bootstrapping did not substantially alter results, and we report p values from analyses 

that did not use bootstrapping. We did implement a bootstrapping approach to assess 

performance of dd-cfDNA to detect AR, and AMR and ACR subtypes. For performance 

evaluation we performed 10,000 iterations for bootstrapping and each iteration had only one 

sample from each patient. With 223 unique patients in our dataset, each distribution had 

223 samples. ROC curves were constructed, and sensitivity and specificity were calculated 

for various thresholds. Positive predictive value (PPV), and negative predictive value (NPV) 

were calculated based on the observed cohort prevalence, after calculating the prevalence 

using bootstrapping to adjust for repeat sampling.26 Comparison of dd-cfDNA fraction 

and AR status across study sub-groups was performed using the χ2 test. A sensitivity 

analysis was used to investigate the impact of for cause biopsies and surveillance biopsies 

on the sensitivity of the test to detect AR. We also performed a post-hoc analysis using 

absolute quantification of dd-cfDNA for detection of AR, as opposed to dd-cfDNA fraction, 

and report on the performance of this test. Statistical analyses were performed using 

Python 3.8.2. We used the Benjamini-Hochberg procedure for correction whenever multiple 

comparisons were performed while implementing a particular statistical hypothesis test.27 

The corrected p values are designated as pc. For single hypothesis tests we report the p 
value. p or pc < 0.05 are considered significant.

Kim et al. Page 4

J Heart Lung Transplant. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Characteristics of study population

A total of 811 samples from 223 patients with dd-cfDNA testing and contemporaneous 

EMB were eligible for the study (Figure 1). The median time from transplant to first biopsy 

was 9.6 weeks (IQR, 5.5–29.1 weeks). Patients were predominantly male (73.1%) and white 

(54.3%), with a median age of 54.0 years (IQR, 41.0–63.0) and median body mass index 

of 27.3 kg/m2 (IQR, 23.6–31.7 kg/m2; Table 1). The most commonly reported indications 

for transplant were non-ischemic cardiomyopathy (65.4%) and ischemic cardiomyopathy 

(23.3%). Thirty-five percent of patients had durable ventricular assist devices at the time of 

transplant (Table 1).

Association of dd-cfDNA with rejection

AR was observed in 49 biopsy matched samples from 35 patients while 762 samples from 

210 patients did not show AR. Median dd-cfDNA fraction was significantly higher in 

samples with a matched biopsy showing AR (median 0.58%, IQR, 0.13%–1.68%) compared 

to samples where matched biopsies did not show AR (median 0.04%, IQR, 0.01–0.11%, pc 

< 0.001; Figure 2A).

We examined whether dd-cfDNA fraction or prevalence of AR varied by sample source 

(retrospective vs. prospective samples) or biopsy type (surveillance vs. for cause). The 

median dd-cfDNA fraction in retrospective samples was 0.06% compared to 0.04% in 

prospective samples (pc = 0.01). The AR proportion in retrospective samples was 12.0% 

compared to 5.1% in prospective samples (pc = 0.03; Table S1). Median dd-cfDNA fraction 

and AR proportion were higher in for cause biopsies than in surveillance biopsies (dd-

cfDNA: for cause 0.22%, surveillance 0.04%, pc < 0.001; AR proportion: for cause 28.4%, 

surveillance 3.8%, pc < 0.001; Table S2).

We also stratified false negative (n = 13) and false positive (n = 142) test results by biopsy 

type. No discernible trend was observed (Table S3). Among false negative results 4 were 

pAMR1, and 9 were ACR - 2R (Table S3). Of the 49 biopsy-proven ARs, 32 (65.3%) were 

AMR and 17 (34.7%) were ACR, including 4 biopsies with evidence of mild AMR (8.2%) 

in addition to the moderate ACR (Figure 1). Consistent with our findings for AR, median 

dd-cfDNA fraction was significantly higher for samples where matched biopsy showed 

AMR or ACR relative to samples that did not show rejection (AMR: pc < 0.001; ACR: pc 

= 0.002; Figure 2B). A more detailed breakdown of rejection subtypes, with comparison to 

ACR = 0R / pAMR = 0 is provided in Table 2 and Figure 2C. Of the 762 samples considered 

to be non-AR, 312 had ACR grade 1R histological determination. The median dd-cfDNA 

fraction in samples from patients with ACR grade 1R was 0.045% (IQR, 0.01%–0.14%), 

compared to the median dd-cfDNA of those with ACR = 0R / pAMR = 0 of 0.040% (IQR, 

0.01%–0.10%, p = .02).

Performance of dd-cfDNA fraction to detect AR

ROC analysis results for discrimination of AR from non-AR by dd-cfDNA testing based on 

bootstrapped performance estimates are shown in Figure 3—the AUC-ROC was 0.86 (95% 
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CI, 0.77–0.96). Table 3 shows performance characteristics of this dd-cfDNA test to detect 

AR at different dd-cfDNA fraction thresholds (0.12%, 0.15%, 0.20%).

For example, using a donor fraction threshold of ≥0.15% to indicate AR, our dd-cfDNA 

test discriminated AR from nonrejection with 78.5% sensitivity (95% CI, 60.7%–96.3%) 

and 76.9% specificity (95% CI, 71.1%–82.7%). The PPV and NPV were projected to be 

25.1% (95% CI, 18.8%–31.5%) and 97.3% (95% CI, 95.1%–99.5%), respectively, using 

the cohort prevalence of 9.0% (95% CI, 5.3%–12.8%; Table 3). Performance was similar 

in prospectively (AUC=0.87 (95% CI:0.78–0.96)) and retrospectively (AUC=0.83 (95% 

CI:0.58–1.00)) collected samples. Furthermore, our sensitivity analysis indicated that biopsy 

type (for cause vs surveillance) did not substantially impact performance (sensitivity to 

detect AR: for cause 78.9%, surveillance 76.6%, p = .58).

dd-cfDNA fraction in patients without AR

Figure 4A shows the distribution of dd-cfDNA fractions where matched biopsies did not 

show rejection. The distribution for dd-cfDNA fraction was strongly skewed with dd-cfDNA 

fraction well below the 0.15% threshold for most samples (median 0.04%, IQR, 0.01%–

0.11%) and 18.6% (n = 142/762) of samples falling above the 0.15% threshold. In biopsy-

matched non-rejection samples the dd-cfDNA fraction was stable up to 24 months post-

transplant, and increased after 24 months. The difference in dd-cfDNA fraction between 

samples in these two time periods was found to be statistically significant (≤24 months: 

median 0.04%, IQR, 0.01%–0.10%; >24 months: median 0.17%, IQR, 0.05%–0.87%, p < 

.001; Figure 4B). We examined whether cardiac allograft vasculopathy (CAV) prevalence 

among cases ≥24 months post-transplant could in part explain elevated dd-cfDNA in the 

absence of rejection. We found that, overall, prevalence of CAV was associated with higher 

dd-cfDNA fraction (p < .001) in the non-rejection group (Figure S1) and was higher at 24 

months post-transplant (28.8% (17/59) with CAV) relative to the <24 month time period 

(5.1% (8/157) with CAV, OR=7.5, p < .001).

dd-cfDNA fraction and graft dysfunction

Patients with left ventricular ejection fraction (LVEF) <40% had significantly higher median 

dd-cfDNA fraction compared to those with LVEF ≥40% (0.46% vs 0.04%, pc < 0.001) 

(Figure 5A). This difference was not significant among patients with concurrent AR on 

biopsy, as dd-cfDNA was elevated in AR patients regardless of LVEF (0.94% vs 0.45%, pc = 

0.06; Figure 5B). Yet, dd-cfDNA was higher among patients with LVEF <40% compared to 

those with LVEF ≥40% in the absence of concurrent AR (0.26% vs 0.04%, pc = .003; Figure 

5C).

Low dd-cfDNA fraction and stable LVEF in ACR 2R cases

Some ACR 2R cases in patients with stable LVEF (≥60%) had very low dd-cfDNA across 

serial measurements. For example, Figure S2 shows results for a patient with stable LVEF 

where dd-cfDNA fraction remains at or below 0.02 for nearly 5 months. During this time 

period the first and fourth biopsies indicated AR.
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Post-hoc analysis of absolute quantity of dd-cfDNA and detection of AR

Since recipient cfDNA concentration can fluctuate, it has been suggested that absolute 

quantity of dd-cfDNA might be considered as an alternative measure. Using absolute 

quantity of dd-cfDNA to detect AR resulted in improved performance (AUC-ROC=0.88 

95% CI, 0.79–0.97; Table S4, Figure S3) relative to using dd-cfDNA fraction. This included 

higher sensitivity, specificity, PPV and NPV than dd-cfDNA fraction using an absolute 

dd-cfDNA quantity cutoffof ≥13 cp/mL, determined by a performance analysis where 13 

cp/mL outperformed several other thresholds (Table S4).

Discussion

This study describes the performance of the Prospera dd-cfDNA test in detecting AR 

in adult heart transplant recipients. Analysis of 811 plasma samples from 223 patients 

≥28 days post-transplant showed a significant elevation in dd-cfDNA fraction in patients 

with AR, defined as either ACR grade >1R (ISHLT 200423) or pAMR grade >0 (ISHLT 

201324), compared to patients with no rejection, defined as ACR ≤1R and pAMR 0. 

In this study population, the AUC-ROC of the dd-cfDNA test to distinguish AR from 

non-AR was 0.86. Using a dd-cfDNA fraction threshold of 0.15%, dd-cfDNA detected 

histologically-proven rejection with a sensitivity of 78.5% (95% CI, 60.7%–96.3%) and a 

specificity of 76.9% (95% CI, 71.1%–82.7%). A PPV of 25.1% (95% CI, 18.8%–31.5%) 

and NPV of 97.3% (95% CI, 95.1%–99.5%) were calculated for this cohort. These findings 

corroborate previous studies of dd-cfDNA in heart transplantation, which used a variety 

of methodologies to quantify donor fraction, affirming the robustness of this biomarker to 

detect biopsy-proven rejection.14–17,19 This assay has also been shown to accurately detect 

AR in kidney transplant.21

Median dd-cfDNA was elevated for each rejection type –AMR and ACR– relative to the 

non-AR group (pAMR1 (H+) = 0.70%, pAMR1 (I+) = 0.44%, pAMR2 = 3.43%, ACR 

- 2R = 0.13%, non-AR = 0.04%). Consistent with findings by others,19 we find that 

dd-cfDNA tends to be elevated more in AMR than in ACR, and that levels are higher 

for pAMR2 compared with pAMR1. Interestingly, dd-cfDNA fraction in pAMR1 (H+) was 

higher than in pAMR (I+), a finding that is in line with the report by Loupy et al. that 

rejection-associated intragraft gene expression alteration in some pAMR1 (H+) cases is 

similar to changes seen in pAMR2/3 cases.28 We also show that median dd-cfDNA fraction 

in ACR 1R was 0.045% (IQR, 0.01%–0.14%), compared to 0.040% (IQR, 0.01%–0.10%, pc 

= 0.02) for ACR = 0R / pAMR = 0. While statistically significant, the absolute difference is 

small. Whether this marginal increase in dd-cfDNA fraction translates to different outcomes 

when ACR 1R is not treated needs further study.

We also observed a statistically significant difference in median dd-cfDNA between patients 

with LVEF <40% and ≥40%, (0.46% vs 0.04%, pc < 0.001; Figure 5), indicating that graft 

injury is detected through dd-cfDNA in patients with allograft dysfunction, even in the 

absence of biopsy-proven AR. The implications of elevated dd-cfDNA in patients with left 

ventricular dysfunction in the absence of AR requires further study.
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Additionally, we noted that some ACR 2R cases in patients with stable LVEF (≥60%) had 

very low dd-cfDNA across serial measurements (Figure S2). Whether ACR 2R histology in 

the setting of low dd-cfDNA may be self-limited even without treatment needs further study. 

Indeed, anecdotal evidence from the CTOT-05 study demonstrated favorable outcomes in 

patients with stable graft function in whom ACR 2R diagnosis was assigned by the research 

core pathologist, but where no treatment for AR was given by the clinical team.29

We also present performance characteristics for this cohort including 3 cutoffs for dd-

cfDNA: 0.12%, 0.15%, and 0.20%. As with other diagnostic tools, clinicians will likely 

adopt a Bayesian approach to dd-cfDNA measurement interpretation and use a cutoff value 

that best suits the full clinical picture.

Several dd-cfDNA platforms have been tested in heart transplantation and other solid organ 

transplantation, and results correlated with biopsy-based diagnosis of rejection.13–17 In 

this context it is important to define the information we expect dd-cfDNA to provide 

the clinician. While dd-cfDNA does not always correlate with AR, there are possible 

explanations for seemingly discrepant results. For example, as reported by Agbor-Enoh et 

al.,13 some patients with a positive dd-cfDNA result and a negative EMB finding do develop 

AR subsequently, indicating that dd-cfDNA may be an early marker of AR, that is, allograft 

tissue injury resulting in dd-cfDNA elevation starts before histopathological changes are 

apparent on EMB. Also, cases where dd-cfDNA is within the normal range while the EMB 

read indicates AR, could be explained by variability in the histopathology read, or histologic 

changes suggestive of AR not resulting in clinically significant tissue injury. An example 

could be seen in our cohort where a patient had 2 episodes of ACR 2R in the setting of 

stable graft function and very low dd-cfDNA (Figure S2). This hypothesis is supported 

by gene expression profiling studies, which have also demonstrated discrepancies between 

histologic grading and molecular expression in the graft, for example, finding that some 

cases of pAMR1 (I+) were quiescent on the molecular level, or that some pAMR1 (H+) 

cases equaled pAMR2/3 in gene expression.28

Similar to others,15 we also observed an increase in dd-cfDNA >2 years after transplant, 

which suggests events other than rejection may influence dd-cfDNA after this time point. 

dd-cfDNA was previously observed to be associated with CAV30 and we found CAV was 

associated with higher dd-cfDNA fraction and more frequently observed greater than 2 years 

after transplant. Increased white blood cell fragility due to long-term tacrolimus use could 

also be a potential factor.31 Since surveillance biopsies are mostly performed in the first 2 

years after transplant, this dd-cfDNA elevation may be of lesser practical importance. Still, 

assessment of dd-cfDNA kinetics, as performed here, is needed to better understand changes 

in dd-cfDNA fraction over time, with the potential benefit of optimizing the test for patients 

whose time since transplant is more than 2 years.

With the development of modern immunosuppression protocols and standardized care which 

have resulted in relatively low rates of AR and favorable survival, our study adds to the 

growing body of literature that suggests routine screening by EMB after the first month 

following transplant should be re-evaluated. dd-cfDNA testing offers the promise of an 

alternative to screening EMB by non-invasively assessing allograft health and reserving 
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EMB for patients with elevation of dd-cfDNA, allograft dysfunction or other presentations 

that indicate allograft injury. This complementary approach could compensate for some 

of the drawbacks of EMB-based surveillance which include its invasiveness, potential for 

complications, interobserver variability in interpretation, and cost.4–9

While different dd-cfDNA analysis methodologies may be calibrated differently, recent 

studies that have evaluated dd-cfDNA performance in heart transplantation all raise the 

same question: could dd-cfDNA testing replace surveillance EMB?13–17 We believe that this 

question should be tested in a prospective, randomized fashion. The upcoming DETECT 

trial (NCT05081739) is a multicenter, randomized controlled clinical trial whose aim is to 

determine whether dd-cfDNA based surveillance starting as early as 4 weeks after heart 

transplant is noninferior to EMB-based screening for rejection. The follow-up question to 

be answered is perhaps even more consequential: could treatment decisions be made on 

the basis of dd-cfDNA? For example, does intensification of immunosuppression in the 

setting of elevated dd-cfDNA and absence of histologic rejection mitigate future episodes 

of biopsy-proven rejection, graft injury and/or graft dysfunction, with consequently lower 

lifetime immunosuppression burden? Or, alternatively, could low dd-cfDNA be used to 

guide safe weaning of immunosuppression?

Our study has limitations, which include the fact that the study cohort is restricted to 

two heart transplant programs in the United States. Our prevalence of AR, particularly 

AMR, was higher than in some other cohorts. Our assessment for AR included 

immunofluorescence staining for C4d in patients perceived to be at higher risk of AMR– 

those with DSA, history of AMR or a clinical suspicion of AMR. In one center (University 

of Utah) immunofluorescence staining for C4d was routinely performed up to 2 months 

post-transplant. Further, as enrollment in the study was based on a scheduled biopsy, there 

may have been a selection bias for patients with previous history or suspicion of AMR, 

who would be more frequently biopsied at our centers. The higher prevalence of AR 

in this cohort compared with the overall transplant population might have implications 

for generalizing the findings of this study to patient cohorts with a different risk of 

rejection. There was also a limited number of sequential samples. We anticipate that 

the results of the Quantitative Detection of Circulating Donor-Specific DNA in Organ 

Transplant Recipients (NCT02109575), an NIH-supported observational study that includes 

approximately 1,000 samples, will provide corresponding complementary information to 

address these limitations.

Another potential limitation when measuring dd-cfDNA fraction is the effect of recipient-

derived cfDNA, which can be influenced by factors such as infection and BMI.32–34 Some 

have suggested that dd-cfDNA quantity (cp/mL) may be a better marker than dd-cfDNA 

fraction, as it is independent of changes in background cfDNA.35 A recent study in 

kidney transplantation incorporated recipient cfDNA levels for detecting rejection, which 

increased sensitivity, albeit in a small cohort. A “two-threshold” algorithm was employed, 

which combines a cutoff for dd-cfDNA fraction with a cutoff for absolute quantity of dd-

cfDNA.36 In the present study, a post-hoc analysis using dd-cfDNA quantity indicated that 

incorporation of this measure could increase the sensitivity of the assay. Finally, this study, 

and indeed most studies assessing novel tests for rejection, is limited by the use of EMB 
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as the comparator. While histology is a commonly accepted gold standard, its variability 

may lead to an underestimation of performance of the test under investigation. One option 

would be to follow patients for several months after blood draw and use clinical outcomes 

data to confirm or refute the accuracy of individual biopsy reads.14 Alternatively, tissue 

gene expression profiling may also be a more appropriate comparator, as Kobashigawa et 

al. showed, in a small series of adult heart transplant patients, that concordance between dd-

cfDNA and intragraft mRNA transcripts was better than between dd-cfDNA and histology.37

In conclusion, this study affirms an association between elevated levels of dd-cfDNA and 

histologic evidence of rejection after heart transplant, and extends previous findings showing 

that dd-cfDNA is a valuable biomarker of allograft health.14–17,19 Prospective controlled 

studies are needed to confirm the clinical utility of dd-cfDNA assessment in the management 

of heart transplant recipients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

ACR acute cellular rejection

AR acute rejection

AMR value

PPV positive predictive value

ROC Receiver operating characteristic

SNP single nucleotide polymorphism

pc corrected p-value antibody mediated rejection

AUC area under the curve

AUC-ROC area under the receiver operating characteristic curve

EMB Endomyocardial biopsy

CLIA Clinical Laboratory Improvement Act

CV coefficient of variation

dd-cfDNA donor-derived cell-free DNA

IQR Interquartile range

ISHLT The International Society for Heart and Lung Transplantation

LVEF left ventricular ejection fraction

NPV negative predictive
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Figure 1. 
Study flow chart.
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Figure 2. 
(A) dd-cfDNA fraction (%) stratified by rejection status (AR vs no rejection). (B) dd-cfDNA 

fraction (%) stratified by ACR and AMR vs. no rejection. (C) dd-cfDNA fraction (%) 

stratified by ACR and AMR grades vs ACR=0R / pAMR = 0. Boxes represent interquartile 

ranges, horizontal lines within boxes show medians, whiskers represent minimum and 

maximum as defined in methods and dots are outliers. Med refers to median dd-cfDNA 

fraction (%).
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Figure 3. 
ROC curve for discrimination of AR from non-AR by dd-cfDNA fraction (%) for 811 

biopsy matched samples.
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Figure 4. 
(A) Histogram of dd-cfDNA fraction (%) in nonrejection biopsy matched samples (n = 762). 

(B) dd-cfDNA fraction (%) in non-AR samples over time. dd-cfDNA fraction >24 months 
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post-transplant was significantly higher than dd-cfDNA fraction for all other time periods 

combined. Med refers to median dd-cfDNA fraction (%). For both 4A and 4B, the red 

dashed lines represent the 0.15% dd-cfDNA cutoff.
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Figure 5. 
Relationship of dd-cfDNA fraction (%) with LVEF for (A) all samples, (B) AR and (C) 

non-AR samples. Med refers to median dd-cfDNA fraction (%).
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Table 1

Demographic and Clinical. Characteristics of Patients

Variable Value

Number of patients 223

Gender

 Male 163 (73.1%)

 Female 60 (26.9%)

 Age (y) 54.0 (IQR,41.0–63.0)

 BMI (kg/m2) 27.3 (IQR, 23.6–31.7)

Race/ethnicity

 Asian 14 (6.2%)

 African American 26 (11.7%)

 Hispanic 46 (20.6%)

 White 121 (54.3%)

 Other 11 (4.9%)

Indication for transplant

 Non-ischemic cardiomyopathy 146 (65.4%)

 Ischemic cardiomyopathy 52 (23.3%)

 Congenital 10 (4.5%)

 Retransplant 4 (1.8%)

 Other/missing 11 (4.9%)

Panel-reactive Antibody (PRA)

 Sensitized patients (PRA≥10%) 25 (11.2%)

 Unsensitized patients (PRA<10%) 194 (87.0%)

 Unknown 4 (1.8%)

VAD use

 Yes 78 (35.0%)

 No 145 (65.0%)
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