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SUMMARY

A systematic review and meta-analysis were performed to investigate the
value of donor-derived cell-free DNA (dd-cfDNA) as a noninvasive bio-
marker in diagnosing kidney allograft rejection. We searched PubMed,
Web of Science and the Cochrane Library for original research papers pub-
lished between January 1994 and May 2020 on dd-cfDNA fractions in
blood of kidney allograft recipients. A single-group meta-analysis was per-
formed by computing pooled estimates for dd-cfDNA fractions using the
weighted median of medians or quantile estimation (QE) approach.
Weighted median differences in medians (WMDMs) and median differ-
ences based on the QE method were used for pairwise comparisons.
Despite heterogeneity among the selected studies, the meta-analysis
revealed significantly higher median dd-cfDNA fractions in patients with
antibody-mediated rejection (ABMR) than patients without rejection or
patients with stable graft function. When comparing patients with T cell-
mediated rejection (TCMR) and patients with ABMR, our two statistical
approaches revealed conflicting results. Patients with TCMR did not have
different median dd-cfDNA fractions than patients without rejection or
patients with stable graft function. dd-cfDNA may be a useful marker for
ABMR, but probably not for TCMR.

Transplant International 2020; 33: 1626–1642

Key words
donor-derived cell-free DNA, kidney transplantation, meta-analysis, rejection

Received: 16 April 2020; Revision requested: 11 May 2020; Accepted: 17 September 2020;

Published online: 14 October 2020

ª 2020 Steunstichting ESOT. Published by John Wiley & Sons Ltd

doi:10.1111/tri.13753

1626

Transplant International

https://orcid.org/0000-0001-9130-3207
https://orcid.org/0000-0001-9130-3207
https://orcid.org/0000-0001-9130-3207


2632;

e-mail:

kristien.ledeganck@uantwerpen.be

Introduction

Kidney transplantation is the treatment of choice for

patients with end-stage kidney disease. However, the

allo-immune response induced by transplantation

remains a major obstacle to graft success [1]. Fifteen

per cent of transplant recipients develop acute kidney

allograft rejection, which includes T cell-mediated rejec-

tion (TCMR), antibody-mediated rejection (ABMR)

and mixed ABMR/TCMR [2]. TCMR has a relatively

good prognosis if treated appropriately [3,4]. In con-

trast, ABMR has emerged as the major cause of late kid-

ney allograft loss and as a challenging target to reduce

transplant failure [3,5].

Early detection and accurate diagnosis of kidney allo-

graft rejection, with an appropriate therapeutic strategy,

is important for long-term survival of kidney trans-

plants [6,7]. The current gold standard for diagnosing

allograft rejection is a kidney allograft biopsy. However,

kidney biopsies are expensive and invasive, limiting

their repeatability and their interpretation is observer-

dependent and sometimes difficult [6–10]. In addition,

significant graft damage can already be present at the

time of biopsy [7,11]. Serum creatinine is commonly

used as a surrogate marker, but it is not specific and

significant graft damage has often already occurred by

the time an increase in serum creatinine is detected [6–
9]. As such, there is an urgent need for novel biomark-

ers that outperform serum creatinine.

Many studies have been performed over the last few

years to improve early, minimally invasive diagnosis of

rejection in order to allow early therapeutic intervention

[11]. One of the suggested biomarkers in these studies

is donor-derived cell-free DNA (dd-cfDNA), which is

expressed as a fraction of the total cell-free DNA

[6,7,10,12–14]. Cell-free DNA consists of fragmented,

degraded DNA that circulates in body fluids, such as

plasma and urine [10,12,13]. The dd-cfDNA is released

into the recipient’s circulation as a result of allograft

damage, probably via graft-cell apoptosis and necrosis

[10,12]. The value of plasma dd-cfDNA as a noninva-

sive biomarker for kidney allograft rejection has been

investigated in several studies focusing on ABMR,

TCMR or both. As the results of these studies are

conflicting, we conducted a systematic review and meta-

analysis to further define the value of dd-cfDNA as a

diagnostic biomarker for different types of kidney allo-

graft rejection and more specifically ABMR.

Materials and methods

The systematic review and meta-analysis were reported

according to the ‘Meta-analysis Of Observational Stud-

ies in Epidemiology’ (MOOSE) guidelines [15]. The

clinical question was established according to the PECO

(Population, Exposure, Comparator, Outcome) process:

plasma dd-cfDNA (O) as a diagnostic marker for

ABMR (E) versus TCMR, stable kidney function, or no

rejection (C) in kidney transplant patients (P) [16].

This resulted in the following clinical question: What is

the value of dd-cfDNA as a diagnostic marker for dif-

ferent types of kidney allograft rejection and more

specifically ABMR?

Eligibility criteria

Studies were included if they described the level of

cell-free DNA in the blood of kidney transplant

patients, if the studies were written in English and

published between 1 January 1994 and 18 May 2020.

Studies focusing on urinary cell-free DNA were

excluded. Cohort studies, case–control studies and

cross-sectional studies were considered eligible. Meta-

analyses, systematic reviews, case reports, editorials,

brief reports, communications, conference/meeting

abstracts and animal research studies were excluded.

There was no restriction on the age of the participants

in the included studies, nor on the number of kidney

(re-)transplantations of the participants. However,

studies including multi-organ recipients (e.g. kidney–
pancreas recipients) were excluded. These criteria were

predefined.

Search strategy

A systematic literature search in PubMed, the Web of

Science and the Cochrane library was conducted with

the following Mesh terms: ‘cell free DNA AND kidney
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transplantation’ and ‘cell free DNA AND kidney allo-

graft’. This search was performed separately by two

authors (KL/VW). The last search date was 18 May

2020.

Study selection

Studies were screened independently by two authors

(KL/VW) in a two-step procedure. First, duplicates were

removed and the studies screened by title and abstract.

Subsequently, the full text of the remaining studies was

reviewed.

Risk of bias in individual studies

The Methodological Index for Non-Randomized Studies

(MINORS) was used to assess the methodological qual-

ity of the included studies [17]. Two authors (KL/VW)

independently assessed the potential risk of bias of the

selected studies based on this score. Consensus was

reached by the two reviewers when they did not share

the same opinion.

Data extraction

For every study that met the inclusion criteria, the fol-

lowing data were extracted: study design, sample charac-

teristics (i.e. number of samples, type of blood

collection tube, time between blood collection and cen-

trifugation, dd-cfDNA quantification technique) and

dd-cfDNA fractions expressed as median and interquar-

tile range (IQR), whenever directly available, in various

settings. If the latter summary statistics were unavail-

able, these measures were derived based on available

information. Data were extracted by one author (VW)

and verified by a second (KL).

Definitions of study groups

Single- and two-sample aggregate data meta-analyses

were performed among the following patient groups:

ABMR (patients with pure ABMR and/or mixed

ABMR/TCMR), TCMR (patients with pure TCMR),

stable patients (patients with stable graft function) and

‘no rejection’ (patients undergoing a kidney biopsy for

clinical indications without histological signs of rejec-

tion). The stable patient group was defined slightly dif-

ferently in the five studies: stable serum creatinine + no

active rejection on protocol biopsy + no dd-cfDNA

fluctuations [12]; samples collected during at least three

consecutive visits, at which the patient had none of the

described exclusion criteria (e.g. clinical suspicion of

rejection, BKV infection, other active infection, unstable

kidney function) [9]; no proteinuria within the preced-

ing year or from discharge from the hospital + eGFR

>40 ml/min/1.73 m2 fluctuating within �20% of the

mean eGFR within the preceding year or from discharge

from the hospital + HLA antibody negative or DSA

positive but with normal histology on kidney biopsy

[18]; well-functioning allografts and no clinical suspi-

cion of rejection spanning ≥3 serial visits, defined by

stable and acceptable serum creatinine values, no signifi-

cant proteinuria and clinical stability [19]; or complete

absence of injury on protocol biopsy [7].

Data analysis and statistical methods

For each study, information was extracted regarding dd-

cfDNA fractions (median and IQR) for the aforemen-

tioned patient groups. More specifically, five out of nine

studies had the median and IQR for all groups readily

available in the manuscript [9,10,18–20]. For two stud-

ies, additional median and IQR values were extracted

based on available boxplots using WEBPLOTDIGITIZER v4.2

[6,7]. For the two remaining studies published by our

own group, raw data were used to calculate medians

and IQRs [8,12].

Since the papers by Bromberg et al. and Bloom et al.

[6,19] were substudies from one large cohort study,

both papers were considered as one study. Bromberg

et al. selected the stable kidney transplant recipients,

whereas Bloom et al. described the patients with abnor-

malities at indication biopsy (e.g. types of rejection or

injury other than rejection like pyelonephritis) [6,19].

The same counts for both papers by Gielis et al.: in the

paper of 2018, stable kidney transplant recipients were

reported and in the paper of 2019 patient groups with

different types of rejection and patients with other

injury than rejection (e.g. pyelonephritis and BK viral

infection) were described [8,12].

Subsequently, a median-based approach [WMDM]

and a quantile estimation [QE] method were used to

perform a meta-analysis. All statistical analyses were

performed using the statistical software R version 3.6.0

[21].

Results

Study selection

The database search yielded a total of 412 hits in Web

of Science (n = 220), Cochrane Library (n = 24) and
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PubMed (n = 168). After removing duplicates, 249

records remained. After screening the title and abstract

for the exclusion criteria, 43 studies were eligible for

full-text review. The full-text studies were then screened,

excluding 29 additional studies of which 17 were

reviews without original data (Fig. 1).

The 14 remaining studies were included in this sys-

tematic review, nine of which were included in the

meta-analysis. The full study selection process is shown

in Fig. 1.

Study characteristics

The characteristics of the studies included in this sys-

tematic review are provided in Table 1. All studies

were observational studies published during the last

decade, including eight prospective cohort studies

[6,8,9,12,19,22–24], one retrospective cross-sectional

study [7], four prospective cross-sectional studies

[10,13,18,25] and one study in which the data collec-

tion method was not described because of privacy or

ethical restrictions, resulting in an unknown study

design [20]. Nine studies used Cell-Free DNA Blood

Collection Tubes (BCT�) [6,8,10,12,13,19,22–24], two

studies used EDTA tubes [9,25], and the three

remaining studies did not specify the method of

blood collection [7,18,20]. Single nucleotide polymor-

phism (SNP) based quantification techniques were

used in most studies, either sequencing technology

[6–8,12,13,18–20,22–24] or digital droplet PCR [9,10].

One study applied the quantitative real-time PCR

targeting insertion/deletion polymorphism (INDEL)

technique [25].

In six studies, the fraction of dd-cfDNA was esti-

mated separately in patient groups with ABMR together

with mixed ABMR/TCMR or only mixed ABMR/

TCMR, which were combined into a single ‘component

ABMR’ group for further meta-analysis [6–8,10,18,20].
Four of these six studies also estimated dd-cfDNA levels

in patients with isolated TCMR and in patients without

rejection [6–8,20]. The latter four studies contained 58

samples from patients with a component of ABMR, 35

samples from patients with isolated TCMR and 225

samples from patients without kidney allograft rejection

[6–8,20].

Risk of bias within studies

The MINORS score revealed a quality score of 86% (12

out of 14), which is ‘high’ or ‘moderate’, as shown in

Table 2 and Table S1.

Synthesis of results

An overview of the full data extraction for the meta-

analysis is given in Table 3.

One-sample meta-analysis

For each of the previously defined groups, (i) stable

patients; (ii) patients without rejection at indication

biopsy; (iii) patients with pure TCMR; (iv) patients

with a component ABMR), pooled median estimates

were calculated according to the WMM and QE

approaches (Fig. 2). Five studies determined the fraction

of dd-cfDNA in stable patients (n = 1149 samples),

resulting in median [95% CI] fractions of 0.29% [0.21,

0.45] for the WMM method and 0.36% [0.22, 0.51] for

the QE method [7,9,12,18,19]. In the ABMR group

(n = 89 samples), a nearly 10-fold higher median value

(WMM: 2.50% [1.40, 2.90]; QE: 2.15% [1.48, 2.82])

was found when combining the results from six separate

studies [6–8,10,18,20]. Four of these six studies also

described dd-cfDNA fractions in TCMR patients

(n = 35 samples) and patients without rejection

(n = 225 samples), resulting in a WMM of 0.27% [0.26,

2.69] in TCMR patients and 0.57% [0.30, 0.67] in

patients without rejection [6–8,20]. Alternatively, the

QE method resulted in median estimates of 0.38%

[0.06, 0.70] in TCMR patients and 0.46% [0.29, 0.62]

in patients without rejection.

Two-sample meta-analysis

Subsequently, the difference in medians was considered

an effect measure in this meta-analysis (Fig. 3). Median

dd-cfDNA fractions were significantly higher in patients

with ABMR than patients without rejection [n = 283

samples; WMDM: 1.89% (1.02, 2.60); QE: 1.64% (0.50,

2.77); Fig. 3a]. Compared with stable patients, patients

with ABMR showed also significantly higher median

dd-cfDNA fractions [n = 793 samples; WMDM: 2.30%

(1.80, 2.69); QE: 2.06% (1.32, 2.80); Fig. 3b]. When

comparing patients with TCMR and patients with

ABMR, the QE method showed higher median dd-

cfDNA fractions in patients with ABMR [n = 93 sam-

ples; QE: 1.49% (0.36, 2.63)], though no significant dif-

ference was found between these groups based on the

WMDM approach [n = 93 samples; WMDM: 1.13%

(�0.13, 2.64); Fig. 3c]. Patients with TCMR did not

have different median dd-cfDNA fractions compared to

patients without rejection [n = 260 samples; WMDM:

�0.04% (�0.15, 2.02); QE: �0.03% (�0.37, 0.31);
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Literature search: cell free DNA AND kidney transplanta�on
& cell free DNA AND kidney allogra� 

n = 412 
Web of Science (n = 220), Cochrane Library (n = 24), 

PubMed (n = 168) 

Records a�er removal of duplicates 
n = 249 

Full-text review and 
selec�on based on the 

complete set of exclusion 
criteria 

Exclusion based on the full text,  
n = 29 
- Case report (n = 2) 
- Brief report (n = 4) 
- Editorial (n = 4) 
- Review (n = 17) 
- Insufficient data (n = 2)

Studies included in this 
review 
n = 14

Studies included in 
quan�ta�ve synthesis 

(meta-analysis) 
n = 9 

Duplicates removed
n = 163 

Remaining a�er the first screening  
n = 43 

Evalua�on of the abstract and �tle for
relevance and filtering for a limited set of 

exclusion criteria 

Exclusion based on the �tle 
and abstract, n = 206 
- Publica�on before 1994 

(n = 10) 
- Conference/mee�ng 

abstracts (n = 40) 
- Non-kidney 

transplanta�on (n = 15) 
- Off topic (n = 137) 
- Communica�on (n = 3) 
- Urinary cell-free DNA  

(n = 1) 

Exclusion based on the full text, n = 5 
- Same study popula�on (n = 1) 
- Kidney biopsies were performed 

< postopera�ve day 10 (n = 2) 
- MINORS score < 50% (n = 1)  
- Inappropriate pa�ent groups  

(n = 1) 

Figure 1 Flow diagram of study selection.
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Fig. 3d], nor compared with stable patients [n = 754

samples; WMDM: 0.05% (�0.03, 2.43); QE: 0.52%

(�0.68, 1.72); Fig. 3e). When comparing patients with-

out rejection with stable patients, patients without rejec-

tion showed significantly higher dd-cfDNA fractions

[n = 925 samples; WMDM: 0.12% (0.09, 0.41); QE:

0.12% (0.04, 0.19); Fig. 3f]. A schematic overview of

these results is depicted in Table 4.

The QE method enabled us to study between-study

variation in differences in medians. The I2 statistic was

40.1% (ABMR versus no rejection), 31.5% (ABMR ver-

sus TCMR) and 0% (TCMR versus no rejection; ABMR

versus stable; No rejection versus stable), indicating

moderate to low variation in the study results. When

comparing the median dd-cfDNA fractions in patients

with TCMR versus stable patients, the I2 statistic was

84.2%, indicating a considerable heterogeneity. How-

ever, the chi-squared test for heterogeneity was

borderline significant (P = 0.0492). A funnel plot was

not constructed, since less than 11 studies were available

for meta-analysis.

Sensitivity analysis

An analysis was performed with regard to the inclusion

of results obtained by Gielis et al. [8], who found the

largest variation in dd-cfDNA fractions in ABMR

patients. In general, the impact of their study on the

results of the meta-analysis appeared to be small, with

comparable WMDM and pooled difference in medians

based on the QE method in all comparative analyses

(ABMR versus no rejection, ABMR versus stable, ABMR

versus TCMR, TCMR versus no rejection;

Appendix S1a–d).
The impact of including Sigdel et al.’s [7] results was

also investigated, as it is the only retrospective study in

Figure 2 Pooled median estimates according to the weighted median of medians (WMM) and quantile estimation (QE) approach. Box sizes in

the forest plots are proportional to the interquartile range (IQR) as a measure of study-specific variability in dd-cfDNA levels. Limits of the dis-

played intervals are defined as quartiles for the individual studies and as 95% confidence intervals (CIs) for the pooled results. Five studies cal-

culated the fraction of dd-cfDNA in stable patients (n = 1149 samples), resulting in a median [95% CI] of 0.29% [0.21, 0.45] for the WMM

method and 0.36% [0.22, 0.51] for the QE method (a). In the antibody-mediated rejection (ABMR) group (n = 89 samples), a remarkably

higher median (WMM: 2.50% [1.40, 2.90]; QE: 2.15% [1.48, 2.82]) was found when combining the results from six separate studies (b). The

dd-cfDNA fractions in T cell-mediated rejection (TCMR) patients (n = 35 samples) and patients without rejection (n = 225 samples) had a

WMM of 0.27% [0.26, 2.69] and 0.57% [0.30, 0.67], respectively. Alternatively, the QE method resulted in an estimated median of 0.38%

[0.06, 0.70] in TCMR patients and 0.46% [0.29, 0.62] in patients without rejection (c,d). LL, lower limit; N, number; Q1, first quartile; Q3, third

quartile; UL, upper limit.
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this meta-analysis. Blood samples were analysed retro-

spectively after an undefined time period between sam-

pling and analysis, which may compromise the validity

of the study findings. Overall, exclusion of Sigdel et al.

led to higher WMDMs. The difference between ABMR

and TCMR became significant after excluding this

study, with a WMDM of 2.12% [1.13, 2.64] and a

pooled difference in medians of 1.71% [0.37, 3.06]

using the QE method, compared with a WMDM of

1.13% [�0.13, 2.64] and pooled estimate of 1.49%

[0.36, 2.63] when including the study (Appendix S2 and

Fig. 3). Concerning ABMR versus no rejection, compa-

rable results were obtained after excluding the afore-

mentioned paper, with a WMDM of 1.97% [1.02, 2.60]

and a pooled difference in medians of 1.65% [0.25,

3.06], compared with 1.89% [1.02, 2.60] and 1.64%

[0.50, 2.77], respectively, if the paper was included

(Appendix S2 and Fig. 3). When comparing ABMR and

stable kidney function, exclusion of Sigdel et al. also led

to higher WMDMs, but identical pooled differences in

medians [WMDM of 2.69% (1.80, 2.69) vs. 2.30%

(1.80, 2.69); QE of 2.04% (1.27, 2.81) vs. 2.06% (1.32,

2.80); Appendix S2 and Fig. 3]. A sensitivity analysis of

TCMR or no rejection versus stable kidney transplant

patients was not possible, as only three studies (Sigdel

et al. included) reported dd-cfDNA fractions in both

stable kidney transplant patients and TCMR patients or

patients without rejection [6–8,12,19]. Interestingly, the

Figure 3 Results of the weighted median difference in medians (WMDM) and the quantile estimation (QE) method. Lower and upper values

for the individual studies were calculated from IQR values obtained from group-specific values. Q3 in the second group was subtracted from

Q1 in the first group to obtain a lower limit and Q1 in the second group from Q3 in the first group to obtain an upper limit. Median dd-cfDNA

fractions appeared to be significantly higher in patients with antibody-mediated rejection (ABMR) compared to median fractions in patients

without rejection (a) or stable patients (b). When comparing patients with T cell-mediated rejection (TCMR) and patients with ABMR, our two

statistical approaches revealed conflicting results (c). Patients with TCMR did not have different median dd-cfDNA fractions than patients with-

out rejection (d) or stable patients (e). Patients without rejection showed significantly higher dd-cfDNA fractions than stable patients (f). CI,

confidence interval; IQR, interquartile range; LL, lower limit; N, number; Q1, first quartile; Q3, third quartile; UL, upper limit.
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results of Sigdel et al. were different from the two other

studies when comparing TCMR and stable kidney trans-

plant patients: Sigdel et al. reported higher dd-cfDNA

fractions in TCMR patients, whereas no significant dif-

ference was reported in the other two studies [6–
8,12,19].

Discussion

In this systematic review and meta-analysis, the poten-

tial of dd-cfDNA as a noninvasive biomarker to distin-

guish between different types of kidney allograft

rejection was explored. Higher dd-cfDNA fractions were

found in kidney transplant patients with ABMR than

patients without rejection or stable patients, but results

were inconclusive when comparing ABMR and TCMR.

Patients with TCMR did not have different dd-cfDNA

fractions than patients without rejection or stable

patients. To the best of our knowledge, this is the first

systematic review and meta-analysis on dd-cfDNA in

kidney allograft recipients.

Fourteen studies met the inclusion criteria, nine of

which were included in the meta-analysis. All included

studies were published over the last 3 years, underlining

the emerging global interest in dd-cfDNA as a tool to

monitor kidney allograft integrity. These studies

reported conflicting results because of heterogeneity in

study design, inclusion criteria and outcome measures.

However, a meta-analysis using two different statistical

approaches revealed significantly higher fractions of dd-

cfDNA in patients with ABMR than patients without

histological rejection or stable patients, underlining the

potential of dd-cfDNA as a specific marker for ABMR.

These results are in line with previous studies. As

described by Knight et al. [26], dd-cfDNA has the great-

est discriminatory power in solid organ transplants with

high grades of TCMR or ABMR. In cardiac transplant

patients, higher median dd-cfDNA fractions were pre-

sent during ABMR (5.8%) versus TCMR (0.39%) [27].

Similar findings were reported in lung transplant

patients, as dd-cfDNA fractions were 5-times higher

during ABMR than TCMR (5.4% vs. 1.1%), and even

20 times higher during ABMR than nonrejection time

points [28,29]. To date, the underlying mechanisms

explaining the difference in dd-cfDNA fractions between

ABMR and TCMR have not been clarified. However,

one may speculate that this difference could be because

of differences in pathogenesis, with ABMR involving an

interaction between the antibody and the allograft vas-

cular endothelium, and TCMR having less vascular

involvement. This may lead to a greater release in dd-

cfDNA from damaged cells/tissues into the circulation

when the lesions involve the kidney graft vasculature

rather than the tubuli. Another reason for the difference

may be a longer timeframe between the onset of dam-

age and diagnosis in the case of ABMR [29].

Accurate biomarkers for the early detection of kidney

allograft injury have not yet entered the clinical arena.

Three of the nine studies included in this meta-analysis

performed a ROC analysis to compare dd-cfDNA frac-

tions and serum creatinine in the diagnosis of kidney

allograft rejection [6,8,10]. Gielis et al. [8] evaluated the

Table 4. Overview of pairwise comparisons of median dd-cfDNA fractions (%) among different patient groups.

TCMR No rejection Stable

ABMR n = 93 samples
WMDM 1.13% [�0.13 to 2.64]
QE 1.49% [0.36–2.63]

n = 283 samples
WMDM 1.89% [1.02–2.60]
QE 1.64% [0.50–2.77]

n = 793 samples
WMDM 2.30% [1.80–2.69]
QE 2.06% [1.32–2.80]

TCMR n = 260 samples
WMDM � 0.04% [�0.15 to 2.02]
QE � 0.03% [�0.37 to 0.31]

n = 754 samples
WMDM: 0.05% [�0.03 to 2.43]
QE: 0.52% [�0.68 to 1.72]

No rejection n = 925 samples
WMDM: 0.12% [0.09–0.41]
QE: 0.12% [0.04–0.19]

Weighted median differences in medians (WMDMs) were calculated for pairwise comparisons of the median donor-derived
cell-free DNA (dd-cfDNA) fractions among different patient groups. Results from the two statistical approaches [median-based
approach (WMDM) and the quantile estimation (QE) method; % in favour of the first column] are reported with 95% confi-
dence intervals in squared brackets. Significantly higher dd-cfDNA fractions were found in kidney transplant patients with anti-
body-mediated rejection (ABMR) compared to patients without rejection or stable patients, but results were inconclusive when
comparing ABMR with T cell-mediated rejection (TCMR). Patients with TCMR did not have different dd-cfDNA fractions than
stable patients or those without rejection. When comparing patients without rejection with stable patients, patients without
rejection showed significantly higher dd-cfDNA fractions.
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performance of plasma dd-cfDNA fractions compared

with serum creatinine in distinguishing acute rejection

from a combined group of patients with normal indica-

tion/protocol biopsy, borderline untreated rejection and

acute tubular necrosis. They found equal diagnostic per-

formance with similar areas under the curve (AUCs) of

~0.64. Bloom et al. [6] reported an AUC of 0.54 for

serum creatinine and 0.74 for dd-cfDNA fractions, sug-

gesting better discrimination of active rejection by mea-

suring dd-cfDNA fractions. Notably, the study design

differed between these two studies; Gielis et al. [6,8]

included plasma samples paired with both indication

and protocol biopsy, whereas Bloom et al. included only

plasma samples paired with indication biopsies. Bloom

et al. [6] also investigated the diagnostic performance of

dd-cfDNA fractions and serum creatinine in discrimi-

nating ABMR from the absence of active ABMR. This

resulted in an AUC of 0.87 for dd-cfDNA fractions ver-

sus 0.57 for serum creatinine. These results are in accor-

dance with those of a third study [10] in which AUCs

of 0.89 and 0.59 were reported for dd-cfDNA and

serum creatinine, respectively. Huang et al. and Zhang

et al. [18,20] also assessed the diagnostic accuracy of

dd-cfDNA fractions for ABMR with similar results

(AUC 0.82 and 0.90, respectively) to the three previous

studies, but no comparison was made with serum crea-

tinine.

Thus far, all published studies have focused on a pre-

defined cut-off for dd-cfDNA fraction to discriminate

acute rejection. It would be interesting to investigate

whether a relative increase in dd-cfDNA% points to

acute rejection. A prospective study design with fre-

quent sampling would be necessary to define a relevant

increase in dd-cfDNA%. In addition, the absolute quan-

tification of dd-cfDNA (copies/ml) could be an alterna-

tive method for detecting kidney allograft rejection.

Two studies have investigated the use of absolute dd-

cfDNA values, with conflicting results [9,10]. Oellerich

et al. found the absolute quantification of dd-cfDNA to

be superior to dd-cfDNA fraction in discriminating kid-

ney allograft rejection. They argued that absolute dd-

cfDNA values are not affected by changes in circulating

recipient DNA and, therefore, are more reliable [9].

These conclusions were not confirmed by Whitlam

et al. [10]. Further research is needed to confirm the

value of absolute dd-cfDNA levels.

It is questionable whether a single biomarker would

detect kidney allograft rejection with an excellent posi-

tive and negative predictive value. Therefore, several

studies have focused on the development of a panel of

biomarkers to improve their diagnostic accuracy.

Roedder et al. [30] developed a 17-gene set (kSORT

assay) to detect patients at high risk of acute rejection,

and Van Loon et al. [31] described an 8-gene assay for

minimally invasive diagnosis of ABMR. Suthanthiran

et al. [32] reported a three-gene signature in urine cell

pellets for diagnosing TCMR. These gene sets show

promising potential. In addition, other biomarkers, such

as urinary CXCL9 and CXCL10, donor-specific antibod-

ies and eventually microRNAs, may be considered

[11,22,33]. It may be of interest to investigate whether

combining dd-cfDNA with other biomarkers improves

its diagnostic capacity.

Limitations of the meta-analysis

The possibility of performing a classical meta-analysis

was limited by several issues detected in the nine

included papers [6–10,12,18–20]. Meta-analytic

approaches for pooling (the differences in) means are

well established in the literature, but studies reporting

medians are often discarded or transformation-based

methods are applied. In the latter, mean and standard

deviation are derived from both the median and a mea-

sure of spread (e.g. IQR). Recently, McGrath et al.

[34,35] proposed one- and two-sample aggregate data

meta-analysis tools for pooling median estimates that

outperform transformation-based approaches. These

median-based methods are preferred, especially in the

case of skewed outcome distributions, as with the dd-

cfDNA fractions in the included studies [34,35]. Thus,

medians and differences in medians were considered as

effect measures in this meta-analysis, as sample medians

provide a more robust measure of the central tendency

of the underlying distribution. More specifically, the

weighted medians of (study-specific) medians (WMMs)

were computed as pooled estimates for the median dd-

cfDNA fractions in the previously defined patient

groups [35]. In a two-sample context, the weighted

median differences in medians (WMDMs) were calcu-

lated for pairwise comparisons of the median dd-cfDNA

fractions among the aforementioned groups. Weights

were chosen proportional to the group-specific sample

sizes (one-sample) or total sample sizes in both groups

(two-sample), and approximate 95% confidence inter-

vals (CIs) were constructed based on inverting the sign

test while relying on the asymptotic normality of the

test statistic and using the respective quantiles of the

weighted study medians as lower and upper limits

[34,35]. Notably, the WMM and WMDM methods

implicitly assume fixed effects meta-analysis models,

assuming that the (differences in) medians are coming

Transplant International 2020; 33: 1626–1642 1639

ª 2020 Steunstichting ESOT. Published by John Wiley & Sons Ltd

dd-cfDNA, biomarker, kidney rejection



from a single underlying distribution, potentially under-

estimating the variability. In addition, in some meta-

analyses, (weighted) median estimates are calculated

based on effect measures obtained from a small number

of studies. Therefore, one should be cautious when

interpreting the pooled estimates. In addition to the

median-based methods, a (parametric) quantile estima-

tion (QE) method was used in which one relies on

asymptotic normality of the distribution of the median

or difference in medians and parametrically estimates

the large sample variance in the median or difference in

medians estimator. This offers the advantage of describ-

ing between-study variability in relation to within-study

variation (expressed in terms of the I2 statistic) over the

above-mentioned median-based methods, but at the

cost of specifying parametric distributions for the effect

measure of interest. In general, however, the results

based on the nonparametric median-based approaches

and the QE method were similar, despite the limited

number of studies. Nevertheless, the small number of

studies, together with their limited number of samples

and observational study designs, created a certain risk

of bias. Only six out of nine studies (67%) included for

meta-analysis revealed a high quality score using the

MINORS.

Furthermore, heterogeneity was observed in study

design (e.g. retrospective vs. prospective study designs,

differences in blood collection method, dd-cfDNA

quantification technique, Banff criteria to diagnose kid-

ney allograft rejection) and patient inclusion (consecu-

tive transplanted patients versus patients with an acute

kidney event). In addition, different styles of statistical

reporting were noted (mean � SD or median with IQR

or min-max). Moreover, in several studies, identically

named pathology study groups contained a different

composition of patients. For example, study groups ter-

med ABMR could include pure ABMR and mixed

ABMR/TCMR, or only mixed ABMR/TCMR. These

groups were combined into one ‘component ABMR’

group in the meta-analysis, as our main purpose was to

investigate whether the presence of ABMR characteris-

tics is related to increases in dd-cfDNA. Besides,

included studies reported no dd-cfDNA fractions for

different grades of TCMR, making a distinction between

dd-cfDNA fractions in low vs. high grades of TCMR

impossible [6–8,20].
Despite this heterogeneity across the different studies,

the QE method appropriately encompassed both within-

and between-study variation when pooling the study-

specific estimates using inverse variance weighting.

Therefore, we conclude that our pooled estimates ade-

quately reflect variation across and within the included

studies.

Future perspectives

Although this meta-analysis showed higher dd-cfDNA

fractions in patients with ABMR, several steps are neces-

sary before considering the routine use of dd-cfDNA to

monitor kidney allograft rejection. All currently pub-

lished studies (Table 1) are observational cohort studies

with limited sample sizes. Large multicentre studies are

urgently needed. Furthermore, biomarker research for

kidney transplant rejection needs to be performed in a

more standardized manner (e.g. identical study design

and statistical reporting), with comparisons of all relevant

study groups [i.e. patients with stable graft function,

patients with acute ABMR (ABMR only or mixed ABMR/

TCMR), patients with acute TCMR, patients with nonre-

jection kidney injury]. In addition, several methods of

using dd-cfDNA as a diagnostic tool for kidney allograft

rejection should be taken into account, such as relative

increase in dd-cfDNA%, a dd-cfDNA% threshold, abso-

lute quantification of dd-cfDNA levels and the combina-

tion of dd-cfDNA with other biomarkers.

Conclusion

Even though the study populations are rather small and

the studies are limited in number, we were able to

clearly demonstrate that dd-cfDNA increases in case of

ABMR but not in case of TCMR when compared to

patients without rejection or stable patients. Further

studies using a standardized approach in a multicentre

setting are required to confirm these findings.
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