
UCSF
UC San Francisco Previously Published Works

Title
Association of fibroblast growth factor-23 with arterial stiffness in the Multi-Ethnic Study of 
Atherosclerosis

Permalink
https://escholarship.org/uc/item/1jh7x4xk

Journal
Nephrology Dialysis Transplantation, 29(11)

ISSN
0931-0509

Authors
Hsu, Jeffrey J
Katz, Ronit
Ix, Joachim H
et al.

Publication Date
2014-11-01

DOI
10.1093/ndt/gfu101
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1jh7x4xk
https://escholarship.org/uc/item/1jh7x4xk#author
https://escholarship.org
http://www.cdlib.org/


10. Isakova T, Gutierrez OM, Chang Y et al. Phosphorus binders and survival
on hemodialysis. J Am Soc Nephrol 2009; 20: 388–396

11. Benner D, Nissenson AR, Van Wyck D. Focused clinical campaign im-
proves mineral and bone disorder outcomes. J Ren Care 2012; 38: 2–8

12. Port FK, Pisoni RL, Bommer J et al. Improving outcomes for dialysis pa-
tients in the International Dialysis Outcomes and Practice Patterns Study.
Clin J Am Soc Nephrol 2006; 1: 246–255

13. KDIGO clinical practice guideline for the diagnosis, evaluation, preven-
tion, and treatment of chronic kidney disease–mineral and bone disorder
(CKD–MBD). Kidney Int Suppl 2009; 113: S1–S130

14. Toussaint ND, Pedagogos E, Beavis J et al. Improving CKD-MBD man-
agement in haemodialysis patients: barrier analysis for implementing
better practice. Nephrol Dial Transplant 2011; 26: 1319–1326

15. Weed-Collins M, Hogan R. Knowledge and health beliefs regarding phos-
phate-binding medication in predicting compliance. ANNA J 1989; 16:
278–282, 285, discussion 286

16. Milas NC, Nowalk MP, Akpele L et al. Factors associated with adherence
to the dietary protein intervention in the Modification of Diet in Renal
Disease Study. J Am Diet Assoc 1995; 95: 1295–1300

17. Cianciaruso B, Capuano A, D’Amaro E et al. Dietary compliance to a low
protein and phosphate diet in patients with chronic renal failure. Kidney
Int Suppl 1989; 27: S173–S176

18. Bame SI, Petersen N, Wray NP. Variation in hemodialysis patient compli-
ance according to demographic characteristics. Soc Sci Med 1993; 37:
1035–1043

19. Morduchowicz G, Sulkes J, Aizic S et al. Compliance in hemodialysis pa-
tients: a multivariate regression analysis. Nephron 1993; 64: 365–368

20. Arenas MD, Malek T, Alvarez-Ude F et al. Phosphorus binders: prefer-
ences of patients on haemodialysis and its impact on treatment compli-
ance and phosphorus control. Nefrologia 2010; 30: 522–530

21. Arenas MD, Malek T, Gil MT et al. Challenge of phosphorus control in
hemodialysis patients: a problem of adherence?. J Nephrol 2010; 23:
525–534

22. Chiu YW, Teitelbaum I, Misra M et al. Pill burden, adherence, hyperpho-
sphatemia, and quality of life in maintenance dialysis patients. Clin J Am
Soc Nephrol 2009; 4: 1089–1096

23. Peterson AM, Nau DP, Cramer JA et al. A checklist for medication com-
pliance and persistence studies using retrospective databases. Value
Health 2007; 10: 3–12

24. Leslie R. Calculating Medication Compliance, Adherence and Persistence
in Administrative Pharmacy Claims Databases. In Proceedings of the
Western Users of SAS Software Meeting. 5–7 November 2008, Universal
City, CA, USA.

25. Mehrotra R, Martin KJ, Fishbane S et al. Higher strength lanthanum car-
bonate provides serum phosphorus control with a low tablet burden and
is preferred by patients and physicians: a multicenter study. Clin J Am Soc
Nephrol 2008; 3: 1437–1445

26. Department of Health and Human Services, Centers for Medicare and
Medicaid Services. Medicare and Medicaid programs; Conditions for
coverage for ESRD facilities, Final Rule. Fed Regist 2008; 73: 20370–20484

27. Lindberg M, Lindberg P. Overcoming obstacles for adherence to phos-
phate binding medication in dialysis patients: a qualitative study. Pharm
World Sci 2008; 30: 571–576

28. Claxton AJ, Cramer J, Pierce C. A systematic review of the associations
between dose regimens and medication compliance. Clin Ther 2001; 23:
1296–1310

Received for publication: 20.12.2012; Accepted in revised form: 11.5.2013

Nephrol Dial Transplant (2014) 29: 2099–2105
doi: 10.1093/ndt/gfu101
Advance Access publication 29 April 2014

Association of fibroblast growth factor-23 with arterial stiffness
in the Multi-Ethnic Study of Atherosclerosis

Jeffrey J. Hsu1, Ronit Katz3, Joachim H. Ix2, Ian H. de Boer4, Bryan Kestenbaum4 and Michael G. Shlipak1

1Division of General Internal Medicine, San Francisco VA Medical Center, University of California, San Francisco, CA, USA, 2Division of

Nephrology, Department of Medicine, University of California, San Diego, La Jolla, CA, USA, 3Department of Biostatistics, University of

Washington, Seattle, WA, USA and 4Division of Nephrology, Department of Medicine, University of Washington, Seattle, WA, USA

Correspondence and offprint requests to: Michael G. Shlipak; E-mail: michael.shlipak@ucsf.edu

ABSTRACT

Background. Serum fibroblast growth factor-23 (FGF-23) is
associated with cardiovascular disease (CVD), yet the mechan-
isms remain uncertain. Our objective was to determine
whether higher FGF-23 concentrations are associated with
arterial stiffness.

Methods. In this cross-sectional study, serum FGF-23 concen-
trations were measured in 5977 participants without known
CVD in the Multi-Ethnic Study of Atherosclerosis. The
primary outcomes of interest were large (LAE) and small
artery elasticity (SAE), pulse pressure and ankle-brachial index
(ABI) > 1.30. LAE and SAE were measured by pulse contour
analysis of the radial artery. Pulse pressure was measured with
an automated sphygmomanometer using the average of two
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resting blood pressure measurements. ABI was calculated as
the ratio of the ankle and brachial systolic blood pressures.
Results. Serum FGF-23 concentrations were not significantly
associated with LAE [relative difference (RD) per doubling:
0%; 95% confidence interval (CI): −2–1%], SAE (RD per
doubling: 0%; 95% CI: −3–2%), pulse pressure (β per doub-
ling: 0.44; 95% CI: −0.31–1.19), or a high ABI (odds ratio per
doubling: 1.14; 95% CI: 0.84–1.55). Findings were similar irre-
spective of chronic kidney disease status.
Conclusions.Higher serum FGF-23 concentrations are not as-
sociated with arterial stiffness, as measured by pulse pressure,
LAE, SAE or high ABI, in a community-based population
without CVD.

Keywords: ABI, arterial elasticity, arterial stiffness, FGF-23,
pulse pressure

INTRODUCTION

Fibroblast growth factor-23 (FGF-23) is a circulating osteocyte-
derived hormone that plays a key role in regulating serum
phosphorous metabolism. FGF-23 responds to increased
serum phosphorous concentrations by promoting phosphor-
ous excretion and by inhibiting 1-α-hydroxylase in the renal
proximal tubule [1, 2]. Markedly elevated serum concentra-
tions of FGF-23 are often seen in patients with advanced
chronic kidney disease (CKD) [3], likely as a compensatory re-
sponse to the hyperphosphatemia prevalent in this population.

Previous studies have shown an association of FGF-23 con-
centrations with left ventricular mass and left ventricular
hypertrophy, even after adjustment for kidney function, and
this finding appears to be causal in animal studies [4, 5]. Add-
itionally, multiple studies have demonstrated an association
of FGF-23 with mortality in patients with end-stage renal
disease, advanced CKD [6, 7] and coronary artery disease [8].
A recent study demonstrated that FGF-23 is independently as-
sociated with mortality and incident heart failure in a commu-
nity-based elderly population, and this association is most
pronounced in patients with CKD [9].

While these findings linking higher FGF-23 with poor car-
diovascular outcomes are very strong, particularly in patients
with CKD, the mechanisms remain unclear. One possible con-
tributor is direct cardiotoxicity of FGF-23, as high FGF-23 has
been shown, experimentally, to promote left ventricular hyper-
trophy [5]. Nonetheless, the role of FGF-23 in ventricular
remodeling has not been definitively delineated, as another
group found that neutralizing antibodies to FGF-23 did not
have any effect on cardiac hypertrophy in rats with CKD [10].
Aberrant calcium and phosphorous homeostasis has consist-
ently been linked with arterial calcification and stiffness.
Because FGF-23 is integral in regulating phosphorous and
vitamin D metabolism, it may also induce arterial calcification
and stiffness. However, there is considerable controversy
because some [11, 12], but not all, prior studies have observed
associations of FGF-23 with arterial calcification [13]. More-
over, FGF-23 typically requires its co-receptor, Klotho, to bind
to target tissues and exert its biological effects. Most studies

show no expression of Klotho in human vascular cells [13, 14],
although one recent study has suggested that its expression
may be induced by vitamin D receptor activators in human
aortic smooth muscle cells [15].

In addition, FGF-23 concentrations are strongly related to
kidney function, and arterial stiffness has strong associations
with estimated glomerular filtration rate (eGFR) in both cross-
sectional and longitudinal studies. Multiple community-based
studies have demonstrated associations between measures of
increased arterial stiffness [such as lower large artery elasticity
(LAE) and small artery elasticity (SAE) [16–18], higher pulse
pressure [16, 19] and high ankle-brachial index (ABI) [20–23]]
with increased cardiovascular morbidity and mortality, as well
as incident hypertension, coronary heart disease, stroke, heart
failure and kidney function decline.

The objective of this study was to determine whether there
is an independent association between FGF-23 and arterial
stiffness, as measured by LAE, SAE, pulse pressure and high
ABI.

MATERIALS AND METHODS

Participants

The study was a cross-sectional analysis from the baseline
examination of the Multi-Ethnic Study of Atherosclerosis
(MESA), conducted in 2000–2002 [24]. Briefly, MESA was de-
signed to understand subclinical cardiovascular disease (CVD)
and its progression in a multi-ethnic cohort. The study re-
cruited 6814 men and women aged 45–84 years who were free
of clinically apparent CVD from six cities in the USA:
Baltimore, MD; Chicago, IL; Forsyth County, NC; Los
Angeles, CA; Northern Manhattan and the Bronx, NY; and
St. Paul, MN. Participants identified themselves as white,
black, Hispanic or Chinese.

We measured FGF-23 in stored baseline fasting serum
samples for all MESA participants with available samples (n =
6552; 96.2%). For these analyses, we excluded persons who
lacked measurements of serum (n = 20) or urine phosphorous
(n = 52), serum (n = 5) or urine creatinine (n = 3), small and
large artery elasticities (n = 448), ABI (n = 45) or systolic and
diastolic blood pressures (n = 2). After exclusions, the total
sample size was 5977 persons.

Primary predictor variable
FGF-23. Serum intact FGF-23 was measured using a com-
mercially available immunoassay that measures the full-length
peptide by recognizing both mid-molecule and distal epitopes
(Kainos Laboratories, Japan), with a lower limit of detection of
3 pg/mL. Notably, a recent study showed poor agreement
between the commercially available assays and found the
Kainos assay to have the most reproducible performance char-
acteristics [25]. Standardized high- and low-value FGF-23
controls were used within each run to monitor quality control.
The coefficient of variation for high and low control samples
were 6.7 and 12.4%, respectively. Serum and urine phosphor-
ous were measured using the timed-rate colorimetry reaction
on a Beckman Coulter DxC automated analyzer. Urine
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samples were acidified prior to measurement to reduce
calcium-phosphorous precipitation.

Primary outcome variables
SAE and LAE. The methods for measuring LAE and SAE
were as previously described [16, 17]. Radial artery pulse wave-
forms were measured with the HDI PulseWave CR-2000 Re-
search Cardiovascular Profiling Instrument (Hypertension
Diagnostics, Inc., Eagan, Minnesota). With the patient supine,
the pulse pressure sensor was placed on the supported wrist of
the dominant arm, and a blood pressure cuff was placed
on the contralateral arm over the brachial artery. Measure-
ments were taken for 30 s.

Arterial capacitive (C1) and oscillatory (C2) indices were
obtained using a third-order, six-element Windkessel model
that was derived from the diastolic pulse contour, as previously
described [17]. The pressure at the radial artery at time (t) at
the beginning of diastole was modeled as a decaying exponen-
tial function plus a sinusoidal function dampened by a
decaying exponential. Systemic vascular resistance (SVR) was
calculated as mean arterial pressure divided by cardiac output
(CO), and CO was estimated using heart rate, ejection time
and body surface area. Estimates combining information from
the waveform and SVR variables were used to determine C1
and C2. The terms LAE and SAE were used to describe C1
and C2, respectively, as recommended by Hypertension Diag-
nostics, Inc. and as done in previous studies [16, 17]. One pre-
vious MESA study described the reproducibility of these
elasticity measures and found the between-measure correla-
tions for LAE and SAE to be 0.74 and 0.84, respectively [26].

Pulse pressure. Seated, resting blood pressure was measured
three times in each participant using an automated oscillo-
metric sphygmomanometer, and the average of the last two
measurements were used in the analyses. Pulse pressure was
calculated as the difference between the systolic and diastolic
blood pressures.

ABI. ABI was measured as previously described [27].
Briefly, the systolic blood pressure (SBP) measurements in the
bilateral brachial, dorsalis pedis and posterior tibial arteries
were obtained in the supine position using a hand-held
Doppler instrument with a 5-mHz probe. The higher of the
brachial artery pressures was used as the denominator. For
each lower extremity, the ABI numerator used was the highest
pressure (dorsalis pedis or posterior tibial) from that leg. The
leg cuff was inflated to a maximum of 300 mmHg, and if a
pulse was still detected at this level, the ABI was classified as
‘incompressible.’ For each patient, the higher of the two
leg-specific ABI measurements was used. ABI was categorized
as low (<0.9), normal (0.9–1.3) or high (>1.3 or ‘incompress-
ible’). High ABI was considered to be a marker of increased ar-
terial stiffness, as it has been strongly linked to medial arterial
calcification [28] and has been associated with mortality [20].
Low ABI was considered to be a marker of atherosclerosis.

Other measurements. Age, gender, race/ethnicity, medical
history and smoking history were obtained using standardized

questionnaires. Smoking history was categorized as ever versus
never. Diabetes was defined as a fasting glucose of ≥126 mg/dL
or use of hypoglycemic medications. Body mass index (BMI)
was calculated as weight in kilograms divided by height in
meters squared. Total and high-density lipoprotein (HDL) chol-
esterol and triglyceride concentrations were measured from
venous samples using standard methods. Urine albumin and
creatinine were measured in a single morning urine sample by
nephelometry and the rate Jaffé equation, respectively, and
eGFR was calculated from the serum creatinine and cystatin C
concentrations using the Chronic Kidney Disease Epidemiology
Collaboration combined creatinine-cystatin C equation [29].

Statistical methods. Serum FGF-23 concentrations were
log-transformed and analyzed as a continuous linear variable
and also categorized by quintiles. Baseline characteristics of
the MESA participants were compared by FGF-23 quintile,
and differences in these characteristics across quintiles were
evaluated using ANOVA or the Kruskal–Wallis test for con-
tinuous variables, and the χ2 test for categorical variables, as
appropriate. In addition, because the range of FGF-23 concen-
trations is lower in the general population than in persons
with CKD, the highest decile of FGF-23 concentrations was
also evaluated as a potential cut point.

The associations of FGF-23 concentrations and the ABI
categories were evaluated using multinomial logistic regres-
sion, with the intermediate ABI category serving as the refer-
ence group. LAE, SAE and pulse pressure were analyzed as
continuous variables using linear regression. In these models,
LAE and SAE were log-transformed due to their skewed distri-
butions. To improve interpretation of FGF-230s associations
with LAE and SAE, the β coefficients were back-transformed
to represent a relative difference (RD) in LAE or SAE. For
example, an RD of −5% for LAE signifies that a higher incre-
ment of FGF-23 is associated with 5% lower LAE.

The initial models were adjusted for demographics (age,
gender, race and clinic site), and the fully adjusted models
were adjusted for demographics, diabetes (DM), smoking
status, BMI, SBP, total cholesterol, HDL cholesterol, eGFR,
serum calcium, intact parathyroid hormone (PTH), serum
phosphorus, 25-hydroxy (25-OH) vitamin D, antihypertensive
medication use and statin use. However, SBP was left out of
the fully adjusted models for the pulse pressure and ABI ana-
lyses, as SBP is used in the calculations for both outcomes. In
addition, all models were repeated after stratification by CKD
status, and interaction testing between FGF-23 and CKD
status was performed.

All statistical analyses were conducted with S-Plus (version
8.0, Tibco, Seattle, WA, USA) and SPSS statistical software
(version 15.0.1.1, SPSS, Inc., Chicago, IL, USA).

RESULTS

The mean age of the 5977 study participants was 62 ± 10 years,
and 53% were female. Thirty-eight percent were white, 13%
were Chinese, 27% were black and 22% were Hispanic. The
mean serum FGF-23 concentration was 40 ± 18 pg/mL
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(median, 38 pg/mL; interquartile range, 30–46 pg/mL); mean
eGFR was 84 ± 17 mL/min per 1.73 m2, and 490 participants
(8%) had eGFR < 60 mL/min per 1.73 m2. Compared with par-
ticipants with lower FGF-23 concentrations, those in the highest
quintile were older, more likely to be white, to have hyperten-
sion, diabetes and to use statins (Table 1). Other notable differ-
ences for the highest FGF-23 quintile were higher SBP,
triglycerides, 25-OH vitamin D, serum phosphorous concentra-
tions, urine albumin-to-creatinine ratio (ACR) and lower eGFR.

In both the continuous and categorical analyses, no signifi-
cant association was observed between FGF-23 concentrations
and either LAE or SAE (Table 2). Threshold analyses, compar-
ing participants with FGF-23 > 57 pg/mL (top decile) to the
rest of the cohort, also revealed no significant association of
FGF-23 with either LAE or SAE. The fully adjusted analyses
were repeated without adjusting for SBP, and the results were
generally similar (data not shown).

In the demographically adjusted continuous models for
pulse pressure, there was a significant association between
higher FGF-23 concentrations and larger pulse pressure, but
this association was substantially attenuated in the fully

adjusted model. In the categorical models, the highest quin-
tile of FGF-23 had a significantly higher pulse pressure com-
pared with the lowest quintile (referent group) in the
demographically adjusted analysis, but this association was
also substantially attenuated in the fully adjusted model. The
highest decile of FGF-23 was associated with a large pulse
pressure difference, and while this association was attenu-
ated in the fully adjusted model, it remained statistically sig-
nificant.

In the analyses of the association of FGF-23 with ABI, no
significant association was apparent between FGF-23 and
either high or low ABI in any of the models (Table 3).

In subgroup analyses of MESA participants with CKD (n =
905), defined by either eGFR < 60 mL/min/1.73 m2 or ACR >
30 mg/g, the findings were generally similar (Supplementary
data Table S1 and S2). The median values [with interquartile
ranges] for eGFR, ACR and FGF-23 in this group were 54 [47,
57] mL/min/1.73 m2, 9.0 [4.3, 31.3] mg/g and 47.2 [38.1, 58.6]
pg/mL, respectively. Additionally, no significant interaction
was observed between FGF-23 and CKD status (P interactions
all >0.05; Table 4).

Table 1. Characteristics of study participants by quintiles of FGF-23: the MESA

Range FGF-23 quintiles (pg/mL) P-value

1 2 3 4 5

<29 29–34 35–40 41–49 >49

N 1201 1182 1203 1208 1183
Demographics
Age (y) 60 (10) 62 (10) 62 (10) 62 (10) 64 (10) <0.001
Male 494 (41%) 549 (46%) 597 (50%) 616 (51%) 580 (49%) <0.001

Race/ethnicity
White 378 (32%) 433 (37%) 447 (37%) 506 (42%) 530 (45%) <0.001
Chinese 140 (12%) 152 (13%) 169 (14%) 137 (11%) 154 (13%)
Black 355 (30%) 305 (26%) 332 (28%) 297 (25%) 299 (25%)
Hispanic 328 (27%) 292 (25%) 255 (21%) 268 (22%) 200 (17%)

Medical history
Hypertension 477 (40%) 475 (40%) 501 (42%) 551 (46%) 625 (53%) <0.001
Antihypertensive meds 366 (30%) 372 (32%) 403 (34%) 466 (39%) 571 (48%) <0.001
Diabetes 145 (12%) 158 (13%) 134 (11%) 127 (11%) 179 (15%) 0.281
Smoking status
Never 589 (49%) 603 (51%) 612 (51%) 601 (50%) 643 (54%) <0.001
Former 400 (33%) 421 (36%) 435 (36%) 462 (38%) 440 (37%)
Current 207 (17%) 157 (13%) 155 (13%) 140 (12%) 98 (8%)

Statin use 149 (12%) 167 (14%) 159 (13%) 191 (16%) 209 (18%) 0.002
Measurements
BMI (kg/m2) 27.7 (5.4) 27.8 (5.2) 27.9 (5.3) 28.8 (5.3) 28.9 (5.7) <0.001
SBP (mmHg) 125 (22) 125 (21) 125 (21) 127 (21) 128 (22) <0.001
Total cholesterol (mg/dL) 193 (34) 194 (35) 193 (34) 195 (36) 195 (37) 0.101
HDL cholesterol (mg/dL) 54 (15) 51 (14) 51 (14) 49 (14) 50 (14) <0.001
Triglycerides (mg/dL) 105 [73, 152] 107 [77,158] 107 [74,156] 118 [84,171] 122 [84,177] <0.001
Serum calcium (mg/dL) 9.61 (0.38) 9.62 (0.37) 9.63 (0.38) 9.68 (0.39) 9.71 (0.44) <0.001
eGFR (mL/min/1.73 m2) 90 (15) 87 (16) 85 (16) 82 (16) 76 (19) <0.001
25-OH vitamin D (ng/mL) 23 (11) 25 (11) 25 (11) 25 (11) 28 (12) <0.001
Intact PTH (pg/mL) 40 [31, 53] 40 [31, 51] 41 [31, 53] 42 [32, 54] 41 [32, 55] 0.064
Serum phosphorous (mg/dL) 3.61 (0.49) 3.65 (0.51) 3.64 (0.50) 3.68 (0.51) 3.75 (0.57) <0.001
eGFR < 60 mL/min/1.73 m2 39 (3%) 48 (4%) 72 (6%) 113 (9%) 218 (19%) <0.001
ACR≥ 30 mg/g 86 (7%) 86 (7%) 102 (9%) 104 (9%) 163 (14%) <0.001

Data are n (%) for categorical variables, mean (SD) or median [range] for continuous variables, as appropriate.
BMI, body mass index; SBP, systolic BP; DBP, diastolic BP; ACR, urine albumin-to-creatinine ratio; eGFR, estimated GFR.
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DISCUSSION

In this study, we explored whether higher FGF-23 concentra-
tions were associated with markers of arterial stiffness. We
chose a cohort without prevalent CVD to understand the
potential associations with incident CVD risk and minimize
reverse causality.

Smaller prior studies have evaluated the association of
FGF-23 with arterial stiffness measures. In a cohort of 142

Table 2. Association of fibroblast growth factor-23 (FGF-23) with large artery elasticity (LAE), small artery elasticity (SAE) and pulse pressure by linear
regression analyses in the MESA cohort

FGF-23 LAE (log) SAE (log) Pulse pressure (mmHg)

Demographically
adjusteda

Fully adjustedb Demographically
adjusted

Fully adjusted Demographically
adjusted

Fully adjusted

RDc, % change
(95% CI)

RD, % change
(95% CI)

RD, % change
(95% CI)

RD, % change
(95% CI)

β (95% CI) β (95% CI)

Continuous models
Per doubling 0 (−2, 1) 0 (−2, 1) 1 (−2, 4) 0 (−3, 2) 1.35 (0.62, 2.08)* 0.44 (−0.32, 1.19)

Multicategory models
Quintile 1 Ref. Ref. Ref. Ref. Ref. Ref.
Quintile 2 0 (−2, 3) 0 (−3, 3) 0 (−4, 5) 0 (−5, 3) −0.36 (−1.53, 0.81) −0.47 (−1.62, 0.67)
Quintile 3 2 (−1, 5) 2 (−1, 4) 3 (−1, 7) 1 (−3, 5) −0.14 (−1.31, 1.02) −0.33 (−1.48, 0.82)
Quintile 4 2 (−1, 5) 1 (−1, 4) 2 (−2, 6) 0 (−4, 4) 0.92 (−0.24, 2.09) 0.18 (−0.99, 1.34)
Quintile 5 0 (−3, 3) 0 (−3, 3) 3 (−1, 7) 1 (−4, 5) 1.74 (0.56, 2.91)** 0.44 (−0.78, 1.65)

Threshold models
FGF-23 ≤ 57 pg/mL Ref. Ref. Ref. Ref. Ref. Ref.
FGF-23 > 57 pg/mL −3 (−6, 0) −1 (−5, 2) −2 (−7, 2) −3 (−7, 1) 2.60 (1.37, 3.83)* 1.35 (0.10, 2.61)**

aAdjusted for demographics (age, gender, race and clinic site).
bAdjusted for demographics, DM, smoking (ever), BMI, SBP (only for LAE and SAE), total cholesterol, HDL, eGFR, serum calcium, intact PTH, serum phosphorus, statin and
antihypertensive medication use, and 25-OH vitamin D.
cRelative difference in LAE or SAE per increment in FGF-23 concentration from a linear regression with ln(LAE) or ln(SAE) as the dependent variable, respectively. For example, an RD
of −3% represents a 3% decrease compared with the referent group.
*P < 0.001,
**P < 0.05

Table 3. Association of FGF-23 with high and low ankle-brachial index (ABI) using multinomial logistic regression in the MESA cohort

FGF-23 High ABI (>1.3), n = 208 Low ABI (<0.9), n = 202

Demographically adjusteda Fully adjustedb Demographically adjusted Fully adjusted

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Continuous models
Per doubling 1.21 (0.91, 1.60) 1.13 (0.83, 1.54) 1.21 (0.92, 1.61) 1.04 (0.76, 1.42)

Multicategory models
Quintile 1 Ref. Ref. Ref. Ref.
Quintile 2 1.03 (0.65, 1.63) 1.00 (0.61, 1.63) 1.16 (0.71, 1.88) 1.09 (0.65, 1.79)
Quintile 3 1.00 (0.63, 1.58) 1.09 (0.68, 1.74) 1.03 (0.63, 1.67) 1.08 (0.65, 1.81)
Quintile 4 1.11 (0.71, 1.74) 0.97 (0.60, 1.56) 1.07 (0.66, 1.73) 1.01 (0.61, 1.68)
Quintile 5 1.09 (0.69, 1.72) 1.08 (0.68, 1.73) 1.35 (0.85, 2.13) 1.15 (0.69, 1.90)

Threshold models
FGF-23≤ 57 pg/mL Ref. Ref. Ref. Ref.
FGF-23 > 57 pg/mL 1.27 (0.82, 1.97) 1.13 (0.72, 1.79) 1.15 (0.74, 1.78) 0.85 (0.53, 1.38)

No values in this table achieved statistical significance (P < 0.05).
aAdjusted for demographics (age, gender, race and clinic site).
bAdjusted for demographics, DM, smoking (ever), BMI, total cholesterol, HDL, eGFR, serum calcium, intact PTH, serum phosphorus, statin and antihypertensive medication use, and
25-OH vitamin D.

Table 4. Interaction testing between FGF-23 and CKD status

Outcome P-value for interaction

LAE 0.712
SAE 0.253
Pulse pressure 0.935
ABI < 0.9 0.256
ABI > 1.3 0.997

FGF-23 was analyzed as a continuous variable. CKD was defined as eGFR < 60 mL/min/
1.73 m2 or ACR > 30 mg/g.
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patients with CKD, Desjardins et al. found no association
between FGF-23 and pulse wave velocity (PWV) [12]. Similar-
ly, in a study of 200 patients with CKD stage III–IV, Ford et al.
also found no association between FGF-23 and PWV in their
fully adjusted model [30]. Though different measures of arter-
ial stiffness were used, and though we evaluated a community-
living cohort predominantly without CKD, the results of these
studies are consistent with those of the present study. In con-
trast, Mirza et al. analyzed a community-based cohort of 967
persons aged 70 and found that higher serum FGF-23 concen-
trations were associated with arterial stiffness, as measured by
pulse wave analysis, and this association was stronger in pa-
tients with impaired renal function (eGFR < 60 mL/min/1.73
m2) [31]. Notably, this study analyzed an older population
from a single community in Sweden and used a measure of ar-
terial stiffness (reflection index) not used in our study, poten-
tially explaining the difference in our findings. Given the
larger size and demographic diversity of MESA and the mul-
tiple measures of arterial stiffness used in our study, our ana-
lysis strongly suggests that there is minimal, if any, association
between FGF-23 and arterial stiffness in the general adult
population in the USA.

In our fully adjusted threshold model, the highest decile of
FGF-23 was associated with larger pulse pressure. Although
this finding was statistically significant, the strength of the as-
sociation was relatively weak. Given the null findings when we
evaluated continuous and categorical models and the large
sample size of this study, we conclude that there is not a robust
association between FGF-23 and pulse pressure.

In our subgroup analysis of participants with CKD, we did
not find associations between FGF-23 concentrations and any
of the measures of arterial stiffness, although power was lower
for this analysis (n = 905). This finding is interesting given that
the association of FGF-23 concentrations with all-cause mor-
tality and incident heart failure is stronger in patients with
CKD [9, 32]. Thus, while the presence of CKD has been found
to augment the risk of CVD outcomes in patients with higher
FGF-23 concentrations, we found that it did not appear to
modify the association of FGF-23 with arterial stiffness.

A recent experimental study found that protein levels of
Klotho, the obligate co-receptor for FGF-23 in kidney and
parathyroid tissues, were undetectable in arteries harvested
from mice, and FGF-23 treatment did not affect arterial func-
tion in ex vivo studies of murine mesenteric arteries [14]. Simi-
larly, Scialla et al. recently found no association between
serum FGF-23 concentrations and either coronary artery or
thoracic aorta calcification in patients with mild-to-moderate
CKD [13]. The same study also demonstrated that in vitro ex-
posure of human vascular smooth muscle cells to FGF-23 did
not have any effect on phosphate-induced calcification, and
these cells do not express mRNA for FGF-23 or Klotho. It
should be noted, however, that FGF-23 may have indirect
effects on the vessel wall, as its effects on the myocardium
were found to be Klotho-independent [5]. Further, a recent
study found that higher FGF-23 concentrations were asso-
ciated with an increased risk of major cardiovascular events in
an older community-based population, and this association
was attenuated, yet still significant, after adjusting for measures

of arterial stiffness [33]. These findings, combined with the
results of our current study, suggest that the association of
FGF-23 with risk of CVD outcomes is unlikely to be mediated
through a pathway inducing arterial stiffness.

The strengths of our study include its large sample size, its
inclusion of multiple different ethnicities and its evaluation of
multiple measures of arterial stiffness. The study also has im-
portant limitations. The first is the lack of PWV data in the
MESA cohort, which is one of the more widely used measures
of arterial stiffness. However, the measures used in our study
are also widely regarded as surrogate measures of arterial stiff-
ness. Prior studies in MESA and other studies have demon-
strated that these measures are strongly associated with
incident CVD and kidney outcomes [16–23]. Additionally,
our study focused on persons without CVD and has a limited
representation of persons with CKD. We still found a wide
range of FGF-23 concentrations in our cohort, so we should
have been able to detect meaningful associations in our ana-
lysis. Yet we acknowledge that this range is relatively low com-
pared with values seen in CKD populations. Further, this
study is cross-sectional, and as such, does not assess longitu-
dinal outcomes. We do not exclude the possibility that baseline
FGF-23 concentrations may influence changes in arterial stiff-
ness over time.

In summary, higher FGF-23 concentrations are known to
be strongly associated with poor cardiovascular outcomes,
especially in the setting of advanced CKD. We provide insights
that this effect is unlikely to be mediated through increased
arterial stiffness.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.oxford-
journals.org.
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