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Abstract

Background: While fibroblast growth factor 23 (FGF23) is associated with heart failure (HF) 

and atrial fibrillation (AF), the mechanisms driving these associations are unclear. Sensitive 

measures of cardiovascular structure and function may provide mechanistic insight behind the 

associations of FGF23 and various cardiovascular diseases.

Methods: In the Multi-Ethnic Study of Atherosclerosis (MESA), we evaluated the associations 

of baseline serum FGF23 (2000–2002) with measures of left ventricular (LV) and left atrial (LA) 

mechanical function on cardiac magnetic resonance (CMR) at 10-year follow up (2010–2012).

Results: Of 2,276 participants with available FGF23 and CMR at 10-year follow up, participants 

with higher FGF23 levels were more likely white race, taking anti-hypertensive medications, and 

had lower kidney function. After covariate adjustment, FGF23 was associated with higher LV 

mass (β coefficient per 1 SD higher: 1.14, 95% CI:0.16, 2.12, P=0.02), worse LV global 

circumferential strain (β coefficient per 1 SD higher: 0.15, 95% CI: 0.05, 0.25, P= 0.003), worse 

LV mid-wall circumferential strain (β coefficient per 1 SD higher: 0.20, 95% CI: 0.08, 0.31, P= 

0.001), and lower LA total emptying fraction (β coefficient per 1 SD higher: −0.52, 95% CI: 

−1.02, −0.02, P= 0.04). These associations were consistent across racial/ethnic groups and the 

spectrum of GFR. FGF23 was not associated with the presence of myocardial scar (OR per 1 SD 

higher: 1.12, 95% CI: 0.86–1.45, P= 0.42).
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Conclusions: In a multi-ethnic, community-based cohort, baseline FGF23 levels were 

independently associated with higher LV mass, lower LV systolic function, and reduced LA 

function over long-term follow up. These findings provide potential mechanistic insight into 

associations of FGF23 with incident HF and AF.
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Fibroblast growth factor 23 (FGF23), a hormone predominantly secreted by osteocytes and 

osteoblasts, belongs to an overarching protein family that regulates cell proliferation.1 

Specifically, FGF23 regulates phosphorus homeostasis through a reduction in phosphate 

reabsorption by the kidneys, modulation of parathyroid hormone production, and 

downregulation of activated vitamin D synthesis.2, 3 Circulating FGF23 is elevated in 

chronic kidney disease (CKD) and has primary target effects on the kidney tubules and 

parathyroid glands.4 In addition to its role in phosphate regulation, FGF23 has also 

demonstrated direct, adverse effects upon myocardial structure. Specifically, the 

administration of recombinant FGF23 induces cardiomyocyte hypertrophy along with 

upregulation of natriuretic peptides in murine experimental studies.5

Epidemiologic studies have further suggested that FGF23 may play a role in the 

development of cardiac structural abnormalities and overt cardiovascular disease. Indeed, 

higher FGF23 is associated with greater left ventricular (LV) mass,6–8 incident heart failure 

(HF),8–10 and incident atrial fibrillation (AF)11–13 in populations with and without CKD 

after adjustment for traditional risk factors. Importantly, FGF23 may be more strongly 

associated with HF with preserved ejection fraction (HFpEF) than HF with reduced ejection 

fraction (HFrEF).14 However, the specific mechanisms by which FGF23 may contribute to 

HF and AF are currently unclear. Sensitive measures of cardiovascular function may provide 

mechanistic insight behind the associations of FGF23 and specific clinical cardiovascular 

conditions, including HF and AF. Therefore, we evaluated the associations of FGF23 at 

baseline with sensitive indices of LV and left atrial (LA) function in later life among 

participants in the Multi-Ethnic Study of Atherosclerosis (MESA), a cohort free of prevalent 

cardiovascular disease at time of recruitment.

Methods

Study Population

The MESA study is a prospective cohort that initially recruited 6,814 community-dwelling 

adults aged 45–84 years, who identified themselves as white, black, Hispanic, or Chinese. 

Participants were recruited from 6 study sites between 2000 and 2002 (Baltimore, MD; 

Chicago, IL; St Paul, MN; Forsyth County, NC; New York, NY; and Los Angeles, CA). By 

design, the final study population was 38% white, 28% black, 22% Hispanic, and 12% 

Chinese. Full information regarding the recruitment and study design of MESA has been 

previously published.15 At recruitment, participants had no history of cardiovascular disease, 

defined as myocardial infarction, angina, stroke, transient ischemic attack, HF, AF, 
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nitroglycerin use, angioplasty, pacemaker or defibrillator, or cardiac surgery. Following 

recruitment and a baseline in-person examination (Exam 1), 5 additional follow-up in-person 

examinations were completed at approximately 2- to 5-year intervals. For this analysis, we 

evaluated participants with available serum FGF23 concentrations at Exam 1 (conducted 

between 2000–2002) and who had cardiac magnetic resonance (CMR) performed at 10-year 

follow up (Exam 5; conducted between April 2010 to February 2012). Incident AF was 

identified from ECGs at Exam 5 visit, ICD-9 discharge diagnoses, and Medicare claims 

data, as previously described.11 Incident HF was adjudicated by 2 study physicians blinded 

to other study data through previously described medical record review.14 The study 

protocol was approved by the institutional review board of each study site and all 

participants provided informed consent. The data that support the findings of this study are 

available from the corresponding author upon reasonable request.

FGF23 Measurement

At Exam 1 (2000–2002), blood and urine samples were collected by MESA study personnel 

after overnight fasting.8 Blood samples were stored at the University of Vermont Laboratory 

for Clinical Biochemistry (Burlington, VT) using established methods.16 Subsequently, 

blood samples were shipped on dry ice to the University of Washington (Seattle, WA) where 

investigators measured serum FGF23 using the Kainos immunoassay.17 This assay detects 

the biologically intact, full-length FGF23 molecule through mid-molecule and distal 

epitopes on either side of the RXXR cleavage site. Quality control was assessed using 

standardized high and low value FGF23 controls. The coefficients of variation for high and 

low control samples were 6.7% and 12.4%, respectively.

Cardiac Magnetic Resonance Protocol

At Exam 5 (2010–2012), MESA participants without contraindications underwent CMR 

using 1.5T scanners (Avanto and Espree, Siemens Medical Systems; Signa LX, GE 

Healthcare). The MESA CMR protocol has been described previously and was uniform 

across all study sites.18 Briefly, LV volumes, myocardial mass, and functional measures 

were assessed by a cine steady‐state free precession sequence. Twelve short axis slices, one 

4‐chamber view and one 2‐ chamber view, were acquired as described previously. 

Additionally, 3 tagged short-axis slices (base, mid, apex) were additionally obtained. The 

protocol for tagged CMR has been previously described.19 Finally, a subset (n=1,342) of 

consenting participants with estimated glomerular filtration rates (eGFR) >60 mL/min/

1.73m2 (Northwestern study site) or >45 mL/min/1.73m2 (remaining study sites) underwent 

late gadolinium enhanced (LGE) CMR 15 minutes after administration of 0.15 mmol/kg 

dose of gadolinium based contrast agent (Magnevist, Bayer Healthcare Pharmaceuticals, 

Montville, NJ). All MESA CMR images were analyzed for structure and function in a core 

laboratory and at a single image analysis center (Johns Hopkins Medical Center, Baltimore, 

MD).

Left Ventricular Structure and Function

LV structural parameters (LV mass and volumes) and LV ejection fraction were measured 

using commercially available software (CIM v6.2, Auckland, New Zealand). LV endocardial 

and epicardial borders were traced semi-automatically on short axis cine images. LV mass 
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was calculated at end diastole as the sum of the myocardial area (difference between 

endocardial and epicardial contour) times the section thickness plus the intersection gap 

multiplied by the specific gravity of myocardium (1.05 g/mL). LV end-diastolic and end-

systolic volumes were calculated using the Simpson’s biplane method. Stroke volume was 

calculated as the difference between LV end-diastolic volume and end-systolic volume. LV 

ejection fraction was calculated as the stroke volume divided by LV end-diastolic volume. 

Myocardial scar was defined as LGE either in 2 adjacent short axis slices or in 1 short axis 

and a corresponding long axis slice (Qmass v7.2; Medis, Leiden, the Netherlands).20

LV short-axis tagged slices were analyzed using the HARP method MATLAB software or 

HARP1.15, Diagnosoft, Palo Alto, CA, USA) to calculate circumferential myocardial strain. 

Using standardized protocols, circumferential strain (CS) was determined in 4 wall segments 

(anterior, lateral, posterior, and septal) in each of the 3 short-axis slices (apical, mid, and 

base), resulting in 12 total segments with strain curves. Global CS (GCS) was defined as the 

average of the 12 total segments. Mid-wall CS was defined as the average of the 4 mid-wall 

strain segments. As previously noted, the intraclass correlation coefficients for inter-observer 

and intra-observer agreement mid-wall CS were 0.80 and 0.84 in studies with good tag 

persistence.21

Left Atrial Structure and Function

Multimodality tissue tracking software (MTT; version 5.0, Toshiba, Japan) was used to 

quantify LA volumes from 4- and 2-chamber cine images.22 Endocardial and epicardial LA 

borders at end systole were identified by a trained investigator, and MTT software tracks 

these borders during the cardiac cycle to create volume curves. Maximal and minimal LA 

volumes were calculated from these volume curves using the area length method at end 

systole and end diastole, respectively. LA total emptying fraction was calculated as: (LA 

Volumemax-LA Volume min)/LA Volumemax. MTT also generates longitudinal strain curves 

of all LA segments in 2- and 4-chamber views during each cardiac cycle. Global 

longitudinal strain curves for the 2- and 4-chamber views were derived as the average of all 

longitudinal strain curves, which were subsequently averaged into to calculate LA peak 

longitudinal strain.

Statistical Analysis

Clinical characteristics at baseline examination (2000–2002) by quartile of FGF23 were 

compared using χ2 tests or Fisher’s exact tests for categorical variables and univariate 

general linear models for continuous variables, thus assessing overall trends across FGF23 

quartiles. Penalized B splines were used to evaluate the linearity of relationships between 

FGF23 and measures of LV structure/function (LV mass, global CS, mid-wall CS, ejection 

fraction, stroke volume) or LA function (LA total emptying fraction, peak longitudinal 

strain) on CMR. Given the absence of non-linearity, multivariable general linear models 

were used to evaluate the associations of baseline FGF23 levels (continuous variable) with 

measures of cardiac function on CMR at Exam 5 (2010–2012). Covariates for adjustment 

were chosen a priori based on previous associations and known biology. Sex (male, female) 

and race (white, black, Hispanic, Chinese) were treated as dummy variables in all models. 

Model 1 adjusted for the following covariates obtained at baseline: age, sex, race, and 
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income. Model 2 further adjusted for the following baseline covariates: smoking status, 

diabetes, systolic blood pressure, anti-hypertensive medication use, body mass index, eGFR 

by the CKD-EPI equation, low density lipoprotein cholesterol, urine albumin-to-creatinine 

ratio (UACR), 25- hydroxyvitamin D, calcium, urine phosphate, and parathyroid hormone. 

We also evaluated the association of FGF23 with presence of myocardial scar using 

multivariable logistic regression models. These models used the same covariates as 

previously outlined. We performed multiple sensitivity analyses to evaluate the consistency 

of our findings in models evaluating associations of FGF23 with LV GCS, mid-wall CS, and 

LA total emptying fraction. First, we performed sensitivity analyses adjusting for 1) C-

reactive protein (CRP) or 2) vitamin D and iron supplementation in addition to Model 2 

covariates. Second, we further adjusted for LV mass at Exam 5 in addition to Model 2 

covariates, as LV mass may mediate the association between FGF23 and LV/LA function. 

Third, we further adjusted for Exam 1 (baseline) LV mass, LV ejection fraction, and LV end-

diastolic volume on CMR in addition to Model 2 covariates. Finally, we assessed for 

interaction of incident HF and AF by Exam 5 on the association of FGF23 and GCS using 

separate interaction terms for HF and AF.

Given the known association between FGF23 with LV mass and the known contribution of 

LV hypertrophy/stiffness to LA dysfunction, we performed a formal mediation analysis of 

LV mass on the association between FGF23 and LA total emptying fraction using the 

mediation package in R (v4.5.0, R Foundation for Statistical Computing). First, regression 

models were performed to determine the independent associations between 1) FGF23 and 

LVH and 2) LVH and LA total emptying fraction. Multivariable-adjusted direct and indirect 

effects (i.e. mediation effect) were reported, with calculation of 95% confidence intervals 

(CIs) using bootstrapping with 1000 resamples. Statistically significant mediation was 

determined if the indirect effect was significantly different from zero.

Because of known associations of 1) FGF23 with renal function23 and 2) black race with HF 

risk,24 we assessed for interaction of renal function and race on the association of FGF23 

and indices of LV and LA function using separate interaction terms for eGFR (continuous) 

and race. We also assessed for interaction of change in renal function on the association of 

FGF23 and indices of LV and LA function using an interaction term for change in eGFR 

from Exam 1 to Exam 5. Analyses were carried out using SAS version 9.4 (Cary, NC) and R 

version 3.5.1 (R Foundation for Statistical Computing). Two-tailed p-values <0.05 were 

considering statistically significant.

Results

Participant Characteristics

Of the 6,814 participants who were recruited into MESA at baseline examination, 2,098 did 

not attend Exam 5 (2010–2012), 2,360 did not have CMR performed, and 80 did not have 

available FGF23 levels at baseline. Therefore, the final analytic cohort for this analysis was 

2,276 participants (Supplemental Figure 1). Baseline characteristics of the final analytic 

cohort by quartile of FGF23 are shown in Table 1. Across the analytic cohort, mean FGF23 

was 39.8±14.4 pg/mL. Participants with higher FGF23 levels tended to have higher BMI, 

higher serum calcium, urinary phosphate, and 25-hydroxyvitamin D concentrations, and 
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lower eGFR. There were relatively few participants who developed incident HF (n=28, 

1.2%) or AF (n=102, 4.5%) by Exam 5 CMR. Compared with participants in the final 

analytic cohort, MESA participants who were excluded from this analysis were older, had 

higher prevalence of diabetes, and were more likely black race at baseline examination. In 

addition, excluded participants had lower eGFR, higher SBP, and higher fasting glucose at 

baseline compared to participants included in this analysis (Supplemental Table 1).

Unadjusted Associations of FGF23 with Cardiac Structure and Function

Comprehensive measures of cardiac structure and function on CMR at Exam 5 (2010–2012) 

by quartile of baseline FGF23 are shown in Table 2. Participants in higher quartile groups of 

FGF23 had higher LV mass and larger LV end-diastolic and end-systolic volumes. There 

were no differences in LV ejection fraction, stroke volume or prevalence of myocardial scar 

by quartile of FGF23. GCS and mid-wall CS were worse among participants with higher 

FGF23 levels. Participants with higher FGF23 levels had larger LA volumes and lower LA 

total emptying fraction. There was no difference in LA peak longitudinal strain by FGF23 

quartile.

Adjusted associations of FGF23 with Cardiac Structure and Function

The multivariable-adjusted associations of baseline FGF23 with measures of cardiac 

function in later life are shown in Table 3. After adjustment for demographic variables, 

higher baseline FGF23 was independently associated with worse LV GCS and LV mid-wall 

CS in later life. In final models further adjusting for clinical characteristics and laboratory 

covariates, baseline FGF23 remained significantly associated with worse GCS and mid-wall 

CS in later life, without considerable change in effect size (β coefficient). Similarly, higher 

baseline FGF23 levels were associated with lower LA total emptying fraction after full 

multivariable adjustment. There was no association of FGF23 with LA peak longitudinal 

strain. While FGF23 was associated with higher LV mass after multivariable adjustment 

(Table 3), there were no significant associations of FGF23 with presence of myocardial scar 

in the CMR subset (n=1,342) that underwent LGE imaging (OR per 1 SD higher FGF23: 

1.12, 95% CI: 0.86–1.45, P= 0.42) (Supplemental Table 2). Similarly, FGF23 was not 

associated with traditional measures of LV function (LV ejection fraction or stroke volume). 

On sensitivity analyses, the associations between FGF23 with LV GCS, mid-wall CS, and 

LA total emptying fraction were consistent after further adjustment for CRP (Supplemental 

Table 3) or vitamin D and iron supplementation (Supplemental Table 4). While associations 

of FGF23 with LV GCS and mid-wall CS were consistent after further adjustment for LV 

mass, the association between FGF23 and LA total emptying fraction was slightly attenuated 

(Supplemental Table 5). Similarly, while the associations of FGF23 with LV GCS, and mid-

wall CS were consistent after further adjustment for Exam 1 CMR variables, the association 

of FGF23 and LA total emptying fraction was slightly attenuated after Exam 1 LV mass 

adjustment (Supplemental Table 6).

There was no interaction by eGFR on the associations of FGF23 with 1) GCS (Pinteraction: 

0.32; Figure 1), 2) mid-wall CS (Pinteraction: 0.92), 3) LA total emptying fraction (Pinteraction: 

0.10; Figure 2) or 4) LV mass (Pinteraction: 0.73; Supplemental Figure 2). There was no 

interaction by race on the associations of FGF23 and 1) GCS (Pinteraction: 0.37), 2) mid-wall 
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CS (Pinteraction: 0.54), or 3) LA total emptying fraction (Pinteraction: 0.36). There was no 

interaction by change in eGFR on the associations of GCS (Pinteraction: 0.72), mid wall CS 

(Pinteraction: 0.87), or LA total emptying fraction (Pinteraction: 0.36). Finally, there was no 

interaction by HF status (Pinteraction: 0.70) or AF status (Pinteraction: 0.20) at Exam 5 on the 

association of FGF23 with GCS.

Results of mediation analyses of FGF23, LV mass at Exam 5, and LA total emptying 

fraction are displayed in Figure 3. LV mass was a partial mediator of the relationships 

between FGF23 and LA total emptying fraction. Specifically, LV mass appeared to mediate 

16% of the association between FGF23 and LA total emptying fraction (P=0.04).

Discussion

In this multiethnic cohort of adults without cardiovascular disease at enrollment, we found 

associations of baseline FGF23 with worse LV systolic function, as measured by LV GCS 

and LV mid-wall CS, worse LA total emptying fraction, and higher LV mass at 10-year 

follow up after adjustment for baseline kidney function and other risk factors. Additionally, 

the associations of FGF23 with indices of LV systolic function and LA function were 

consistent across the spectra of renal function and race in the MESA study. Notably, FGF23 

was not associated with traditional measures of LV function, including LV ejection fraction 

and stroke volume. While FGF23 was associated with higher LV mass, it was not associated 

with the presence of myocardial scar. Higher LV mass appeared to partially mediate the 

association between FGF23 and LA total emptying fraction. In total, these findings suggest a 

potential mechanistic role of FGF23 in driving the complex LA and LV myocardial substrate 

that may ultimately lead to the development of overt cardiovascular diseases, including HF 

and AF.

Experimental, epidemiologic, and post-hoc trial data have suggested specific associations of 

FGF23 with the development of HF. Indeed, FGF23 induces left ventricular hypertrophy in 

mice through signaling pathways that may be independent of Klotho, the traditional co-

receptor to which the hormone binds.5 Additionally, FGF23 has been consistently associated 

with increased risk of HF in community-based cohorts, independent of kidney function.8–10 

Among patients with stable ischemic heart disease or acute coronary syndromes, 2 

particularly high-risk cohorts, baseline FGF23 levels have also been associated with higher 

risk of incident HF.25, 26 While FGF23 appears to be more strongly related to incident 

HFpEF as compared with HFrEF,14 the specific mechanisms by which FGF23 may 

contribute to HF pathogenesis remain unclear. Importantly, the associations of FGF23 with 

sensitive measures of cardiac function have not been described. Previously, FGF23 has been 

variably associated with traditional, crude indices of cardiac function. Among individuals 

with known coronary artery disease or those undergoing cardiac catheterization, FGF23 has 

been associated with lower LV ejection fraction.27–29 Importantly, such prior analyses have 

evaluated study populations with high prevalence of cardiovascular disease. Additionally, 

these previous investigations have measured traditional, gross measures of LV function (i.e., 

LV ejection fraction), which may lack sensitivity to detect subtle alterations in cardiac 

function that precede overt HF and offer limited insight regarding disease pathogenesis. In 

the current investigation, we provide a unique evaluation of the associations of baseline 
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FGF23 levels with worse long-term cardiac function on CMR through indices of LV and LA 

strain among individuals free of cardiovascular disease at baseline, thus allowing for specific 

understanding of the substrate-specific alterations associated with higher FGF23.

FGF23 was independently associated with higher LV mass and subclinical alterations in LV 

systolic function as assessed by strain imaging, providing evidence for this hormone’s 

potential role in HF development, specifically with regard to HFpEF. HFpEF is a 

heterogeneous syndrome that may arise as a result of a variety of myocardial substrates. 

Indeed, HFpEF may arise secondary to chronic cardiovascular comorbidities, including 

hypertension, that lead to LV hypertrophy, reduced LV compliance, and subsequent elevation 

in LV filling pressures. Through high-fidelity CMR evaluation of LV mass, we confirm that 

FGF23 is independently associated with higher LV mass, a known risk factor for HFpEF.30 

In addition, recent evidence suggests that HFpEF is indeed a syndrome of both diastolic and 

systolic dysfunction. In an analysis of the Prospective Comparison of ARNI with ARB on 

Management of Heart Failure with Preserved Ejection Fraction (PARAMOUNT) trial, 

HFpEF patients had worse LV GCS compared with a high-risk, community-based 

population without HFpEF.31 Additionally, reduced LV GCS was independently associated 

with a composite of incident HFpEF and HFrEF in the MESA study, and >90% of such 

incident HF cases were in fact HFpEF.21 In this analysis, we demonstrate long-term 

associations of FGF23 with subclinical measures of cardiac systolic dysfunction (i.e., LV 

GCS and mid-wall CS) that are known to precede the development of HFpEF and are also 

abnormal in prevalent HFpEF. Notably, the associations of FGF23 with derangement in LV 

GCS and mid-wall CS was independent of LV mass. Taken together, our findings suggest 

that FGF23 may exhibit multiple, distinct myocardial effects that drive HFpEF to exist: LV 

hypertrophy and LV systolic dysfunction. Previous experimental models support our 

findings that FGF23 may lead to cardiac systolic dysfunction. Namely, FGF23 

administration to cardiomyocytes in vitro resulted in abnormalities in intracellular calcium 

handling.32 Thus, the independent associations of FGF23 with reduced systolic function in 

our study carry a strong molecular basis, as FGF23 elevation appears to influence 

intracellular calcium handing abnormalities in experimental studies. Finally, as FGF23 is 

strongly associated with subclinical LV systolic dysfunction and clinical HF, further 

investigation is required to understand if FGF23 mediates the associations of genetic risk 

with HF, which may further elucidate the hormone’s role in driving HF.

Our study additionally provides insight into LA-specific myocardial derangements that may 

explain the associations of FGF23 with incident AF.11–13 While higher FGF23 has been 

associated with structural abnormalities (i.e., increased LA size) in cross-sectional analyses,
11, 12 the longitudinal relationships between FGF23 and LA function has been incompletely 

understood. Additionally, it is unclear whether FGF23 is associated with reduced LA 

function independent of LV structure and function. In the current study, FGF23 was 

associated with lower LA total emptying fraction in later life. Indeed, LA total emptying 

fraction is a known predictor of future AF.22, 33 These findings suggest that FGF23 is more 

strongly associated with lower LA booster (i.e., contractile) function, as this parameter 

constitutes the ability of the LA to transfer blood into the LV and is captured by the 

aggregate metric of LA total emptying fraction. Notably, the association between FGF23 and 

LA total emptying fraction was partially mediated by higher LV mass, suggesting that LA 
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dysfunction associated with FGF23 may be a downstream consequence of LV non-

compliance and increased LA pressures. Further research is required to understand chamber-

specific consequences of FGF23 elevation given the hormone’s association with both HF 

and AF.

Our study has strengths and limitations. Participants in the MESA study are ethnically 

diverse and have been closely followed for over a decade, allowing for unique understanding 

of the transition from risk factors to subclinical cardiac disease. Additionally, the 

biologically active form of FGF23 was measured in the current study, as opposed to the C-

terminal fragment. Finally, CMR protocol was standardized across all sites and all 

interpretations were performed in a blinded fashion at a single, experienced reading center. 

Although our final analytic sample was large, a number of participants were excluded from 

the original cohort. Excluded participants tended to have higher prevalence of cardiovascular 

risk factors (and likely myocardial dysfunction), and thus our analytic cohort may indeed 

underestimate associations. While FGF23 was associated with reduced systolic function, 

there was no association between FGF23 and the presence of myocardial scar. Macroscopic 

cardiac fibrosis was infrequently noted in the current study, which may limit the power to 

detect an association, and we were unable to determine the extent of microscopic interstitial 

fibrosis through extracellular volume measurement in the current study. Diastolic function 

has not been comprehensively evaluated on MESA CMR at Exam 5, and we were thus 

unable to evaluate associations of FGF23 with LV early diastolic strain rate. Although we 

could not adjust for serum levels of hemoglobin and bicarbonate because they were not 

collected in the MESA cohort at Exam 1, the associations of FGF23 and cardiac function 

were consistent after multivariable adjustment.

In this investigation of a multi-ethnic cohort without known cardiovascular disease at 

baseline, FGF23 levels identified participants with hypertension and lower baseline kidney 

function. FGF23 at baseline was independently associated with higher LV mass, worse LV 

systolic function, as measured by LV GCS and LV mid-wall CS, and lower LA systolic 

function, as measured by LA total emptying fraction, in later life. These associations were 

independent of several clinical factors, including degree of renal dysfunction at baseline, and 

the association of FGF23 with lower systolic function was independent of LV mass. The 

associations of FGF23 and adverse LV and LA systolic mechanics were consistent across 

racial strata and the spectrum of eGFR. In total, these findings provide mechanistic support 

for the role of FGF23 in the development of overt HF, substantiate the strong association 

between FGF23 and HFpEF, and suggest that FGF23 may drive HFpEF through distinct 

effects upon the myocardium. Further investigation is required to understand if therapeutic 

reduction in FGF23 can alter derangements in cardiac function and prevent progression to 

overt cardiovascular disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspectives

Fibroblast growth factor 23 (FGF23) is a hormone that increases in the setting of chronic 

kidney disease and has been associated with the development of multiple cardiovascular 

diseases, specifically heart failure (HF) and atrial fibrillation (AF). Additionally, FGF23 

appears to be more strongly associated with HF with preserved ejection fraction 

(HFpEF). However, the mechanisms by which FGF23 leads to clinical HF and AF are 

unclear. We analyzed a community-based cohort that underwent cardiac magnetic 

resonance (CMR) imaging 10 years after FGF23 measurement. Baseline FGF23 was 

associated with lower LV systolic function, higher LV mass, and lower LA function at 

follow up over 10 years later. Through investigation of sensitive measures of cardiac 

structure and function on CMR, these findings provide insight into a potential 

multifaceted effect of FGF23 on cardiac function that may drive HF and AF. Further 

studies are required to understand if reduction in FGF23 may prevent progression to overt 

cardiovascular diseases.
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Figure 1. Association of FGF23 with Global Circumferential Strain by eGFR Category.
Shown are linear models displaying the association of FGF23 and global circumferential 

strain by eGFR strata. The rug plot shows the distribution of FGF23. FGF23 = fibroblast 

growth factor 23; eGFR = estimated glomerular filtration rate.
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Figure 2. Association of FGF23 with Left Atrial Total Emptying Fraction by eGFR Category.
Shown are linear models displaying the association of FGF23 and LA total emptying 

fraction by eGFR strata. The rug plot shows the distribution of FGF23. FGF23 = fibroblast 

growth factor 23; eGFR = estimated glomerular filtration rate; LA = left atrial.

Patel et al. Page 15

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2021 November 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Mediation Analysis of FGF23, LV Mass, and LA Total Emptying Fraction.
The path model and mediation analyses describing mediation of the relationship between 

FGF23, LV mass, and LA total emptying fraction are displayed. FGF23 = fibroblast growth 

factor 23. LA = left atrial; LV = left ventricular.
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Table 1.

Baseline Characteristics by Quartile of FGF23.

Characteristic

FGF23
Quartile 1

(n=568)

FGF23
Quartile 2

(n=570)

FGF23
Quartile 3

(n=569)

FGF23
Quartile 4

(n=569)

P value
(linear trend)

Age, y, mean±SD 58.7±9.2 59.4±9.1 59.0±9.4 60.1±9.5 0.06

Female, n (%) 329 (57.9) 300 (52.6) 295 (51.9) 308 (54.1) 0.17

Race, n (%) 0.04

 Black 139 (24.5) 137 (24.0) 133 (23.4) 119 (20.9)

 Chinese 78 (13.7) 83 (14.6) 69 (12.1) 70 (12.3)

 Hispanic 135 (23.8) 115 (20.2) 117 (20.6) 100 (17.6)

 White 216 (38.0) 235 (41.2) 250 (43.9) 280 (49.2)

Current Smoker, n (%) 86 (15.2) 48 (8.4) 55 (9.7) 45 (7.9) 0.001

Body mass index, kg/m2, mean ± SD 27.0±4.8 27.4±4.9 27.5±4.8 28.4±5.2 <0.001

Systolic blood pressure, mmHg, mean ± SD 122.2±21.3 121.8±19.7 121.9±19.4 123.7±19.2 0.37

Anti-hypertensive medication, n (%) 129 (22.7) 142 (24.9) 144 (25.3) 194 (34.1) <0.001

Diabetes mellitus, n (%) 39 (6.9) 53 (9.3) 48 (8.5) 59 (10.4) 0.20

Total cholesterol, mg/dL, mean ± SD 194.6±35.4 194.4±33.2 195.7±36.6 195.3±36.1 0.93

LDL cholesterol, mg/dL, mean ± SD 116.8±31.9 118.1±31.1 118.7±31.6 117.8±31.3 0.78

Glucose, mg/dL, median (IQR) 87 (81–96) 88 (82–95) 87 (82–96) 88 (83–96) 0.95

eGFR mL/min/1.73 m2, mean ± SD 83.8±14.4 80.4±13.8 79.8±14.6 74.6±15.6 <0.001

Calcium, mg/dL, mean ± SD 9.6±0.4 9.6±0.4 9.7±0.4 9.7±0.4 0.003

25- hydroxyvitamin D, ng/mL, mean ± SD 24.9±12.5 25.7±11.2 26.6±11.3 27.6±11.2 <0.001

Phosphate, urine, mg/dL, mean ± SD 47.3±31.8 48.5±31.1 51.2±37.1 54.9±41.7 0.002

Parathyroid hormone, pg/mL, mean ±SD 42.1±18.2 41.8±17.1 42.4±18.1 42.7±18.1 0.86

Angiotensin converting enzyme inhibitor, n (%) 50 (8.8) 53 (9.3) 51 (9.0) 66 (11.6) 0.34

Angiotensin receptor blocker, n(%) 15 (2.7) 23 (4.1) 18 (3.2) 39 (6.9) 0.002

FGF23 = fibroblast growth factor 23; eGFR = estimated glomerular filtration rate; LDL = low-density lipoprotein
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Table 2.

Cardiac Structure and Function on Cardiac Magnetic Resonance by Quartile of FGF23.

CMR Measure

FGF23 Quartile 
1

FGF23 Quartile 
2

FGF23 Quartile 
3

FGF23 Quartile 
4

P value 
(linear 
trend)

LV Structure

Mass, g, mean±SD 117.4±33.3 121.5±32.6 122.7±33.0 124.4±32.7 0.003

End diastolic volume, mL, mean±SD 117.1±30.5 120.7±30.1 122.3±31.4 120.8±31.7 0.03

End systolic volume, mL, mean±SD 44.7±16.3 46.2±16.5 47.8±18.6 46.2±18.4 0.03

Myocardial scar, n (%) 20 (3.5) 18 (3.2) 33 (5.8) 29 (5.1) 0.14

LV Systolic Function

Ejection fraction, %, mean±SD 62.3±6.8 62.2±6.9 61.5±7.6 62.3±7.4 0.16

Stroke volume, mL, mean±SD 72.4±18.1 74.5±18.0 74.5±18.6 75.6±18.8 0.12

Global circumferential strain, %, mean±SD −18.5±2.3 −18.3±2.3 −18.2±2.4 −18.0±2.3 0.006

Mid-wall circumferential strain, %, mean
±SD −18.7±2.7 −18.4±2.7 −18.2±2.8 −18.1±2.8 0.003

LA Structure

LA maximal volume, mL, mean±SD 62.7±22.2 66.7±24.0 65.1±23.1 66.2±22.1 0.02

LA minimal volume, mL, mean±SD 28.6±16.2 31.3±17.5 30.6±18.0 31.5±16.3 0.01

LA Function

Total emptying fraction, %, mean±SD 56.6±11.4 55.1±11.3 55.2±12.4 54.5±11.7 0.03

Peak longitudinal strain, %, mean±SD 33.1±14.2 32.0±14.0 32.5±14.4 31.6±14.9 0.34

FGF23 = fibroblast growth factor 23; LA = left atrial; LV = left ventricular
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Table 3.

Association of FGF23 with Cardiac Function.

Measure of Cardiac Function β coefficient per SD increase in FGF23 (95% CI) P value

LV structure

LV mass

 Model 1* 2.02 (1.04, 3.01) <0.001

 Model 2† 1.14 (0.16, 2.12) 0.02

LV function

Global circumferential strain

 Model 1* 0.18 (0.08, 0.27) <0.001

 Model 2† 0.15 (0.05, 0.25) 0.003

Mid-wall circumferential strain

 Model 1* 0.22 (0.11, 0.33) <0.001

 Model 2† 0.20 (0.08, 0.31) 0.001

Ejection fraction

 Model 1* −0.10 (−0.38, 0.19) 0.51

 Model 2† −0.20 (−0.51, 0.11) 0.21

Stroke Volume

 Model 1* 0.35 (−0.27, 0.97) 0.27

 Model 2† 0.37 (−0.30, 1.05) 0.28

LA Function

Total Emptying Fraction

 Model 1* −0.51 (−0.97, −0.05) 0.03

 Model 2† −0.52 (−1.02, −0.02) 0.04

Peak longitudinal strain

 Model 1* −0.41 (−0.98, 0.16) 0.16

 Model 2† −0.27 (−0.89, 0.36) 0.40

*
Adjusted for age, sex, race, and income at Exam 1

†
Adjusted for Model 1 covariates plus: smoking status, diabetes, systolic blood pressure, anti-hypertensive medication use, BMI, eGFR, LDL 

cholesterol, UACR, 25-hydroxyvitamin D, calcium, urine phosphate, and PTH at Exam 1

BMI = body mass index; eGFR = estimated glomerular filtration rate; FGF23 = fibroblast growth factor 23; LA = left atrial; LDL = low density 
lipoprotein; LV = left ventricular; PTH = parathyroid hormone; UACR = urinary albumin-to-creatinine ratio
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