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Introduction: Fibroblast growth factor 23 (FGF23) could contribute to cardiovascular morbidity in

chronic kidney disease. In studies of kidney transplant recipients, a high circulating level of FGF23

has been associated with death and graft loss independently of estimated glomerular filtration rate

(GFR). Whether FGF23 is associated with adverse outcomes in the early posttransplantation period is

unknown.

Methods: We analyzed a cohort of 845 kidney transplant recipients in stable condition who had GFR

measured in the first years after transplantation with a median follow-up of 71 months.

Results: A high FGF23 concentration was associated with death or graft loss in univariate analysis, but

this association was lost after adjustment for measured GFR. In contrast, FGF23 remained significantly

associated with the composite outcome when estimated GFR was substituted for measured GFR. We

also observed that follow-up duration modified the association between FGF23 and outcome.

Although FGF23 was not associated with any endpoint in the full duration of the study, we found

an independent association between FGF23 and the incidence of graft loss within the 4 years after

FGF23 measurement. We did not find an association between FGF23 levels and left ventricular mass

in a subgroup of 227 patients who had echocardiography performed within 3 months of FGF23

measurement.

Discussion: This study demonstrates that FGF23 measured during the first year after transplantation is not

an independent predictor of death and graft loss and is not associated with left ventricular hypertrophy in

the posttransplantation period. It further unveils important factors modifying the association between

FGF23 and outcome in this population.
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better survival and quality of life.1 Although important
advances have been made in surgery and immunosup-
pression regimens, the overall mortality associated with
renal transplantation has remained stable while graft
survival has improved.2 Mortality and early graft loss
remain significant concerns. It is therefore of primary
importance to elucidate the factors that are implicated
in and/or able to predict death and graft loss in trans-
plant recipients, particularly at an early stage after
transplantation.
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Fibroblast growth factor 23 (FGF23) is an endocrine
polypeptide belonging to the fibroblast growth factor
(FGF) family.3 In contrast to most FGFs, which exert
only paracrine and intracrine signaling, FGF23 is
released in the systemic circulation and acts as a
hormone. It binds to a receptor complex associated
with a FGF receptor and a-Klotho, its specific
co-receptor. FGF23 controls phosphate homeostasis,4

and in the kidney, it increases urinary phosphate
excretion by reducing the membrane expression of
the sodium phosphate co-transporters NPT2a and
NPT2c. It also reduces the net production of 1,25-
dihydroxyvitamin D by proximal tubular cells, both
by reducing its conversion from 25-hydroxyvitamin
D through the 1a-hydroxylase CYP27B1 and by
increasing its catabolism by the 24-hydroxylase
CYP24A1. In the absence of advanced renal insuffi-
ciency, FGF23 also acts on parathyroid cells to reduce
the production of parathyroid hormone (PTH).5 In
chronic kidney disease (CKD), FGF23 levels increase
with the reduction of the glomerular filtration rate
(GFR) to prevent phosphate retention secondary to
nephron reduction.6 This adaptive response plays
an important role in the reduction of 1,25-
dihydroxyvitamin D concentrations observed in
patients with CKD and contributes to secondary
hyperparathyroidism.7

The FGF23 plasma concentration is an independent
predictor of death in patients with CKD undergoing
dialysis.8,9 The mechanisms involved have remained
elusive so far, but recent evidence has suggested a link
between FGF23 and left ventricle hypertrophy and
dysfunction in patients with CKD.10 Exogenous FGF23
has been shown to induce cardiomyocyte hypertrophy
in vitro and in vivo, whereas inhibition of FGF signaling
was found to reduce cardiac hypertrophy in a rodent
model of CKD.10,11 More recently, a high FGF23 level
has been associated with an increased risk of hospi-
talization related to infection in patients undergoing
hemodialysis. In rodents, high FGF23 plasma levels
have been shown to impair neutrophil recruitment at
bacterial infection sites.12,13

To date, 2 studies have linked FGF23 to mortality
and graft loss in renal transplant recipients.14,15 In
these studies, most of the patients were included
several years after transplantation: the median trans-
plantation vintage at inclusion was 7 and 6.2 years in
studies by Wolf et al. and Baia et al., respectively.14,15

These studies provided no information on the associa-
tion between FGF23 and outcomes during the first
years after renal transplantation. Furthermore, patients
who lost grafts or died during the first year after
transplantation were not studied. To date, no data have
been published regarding the association between
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FGF23 measured in the first year after renal trans-
plantation and later outcomes.

Since 2005, the standard care for kidney transplant
recipients at our institution has included a measure-
ment of GFR by iohexol clearance and an assessment of
FGF23 in the first year after transplantation. We took
advantage of this monitoring requirement to assess the
link between FGF23 and posttransplantation outcome.
METHODS
Study Population

All patients received transplants and were followed up
in the Department of Renal Transplantation at Necker
Hospital, Paris, France. Since September 2005, the
standard longitudinal care for kidney transplant re-
cipients has included a measurement of GFR and min-
eral metabolism parameters 1 year after transplantation
and every 2 years thereafter. From October 2005 to
April 2012, all patients who were evaluated at least 10
months after transplantation were included in the
study. Patients not evaluated in the first year for
GFR measurement and FGF23 (generally because of
complications requiring hospitalization) were included
at a subsequent evaluation up to 38 months after
transplantation.
Data Collection

All data were prospectively collected by the physician
in charge of the patient in the cross-validated French
database DIVAT (Données Informatisées et VAlidées en
Transplantation, http://www.divat.fr/). The DIVAT
database has been approved by the National French
Commission for Bioinformatics Data and Patient Liberty
(registration number 1016618). The collected data,
which are computerized in real time and at each
transplant anniversary, include information
concerning:

� the donor (age, gender, deceased or living donor, cold
ischemia time)

� the recipient (age, gender, primary etiology of CKD,
previous duration of dialysis)

� the transplantation procedure
� the immune suppression regimen
� the occurrence of delayed graft function (defined as
the need for hemodialysis during the first week after
transplantation)

� graft failure (defined as a re-transplantation or a
return to long-term dialysis)
The information entered in the DIVAT database is

audited every year. In addition, we prospectively
collected data for height, body weight, and blood
pressure at the time of GFR and FGF23 measurement.
Kidney International Reports (2017) 2, 881–892
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Biochemistry

FGF23 plasma concentration was measured with an
enzyme-linked immunosorbent assay (Immutopics, Inc,
San Clemente, CA) that recognizes the C-terminal part
of the peptide. Serum PTH concentration was measured
with an immunochemiluminescent assay performed on
the Elecsys analyzer (Roche Diagnostics, Meylan,
France). Total calcium, ionized calcium, and phosphate
and creatinine concentrations were measured using
standard methods. Calcitriol and 25-hydroxyvitamin D
concentrations were measured with a radioimmuno-
assay (DiaSorin, Stillwater, MN) and a radioimmuno-
assay after immunoextraction (IDS Ltd, Boldon, UK),
respectively.

GFR was determined by iohexol clearance or inulin
clearance when allergy to iohexol was suspected on the
basis of patient history as previously described.16 The
Modification of Diet in Renal Disease (MDRD)
3-variable equation was used to determine estimated
GFR (eGFR).17 Maximal tubular reabsorption of phos-
phate/GFR was calculated in the fasting state in the
morning.

Echocardiography

All patients had transthoracic echocardiography
performed in our cardiology center (Adult Cardiology
Functional Unit, Hôpital Necker-Enfants Malades) by
trained cardiologists. Data were acquired from stan-
dard parasternal and apical 4-chamber views. Left
ventricular mass was calculated with ultrasound
guidance from the parasternal long-axis view and
was normalized for body surface area to estimate the
left ventricular mass index. Fraction of shortening
and left ventricular ejection fraction were then
calculated.

Statistical Analyses

Categorical data were described as numbers (%) and
continuous variables as mean (SD) or median (first
quartile [Q1], third quartile [Q3]) as appropriate. We
systematically considered FGF23 measured at first
evaluation after transplantation as a quantitative vari-
able that we log-transformed for statistical analysis
whenever possible and as a categorized variable ac-
cording to tertiles. We compared patient characteristics
according to tertiles of FGF23 using the chi-square test
for categorical variables and the Kruskal-Wallis test for
continuous variables.

A Bland and Altman plot was created to measure
agreement between measured GFR (mGFR) and eGFR.
The y-axis represents the difference between the 2
measures, and the x-axis represents the mean of the 2
measures. The lines indicate a difference of 0 and the
limits of agreement.
Kidney International Reports (2017) 2, 881–892
We aimed to determine whether FGF23 was inde-
pendently associated with death or graft failure and
explored possible variations in this association. We
performed 2 main analyses: 1 based on a short period
(follow-up until 4 years after the initial renal evalua-
tion) and 1 based on a long period (median follow-up
duration: 66 months [Q1–Q3: 47–89]). For each of
these analyses, we used Cox regression models with
adjustment for mGFR only and full adjustment for
variables associated with death or graft failure in uni-
variate analysis or considered as important in the
literature (i.e., mGFR, age at inclusion, duration of
dialysis, transplantation rank, type of donor [dead or
alive], delayed graft function, systolic blood pressure,
phosphate, logPTH, logcalcitriol). For GFR, we did a
sensitivity analysis using eGFR instead of mGFR. The
hypothesis of proportional hazards was systematically
evaluated. For long-term follow-up, we had to use
FGF23 instead of logFGF23 because the hypothesis of
proportional hazards was not verified with logFGF23.

As secondary analyses, we assessed whether FGF23
was associated with each event separately: occurrence
of graft failure and death for the short-term follow-up.
For death, this analysis was based on multivariate Cox
regression models adjusted for mGFR only and for
mGFR and other variables. To evaluate whether FGF23
was associated with graft failure, we used 2 different
models: a cause-specific Cox model and a Fine and Gray
model, taking into account the competing risk of death.
For both models, we adjusted for mGFR only and for
mGFR and other variables. Both models provided
consistent results.

All tests were 2-sided, and a P value <0.05 was
considered significant. Our analysis was exploratory,
aimed at better understanding factors associated with
variation in the association between FGF23 and
outcome. Therefore we did not correct alpha risk for
multiple statistical tests. Statistical analyses were per-
formed with R version 3.2.3 (http://www.R-project.
org/), a statistical computing program.18
RESULTS
Study Population

From October 2005 to April 2012, 845 kidney trans-
plant recipients in stable condition had measurements
of FGF23 and mGFR obtained. The characteristics of
these patients are shown in Table 1. In agreement with
our systematic monitoring policy, the median trans-
plantation vintage of patients at the time of FGF23 and
GFR measurements was 12 months (Q1–Q3: 12–13).
These measurements were obtained from 87% and 92%
of the patients within the first 2 and 3 years after
transplantation, respectively. Fifty-eight percent of the
883
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Table 1. Characteristics of 845 kidney transplant recipients in stable
condition in the early posttransplantation period
Characteristics (n [ 845)

Recipients

Age (yr) at inclusion, mean � SD 49 (14)

Male, n (%) 492 (58)

Initial nephropathy, n (%)

Glomerulonephritis 139 (16)

Cystic kidney disease 129 (15)

Uropathy 9 (1)

Diabetic nephropathy 57 (7)

Vascular nephropathy 51 (6)

Interstitial nephropathy 23 (3)

Congenital anomalies of the kidney
and urinary tract

63 (7)

Systemic lupus 20 (2)

Focal and segmental glomerulosclerosis 35 (4)

Genetic glomerular disease 11 (1)

Hemolytic and uremic syndrome 8 (1)

Toxic nephropathy 6 (1)

Others 22 (2)

Unknown 272 (32)

ESRD treatment technique before
transplantation, n (%)

Preemptive transplantation 102 (12)

Hemodialysis 684 (81)

Peritoneal dialysis 33 (4)

Peritoneal dialysis and hemodialysis 17 (2)

Functional renal transplant 8 (1)

Duration of dialysis before transplantation
(mo), median (Q1–Q3)

34 (12–70)

First transplantation, n (%) 669 (79)

Transplantation vintage, mo, median (Q1–Q3) 12 (12–13)

Donors

Living donor, n (%) 185 (22)

Age (yr), mean � SD 53 (16)

Extended donor criteria, n (%) 419/822 (51)

Cold ischemia duration (h), median (Q1–Q3) 18 (9–25)

Delayed graft function, n (%) 249/834 (30)

Immunology: HLA mismatch A, B, and DR

< 3 347 (41)

$ 3 498 (59)

Clinical and biological parameters at first evaluation

BMI, median (Q1–Q3) 25 (22–28)

Systolic blood pressure (mm Hg), median (Q1–Q3) 132 (120–144)

Diastolic blood pressure (mm Hg), median (Q1–Q3) 75 (69–82)

GFR (ml/min per 1.73 m2), median (Q1–Q3) 54 (42–64)

Ionized calcium mmol/l, median (Q1–Q3) 1.24 (1.20–1.29)

Phosphate, mmol/l, median (Q1–Q3) 0.85 (0.74–0.99)

25-OHD mg/l, median (Q1–Q3) 23 (15–31)

Calcitriol, ng/l, median (Q1–Q3) 46 (33–63)

PTH ng/l, median (Q1–Q3) 82 (56–136)

FGF 23 RU/ml, median (Q1–Q3) 78 (50–121)

Categorical variables are presented as numbers (%), and continuous variables are
presented as mean (SD) or median (Q1, Q3) as appropriate.
BMI, body mass index; ESRD, end-stage renal disease; FGF, fibroblast growth factor;
GFR, glomerular filtration rate; HLA, human leukocyte antigen; 25-OHD, 25-
hydroxyvitamin D: PTH, parathyroid hormone; Q1, first quartile; Q3, third quartile.
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patients were men. The mean age at inclusion was 49 �
14 years. The median mGFR was 54 ml/min per 1.73m2

(Q1–Q: 342–64), and median FGF23 concentration was
884
78 RU/ml (Q1–Q3: 50–121). Only 28% of the patients
had high (i.e., >120 RU/ml) FGF23 levels. Median
blood phosphate concentration was 0.85 mmol/l
(Q1–Q3: 0.74–0.99), and 48% of the patients had low
blood phosphate levels (<0.85 mmol/l). The charac-
teristics of the patients according to FGF23 tertiles are
presented in Table 2. FGF23 concentration correlated
negatively with mGFR (r ¼ -0.41). In addition, FGF23
concentration correlated modestly but significantly
with blood phosphate (r ¼ 0.15), PTH (r ¼ 0.15), and
calcitriol (r ¼ 0.13) concentrations; body mass index
(r ¼ 0.13); systolic blood pressure (r ¼ 0.14); and
patient’s age (r ¼ 0.11). It did not correlate significantly
with 25-hydroxyvitamin D or ionized blood calcium
concentration. In addition to FGF23, mGFR correlated
significantly with patient’s age (r ¼ -0.31), calcitriol
concentration (r ¼ -0.31), systolic blood pressure (r ¼
-0.27), hemoglobin (r ¼ 0.24), and serum phosphate
concentration (r ¼ -0.18) and marginally with ionized
blood calcium concentration (r ¼ -0.06). The weak
correlation between FGF23 level and serum phosphate
concentration suggests that FGF23 was not a main
determinant of the hypophosphatemia in our cohort.
To assess this possibility, we compared the relation
between the 2 main phosphaturic hormones, PTH and
FGF23, and serum phosphate levels and maximal
reabsorption of phosphate/GFR, which is an indicator
of renal phosphate handling (Figure 1). Correlation
between serum phosphate concentration or maximal
reabsorption of phosphate/GFR was stronger with PTH
than with FGF23, suggesting that hypophosphatemia
was mainly related to PTH levels rather than to FGF23
at least 12 months after transplantation.

Association Between FGF23 Concentration and

Outcome

During a median follow-up duration of 71 months, 33
patients were lost to follow-up, 84 lost the allograft,
101 died with a functional allograft, and 4 died with a
nonfunctional allograft. The cause of death was
uncertain for 24 patients. More than half of the deaths
were due to either infections (33 individuals) or
neoplasia (24 individuals), and 12 patients died of
cardiovascular or cerebrovascular disease. Cumulative
incidence plots for graft loss, mortality, or their com-
posite according to FGF23 tertiles are shown in
Figure 2. Factors associated with the composite
outcome of death or graft failure in univariate analysis
are shown in Table 3. The crude hazard ratio (HR) for
FGF23, considered as a continuous parameter, was 1.01
(95% confidence interval 1.00–1.01, P ¼ 0.04).
Importantly, when adjusted for mGFR, the association
was no longer statistically significant (P ¼ 0.07;
Table 4). FGF23 did not consistently show a significant
Kidney International Reports (2017) 2, 881–892



Table 2. Characteristics of patients according to FGF23 tertiles

Characteristics
All patients
(n [ 845)

FGF23 tertile 1
(n [ 281)

FGF23 tertile 2
(n [ 282)

FGF23 tertile 3
(n [ 282) P valuea

Recipients

Age (yr) at inclusion, mean � SD 49 � 14 48 � 13 49 � 14 51 � 14 0.02

Gender, male, n (%) 492 (58) 165 (59) 150 (53) 177 (63) 0.07

Duration of dialysis before transplantation (mo), median (Q1–Q3) 34 (12–70) 32 (11–66) 36 (13–68) 36 (13–75) 0.39

First transplantation 669 (79) 222 (79) 231 (82) 216 (77) 0.30

Transplantation vintage (mo), median (Q1–Q3) 12 (12–13) 12 (12–13) 12 (12–13) 12 (12–14) 0.51

Donors

Living donor 185 (22) 75 (27) 63 (22) 47 (17) 0.02

Age (yr), mean � SD 53 � 16 51 � 16 51 � 17 57 � 16 <0.0001

Cold ischemia duration, h (Q1–Q3) 18 (9–25) 17 (3–23) 18 (4–25) 19 (13–26) 0.03

Delayed graft function 249 (30) 58/278 (21) 82/276 (30) 109/280 (39) <0.0001

Immunology: HLA mismatch A, B, and DR <3, n (%) 347 (41) 128 (46) 108 (38) 111 (39) 0.17

Clinical and biological parameters at first evaluation

BMI, median (Q1–Q3) 25 (22–28) 24 (22–27) 24 (21–27) 25 (23–28) 0.0004

Systolic blood pressure (mm Hg), median (Q1–Q3) 132 (120–144) 130 (119–142) 130 (118–141) 136 (123–149) <0.0001

GFR (ml/min per 1.73 m2), median (Q1–Q3) 54 (42–64) 59 (51–69) 55 (44–64) 44 (33–56) <0.0001

Ionized calcium mmol/l, median (Q1–Q3) 1.24 (1.20–1.29) 1.24 (1.20–1.29) 1.24 (1.20–1.29) 1.24 (1.20–1.30) 0.98

Phosphate, mmol/l, median (Q1–Q3) 0.85 (0.74–0.99) 0.84 (0.74–0.98) 0.85 (0.73–0.99) 0.88 (0.75–1.02) 0.20

Tm phosphate/GFR 0.62 (0.47–0,79) 0.65 (0.49–0.80) 0.65 (0.51–0.81) 0.57 (0.43–0.76) 0.0002

25-OHD mg/l, median (Q1–Q3) 23 (15–31) 23 (15–30) 24 (16–31) 22 (15–31) 0.45

Calcitriol, ng/l, median (Q1–Q3) 46 (33–63) 46 (34–61) 50 (35–68) 44 (31–59) 0.003

PTH ng/l, median (Q1–Q3) 82 (56–136) 70 (51–102) 80 (57–130) 106 (65–176) <0.0001

Categorical variables are presented as numbers (%), and continuous variables are presented as mean (SD) or median (Q1, Q3) as appropriate
BMI, body mass index; FGF, fibroblast growth factor; GFR, glomerular filtration rate; 25-OHD, 25-dihydroxyvitamin D; PTH, parathyroid hormone; Q1, first quartile; Q3, third quartile.
aP represents tests of significance from one-way analysis of variances, Kruskal-Wallis test, or c2 test.

Figure 1. Scatter diagrams illustrating the associations between phosphate, maximal reabsorption of phosphate/glomerular filtration rate (Tm
phosphate/GFR), blood phosphate, fibroblast growth factor 23 (FGF23), and parathyroid hormone (PTH).

F Bienaimé et al.: FGF23 and Renal Transplantation Outcome CLINICAL RESEARCH
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Figure 2. Cumulative incidence of death, graft loss, or the composite outcome across fibroblast growth factor 23 (FGF23) tertiles.
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association with composite outcome after adjustments
for additional predictors of transplantation outcome
were made (Table 4). These results were similar when
tertiles of FGF23 were considered (Table 4).

These results differed from those of 2 previous
studies in which the association between FGF23 and
transplantation outcome was explored in transplant
Table 3. Univariate analysis of characteristics associated with the
composite of graft failure or death

Characteristics
Univariate HR
(95% CI) P value

Recipients

-Age at inclusion 1.03 (1.02–1.04) <0.0001

-Gender, male 1.18 (0.87–1.58) 0.28

-Duration of dialysis before transplantation, mo 1.003 (1.001–1.005) 0.0007

-First transplantation 0.62 (0.45–0.85) 0.003

-Transplantation vintage, mo 1.01 (0.99–1.03) 0.23

Donors

-Living donor 0.54 (0.35–0.82) 0.004

-Age 1.02 (1.01–1.03) <0.0001

-Cold ischemia duration, h 1.03 (1.01–1.04) <0.0001

-Delayed graft function 2.18 (1.63–2.92) <0.0001

- Extended donor criteria 2.03 (1.50–2.75) <0.0001

Immunology: HLA mismatch A, B, and DR <3 0.96 (0.72–1.29) 0.78

Clinical and biological parameters at first evaluation

-BMI 1.00 (0.97–1.03) 0.92

-Systolic blood pressure (mm Hg) 1.02 (1.01–1.03) <0.0001

-GFR (ml/min per 1.73 m2) 0.95 (0.94–0.96) <0.0001

-Ionized blood calcium mmol/l 2.49 (0.47–13.3) 0.29

-Phosphate 3.78 (1.86–7.66) 0.0002

-25-OHD 0.98 (0.96–0.99) 0.0006

-Calcitriol 0.99 (0.98–0.99) 0.002

-Log PTH 3.59 (2.34–5.51) <0.0001

-FGF23a 1.01 (1.00–1.01) 0.04

-FGF23 tertile 3 versus tertile 1 2.81 (1.96–4.03) <0.0001

-FGF23 tertile 2 versus tertile 1 1.52 (1.02–2.26) 0.04

BMI, body mass index; CI, confidence interval; FGF, fibroblast growth factor; HLA, hu-
man leukocyte antigen; HR, hazard ratio; 25-OHD, 25-dihydroxyvitamin D; PTH, para-
thyroid hormone.
aThe hypothesis of proportional hazards was not verified for LogFGF23; therefore FGF23
was used.
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recipients in stable condition. Therefore we investi-
gated the origin of this discrepancy.

Influence of GFR Assessment

We first examined the impact of the methods used to
assess GFR on the association between FGF23 and
outcome. Previous studies used creatinine-based esti-
mators of GFR to adjust for kidney function in multi-
variate analysis. Although eGFR provides a convenient
tool for use in making clinical decisions, the MDRD and
chronic kidney disease–epidemiology collaboration
(CKD-EPI) equations have reduced performance for
kidney transplant recipients.17,19 FG23 plasma level
correlates with GFR, and both GFR and FGF23 are
associated with composite outcome in univariate anal-
ysis. Consequently, we hypothesized that the use of
direct measurement of GFR could modify the relation
between FGF23 and outcome in kidney transplant re-
cipients. In our cohort, Bland and Altman analysis
revealed a limit of agreement of � 24 ml/min per
1.73m2 between eGFR (calculated according to the
simplified MDRD formula) and mGFR (Figure 3). FGF23
Table 4. Association of fibroblast growth factor 23 with composite
outcome after adjustment for mGFR and other variablesa

Hazard ratio (95% CI) P value

FGF23 adjusted for mGFR

FGF23 1.002 (1.00–1.004) 0.07

FGF23 adjusted for mGFR and other variablesa

FGF23 1.0002 (0.9999–1.0004) 0.15

TertileFGF23 (reference ¼ tertile 1) adjusted for mGFR

FGF23 tertile 2 1.15 (0.77–1.72) 0.50

FGF23 tertile 3 1.46 (0.98–2.17) 0.06

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR and other variablesa

FGF23 tertile 2 1.18 (0.77–1.80) 0.45

FGF23 tertile 3 1.33 (0.87–2.04) 0.19

CI, confidence interval; FGF, fibroblast growth factor; mGFR, measured glomerular
filtration rate.
aAge at inclusion, duration of dialysis, first transplantation, living donor, delayed graft
function, systolic blood pressure, phosphate, logparathyroid hormone, logcalcitriol.

Kidney International Reports (2017) 2, 881–892



Table 5. Association of FGF23 with composite outcome after
adjustment for eGFR and other variables

Hazard ratio (95% CI) P value

FGF23 adjusted for eGFR

FGF23 1.0002 (1.000–1.0004) 0.03

FGF23 adjusted for eGFR and other variablesa

FGF23 1.0002 (1.000–1.0004) 0.09

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR

FGF23 tertile 2 1.31 (0.87–1.96) 0.19

FGF23 tertile 3 1.83 (1.23–2.71) 0.003

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR and other variablesa

FGF23 tertile 2 1.30 (0.85–1.98) 0.22

FGF23 tertile 3 1.51 (0.98–2.33) 0.06

CI, confidence interval; eGFR, estimated glomerular filtration rate; FGF, fibroblast growth
factor.
aAge at inclusion, duration of dialysis, first transplantation, living donor, delayed graft
function, systolic blood pressure, phosphate, logparathyroid hormone, logcalcitriol.

Figure 3. Comparison of measured glomerular filtration rate (mGFR)
and estimated glomerular filtration rate (eGFR) according to 3-variable
Modification of Diet in Renal Disease (MDRD) formula and
their associations with fibroblast growth factor 23 (FGF23). (a) Bland
and Altman graphic comparing eGFR and mGFR and scatter diagrams
illustrating the association between FGF23 and (b) mGFR or (c) eGFR.
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level correlated with both mGFR (r ¼ -0.42) and eGFR
(r ¼ -0.40). Therefore we conducted a sensitivity
analysis using eGFR rather than mGFR to assess
Kidney International Reports (2017) 2, 881–892
whether this modified the association between FGF23
and the outcome. Remarkably, the HR was higher
when eGFR was used instead of mGFR, and FGF23
remained significantly associated with the composite
outcome after adjustment for eGFR (Table 5). However,
after adjustment for multiple factors affecting trans-
plantation outcome, the association with FGF23 was
lost. Thus the attenuation of the association between
FGF23 and the composite outcome was larger after the
adjustment for mGFR compared with eGFR.

Influence of Follow-up Duration

Another factor that could modify the association be-
tween FGF23 level and outcome is the duration of
follow-up. In our study, the duration of follow-up was
longer than that in previous studies. We used a single
FGF23 measurement (as in other studies). Conse-
quently, we could expect that the association between
this measurement and the occurrence of events was
likely to decrease with time. Both log-transformed
FGF23 and FGF23 tertiles were independently associ-
ated with the composite outcome in the first 48 months
after FGF23 measurement (Table 6).

These results indicate that FGF23, measured at a
median of 12 months after transplantation, is inde-
pendently associated with the composite outcome in
the short-term period (i.e., 48 months) after FGF23
measurement, but not beyond.

Association Between Graft Failure and Death Sepa-

rately in the Short-term Period (48 Months)

As secondary analysis, we estimated the association
between FGF23 and death or graft failure separately for
the short-term period (<48 mo) (Figure 4 and Table 6).
In the full model adjusted for mGFR and other vari-
ables, FGF23 was independently and strongly associ-
ated with graft failure (adjusted HR ¼ 5.74 [95%
confidence interval 2.87-11.49]) but not with death
887



Table 6. Association of FGF23 and outcomes in the 48 months after
FGF23 measurement after adjustment for mGFR and other variablesa

Composite outcome within 48 mo
Hazard ratio
(95% CI) P value

FGF23 adjusted for mGFR

log FGF23 3.36 (2.11–5.33) <0.0001

FGF23 adjusted for mGFR and other variablesa

log FGF23 3.01 (1.79–5.04) <0.0001

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR

FGF23 tertile 2 1.29 (0.71–2.34) 0.40

FGF23 tertile 3 2.00 (1.14–3.52) 0.02

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR and other variablesa

FGF23 tertile 2 1.38 (0.74–2.60) 0.31

FGF23 tertile 3 1.85 (1.01–3.39) 0.04

Death within 48 mo

FGF23 adjusted for mGFR

log FGF23 1.62 (0.83–3.13) 0.15

FGF23 adjusted for mGFR and other variablesa

log FGF23 1.74 (0.85–3.54) 0.13

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR

FGF23 tertile 2 1.00 (0.51–1.96) 0.99

FGF23 tertile 3 1.35 (0.70–2.59) 0.36

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR and other variablesa

FGF23 tertile 2 1.00 (0.50–2.03) 0.99

FGF23 tertile 3 1.37 (0.70–2.71) 0.36

Graft failure within 48 mo (Fine and Gray model,
taking into account competing risk of death)

FGF23 adjusted for mGFR

log FGF23 5.29 (3.07–9.11) <0.0001

FGF23 adjusted for mGFR and other variablesa

log FGF23 5.74 (2.87–11.49) <0.0001

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR

FGF23 tertile 2 2.75 (0.77–9.75) 0.12

FGF23 tertile 3 4.24 (1.27–14.1) 0.02

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR and other variablesa

FGF23 tertile 2 3.59 (0.78–16.5) 0.10

FGF23 tertile 3 5.02 (1.13–22.3) 0.03

Graft failure within 48 mo (cause-specific Cox model)

FGF23 adjusted for mGFR

log FGF23 5.46 (2.94–10.2) <0.0001

FGF23 adjusted for mGFR and other variablesa

log FGF23 5.83 (2.80–12.1) <0.0001

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR

FGF23 tertile 2 2.63 (0.73–9.50) 0.14

FGF23 tertile 3 4.20 (1.21–14.5) 0.02

Tertile FGF23 (reference ¼ tertile 1) adjusted for mGFR and other variablesa

FGF23 tertile 2 3.30 (0.72–15.2) 0.12

FGF23 tertile 3 4.74 (1.06–21.1) 0.04

CI, confidence interval; FGF, fibroblast growth factor; mGFR, measured glomerular
filtration rate.
aAge at inclusion, duration of dialysis, first transplantation, living donor, delayed graft
function, systolic blood pressure.
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(adjusted HR ¼ 1.74 [95% confidence interval
0.85–3.54]).

We also conducted a sensitivity analysis using eGFR
instead of mGFR to assess whether this could have an
influence on our results. The use of eGFR yielded
consistent results with analyses based on mGFR for
composite outcome or graft loss, although the HRs were
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larger with mGFR than with eGFR. The association
between log-transformed FGF23 and death within 48
months became statistically significant when eGFR was
used instead of mGFR (compare Table 6 and Table 7).
The HR for the association of FGF23 tertiles with the
composite outcome according to follow-up duration
and the method used to assess GFR are summarized in
Figure 5.

Association Between FGF23 and Cardiac

Hypertrophy

The heart has emerged as an important target organ for
FGF23 signaling in CKD. Indeed, FGF23 concentration
correlates with left ventricular hypertrophy and car-
diac remodeling in the population with CKD, and
exposure to high FGF23 concentrations induces car-
diomyocyte hypertrophy in vitro and increased left
ventricular mass in rodents in vivo.10 Whether FGF23
levels are associated with left ventricular mass after
transplantation remains unknown. To investigate this
possibility, we analyzed all the echocardiographic
findings obtained at our institution. Two hundred
twenty-seven patients in our cohort had echocardiog-
raphy performed within 3 months of FGF23 and mGFR
assessments. Echocardiography was performed within
7 days after or before FGF23 measurement in 75% of
the patients. We found no correlation between FGF23
and indexed left ventricular mass (Table 8). In contrast,
patient age, systolic blood pressure, duration of dial-
ysis, and mGFR were associated with indexed left
ventricular mass. None of the studied parameters was
consistently associated with left ventricle ejection
fraction.

DISCUSSION
In this large, prospective single-center cohort of recent
kidney transplant recipients in stable condition with a
prolonged follow-up, we analyzed the association be-
tween FGF23 and graft failure or death. The first
striking finding is that FGF23 plasma level was not
associated with outcomes independently of mGFR.
These results contrast with those of 2 cross-sectional
studies that explored the association between FGF23
and outcomes in kidney transplant recipients in stable
condition.14,15 Several factors that are not mutually
exclusive may contribute to an explanation for this
discrepancy. Both Wolf et al. and Baia et al. used
creatinine-based estimators of GFR.14,15 However, both
MDRD and CKD-EPI equations have reduced perfor-
mance for kidney transplant recipients.17,19 Several
factors—including variation in muscle mass and
metabolism, variation in creatinine tubular secretion
owing to drugs,20 weight,21 and genetic variation in the
creatinine tubular transporter SLC22A222—likely
Kidney International Reports (2017) 2, 881–892



Figure 4. Cumulative incidence of death, graft loss, or the composite outcome across fibroblast growth factor 23 (FGF23) tertiles in the 48
months after FGF23 measurement.

F Bienaimé et al.: FGF23 and Renal Transplantation Outcome CLINICAL RESEARCH
contribute to this reduced performance. We observed
that using mGFR, rather than eGFR, as an adjustment
for kidney function reduced the apparent effect of
FGF23 on the composite outcome. Because FGF23
showed a better correlation with mGFR than eGFR, it is
likely that the use of mGFR allows a better adjustment
for kidney function in multivariate analysis, resulting
in a reduction of the apparent weight of FGF23. The
results of our study exemplify the fact that the use of a
creatinine-based equation to adjust for kidney function
in multivariate analysis may lead to the erroneous
conclusion that a variable affects outcome indepen-
dently of GFR, especially in populations for whom
these equations have reduced performance. This
observation represents a serious issue for studies aim-
ing to identify factors independently associated with
outcome in renal transplantation. During the period of
the study, creatinine measurements were not calibrated
on isotope dilution mass spectrometry standards at our
institution. Therefore we used the MDRD formula and
not the CKD-EPI equation, which requires isotope
dilution mass spectrometry calibration. The CKD-EPI
equation provides a better estimation of GFR than the
MDRD formula for individuals with high GFR who
have not undergone renal transplantation, but it
remains unclear whether it offers an advantage for
kidney transplant recipients.17 Whether the CKD-EPI
equation or other new creatinine and/or cystatin-
based formulas estimate mGFR with sufficient accu-
racy to prevent an erroneous conclusion in multivariate
analysis remains to be determined.

Our study also points out an important impact of
follow-up duration on the apparent association
between FGF23 and outcome. We observed that the
association between FGF23 and outcome was only
significant in the first 4 years after FGF23 measurement.
This loss of association with long-term follow-up is not
Kidney International Reports (2017) 2, 881–892
surprising. Nakano et al. reported that pre-dialysis
FGF23 levels predicted cardiovascular events before
dialysis was started but not in the postdialysis
period.23 However, in this study the initiation of
dialysis could have altered the relation between FGF23
and outcome. In our study, there were no such modi-
fications in patient treatments. We did not include
repeated FGF23 measurements in our study; conse-
quently, we could not determine whether repeated
measurements of FGF23 would be better associated
with outcome than a single assessment of FGF23. Our
results underline important methodological issues
regarding the evaluation of the relationship between
GFR-linked variables, such as FGF23, and outcomes in
kidney transplant recipients in the early post-
transplantation period. These critical elements should
be taken into account when future studies on this topic
are designed.

Another important conclusion of our study is that,
contrary to the observation made in patients with
stable CKD, FGF23 is not an independent risk factor for
mortality in the first 4 years after kidney trans-
plantation. The early posttransplantation period is
associated with several modifications in mineral meta-
bolism, including urinary phosphate leakage and a
lower blood phosphate level.24 Interestingly, the asso-
ciation between FGF23 and death or cardiovascular
events is reduced in patients with a high renal fraction
of phosphate excretion and a lower blood phosphate
level who have not undergone renal transplantation.25

Also, it is not known whether the FGF23 concentration
in patients who have hypophosphatemic rickets caused
by FGF23 overproduction is associated with increased
risk of cardiovascular death.26 The association between
FGF23 and cardiovascular disease and death has been
demonstrated mainly in cohorts of patients who mostly
presented with normal or high blood phosphate levels.
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Table 7. Association of FGF23 and outcomes in the 48 months
following FGF23 after adjustment for eGFR and other variablesa

Composite outcome within 48 mo
Hazard ratios
(95% CI) P value

FGF23 adjusted for eGFR

log FGF23 4.01 (2.62–6.14) <0.0001

FGF23 adjusted for eGFR and other variablesa

log FGF23 3.26 (1.98–5.40) <0.0001

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR

FGF23 tertile 2 1.43 (0.79–2.59) 0.24

FGF23 tertile 3 2.45 (1.39–4.31) 0.002

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR and other variablesa

FGF23 tertile 2 1.48 (0.79–2.78) 0.22

FGF23 tertile 3 2.04 (1.10–3.76) 0.02

Death within 48 mo

FGF23 adjusted for eGFR

log FGF23 2.32 (1.27–4.24) 0.006

FGF23 adjusted for eGFR and other variablesa

log FGF23 2.04 (1.03–4.03) 0.04

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR

FGF23 tertile 2 1.12 (0.57–2.19) 0.74

FGF23 tertile 3 1.80 (0.95–3.45) 0.07

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR and other variablesa

FGF23 tertile 2 1.05 (0.52–2.12) 0.90

FGF23 tertile 3 1.57 (0.79–3.10) 0.19

Graft failure within 48 mo (Fine and Gray model,
taking into account competing risk of death)

FGF23 adjusted for eGFR

log FGF23 5.83 (3.34–10.16) <0.0001

FGF23 adjusted for eGFR and other variablesa

log FGF23 6.22 (3.05–12.7) <0.0001

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR

FGF23 tertile 2 2.79 (0.77–10.11) 0.12

FGF23 tertile 3 4.16 (1.13–15.3) 0.03

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR and other variablesa

FGF23 tertile 2 3.67 (0.78–17.1) 0.10

FGF23 tertile 3 4.84 (0.99–23.5) 0.05

Graft failure within 48 mo (cause-specific Cox model)

FGF23 adjusted for eGFR

log FGF23 6.08 (3.3–11.2) <0.0001

FGF23 adjusted for eGFR and other variablesa

log FGF23 6.38 (3.12–13.03) <0.0001

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR

FGF23 tertile 2 2.71 (0.75–9.82) 0.13

FGF23 tertile 3 4.21 (1.20–14.7) 0.02

Tertile FGF23 (reference ¼ tertile 1) adjusted for eGFR
and other variablesa

FGF23 tertile 2 3.51 (0.77–16.1) 0.11

FGF23 tertile 3 4.75 (1.06–21.4) 0.04

CI, confidence interval; eGFR, estimated glomerular filtration rate; FGF, fibroblast growth
factor.
aAge at inclusion, time on dialysis, first transplantation, living donor, delayed graft
function, and systolic blood pressure.
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In line with these observations, our results show that
in a large cohort of patients with a high incidence of
renal hypophosphatemia, FGF23 is not independently
associated with death and supports the theory that
renal phosphate leakage could mitigate the potential
deleterious effects of FGF23. Remarkably, deaths of
890
cardiovascular origin were relatively rare in our cohort
compared with the incidence reported in previous
studies of FGF23 in renal transplant recipients. This
may simply reflect the specific recruitment of patients
at our institution: our cohort included relatively few
patients with diabetes and hypertension as a cause of
end-stage renal disease. Alternatively, one could spec-
ulate that renal phosphate leakage (or another factor)
mitigates the effects of FGF23 on cardiovascular health,
thereby reducing the incidence of cardiovascular
events. The potential mechanisms underlying the
apparently reduced cardiovascular risk associated with
FGF23 in patients with renal phosphate leakage remain
unclear. It has been proposed that renal phosphate
leakage marks patients with a preserved expression of
the FGF23 co-receptor Klotho in the kidney.27 Klotho
has been shown to exert cardiovascular protective
effects at least in rodent models.28 Thus renal phos-
phate leakage in patients with high FGF23 concentra-
tions may indicate higher aKlotho expression with a
positive impact on cardiovascular health. However, in
our cohort, phosphate renal leakage appeared to be
determined primarily by PTH, which exerts its phos-
phaturic effect independently of aKlotho.29 Concomi-
tant measurement of FGF23 and aKlotho in large
cohorts of patients with or without renal phosphate
leakage will help to disentangle the complex interplay
between FGF23 and aKlotho renal phosphate handling
in patients who have undergone kidney
transplantation.

FGF23 is believed to play a causal role in left
ventricle hypertrophy in patients with CKD, and this
effect has been proposed to be responsible for its
association with death in this population. To determine
whether this association was present in the early
posttransplantation period, we analyzed a subgroup of
patients for whom echocardiographic findings were
available. Remarkably, at first glance in studies per-
formed in the population with CKD, we did not find
any association between FGF23 levels and left ven-
tricular mass. Several potential explanations may be
proposed. First, FGF23 has been shown to mediate
cardiomyocyte hypertrophy in a calcineurin-
dependent manner in vitro.10,11 Most of the patients
in this study received an anticalcineurin-based immu-
nosuppressive regimen, which may have antagonized
the impact of FGF23 on left ventricular mass. Alterna-
tively, because FGF23 levels are drastically reduced
after kidney transplantation and because most of the
patients were enrolled only 1 year after trans-
plantation, the exposure time to posttransplantation
FGF23 levels may be too short to have an impact on left
ventricular mass. Indeed, at this time point, left ven-
tricular mass seems to be drastically imprinted by the
Kidney International Reports (2017) 2, 881–892



Figure 5. Comparison of the hazard ratio (HR) for the association of FGF23 tertiles with the composite outcome according to follow-up duration
and the method used to assess glomerular filtration rate (GFR). CI, confidence interval.
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pretransplantation period, as demonstrated by its
robust association with the duration of dialysis. Also,
we cannot exclude that longer follow-up would unveil
an association between FGF23 and left ventricular mass.
The fact that this association was absent at the time
of inclusion, combined with the absence of an inde-
pendent association between FGF23 and death, argues
against a major impact of early posttransplantation
FGF23 levels on cardiac health in the first years after
renal transplantation.

The emergence of multiple deleterious pathophysi-
ologic roles for FGF23 in CKD has received considerable
Table 8. Correlations of left ventricular mass and left ventricular
ejection fraction with demographic, clinical, an biological
parameters in the 277 kidney transplant recipients with available
echocardiography

LVM (mg/1.73m2) LVEF (%)

Median (Q1–Q3) 124 (105–148) 67 (61–72)

Mean � SD 129 � 36 67 � 8

Parameter ra P ra P

Age at exploration 0.23 0.0001 -0.09 0.14

Duration of dialysis 0.25 <0.0001 -0.12 0.04

Systolic blood pressure 0.18 0.002 -0.10 0.11

mGFR -0.20 0.0009 0.10 0.10

Hemoglobin -0.03 0.66 -0.03 0.65

1-25-OHD -0.09 0.15 0.006 0.92

25-OHD -0.10 0.09 -0.01 0.83

FGF23 0.08 0.20 -0.04 0.51

PTH 0.13 0.03 0.08 0.16

FGF, fibroblast growth factor; LVEF, left ventricular ejection fraction; LVM, left ventricular
mass; mGFR, measured glomerular filtration rate; 1-25-OHD, 1,25-dihydroxyvitamin D;
25-OHD, 25-dihydroxyvitamin D; PTH, parathyroid hormone; Q1, quartile 1; Q3, quartile 3.
aSpearman’s correlation coefficient.
P values < 0.05 are in boldface type.
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attention recently. Treatments aimed at neutralizing
deleterious FGF23 signaling are emerging.30 However,
antagonizing FGF23 is associated with deleterious ef-
fects in rodent models of CKD.7 It is therefore of pri-
mary importance to determine in which population
FGF23 likely represents a real risk factor. In this
context, our study highlights methodological issues
regarding the significance of FGF23 in renal
transplantation.
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