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13,378 SNPs). The donor fraction was calculated as ND/N, where N is
the total number of assignments made in sequencing, and ND is the
number of donor-derived sequences. A histogram of the number of
donor assignment, ND, is shown in Fig. 2D.

Rate of incorrect sequence assignments
Errors introduced in sequencing and genotyping can potentially give
rise to incorrect donor or recipient assignments. It is possible to inde-
pendently measure the frequency of incorrect assignments for a given
sample by examining SNP positions for which both the donor and re-
cipient are homozygous and carry the same allele (average of 384,069
SNP positions per sample; for example, n + 1 in Fig. 2A). The frequency
of erroneous calls is then proportional to the frequency at which a
base other than the donor and recipient allele is measured at these
homozygous positions (see Materials and Methods). We analyzed
the measured error rate as a function of the base call error probability
reported by the sequencer (fig. S1). The measured error rate matched
the predicted error rate for bases with high error rate. At a lower error
rate (<5 × 10−4), the measured error rate was independent of the re-
ported base call error rate, indicating that the measured error rate in
this regime is dominated by either polymerase chain reaction (PCR)
or genotyping errors.

Figure 3A shows a histogram of the measured error rates for the
different samples in the cohort after removal of the low-quality se-
quencing calls. The median error rate was 0.04%, and 94% of samples
www.Scie
had a measured error rate of <0.15% (n = 565). A subset of samples
(2.5%) had error rates higher than 1%, which may be related to tech-
nical errors or sample-to-sample contamination. The error rate mea-
surement allowed us to identify these samples and exclude these from
the analysis (see Performance analysis section in Results).

The vast majority of sequences of cfdDNA in heart transplants are
recipient-derived (>90%); therefore, the net effect of assignment errors
(recipient sequences assigned to the donor, or donor sequences as-
signed to the recipient) is an overestimate of the donor fraction, and
the overestimate of the donor fraction is expected to scale linearly with
the rate of erroneous assignments. We, indeed, found a linear correlation
between the measured error rate and the measured donor fraction (Fig.
3B, absence of biopsy-defined rejection; Spearman correlation coef-
ficient, r = 0.6; P < 10−6). A linear fit revealed a slope greater than
1 (a = 3.6). The scaling with a > 1 is a consequence of (i) the dependence
of the probability of an erroneous assignment on the frequency of occur-
rence of the allele in the population, as expected for genotyping assays,
and (ii) differences in the distribution of allele frequencies for the set of
SNPs used to evaluate the donor fraction and the matched error rate,
respectively: SNPs that were used to estimate the donor fraction (for
example, marker n in Fig. 2A) had a lower average recipient allele fre-
quency (mean recipient allele frequency, 50.6%) than SNP markers
that were used to estimate the error rate (mean recipient allele fre-
quency, 83.5%; for example, marker n + 1 in Fig. 2A).

We have calculated the expected scaling factor from the measured
distributions of allele frequencies for the different set of SNPs (Fig. 3,
C and D) and the measured allele frequency dependence of the error
rate (Fig. 3E) and found atheor = 3.7, in close agreement with the em-
pirically determined factor used in the signal analysis, a = 3.6. We
used these data to correct the measured fraction of cfdDNA by sub-
tracting a factor c = ae, where e is the measured error rate.

Time courses and rejection cases
Using this workflow, we established the variability and time depen-
dence of the observed cfdDNA levels in the absence of biopsy-defined
acute rejection. To explore the occurrence and dynamics of early graft
injury and recovery, we collected blood samples on days 1 and 7 after
transplant in a subset of adult heart transplant recipients (n = 9). The
donor-derived DNA fraction was elevated on the first day after trans-
plant (3.8 ± 2.3%, mean ± SD) and decayed within 1 week to a low
baseline level (0.06 ± 0.11%), where it remained throughout year
1 (Fig. 4A). The data for all patients were fit assuming a single expo-
nential decay process to estimate the decay rate [y = Ae(−t/t0) + B, where
t0 ≈ 2.4 days, A = 5.7, and B = 0.075]. The rapid clearance of cfdDNA
after the transplant procedure and the stable baseline observed for
rejection-free samplesmade it possible to implement a time-independent
threshold for the diagnosis of acute rejection for samples collectedmore
than 2 weeks after the transplant.

We next analyzed cfdDNA time courses for three patients who suf-
fered from moderate to severe ACR (biopsy grade ≥2R/3A) and/or
AMR. The time course of cfdDNA levels observed for these three pa-
tients deviated from what was observed in nonrejecting individuals (in-
dicated by the solid lines, fit to data in Fig. 4A). In the first case (Fig. 4B),
an elevated donor fractionwas recorded atmonth 15 (cfdDNA=5.75%),
coinciding with a biopsy-defined 3R/3B acute rejection episode. In a sec-
ond case (Fig. 4C), the donor-derived DNA fraction was quantified as
>10%, coinciding with a 3R/3B rejection event (month 9). This patient re-
quired repeat heart transplantation after month 10 owing to development
Fig. 1. Enrollment of patients, collection of clinical samples, and
analysis workflow. Sixty-five heart transplant recipients were enrolled

in the study (table S1). Donor and recipient pretransplant whole-blood
samples were collected and processed for genotyping. Plasma samples
were collected longitudinally after transplant, and circulating cell-free
DNA was purified and sequenced. The fraction of cfdDNA was estimated
and compared against biopsy scores (n = 356).
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of severe cardiac allograft vasculopathy. After the second transplant, the
donor-derived DNA signal returned to a low level and the measured
error rate did not significantly alter (mean error, 0.46 before and 0.5
after the new transplant; P = 0.5, Mann-Whitney U test). This case in-
dicates that measurements of donor-derived cfDNA are not confounded
by residual chimerism from a previous allograft. In a final example
(Fig. 4D), elevated donor DNA fractions were observed in a patient
with consecutive episodes of ACR (month 4, 2R/3A; month 12, 3R/3B;
donor fractions, 2.0 and 9.0%, respectively) and AMR (month 4; donor
fraction, 4.9%). This example illustrates the application of this technique
for detection of both ACR and AMR events.

Performance analysis
We next analyzed the performance of the GTD approach for acute
rejection diagnosis through a direct comparison with endomyocardial
www.ScienceTranslationalMedicine.org
biopsy data. We excluded samples with
high technical error fromthe analysis (mea-
sured error rate, >0.15%; 31 samples; Fig.
3A) and samples with low total number
of donor and recipient assignments (num-
ber of assignments, <1000; 5 samples).
Given the elevated levels of cfdDNA im-
mediately after transplant, we further ex-
cluded samples collected during the first
14 days after transplant (shaded area in
Fig. 4A). Samples drawn after an acute
rejection event were also excluded to ac-
count for the slow return to baseline of
cfdDNA levels after the occurrence of a
rejection episode, for instance, months
15.5 and 16 (Fig. 4B), month 10 (Fig. 4C),
and month 16 (Fig. 4D).

The enrolled patients had a total of
356 endomyocardial biopsies during the
study period. Biopsies were graded accord-
ing to the International Society for Heart
and Lung Transplantation (ISHLT) stan-
dardized cardiac biopsy grading scheme
(10). Levels of cfdDNA were significantly
less for stable transplant recipients (biopsy
grade 0) than for recipients diagnosed with
mild ACR (grade ≥1R/1A and <2R/3A)
and recipients diagnosed with moderate
or severe ACR (grade ≥2R/3A or AMR)
(Fig. 5A). The cfdDNA levels were signifi-
cantly higher for heart transplant recipients
during acute rejection and correlated with
the severity of the rejection episode as de-
termined by biopsy (comparing biopsy
grades 0 and 1R/1A and biopsy grades 0
and ≥2R/3A or AMR).

A receiver operating characteristic
(ROC) analysis of the performance of
cfdDNA as a marker of ACR (≥2R/3A
or AMR) yielded an area under the curve
(AUC) of 0.83 (sensitivity = 0.58 and spec-
ificity = 0.93 at a cfdDNA threshold level
of 0.25%) (Fig. 5B). An ROC analysis of
the performance of cfdDNA in distinguishing moderate-to-severe
(n = 24) and mild rejection events (n = 147) yielded an AUC of
0.75 (Fig. 5B, solid gray line). An ROC analysis of the performance
of cfdDNA in distinguishing mild rejection (biopsy grade ≥1R/1A
and <2R/3A, n = 47) from the absence of rejection (biopsy grade
0, n = 185) yielded an AUC = 0.6 (Fig. 5B, dashed gray line). Last,
an ROC analysis of the performance of cfdDNA in distinguishing
severe rejection events (3B/3R, n = 6) from the absence of rejection
yields an AUC of 0.95 (Fig. 5B, dashed black line).

Elevated levels of donor DNA were detected throughout the post-
transplant course for a patient transplanted owing to giant cell myo-
carditis (fig. S2). The patient had a complicated course with a severe
norovirus infection atmonth 7 and clinical suspicion for recurrentmyo-
carditis versus sarcoidosis at 1.5 years after transplant. At year 2, both
ACR and AMR were diagnosed on biopsy. In view of the complicated
Fig. 2. Principle of the assay and assignment and read statistics. (A) Working principle of the
assay. The donor and recipient were SNP-genotyped before the transplant procedure. Shotgun se-

quencing of circulating cell-free DNA is performed to count the number of donor- and recipient-derived
DNA molecules. SNP positions with single-base alleles that were distinct between the donor and recipient
and homozygous within each individual allowed discrimination of donor- and recipient-derived se-
quences (position “n” in the cartoon, but not positions “n − 1” and “n + 1”). (B) Histogram of sequencing
depth (24.7 ± 11 million reads, mean ± SD). (C) Histogram of number of reads that overlap with inform-
ative SNP positions. (D) Histogram of the number of donor sequence assignments, ND. Data in (B) to (D)
are from 565 patient samples.
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and unusual posttransplant course expe-
rienced by this patient, and the uncertain-
ty that remained about the clinical course,
we decided not to include data for this sub-
ject in the analysis of the detection quality
of cfdDNA (Fig. 5). The AUC, sensitivity,
and specificity with data including this pa-
tientwere 0.818, 0.58, and 0.92, respectively,
for a cfdDNA threshold of 0.25%.

Time after transplant and patient
age as score-correlated variables
We analyzed the performance of cfdDNA
relative to the endomyocardial biopsy
as a function of both the time of collec-
tion after transplant and the age of the
transplant recipient. The performance of
the cfdDNA assay improved with time
after transplant and was lower for early
time periods (<4 months after transplant)
(Fig. 5C). The performance was time-
independent at ≥4 months after trans-
plant (AUC = 0.91 for this time period).
Furthermore, the concordance of the GTD
results with endomyocardial biopsy grades
was higher for younger patients (AUC =
0.91 for patients younger than 19 years),
and the AUC (performance) progressively
decreased with age (Fig. 5D).
Fig. 3. Rate of incorrect donor or recip-
ient sequence assignments. (A) Histo-
gram of the measured per-sample error
rate (error rates <0.2%, n = 540). (B) Linear
correlation between the measured donor
DNA fraction for patients at quiescence
(biopsy score 0, n = 185) and measured er-
ror rate (Spearman correlation coefficient, r).
The red line is a linear fit, slope (a) = 3.6 ±
0.36 (linear regression, t value slope = 9.4).
(C) Histogram of the recipient allele fre-
quency (frequency of occurrence in the hu-
man population) for SNPmarkers that were
used to discriminate donor- and recipient-
derived sequences and to measure the
cfdDNA fraction (n= 7 patients, all markers).
Here, SNPs were selected for which both
the donor and recipient were homozygous
and carried a different allele (for example,
marker n in Fig. 2A). Allele frequency data
were obtained from http://hgdownload.
cse.ucsc.edu/goldenPath/hg19/database/.
(D) Histogram of the recipient allele fre-
quency for SNP markers that were used to
extract the matched error rate (n = 7 pa-
tients, all markers). Here, SNPs were selected
for which donor and recipient were homo-
zygous and carried the same allele (for ex-
ample, marker n+ 1 in Fig. 2A). (E) Probability

of a matched error as function of the recipient allele frequency (n = 42,188 measurements). a.u., arbitrary units.
Fig. 4. Time dependence of cfdDNA fraction in the absence of rejection, and three examples of
acute rejection. (A) Fraction of cfdDNA as function of time after transplant for nine rejection-free

heart transplant recipients. Solid line is a fit to a single exponential decay model, y = Ae(−t/t0) + B.
Best-fit values (least squares): A = 5.7, B = 0.075, t0 = 2.4 days. (B to D) Time course for transplant
recipients who suffered from an acute rejection episode. Solid line is fit from (A). (B) An adult recipient
with an ACR episode at month 15. (C) An adult recipient who suffered from an ACR episode (month 9)
and subsequently required a new heart transplant (month 10). (D) A pediatric heart transplant recipient
who suffered from consecutive ACR (months 4 and 12) and AMR (month 5) episodes.
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