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Abstract

Objectives—In chronic kidney disease (CKD), high FGF23 concentrations are associated with
left ventricular hypertrophy (LVH), cardiovascular events, and death. The associations of FGF23
with left ventricular mass (LVM) and LVH in the general population and the influence of CKD
remains uncertain.

© 2013 Elsevier Ireland Ltd. All rights reserved.

Corresponding Author: Michel Chonchol, MD, Division of Renal Diseases and Hypertension, University of Colorado Denver, 13199
East Montview Blvd, Suite 495, Aurora, CO 80045, Phone: 303-724-7796, Fax: 303-724-7799, Michel.Chonchol@ucdenver.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLOSURES
None



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jovanovich et al. Page 2

Methods—C-terminal plasma FGF23 concentrations were measured, and LVM and LVH
evaluated by echocardiogram among 2255 individuals =65 years in the Cardiovascular Health
Study. Linear regression analysis adjusting for demographics, cardiovascular, and kidney related
risk factors examined the associations of FGF23 concentrations with LVM. Analyses were
stratified by CKD status and adjusted linear and logistic regression analysis explored the
associations of FGF23 with LVM and LVH.

Results—Among the entire cohort, higher FGF23 concentrations were associated with greater
LVM in adjusted analyses (B=6.71 [95% CI 4.35-9.01] g per doubling of FGF23). 32% (n=624)
had CKD (eGFR <60 mL/min/1.73m? and/or urine albumin-to-creatinine ratio >30 mg/g).
Associations were stronger among participants with CKD (p interaction = 0.006): LVM =9.71
[95% CI 5.86-13.56] g per doubling of FGF23 compared to those without CKD (B=3.44 [95% CI
0.77, 6.11] g per doubling of FGF23). While there was no significant interaction between FGF23
and CKD for LVH (p interaction = 0.25), the OR (1.46 95% CI [1.20-1.77]) in the CKD group
was statistically significant and of larger magnitude than the OR for in the no CKD group (1.12
[95% CI 0.97-1.48]).

Conclusion—In a large cohort of older community-dwelling adults, higher FGF23
concentrations were associated with greater LVM and LVH with stronger relationships in
participants with CKD.

Keywords

Left ventricular mass; left ventricular hypertrophy; chronic kidney disease; fibroblast growth
factor 23; older adults; cardiovascular disease

INTRODUCTION

Fibroblast growth factor 23 (FGF23), a hormone secreted by osteocytes, is important in
phosphorus and active 1,25-dihydroxyvitamin D (1,25(OH),D) regulation.! It is elevated in
chronic kidney disease (CKD) and higher FGF23 concentrations have been associated with
more rapid kidney disease progression?3# as well as increased risk of cardiovascular
events® and death in CKD.2 Furthermore, in prior studies, including the Cardiovascular
Health Study (CHS), high plasma FGF23 concentrations were associated with
cardiovascular disease (CVD), heart failure, and all-cause mortality in older adults;
associations that were much stronger in participants with CKD.6.7

FGF23 has also been associated with left ventricular hypertrophy (LVVH) in both CKD and
ESRD patient cohorts.82 Associations of FGF23 with LVH in community-dwelling
populations are less certain, but the relationship may be stronger in subjects with CKD.10 In
animal studies, there is evidence that FGF23 causes cardiomyocytes to hypertrophy by a
direct, klotho-independent mechanism, 11 suggesting that FGF23 independently causes LVH.
Together these epidemiological and animal data suggest that while FGF23 plays a
compensatory role in patients with CKD by stimulating phosphorus excretion as glomerular
filtration rate declines, it may also adversely affect the cardiomyocyte.

To better understand the role of FGF23 in cardiomyocyte hypertrophy in older adults and its
relationship with kidney function, we performed a cross-sectional analysis evaluating the
association of plasma FGF23 concentrations with echocardiographic data measuring left
ventricular mass (LVM) and LVH in a large group of community-dwelling older adults with
and without CKD. A priori, we hypothesized that higher plasma FGF23 concentrations
would be associated with increased LVM and the presence of LVH; and, furthermore, that
these associations would be stronger in participants with CKD.
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METHODS

Participants

The Cardiovascular Health Study (CHS) is a prospective, longitudinal study of older
community-dwelling adults. The study methods have been previously described.12
Participants were recruited from Medicare eligibility lists at four locations: Forsyth County,
NC; Sacramento County, CA; Washington County, MD; and Pittsburgh, PA. To be eligible,
participants were required to be community-dwelling, aged 65 or older, expected to remain
in the area for three years after recruitment, not receiving active treatment for cancer, and
able to give informed consent without a proxy. The original cohort was recruited in 1989-
1990, and a second cohort of 687 black individuals was recruited in 1992-1993, resulting in
5,888 participants, all of whom provided informed consent. FGF23 was measured in plasma
samples collected at the 1996-1997-study visit. This visit was selected because it was the
first visit at which morning urine samples were collected and measured for albumin-to-
creatinine ratios (ACR). FGF23 measurements were performed in 3,337 participants among
whom 2,255 had undergone an echocardiogram at the 1994-1995-study visit.
Electrocardiograms (ECG) were performed in these study participants at the 1996-1997
study visit concurrent with FGF23 measurements.

Study Variables

The primary independent variable was plasma FGF23 concentrations. Fasting (8-hour)
EDTA plasma specimens were stored at —70° Celsius until 2010 until they were thawed and
FGF23 measured. FGF23 was measured using a commercially available ELISA kit
(Immutopics, San Clemente, CA)3 that recognizes two epitopes on the C-terminal side of
FGF23. Never previously thawed specimens were used. Our estimates of the intra-assay and
inter-assay coefficients of variation ranged from 7.4 to 10.6%.

The dependent variables of interest were LVM and LVVH measured by echocardiogram as
well as LVM estimated by ECG. The design for echocardiographic study of participants in
CHS has been published previously.1* M-mode and 2-dimensional echocardiograms were
obtained using a standardized protocol and interpreted at a core laboratory by two trained
independent readers who were unaware of the participants’ clinical information. LVM was
calculated from a necropsy-validated formula.1® LVH was defined using a LVM cut-point at
the 97.5t percentile from the 1994-1995 study visit and compared to a reference population
that included participants without congestive heart failure, CVD, hypertension, subclinical
disease or diabetes, who were not on medications, and who were not obese.

Twelve-lead resting ECGs were recorded by technicians specifically trained in careful chest
electrode placement in order to reduce interindividual variability. The ECGs were recorded
using MAC PC-DT ECG acquisition units (Marquette Electronics, Inc., Milwaukee, WI) and
stored in the MAC PC units, which were transmitted daily to the Electrocardiographic
Reading Center (Department of Public Health Sciences, Bowman-Gray School of Medicine,
Winston-Salem, NC) for analysis and classification using the Novacode ECG measurement
and classification program.16:17 Race- and sex specific models with an adjustment for body
size were used to estimate L\VVM from these ECG data.1819

Confounders related to FGF23 and LVM were selected a priori as potential covariates. Race
was determined by participant self-report and for this analysis was categorized as black or
non-black. Cardiovascular and kidney disease risk factors included: diabetes, defined as the
use of insulin, oral hypoglycemic agents, or fasting glucose level 2126 mg/dl; use of
antihypertensive medications; systolic blood pressure (SBP); smoking, defined as current,
former, or never; and C-reactive protein (CRP).20 Sex, weight, height, and study visit site
were also included. Cystatin C was measured using a BNII nephelometer (Dade Behring,

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.
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Deerfield, IL) and was chosen as the primary measure of kidney function.?! Estimated GFR
(eGFR) was calculated with Cystatin C using an equation derived from a pooling of cohorts
that used iothalamate clearance as the criterion standard (eGFR = 76.7*cysC™1-19).22 Urine
ACR was determined from random morning urine samples; urine albumin was measured by
rate nephelometry using the Array 360 CE Protein Analyzer (Beckman Instruments,
Fullerton, CA), and urine creatinine was measured on a Kodak Ektachem 700 Analyzer
(Eastman Kodak Company, Rochester, NY). The urine ACR was calculated in mg/g. CKD
was defined as an eGFR <60 mL/min/1.73m? or by the presence of urine ACR >30mg/g. 22

Statistical Analysis

RESULTS

Univariate associations of clinical and demographic variables were compared using the
Wilcoxon Rank Sum test for continuous variables and the x2 Test of Independence and
Fisher’s Exact for categorical variables. The relationships of plasma FGF23 concentrations
and LVM (measured by echocardiogram and estimated by ECG) were assessed with
multiple linear regression analysis, whereas associations with LVH were evaluated using
logistic regression analysis. All analyses evaluated FGF23 quartiles with the lowest quartile
as the reference category. Due to skewed distributions FGF23 was explored as a continuous
predictor variable after log base 2 transformations to facilitate interpretation of the
parameter coefficient as “per doubling of FGF23.” The initial model for all analyses was
adjusted for age, sex, race, study visit site, height, and weight. Height was excluded when
examining the relationship with LVH. Model 2 was further adjusted for smoking, diabetes,
antihypertensive medication use, SBP, and CRP. Further adjustments included eGFR and
urine ACR (Model 3). As we were interested in understanding the proposed relationship in
patients with and without CKD we also re-examined the associations of FGF23 with each
marker after stratification by CKD status, and tested for multiplicative interactions by CKD
status. P < 0.05 was considered significant for all analyses including interaction terms. All
statistical analyses were performed with SAS software, version 9.13 (SAS Institute, Cary,
NC).

Participant Characteristics at Baseline

Among the 2,255 study participants with FGF23 and echocardiogram measurements, the
mean age was 78 + 5 years, 36% (n=821) were male, and 17% (n=388) were black. The
mean eGFR was 72 + 20 mL/min/1.73m2, the median urine ACR was 10.0 (IQR: 5.6 to
20.8) mg/g, and 32% (n=624) had CKD (eGFR < 60mL/min/1.73m? or urine ACR > 30mg/
g). The median plasma FGF23 concentration was 70 (IQR 53-99) RU/mL, the mean LVM
was 150.7 + 48.5 g, and 14% (n=310) of participants met criteria for LVH. Compared to
participants in the lower FGF23 quartiles, those with plasma FGF23 concentrations in the
highest quartile were older, more frequently white and female, had a higher BMI, and were
more likely to have diabetes, to use antihypertensive medication, to smoke, and have a lower
eGFR, and higher urine ACR (Table 1). Echocardiographic characteristics by FGF23
quartile are shown in table 2.

Associations of plasma FGF23 concentrations with LVM and LVH

Higher FGF23 concentrations were associated with LVM throughout the sequence of
adjustment models (Table 3). In unadjusted analyses, plasma FGF23 concentrations in the
highest quartile had 14.2 g greater L\VM compared to the lowest quartile. Furthermore, this
statistically significant relationship was only slightly attenuated after the model was fully
adjusted, including adjustment for eGFR and urine ACR, ($=13.45 [95% CI 7.56, 19.34]).
Similar results were obtained when FGF23 was modeled continuously. In the final adjusted
model, each doubling of FGF23 was associated with 6.7 g greater LVM. However, these
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associations differed when the participants’ CKD status was considered (p for interaction =
0.006).

Among participants with CKD, higher plasma FGF23 concentrations were significantly
associated with greater LVM (Table 4). After full adjustment, plasma FGF23 concentrations
in the fourth quartile (compared to the first quartile) were associated with an 18.8 g greater
LVM, and each doubling of plasma FGF23 concentration was associated with a 9.7 g greater
LVM. However, among participants without CKD, the magnitude of the association of
plasma FGF23 concentrations and greater LVM was remarkably diminished albeit still
significant (f =7.13 [95% CI 0.77, 13.56] g in the fourth quartile; p=3.44 [95% CI 0.77,
6.11] g per doubling of FGF23).

Finally, serum calcium, phosphorus, 25-hydroxyvitamin (25(OH)D), and intact parathyroid
hormone (iPTH) measurements were available in a random subset at the 1997-98 study visit
among 977 CHS participants. Among this subset L\VM measured by 2D-echocardiogram
was available in 601 participants. After multivariable adjustment which included serum
calcium, phosphorus, 25(0OH)D and iPTH, increasing plasma FGF23 concentrations were
associated with LVM (B =17.69 [95% CI 5.59, 29.78] g in the fourth quartile; f=6.98 [95%
Cl 1.65, 12.31] g per doubling of FGF23). Among this subset the association between
plasma FGF23 concentrations and LVVM was of greater magnitude in those with CKD
=8.22 [95% CI 1.75, 14.69] g per doubling of FGF23 than in those without CKD [=4.98
[95% CI —1.31, 11.27] g per doubling of FGF23 (p for interaction=0.04).

In our study, the FGF23 measurements were made at a study visit approximately 2 years
after the echocardiographic measures. Thus, we examined the associations of FGF23 and
LVM estimated by ECG, measured at the same study visit as FGF23 (1997-98). Consistent
with the results obtained using echocardiographic measurements, the association of FGF23
and LVVM was stronger among participants with CKD compared to those without CKD (p
for interaction = 0.02; Supplemental Table 1). In fully adjusted models, plasma FGF23
concentrations in the fourth quartile were associated with a 7.32 g greater LVM compared to
the first quartile; and each doubling of FGF23 was associated with a 5.48 g greater LVM in
those with CKD. Among participants without CKD, for each doubling of plasma FGF23
concentration there was only a slight, albeit a statistically significant, association with LVM
(B=1.79 [95% CI 0.15, 3.43] g). Echocardiographic measurement and electrocardiographic
estimation of LVM were well correlated (r = 0.55, p < 0.0001).

Results were similar for the association of FGF23 and LVH by echocardiography (Table 5).
While there was not a statistically significant interaction between FGF23 and CKD status for
LVH (p interaction = 0.25), given the strong results obtained for L\VM, we proceeded with
analyses stratified by CKD status. In fully adjusted models, among participants with CKD,
those in the fourth quartile of FGF23 had twice the odds of LVH compared to those in the
first quartile. In contrast, there was no statistically significant association of FGF23 and
LVH among participants without CKD.

DISCUSSION

In this cross-sectional analysis of 2,255 community-dwelling older persons, higher plasma
FGF23 concentrations were associated with greater LVM and LVH; associations that were
consistently much stronger in participants with CKD. These results are similar to other
cohort studies, which also observed stronger associations of FGF23 concentrations with
echocardiographic evidence of cardiac hypertrophy such as LVM index (LVMI) and LVH in
subjects with CKD.8:10.11

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.
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In the Swedish PIVUS study,? Mirza and colleagues studied the association of FGF23 with
LVH, LVMI, and LV geometry in a European cohort of 795 community-living individuals
aged 70 years and without heart disease. Higher levels of FGF23 were associated with
greater LVMI and LVH in all subjects, but similar to our findings, these associations were
stronger in a subset (N=164, 21%) of participants whose eGFR was <60 mL/min/1.73m2.
Thus, our findings add to these existing data by confirming a significant association of
higher plasma FGF23 concentrations and greater LVM and LVVH. More importantly, we
confirm that the association is modified and stronger in participants with CKD, with a much
larger population and greater number of participants with CKD. In addition, our findings
were reproduced when LVM was estimated by ECG.

Cardiac analyses in klotho heterozygous mice have revealed a left ventricular hypertrophy
phenotype in a pattern that is intermediate between klotho-deficient mice and wild-type
mice. These experimental results support the concept that FGF23 seems to have a dose-
dependent effects on the heart?3. In fact, direct application of FGF23 on /n vitrorat and in
vivo mouse cardiomyocytes resulted in cardiac hypertrophy while blockade of the FGF
receptor in 5/6™ nephrectomized mice with high levels of circulating FGF23 attenuated
cardiac hypertrophy. However, these animal data are as yet unconfirmed and somewhat
conflicting. In a recent study by an independent group evaluating 6 weeks of treatment with
an FGF23 neutralizing antibody, there was no difference in cardiac mass in treated
compared to control rats.2* Therefore, the mechanism by which FGF23 causes
cardiomyocyte hypertrophy has yet to be fully elucidated. In human subjects, regardless of
kidney disease status, there is a positive association of FGF23 and echocardiographic
markers of cardiac hypertrophy, however, this association is consistently more pronounced
in those with CKD as demonstrated in this study and by Mirza.19 Moreover, these findings
may have clinical significance, as has previously been observed, that the association of
FGF23 with incident heart failure is much stronger in persons with CKD.” These
observations suggest that factors unique to kidney disease may be required for FGF23 to
induce cardiac hypertrophy in humans. However, the FGF23 efects on the heart still need to
be proven experimentally in humans.

One possibility to explain these observations is that the uremic milieu may augment the
effects of FGF23 on the myocardium. Higher phosphorus concentrations are associated with
myocardial hypertrophy.2526 Early in CKD, FGF23 levels rise to increase phosphorus
excretion in order to compensate for decreased nephron mass and glomerular filtration rate,
however, as CKD progresses both FGF23 and phosphorus increase to greater than normal
levels. Another important action of FGF23 in CKD is 1-a-hydroxylase suppression leading
to 1,25(0H),D deficiency, which has been associated with cardiac hypertrophy. The
associations of hyperphosphatemia and 1,25(0OH),D deficiency with cardiac hypertrophy
may simply be mediated by FGF23, however, it is also possible that higher FGF23 levels
combined with hyperphosphatemia and 1,25(0OH),D deficiency could potentiate each
molecule’s independent effects on the myocardium causing accelerated hypertrophy in CKD
when multiple factors are abnormal concurrently. FGF23 may also affect the myocardium
through its interaction with the renin-angiotensin-aldosterone system (RAAS). Animal
studies demonstrate that 1,25(0OH),D deficiency activates RAAS,%’ therefore, FGF23 may
indirectly activate RAAS. Recent evidence suggests that FGF23 may also have a direct
impact on RAAS up-regulation through its inhibition of angiotensin 2.28:2° Taken together,
these findings suggest that while elevated serum FGF23 functions as a phosphaturic
hormone to maintain serum phosphate levels in patients with CKD, the supraphysiological
levels may also be maladaptive and contribute to increased morbidity, and mortality in
patients with kidney disease.

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.
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Rather than direct effects of FGF23 on the myocardium, another possibility is that high
FGF23 may be marking a novel aspect of kidney disease that is not captured by eGFR or
urine ACR, and may not be causally related to LVH. Indeed, in a recent study, Dominguez
and colleagues demonstrated that FGF23 was more strongly associated with CVD events
and death when accompanied by low urine phosphorus excretion, independent of eGFR or
PTH levels.30 These data suggest that some individuals may have relative renal tubular
resistance to the phosphaturic actions of FGF23, and that such individuals may be at higher
risk for adverse outcomes. Thus, whether high FGF23 levels contribute to new-onset LVH
and progression to incident heart failure or whether higher FGF23 levels simply mark
aspects of kidney disease not fully captured by eGFR or urine ACR requires future study.

Greater LVM and the presence of LVH are associated with diastolic heart failure,31:32 an
important cause of congestive heart failure in older adults. Our results evaluating
echocardiographic and electrocardiographic markers of cardiac function are strengthen by
findings from a prior CHS study, in which the association of higher plasma FGF23
concentrations with incident heart failure was also stronger in participants with CKD. 7
Taken together, these data suggest that the FGF23-heart failure relationship may be
principally driven by diastolic heart failure, which is associated with significant morbidity
and mortality.33

Strengths of this study include the large number of diverse participants, the inclusion of a
substantial number of participants with CKD, numerous ways in which cardiac hypertrophy
was evaluated, the use of both eGFR and urine ACR to define CKD, and the available
measures of multiple confounding variables. Despite these and other strengths, our study has
important limitations. First, echocardiograms were not performed concurrently with the
measurement of plasma FGF23 concentrations, which was obtained two years later.
However, Faul and colleagues report that elevated FGF23 concentrations can precede the
development of LVVH10 suggesting that in those participants with LVVH on echocardiogram,
FGF23 levels were likely already elevated. Moreover, our results were similar when we
evaluated LVM by ECG obtained concurrently with FGF23 measurements. Second, while
our regression models adjusted for many confounding variables, we lacked concurrent
measurements of serum 1,25(0OH),D and alkaline phosphatase concentrations. Third, our
study was limited to adults aged =65 years, therefore, these results may not be generalized to
other age groups.

In this cohort of older community-dwelling adults, we conclude that FGF23 is associated
with greater LVM measured by both echocardiogram and ECG, independent of eGFR and
urine ACR. However, the association of plasma FGF23 concentrations and LVM and LVH
is much stronger in older persons with CKD. Thus, potentially causal associations of
FGF23, LVH, and heart failure risk may be particularly strong in persons with CKD.
Importantly, FGF23 is being considered as a potential target for pharmaceutical intervention
to decrease the incidence and progression of LVH. Our data, and that reported by others,
consistently suggest that such a strategy may have the most impact in persons with CKD,
rather than all individuals with elevated FGF23. Studies are needed to further elucidate the
potentially different pathophysiologic effects of FGF23 on the myocardium in CKD and
non-CKD populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jovanovich et al.

Page 8

Acknowledgments

ACKNOWLEDGEMENTS AND FUNDING SOURCES

The Cardiovascular Health Study was supported by the National Heart, Lung, and Blood Institute (NHLBI)
contracts HHSN268201200036C, HHSN268200800007C, NO1 HC55222, NO1HC85079, N01HC85080,
NO1HC85081, NO1HC85082, NO1HC85083, NO1HC85086, and grant HL080295 from NHLBI, with additional
contribution from the National Institute of Neurological Disorders and Stroke (NINDS). Additional support was
provided by AG023629 from the National Institute on Aging (NIA). A full list of principal CHS investigators and
institutions can be found at http://www.chs-nhlbi.org/Pl.htm.

REFERENCES

1. Liu S, Quarles LD. How fibroblast growth factor 23 works. J Am Soc Nephrol. 2007 Jun; 18(6):
1637-1647. [PubMed: 17494882]

2. Isakova T, Xie H, Yang W, Xie D, Anderson AH, Scialla J, Wahl P, Gutierrez OM, Steigerwalt S,
He J, Schwartz S, Lo J, Ojo A, Sondheimer J, Hsu CY, Lash J, Leonard M, Kusek JW, Feldman HI,
Wolf M. Chronic Renal Insufficiency Cohort (CRIC) Study Group. Fibroblast growth factor 23 and
risks of mortality and end-stage renal disease in patients with chronic kidney disease. JAMA. 2011
Jun 15; 305(23):2432-2439. [PubMed: 21673295]

3. Fliser D, Kollerits B, Neyer U, Ankerst DP, Lhotta K, Lingenhel A, Ritz E, Kronenberg F. MMKD
Study Group. Fibroblast growth factor 23 (FGF23) predicts progression of chronic kidney disease:
the Mild to Moderate Kidney Disease (MMKD) Study. J Am Soc Nephrol. 2007 Sep; 18(9):2600—
2608. [PubMed: 17656479]

4. 1x JH, Shlipak MG, Wassel CL, Whooley MA. Fibroblast growth factor-23 and early decrements in
kidney function: the Heart and Soul Study. Nephrol Dial Transplant. 2010 Mar; 25(3):993-997.
[PubMed: 20037168]

5. Kendrick J, Cheung AK, Kaufman JS, Greene T, Roberts WL, Smits G, Chonchol M. HOST
Investigators. FGF-23 associates with death, cardiovascular events, and initiation of chronic
dialysis. J Am Soc Nephrol. 2011 Oct; 22(10):1913-1922. [PubMed: 21903574]

6. Parker BD, Schurgers LJ, Brandenburg VM, Christenson RH, Vermeer C, Ketteler M, Shlipak MG,
Whooley MA, Ix JH. The associations of fibroblast growth factor 23 and uncarboxylated matrix Gla
protein with mortality in coronary artery disease: the Heart and Soul Study. Ann Intern Med. 2010
May 10; 152(10):640-648. [PubMed: 20479029]

7. Ix JH, Katz R, Kestenbaum BR, de Boer IH, Chonchol M, Mukamal KJ, Siscovick DS, Sarnak MJ,
Shlipak MG. Fibroblast Growth Factor-23 and Death, Heart Failure, and Cardiovascular Events in
Community-Living Individuals: CHS (Cardiovascular Health Study). J Am Coll Cardiol. 2012 Jul
17; 60(3):200-207. [PubMed: 22703926]

8. Gutierrez OM, Januzzi JL, Isakova T, Laliberte K, Smith K, Collerone G, Sarwar A, Hoffman U,
Coglianese E, Christenson R, Wang TJ, deFilippi C, Wolf M. Fibroblast growth factor 23 and left
ventricular hypertrophy in chronic kidney disease. Circulation. 2009 May 19; 119(19):2545-2552.
[PubMed: 19414634]

9. Hsu HJ, Wu MS. Fibroblast growth factor 23: a possible cause of left ventricular hypertrophy in
hemodialysis patients. Am J Med Sci. 2009 Feb; 337(20):116-122. [PubMed: 19214027]

10. Mirza MA, Larsson A, Melhus H, Lind L, Larsson TE. Serum intact FGF23 associated with left
ventricular mass, hypertrophy and geometry in an elderly population. Atherosclerosis. 2009 Dec;
207(2):546-551. [PubMed: 19524924]

11. Faul C, Amaral AP, Oskouei B, Hu MC, Sloan A, Isakova T, Gutiérrez OM, Aguillon-Prada R,
Lincoln J, Hare JM, Mundel P, Morales A, Scialla J, Fischer M, Soliman EZ, Chen J, Go AS,
Rosas SE, Nessel L, Townsend RR, Feldman HI, ST John Sutton M, Ojo A, Gadegbeku C, Di
Marco GS, Reuter S, Kentrup D, Tiemann K, Brand M, Hill JA, Moe OW, Kuro-O M, Kusek JW,
Keane MG, Wolf M. FGF23 induces left ventricular hypertrophy. J Clin Invest. 2011 Nov;
121(11):4393-4408. [PubMed: 21985788]

12. Fried LP, Borhani NO, Enright P, Furberg CD, Gardin JM, Kronmal RA, Kuller LH, Manolio TA,
Mittelmark MB, Newman A, et al. The Cardiovascular Health Study: design and rationale. Ann
Epidemiol. 1991 Feb; 1(3):263-276. [PubMed: 1669507]

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.


http://www.chs-nhlbi.org/PI.htm

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jovanovich et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 9

Jonsson KB, Zahradnik R, Larsson T, White KE, Sugimoto T, Imanishi Y, Yamamoto T, Hampson
G, Koshiyama H, Ljunggren O, Oba K, Yang IM, Miyauchi A, Econs MJ, Lavigne J, Juppner H.
Fibroblast growth factor 23 in oncogenic osteomalacia and X-linked hypophosphatemia. N Engl J
Med. 2003 Apr 24; 348(17):1656-1663. [PubMed: 12711740]

Gardin JM, Wong ND, Bommer W, Klopfenstein HS, Smith VE, Tabatznik B, Siscovick D,
Lobodzinski S, Anton-Culver H, Manolio TA. Echocardiographic design of a multicenter
investigation of free-living elderly subjects: the Cardiovascular Health Study. J Am Soc
Echocardiogr. 1992 Jan-Feb;5(1):63-72. [PubMed: 1739473]

Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, Reichek N.
Echocardiographic assessment of left ventricular hypertrophy: Comparison to necropsy findings.
Am J Cardiol. 1986 Feb 15; 57(6):450-458. [PubMed: 2936235]

Rautaharju PM, Maclnnis PJ, Warren JW, Wolf HK, Ryers PM, Calhoun HP. Methodology of
ECG interpretation in the Dalhousie program; NOVACODE ECG classification procedures for
clinical trials and population health surveys. Methods Inf Med. 1990 Sep; 29(4):362-374.
[PubMed: 2233384]

Rautaharju PM, Calhoun HP, Chaitman BR. NOVACODE serial ECG classification system for
clinical trials and epidemiologic studies. J Electrocardiol. 1992; 24(Suppl):179-187. [PubMed:
1552254]

Rautaharju PM, Park LP, Gottdiener JS, Siscovick D, Boineau R, Smith V, Powe NR. Raceand
sex-specific ECG models for left ventricular mass in older populations. Factors influencing
overestimation of left ventricular hypertrophy prevalence by ECH criteria in African-Americans. J
Electrocardiol. 2000 Jul; 33(3):205-218. [PubMed: 10954373]

Rautaharju PM, Manolio TA, Siscovick D, Zhou SH, Gardin JM, Kronmal R, Furberg CD,
Borhani NO, Newman A. Utility of new electrocardiographic models for left ventricular mass in
older adults. The Cardiovascular Health Study Collaborative Research Group. Hypertension. 1996
Jul; 28(1):8-15. [PubMed: 8675268]

Cushman M, Arnold AM, Psaty BM, Manolio TA, Kuller LH, Burke GL, Polak JF, Tracy RP. C-
reactive protein and the 10-year incidence of coronary heart disease in older men and women: the
Cardiovascular Health Study. Circulation. 2005 Jul 5; 112(1):25-31. [PubMed: 15983251]

Shlipak MG, Sarnak MJ, Katz R, Fried LF, Seliger SL, Newman AB, Siscovick DS, Stehman-
Breen C. Cystatin C and the risk of death and cardiovascular events among elderly persons. N
Engl J Med. 2005 May 19; 352(20):2049-2060. [PubMed: 15901858]

Stevens LA, Coresh J, Schmid CH, Feldman HI, Froissart M, Kusek J, Rossert J, Van Lente F,
Bruce RD 3rd, Zhang YL, Greene T, Levey AS. Estimating GFR using serum cystatin C alone and
in combination with serum creatinine: a pooled analysis of 3,418 individuals with CKD. Am J
Kidney Dis. 2008 Mar; 51(3):395-406. [PubMed: 18295055]

Urakawa |, Yamazaki Y, Shimada T, lijima K, Hasegawa H, Okawa K, Fujita T, Fukumoto S,
Yamashita T. Klotho converts canonical FGF receptor into a specific receptor for FGF23. Nature.
2006 Dec; 444(7120):770-774. [PubMed: 17086194]

Shalhoub V, Shatzen EM, Ward SC, Davis J, Stevens J, Bi V, Renshaw L, Hawkins N, Wang W,
Chen C, Tsai MM, Cattley RC, Wronski TH, Cia X, Li X, Eschenberg M, Richards WG. FGF23
neutralization improves chronic kidney disease-associated hyperparathyroidism yet increases
mortality. J Clin Invest. 2012 Jul 2; 122(7):2543-2553. [PubMed: 22728934]

Neves KR, Graciolli FG, dos Reis LM, Pasqualacci CA, Moyses RM, Jorgetti V. Adverse effects
of hyperphosphatemia on myocardial hypertrophy, renal function, and bone in rats with renal
failure. Kidney Int. 2004 Dec; 66(6):2237-2244. [PubMed: 15569312]

Galetta F, Cupisti A, Franzoni F, et al. Left ventricular function and calcium phosphate plasma
levels in uraemic patients. J Intern Med. 2005 Oct; 258(4):378-384. [PubMed: 16164578]

de Borst MH, Vervloet MG, ter Wee PM, Navis G. Cross Talk Between the Renin- Angiotensin-
Aldosterone System and Vitamin D-FGF-23-klotho in Chronic Kidney Disease. J Am Soc
Nephrol. 2011 Sep; 22(9):1603-1609. [PubMed: 21852584]

Dai B, David V, Martin A, Huang J, Li H, Jiao Y, Gu W, Quarles LD. A Comparative
Transcriptome Analysis Identifying FGF23 Regulated Genes in the Kidney of a Mouse CKD
Model. PL0oS One. 2012; 7(9):e444161.

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



1duasnuey Joyiny vd-HIN

Jovanovich et al. Page 10

29. Gurley SB, Allred A, Thu LE, Friffiths R, Mao L, Phillips N, Haystead TA, Donoghue M,
Breitbart RE, Acton SL, Rockman HA, Coffman TM. Altered blood pressure responses and
normal cardiac phenotype in ACE2-null mice. J Clin Invest. 2006 Aug 1; 116(8):2218-2225.
[PubMed: 16878172]

30. Dominguez JR, Shlipak MG, Whooley MA, Ix JH. Fractional Excretion of Phosphorus Modifies
the Association between Fibroblast Growth Factor-23 and Outcomes. J Am Soc Nephrol. 2013
Mar; 24(4):647-654. [PubMed: 23520205]

31. Klapholz M, Maurer M, Lowe AM, Messineo F, Meisner JS, Mitchel J, Kalman J, Phillips RA,
Steingart R, Brown EJ Jr, Berkowitz R, Moskowitz R, Soni A, Mancini D, Bijou R, Sehhat K,
Varshneya N, Kukin M, Katz SD, Sleeper LA, Le Jemtel TH. New York Heart Failure
Consortium. Hospitalization for heart failure in the presence of a normal left ventricular ejection
fraction: results of the New York Heart Failure Registry. J Am Coll Cardiol. 2004 Apr 21; 43(8):
1432-1438. [PubMed: 15093880]

32. Melenovsky V, Borlaug BA, Rosen B, Hay I, Ferruci L, Morell CH, Lakatta EG, Najjar SS, Kass
DA. Cardiovascular features of heart failure with preserved ejection fraction versus nonfailing
hypertensive left ventricular hypertrophy in the urban Baltimore community: the role of atrial
remodeling/dysfunction. J Am Coll Cardiol. 2007 Jan 16; 49(2):198-207. [PubMed: 17222731]

33. Yancy CW, Lopatin M, Stevenson LW, DeMarco T, Fonarow GC. ADHERE Scientific Advisory
Committee and Investigators. Clinical presentation, management, and in-hospital outcomes of
patients admitted with acute decompensated heart failure with preserved systolic function: a report
from the Acute Decompensated Hearth Failure National Registry (ADHERE) Database. J Am Coll
Cardiol. 2006 Jan 3; 47(1):76-84. [PubMed: 16386668]

1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



Jovanovich et al. Page 11

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



Page 12

"Ol3eJ 3UIUITe3II 0] UIWNg[e dUlIN ‘YD auun D uneisAd Aq sjes uoiesn|iy Jejnsawolh pajewnlss '$A0y499 ‘u19104d 9AI9LAI-I ‘dYD ‘8Inssaid poojq 21j0ISAS dgS xapul ssew Apoq ‘|ING :SUONBINIQAY
‘[401] ueipsy
.

"pa1y10ads asIMIBY10 ssajun (%) N 10 @S F Ueal moys ereq

Jovanovich et al.

1000> | [gov ‘29l T91 | [coz'vsloe | [ror'sslve | [eor'zslvs | [80z'9'sloor , [6/6w] ¥Ov auun
10000 > 0z 709 ITF0L 8TF9L 11728 0zFzL (gL T/uww) Y100
1000> | [202'98Tlav'e | [0 'ssT1 892 | [2Tv veTlvvz | [vov‘orTlszz | [osv 6Tl TLE » [1/BwW] d¥d
6.0 TZF9€T 02 ¥ 95T 0Z ¥ ET T2 ¥ LET TCF LT (BHww) das
20000 vSFTLe SYFTLL TYFv9C TY¥292 9YF.'92 GW/B) INg
1000 > (%69) 6.€ (%29) L9¢ (%19) /8¢ (%55) 852 (%29) T6€ET uosusuedAH
1000 > (%T2) €11 (%vT) €8 (%eT) L (%11) 15 (%v1) T2e salageld
70000 (%01) TS (%0T1) 65 (%) 8¢ (%) 6T (%2) L6T ayows auny
100°0> (%sT) 28 (%eT) 8L (%81) 21T (%S2) 911 (%.7) 88¢ oelg
1000 > (%7¢) 69T (%z¢) €61 (%0v) 652 (%ev) 002 (%9€) 1¢8 3leN
1000 > G¥6L vF8L vFLL SFLL GF8.L (sreaA) abv
(1s5=N) (965 =N) (0¥9=N) (89r =N)
puaJiy Jo} quw/ny qw/Ny aw/Nny aw/ny
anjea 00T< 00T-T. 0/-25 165
-d v 8|nend € 3|end Za|nuend T ajend [eloL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

(5zz = N) 911end €z 103064 YIMOIS Iselqoiqid AQ SsansLIvIveIRyD dulfaseg

T alqel

NIH-PA Author Manuscript

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



Page 13

Jovanovich et al.

*3]0ISRIP-PUS 18 SSAUMDIY} |[em J01191s0d ‘PAA *(LLL) B]0ISRIPPUS 18 SSAUMDIY} [e1das JBINOLIUSAISIUI ‘PSA| ‘UOISUSWIP D1]0ISIP-PUS S|9LIUBA J3] ‘AQIAT :SUOHBIARIGGY

NIH-PA Author Manuscript

1000> | 9T0FS60 | ¥T0F680 | ¥T0F880 | ET0F880 | YI'0F680 (w2) pmd
1000> | 9T0FS60 | ¥T0F260 | STOFT60 | ¥TOF060 | STOFZ60 (wo) pSAI

G00 | L90F28Y | 850FvLYy | 090FSLY | ¥SOFELY | 090FOLY (wo) aaan
T000> | €SFT09T | 6Sy+6'80T | 28 F2LvT | SyF9vT | S8y F205T | (wh) ssew renounusa Yo

(156 = N) (965 =N) (0¥9=N) (897 =N)
qw/ny qw/ny qw/ny Jw/nA

anfea 00T< 00T-TL 0.-25 165

-d yamend | gemend | zepuend | Tamuend [e101

ajend £z 101984 YIMOoUS 1sejqolqi4 Aq sonsusioerey) aiydelbolpieooyog

¢?olqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



Page 14

10000 >d
*
013eJ BUIUITEaID 0} UlWNg[e BulIN ‘31e] UOIIRIY| I} Jejniawo|b payewnsa+ g [9pON = € [9POIN
urg10.d aAnoeal- ‘aunssald poojq 91j01sAS ‘suoiealpaw aAlsusladAy e Jo asn ‘salagelp ‘snyels Bujows + T [9POIAl = g [9POIN
1618y ‘ybram ‘aus o1ul|o ‘@3l ‘Xas ‘abe = T |9poIN

"S[RAIB)UI BOUBPIJUOD 04GE YNM (SWB Ul 'SSew JejnoLIUSA 13| Ul 9UBISJJIP) SIUSIDNLS0D Bleg

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.

Jovanovich et al.

(06 'se) e6r'950) | (sgg'apz-) | (or9 ‘z5e-)
« L9 K€L S6'C 291 @ado € 19poIN
(€6 '50°9) (@r0z'816) | (906 '9p1-) | (129 ‘6t°e-)
£6TL X597T 08'c 191 @ado Z 13poIN
(116 '80°9) (ev'oz 186) | (116'617-) | (929826
£CTL X ITST 9%'c VLT HF3v)o T I3POIN
(116 '95°y) oz 128) | (gr8'162-) | (87° €0
« €89 LOTTT 62 eLT (4340 | pawsnlpeun
Jw/Nd 00T< | TW/NY 00T-TL | Tw/nd 02=2s | Tw/Nd 155
v d1end € 9|114end Z dend T 9|14end SI3PON
£2494 burjgnop Jad sa|IeNd €249

(§5zzZ = N) oney suluneald-0}-ulwing|y
auULIN pue Y49e Jo juspuadapu] weibolpteaoydq Aqg SSeIA Je[nILIUSA 19 YIIM SUCIRIUSIUOD £ 101984 YIMOIS) 1SB|(0IqI4 BWSe|d JO SUOIRIJ0SSY

€alqeL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript




Page 15

Jovanovich et al.

10000 >d
EZ

s00>d

ura104d 8AnoRaI-D ‘aunssaid poojq 91101sAs ‘suoiedIpaw sAIsuaLBdAyUR JO asn ‘saleqeIp ‘sniels BUINOWS + T [9POIN = Z [3POIN

b1y ‘yBram ‘aus a1uld ‘@3el ‘xas ‘abe = T |apo

'y10q Jo ‘B/Bw 0g< YOV duLn ,NEmhzc_E\_E 09> Y4938 S paulyap aD ‘S|eAIaIUl 82USPIIU0I 9466 YIM (SWelb Ul ‘ssewl JejndLIIUSA 13| Ul 8dUaJal)Ip) SIUsIOIa02 elog

(95°€T '98°5) (SETE'029) [ (97 956-) | (r69T 256-)
A »8L8T 65°S 69'€ EEN) Z 19PN
(12T '9L'Y) (Lr6e'v6%) | (grsT'e501-) | (05'9T '09'6-)
e lV8 KL et Sr'e HF3¥) o T I3pON
(8701 '€v'2) (z9'52'€9'1-) | (vz'sT'vwer-) | (8v0zZ 'L2'8-)
£ 9 00T 06°0 S8's (43d) o | pawsnlpeun
Jwnyo0t< | w/ny¥00T- | Twny oz-es | w/ny 1SS
¥ 8jiend € ajend Z 8jnuend T a1end
€2494 Jo Buignop 1ad a|uend £z494
ao
(TT9 '2°0) (05°€1'220) | (or8'122-) | (086 'e0's-)
«T7E LI 1€ vT°0 HF3y) o Z 1spoN
(619 '60'T) €9ereeD | (zgwwz) | (505108
«79€ «EVL 26'C €00~ EEN) T 19O
(62'5'900) (0621'50T-) | (069'z25-) | (1w 'vso)
£ €6 €6'G 80 TLT- EEN) paisnipeun
Ju/Ny 00T< | Tw/nd 00T-T2 | w/nd 02-zs | Twinyd 15
¥ apaend € 9jnaend Z 9pend T 9end
£2494 Jo Buijgnop sad anend £z2494
aMdoN
sniels

aseasiq Aaupry| o1uoiyD Aq painens welboipseaoyo] Aqg SSeiAl JejnoLusA 18T YIIM SUOIRIUSIUOD £Z 10198 UIMOIS) 1SR[q0ITIH BLISE|d JO SUOIRID0SSY

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.



Page 16

Jovanovich et al.

go0>d
x

u1slo4d 8Anoeal-D ‘aunssaid poojq o1j01sAs ‘suoiredlpaw sAIsuaLsdAynUR Jo asn ‘sa1aqeIp ‘sniels BUINOWS + T [9POIA = Z [8POIN

WB1aM ‘alis 21UIfD ‘BRI ‘Xas ‘abe = T [9pOIA

"410g 10 *B/BW 0E< YOV BULIN *;WEL T/UIW/|W 09> HD? Se Paulyap XD 'SIBAISIUI 80USPLUOD 9656 YN SO SPPO

(Lr7'027) (96°€ ¥0'T) (16'T 'st°0) (S8'T 'er'0)
LT »£0°C £6'0 680 (H3u) 1 Z I3pON
(897 '91'T) (59'€ '66°0) (98T 's1°0) (6L '€7'0)
»6ET 06T 16'0 180 [EEMR T 19poN
(1117 (6272 ‘28°0) (15T '6€°0) 29T ‘Tv°0)
XCET 16T 10 180 [EENX)R paisnipeun
W/NY 00T< | TW/NY00T-TZ | 1w/NY0-2S | Twnd 155
€249 Jo Buiignop Jad v 91end € 9[1end Z apnend T 8|1end
ao
(87T '26°0) (¥9'2 '16°0) (88T '22°0) (85'T '€9°0)
T 0S'T 9T'T 66°0 [EEIS)R Z I8pON
(ev'T '56°0) (€52 '68°0) (¥8'T TL°0) (95T '29°0)
ITT 0S'T vT'T 66°0 (F39) 1 T I19pON
(88T '26°0) (tz'z‘08°0) (€9'T 'v9°0) (8%'T ‘09°0)
eT'T €e'T 20T 76°0 [EEIS)R paisnfpeun
TW/NY 00T< | Tw/Nd 00T-TZ | w/Nd 025 | Tw/nNd 165
€2494 Jo Burjgnop Jad ¥ 8|rend € 8|end z apuend T 8|end
axooN

NIH-PA Author Manuscript

G 9lgel

NIH-PA Author Manuscript

snels aseasiq

Asupry| auoay) Aq paiyinens weiboipreaoydg Aq AydoausdAH Je[nariuaA Ua YlM SUOIIRIIUBIUOD £ 101984 YIMOIS) 1Se[g0IqIH BWSE|d JO SUOIRIJ0SSY

NIH-PA Author Manuscript

Atherosclerosis. Author manuscript; available in PMC 2014 November 01.





