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A systematic review and meta-analysis SRl

of factors contributing to post-kidney
transplant anemia and the effect
of erythropoietin-stimulating agents
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Abstract

Background The effects of various risk and associated factors on post-kidney transplant anemia (PTA) have not been
fully compared and estimated. This meta-analysis aims to elucidate factors contributing to PTA and determine

the influence of erythropoietin-stimulating agents (ESAs) on renal outcomes, thus offering potential pathways

for enhanced management strategies post-transplant.

Methods A systematic review was conducted in electronical database. Studies reporting on risk factors (with
cause-effect relationships) and associated factors (without definite cause-effect relationships) of PTA, and the effects
of ESAs on post-kidney transplant outcomes, were included. Pooled odds ratios (ORs) and weighted mean differences
(WMDs) were analyzed using random-effects models.

Results This systematic review encompassed 38,233 patients from 85 studies. Factors increased PTA risk included
African American, older donor age, human antigen leukocyte mismatches, and low pre-transplant hemoglobin levels.
Poor allograft function, high interleukine-6, Cytomegalovirus, delayed graft function, allograft rejections, immunosup-
pressive medications, and renin-angiotensin system blockades were associated with PTA. Native autosomal dominant
polycystic kidney disease was a protective factor against PTA. Administration of ESAs with the aim of normalizing
hemoglobin levels in patients with chronic allograft dysfunction slowed the decline in eGFR and reduce the risk

of death, with a pooled OR of 0.36 (95% C/: 0.14 to 0.89; p=0.040).

Conclusions The risks and associated factors for PTA have been elucidated, underscoring the need for individual-
ized treatment approaches. Late ESA therapy, aimed at hemoglobin normalization, suggests a renal-protective effect
and reduced mortality, which should be considered in the management of PTA.

Systematic review registration PROSPERO CRD42024545330.
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This study adds

which contribute to PTA.

function and reduced mortality.
Potential impact

ommendations for late posttransplantation care.

- Post-kidney transplant anemia (PTA) leads to poor transplant outcomes, including graft loss and death,
though the precise impact of each contributing factor remains unclear.

- This meta-analysis identified several risk and associated pre- and posttransplant factors, such as donor age, cause
of kidney disease, immunosuppressive medications, human leukocyte antigen mismatch, and allograft function,

- The use of erythropoietin-stimulating agents (ESA) in recipients with chronic allograft dysfunction improved allograft

- Factors contributing to PTA were identified and should be used to identify patients at risk.
- ESA therapy in patients with chronic allograft dysfunction is beneficial and should therefore be integrated in the rec-

Keywords Anemia, Erythropoietin-stimulating agents, Kidney transplantation, Meta-analysis, Systematic review

Introduction

Posttransplant anemia (PTA) remains a significant com-
plication following kidney transplantation. Studies have
reported that PTA affects approximately 20-51% of kid-
ney transplant recipients (KTR) [1-4], leading to adverse
outcomes such as a 1.72-fold increase in mortality risk, a
2.28-fold higher risk of graft loss, and a 2.06-fold increase
in cardiovascular death, according to a recent meta-
analysis [5]. Cohort studies identify various risk factors
associated with PTA in KTR. These include recipient age,
delayed graft function, use of mammalian target of rapa-
mycin (mTOR) inhibitor and antithymocyte globulin,
renin-angiotensin system inhibitor (RASi), poor kidney
allograft function, and viral infections [6-9]. However,
estimating the exact impact of each risk factor on kidney
transplant outcomes remains challenging. This is due to
variations in cohorts, PTA definitions, transplant eras,
clinical practices, and the limited sample size in each
study. Importantly, there has been no study that system-
atically reviewed factors contributing to PTA.

While experimental studies in animals and cells have
illustrated potential advantages of erythropoietin-stimu-
lating agent (ESA), including immune regulatory effects
[10-14], antiapoptotic properties [15], protection against
ischemic injury [16, 17], and potential preservation of
kidney function [18], clinical evidence supporting the
benefit of ESA administration in the perioperative kid-
ney transplant setting for preventing delayed graft func-
tion and reducing rejection rates is limited. Furthermore,
the optimal timing for initiating ESA in anemic KTR and
the target hemoglobin levels in the posttransplantation
period remains to be established [19-24].

Given the numerous debatable factors regarding their
status as true causal risks or merely associated fac-
tors for PTA, this systematic review and meta-analysis
aimed to explore both types. The goal was to facilitate

early detection and prevention strategies. The effects of
ESAs in the post-kidney transplant period on transplant
outcomes were investigated, including delayed graft
function, rejection rates, and long-term kidney allograft
function. The objective was to identify patients who may
benefit from this therapeutic approach.

Methods

Data sources and searches

This systematic review adheres to the Preferred Report-
ing Items for Systematic Reviews and Meta-Analysis
(PRISMA) guideline [25]. The search for eligible studies
was conducted in MEDLINE, Scopus, and the Cochrane
Central Register of Controlled Trials databases on June 1,
2024. In MEDLINE, the search strategy used was ("Kid-
ney Transplantation"[Mesh]) AND ("Anemia’[Mesh] OR
"Erythropoietin"[Mesh]). For Scopus, the search terms
were (TITLE-ABS-KEY (kidney AND transplantation)
AND TITLE-ABS-KEY (anemia) AND TITLE-ABS-
KEY (erythropoietin)). In the Cochrane Central Register
of Controlled Trials, MeSH descriptors that exploded
all trees of [Kidney Transplantation] and ([Anemia] or
[Erythropoietin]) were applied. Additionally, the ref-
erence lists of qualified articles were reviewed, and
relevant studies were manually included if appropri-
ate. The search protocol was registered in PROSPERO
CRD42024545330.

Study selection

For inclusion in this systematic review and meta-analy-
sis, cohorts or controlled trials were considered suitable
if they provided data on both anemic and non-anemic
patients, including demographic and clinical character-
istics categorized by anemia status or odds ratios with
confidence intervals for risk factors associated with PTA
in KTR. Baseline demographic information, laboratory
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results, and treatment details relevant to transplantation
were extracted separately for anemic and non-anemic
groups. The definitions of anemia used in the original
articles were retained, recognizing variations across
studies.

Additionally, studies were included if they reported
on the use of ESA in KTR. This encompassed KTR who
received ESA peri-operatively or post-transplant, with
or without specific dosage or hemoglobin level targets,
and documented kidney function post-treatment. In this
review, early ESA therapy was defined as administration
within the first week post-transplant, while late ESA ther-
apy was administration after the first week. All outcomes
following ESA treatment were considered.

Non-English articles were excluded due to limited
access to non-English databases. Furthermore, previ-
ous studies have shown that language restrictions do
not introduce significant bias in conventional medicine
research [26, 27]. Only original articles with reported
outcomes were included, and other study types such as
editorials, opinions, and reviews were excluded. Case
reports and case series were excluded from the meta-
analysis to minimize the risk of selection and report-
ing bias. Studies involving pediatric populations (under
18 years old) were also excluded, as this study focuses
on adult KTR, and the clinical practices for pediatric
KTR differ from those for adults. In cases of potential
duplication of study populations across multiple arti-
cles, preference was given to the study providing more
comprehensive information on anemic and non-anemic
patients. Screening of citations, abstracts, and full-text
articles was performed independently by two authors (K.
C. and S. P.), with any disagreements resolved through
consensus or by a third author (S. U.).

Data extraction and quality assessment

A structured data collection form was utilized to gather
essential information from selected studies. This form
included various aspects including author names, pub-
lication date, journal title, country of origin, collabora-
tion setting, study design (cross-sectional, cohort, or
randomized controlled trial), posttransplant duration,
follow-up period, recruitment timeframe, timing of PTA
diagnosis and first ESA dose, ESA dosages, total number
of KTR, anemia definition, and the count of anemic and
non-anemic patients. For potential predictive factors,
detailed patient characteristics, laboratory findings, and
treatment specifics were recorded separately for each
study and categorized based on anemia status.

The quality assessment process employed established
tools: the Newcastle-Ottawa scale (NOS) for cohort
studies [28, 29], the adapted NOS for cross-sectional
studies [30], and the revised Cochrane risk-of-bias tool
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(RoB2) for randomized controlled trials [31]. The NOS
and the adapted NOS assess three domains: selection,
comparability, and outcome. The RoB2 includes the fol-
lowing domains: randomization process, deviations from
the intended interventions, missing outcome data, meas-
urement of the outcome, and selection of the reported
result. Two researchers (K. C. and S. P.) independently
conducted the quality assessment, resolving any disa-
greements through discussion and consensus before pro-
ceeding. Any unresolved discrepancies were addressed
with a third reviewer (S. U.) to ensure accuracy and reli-
ability in the assessment process.

The quality assessment tool’s scaling involved convert-
ing results NOS into standards defined by the Agency
for Healthcare Research and Quality (AHRQ) as “good,
“fair} and “poor” quality. For studies assessed using NOS
criteria, those receiving a rating of 3 or 4 stars in the
selection domain (representativeness, selection of non-
exposed cohort, ascertainment of exposure, and outcome
not present at start), 1 or 2 stars in comparability (study
controls and additional factors), and 2 or 3 stars in out-
come/exposure (outcome assessment, follow-up time,
and adequacy of follow-up) were deemed of good quality.
Studies with a rating of 2 stars in selection, 1 or 2 stars in
comparability, and 2 or 3 stars in outcome/exposure were
considered fair quality. Poor-quality studies were those
with a rating of 0 or 1 star in selection, O star in compa-
rability, or 0 or 1 star in outcome/exposure. The adapted
NOS includes three domains: the selection (representa-
tiveness, sample size, non-response rate, and ascer-
tainment of screening tool), comparability (potential
confounders investigation), and outcome (assessment of
outcome and statistical test). For studies evaluated using
an adapted version of the NOS, those scoring 7-8 points
were classified as good, 5-6 points as fair, and 0—4 points
as poor. Regarding the RoB2, studies were categorized as
having low risk of bias if they exhibited low risk across all
domains for the given result. Studies raising concerns in
at least one domain without being deemed high risk were
classified as having some concerns. Those with high risk
of bias were either determined to have high risk in at least
one domain or raised concerns across multiple domains.

Data synthesis and analysis

We utilized random-effects models to calculate pooled
weighted mean differences (WMD) for continu-
ous variables, along with pooled odds ratios (OR) for
binary variables. Our meta-analysis aimed to analyze
the risk factors of PTA based on pretransplant vari-
ables to identify cause-effect relationships. Addition-
ally, we examined associated factors between anemic
and non-anemic patients in the posttransplant period,
where cause-effect relationships cannot be clearly
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confirmed. The study also compared kidney transplant
outcomes between early ESA therapy versus no treat-
ment, late ESA therapy versus no treatment, and late
ESA therapy with high versus low hemoglobin target.
An analysis of anemia outcomes for graft and patient
survival was excluded in this study, as it had recently
been reported in another notable meta-analysis [5].

The heterogeneity variance (7%) was estimated using
restricted maximum likelihood procedures for con-
tinuous outcome data [32] and the Paule-Mandel esti-
mator for binary effect size data [33]. Knapp-Hartung
adjustments were used to calculate the confidence
interval around the pooled effect [34]. In cases where
studies provided only the median and range or inter-
quartile range, the mean and standard deviations (SD)
were estimated using the method described by Wan
et al. [35] If the studies included in our analysis did
not provide odds ratios (OR), the ORs were computed
using the available raw data. Pooled ORs were calcu-
lated using the logarithm of effect size and standard
error from each study. When studies encompassed
multiple follow-up time periods, data from the long-
est follow-up duration available were used. Stud-
ies included in the meta-analysis had to be at least
three to allow for pooling and analysis. Heterogeneity
among the pooled effect sizes was assessed using the
I index and the Cochran’s Q test. An I index exceed-
ing 75% indicates medium to high heterogeneity. Even
in instances of low or absent heterogeneity, random-
effects models were prioritized over fixed-effects mod-
els due to potential differences in clinical care among
KTRs. A regression-based Egger’s test and visual
inspection of funnel plots were used to test for small-
study effects. Finally, trends in anemia prevalence over
time were analyzed by plotting time of analysis versus
prevalence rates from multiple cohort studies report-
ing anemia assessment timing. Each data point repre-
sents a different study, with size and color indicating
total population size. Author labels and a spline line
were added for clarity. All analyses were performed
using R Core Team (R version 4.3.1, 2023).

Ethical considerations

This meta-analysis and systematic review did not
directly obtain data from human or animal subjects.
All information from the included studies was sourced
from published scientific journals without the abil-
ity to identify individual patients. The clinical and
research activities reported adhere to the principles of
the Declaration of Istanbul, as outlined in the “Decla-
ration of Istanbul on Organ Trafficking and Transplant
Tourism.
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Role of the funding source

The funder of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Results

Characteristics of the included studies

The flow diagram in Fig. 1 illustrates the study selection
process. Initially, 3366 studies were identified based on
the search criteria. After removing duplicate citations
and irrelevant studies, 445 articles underwent full-text
review. This process led to the inclusion of 85 arti-
cles in the final meta-analysis, aggregating data from
38,233 patients. Among these, 66 studies provided data
on patients with and without anemia, along with their
demographic and clinical characteristics categorized
by anemia status [1-4, 7, 8, 36-95]. Additionally, 19
studies investigated the impact of ESA on kidney func-
tion and transplant outcomes in KTR [19-23, 96-109].
Among the final 85 studies included, no other potential
duplicated datasets were identified.

The meta-analysis encompassed 48 cohort studies [1-
3,7,36-39, 41, 43, 44, 46, 49, 52-54, 56-60, 62, 63, 65,
66, 72, 75-81, 84-86, 88-92, 94-96, 98, 99, 105, 107],
23 cross-sectional studies [4, 8, 40, 42, 45, 47, 48, 50,
51, 55, 61, 64, 67-71, 73, 74, 82, 83, 87, 93], and 14 ran-
domized controlled studies [19-23, 97, 100-104, 106,
108, 109]. Detailed information for each study can be
found in Supplementary Table S1. Most publications
were from the years 2008 to 2015, with a median pub-
lication year of 2011. The USA had the highest number
of publications (10 publications), followed by Spain (8
publications) and France (6 publications). Anemia defi-
nitions varied across studies. The World Health Organ-
ization’s criteria, defining anemia as Hb<12 g/dL for
females and <13 g/dL for males, were the most used.
The duration of follow-up varied among the included
studies, with a median of 24 months and a range from
12 to 60 months. The median prevalence of anemia
among KTR in these studies was 36%, with a range
from 26 to 46%. The overall risk of bias for the included
trials and studies was considered moderate. The qual-
ity assessments based on the NOS, the adapted NOS,
and RoB2 assessments for the included studies can be
found in Supplementary Table S2 and Supplementary
Table S3.

Given the extensive information analyzed in this meta-
analysis, the risks and associated factors of PTA are sum-
marized in Fig. 2 for clarity. Risk factors were identified
when a clear temporal cause-and-effect relationship
could be established based on the results of each study.
Associated factors were reported when causality could
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1 - 336 duplicated citations

- Reviews and guidelines: 288
- Studies in pediatrics: 194
- Studies in other organ transplantations: 357

- Studies unrelated to transplantation: 619
- Studies unrelated to anemia: 740

- Reviews and guidelines: 78

- Studies in other organ transplantations: 6
- Studies unrelated to transplantation: 22

- Studies unrelated to anemia: 3

- Non-english studies: 24

- Studies without risk factor identified: 178
- Studies without comparator of EPO: 7

Fig. 1 Study selection flow diagram

not be definitively confirmed. Detailed results are pro-
vided in the subsequent section.

Meta-analysis of risk factors predicting PTA
The pooled estimates of risk factors of PTA can be found
in Supplementary Table S4. The median number of stud-
ies reporting these clinical characteristics was 8, with a
range of 5 to 10. The median number of patients across
these studies was 6460, ranging from 3984 to 10,466.

African American ethnicity was identified as a risk fac-
tor for a higher incidence of PTA (pooled OR 1.64, 95%
CI 1.14 to 2.35, p=0.007). Interestingly, patients with
end-stage kidney disease (ESKD) from autosomal poly-
cystic kidney disease (ADPKD) showed a lower incidence
of PTA (pooled OR 0.59, 95% CI 0.51 to 0.68, p <0.0001).
Additionally, lower pretransplant hemoglobin levels were
a predictor of anemia post-transplant (WMD —0.67 g/dL,
95% CI—1.23 to—0.11, p=0.023).

For transplant-related variables, an older kidney donor
and an elevated number of human leukocyte antigen

)
§
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—
) 3,030 citations assessed for
title and abstract
- Case reports: 327
- Studies in animal: 60
Qo
&
5]
o 445 articles retrieved for full
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- Studies in animal: 10
—
T
°
[}
E
E 85 articles included in systematic
- review and meta-analysis
N

(HLA) mismatches were identified as risk factors for PTA
(WMD 3.86 years, 95% CI 2.54 to 5.19, p<0.0001, and
WMD 0.11, 95% CI0.04 to 0.17, p=0.006, respectively).

Meta-analysis of factors associated with posttransplant
anemia

Supplementary Table S4 details the pooled estimates of
patient characteristics associated with PTA. The median
number of studies reporting these clinical characteris-
tics was 10, ranging from 5 to 13. The median number of
patients included across these studies was 5345, ranging
from 1898 to 9142.

Decreased kidney allograft function was significantly
associated with PTA. This included higher blood urea
nitrogen (BUN) levels (WMD 12.31 mg/dL, 95% CI 1.23
to 23.39, p=0.039) (Fig. 3A), elevated creatinine lev-
els (WMD 0.38 mg/dL, 95% CI 0.22 to 0.54, p<0.0001)
(Fig. 3B), and decreased estimated glomerular filtra-
tion rate (eGFR) (WMD—11.79 mL/min/1.73 m?, 95%
CI—-14.61 to—8.97, p<0.0001) (Fig. 3C), all of which
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Variables Study

Risk Factor

Donor age, years 22

Human leukocyte antigen mismatch 9
Pre-transplant hemoglobin, g/dL 12
Associated Factor

Albumin, g/dL 13

BUN, mg/dL 4
Creatinine, mg/dL 22

eGFR , mi/min/1.73m? 32 e
Interleukin 6, pg/mL 3

Serum iron, pg/dL 12 ——

Tacrolimus level, ng/mL
White blood cells, x 10° /mm?®
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Weighted mean difference (95% ClI)

- 3.86 (2.54, 5.19)
b 0.11 (0.04, 0.17)
- -0.67 (-1.23, -0.11)

{ -0.15 (-0.24, -0.05)
—_— 12.31 (1.23, 23.39)

:,- 0.38 (0.22, 0.54)

i -11.79 (-14.61, -8.97)
i 3.89 (1.83, 5.96)

v -7.15 (-9.97, -4.33)

. -0.45 (-0.79, -0.11)

-0.79 (-1.39, -0.19)

——

S

T T T T T
-12-8 -4 0 4 8 12
Difference between KTR with PTA versus KTR without PTA

Variables Study Pooled odds ratio (95% Cl)
Risk factor .
African American (%) 5 i —— 1.64 (1.14, 2.35)
ESKD from ADPKD (%) 8 - 0.59 (0.51, 0.68)
Associated factor i
ACEIi/ARB (%) 23 e 1.25 (1.09, 1.44)
CMV infection (%) 4 i - 1.47 (1.21,1.77)
Cyclosporin (%) 17 pe 1.28 (1.03, 1.58)
Delayed graft function (%) 20 | i 1.71 (1.11, 2.63)
ESA therapy (%) 12 i — 8.07 (4.16, 15.67)
Iron supplement (%) 8 i —_— 4.89 (2.33, 10.26)
mTOR inhibitor (%) 10 } 2.13(1.00, 4.53)
Rejection (%) 17 i —— 1.71 (1.33, 2.19)
Thymoglobulin (%) 1 —— 1.52 (1.06, 2.17)
Valganciclovir/ganciclovir (%) 5 iv—-—- 1.37 (1.03, 1.84)

| T

0 4

Lower risk of PTA Higher risk of PTA
Fig. 2 Forest plots of the pooled effect sizes of risk and associated factors for PTA. ACEi, angiotensin-converting enzyme inhibitors; ADPKD,
autosomal dominant polycystic kidney disease; ARB, angiotensin Il receptor blockers; BUN, blood urea nitrogen; Cl, confidence interval; CMV,
Cytomegalovirus; ESA, erythropoietin-stimulating enzyme; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; mTOR,

mammalian target of rapamycin; PTA, posttransplant anemia

were associated with PTA. Supplementary Figure S2
shows funnel plots for the association of renal function
with PTA.

Lower serum albumin levels were observed in the
anemic group (WMD-0.15 g/dL, 95% CI—0.24
to—0.05, p=0.005), and a reduction in serum iron
was associated with anemia (WMD —7.15 pg/dL, 95%
CI—-9.97 to—4.33, p=0.0002). The pooled data did
not show a statistically significant association between
ferritin levels and anemia (WMD 33.64 ng/mL, 95%
CI-1.01 to 68.29, p=0.056). Interleukin-6 (IL-6)
(WMD 3.89 pg/mL, 95% CI 1.83 to 5.96, p=0.015)
were associated with anemia. Additionally, white blood
cell count was found to be lower in anemic patients

(WMD —0.79 x 10°/mm?,
p=0.03).

There was an observed association between the devel-
opment of anemia and the medication used during trans-
plantation. An association was found with thymoglobulin
therapy (pooled OR 1.52, 95% CI 1.06 to 2.17, p=0.020)
(Fig. 4A), mTOR inhibitor (pooled OR 2.13, 95% CI 1.00
to 4.53, p=0.05) (Fig. 4B), and cyclosporin (pooled OR
1.28, 95% CI 1.03 to 1.58, p=0.024) (Fig. 4C). The use of
tacrolimus, mycophenolic acid, azathioprine, or predni-
solone per se did not demonstrate a significant associa-
tion with anemia. However, a lower tacrolimus pre-dose
concentration showed significant association with PTA
(WMD - 0.45 ng/mL, 95% CI—0.79 to—0.11, p=0.025).

95% CI-1.39 to—0.19,
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Fig. 3 Forest plots of the association between kidney functions and PTA. A BUN (mg/dL). B

with and without PTA
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Fig. 4 Forest plots of the association between medications and PTA. A Thymoglobulin. B mTOR inhibitor. C Cyclosporin. D Tacrolimus level (ng/
mL). E Valganciclovir/ganciclovir. F ACEi/ARB. ACEi, angiotensin-converting enzyme inhibitors; ARB, angiotensin Il receptor blockers; Cl, confidence
interval; IV, inverse variance method; mTOR, mammalian target of rapamycin; OR, odds ratio; PTA, posttransplant anemia; SD, standard deviation; SE,

standard error
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Angiotensin-converting enzyme inhibitors (ACEi) or
angiotensin receptor blocker (ARBs) was associated with
PTA (pooled OR 1.25, 95% CI 1.09 to 1.44, p=0.001).

Iron supplementation (pooled OR 4.89, 95% CI 2.33 to
10.26, p<0.0001) and the use of erythropoietin (pooled
OR 8.07, 95% CI 4.16 to 15.67, p<0.0001) were found
more frequently in KTR with PTA. Treatment with val-
ganciclovir/ganciclovir was also associated with a higher
occurrence of PTA (pooled OR 1.37, 95% CI 1.03 to 1.84,
p=0.033). Supplementary Figure S3 shows a funnel plot
for the significant association between medication and
PTA.

Transplant-related factors were also significantly asso-
ciated with PTA. PTA was associated with delayed graft
function (pooled OR 1.71, 95% CI 1.11 to 2.63, p=0.015)
(Fig. 5A), Cytomegalovirus (CMV) infection (pooled
OR 1.47, 95% CI 1.21 to 1.77, p<0.0001) (Fig. 5B), and
rejection episodes (pooled OR 1.71, 95% CI 1.33 to 2.19,
p<0.0001) (Fig. 5C). Supplementary Figure S4 shows a
funnel plot for the significant association between trans-
plant-related factors and PTA.

Meta-analysis of early (before or within the first transplant
week) ESA therapy vs. no therapy in anemic KTR

The pooled estimates detailing the effect of early ESA
are presented in Supplementary Table S5, along with the
respective study and patient counts. Among these clini-
cal characteristics, a median of 4 studies (range 3—4) was
reported, involving a median of 349 patients (range 215—
364). Notably, ESA was administered intraoperatively in
four studies [19, 103, 104, 106], within 1-week post-kid-
ney transplantation in five studies [20, 59, 96, 97, 105]
and before kidney transplantation in two studies [100,

(A) Odds Ratio Odds Ratio
Study logOR SE Weight IV, Random, 95% CI IV, Random, 95% CI
N. Guimaraes-Souza et al. 156 0.23 5.7% 4.75[3.01; 7.51) =
M. Z. Molnar et al. 005 0.16 5.9% 1.05(0.77; 1.43] "

0. Pankewycz et al. 175 059 42% 576(1.80; 18.42] ——
K.S. Schonder et al. 045 053 4.5% 1.57[0.55; 4.44] .
I. Sertetal. 127 073 36% 3.55(0.86; 14.73] -
D. Chhabra et al. 047 021 5.7% 1.60[1.07; 2.40] -
A. Schechter etal. 0.14 0.16 5.9% 1.15[0.84; 1.58] =
A. Kolonko et al. 041 023 5.7% 1.51[0.96; 2.37] b
N. Kamar et al. 1.04 029 5.5% 2.82[1.61; 4.96) b2
N. Kamar et al. 041 031 5.4% 1.51[0.82; 2.75] .
V. Garrigue etal. 0.16 0.07 6.0% 1.17[1.03; 1.34] -
L. G. de Andrade et al. -259 0.38 51%  0.08[0.04; 0.16] -
J. Y. Choi etal. 057 076 3.5% 1.76 (0.40; 7.78) —Hi—
Z. Rostami et al. 161 044 4.9% 5.00 [2.11; 11.83] —
R. Bonofiglio et al. 0.02 0.03 6.1% 1.02[0.96; 1.08] |
Y. Chang etal. 102 0.26 5.6% 2.78(1.56; 4.32] +t
C. M. Oliveira etal. 1.05 034 5.3% 2.85(1.45; 557] =
J. Pascual etal. 046 0.22 5.7% 1.59[1.03; 2.46] L
A. Turkowski-Duhem et al. 284 126 2.0% 17.20[1.47;203.00] ——
Z.Huang etal. 016 069 38% 0.85[0.22; 331 —
Total (95% CI) 100.0% 1.71[1.11; 2.63] >
Heterogeneity: Tau® = 0.79; Chi® = 163.71, df = 19 (P <0.01); I =88%

0.01 0.1 1 10

Non-PTA PTA

100

Page 8 of 17

101]. The median follow-up period was 6 months (range
3-12 months).

Early ESA administration did not show an associa-
tion with improved kidney function, as evidenced by
the lack of change in serum creatinine at 1 month
(WMD —-0.04 mg/dL, 95% CI—0.52 to 0.44, p=0.821),
at 3 months (WMD—-0.01 mg/dL, 95% CI of-0.35 to
0.33, p=0.937), and at 6 months (WMD-0.11 mg/
dL, 95% CI—-0.50 to 0.28, p=0.350). Similarly, the
eGFR at 1 month, at 3 months, and at 6 months did
not exhibit notable improvements. Regarding hemo-
globin changes, there was no improvement in hemo-
globin levels at 2 weeks (WMD 0.17 g/dL, 95% CI—0.54
to 0.88, p=0.414) and 3-month post-kidney transplant
(WMD—0.26 g/dL, 95% CI of—0.07 to 0.60, p=0.085)
between KTR who received and did not receive early
ESA.

Early ESA administration was not associated with a
reduction in delayed graft function (pooled OR 1.18, 95%
CI 0.80 to 1.75, p=0.336) (Fig. 6A). Similarly, there was
no notable impact on rejection rates, graft loss, and death
(Figs. 6B, C, D). Supplementary Figure S5 shows funnel
plots for the impact of early ESA therapy vs. no therapy
in KTR.

Meta-analysis of late (beyond the first transplant week)

ESA therapy vs no therapy in anemic KTR

The pooled estimates detailing the effect of late ESA ther-
apy compared with no treatment are presented in Supple-
mentary Table S6. Among these outcomes, a median of
3 studies (range 3-3) were reported, involving a median
of 652 patients (range 405-660). The analysis included
two randomized studies [21, 102] and two retrospective
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Fig. 5 Forest plots of the association between transplant-related factors and PTA. A Delayed graft function. B Cytomegalovirus infection. C Rejection.
Cl, confidence interval; IV, inverse variance method; OR, odds ratio; PTA, posttransplant anemia; SE, standard error
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Fig. 6 Forest plots of the effect of early vs. no ESA therapy in KTR. A Delayed graft function. B Rejection. C Death. D Graft loss. Cl, confidence
interval; ESA, erythropoietin-stimulating agent; KTR, kidney transplant; MH, Mantel-Haenszel method; OR, odds ratio; SE, standard error

cohort studies [98, 107]. The follow-up period was
16 months (range 7.5-27.5 months).

Compared with no therapy, late ESA therapy did
not slow eGFR decline, as evidenced by no difference
in eGFR at 6 months (WMD—13.03 ml/min/1.73 m?,
95% CI—32.98 to 6.91, p=0.107) after treatment. Fur-
thermore, no improvement in hemoglobin levels was
observed after the treatment at 1, 6, and 12 months.

Only one study reported the number of patient deaths
[21], and no studies reported the number of patients with
graft failure. Therefore, we could not pool the estimates
for death and graft failure.

Meta-analysis of late ESA therapy to target high vs. low
hemoglobin level in anemic KTR with chronic allograft
dysfunction

The pooled estimates detailing the effect of late ESA
are presented in Supplementary Table S7. The analysis
included four randomized studies that involved patients

with functioning grafts for more than 1 year with chronic
allograft dysfunction [22-24, 109]. All patients received
ESA therapy either to achieve higher hemoglobin levels
(mean+SD 12.47 +2.53 g/dL) or to maintain a low target
of hemoglobin level (mean + SD 11.37 +1.45). The follow-
up period was 24 months (range 21-27 months).

ESA therapy aimed at high hemoglobin levels, com-
pared to a low hemoglobin group, preserved kidney allo-
graft function as evidenced by a higher eGFR at the end
of the study (WMD 3.65 ml/min/1.73 m?, 95% CI 1.48 to
5.83, p=0.013) (Fig. 7A) and a smaller decline in eGFR
from baseline to the end of the study (WMD 3.07 ml/
min/1.73 m? 95% CI 0.91 to 5.24, p=0.026) (Fig. 7B).
Additionally, ESA therapy to normalize hemoglobin lev-
els reduced the risk of death (pooled OR 0.36, 95% CI
0.14 to 0.89, p=0.040) (Fig. 7C). However, ESA therapy
aimed at normalizing hemoglobin levels did not signifi-
cantly reduce the rates of graft loss or acute rejection.
Supplementary Figure S6 shows funnel plots of the effect
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of maintaining high Hb vs. low Hb target levels on eGFR
and death in KTRs undergoing ESA therapy.

Prevalence trend of anemia after kidney transplantation
Figure 8 displays the prevalences of anemia across all 41
studies included in this meta-analysis, plotted against
the respective dates of anemia assessment. The analy-
sis reveals a high prevalence of anemia during the ini-
tial 3-month post-kidney transplantation, with a median
prevalence of 59.8% (range 37.7-77.2% in 13 studies).
Following this period, there is a marked decline in ane-
mia prevalence, reaching its lowest point between 24 to
36 months post-transplantation, with a median of 27.2%
(range 20.5-39.1% in 7 studies). The trend demonstrates
a gradual increase in anemia prevalence over time, start-
ing 36 months after kidney transplantation.

Discussion

This systematic review and meta-analysis highlights a
wide range of factors linked to PTA, including both risk
factors and associated elements. Key risk factors identi-
fied include donor age, HLA mismatch, African Ameri-
can ethnicity, and low pretransplant hemoglobin levels.
Additionally, poor kidney function, elevated IL-6 levels,
reduced white blood cell count, and low albumin and
serum iron levels were notable associated factors. The
development of PTA was also linked to CMYV infection,
delayed graft function, rejection episodes, and the use
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of various medications including ACE inhibitors, ARBs,
cyclosporine, mTOR inhibitors, thymoglobulin, ESA
therapy, iron supplements, valganciclovir/ganciclovir,
and decreased tacrolimus levels. Interestingly, a history
of ADPKD was associated with a lower risk of developing
PTA. Regarding ESA therapy, early administration did
not improve kidney function, reduce delayed graft func-
tion, or affect rejection rates. Similarly, late ESA therapy
did not show any association with a slower decline in
eGFR when compared to no ESA therapy. Addition-
ally, there was no improvement in hemoglobin levels
observed after treatment at 1, 6, and 12 months. How-
ever, ESA therapy aimed at achieving higher hemoglobin
levels compared to lower targets was associated with a
slower progression of eGFR decline and reduced mor-
tality. Nonetheless, this therapy did not reduce the inci-
dence of graft loss or acute rejection.

PTA is a common complication following kidney trans-
plant. PTA has been associated with several adverse out-
comes including a decline in eGFR [3, 54], reduced graft
survival [3, 46, 49, 54, 72, 84, 95], increased motality [3,
46, 95], diminished quality of life [82, 110], and cardio-
vascular complication such as heart failure [111, 112],
left ventricular hypertrophy [83, 113], and cardiovascular
mortality [43, 81]. These consequences are well-docu-
mented in the literatures and widely recognized among
clinicians. Therefore, identifying the risks and associ-
ated factors of PTA is imperative to formulate preventive
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Fig. 8 Prevalence of anemia plotted against time after kidney transplantation in each included study



Chienwichai et al. Systematic Reviews (2024) 13:278

measures and treatments aimed at mitigating these
adverse consequences.

African American recipients of kidney transplants are
more prone to experience reduced graft function and
higher rejection rates compared to other ethnic groups
[114-116]. These factors may contribute to the develop-
ment of PTA. Additionally, genetic variations in ABCB1
(MDR1) and cytochrome P450 3A5 (CYP3A5) among
individuals of African ancestry can affect the metabo-
lism of immunosuppressive medications [117]. For exam-
ple, African-ancestry KTR have a low frequency of the
C3435T MDRI polymorphism and a low frequency of
CYP3A5*3 [118-120]. This genetic profile often necessi-
tates higher doses of tacrolimus to achieve the therapeu-
tic targets. This can lead to high peak concentrations and
toxicity, potentially resulting in nephrotoxicity in the kid-
ney allograft and PTA [118, 121].

Increased donor age is also a risk factor for PTA. Aging
kidneys are associated with interstitial fibrosis and tubu-
lar atrophy [122], which independently correlate with
PTA at 12 months post-transplantation [123]. Higher
HLA mismatch is linked to poor graft survival [124, 125]
and increased rejection episodes [126, 127]. Both factors
can contribute to PTA by decreasing erythropoietin pro-
duction and causing erythropoietin resistance through
inflammation. Lower pretransplant hemoglobin levels
may indicate underlying systemic medical conditions that
can lead to PTA. These conditions include nutritional
deficiencies, undetected cancer, chronic infections before
transplantation, and hemoglobinopathy.

Remarkably, ADPKD serves as a protective factor
against PTA. KTR with ADPKD typically present with
higher hemoglobin levels compared to those suffering
ESKD from other causes [128]. Additionally, ADPKD
is often associated with erythrocytosis [129, 130]. It is
hypothesized that individuals with ADPKD may have
the native kidneys that are still capable of producing
erythropoietin [128]. This hypothesis is supported by
observations in hemodialysis patients, where those with
ADPKD-related ESKD exhibit higher serum erythropoi-
etin levels than those with ESKD from other etiologies
[131]. The increased erythropoietin levels in ADPKD can
be attributed to pericystic cells hypoxia. This hypoxia
results from the compression of adjacent microvascula-
ture due to the expansion of cysts. The low oxygen levels
induce the stabilization of hypoxia-inducible factor-2a
within erythropoietin-producing stromal cells, leading to
elevated erythropoietin levels characteristic of ADPKD
[132]. Furthermore, existing evidence has demonstrated
that native kidney nephrectomy in ADPKD KTR results
in a significant drop in hemoglobin levels [128, 133].

Impaired kidney function is a recognized risk factor for
anemia in chronic kidney disease (CKD) patients. Our
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findings suggest that it also poses a risk for PTA, likely
due to a decline in erythropoietin production [134]. Ele-
vated IL-6 may contribute to both T-cell-mediated rejec-
tion (TCMR) and antibody-mediated rejection (ABMR)
through several mechanisms, including promoting Th17
cells and germinal center formation [135-138]. Persis-
tent inflammation associated with allograft rejection may
induce resistance to erythropoietin, exacerbating anemia
[139-141]. Patients with anemia had lower white blood
cell counts compared to those without anemia. This sug-
gests that the underlying cause of anemia might be affect-
ing the bone marrow response. Examples of such causes
include drug-induced bone marrow suppression, sys-
temic infection, or bone marrow disease, which can lead
to both anemia and leukopenia.

Compared to treatment with mycophenolate mofetil,
mTOR inhibitor has been associated with higher preva-
lence of PTA [142]. Various mechanisms underlying this
association have been explored, including direct effects
on iron homeostasis [143], chronic inflammation [144,
145], and erythropoietin resistance [146, 147]. Long-term
use of cyclosporine A carries a higher risk of calcineurin
inhibitor (CNI) nephrotoxicity compared to tacrolimus.
This can result in arteriolopathy, nephron ischemia, and
tubular atrophy/interstitial fibrosis [148]. Consequently,
these effects lead to decreased erythropoietin production
and PTA. Additionally, decreased tacrolimus levels were
associated with PTA, likely due to the cellular pharma-
cokinetics that lower erythrocyte-binding capacity of tac-
rolimus in anemic KTR [149].

Renin-angiotensin system (RAS) inhibitors can cause
anemia through several mechanisms. First, angiotensin II
stimulates the proliferation of early erythroid progenitors
[150, 151]. Thus, inhibition of RAS by ACEi or ARB can
induce anemia, as demonstrated in setting such as CKD,
congestive heart failure, and kidney transplantation
[152]. Second, the N-acetyl-seryl-aspartyl-lysyl-proline
(Ac-SDKP), an inhibitor of hematopoietic stem cell pro-
liferation, is hydrolyzed in vitro by ACE, and ACEi can
increase Ac-SDKP by 5.5-fold [153]. Lastly, insulin-like
growth factor 1 (IGF-1), which promotes erythropoiesis
in vitro [154], is reduced by ACE;i therapy [155].

Despite promising results from animal models suggest-
ing that ESAs can prevent ischemic reperfusion injury
(IRI) [156-161], our meta-analysis found no signifi-
cant impact of early ESA administration on critical out-
comes like prevention of delayed graft function, eGFR
improvement, or reduction in rejection rates. This may
be because of the low expression and function of eryth-
ropoietin receptors (EPOR) in the renal tissue [162, 163].
In addition, in animal model, there is only pure IRI with-
out other pathology. However, in human, there may be
the effects of heterogeneous processes such as rejection,
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calcineurin inhibitor toxicities, and preexisting athero-
sclerosis which might render ESA therapy ineffective
[164].

From our meta-analysis, ESA therapy can slow the
decline of eGFR by targeting higher hemoglobin con-
centrations. The notable difference from non-transplant
CKD may arise from the distinct histopathologic eti-
ologies of eGFR decline in kidney transplants, most
commonly due to alloimmune process [165, 166]. The
mechanism by which erythropoietin slows eGER progres-
sion could be attributed to its erythropoiesis-independ-
ent immunosuppressive properties. EPOR is expressed
in CD4+and CD8+T cells [11]. ESA can inhibit the
proliferation of conventional T cells by dephosphoryl-
ating signals downstream of the IL-2Rp chain [10, 167]
and promote regulatory T cell by stimulating local TGFf
production [10]. In vitro and in vivo studies have shown
that EPO binding to its receptor on CD4+ T cells directly
inhibits Th17 cell. This inhibition occurs through the
SGK1-dependent pathway [12]. Furthermore, in vitro
data suggest that ESA therapy may reduce the production
of murine macrophage-derived interleukin-6 [168, 169],
which promotes both acute and chronic rejection [170—
172]. Animal studies have demonstrated that chronic
ESA treatment can mitigate tubulointerstitial and glo-
merular injury in a fully mismatched rat model of chronic
allograft injury [18]. This protective effect is linked to the
preservation of peritubular capillaries and an increase in
phosphorylated AKT within the tubular cells [18]. How-
ever, correcting anemia alone did not protect against
chronic graft injury and dysfunction [18]. Based on the
pooled data, we recommend the use of ESA to normalize
hemoglobin levels in anemic patients with late allograft
nephropathy as a strategy to slow the decline in eGFR.
While the optimal target hemoglobin range requires fur-
ther investigation, a target hemoglobin level of>12.5 g/
dL is proposed based on the findings from the included
studies [22-24, 109].

This meta-analysis has several strengths. First, it
includes a comprehensive literature search, predefined
protocol, and analytical plan. Second, it provides a
detailed summary of the risk and associated factors for
PTA, along with the pooled magnitude of effect for each
factor. Third, it confirms the benefits of ESA therapy in
normalizing hemoglobin levels in KTR. The study also
included a large sample size, consisting of 38,233 patients
from 85 studies. This is the first systematic review and
meta-analysis to examine the factors contributing to PTA
and the effects of ESA use after kidney transplantation.
The results from this study can be used to classify the risk
of PTA and enable more personalized surveillance for
each patient. Furthermore, these factors can be utilized
to prevent and treat PTA. The summarized information
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regarding the risk and associated factors for PTA is
shown in Fig. 2.

This systematic review and meta-analysis has limita-
tions. First, for some variables, the included studies did
not consistently provide the timeframe between the
exposure to potential risk factors and the development of
PTA. This requires cautious interpretation of any causal
relationships, as much of the data is cross-sectional. Sec-
ond, the variability in the timing of anemia diagnosis
across studies could influence how different risk factors
impact early versus late PTA. Third, there is significant
heterogeneity among the included factors. Variations
in the definition of anemia, the eGFR equation used,
the immunosuppressive protocols of different centers,
the variability in infectious prophylaxis protocols, and
the methods of confounder adjustment all contribute to
this variability. To address these limitations, the P index,
Egger’s test, and funnel plots are provided and should be
considered alongside the effect sizes of the meta-analysis.

In conclusion, PTA arises from an intricate set of
patient-related and donor-related factors, impaired kid-
ney function, states of inflammation, and various thera-
peutic approaches employed. Early administration of
ESAs has not demonstrated definitive benefits for kidney
outcomes such as delayed graft function. However, later
administration of ESA may be more effective. In KTR
with chronic allograft dysfunction after the first trans-
plant year, targeting hemoglobin levels between 12.5 and
13.5 g/dL appears to be beneficial. This approach can
offer renal protection and reduce mortality compared to
maintaining a lower hemoglobin target. Future studies
should aim to solidify the benefits of ESA therapy, par-
ticularly for patients with chronic allograft dysfunction.
These studies should endeavor to compare ESA therapy
for different hemoglobin targets or utilize other modali-
ties to maintain hemoglobin levels in a larger patient
cohort over a long follow-up period.
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