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BACKGROUND: Cell-free DNA (cfDNA) from grafts in
the circulation of transplant recipients is a potential
biomarker of rejection. Its usefulness was investigated
after heart transplantation during the maintenance
phase by use of microarrays and massive parallel se-
quencing of donor and recipient DNA. Disadvantages
of these methods are high costs, long turnaround
times, and need for donor DNA. Therefore, we sought
to develop a rapid and cost-effective method using dig-
ital droplet PCR (ddPCR).

METHODS: Plasma samples were collected from stable
recipients after liver (LTx, n � 10), kidney (KTx, n �

9), and heart (HTx, n � 8) transplantation as well as
from 7 additional patients directly after LTx. Known
single-nucleotide polymorphisms were selected for
high minor allelic frequencies, of which 41 hydrolysis
probe assays were established. Plasma cfDNA was pre-
amplified, followed by conventional real-time PCR to
define informative (heterologous) SNPs, which were
then used for quantification (percentage) of graft-
derived cfDNA (GcfDNA) using ddPCR.

RESULTS: Mean recovery was 94% (SD, 13%) with an
imprecision of 4%–14% with the use of controls with
2% minor allele. GcfDNA in stable patients was �6.8%
(LTx), �2.5% (KTx), and �3.4% (HTx). On the day of
LTx, GcfDNA was approximately 90% and by day 10 it
was �15% in complication-free LTx recipients. In 2
patients with biopsy-proven rejection, GcfDNA in-
creased to �60%, whereas in 1 patient with cholestasis
no increase was found.

CONCLUSIONS: A novel, cost-effective, rapid technique
was developed to quantify GcfDNA in transplant recip-
ients. This technique embodies a promising, poten-
tially universal biomarker for early detection of rejec-

tion, which could enable more effective therapeutic
interventions.
© 2013 American Association for Clinical Chemistry

The detection of trace amounts of variants in genetic
material in a single sample is feasible with the use of
advanced molecular biology techniques and has several
potential clinical applications, including the identifica-
tion of transplant rejection (1 ). An increase of heart
donor DNA in the circulation of stable heart transplant
recipients from values of �1% to values up to 5% dur-
ing rejection episodes has been reported (2 ). However,
to be clinically useful the method used for the detection
of graft DNA must not only be specific and sensitive, it
must also have a rapid turnaround time and be eco-
nomically feasible to perform. Some methods de-
scribed to date are extremely time-consuming and ex-
pensive to perform (3 ), or they can be used only in
male-to-female engrafting (4 ).

Simpler methods to differentiate between DNA
from donors and recipients can involve the use of
single-nucleotide polymorphisms (SNPs).5 One possi-
bility is to interrogate both donor and recipient for
certain SNPs and use those for which both SNPs are
homozygous, but different in donor and recipient.
However, this would require DNA from the donor to
be available, which is not always possible in the clinical
setting, particularly if the transplantation was per-
formed some years before. One way to overcome this
need is to use SNPs that have been investigated for their
minor allelic frequency (MAF) and show frequencies
higher than, e.g., 0.4. Assuming Hardy–Weinberg
equilibrium, an SNP with an MAF between 0.4 and 0.5
would be found homozygous in both donor and recip-

1 Chronix Biomedical, Göttingen, Germany; Departments of 2 Clinical Chemistry,
3 General, Visceral and Pediatric Surgery, and 4 Anaesthesiology, University
Medicine, Göttingen, Germany.

* Address correspondence to this author at: Chronix Biomedical, Goetheallee 8,
37073 Göttingen, Germany. Fax �49-551-39-13968; e-mail eschuetz@mac.com.

Received May 29, 2013; accepted August 19, 2013.

Previously published online at DOI: 10.1373/clinchem.2013.210328
5 Nonstandard abbreviations: SNP, single-nucleotide polymorphisms; MAF, minor

allelic frequency; cfDNA, cell-free DNA; ddPCR, digital droplet PCR; GcfDNA, graft-
derived cfDNA; LTx, liver transplantation; KTx, kidney transplantation; HTx, heart
transplantation; AST, aspartate aminotransferase; GGT, �-glutamyltransferase.

Clinical Chemistry 59:12
1732–1741 (2013)

Molecular Diagnostics and Genetics

1732

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
lin

c
h
e
m

/a
rtic

le
/5

9
/1

2
/1

7
3
2
/5

6
2
2
1
1
2
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



ient 23% to 25% of the time for each allele. The prob-
ability of both donor and recipient having a different
allele is therefore 11.5% to 12.5%, using accepted esti-
mation models for calculation of exclusion probabili-
ties (5 ). To identify at least 3 such SNPs in white indi-
viduals, no fewer than 30 –35 different SNPs with the
mentioned characteristics should be interrogated. For
comparison, if unselected SNPs were to be used, it can
be estimated that over 3000 assays would be needed to
achieve the same discriminating power, based on the
median MAF of approximately 0.023 reported for
known human SNPs (cf., Illumina HumanOmni5M
SNP Beadchip).

Using such SNP comparisons, the amount of graft
DNA released by an organ into the circulation can be
assessed and used as a biomarker for organ integrity. In
addition, once SNPs that differ between donor and re-
cipient are identified, only SNPs with the best sensitiv-
ity (homozygous in both but different in donor and
recipient) need to be measured subsequently. The only
limitation of such a method is the amount of DNA that
is interrogated, which is mainly driven by the volume
of blood that is analyzed. It has been estimated that the
number of genome equivalents in 1 mL of blood is
about 1000 (6, 7 ). Assuming the graft DNA accounts
for 5% of cell-free DNA (cfDNA), if all molecules take
part in a PCR reaction there would be 50 such mole-
cules in 1 mL of blood. The entire analysis of several
different SNPs, therefore, requires as a first step the
random unbiased amplification of extracted cfDNA
from not less than 2 mL of blood. Although such an
amplification step can be performed by several tech-
niques, for the usually short apoptotic cfDNA (8 ) a
direct adaptor ligation is most suitable (9 ). Once the
amplification adaptors are ligated, a moderate number
of amplification cycles is added (not more than 10 –12),
and the resulting library following removal of primers
and adaptors is used as the template for the SNP inter-
rogations mentioned above. We developed a novel dig-
ital droplet PCR (ddPCR) technique enabling rapid,
cost-effective, and precise quantification of graft
cfDNA at low abundance and applied this method for
the first time to quantify graft-derived cfDNA
(GcfDNA) following solid organ transplantation.

Material and Methods

PATIENTS

Patients immediately after liver transplantation (LTx)
(n � 8 with 1 dropout, from whom no samples could
be obtained) and from outpatients during the stable
maintenance phase (�6 months) after LTx (n � 10),
heart transplantation (HTx) (n � 8), and kidney trans-
plantation (KTx) (n � 9) were included in the study.
For assay development and evaluation of assay repro-

ducibility, DNA from healthy volunteers (n � 6) was
used. Samples were drawn under an institutional re-
view board–approved protocol with informed consent,
where applicable.

SNP HYDROLYSIS ASSAYS

SNPs were selected from different compilations of
public databases (e.g., Hapmap or 1000Genomes),
considering those which show a known and validated
MAF of �43% in whites and over all reported ethnici-
ties. As a next step, SNPs in or directly adjacent to a
repetitive element were eliminated. The remaining
SNPs were then investigated for their usefulness in a
probe hydrolysis assay. This was done in silico by using
thermodynamic calculations (10 ) to optimize the
binding differences for the 2 probes that hybridize to
the 2 alleles at the desired temperature of 65 °C at stan-
dard PCR buffer conditions (e.g., 0.18 mol/L monova-
lent cations and 0.5 �mol/L DNA/Primer). Because the
slope of a double-stranded DNA probe melting curve is
mainly dependent on the enthalpy (11 ) of the probes,
the enthalpy dominates the selection for a maximized
difference of free Gibbs energy between allele binding
at a given condition. We designed 41 probe sets using
different probes for each of the 2 alleles; the fluorescent
dyes FAM and HEX were used in conjunction with
BHQ1 as quencher (MWG-Biotech). Using the condi-
tions given above and published formulas (12 ), the
median theoretical (thermodynamic) binding ratio of
the design allele to the false (second) allele of the 82
probes was 30 (range, 4.2–197). This was clearly suffi-
cient for unequivocal assignment of alleles in the drop-
lets (see the Data Supplement that accompanies
the online version of this report at http://www.
clinchem.org/content/vol59/issue12). Respective PCR
primers were designed to exhibit a melting tempera-
ture of 68 °C and a thermodynamic binding efficacy of
�95% at 60 °C. Each of the assays was first optimized
in a LightCycler480 (Roche Applied Science) by using
the ddPCR Supermix for Probes (Bio-Rad Laborato-
ries) and subsequently optimized for the ddPCR with
droplet generation (13, 14 ). Two different annealing
temperatures were established to maximize efficiency
and differentiation of alleles. Online Supplemental Ta-
ble 1 lists probes and other characteristics for each of
the finally selected SNP assays.

SAMPLE COLLECTION AND PREPARATION

For initial assay establishment and optimization,
genomic DNA and cfDNA were extracted from EDTA-
anticoagulated blood in Monovettes (Sarstedt) collected
from healthy adult volunteers. Within 1 h after collection,
plasma was separated from the cells by centrifugation
(2500g for 10 min at 4 °C, followed by a second centrifu-
gation of the plasma at 4000g for 20 min at 4 °C to remove
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any cell debris). If not used immediately, plasma and
buffy coat were frozen at �20 °C until further processing.
DNA from both the plasma (�1 mL) and the harvested
buffy coat was extracted with the High Pure viral nucleic
acid extraction kit (Roche Applied Science) following
manufacturer’s instructions.

For the group of stable patients, plasma was taken
from the leftover EDTA blood samples sampled in the
outpatient clinic for routine blood counts or immuno-
suppressive drug testing, within 5 h after blood draw.
For the sampling during the initial phase after LTx,
special tubes for collection of cfDNA were used (Cell-
Free DNATM BCT, Streck). The plasma centrifugation
and handling were performed as described above.

PREAMPLIFICATION OF cfDNA

We normally expect about 1000 –1500 genome copies
in 1 mL of blood. The recovery from 2 mL EDTA
plasma therefore, would be expected to be about 4000 –
6000 copies. If minor allele concentrations of 2% are to
be detected in a quantitative manner, the required
number of fragments for testing several SNPs can be
achieved only with a preamplification. For this pur-
pose, we used the NEBNext Ultra DNA Library Prep
Kit (New England Biolabs), because this gave the best
efficiency at amounts as low as 5 ng of DNA, which
reflects the usual amount of cfDNA, in samples col-
lected as described above. We amplified the ligated
cfDNA to 1100 ng on average (SD, 325) with a maxi-
mum of 11 PCR cycles using real-time monitoring of
library amplification in a LightCycler480 (Roche Ap-
plied Sciences). The following PCR conditions were
used: 98 °C for 30 s initial denaturation, 8 –11 cycles of
98 °C for 10 s, 65 °C for 30 s, 72 °C for 30 s, and a final
extension at 72 °C for 5min. Reactions contained 1�

EvaGreen for real-time monitoring and were stopped
immediately, when the amplifications reached their
plateau.

DIGITAL DROPLET PCR

The QX100 ddPCR system (Bio-Rad) was used and all
reactions were prepared using the ddPCR Supermix for
Probes (Bio-Rad). Each reaction contained 30 or 100
ng of the cfDNA library as template, 900 nmol/L of
each primer, and 250 nmol/L of each probe. Droplets
were generated using the QX100 droplet generator
(Bio-Rad) according to the manufacturer’s protocols.
The cycling conditions were: 95° C for 10 min, 50�

(94 ° for 30 s, 59 °/61 ° for 1 min), then 98 °C for 10
min. Droplets were read in the QX100 droplet reader
and analyzed using the Quantasoft version 1.3.2.0
(Bio-Rad) software. For the quantification of the mi-
nor allele fractional abundance, the embedded “Rare
Event Detection” calculation was used, which takes the
underlying Poisson distribution into account to calcu-

late the template molecule concentration of either al-
lele. These values are then used to express the minor
allele in percentage of the total concentration. The de-
tection and calculation process is exemplified in the
online Supplemental Material for 1 SNP assay.

STATISTICS

If not stated otherwise, all data were analyzed using
Microsoft ExcelTM. The calculation of CIs of measured
template concentration ratios of ddPCR is embedded
in the Quantasoft SW and follows published algo-
rithms (15 ). For the calculation of dispersion of the
preamplified DNA to genomic DNA and cfDNA ratios
the SD from the above-mentioned embedded function
of each value was used with respective formulas (16 ) to
assess the SD of the ratios, for which data were consid-
ered correlated.

Results

PERFORMANCE CHARACTERISTICS OF ddPCR SNP ASSAYS

We first investigated whether the limit of quantifica-
tion of the minor (graft-derived) alleles would be suf-
ficient for the medical needs. To do so, known amounts
of genomic DNAs with known genotypes per SNP were
mixed at a minor allele concentration of 2%. The in-
traassay imprecision was determined in a series of 9
repetitions in 1 run to calculate a CV. The CV profiles
for 13 of the SNP assays are shown in Fig. 1. It can be
seen that even at a 2% minor allele content a CV of
�15% (range 4%–14%) was achieved, which is com-
parable to the theoretically obtainable CV, based on the
number of droplets positive for the minor allele (151;
SD, 54). The reported CVs were sufficient for the pur-
pose of GcfDNA detection, considering published val-
ues (2 ). The recovery of the spiked 2% minor allele was
on average 1.87% (94% of spiked value) over the 13
SNP assays, with an SD of 0.24% (13%).

To assess any potential bias introduced by pream-
plification (17 ) of the cfDNA, blood samples were
taken from 5 healthy volunteers. The cfDNA extracted
from approximately 12 mL plasma was split and one-
half was subjected to the preamplification procedure.
With the use of assays for which the respective donors had
a heterozygous genotype, the preamplified material (100
ng) was subjected to ddPCR and compared to the respec-
tive native cfDNA (10 ng) and genomic DNA (10 ng). The
fractional abundance of the 2 alleles was not found to be
significantly different in the preamplified material (Fig. 2)
compared with the respective genomic DNA (102% �

4%) or cfDNA (98% � 5%). Due to the small difference
of only 1 nucleotide between the 2 amplicons per SNP
assay, no substantial differences between the fractional
abundances occur when moderate numbers of amplifica-
tion cycles are used.

1734 Clinical Chemistry 59:12 (2013)
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Fig. 3 depicts an overview of the procedure em-
ployed to determine the graft cfDNA content in the
recipients’ circulation. To select those SNPs that gave
the highest theoretical sensitivity for each recipient, 1
sample was tested for all SNPs in a single (relatively
inexpensive) LightCycler480 run using genomic DNA
prepared from buffy coat. SNPs heterozygous in the re-
cipient were eliminated from the consecutive ddPCRs. If
multiple samples from 1 patient were to be tested, only
1 sample needs to be used for this preselection proce-
dure, which can be done in 1 working day. This ap-
proach yielded a mean of 17 (SD, 4) useful informative
SNP assays for each of the transplant recipients (n �

33) reported here. The consecutive testing using only
the selected SNP assays in the ddPCR for a patient takes
about 6 h from receiving the blood sample to the gen-
eration of the final result.

GRAFT cfDNA IN CLINICAL SAMPLES

The ddPCRs of the clinical samples were run using 30
ng (LTx samples) or 100 ng (HTx and KTx samples) of
the cfDNA library per well, which conforms to about
0.5 and 1.5 copies per droplet, respectively. Fig. 4 shows
the results for stable liver, kidney and heart transplant

recipients without any signs of rejection. A total num-
ber of only 16 different ddPCR SNP assays was used for
these samples to achieve the indicated number of infor-
mative assays (given below the abscissa for each pa-
tient) to determine the GcfDNA percentage. The per-
centage of graft DNA in the circulation of liver
recipients was lower than 10% in all stable LTx pa-
tients. The average amount of GcfDNA was 3.5%
(range, 1.0%– 8.5%) in the LTx group. The mean KTx
and HTx GcfDNA contents were lower; 1.2% (0.2%–
3.5%) and 0.9% (0.1%–3.4%), respectively.

Very high amounts of graft-derived cfDNA were
found in samples collected immediately after reperfusion
of the graft in 3 LTx patients analyzed to date (Fig. 5A).
During the immediate postengraftment phase, approxi-
mately 90% of the cfDNA originated from the graft and
decreased with an approximate half-life of 24–48 h.
Seven patients were followed early after LTx (see on-
line Supplemental Table 2). In 4 patients who had no
severe reported complications or rejection episodes
(Fig. 5B), the percentage of GcfDNA was usually
�15% from day 10 onward. A total of 12 ddPCR
assays were performed for patient LTx1, 16 for LTx3,
7 for LTx4, 18 for LTx6, 5 for LTx7, and 8 for LTx8.

Fig. 1. Bar graph showing CV (%) for 13 assays with 2% minor allele concentration.

For each assay the CVs for 2% of allele A and 2% of allele B are shown (black bars). The intraassay imprecision was obtained

in 9 repetitions within the same QX100 run using 100 ng total input DNA. Grey bars show the theoretical CVs as calculated

from the number of droplets positive for the minor allele.
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In Fig. 5 the mean of the informative SNPs for each
time point is given.

Results differed in 1 patient (LTx2), who had a
rejection episode (proven by biopsy at day 43 after
LTx). Five informative ddPCR assays were averaged to
obtain the GcfDNA percentage. Fig. 6A displays the
time course of the conventionally used liver rejection
marker aspartate aminotransferase (AST), together
with the percentage of GcfDNA in this patient. After an
initial fall of graft cfDNA to a value of approximately
15% on day 7, values gradually increased and showed a
marked steady increase up to 60% between day 31 and
38. During this period AST values were variable. With
the exception of 1 temporary decrease that occurred
after steroid therapy, the GcfDNA content remained
high, peaking on day 58 at �60%. In another patient
(LTx3, Fig. 6B) an acute rejection episode was diag-
nosed by biopsy on day 144 after LTx. This rejection

coincided with increased graft cfDNA to 19% on day
145 after LTx and further to 55% on day 151. In con-
trast, 1 patient (LTx1) suffering from an acute choles-
tasis episode starting at postoperative day 50 showed
no increase of graft cfDNA (Fig. 6C). A steady increase
in AST, �-glutamyltransferase (GGT), and bilirubin
from day 50 onward peaked around day 160. The cause
of the cholestasis was attributable to papillary occlu-
sion and was treated by endoscopic retrograde cholan-
giopancreatography. During this entire episode, in
contrast to the rejection cases, the GcfDNA remained
below 10%.

Discussion

In the search for sensitive, specific biomarkers of solid
organ graft rejection, the detection of donor (graft)
DNA in the recipient’s circulation seems promising.

Fig. 2. Results from preamplified cfDNA libraries and direct detection, displayed as ratio of the result in pream-

plified samples to either genomic DNA or direct cfDNA measurement from the same blood draw.

It can be seen that the preamplification did not introduce a bias into the SNP detection method. Ratios of the copy number ratios

with SDs are given.

1736 Clinical Chemistry 59:12 (2013)
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We have established a combination of assays that allow
for the quantification of this potential biomarker at
reasonable costs and within 1 working day, which are
necessary conditions for the routine clinical use of this
biomarker. The availability of devices that are capable
of doing automated digital PCR is required for the use
of such diagnostic tools in clinical laboratories.

There are 2 major factors limiting long-term out-
come in transplantation, namely, irreversible chronic
rejection and side effects of standard immunosuppres-
sion, such as nephrotoxicity, cardiovascular disease,
opportunistic infection, and malignancy. More than
50% of transplanted kidneys from deceased donors fail
within 10 years. Conventional KTx tests (e.g., creati-
nine) are often increased only after substantial tissue
damage has already occurred. Such delays in detection
can lead to late interventions, with graft damage that
can result in chronic rejection. Therefore, better (e.g.,
molecular) biomarkers are needed (18 ). Against this

background, numerous attempts have been made to
develop biomarkers that complement therapeutic drug
monitoring to achieve personalized immunosuppres-
sion. The main problem with therapeutic drug moni-
toring alone is that it does not precisely reflect the ef-
fects of immunosuppressive drugs on immune cells.
Reasons for this include the high between-person
variability in sensitivity to immediate and long-term
suppression of immune function and the lack of corre-
lation between plasma and intralymphocyte immuno-
suppressive drug concentrations. Thus, despite careful
monitoring, both over- and underimmunosuppres-
sion are still common. An exciting new approach for
noninvasive early detection of organ rejection is based
on the determination of circulating GcfDNA in the re-
cipient. Previous investigations in HTx recipients re-
ported that the percentage of GcfDNA increased sub-
stantially during long-term treatment at least 3 months
before biopsy-proven rejection (2 ). These data suggest

Fig. 3. Scheme of the workflow used to select informative assays and measure GcfDNA.

The first screening step is performed in a real-time PCR using the recipient’s genomic DNA (gDNA) as template. In this step all

SNP assays for which the recipient has a heterozygous genotype are eliminated, because they cannot be used in the

quantification ddPCR. In the next assay selection step, in which preamplified cfDNA is used as the template, the final informative

assay set for the individual patient is defined. This step is performed as ddPCR. An informative assay detects an SNP that is

homozygous in the recipient and either heterozygous or homozygous in the graft but heterologous between recipient and graft.

The latter are the preferred SNP assays for a patient (of which 5 should be found on average), because the relative amount of

the GcfDNA will be double compared to the first constellation. The percentages and numbers of assays given for each selection

step are calculated for a minor allele frequency of 0.5 and can vary between individual patients.
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that it may be possible to use such an assay for early
detection of subclinical rejection, which could allow an
individual adjustment of immunosuppressive therapy.
Conventional tests used in heart transplantation (e.g.,
echocardiography and cardiac biopsies) are either non-
specific and insufficiently sensitive or invasive, respec-
tively. There are no reliable laboratory biomarkers of
HTx rejection. Biomarkers used in KTx may not in-
crease until as much as 50% of organ function has al-
ready been lost (18 ). After LTx, several nonrejection
etiologies can increase the values of the commonly used
liver function tests used as rejection biomarkers. This
new cfDNA approach may be helpful to minimize or
even prevent rejection in many if not the majority of
organ transplants.

Monitoring GcfDNA has the advantage that it di-
rectly interrogates the health of the graft organ and,
therefore, could allow for the early detection of cellular
or antibody-mediated rejection. Although controlled
clinical trials will be needed, it is possible that this
methodology could enable effective early intervention
to prevent full-blown acute rejection. In our study, we
identified 1 LTx case with a complicated course leading
to organ rejection 5 weeks after transplantation. A fail-
ure of GcfDNA to fall below 15% by 10 days after sur-

gery as well as a very significant rise in the GcfDNA may
have been the earliest indicators of rejection. Whether
recurrence of hepatitis will also lead to substantial in-
creases of GcfDNA needs to be investigated in larger
numbers of patients. Nevertheless even a profound but
transient cholestasis did not result in changes in
GcfDNA, suggesting the test provides good discrimina-
tion between cholestasis and rejection in the initial dif-
ferential diagnosis.

Overall, the GcfDNA values observed here as well
as those reported using other, more complicated meth-
ods (2, 4 ) were all well above the method’s limit of
quantification, and critical changes were above the sen-
sitivity of the ddPCR method used. The relatively
higher GcfDNA amounts in stable LTx compared with
KTx and HTx that we report here may reflect the larger
graft volume and higher regeneration rate usually seen
for hepatocytes compared with heart and kidney cells.
Although controlled clinical trials are needed, it ap-
pears that this method of quantifying GcfDNA in the
recipient’s circulation has the potential to complement
or possibly even replace other approaches used for
posttransplant monitoring. The new test may also be
useful to monitor immunosuppression minimization,
because it might allow the early identification of pa-

Fig. 4. GcfDNA measured in the circulation of 9 stable KTx, 8 stable HTx, and 10 stable LTx patients (mean and SD

are given).

The number of ddPCR SNP assays used for each patient is given below the abscissa.
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tients in whom dosage decreases result in acute rejec-
tion. A further interesting possible use is the evaluation
of the reperfusion phase after transplantation. We ob-
served high GcfDNA concentrations up to approxi-

mately 95% in the first few days after surgery. Studies
are being done to examine whether these early mea-
surements of GcfDNA, when combined with the dy-
namics of the decline of these concentrations, reflect

Fig. 5. (A), The variance in the pattern of decrease of GcfDNA seen in 3 LTx patients during the first days after

transplantation.

In 1 case there was a rapid decrease, in another there was an initial persistence at higher values, followed by a slightly delayed

sharp decrease, whereas the third patient (LTx8) showed a steady, but slow, decrease of GcfDNA. (B), Examples of 4 patients

with uncomplicated courses, having GcfDNA ratios usually below 15% after the first week after LTx. The 1 higher single point

in patient LTx3 was accompanied by a transient, parallel increase of AST (not depicted).
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the severity of ischemia/reperfusion damage. At pres-
ent there is no definitive measure for the amount of
ischemia/reperfusion damage, which is thought to be
linked to ultimate long-term graft outcomes.

A novel cost-effective test based on automated
ddPCR with adequate same-day turnaround has been
developed and used for the first time. Clinical trials
need to be done to examine whether this test can be
used to improve the chances of long-term graft and
recipient survival. Measurement of the GcfDNA in
transplant recipients may also provide a helpful tool to
achieve personalized immunosuppression and help
shift the focus of transplant rejection monitoring from
postrejection reaction to earlier intervention and pre-
vention. Effective, noninvasive methods for direct in-
terrogation of transplanted organs may allow safer,
more effective therapeutic use of immunosuppressive
drugs and thereby reduce the morbidity, mortality, and
healthcare costs associated with organ transplantation.
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