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Abstract Increased fibroblast growth factor 23 (FGF23)

concentrations have emerged as a novel risk factor for heart

failure and stroke but not for myocardial infarction (MI).

Yet, most studies on MI were conducted in coronary artery

disease (CAD) patients and the elderly. Evidence is unclear

in subjects without CAD and for stroke subtypes. We

investigated the relationships between FGF23 and overall

major cardiovascular endpoints, incident MI, ischemic (IS)

and haemorrhagic stroke (HS) in middle-aged adults

without pre-existing cardiovascular disease. We used a

case-cohort study nested within the European Prospective

Investigation into Cancer and Nutrition-Germany, includ-

ing a randomly drawn subcohort (n = 1,978), incident MI

(n = 463) and stroke cases (n = 359 IS; n = 88 HS)

identified during a mean follow-up of 8.2 years. Compared

with participants with FGF23 levels in the lowest quartile,

those in the highest quartile had a 36 % increased risk for

cardiovascular events [hazard ratio: 1.36, 95 % confidence

interval (CI): 1.02–1.82] after adjustment for established

cardiovascular risk factors, patahyroid hormone and

25-hydroxyvitamin D3 levels, dietary calcium and phos-

phorus intake, and kidney function. However, sub-analyses

revealed significant relationships with risk of MI and HS,

but not IS. Compared with the lowest quartile, individuals

in the top two FGF23 quartiles had a 1.62 (95 % CI

1.07–2.45) fold increased risk for MI and a 2.61 (95 % CI

1.23–5.52) fold increase for HS. Increased FGF23 emerged

as a risk factor for both MI and HS. Further studies are

warranted to confirm these results and to identify under-

lying mechanisms.
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Economics, Charité University Medical Center,

Luisenstr. 57, 10117 Berlin, Germany

123

Eur J Epidemiol (2015) 30:131–141

DOI 10.1007/s10654-014-9982-4



Keywords Myocardial infarction � Ischemic stroke �
Hemorrhagic stroke � Phosphaturic hormone � Directed

acyclic graph

Introduction

Cardiovascular diseases (CVD) are still the biggest killer in

Europe. Therefore, the identification on novel CVD risk

factors is highly warranted.

Fibroblast growth factor 23 (FGF23), a hormone mainly

secreted by osteocytes and osteoblasts in bone [1], is an

emerging marker of bone mineral metabolism. FGF23

affects phosphate and vitamin D metabolism [2]. Also, it

regulates the expression of its co-receptor, a-klotho, and

parathyroid hormone (PTH) levels [3]. Recently, higher

FGF23 levels have been identified as a major non-tradi-

tional cardiovascular risk factor in chronic kidney disease

patients [4]. Such insights raised the question whether

FGF23 might predict cardiovascular events even in the

general population.

So far, epidemiologic studies have examined FGF23 in

relation to CVD risk, or mortality, [5–9] and found a sig-

nificant relationship between FGF23, and heart failure (HF)

[5, 7, 9, 10] as well as stroke [7, 11]; while no significant

association was observed with coronary heart disease [6] or

MI [5, 7, 9]. Recently, FGF23 has been shown to be a

predictor of major cardiovascular events independently of

mineral metabolism abnormalities and subclinical cardio-

vascular injury [8]. Yet, few previous studies including MI

and stroke as endpoints were conducted in patients with

stable/chronic coronary artery disease (CAD) and elderly

people, or in men only, and did not differentiate between

ischemic (IS) and haemorrhagic stroke (HS). Only one

study specifically examined FGF23 levels as a risk factor

for stroke and its subtypes, and found an association

between higher FGF23 levels and risk of both total and

intracerebral hemorrhage stroke events [11]. These find-

ings, observed in an urban population of Hispanic/Latino

participants, indeed need to be confirmed in other popu-

lations. Furthermore, based on the recent discovery that

FGF23 regulates renal sodium and blood pressure, thus

leading to hypertension and heart hypertrophy [12], we

hypothesized that FGF23 might be involved in the patho-

physiological mechanisms of myocardial infarction (MI)

and stroke development [13]. Therefore, we aimed to

investigate whether increased FGF23 is related to the risk

of MI, total, IS and HS in a Caucasian population of

apparently healthy middle aged men and women without

pre-existing MI and stroke at baseline.

In the present study the relationships between FGF23

and the risk of developing MI, stroke and its subtypes (IS

and HS) were investigated in a prospective case-cohort

study nested within the European Prospective Investigation

into Cancer and Nutrition (EPIC)-Germany cohort.

Methods

Study population and design

The EPIC is an ongoing multi-centre prospective cohort

study designed to investigate the relationships between

diet, metabolic characteristics, various lifestyle factors and

the risk of cancer as well as other chronic diseases [14, 15].

Co-ordinated by the international agency for research on

cancer (IARC) of the World Health Organisation (WHO) in

Lyon, France, the EPIC-study started in 1992 and it cur-

rently includes 519,978 participants who were recruited

until 2000 in 10 European countries, for a total of 23

centres. Among them two centres in Heidelberg and Pots-

dam represent the German contribution to the EPIC [16].

EPIC-Germany comprises two cohorts at the study

centres in Potsdam (27,548 participants: 16,644 women

and 10,904 men; 5th and 95th age percentiles: 36–64) and

Heidelberg (25,543 participants: 13,614 women and 11,929

men; 5th and 95th age percentiles: 37–63). Participants

were recruited from the local general populations between

1994 and 1998 [16, 17]. Active procedures including

mailing of questionnaires in 2–4 year intervals, written

reminders and telephone calls for the return of the follow-

up questionnaire, tracing of subjects, personal interaction

with participants and passive procedures comprising link-

ages with hospital data bases and death indexes are used to

follow participants [18].

For the present analyses a case-cohort study design was

chosen [19]. The study sample consisted of subcohorts

randomly selected from Heidelberg and Potsdam cohorts.

Both subcohorts were constructed using a sampling frac-

tion of 5 %, stratified by centre, according to the protocol

of the EPIC InterAct study on type 2 diabetes [20]. In

contrast to the InterAct selection criteria, however, pre-

valent cases of type 2 diabetes mellitus were not excluded.

Therefore, among n = 53,088, a subcohort of 2,280 indi-

viduals was randomly selected from those with available

stored blood and buffy coat (n = 50,680). In addition, all

verified incident cases of MI and stroke from complete

follow-up rounds up to the end of December 2006 were

included into the case-cohort study. After exclusion of

participants with prevalent MI or stroke (n = 76), with

unclear follow-up data (n = 66), belonging to a previous

pilot study (n = 181), with unclear FGF23 and PTH

measures (n = 7), or with a suspected primary parathyroid

disorder (n = 29), the final case-cohort study consisted of a

subcohort of 2,022 participants (of whom 44 CVD cases)

and 886 external primary CVD cases (463 incident MI and
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467 stroke cases) identified during a mean follow-up of

8.2 years (Fig. 1). Stroke cases were classified as IS

(n = 359), HS (n = 88), and unknown (n = 20).

Ascertainment of incident myocardial infarction

and stroke

Up to the end of December 2006 all incident MI and stroke

cases from complete follow-up rounds were included into

the case-cohort study. Only medically verified cases were

used for the present analyses. To identify potential cases of

incident MI or stroke several sources were used: self-report

in one of the four follow-up questionnaires, death certifi-

cate or linkage with hospital databases. All identified

potential CVD events were ascertained by study physi-

cians, in cooperation with treating physicians and hospitals,

who provided a detailed and systematic medical verifica-

tion of self-reports and death certificates by clinical records

  
 

 
Random subcohort n=2,280 

 
Verified external CVD cases n=987 

Unclear follow-up data 
n=66 

Laboratory batch  
pilot study  

n=97 

Laboratory batch  
pilot study  

n=84 

Unclear FGF23 and PTH 
measures  

n=5 

Suspected primary 
parathyroid disorder 
(PTH > 120 pg/mL) 

n=14 

EPIC-Germany  
stored blood samples  

n=50,680 

Unclear FGF23 and PTH 
measures  

n=2 

Prevalent MI or stroke 
n=76 

Suspected primary 
parathyroid disorders 

(PTH > 120 pg/mL) 
n=15 

Subcohort n=2,022 
(internal CVD cases: 22 MI, 20 

Stroke) 

 
CVD cases n=886 

EPIC-Germany case-cohort  
n=2,908 

EPIC-Germany  
N=53,088 

Fig. 1 Flow diagram for the

exclusion criteria indicating the

number of subjects excluded

and those remaining for the

main analysis
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[21, 22] according to World Health Organization moni-

toring of trends and determinants in cardiovascular disease

(MONICA) criteria [23]. Thereby, information on clinical

features, ECG and cardiac enzymes were used to verify and

classify an MI. For definition and classification of stroke

cases MRI or CT and clinical symptoms were used.

According to the International Statistical Classification of

Diseases, 10th Revision (ICD-10), cases were classified as

incident MI (ICD-10 I21), IS (ICD-10 I63.0 to I63.9),

intracerebral (ICD-10 I61.0 to I61.9) or subarachnoid

hemorrhage (ICD-10 I60.0 to I60.9), or undetermined

stroke (ICD-10 I64.0-I64.9) by two physicians in the study

centre. Death within 28 days after diagnosis of MI or

stroke and a death certificate in which the underlying cause

of death was recorded with the above ICD-10 codes was

considered as a fatal event [24].

Exposure and covariate measurements

At baseline, a blood sample was drawn, processed and

stored in liquid nitrogen at –196 C [16, 25]. In 2011,

FGF23, PTH, and 25-hydroxyvitamin D3 (25(OH)D3)

were measured in the Institute of Agricultural and Nutri-

tional Science, University of Halle, Germany. The Human

FGF23 (C-Terminal) enzyme-linked immunosorbant assay

(ELISA) kit (Immutopics, San Clemente, CA, USA) was

used to measure FGF23 concentrations in citrate plasma

[26]. Plasma PTH (intact) was measured by an ELISA Kit

(Biomerica, Irvine, CA, USA). The plasma concentration

of 25(OH)D3 was analysed by LC–MS/MS as described

previously [24, 27]. The lower limit of quantification

(LOQ) was 10 RU/mL, 10 pg/mL, and 4.6 ng/mL respec-

tively for FGF23, PTH, and 25(OH)D3.

In Potsdam plasma creatinine was measured in 2008 at

the Department of Internal Medicine, University of Tüb-

ingen; in Heidelberg at the Stichting Huisartsen Labora-

torium (Breda, The Netherlands). Estimated glomerular

filtration rate (eGFR) was calculated with the Cockcroft-

Gault equation [28]. Lifestyle characteristics, smoking

history, physical activity, and education were documented

at baseline by trained interviewers during PC-guided

interview [17]. The Cambridge physical activity index was

used to categorize participants as inactive (‘‘sedentary job

and no recreational activity’’), moderately inactive, mod-

erately active, and active (‘‘sedentary job with [1 h rec-

reational activity per day, standing or physical job with

some recreational activity, or a heavy manual job’’) [29].

Educational attainment was categorized as follows: ‘low’:

primary school or no school graduation; ‘medium’: sec-

ondary, technical or professional school graduation; ‘high’:

longer education including university degree [24]. Pre-

valent hypertension, hyperlipidemia, and diabetes were

self-reported at baseline.

Statistical analysis

Continuous normally distributed variables were reported as

mean and 95 % confidence interval (CI); right skewed

variables were natural log-transformed and reported as

geometric mean and 95 % CI. Categorical variables were

presented as percentages.

Age and sex adjusted analysis of covariance was used to

compare baseline general characteristics between CVD

cases and non-cases.

Analyses were performed with SAS 9.4 (SAS Institute,

Cary, NC). Statistical tests were two-sided and P values

\0.05 considered statistically significant.

Confounder selection

Directed acyclic graphs (DAG) was implemented to

understand the underlying causal structure among the

variables and to choose a minimal sufficient adjustment set

of covariates [30].

Multiple imputation

A multivariable multiple imputation was used to impute

missing values for FGF23, PTH and 25(OH)D3 data below

the LOQ and for any of the covariates (see Table 1 for

missing values percentages). Since the LOQ was known in

advance, data were assumed to be missing at random [31].

Also the other missing data were assumed to be missing at

random, and no systematic differences were observed

between those with and without missing. SAS PROC MI

with the Markov Chain Monte Carlo method for arbitrary

missing patterns was used to generate 20 imputed datasets.

The logarithmic transformation was taken for all the con-

tinuous right skewed variables. All variables (exposure,

outcome, and covariates) included in the full Cox regres-

sion model were included in the procedure. Logical bounds

were set on the variables subject to LOQ only (so that all

estimates for measurements below the LOQ must be less

than this limit). As these variables are biological markers,

for which zero values are not possible in nature, no lower

bound was specified while the upper bound was set to the

log of the LOQ. For the remaining covariates no bound-

aries were imposed. SAS PROC MIANALYZE was used

to combine the results of the analyses on 20 imputed

datasets and to generate valid statistical inferences.

Prospective analysis

Prentice modified cox proportional-hazards regression [19]

was used to estimate the associations between FGF23 and

total CVD risk, MI, stroke and its subtypes for each

imputed data set.
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Age was the underlying time axis with ‘‘entry time’’

defined as age at baseline and ‘‘exit time’’ as age at diag-

nosis of MI or stroke or censoring. The baseline hazard

function was allowed to vary by age at recruitment and

centre. Possible nonlinear relationships between FGF23

and major CVD endpoints were examined with restricted

cubic splines (RCS), with 4 knots at 5th, 35th, 65th, and

95th percentile of FGF23. The likelihood ratio test was

used to select the best-fit model. For linear relationships

FGF23 was transformed using the base 2 logarithm. The

hazard ratios (HR) of the transformed values were inter-

preted as the increase in CVD endpoints risk corresponding

to a doubling of FGF23 values. However, for comparison

with other studies, we furthermore calculated the HR for

the highest versus the lowest quartiles of FGF23. For

nonlinear relationships the HR were calculated for quartiles

of FGF23 levels based on the distribution of the subcohort.

Effect modifications were tested with cross-product

terms in the fully adjusted multivariable model. The

interactions terms centre 9 FGF23 (continuous), as well as

sex 9 FGF23 (continuous), and major endpoints were not

significant.

The proportional hazard assumption was tested for

FGF23 with a Kolmogorov-type supremum test. No vio-

lation was found.

Sensitivity analyses

Values below the LOQ were substituted with the LOQ

divided by the H2, and final statistical inferences compared

to those derived with the use of multiple imputation.

Lagged analyses were performed by excluding the first

2 years of follow-up to account for the latency period

between pathology and clinical diagnosis.

Results

Confounder selection

The minimal sufficient adjustment set between FGF23 and

CVD included the following covariates: age, gender,

smoking habits, prevalent hypertension, hyperlipidemia

and diabetes, dietary phosphorus an calcium intake, PTH,

25-Hydroxyvitamin D3, and eGFR [28] (Fig. 2). A com-

peting DAG was drawn which additionally included BMI

as covariate (not shown).

Baseline general characteristics

Individuals who developed CVD were older and more

likely to be male, smokers, less physically active, and less

educated and more likely to have a history of hypertension,

hyperlipidemia, and diabetes, than individuals free of CVD

(Table 1). Furthermore, they had a higher body mass index,

and higher levels of FGF23 and eGFR, but lower levels of

25(OH)D3. Table 2 depicts baseline general characteristics

and risk factors by quartiles of FGF23 within the subcohort

only, after multiple imputation. Individuals with higher

FGF23 levels (median in the highest FGF23 quartile:

Table 1 Baseline general characteristics of subjects who developed or not CVDs during 8.2 years of follow-up in EPIC-Germany

Characteristics Subjects without

incident CVD events

Subjects with

incident CVD events

Missing (%)

n 1,978 930

Men (%) 42.6 66.4 –

Age baseline (years) 50.8 (50.4–51.1)a 55.5 (55.0–56.0) –

Current smokers (%) 19.6 35.2 0.1

High physical activity (%) 19.5 18.6 –

High educational level (%) 35.1 27.0 0.03

Hypertension (%) 33.9 46.5 –

Hyperlipidemia (%) 32.6 41.2 0.03

Diabetes (%) 3.8 10.9 –

BMI (kg/m2) 26.3 (26.1–26.5)a 27.1 (26.8–27.4) 0.9

eGFR (mL/min) 107.3 (106.1–108.6)a 108.1 (106.2–110.0) 11.8

FGF23 (RU/mL) 54.6 (53.3–56.0)b 58.5 (56.4–60.7) 0.7

PTH (pg/mL) 29.6 (28.4–30.3)b 29.9 (28.9–30.9) 11.9

25-Hydroxyvitamin D3 (ng/mL) 17.1 (16.8–17.5)b 16.4 (15.9–16.9) 1.0

Complete case analysis adjusted for age and sex. Age was adjusted for sex. Sex was adjusted for age

eGFR estimated glomerular filtration rate, FGF23 fibroblast growth factor 23, PTH parathyroid hormone
a Adjusted mean and 95 % CI
b Geometric mean and 95 % CI
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90.4 RU/mL, interquartile range 78.3–116.7) were more

likely to be women and smokers, to have a higher waist

circumference, to be less educated, physically active, and

to have higher PTH levels. They furthermore have higher

intakes of calcium and phosphorus.

Prospective associations

RCS regression showed a significant linear trend between

FGF23 levels and incident total CVD. After adjustment for

age, sex, and laboratory batch, the HR of total CVD per

doubling of FGF23 was 1.22 (95 % CI 1.08–1.38, Table 3,

Model 1), without evidence for effect modification by age.

This association remained significant after additional

adjustment for smoking habits, prevalent hypertension,

hyperlipidemia and diabetes, dietary phosphorus and cal-

cium intake, PTH, 25(OH)D3, and eGFR (HR per dou-

bling: 1.16, 95 % CI 1.02–1.32, Table 3, Model 2). In

stratified analyses by major endpoints FGF23 was linearly

associated with MI in both the basic and the fully adjusted

Model 2 (HR per doubling: 1.27, 95 % CI 1.05–1.53,

Table 3). Results did not substantially change after further

Fig. 2 Directed acyclic graph (DAG) for the causal structure of the

relationship between FGF23 (exposure) and cardiovascular disease

risk (outcome; represented in solid black circles with grey line). This

DAG represents two causal pathways between FGF23 and CVD: an

indirect effect mediated by the ‘‘causal’’ mediators group: blood

pressure and left ventricular hypertrophy (solid white circles with

black line; dashed black arrows from FGF23 to mediators and from

mediators to CVD) and a direct effect (unmediated by the ‘‘causal’’

mediators; dashed black arrow from FGF23 to CVD). The straight

black dashed arrow from FGF23 to CVD shows the effect of interest.

Confounders in this relationship are represented in solid grey circles

with black line. A confounder is associated with both exposure

(FGF23) and outcome (CVD) and provides an unblocked backdoor

path [47] between CVD and FGF23. Furthermore, confounders are

not on the causal pathway between FGF23 and CVD risk, like the

covariates blood pressure and left ventricular hypertrophy grouped as

mediators in the figure (solid white circles with black line). If, for

example, kidney function is a confounder of the relationship between

FGF23 and CVD, then it needs to cause both FGF23 and CVD (as

indicated in the figure by the direction of the two arrows from kidney

function to FGF23 and from kidney function to CVD). The covariates

physical activity, socioeconomic status and adiposity, represented in

solid grey circles, are risk factors for CVD however there are no

evidence they have an impact on FGF23. Therefore they are not

confounders. On the contrary, the covariates grouped as other markers

are known to influence FGF23 levels but there is no evidence they

have an impact on CVD. Therefore also this latter set of covariates is

not part of the identified minimal sufficient adjustment set (i.e.

lifestyles, demographics, comorbidities, kidney function, bone min-

eral metabolism markers)
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adjustment for BMI, as indicated by the competing DAG

(HR per doubling of FGF23: 1.25, 95 % CI 1.03–1.51 for

MI).

Concerning incident stroke, no significant association

was observed with FGF23 levels after multivariable

adjustment (HR for highest vs. lowest quartile: 1.30, 95 %

CI 0.95–1.86, Table 3, Model 2). Also, non-significant was

the association observed with IS (HR for highest vs. lowest

quartile: 1.03, 95 % CI 0.69–1.55, Table 3, Model 2). A

significant nonlinear relationship, as confirmed by RCS

(P value = 0.02 for the cubic spline polynomial vs. the

linear model), was observed between FGF23 levels and HS

risk. Only individuals in the top quartile of FGF23 were at

increased HS risk (HR for highest vs. lowest quartile: 2.61,

95 % CI 1.23–5.52, Table 3, Model 2). Results remained

the same after further adjustment for BMI (HR for highest

vs. lowest quartile: 2.60, 95 % CI 1.22–5.53).

No significant interactions were observed between

FGF23 levels and eGFR for each endpoint (data not

shown). Results did not change in sensitivity analyses

described above (data not shown).

Discussion

In the present study, we observed significant positive

relationships between higher FGF23 levels and the risk of

developing total CVD, MI and HS. These associations were

independent of established cardiovascular risk factors,

including eGFR as well as PTH and 25(OH)D3. No rele-

vant association was, instead, observed for IS.

To the best of our knowledge, this is the first study

showing positive associations between circulating FGF23

and risk of MI. Also, we extend and confirm the recently

published findings that higher FGF23 levels are related to

increased risk of HS [11], now generalizable also to a

Caucasian population.

A few epidemiologic studies have investigated FGF23

in relation to CVD endpoints and suggested an association

between higher FGF23 levels and increased risk of HF

mainly [5, 7, 9], and stroke [5, 7], but not of MI [5, 7, 9] or

CHD [6]. However, no associations were observed between

higher FGF23 levels and stroke risk in a nested case–

control study of the PEACE trial [9], in the Reasons for

Geographic and Racial Differences in Stroke study [32],

and in the Atherosclerosis Risk in Communities Study [33].

Only one very recently published study specifically

examined FGF23 levels as a risk factor for stroke and its

subtypes, and found a significant association between

higher FGF23 levels and risk of intracerebral hemorrhage

[11]. This interesting finding observed in an US urban

population of mostly Hispanic/Latino participants, known

to be at increased intracerebral hemorrhage risk, is con-

sistent with our finding on hemorrhagic stroke, now

Table 2 Baseline general characteristics and risk factors according to quartiles of fibroblast growth factor 23 (FGF23) within the EPIC-Germany

subcohort (multiple imputed dataset)

Characteristics Quartiles of FGF23

Q1 Q2 Q3 Q4

Median (IQR) 31.1 (25.2–35.9) 46.3 (43.1–50.0) 61.3 (57.2–66.1) 90.5 (78.3–117.4)

Men (%) 43.0 50.4 44.9 29.7

Age (years) 50.4 ± 0.4 51.0 ± 0.4 50.8 ± 0.4 50.6 ± 0.4

Body mass index (kg/m2) 25.6 ± 0.2 26.4 ± 0.2 26.3 ± 0.2 26.0 ± 0.2

Waist circumference, men (cm) 93.8 ± 0.8 96.2 ± 0.8 95.7 ± 0.8 95.6 ± 0.9

Waist circumference, women (cm) 79.2 ± 0.8 80.3 ± 0.8 81.3 ± 0.8 81.6 ± 0.8

Prevalent hypertension (%) 31.3 33.6 30.0 34.1

Prevalent hyperlipidemia (%) 28.5 33.2 30.7 30.3

Prevalent diabetes (%) 3.8 3.8 3.9 3.0

High educational level (%) 37.2 36.6 32.6 31.7

High physical activity (%) 15.8 20.2 24.3 18.6

Current smokers (%) 18.7 17.2 20.6 26.2

eGFR (mL/min) 107.4 ± 1.2 110.0 ± 1.3 109.4 ± 1.3 105.2 ± 1.3

PTH (pg/mL) 23.7 ± 0.03 25.5 ± 0.03 25.9 ± 0.03 27.0 ± 0.03

25-Hydroxyvitamin D3 (ng/mL) 16.8 ± 0.02 16.7 ± 0.02 17.3 ± 0.02 16.9 ± 0.02

Dietary calcium (mg/d) 887.2 ± 15.7 867.4 ± 14.8 877.2 ± 14.6 936.5 ± 18.4

Dietary phosphorus (mg/d) 1336.4 ± 18.3 1350.8 ± 19.2 1347.9 ± 18.7 1358.4 ± 21.2

Data are expressed as mean ± standard error or percentage

IQR interquartile range, eGFR estimated glomerular filtration rate, PTH parathyroid hormone
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generalizable to other groups. Indeed, this adds further

strength to our hypothesis that FGF23 may represent a

novel modifiable risk factor for cardiovascular disease.

Nevertheless, with regard to MI, the reasons behind the

conflicting findings could be found in the high heteroge-

neity of these previous studies, when compared to the

present one, in terms of health status of individuals inclu-

ded in the analyses, age and sex, types of outcomes

investigated, duration of follow-up, exposure modelling,

and model adjustment. In fact, of these studies three were

in patients with CAD [5, 9, 34], two in elderly people [7,

8], and one in an apparently healthy male population [6].

For instance, in the Heart and Soul Study participants with

higher FGF23 levels had an increased risk of CVD (a

composite of MI, stroke combined with transient IS attack,

and HF) and mortality after adjustment for traditional risk

factors, C-reactive protein, and kidney function. However,

in stratified analysis, the associations were significant for

HF and stroke, but not for acute MI [5]. Although this latter

finding is in line with the results of the Health Professionals

Follow-up Study—a nested case–control study in which

circulating FGF23 was not significantly related to CHD

risk [6]—major limitations of these two studies deserve

further discussion. In the Heart and Soul study all partici-

pants were CAD patients and only 88 of them had MI, thus

with a limited power to detect a small association with

FGF23 levels as observed in the present study. Further-

more, it is likely that their findings may differ in younger

persons and in subjects without CAD, as confirmed in our

study population [5]. With regard to the Health Profes-

sionals Follow-up Study, the all-male study population

may limit the generalizability of their results.

However, the mechanisms linking FGF23 to CVD

development remain unclear.

It is possible that FGF23 has a direct cardiac and vascular

toxicity [35, 36]. Or that FGF23 exerts its toxicity in part by

inhibiting calcitriol synthesis with consequent activation of

the renin-angiotensin-aldosterone system [37, 38], in turn

implicated in the pathophysiology of hypertension, acute

MI, congestive HF, and stroke [39]. It is conceivable too

that high FGF23 levels might increase the risk of MI (and

stroke) via its mechanism in inducing left ventricular

hypertrophy [40–42], although this mechanism warrants

additional experimental setting [43, 44]. In agreement,

recently, FGF23 has been associated with incident CVD

events (composite of hospital-treated MI and stroke, and

all-cause mortality) independently of eGFR. Interestingly,

these associations were attenuated after adjustment for

putative mediators such as left ventricular mass, endothelial

function, serum phosphate and calcium, suggesting a direct

Table 3 Hazard ratios (HR) and (95 % CI) of myocardial infarction, stroke and its subtypes by quartiles (Q) of FGF23 in the EPIC-Germany

case-cohort studies

Q1 Q2 Q3 Q4 P for trend Per doubling

of FGF23

P value

Median FGF23 31.2 46.3 61.2 90.4

Person-years at risk

(subcohort)

4135.16 4188.03 4137.11 4113.4

CVD (n) 196 220 244 270

Model 1 Referent 1.04 (0.81–1.34) 1.15 (0.90–1.48) 1.25 (0.98–1.60) 0.001 1.22 (1.08–1.38) 0.002

Model 2 Referent 1.03 (0.78–1.37) 1.29 (0.97–1.71) 1.36 (1.02–1.82) 0.02 1.16 (1.02–1.32) 0.02

Myocardial infarction (n) 94 111 120 138

Model 1 Referent 1.04 (0.72–1.50) 1.06 (0.73–1.52) 1.33 (0.93–1.90) 0.0004 1.32 (1.11–1.57) 0.002

Model 2 Referent 1.03 (0.69–1.53) 1.20 (0.81–1.79) 1.62 (1.07–2.45) 0.01 1.27 (1.05–1.53) 0.01

Stroke (n) 102 109 124 132

Model 1 Referent 1.06 (0.75–1.49) 1.25 (0.89–1.78) 1.44 (1.02–2.04) 0.02 1.19 (1.03–1.38) 0.02

Model 2 Referent 1.02 (0.72–1.46) 1.33 (0.93–1.89) 1.30 (0.95–1.86) 0.11 1.13 (0.96–1.31) 0.13

Ischemic stroke (n) 85 87 98 89

Model 1 Referent 1.05 (0.72–1.54) 1.24 (0.85–1.81) 1.14 (0.77–1.69) 0.46 1.07 (0.90–1.27) 0.44

Model 2 Referent 1.04 (0.70–1.55) 1.33 (0.90–1.98) 1.03 (0.69–1.55) 0.84 1.01 (0.85–1.21) 0.87

Haemorrhagic stroke (n) 16 19 19 34

Model 1 Referent 1.10 (0.53–2.27) 1.09 (0.49–2.44) 2.58 (1.27–5.22) – – 0.009*

Model 2 Referent 1.10 (0.52–2.36) 1.06 (0.48–2.33) 2.61 (1.23–5.52) – – 0.01*

Model 1: adjusted for age (as underlying time axis), sex, and laboratory batch

Model 2: adjusted for Model 1 plus smoking, eGFR, PTH, 25(OH)D3, dietary calcium and phosphorus intake, prevalent hypertension,

hyperlipidemia, and diabetes

* P value top FGF23 quartile
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effect of FGF23 on the heart and vascular wall [8]. Col-

lectively, these findings suggest that FGF23 may play a role

in the development of MI by affecting cardiac and vascular

functions [45]. Yet, evidence seem to suggest that FGF23

may reflect an important pathophysiological pathway in HF,

as shown in vitro and in animal model studies [41], in

humans [46], and as observed in our previous study as well

[10]. Therefore, the association between FGF23 and MI

observed in the present study might be driven by left ven-

tricular hypertrophy and HF. However, we could not test

this hypothesis due to the lack of information about echo-

cardiographic findings at baseline.

With regard to stroke our findings of an increased risk of

HS, but not of IS, in participants in the top quartile of

FGF23 levels are in line with those recently observed in the

Northern Manhattan Study [11]. As also claimed by the

authors of this previous study, our findings are unexpected.

No mechanism, so far, linking FGF23 to HS has been

hypothesized, proposed, or studied. Indeed, one of the most

common causes of HS is hypertension. Interestingly, in an

animal model study FGF23 was shown to regulate renal

sodium and blood pressure [12]. In particular, the gain in

the FGF23 function of wild type mice treated with

recombinant FGF23 led to decreased urinary sodium

excretion and urine volume, increased blood pressure and

heart-to-body weight ratio thus, independently of aKlotho

and dietary sodium, leading to hypertension and heart

hypertrophy [12]. However, as also addressed by Wright

and colleagues, adjustment for blood pressure, a putative

mediator, did not attenuate the association with HS sug-

gesting an independent effect [11].

Strengths of this study include its prospective design, the

high follow-up response rate, and the laboratory blinded

biomarker measurements. All cases were validated by

medical records. Bias due to inappropriate adjustment for

potential confounders was reduced by the implementation

of causal diagrams; and a multiple imputation approach

was employed to handle missing values.

There are, however, several limitations too. Serum cal-

cium and phosphate, as well as blood pressure measures

were not available or only partly available in both study

cohorts. Yet, these variables were not identified in the

DAG. The analyses were based on one single baseline

measurement of the biomarker. However, the good reli-

ability of plasma FGF23 levels observed over time suggests

that a single measurement may provide reliable relative

risk in prospective cohort studies [26]. Finally, important

CVD risk factors such as hyperlipidemia, hypertension and

diabetes were self-reported. Though it might be argued that

residual confounding by these variables is present in our

data, we compared the risk estimates for CVD by self-

reported prevalent hyperlipidemia, hypertension and dia-

betes, other than other conventional cardiovascular risk

factors (i.e. age, sex, and smoking). Yet, after multivariable

and mutual adjustment, self-reported comorbidities data

were still positively and significantly related to several fold

increased CVD risk, thus indicating that residual con-

founding by these variables is not likely. Furthermore, even

though we adjusted our analyses for self-reported comor-

bidities, as identified by the DAG, these covariates (i.e.

prevalent hypertension, hyperlipidemia, and diabetes)

were, however, not associated with our exposure (i.e.

FGF23), thus they did not satisfy one of the necessary

condition for confounding. Therefore, adjustment for these

self-reported data unlikely distorted the magnitude of the

relationships between FGF23 and cardiovascular events. In

summary, our findings provide epidemiological evidence

for potential relationships between FGF23 and risk of

developing MI and HS. However, the limited number of

HS cases, and the small magnitude of the association

observed between FGF23 levels and MI risk, require a

cautious interpretation of these findings and indicate the

need for further studies. Evidence for a causal role of

FGF23 in the pathogenesis of MI and HS could be derived

from a Mendelian randomization approach. Indeed, results

from clinical trials may shed light on whether FGF23 is a

modifiable cardiovascular risk factor.
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