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Abstract

Background: Increased fibroblast growth factor 23 (FGF23) is a risk factor for mortality, cardiovascular disease, and
progression of chronic kidney disease. Limited data exist comparing the association of either c-terminal FGF23
(cFGF23) or intact FGF23 (iFGF23) in kidney transplant recipients (KTRs) with overall (all-cause) graft loss.

Methods: We conducted a prospective observational cohort study in 562 stable kidney transplant recipients.
Patients were followed for graft loss and all-cause mortality for a median follow-up of 48 months.

Results: During a median follow-up of 48 months, 94 patients had overall graft loss (primary graft loss or death
with functioning graft). Both cFGF23 and iFGF23 concentrations were significantly higher in patients with overall
graft loss than those without (24.59 [11.43–87.82] versus 10.67 [5.99–22.73] pg/ml; p < 0.0001 and 45.24 [18.63–
159.00] versus 29.04 [15.23–60.65] pg/ml; p = 0.002 for cFGF23 and iFGF23, respectively). Time-dependent ROC
analysis showed that cFGF23 concentrations had a better discriminatory ability than iFGF23 concentrations in
predicting overall (all-cause) graft loss. Cox regression analyses adjusted for risk factors showed that cFGF23 (HR for
one unit increase of log transformed cFGF23: 1.35; 95% CI, 1.01–1.79; p = 0.043) but not iFGF23 (HR for one unit
increase of log transformed iFGF23: 0.97; 95% CI, 0.75–1.25; p = 0.794) was associated with the overall graft loss.

Conclusion: Elevated cFGF23 concentrations at baseline are independently associated with an increased risk of
overall graft loss. iFGF23 measurements were not independently associated with overall graft loss. The cFGF23
ELISA might detect bioactive FGF23 fragments that are not detected by the iFGF23 ELISA.
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Background
Kidney transplantation is the preferred replacement
therapy for end-stage kidney disease (ESKD) [1–3]. The
burden of cardiovascular disease (CVD) in ESKD is
reduced after kidney transplantation, however, it remains
one of the leading causes of premature mortality and
allograft loss in kidney transplant recipients (KTRs) [4].
More than half deaths among KTRs are directly attribut-
able to cardiovascular disease [5, 6].
Fibroblast growth factor 23 (FGF23) is an osteocyte-

derived hormone and is involved in mineral-bone
homeostasis by regulating serum phosphate, parathyroid
hormone (PTH), and 1,25-(OH)2- VD3 [7–9]. The kid-
ney is the principal target for FGF23, and the major
function of this hormone is to regulate phosphate re-
absorption and synthesis of 1,25(OH)2D [9]. FGF23 is an
approximately 32-kD (251 amino acids) protein with a
N-terminal region that contains the FGF homology do-
main and a novel 71-amino acid C-terminus [10]. Two
types of assays for determination of FGF23 concentra-
tions in human are currently available. Intact FGF23
(iFGF23) assay binds two epitopes that flank the proteo-
lytic cleavage site that lays between amino acids 179 and
180, hence presumably detecting only biologically active,
full-length FGF23 (∼32 kDa) [11], whereas the C-
terminal FGF23 (cFGF23) assay binds to epitopes within
the C-terminal region of the FGF23 protein and there-
fore detects both full-length and processed C-terminal
fragment (∼14 kDa) [12].
Prior clinical studies revealed a close relationship

between FGF23 and the cardiovascular morbidity and
mortality in both the CKD populations and the
general population [13, 14]. In KTRs, circulating
FGF23 concentrations seems to be an independent
biomarker for cardiovascular and all-cause mortality
and allograft loss [15, 16]. However, most studies re-
ported associations of FGF23 with clinical outcomes
have used cFGF23 assays [15–19], although it was
thought that the iFGF23 assays should be superior,
because they just detect the full-length FGF23 mol-
ecule and not a mixture of full-length FGF23 and
degradation products [20].
Limited data exist with regard to head-to-head com-

parisons cFGF23 and iFGF23 measurements in kidney
transplant recipients with respect to graft loss and all-
cause mortality. Thus, we carried out this study to com-
pare the predictive power of both iFGF23 and cFGF23
with composite outcomes of graft loss and all-cause
mortality in KTRs.

Materials and methods
Study participants and design
This prospective observational cohort study comprised
prevalent kidney transplant recipients who had kidney

transplantation before 15th October 2012 and came for
routine check-ups at the transplant outpatient clinic
Charité-Mitte, Berlin, Germany.
Patients with active infections, malignancy, acute rejec-

tion, a recent cardiovascular event at the time of study
inclusion or those unwilling to participate were ex-
cluded. Patients were prospectively followed up for a
median of 4.0 years (IQR 3.93–4.04). Prespecified end-
point was defined as overall renal graft loss included
both functional grafts lost due to recipient death and
death-censored graft loss. Graft loss was defined as re-
turn to dialysis, graft removal, re-transplantation, based
on the judgment of the treating physicians. The primary
outcome was defined as overall (all-cause) graft loss
comprising primary renal allograft loss and death with
functioning renal allograft. The study protocol was ap-
proved by the ethics committee of the Charité - Univer-
sitätsmedizin Berlin (Charitéplatz 1, 10,117 Berlin;
Germany) and informed consent was obtained from all
participants. All methods were carried out in accordance
with relevant guidelines and regulations.

Data source and laboratory measurements
Baseline characteristics of KTRs and kidney donors, such
as age, gender, recipients’ primary kidney diseases and
post-transplant duration, cold ischemia time, human
leukocyte antigen mismatches, panel reactive antibodies
(PRA) were extracted from hospital records.
Blood and urine samples were collected from patients

during routine visits from April 2012 until December
2012. Baseline laboratory measurements, such as creatin-
ine, serum albumin, total cholesterol, fasting blood glu-
cose, calcium, phosphorus, as well as urinary protein
excretion were measured in the central clinical labora-
tory of the Charité Universitätsmedizin Berlin, Germany.
Baseline estimated glomerular filtration rate (eGFR) was
calculated using the CKD-Epidemiology Collaboration
equation.

cFGF23 and iFGF23 measurements
cFGF23 and iFGF23 were measured with commercially
available ELISA [FGF23 (C-terminal) multi-matrix
ELISA, cat. no. BI-20702, Biomedica, Austria and
FGF23 (intact) human ELISA, cat. no.BI-20700, Biome-
dica, Austria) according to the instructions of the
manufacturer. The average intra-and inter-assay coeffi-
cients of variation were ≤ 12% and ≤ 10% for cFGF23
assay (described in detail on https://www.bmgrp.com/
wp-content/uploads/2019/03/bi-20702-fgf23-elisa-
validation-data-150306.pdf), and ≤ 8 and ≤ 6% for
iFGF23 assay (described in detail on https://www.
bmgrp.com/wp-content/uploads/2019/06/BI-20700-
FGF23-Intact-ELISA-Validation-Data-CE-190808.pdf).
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All samples were measured in duplicate and all assays
were subject to regular quality control.

Statistical analysis
Descriptive statistics of baseline characteristics are pre-
sented as means (standard deviation) for normally dis-
tributed data or as medians (interquartile ranges) for not
normally distributed variables. Categorical data are pre-
sented as numbers (%). Statistical differences between
baseline characteristics were analyzed using a Student’s t
test or Mann Whitney U test, or χ2 test as appropriate.
Graft survival and time-to-event analysis was estimated
by the Kaplan-Meier, differences were evaluated with a
stratified log-rank test. Univariate analysis was used to
determine the association between the FGF23 concen-
tration and graft survival. Multivariable-adjusted Cox re-
gression analysis was used to estimate the simultaneous
effects of established and emerging risk factors on graft
loss and mortality. Model 1 was adjusted for eGFR,

model 2 was adjusted for eGFR, gender, age; model 3
was adjusted for eGFR, gender, age, time post-
transplantation, hemoglobin, albumin, donor’s age, cold
ischemia time, log serum calcium, log serum phos-
phorus, log parathyroid hormone, urinary protein excre-
tion, model 4 was adjusted for the same factors as model
3, plus inflammation marker (C-reactive protein), model
5 was adjusted for the same factors as model 3, plus iron
status markers (mean corpuscular volume and ferritin),
model 6 was fully adjusted model, including all adjust-
ments. The Bland-Altman plots were used to evaluate
the agreement of mean difference between cFGF23 and
iFGF23. P value < 0.05 was regarded statistically signifi-
cant. Statistical analyses other than time-dependent
ROC were performed using SPSS version 25.0 (Chicago,
IL, USA). Time-dependent ROC curves was conducted
with R software (version 4.0.4, 2021-02-14), in addition,
timeROC (version 0.4) and ggplot2 (version 3.3.3)
packages were included.

Table 1 Baseline characteristics of the cohort

Variables All patients (n = 562) Death/graft loss (n = 94) No event (n = 468) P

Age at study entry (years) 54.6 (44.5–66.9) 62.5 (54.0–71.6) 53.4 (43.0–64.2) < 0.0001

Male, n (%) 345 (61.4%) 68 (72.3%) 227 (59.2%) 0.017

Primary kidney diseases, n (%) 0.888

Glomerulonephritis 228 (40.6%) 38 (40.4%) 190 (40.6%)

Tubulointerstitial disease 54 (9.6) 9 (9.6%) 45 (9.6%)

Polycystic renal disease 70 (12.5%) 10 (10.6%) 60 (12.8%)

Dysplasia and hypoplasia 8 (1.4%) 1 (1.1%) 7 (1.5%)

Diabetic nephropathy 18 (3.2%) 3 (3.2%) 15 (3.2%)

Hypertensive nephropathy 16 (2.8%) 2 (2.1%) 14 (3.0%)

Other or unknown cause 168 (29.9) 31 (33.0%) 137 (29.3%)

Time post-transplantation (years) 5.89 (2.90–10.48) 6.93 (3.65–12.23) 5.69 (2.88–10.37) 0.063

Time on dialysis (month) 46.0 (19.0–75.0) 50.0 (21.5–73.5) 44.0 (19.0–76.0) 0.503

Donor age (years) 51.0 (40.0–61.0) 54.0 (42.0–68.0) 50.0 (39.0–59.0) 0.013

Cold ischemia time (hours) 8.51 (3.24–14.04) 9.92 (6.42–18.16) 8.18 (3.02–13.73) 0.023

Hemoglobin (g/dl) 12.71 ± 1.76 12.20 ± 1.78 12.81 ± 1.74 0.002

Serum albumin (g/dl) 4.55 ± 0.35 4.46 ± 0.36 4.57 ± 0.35 0.04

Total cholesterol (mg/dl) 217.0 (186.0–254.0) 210.0 (171.5–247.3) 218.0 (187.0–254.8) 0.221

Serum creatinine (mg/dl) 1.57 (1.26–2.06) 2.23 (1.42–3.02) 1.52 (1.24–1.94) < 0.0001

eGFR (mL/min/1.73 m2) 43.0 (31.0–58.0) 30.0 (21.0–50.5) 44.5 (34.0–58.0) < 0.0001

Serum calcium (mmol/L) 2.47 (2.37–2.59) 2.42 (2.33–2.57) 2.48 (2.39–2.59) 0.014

Serum phosphorus (mmol/L) 0.86 (0.71–1.02) 0.99 (0.77–1.23) 0.84 (0.69–0.98) < 0.0001

Parathyroid hormone (pg/ml) 79.18 (49.91–133.70) 104.9 (58.76–206.3) 76.34 (49.06–126.60) 0.002

Intact FGF23 (pg/ml) 30.94 (15.43–68.98) 45.24 (18.63–159.0) 29.04 (15.23–60.65) 0.002

C terminal FGF23 (pg/ml) 12.57 (6.38–27.38) 24.59 (11.43–87.82) 10.67 (5.99–22.73) < 0.0001

Urinary protein excretion (mg/24 h) 163.0 (99.0–306.5) 265.5 (129.5–691.5) 153.0 (96.0–274.0) 0.0001

Data are given as median (interquartile ranges) or number (%). Baseline characteristics of the study population. Patients were followed for graft loss and all-cause
mortality for a follow-up of 48 months. The composite end-point (event) was defined as graft loss or death due to any reason
eGFR estimated glomerular filtration rate
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Meta-analysis
Details of the data sources, search strategy, study selec-
tion, eligibility criteria, data extraction, quality assess-
ment and analysis method were described in
supplementary file.

Results
Patient characteristics
Demographic and clinical data of the cohort are shown
in the Table 1. The mean time post-transplantation’
until study entry (baseline evaluation) was 5.89 years. No
patients were lost to follow-up. Overall, recipients with-
out overall graft loss were younger, had younger donors
and less cold ischemia time, also showed better status of
serum and urinary parameters, such as higher
hemoglobin and albumin, lower creatinine and parathy-
roid hormone, etc. Baseline median cFGF23 (n = 546)
and iFGF23 (n = 502) were 12.57 pg/ml (interquartile
range, 6.38–27.38 pg/ml) and 30.94 pg/ml (interquartile
range, 15.43–68.98 pg/ml), respectively. Both median in-
tact and c-terminal FGF23 levels were significant lower
in the survival group compare to the patients who had
graft loss or died (p = 0.002).

cFGF23 and clinical outcomes
During a median follow-up of 4.0 years (interquartile
range, 3.93 to 4.04 years), 94 patients suffered from over-
all graft loss. Time-dependent ROC analysis showed that
cFGF23 concentrations had a better discriminatory abil-
ity than iFGF23 concentrations in predicting overall (all-
cause) graft loss. Plots of AUROCs (area under the
ROC) at 1-year, 2-year, 3-year, 4-year of cFGF23 and
iFGF23 for overall graft loss are shown in Fig. 1. The
AUROCs of cFGF23 vs. iFGF23 at 1-year, 2-year, 3-year,
4-year were 0.797 vs. 0.711, 0.704 vs. 0.585, 0.705 vs.
0.607 and 0.685 vs. 0.605, respectively.
According to cFGF23 concentrations, patients were

divided into tertiles. Kaplan-Meier survival plots demon-
strated a significant lower risk of composite endpoint of
patients in the 3rd tertile of cFGF23 (log-rank test, P <
0.001) (Fig. 2a).
In Cox regression models, increasing log transformed

cFGF23 was independently associated with the compos-
ite endpoint in the univariate Cox regression analysis.
We aimed to determine whether cFGF23 was independ-
ently associated with overall (all-cause) graft loss and ex-
plored possible variations in this association. We used
Cox regression models with a stepwise selection of vari-
ables that associated with death or graft failure. cFGF23
remained a significant predictor of overall (all-cause)
graft loss, even after full adjustments (Table 2). However,
when analyzing the individual components of the com-
posite endpoint separately, the association of cFGF23
with the either all-cause mortality or graft loss after full

adjustments was not significant (supplementary Table 4).
The effects of the individual components of the compos-
ite endpoint went into the same direction as the com-
posite endpoint, the effect of graft loss on the composite
endpoint seems to be more pronounced.

iFGF23 and clinical outcomes
Same analyses as cFGF23 were conducted in iFGF23.
Plots of AUROCs (area under the ROC) at 1-year, 2-
year, 3-year, 4-year of cFGF23 and iFGF23 for overall
graft loss are shown in Fig. 1.
Kaplan-Meier survival analysis indicated that patients

with the 3rd tertile iFGF23 concentrations had a signifi-
cantly lower risk of composite endpoint (log-rank test,
P = 0.011) (Fig. 2b).
In unadjusted Cox regression analysis, log transformed

iFGF23 showed significant association with the compos-
ite outcome (HR, 1.28; 95% CI, 1.14–1.44; P < 0.001).
However, when adjusted for eGFR, the association was
no longer statistically significant (P = 0.473). log trans-
formed iFGF23 did not consistently show a significant
association with composite endpoint after additional ad-
justments were added (Table 2).

Comparison of cFGF23 and iFGF23
Bland-Altman plots revealed a significant difference be-
tween cFGF23 and iFGF23 (Fig. 3). In our cohort, the
Bland-Altman analysis revealed systematic differences
between iFGF23 and cFGF23 Elisa’s, indicating that both
assays indeed measure different forms of FGF23.

Discussion
This prospective cohort study is the first study in KTRs
simultaneously analyzing baseline iFGF23 and cFGF23.
Our study demonstrated - after adjusting for risk factors
– that only cFGF23 was independently associated with
the overall graft loss, and this was consistent with the re-
sults of a meta-analysis analyzing all so far reported
cFGF23 studies [15–19] and our data in KTRs. Further-
more, we found that FGF23 correlated negatively with
eGFR in this cohort, moreover, cFGF23 concentration
showed a stronger correlation with eGFR than iFGF23
(rs = − 0.475, p < 0.001 and rs = − 0.385, p < 0.001 for
cFGF23 and iFGF23, respectively.), which indicate that
cFGF23 may capture risk of reduced kidney function,
which is not similarly captured by iFGF23.
Only one published study investigated the association

between iFGF23 and the overall graft loss in KTRs so far
[21]. In line with our study, the positive association of
iFGF23 with poor outcome in the unadjusted analysis
was no longer significant after adjusted for risk factors
in the multivariate analysis (P = 0.97), however, this
study did not analyze cFGF23.
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FGF23 is a 251 amino acid peptide with a 24 amino
acid signal peptide and 227 residues forming the ma-
ture FGF-23 structure [22]. FGF23 is likely to be
cleaved by subtilisin-like proprotein – recognizing
amino acids 179Arg and 180Ser as cleavage motive
[23, 24]. After cleavage, biologically inactive peptides
are produced (an inactive N-terminal (amino acids
25–179) and an inactive C-terminal fragment (amino
acids 180–251). More yet unknown clearage motives
may exist. Nowadays, the commercial iFGF23 assays
recognize two epitopes that flank the proteolytic
cleavage site that lays between amino acids 179 and
180, thus ensuring that only biologically active, full-
length FGF23 is detected, whereas the cFGF23 assays
recognize the biologically active full-length intact

FGF23 (iFGF23) hormone as well as its C-terminal
fragments [11] (Supplementary Figure 1).
Under physiological conditions, iFGF23 is the most

abundant form of circulating FGF23 peptides [25, 26].
We initially hypothesized that the biologically active
FGF23 is better associated with clinical outcomes and
might reflect better the biological properties of FGF23.
However, the opposite finding seems to be the case. A
very recent study suggests that the iron status and in-
flammation may have confounded the associations of
iFGF23 with clinical outcomes [27]. Under healthy con-
ditions increased transcription due to iron deficiency
and/or inflammation are matched with increased cleav-
age to maintain normal circulating levels of full-length
FGF23, resulting in elevated concentrations of

a

b

Fig. 1 a Time-dependent Receiver operating characteristic (ROC) curves of cFGF23 for composite outcome of all-cause mortality and graft loss. b
Time-dependent Receiver operating characteristic (ROC) curves of iFGF23 for composite outcome of all-cause mortality and graft loss. AUC, area
under the curve
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circulating cFGF23, but normal concentrations of
iFGF23 and hence a better correlation of cFGF23 with
outcomes as compared with iFGF23 measurements.
This study [27] stimulated us to analyze whether the

iron status may also influence our findings in KTRs. We
thus conducted a series of multivariate models. After
adjusting for kidney function (model 1), the association
between iFGF23 and the overall graft loss was no longer
significant. In the subsequent analysis, more covariates
were added to the model, model 4 considered C-reactive
protein (CRP), which represented inflammation on top
of conventional risk factors, model 5 added mean cor-
puscular volume (MCV) and ferritin as markers of the
iron status. Model 6 was fully adjusted for all risk factors
(Table 2). cFGF23, but not iFGF23, showed consistently
significant association with the composite outcomes.

Thus, our data rather suggest that fragments of FGF23
are more important than the full length FGF23 molecule
for predicting outcome in stable kidney transplant recip-
ients. Alternatively, yet not identified confounding fac-
tors in humans who were just described in animal
models [28, 29] might likewise modify the association as
it was the case for iron deficiency [11].
Our study consists of a well-defined cohort of KTRs with-

out loss of follow-up. We determined both serum iFGF23
and cFGF23 levels and performed three independent

Fig. 2 Kaplan-Meier curves for composite outcome of all-cause
mortality and graft loss. Patients were subdivided into 3 subgroups
based on the tertile of FGF23; a cFGF23. b iFGF23

Table 2 Cox regression analysis for composite outcome of all-
cause mortality and graft loss

Variable Composite outcome

HR (95% CI) P

Log C-terminal FGF23

Univariate analysis 1.46 (1.31–1.63) < 0.001

Model 1 1.23 (1.07–1.42) 0.005

Model 2 1.28 (1.09–1.50) 0.003

Model 3 1.35 (1.03–1.76) 0.029

Model 4 1.37 (1.03, 1.81) 0.030

Model 5 1.33 (1.01, 1.75) 0.040

Model 6 1.35 (1.01, 1.79) 0.043

Log intact FGF23

Univariate analysis 1.28 (1.14–1.44) < 0.001

Model 1 1.05 (0.92–1.21) 0.473

Model 2 1.06 (0.92–1.23) 0.425

Model 3 1.03 (0.81–1.31) 0.833

Model 4 0.99 (0.77, 1.28) 0.936

Model 5 0.99 (0.77, 1.26) 0.920

Model 6 0.97 (0.75, 1.25) 0.794

Model 1: eGFR; Model 2: eGFR, gender, age; Model 3: eGFR, gender, age, time
post-transplantation, hemoglobin, albumin, donor’s age, cold ischemia time,
log serum calcium, log serum phosphorus, log parathyroid hormone, urinary
protein excretion; Model 4: model 3 + CRP; Model 5: model 3 + MCV + ferritin;
Model 6: model 3 + CRP +MCV + ferritin
HR hazard ratio, 95%CI 95% confidence interval, eGFR estimated glomerular
filtration rate, CRP C-reactive protein, MCV mean corpuscular volume

Fig. 3 Bland-Altman plot of cFGF23 and iFGF23
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statistical methods (Time-dependent ROC curve analysis,
Kaplan-Meier analysis and Cox proportional-hazards model)
to assess the association between FGF23 and overall graft
loss. We acknowledge several limitations of this study. First,
iFGF23 as well as cFGF23 concentrations were only mea-
sured once at study entry, hence it is impossible to investi-
gate the alteration over time in this cohort. Second,
concerning the limited number of endpoint events, we did
not conduct subgroup analyses of graft loss and death separ-
ately. Third, the binding sites of the antibodies in the used
cFGF23 ELISAs were not identical, because they came from
different companies (Immutopics versus Biomedica). Al-
though data coming for studies using either the cFGF23
Immutopics Elisa or the cFGF23 Elisa from Biomedica
yielded qualitatively identical results, the differences in the
binding sites might have influenced the ability of the individ-
ual ELISA to detect breakdown-products of FGF23 (see sup-
plementary Figure 1). Furthermore, this cross-sectional study
can only show the association between baseline cFGF23 and
endpoints, further studies analyzing just potential degrad-
ation products of full length FGF23 are needed.

Conclusion
Consistent with prior studies, we also demonstrated that
baseline serum cFGF23 was independently associated
with the overall graft loss in KTRs. Simultaneously mea-
sured iFGF23, however, was not associated with the
composite outcome after adjusting for risk factors. The
cFGF23 ELISA might detect bioactive FGF23 fragments
that are not detected by the iFGF23 ELISA.
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