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Background-—Increased concentrations of circulating fibroblast growth factor 23 (FGF-23) have been associated with higher risk
of cardiovascular disease. The association between FGF-23 and the risk of atrial fibrillation (AF), a common arrhythmia, is less
defined. Thus, we explored whether FGF-23 concentration was associated with AF incidence in a large community-based cohort.

Methods and Results-—We studied 12 349 men and women enrolled in the Atherosclerosis Risk in Communities (ARIC) study,
without prevalent AF at baseline in 1990–1992. Serum intact FGF-23 concentration was measured with the Kainos 2-site ELISA.
Incident AF through 2010 was ascertained from study ECGs and hospital discharge codes. Cox proportional hazards models
adjusted for potential confounding factors, including kidney function, were used to estimate the association between FGF-23 and
AF risk. We identified 1572 AF events during a mean follow-up of 17 years. In multivariable analysis, a difference of 1 SD (16 pg/
mL) in baseline FGF-23 was not associated with the risk of AF (hazard ratio [HR], 1.04; 95% confidence interval [CI], 0.99, 1.09).
Results were similar when FGF-23 was modeled in quartiles (HR, 1.09; 95% CI, 0.94, 1.26, comparing extreme quartiles). Reduced
kidney function was associated with increased AF risk across quartiles of FGF-23 levels.

Conclusion-—In this large community-based cohort, baseline FGF-23 levels were not associated with AF risk independently of
kidney function. Our results do not support a major role for FGF-23 as a risk factor for AF or as a mediator of the association
between chronic kidney disease and AF. ( J Am Heart Assoc. 2014;3:e001082 doi: 10.1161/JAHA.114.001082)
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F ibroblast growth factor 23 (FGF-23) is a hormone
involved in the regulation of phosphorus homeostasis,

vitamin D metabolism, and bone mineralization. Secreted
primarily by osteocytes in response to increased serum
phosphorus levels, FGF-23 reduces the expression and
activity of Na/Pi cotransporters in the proximal tubules,
lowers serum calcitriol levels, and suppresses synthesis of

parathyroid hormone (PTH).1 In addition to being a potential
marker of renal tubular dysfunction and of kidney disease
risk,2,3 increased circulating levels of FGF-23 have been
associated with the incidence of heart failure (HF), coronary
heart disease (CHD), and cardiovascular mortality (CVM),4,5 as
well as with left ventricular hypertrophy (LVH).6,7 The same
mechanisms underlying these associations could also be
involved in the development of atrial fibrillation (AF), a
common arrhythmia. Indeed, a recent publication from the
Multi-Ethnic Study of Atherosclerosis (MESA) and the Cardio-
vascular Health Study (CHS) cohorts, restricted to individuals
free of cardiovascular disease (CVD), reported an increased
risk of AF associated with higher levels of FGF-23.8

Levels of FGF-23 are elevated in individuals with chronic
kidney disease (CKD), possibly in response to their reduced
renal ability to eliminate phosphorus. Given the described
higher risk of AF among individuals with CKD,9 exploring the
association of FGF-23 with AF incidence requires adequate
adjustment for kidney function. In addition, an assessment of
this association could illuminate the mechanisms linking CKD
and AF, providing a better understanding of the interplay
between kidney dysfunction, FGF-23 levels, and AF risk.
Different mechanisms, including development of hypertension
and LVH, alterations in the renin-angiotensin-aldosterone
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system, and sympathetic activation, have been proposed to
explain the elevated risk of AF among CKD patients.9

Exploring jointly the association of FGF-23 and kidney
function with AF risk may contribute to our understanding
of the role of FGF-23 as an alternative potential mechanism
linking CKD with AF development.

We used data from the community-based Atherosclerosis
Risk in Communities (ARIC) Study to test the hypothesis that
individuals with high FGF-23 would have greater risk of
developing AF independently of kidney function and other risk
factors.

Methods

Study Design
The ARIC Study is a community-based cohort investigating the
determinants of atherosclerosis and CVD in the population. Its
overall design and objectives have been previously pub-
lished.10 In brief, 15 792 men and women residing in 4
communities in the United States (Forsyth County, NC;
Jackson, MS; northwest suburbs of Minneapolis, MN; Wash-
ington County, MD) were recruited in 1987–1989 (visit 1).
Study participants were examined again in 1990–1992 (visit
2), 1993–1995 (visit 3), 1996–1998 (visit 4), and 2011–2013
(visit 5). Only blacks were recruited in Jackson, while

participants in the other field centers reflected the underlying
population (mostly white in Minneapolis and Washington
County, white and black in Forsyth County). At baseline and
subsequent visits, participants provided written informed
consent. The ARIC Study has been approved by institutional
review boards at all participating institutions.

Measurement of FGF-23
At each study visit, blood samples were collected, processed
into serum, which was frozen within 2 hours, and stored at
�70°C following standardized protocols. Circulating intact
FGF-23 was measured in singlicate at the Advanced Research
and Diagnostic Laboratory, University of Minnesota (Minne-
apolis, MN) in 2012–2013 in serum samples collected during
ARIC visit 2 (1990–1992) using a 2-site ELISA (FGF-23 ELISA
Kit; Kainos Laboratories, Inc, Tokyo, Japan). Measurement
coefficient of variation (CV) from split paired samples was
16.6%, whereas the CV from internal laboratory QC samples
was 8.8% at 41.4 pg/mL. Measurements of FGF-23 were
available in 13 500 of 14 348 visit 2 participants (94%).

AF Ascertainment
In the ARIC cohort, AF has been ascertained using ECGs
performed at study visits and diagnostic codes from

Figure 1. Inclusion flow chart, Atherosclerosis Risk in Communities Study, 1990–1992. FGF indicates
fibroblast growth factor.
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hospitalization discharge summaries.11,12 At each study visit,
a 12-lead 10-second ECG was done with the participant lying
in a supine position. ECGs were transmitted electronically to a
reading center (EpiCare, Wake Forest University, Winston-
Salem, NC), where they were reviewed for technical quality
and electronically processed using the 2001 version of the GE
Marquette 12-SL program (GE Marquette, Milwaukee, WI).
ECGs automatically coded as AF or atrial flutter were visually
checked and confirmed by a cardiologist.13

Hospitalizations during follow-up are ascertained through
annual phone calls (>90% participation) and surveillance of
local hospitals. Trained abstractors collect information from
all participants’ hospitalizations, including International

Classification of Diseases, Ninth Revision, Clinical Modifica-
tion (ICD-9-CM) codes for diagnoses and procedures associ-
ated with each hospitalization. We defined AF if ICD-9-CM
codes 427.31 or 427.32 were present in any hospitalization.
AF events associated with open cardiac surgery were not
included. In a validation study conducted within ARIC, the
positive predictive value of this case definition was �90% and
the sensitivity was >80%.11 AF incidence date was defined as
the earliest date in which an AF diagnosis was made during
follow-up. Individuals with a diagnosis of AF at or before ARIC
visit 2 (when FGF-23 measurements were made) were
considered to have prevalent AF and therefore were excluded
from this analysis.

Table 1. Baseline Characteristics by Quartile of Serum FGF-23, Atherosclerosis Risk in Communities Study, 1990–1992

Q1 Q2 Q3 Q4

FGF-23, pg/mL

Median 28.8 37.8 46.2 60.5

Range 2.86 to 33.89 >33.89 to 41.83 41.84 to 51.60 51.61 to 242.69

N 3088 3086 3088 3087

Age, y 56.4 (5.7) 56.6 (5.7) 57.0 (5.6) 57.5 (5.7)

Female, % 60.0 56.6 55.0 55.9

African Americans, % 23.5 21.5 23.0 25.8

Body mass index, kg/m2 27.0 (5.3) 27.8 (5.2) 28.1 (5.2) 28.9 (5.7)

Current smoker, % 25.5 21.7 21.3 18.4

Diabetes, % 13.2 12.2 14.3 17.4

Height, cm 167.5 (9.1) 168.3 (9.3) 168.7 (9.3) 168.6 (9.3)

High school graduate, % 43.9 42.1 41.6 40.8

Systolic BP, mm Hg 119.7 (18.0) 120.5 (18.2) 121.3 (18.5) 123.4 (19.6)

Diastolic BP, mm Hg 71.3 (10.0) 72.0 (10.1) 72.4 (10.0) 72.7 (10.8)

Antihypertensive medications, % 25.7 27.3 32.6 42.4

Prevalent CHD, % 4.4 5.1 5.7 6.8

Prevalent HF, % 3.1 3.8 4.3 6.4

LVH, % 1.9 1.6 2.7 2.9

hsCRP, mg/L* 2.1 (3.4) 2.1 (3.5) 2.3 (3.8) 2.7 (4.2)

NT-proBNP, pg/mL* 51.3 (65.4) 48.7 (64.2) 47.0 (68.2) 51.6 (71.2)

PTH, pg/mL 40.3 (15.2) 41.5 (15.6) 42.2 (16.0) 44.1 (20.1)

Serum calcium, mg/dL 9.3 (0.4) 9.3 (0.4) 9.4 (0.4) 9.4 (0.5)

Serum phosphorous, mg/dL 3.5 (0.5) 3.5 (0.5) 3.6 (0.5) 3.6 (0.5)

Serum 25-(OH)vitamin D, ng/mL 23.5 (8.3) 24.6 (8.4) 24.7 (8.5) 24.9 (8.7)

eGFR, mL/min per 1.73 m2 100.0 (15.2) 97.3 (14.9) 94.9 (15.6) 89.1 (18.8)

90+ 75.8 71.1 64.0 51.8

60 to 89 23.5 28.0 34.4 41.1

15 to 59 0.7 1.0 1.7 7.2

Data shown as percent or mean (SD) except *=geometric mean (interquartile range). BP indicates blood pressure; CHD, coronary heart disease; eGFR, estimated glomerular filtration rate;
FGF-23, fibroblast growth factor 23; HF, heart failure; hsCRP, high-sensitivity C-reactive protein; LVH, left ventricular hypertrophy; NT-proBNP, N-terminal prohormone of brain natriuretic
peptide; PTH, parathyroid hormone.
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Assessment of Other Covariates
At each study exam, participants provided self-reported
information on smoking status and use of medications.
Weight and height were obtained with the participant wearing
light clothes. Systolic and diastolic blood pressures (SBP/
DBP) were defined as the average of the last 2 of 3
measurements. Diabetes status was defined as having a
fasting blood glucose ≥126 mg/dL, nonfasting blood glucose

>200 mg/dL, use of antidiabetic medications, or self-report
of a medical diagnosis of diabetes. Prevalent CHD and HF at
visit 2 were defined as previously described.14,15

Blood phosphorus, calcium, creatinine, cystatin C, high-
sensitivity C-reactive protein (hsCRP), N-terminal prohormone
of brain natriuretic peptide (NT-proBNP), 25-hydroxyvitamin D,
and PTH were measured in stored samples collected during
visit 2. Calcium and phosphorous were measured on a Roche
Modular P Chemistry Analyzer (Roche Diagnostics, Indianap-
olis, IN) using colorimetric methods. Creatinine levels were
measured in frozen serum samples, using methods based on
modified kinetic Jaffe-picric acid. Cystatin C was measured
using the Gentian cystatin C reagent on the Roche Modular P
Chemistry analyzer. hsCRP protein was measured using a
latex-particle enhanced immunoturbidimetric assay kit (Roche
Diagnostics) and read on the Roche Modular P Chemistry
analyzer, while NT-proBNP was measured on a Cobas e411
analyzer using the Elecsys proBNP II immunoassay (Roche
Diagnostics). Total 25-hydroxyvitamin D (as the sum of 25-
hydroxyvitamin D2 and 25-hydroxyvitaminD3) was measured
using liquid chromatography-tandem mass spectrometry.
Finally, intact PTH was measured on a Roche Elecsys 2010
Analyzer (Roche Diagnostics Corporation) using a sandwich
immunoassay method (Roche Diagnostics). Estimated glo-
merular filtration rate (eGFR) was calculated using the 2012
CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration)
equation, which incorporates both cystatin C and creatinine.16

Statistical Analysis
For the current analysis, we included individuals attending
visit 2, free of diagnosed AF, and with available baseline FGF-
23 measurements. We excluded those who were not white or
black and nonwhites from the Minneapolis and Washington
County field centers. In addition, participants with missing
values in any of the covariates or missing ECG at baseline
were also excluded, leaving 12 349 individuals for analysis
(Figure 1). We used Cox proportional hazards model to assess
the association between baseline FGF-23 and AF incidence.
Time of follow-up was defined as the time between visit 2
(baseline for this analysis) and the incidence of AF, death, loss
to follow-up, or December 31, 2010, whichever occurred
earlier. The dose-response association was explored using
restricted cubic splines models adjusted for age, sex, and
race. Because the association was mostly linear, we modeled
FGF-23 as a continuous variable in the primary analysis,
scaled as SD (1 SD=16 pg/mL). This model provided the best
fit to the data. In additional analyses, FGF-23 was modeled
using quartiles of FGF-23 and log2(FGF-23) as a continuous
variable. Results obtained from the later analysis can be
interpreted as hazard ratios (HRs) associated with a doubling
of FGF-23 levels. The proportional hazards assumption was

Figure 2. Association of circulating FGF-23 concentrations with
incidence of atrial fibrillation presented as hazard ratio (HR; solid
line) and 95% confidence intervals (CI; shaded area). Results from
Cox proportional hazards model with FGF-23 modeled using
restricted cubic splines, adjusted for age, sex, and race (top
panel) and additionally adjusted for study site, body mass index,
smoking, education, height, diabetes, systolic and diastolic blood
pressure, use of antihypertensive medication, prevalent coronary
heart disease, prevalent heart failure, ECG-based left ventricular
hypertrophy, NT-proBNP, high-sensitivity C-reactive protein, and
eGFR (bottom panel). Median value of FGF-23 was considered the
reference (HR=1). The histograms represent the frequency
distribution of FGF-23 in the study sample. Atherosclerosis Risk
in Communities Study, 1990–2010. eGFR indicates estimated
glomerular filtration rate; FGF, fibroblast growth factor; NT-
proBNP, N-terminal prohormone of brain natriuretic peptide.
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tested, including interaction terms between follow-up time
and FGF-23 levels. None of these tests were statistically
significant, supporting the adequateness of the assumption.

Initial models were adjusted for age, sex, and race. In a
second model, we adjusted additionally for study site, body
mass index (BMI; continuous), smoking (never, past, or
current), education (<high school, completed high school, or
at least some college), height (continuous), diabetes (yes, no),
SBP and DBP (continuous), use of antihypertensive medica-
tions (yes, no), prevalent CHD (yes, no), prevalent HF (yes, no),
ECG-based LVH (yes, no, missing), NT-proBNP (continuous,
log-transformed), hsCRP (continuous, log-transformed), and
eGFR (categorized as <60, 60 to 89, 90, or higher mL/min per
1.73 m2). In a final model, we adjusted for serum calcium,
phosphorus, PTH, and 25-hydroxyvitamin D (all continuous).
Interactions between FGF-23 and age, sex, race, ECG-derived
LVH, and kidney function were tested, including multiplicative
terms in the models. Three sensitivity analyses were
conducted, first excluding individuals with prevalent CVD at

baseline, as was done in the analysis from the MESA and CHS
cohorts; second, restricting the follow-up to the initial
10 years, to determine whether any association between
FGF-23 and AF risk was stronger earlier in the follow-up; and
third, conducting separate analyses by method of AF ascer-
tainment (ECG only or hospitalization discharge code only).

Because of the observed association of CKD with higher AF
risk, and the relationship between kidney function and FGF-23
levels, we categorized individuals by eGFR categories (<60, 60
to 89, and ≥90 mL/min per 1.73 m2) and FGF-23 quartiles
and determined HRs of AF across the resulting 12 categories
using those in the bottom FGF-23 quartile and with
eGFR≥90 mL/min per 1.73 m2 as the reference group.

Finally, we performed a meta-analysis of the results
obtained from the ARIC cohort with those from the MESA
and CHS cohorts.8 Specifically, we pooled the HRs (95%
confidence intervals [CIs]) obtained from modeling log2(FGF-
23) after multivariable adjustment. A random-effects models
was used given the presence of significant heterogeneity, as

Table 2. Hazard Ratios (HR) and 95% Confidence Intervals (CI) of Atrial Fibrillation (AF) Associated With FGF-23 Concentrations,
Atherosclerosis Risk in Communities Study, 1990–2010

FGF-23 (Linear)* Log2(FGF-23)

FGF-23 (Quartiles)

Q1 (2.9 to 33.8 pg/mL) Q2 (33.9 to 41.8 pg/mL) Q3 (41.9 to 51.6 pg/mL) Q4 (51.7 to 242.7 pg/mL)

AF events 1572 1572 340 366 382 484

Model 1 1.14 (1.09, 1.19) 1.31 (1.19, 1.45) 1 (ref) 1.03 (0.89, 1.20) 1.06 (0.92, 1.23) 1.39 (1.21, 1.60)

Model 2 1.04 (0.99, 1.09) 1.07 (0.96, 1.18) 1 (ref) 0.99 (0.85, 1.15) 0.95 (0.82, 1.10) 1.09 (0.94, 1.26)

Model 3 1.04 (0.99, 1.09) 1.07 (0.96, 1.19) 1 (ref) 1.00 (0.86, 1.16) 0.95 (0.82, 1.11) 1.10 (0.95, 1.27)

Model 1: Cox proportional hazards model adjusted for age, race, sex. Model 2: As Model 1, additionally adjusted for study site, body mass index, smoking, education, height, diabetes,
systolic and diastolic blood pressure, use of antihypertensive medication, prevalent coronary heart disease, prevalent heart failure, ECG-based left ventricular hypertrophy, NT-proBNP,
high-sensitivity C-reactive protein, and eGFR. Model 3: As Model 2, additionally adjusted for serum calcium, phosphorus, parathyroid hormone, and 25-hydroxyvitamin D. FGF indicates
fibroblast growth factor; NT-proBNP, N-terminal prohormone of brain natriuretic peptide.
*HR (95% CI) corresponds to a difference of 16 pg/mL.

Table 3. Hazard Ratios (HR) and 95% Confidence Intervals (CI) of Atrial Fibrillation (AF) Associated With FGF-23 Concentrations by
Method of AF Ascertainment, Atherosclerosis Risk in Communities Study, 1990–2010

FGF-23 (Linear)* Log2(FGF-23)

FGF-23 (Quartiles)

Q1 (2.9 to 33.8 pg/mL) Q2 (33.9 to 41.8 pg/mL) Q3 (41.9 to 51.6 pg/mL)
Q4 (51.7 to 242.7
pg/mL)

Events ascertained from hospital discharge codes

AF events 1565 1565 339 365 380 481

HR (95% CI) 1.03 (0.98, 1.09) 1.06 (0.96, 1.18) 1 (ref) 0.99 (0.85, 1.15) 0.95 (0.82, 1.10) 1.09 (0.94, 1.26)

Events ascertained from study ECG

AF events 77 77 15 20 22 20

HR (95% CI) 0.91 (0.71, 1.17) 0.91 (0.56, 1.48) 1 (ref) 1.20 (0.61, 2.37) 1.10 (0.56, 2.15) 0.84 (0.42, 1.72)

Cox proportional hazards model adjusted for age, race, sex, study site, body mass index, smoking, education, height, diabetes, systolic and diastolic blood pressure, use of antihypertensive
medication, prevalent coronary heart disease, prevalent heart failure, ECG-based left ventricular hypertrophy, NT-proBNP, high-sensitivity C-reactive protein, and eGFR. eGFR indicates
estimated glomerular filtration rate; FGF, fibroblast growth factor; NT-proBNP, N-terminal prohormone of brain natriuretic peptide.
*HR (95% CI) corresponds to a difference of 16 pg/mL.
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determined by the Cochran’s Q test and the I2 statistic
(P=0.04, I2=68.1%).17,18

Results
Among 12 349 individuals included in the analysis, 1572
participants were newly diagnosed with AF during a mean
follow-up of 17 years (incidence rate: 7.7 cases per 1000
person-years). Mean (SD) and median (25th to 75th percen-
tiles) of baseline FGF-23 were 44.2 (16.0) and 41.8 (33.9 to
51.6) pg/mL, respectively. Table 1 presents study partici-
pants’ characteristics at visit 2 by quartiles of FGF-23.
Individuals with higher levels of FGF-23 were older, more
likely to be male, with higher BMI, had higher prevalence of
diabetes, CHD, and HF, and had lower eGFR and higher serum
phosphorus and PTH levels.

Modeling levels of FGF-23 as restricted cubic spline
demonstrated a mostly linear association with the incidence
of AF and, therefore the main analysis was done with FGF-23
modeled as a linear variable (Figure 2). In a model adjusted
for age, sex, and race, a difference of 16 pg/mL in FGF-23
(corresponding to 1 SD) was associated with a 14% higher
rate of AF (HR, 1.14; 95% CI, 1.09, 1.19; Table 2; Model 1).
Adjustment for other covariates eliminated the association
between FGF-23 levels and AF incidence (Table 2; Models 2

and 3). Results were similar when we used log2(FGF-23) or
FGF-23 quartiles instead of FGF-23 levels, with moderately
strong associations in minimally adjusted models and no
association after adjustment for confounders (Table 2).
Similar lack of association was observed in analyses including
cases identified from study ECGs or hospital discharge codes
separately (Table 3). No significant multiplicative interactions
were found between FGF-23 and race, sex, age, ECG-derived
LVH, or eGFR.

We conducted 2 sensitivity analyses, first including only
participants without prevalent CVD at baseline and, second,
restricting the analysis to the initial 10 years of follow-up.
Results remained basically unchanged: HRs (95% CI) of AF for
1-SD increment were 1.03 (0.98, 1.09) among the 11 103
ARIC participants without CVD at baseline (1267 AF events)
and 1.01 (0.93, 1.09) during the first 10 years of follow-up
(590 AF events).

In an additional analysis, we categorized individuals by
eGFR categories and FGF-23 quartiles to explore in more
detail the association of eGFR with AF risk across levels of
FGF-23. Overall, we found that impaired kidney function,
reflected as eGFR<60 mL/min per 1.73 m2, was associated
with increased risk of AF at all levels of FGF-23 (Figure 3) and
that FGF-23 was not associated with AF risk across eGFR
categories (Figure 4).

Finally, we performed a meta-analysis of the results from
the ARIC, MESA, and CHS cohorts. Specifically, we used HR
and 95% CI associated with 1 unit increment in log2(FGF-23),
which corresponds to a doubling of FGF-23 levels, in
multivariable adjusted models. Cohort-specific baseline char-
acteristics are provided in Table S1. Because significant
between-study heterogeneity was present (P=0.04, I2=68.1%),
a random-effects model was used. The meta-analysis showed
a statistically significant association of moderate strength
between FGF-23 levels and AF risk (HR, 1.22; 95% CI, 1.02,
1.46; P=0.04, per doubling of FGF-23 levels; Figure 5).
Because of the small number of studies, however, this
analysis provides a poor estimate of the width of the
distribution of the associations between FGF-23 and AF risk
and, therefore results should be interpreted with caution.

Discussion
In this analysis of the ARIC study, we found that serum FGF-
23 was not associated with the incidence of AF independently
of other risk factors. The lack of association was consistently
observed in several sensitivity analyses. However, a meta-
analysis of our results with those previously reported in the
MESA and CHS cohorts supported the role of FGF-23 as a
potential risk factor for AF. We also found that CKD was
associated with increased risk of AF independently of

Figure 3. Hazard ratios (HR) and 95% confidence intervals (CI)
of AF by categories of eGFR and FGF-23 quartile, using
participants with eGFR≥90 mL/min per 1.73 m2 and FGF-23 in
the first quartile as the reference. Models were adjusted for age,
race, sex, study site, body mass index, smoking, education,
height, diabetes, systolic and diastolic blood pressure, use of
antihypertensive medication, prevalent coronary heart disease,
prevalent heart failure, ECG-based left ventricular hypertrophy,
NT-proBNP, and high-sensitivity C-reactive protein, Atherosclero-
sis Risk in Communities Study, 1990–2010. AF indicates atrial
fibrillation; eGFR, estimated glomerular filtration rate; FGF,
fibroblast growth factor; NT-proBNP, N-terminal prohormone of
brain natriuretic peptide.

DOI: 10.1161/JAHA.114.001082 Journal of the American Heart Association 6

FGF-23 and Atrial Fibrillation Alonso et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



serum FGF-23 levels, suggesting that FGF-23 is not a major
mediator of the previously described association between
CKD and AF.

The lack of association between serum FGF-23 and AF risk
in the ARIC study is in direct contrast with results recently
reported from the MESA and CHS cohorts. In these studies,
which included a total of 520 incident AF cases among 7748
participants, a doubling of FGF-23 levels was associated with
multivariable HRs (95% CI) of 1.41 (1.13, 1.76) and 1.29
(1.05, 1.60), respectively, compared with 1.07 (0.96, 1.18) in

the ARIC study.8 All 3 cohorts adjusted for major potential
confounders, including kidney function. However, differences
in the study sample and analytical approach could explain the
inconsistency, including the higher proportion of individuals
with CKD and the exclusion of individuals with CVD in the
MESA and CHS cohorts, and the shorter follow-up in the
MESA cohort. However, in sensitivity analyses in the ARIC
cohort that applied similar exclusion criteria and follow-up,
our main results remained unaltered. Other methodological
aspects, including ascertainment of AF and covariate mea-
surement, were comparable across studies. Also, serum FGF-
23 measurement in the ARIC and MESA cohorts were
performed using the same assays, which measures biologi-
cally intact FGF-23. In CHS, a different assay measuring
inactive C-terminal FGF-23 concentrations was used. Simi-
larly, the current ARIC results contradict the observed
associations of FGF-23 with other outcomes in the general
population, including CVM, HF, and kidney disease.3–5

Despite the lack of association between serum FGF-23 and
AF incidence in our study, we found that a combined estimate
of the ARIC, MESA, and CHS cohorts suggested that higher
levels of FGF-23 may be associated with increased risk of AF.
Several mechanisms can be hypothesized to explain this
observation. Higher circulating levels of FGF-23 have been
associated with higher levels of inflammatory markers,19

LVH,6,7 and vascular dysfunction.20 In addition, FGF-23
inhibits the synthesis of 1,25-dihydroxyvitamin D. These
mechanisms could predispose to AF directly or indirectly
through an increased risk of HF or CHD.21–23 Additional
research is needed to disentangle the role of these pathways
in the etiology of AF.

A B C

Figure 4. Association of circulating FGF-23 concentrations with incidence of atrial fibrillation presented as hazard ratio (HR; solid line) and
95% confidence intervals (CI; shaded area) by categories of eGFR (<60 (panel C), 60 to 89 (panel B), and 90+ mL/min per 1.73 m2 (panel A)).
Results from Cox proportional hazards model with FGF-23 modeled using restricted cubic splines, adjusted for age, sex, race, study site, body
mass index, smoking, education, height, diabetes, systolic and diastolic blood pressure, use of antihypertensive medication, prevalent coronary
heart disease, prevalent heart failure, ECG-based left ventricular hypertrophy, NT-proBNP, high-sensitivity C-reactive protein, and eGFR. Median
value of FGF-23 was considered the reference (HR=1). The histograms represent the frequency distribution of FGF-23 in each category of eGFR.
Atherosclerosis Risk in Communities Study, 1990–2010. eGFR indicates estimated glomerular filtration rate; FGF, fibroblast growth factor; NT-
proBNP, N-terminal prohormone of brain natriuretic peptide.

Figure 5. Random-effects meta-analysis of the association
between fibroblast growth factor (FGF)-23 concentrations and
atrial fibrillation incidence in the Multi-Ethnic Study of Athero-
sclerosis (MESA), Cardiovascular Health Study (CHS), and
Atherosclerosis Risk in Communities (ARIC) cohorts. Study-
specific results correspond to multivariable hazard ratios (HR)
and 95% confidence intervals (CI) for 1 unit increment in log2(FGF-
23) levels. Size of the study-specific markers is proportional to the
meta-analysis weights.
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A higher incidence of AF among individuals with CKD has
been consistently reported in the literature.9,24–26 Given the
increase in circulating FGF-23 that accompanies worsening of
kidney function, and the potential association between FGF-
23 and AF risk, we hypothesized that elevations in FGF-23
could be partly responsible for the impact of CKD on AF risk.
The previously described association between higher serum
phosphorus levels and increased AF risk also supports this
hypothesis.8,27 In the current analysis of the ARIC cohort,
however, we found that CKD was a risk factor for AF
independently of FGF-23 levels. Our results suggest that other
mechanisms, including oxidative stress,28 sympathetic acti-
vation,29 inflammation,30 or imbalances in the renin-angio-
tensin-aldosterone system,31 are probably responsible for the
CKD-AF link.

Our analysis has important strengths, such as the inclusion
of a community-based, large, and diverse cohort, the avail-
ability of potential confounders, including kidney function, the
high number of events, and the excellent retention. An
important limitation, however, is the method of AF ascertain-
ment, with most events found through hospital discharge
codes. Thus, individuals with asymptomatic AF or those
managed in an outpatient setting not requiring hospital
admission were more likely to remain unidentified.
Nonetheless, the validity of hospital discharge codes for
identifying incident AF in epidemiologic studies has previously
been demonstrated.11,32 The lack of repeated measures of
FGF-23 is an additional weakness. Using a single assessment
of FGF-23 may be insufficient to characterize the long-term
effects of elevated circulating FGF-23, potentially diluting the
underlying associations.

In conclusion, levels of circulating FGF-23 were not
associated with AF risk in a large community-based cohort
once potential confounders, including kidney function, were
taken into account. Still, the existing published evidence
supports a possible role of FGF-23 as a risk factor for AF. In
addition, our results indicate that the higher risk of AF among
individuals with CKD is unlikely to be mediated by elevations
in FGF-23.
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