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Rationale & Objective: Heart failure (HF) is an
important cause of morbidity and mortality among
individuals with chronic kidney disease (CKD). A
large body of evidence from preclinical and clinical
studies implicates excess levels of fibroblast
growth factor 23 (FGF23) in HF pathogenesis in
CKD. It remains unclear whether the relationship
between elevated FGF23 levels and HF risk
among individuals with CKD varies by HF subtype.

Study Design: Prospective cohort study.

Settings & Participants: A total of 3,502 partici-
pants were selected in the Chronic Renal Insuffi-
ciency Cohort study.

Exposure: Baseline plasma FGF23.

Outcomes: Incident HF by subtype and total rate
of HF hospitalization. HF was categorized as HF
with preserved ejection fraction (HFpEF, ejection
fraction [EF] ≥ 50%), HF with reduced EF (HFrEF,
EF < 50%) and HF with unknown EF (HFuEF).

Analytical Approach: Multivariable-adjusted
cause-specific Cox proportional hazards models
were used to investigate associations between
FGF23 and incident hospitalizations for HF by
subtype. The Lunn-McNeil method was used to
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compare hazard ratios across HF subtypes.
Poisson regression models were used to evaluate
the total rate of HF.

Results: During a median follow-up time of 10.8
years, 295 HFpEF, 242 HFrEF, and 156 HFuEF
hospitalizations occurred. In multivariable-adjusted
cause-specific Cox proportional hazards models,
FGF23 was significantly associated with the
incidence of HFpEF (HR, 1.41; 95% CI, 1.21-
1.64), HFrEF (HR, 1.27; 95% CI, 1.05-1.53), and
HFuEF (HR, 1.40; 95% CI, 1.13-1.73) per 1
standard deviation (SD) increase in the natural
log of FGF23. The Lunn-McNeil method
determined that the risk association was
consistent across all subtypes. The rate ratio of
total HF events increased with FGF23 quartile. In
multivariable-adjusted models, compared with
quartile 1, FGF23 quartile 4 had a rate ratio of
1.81 (95% CI, 1.28-2.57) for total HF events.

Limitations: Self-report of HF hospitalizations and
possible lack of an echocardiogram at time of
hospitalization.

Conclusions: In this large multicenter prospective
cohort study, elevated FGF23 levels were associ-
ated with increased risks for all HF subtypes.
Heart failure (HF) is a prominent comorbidity among
patients with chronic kidney disease (CKD).1 Ac-

cording to the United States Renal Data System, >900,000
individuals with CKD have HF; population studies estimate
the rate of incident HF in CKD at 18 per 1000 person-
years.1,2 Hospitalizations for HF carry an alarming prog-
nosis, with estimated 1-year mortality up to 30 percent.3

Decreased kidney function in patients with HF is associ-
ated with an increased risk of death and hospitalization.4

HF consists of HF with preserved ejection fraction
(HFpEF) and HF with reduced ejection fraction (HFrEF),
each with unique prognostic implications and treatment
considerations.5 Identifying pathogenic mechanisms
linked to HF subtypes in patients with CKD may facilitate
an individualized approach to HF prevention and man-
agement in this high-risk population.

One proposed mechanism for the development of HF in
CKD is excess levels of fibroblast growth factor 23
(FGF23). FGF23 is a bone-derived hormonal regulator of
phosphate and vitamin D homeostasis.6 FGF23 excess is
associated with high-left ventricular mass, incident HF,
atrial fibrillation, high-coronary artery calcium score, and
increased mortality.7-10 FGF23-induced myocardial
remodeling leading to increased left ventricular mass is 1
pathway for HFpEF development.11 FGF23 excess may also
contribute to HFpEF through vascular calcification12 and
renal sodium handling.13 By contributing to calcitriol and
Klotho reduction, FGF23 excess may indirectly promote
left ventricular hypertrophy (LVH) and HFpEF.14-16

Although multiple lines of evidence support a causal
role of FGF23 excess in HFpEF pathogenesis, mechanisms
linking FGF23 excess with HFrEF are less well-estab-
lished.17-19 Numerous potential indirect links exist
between FGF23 and HFrEF. FGF23 has been linked to
risk factors for ischemic heart disease that may result in
cardiomyopathy and HFrEF, including systemic
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PLAIN-LANGUAGE SUMMARY
Heart failure (HF) is a prominent cause of morbidity
and mortality in individuals with chronic kidney disease
(CKD). Identifying potential pathways in the develop-
ment of HF is essential in developing therapies to pre-
vent and treat HF. In a large cohort of individuals with
CKD, the Chronic Renal Insufficiency Cohort
(N = 3,502), baseline fibroblast growth factor-23
(FGF23), a hormone that regulates phosphorous, was
evaluated in relation to the development of incident and
recurrent HF with reduced, preserved, and unknown
ejection fraction. In this large multicenter prospective
cohort study, elevated FGF23 levels were associated
with increased risk of all HF subtypes. These findings
demonstrate the need for further research into FGF23 as
a target in preventing the development of HF in in-
dividuals with CKD.
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inflammation, vascular calcification, and HFpEF.20-22 Us-
ing data from the Chronic Renal Insufficiency Cohort
(CRIC) study, we aimed to examine the specificity of as-
sociations of FGF23 excess with HF subtypes and to eval-
uate the rate of HF according to FGF23 levels in patients
with CKD. To test the hypothesis that elevated FGF23 is
associated with an increased risk of incident HFpEF but not
with risk of HFrEF hospitalization, we examined the as-
sociations between baseline FGF23 level and first HF
hospitalization across HF subtypes among CRIC study
participants with no previous history of HF.
METHODS

The CRIC Study

The CRIC study is a longitudinal prospective cohort study
investigating risk factors for cardiovascular and kidney-
related outcomes in patients with mild-to-moderate CKD.
Between June 2003 and September 2008, 3,939 in-
dividuals aged 21-74 years with an estimated glomerular
filtration rate (eGFR) of 20-70 mL/min/1.73m2 were
recruited across 7 clinical centers in the United States. The
CRIC study design and methods have been previously
published.23 Select exclusion criteria included individuals
with New York Heart Association class III or IV HF, known
cirrhosis, and organ or bone marrow transplants. The
study protocol was overseen by an institutional review
board at each site, conducted in accordance with the
Declaration of Helsinki, and participants provided written
informed consent.

Study Design

To examine the association of FGF23 with the risks of
incident HF subtypes and evaluate the rate of HF according
to FGF23 levels, we conducted an observational study
using CRIC study data.23
2

Study Population

Of the 3,939 participants, 60 did not have a baseline
FGF23 measurement, and 377 had a self-reported history
of HF on enrollment. The primary analysis included the
remaining 3,502 participants (Figure S1). The primary
outcome was incident HF event, sub-stratified as HFpEF,
HFrEF, and HF with unknown ejection fraction (HFuEF).
In secondary analyses, we studied associations of FGF23
and HF burden, defined as any HF event after enrollment,
including individuals with a history of HF (N = 3,879).

Primary Exposure

Primary exposure was plasma FGF23, which was measured
at baseline using a second-generation C-terminal FGF23
(cFGF23) assay (Immutopics).24 The cFGF23 assay mea-
sures both intact hormone and posttranslational C-terminal
fragments. Plasma FGF23 measurements were performed
in duplicate after a single thaw of frozen samples at the
CRIC study central laboratory. The mean intra-assay coef-
ficient of variation was <5% and the mean interassay co-
efficient of variation was 7.6%.25

Primary Outcomes

Primary outcome was time to first HF hospitalization
subtype, which included HFpEF, HFrEF, and HFuEF. HF
events were ascertained from baseline through May 2020
by asking participants semiannually if they were hospi-
talized and then obtaining hospitalization records. The first
30 discharge codes were evaluated for potential HF, and
relevant records were sent for centralized review. Two or
more study physicians independently reviewed HF events
and deaths using history, physical examination, radio-
graphs, and, when available, central hemodynamic
monitoring and echocardiography. A HF event was defined
as both reviewers agreeing on probable or definite HF
based on modified clinical Framingham criteria.26 Pre-
served and reduced ejection fractions (EF) were defined as
EF of ≥50% or ≤50%, respectively. EF was evaluated at the
time of HF hospitalization. For those without an echo-
cardiogram at the time of HF hospitalization, EF was
determined by the CRIC study visit echocardiogram within
1 year before or after the HF event.27 Previous analysis
demonstrated relatively stable EF over this period in CRIC
participants.28,29 When no EF was available the HF hos-
pitalization was labeled an HFuEF event. In secondary
analyses, we included individuals with a history of HF
before FGF23 measurement and studied associations of
FGF23 with all subsequent HF events.

Finally, in sensitivity analyses, we changed our primary
outcome definition for HF with preserved and reduced EF
to EF of ≥40% or <40%, respectively.

Covariates

Demographic and laboratory values were collected at
baseline. Participants self-reported demographics, medical
history, and current medications through study
Kidney Med Vol 5 | Iss 11 | November 2023 | 100723
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questionnaires. History of cardiovascular disease (CVD)
included coronary heart disease, myocardial infarction,
coronary revascularization, HF, stroke, or peripheral
vascular disease. Estimated GFR was calculated using the
creatinine-based CKD Epidemiology Collaboration 2021
equation.30 Phosphate and total cholesterol measurements
were performed at the central laboratory. Plasma para-
thyroid hormone (PTH) was measured using an intact
scantibodies assay. The urinary protein-to-creatinine ratio
was calculated using urine creatinine and urine protein and
measured by a turbidometric method with benzethonium
chloride. Serum iron concentration was measured by Roche
(c501) autoanalyzer. Total iron-binding capacity (μG/L)
was estimated as transferrin (mg/L) × 1.43, measured by
immunoturbidometrics (Roche Diagnostics). Transferrin
saturation was calculated as serum iron concentration (μG/L)/
total iron-binding capacity (μG/L) × 100. Ferritin was
measured by a sandwich immunoassay (Roche Diagnostics).
High sensitivity C-reactive protein was measured by
particle-enhanced immunonephelometry (Siemens).

Statistical Analysis

We summarized baseline characteristics, according to
FGF23 quartiles, as means with SDs for normally distrib-
uted variables, medians with interquartile ranges for
nonnormally distributed variables, and percentages for
categorical variables. Cumulative incidence curves were
created for each HF subtype.

To analyze the association of baseline FGF23 levels with
the risk of each HF subtype, we first used separate cause-
specific Cox regression models to individually analyze
time to incident HF hospitalization (HFpEF, HFrEF, or
HFuEF). Baseline FGF23 levels were expressed as a
continuous variable with hazard ratios (HRs) calculated
per SD increment of natural log-transformed (ln) FGF23
and in quartiles, with the lowest quartile defined as the
reference group. In cause-specific models, participants
were censored at the time of the first HF event other than
the one being analyzed and otherwise followed until
death, loss of follow-up, or administrative end of follow-
up. To account for possible regional variability in character-
istics, all adjusted models included a study site stratification
term. In model 1, we adjusted for age, sex, race, and
ethnicity. Model 2 was additionally adjusted for eGFR and
urinary protein-to-creatinine ratio. Model 3 was addi-
tionally adjusted for potential CVD risk factors (body mass
index, diabetes, smoking, systolic blood pressure, history
of CVD, total cholesterol, statins, number of blood pressure
medications, phosphate, and PTH). Model 4 is additionally
adjusted for calcium, transferrin saturation, ferritin, and C-
reactive protein. Participants without available covariates
were excluded from adjusted models. Missing data
was <5% for all covariates. The Kolmogorov-Smirnov test
was used to verify that there was no violation of the
proportionality assumption.31 In supplemental analyses,
we created models as described above; however, in-
dividuals were censored at the time of kidney failure onset.
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Because cause-specific Cox regression models consider
one HF subtype at a time and treat time to event from
another HF subtype as censored, we used the unstratified
Lunn-McNeil method to simultaneously consider all cause-
specific hazards in 1 model so that HRs could be
compared.32 HRs were calculated per SD increment of ln
FGF23. In this model, participants are considered at risk
until they experience any competing outcome (HFpEF,
HFrEF, and HFuEF).33 Models were adjusted for covariates,
as previously mentioned. This approach allowed us to test
the differential effects of FGF23 between HF subtypes, as
has been previously described.34-36

In additional analyses, we included individuals with a
history of HF and used adjusted Poisson regression models
to evaluate total (incident and recurrent) HF hospitaliza-
tion rates by FGF23 quartile.

RESULTS

Participant Characteristics

Baseline characteristics are described in Table 1. The me-
dian FGF23 value was 138.7 (93.5-224.3) RU/mL. In-
dividuals in the highest FGF23 quartiles were more likely
to self-identify as female, Black, or Hispanic. They had
higher rates of hypertension, diabetes, stroke, and CVD,
lower eGFR levels, and higher PTH levels than individuals
in the lower FGF23 quartiles.

FGF23 and Incident HF

Over a median follow-up time of 10.8 years, 295 HFpEF,
242 HFrEF, and 156 HFuEF events were observed. Pre-
hospitalization and posthospitalization echocardiography
were used to classify 58 and 36 cases, respectively. The
stacked probability plot of HF subtypes is displayed in Fig
1. Participants with incidents of HFuEF went on to expe-
rience all HF subtypes. Of the 156 participants who
experienced an incident HFuEF event, 81 experienced a
second event over the follow-up period. The second event
was categorized as HFpEF in 22 participants, HFrEF in 19
participants, and HFuEF in 40 participants.

In unadjusted cause-specific Cox proportional hazards
model, higher baseline FGF23 was associated with an
increased risk of incident HFpEF hospitalization (HR per SD
increase in ln FGF23 1.70; 95% CI, 1.54-1.87, Table 2).
FGF23 remained significantly associated with risk of incident
HFpEF in multivariable-adjusted cause-specific Cox propor-
tional hazards model (HR per SD increase in ln FGF23 1.41;
95% CI, 1.21-1.64, Table 2) and in the kidney failure-
censored model (Table S1). When FGF23 was examined in
quartiles, with quartile 1 as reference, in unadjusted models,
there was significantly increased hazard of incident HFpEF
with rising FGF23 quartile (P < 0.001). With adjustment for
covariates, there was attenuation of effect in each quartile but
overall P for trend remained significant (P = 0.03).

Similarly, in an unadjusted cause-specific Cox propor-
tional hazards model, higher baseline FGF23 was associ-
ated with an increased risk of incident HFrEF
3



Table 1. Baseline Characteristics by FGF23 Quartile

Total N = 3,502

Total FGF23
N = 3,502
1.4-14,318.9
RU/mL

FGF23 Q1
n = 876
1.4-93.5
RU/mL

FGF23 Q2
n = 875
93.6-138.7
RU/mL

FGF23 Q3
n = 876
138.8-224.3
RU/mL

FGF23 Q4
n = 875
224.5-14,318.9
RU/mL

Age, y 57.4 ± 11.2 55.9 ± 11.3 58.1 ± 10.9 58.1 ± 11.1 57.4 ± 11.2
Male, n (%) 1,925 (55.0) 558 (63.7) 526 (60.1) 470 (53.7) 371 (42.4)
Black, n (%) 1,406 (40.2) 355 (40.5) 336 (38.4) 333 (38.0) 382 (43.7)
Hispanic, n (%) 459 (13.1) 64 (7.3) 119 (13.6) 138 (15.8) 138 (15.8)
Current smoking, n (%) 456 (13.0) 70 (8.0) 85 (9.7) 120 (13.7) 181 (20.7)
Body mass index, kg/m2 31.9 ± 7.6 30.4 ± 6.5 31.2 ± 6.9 32.2 ± 7.7 33.7 ± 8.9
Systolic blood pressure,
mm Hg

128.5 ± 22.0 123.5 ± 19.4 126.8 ± 21.6 131.6 ± 22.7 132.3 ± 23.2

Hypertension, n (%) 2,997 (85.6) 655 (74.8) 748 (85.5) 787 (89.8) 807 (92.2)
Diabetes, n (%) 1,618 (46.2) 256 (29.2) 373 (42.6) 479 (54.7) 510 (58.3)
Stroke, n (%) 314 (9.0) 68 (7.8) 65 (7.4) 84 (9.6) 97 (11.1)
Cardiovascular disease,
n (%)

921 (26.3) 166 (19.0) 220 (25.1) 244 (27.9) 291 (33.3)

# of hypertension
medications

2.4 ± 1.3 1.9 ± 1.3 2.3 ± 1.2 2.5 ± 1.2 2.8 ± 1.1

ACE/ARB use, n (%) 2,357 (67.8) 514 (59.2) 611 (70.5) 632 (72.8) 600 (68.7)
eGFR, mL/min/1.73m2 45.0 ± 15.4 55.0 ± 14.4 48.0 ± 13.6 41.5 ± 12.4 35.5 ± 13.6
24 H Urine protein
(g/24 H)

0.18 (0.07-0.90) 0.10 (0.06-0.32) 0.12 (0.06-0.57) 0.26 (0.08-1.25) 0.46 (0.11-2.03)

Total cholesterol, mg/dL 184.9 ± 45.3 184.0 ± 39.4 182.0 ± 40.5 186.8 ± 47.5 186.8 ± 52.6
Statin, n (%) 1,851 (53.3) 385 (44.4) 463 (53.4) 513 (59.1) 490 (56.1)
Calcium, mg/dL 9.2 ± 0.5 9.2 ± 0.4 9.2 ± 0.5 9.2 ± 0.5 9.1 ± 0.6
Phosphate, mg/dL 3.7 ± 0.7 3.4 ± 0.5 3.6 ± 0.6 3.8 ± 0.6 4.0 ± 0.8
PTH, pg/mL 52.0 (34.0-84.7) 39.5 (28.7-57.2) 46.8 (32.0-72.5) 58.8 (38.0-92.9) 77.0 (45.9-136.3)
CRP, mg/L 2.5 (1.0-6.3) 1.8 (0.9-4.5) 2.1 (1.0-4.9) 2.6 (1.1-6.3) 3.9 (1.4-8.6)
TSAT 23.4 ± 8.8 26.0 ± 8.4 24.1 ± 8.1 23.1 ± 9.1 20.2 ± 8.6
Ferritin, ng/mL 155.3 (82.3-281.1) 180.8 (100.4-325.4) 178.8 (100.0-294.4) 147.2 (81.6-269.7) 119.0 (59.6-229.0)
Note: Results are reported as mean ± standard deviation for normally distributed variables and median with interquartile range for nonnormally distributed variables.
Abbreviations: ACE/ARBs, angiotensin-converting enzyme inhibitors or angiotensin receptor blockers; CRP, C-reactive protein; eGFR, estimated glomerular filtration
rate; FGF23, fibroblast growth factor 23; N, number; PTH, parathyroid hormone; Q, quartile; TSAT, transferrin saturation.
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hospitalization (HR per SD increase in ln FGF23 1.51; 95%
CI, 1.34-1.70, Table 2). FGF23 remained significantly
associated with risk of incident HFrEF in multivariable-
adjusted cause-specific Cox proportional hazards model
(HR per SD increase in ln FGF23 1.27; 95% CI, 1.05-1.53,
Table 2) and in the kidney failure-censored model
(Table S1). In unadjusted models with FGF23 modeled
categorically and quartile 1 as reference, HR increased with
rising FGF23 quartile (P < 0.001). This relationship was
attenuated with multivariable adjustment (P = 0.03).

In the unadjusted cause-specific Cox proportional hazards
model, higher baseline FGF23 was associated with an
increased risk of incident HFuEF hospitalization (HR per SD
increase in ln FGF23 1.67; 95% CI, 1.46-1.92, Table 2).
FGF23 remained significantly associated with risk of incident
HFuEF in multivariable-adjusted model (HR per SD increase in
ln FGF23 1.40; 95% CI, 1.13-1.73, Table 2) and in the kidney
failure-censored model (Table S1). With FGF23 modeled in
quartiles, there was a significantly increased hazard of incident
HFuEF with a rising FGF23 quartile in unadjusted models
(P < 0.001). With sequential adjustment for covariates, there
was an attenuation of effect in each quartile, but the overall p
for trend remained significant (P = 0.02).
4

Results from the Lunn-McNeil method showed that
the risk associations across HF subtypes were consis-
tent, and there was no significant difference in HR of
FGF23 between the 3 HF subtypes in unadjusted
models (P = 0.22) or multivariable-adjusted models
(P = 0.64)

In sensitivity analyses, we changed our primary
outcome definition of HF with preserved and reduced EF
to EF of ≥40% or <40%, respectively. The results remain
qualitatively similar (Table S2).

Rate of HF Events

In additional analysis, we included 3,879 participants with
baseline FGF23 measurements to study the total HF hos-
pitalization rate associated with FGF23. In this population,
there were 2,386 HF events (663 HFpEF, 870 HFrEF, and
853 HFuEF) over a median follow-up time of 10.1 years.
The crude rate of HF hospitalizations was 5.49 (95% CI,
4.98-6.01) per 100 patient years (Table 3). In unadjusted
models, compared with quartile 1, the rate ratio of HF
events in the highest quartile of FGF23 was 4.39 (95% CI,
3.32-5.80, Table 3). This relationship remained significant
in multivariable-adjusted models, with rate ratio of 1.81
Kidney Med Vol 5 | Iss 11 | November 2023 | 100723



Figure 1. Stacked Probability of Heart Failure Events. Stacked
probability graph of the probability of incident heart failure event
split by subtype. HFpEF, heart failure with preserved ejection
fraction; HFrEF, heart failure with reduced ejection fraction;
HFuEF, heart failure with unknown ejection fraction.
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(95% CI, 1.28-2.57) in FGF23 quartile 4 compared with
quartile 1 (Table 3).
DISCUSSION

In this longitudinal prospective cohort study of patients
with CKD, FGF23 was independently associated with
incident HF events across reduced, preserved, and un-
known EF subtypes. In addition, we demonstrated a high
total HF event rate in this population, greatest in those
with the highest levels of FGF23. This is consistent with
previous literature demonstrating associations between
elevated FGF23 and incident HF.1 We did not observe
significant differences in baseline FGF23 across incident
HF subtypes, contrary to what has been previously re-
ported in populations with low prevalence of CKD, in
whom FGF23 was associated with incident HFpEF but not
incident HFrEF.37 Our findings highlight the need for
additional research into the relationships between FGF23
and HF in individuals with CKD as a possible mechanism
to reduce the risk of HF.

There are many proposed mechanisms to explain the
relationship between elevated FGF23 levels and HFpEF.
LVH, which is highly prevalent in patients with CKD and
leads to increased diastolic filling velocity and pressure, is
one pathogenic mediator of HFpEF.29,38 There are several
demonstrated links between elevated FGF23 levels and
LVH. First, as has been shown in animal models of CKD,
FGF23 activates a hypertrophic cascade in cardiac myo-
cytes.25,39 Second, FGF23 may also have indirect effects
that may promote LVH. Excess FGF23 could promote
decreased renal production of Klotho, which may protect
against LVH in mouse models of CKD.21,40 FGF23 may
upregulate the renin-angiotensin-aldosterone system to
promote LVH.41 Calcitriol may serve to inhibit the signal
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FGF23 exerts on cardiac myocytes, and its deficiency in
CKD might contribute to LVH.42 Consistent with these
possible mechanisms, we found a significant association
between elevated FGF23 levels and risk of incident HFpEF
in our cause-specific analysis.

Our analyses also show significant association between
FGF23 and HFrEF. While data linking FGF23 and HFrEF are
less ample, several possible mechanisms exist. By
contributing to LVH, FGF23 could associate with HFrEF via
LVH-mediated loss of cardiac contractility and HFrEF
development.22 FGF23 has been associated with risk fac-
tors for ischemic heart disease. These include increased
vascular calcification and systemic inflammation, known
risk factors for coronary artery disease, which may lead to
an increased likelihood of developing an ischemic event
and subsequent HFrEF.20,43,44 In addition, elevated FGF23
has been associated with left ventricular remodeling, a
pathway leading to reduced EF in post–ST-elevation
myocardial infarction.45

A significant proportion of HF events in the CRIC
study cohort were classified as unknown because EF was
not able to be accurately characterized from the hospi-
talization. Previous studies demonstrate that the popu-
lation characterized as HFuEF may represent a unique
cohort of patients that may have worse outcomes,
perhaps because of worse access to care.46,47 Despite
possible unique features of the HFuEF subtype, we
observed similar strengths of association between FGF23
and HFuEF as between HFpEF and HFrEF. Becasue the
HFuEF subgroup is made up of those with either HFpEF
or HFrEF, this result is expected and could potentially be
explained by any of the previously mentioned pathologic
links between elevated FGF23 and HF.

The currentg analysis differs from and expands on ob-
servations made in the Multi-Ethnic Study of Atheroscle-
rosis (MESA) cohort and the Prevention of Renal and
Vascular End-Stage Disease (PREVEND) study. FGF23 was
uniquely associated with the incidence of HFpEF but not
HFrEF in the former and incidence of HFrEF but not HFpEF
in the latter.37,48 First, the use of the Lunn-McNeil method
allows us to directly compare HF subtype HRs by including
multiple subtype terms in one model. Despite mild dif-
ferences across HF subtypes in results from individual
cause-specific models, the Lunn-McNeil method demon-
strated consistent associations of FGF23 with risks of HF
across HFpEF, HFrEF, and HFuEF subtypes.

Second, the MESA and PREVEND study populations
had a lower prevalence of CKD (eGFR < 60 mL/min/
1.73m2) at baseline and less marked FGF23 elevation
than observed in the CRIC study.49 A Mendelian
randomization study conducted in the HF Molecular
Epidemiology for Therapeutic Targets Consortium and
BioVU (Vanderbilt University Medical Center biobank)
datasets demonstrated that a genetically predicted FGF23
elevation was not predictive of HF in the general pop-
ulation. The authors found that genetically predicted
FGF23 elevation was predictive of HF and HFpEF, but
5



Table 2. FGF23 and Risk of Incident Heart Failure

FGF23 and Incident HFpEF Hazard Ratio (95%CI)

Total N
(events)

ln
(FGF23) FGF23 Q1 FGF23 Q2 FGF23 Q3 FGF23 Q4 P for Trend

N, events 3,502 (295) 295 38 58 84 115
Unadjusted 3,502 (295) 1.70 (1.54-1.87) Reference 1.62 (1.08-2.45) 2.66 (1.81-3.91) 4.43 (3.07-6.41) <0.001
Model 1 3,502 (295) 1.75 (1.57-1.94) Reference 1.47 (0.97-2.22) 2.40 (1.63-3.55) 4.10 (2.80-6.00) <0.001
Model 2 3,336 (283) 1.49 (1.31-1.69) Reference 1.26 (0.83-1.93) 1.66 (1.10-2.51) 2.34 (1.53-3.60) <0.001
Model 3 3,214 (274) 1.37 (1.19-1.58) Reference 1.08 (0.71-1.65) 1.19 (0.78-1.82) 1.54 (0.99-2.41) 0.04
Model 4 3,079 (264) 1.41 (1.21-1.64) Reference 1.18 (0.76-1.84) 1.31 (0.84-2.04) 1.66 (1.03-2.66) 0.03

FGF23 and Incident HFrEF Hazard Ratio (95%CI)

Total N
(events)

ln
(FGF23)

FGF23 Q1 FGF23 Q2 FGF23 Q3 FGF23 Q4 P for trend

N, events 3,502 (242) 242 38 49 73 82
Unadjusted 3,502 (242) 1.51 (1.34-1.70) Reference 1.39 (0.91-2.12) 2.37 (1.60-3.51) 3.30 (2.24-4.86) <0.001
Model 1 3,502 (242) 1.64 (1.44-1.86) Reference 1.29 (0.84-1.98) 2.37 (1.59-3.54) 3.68 (2.47-5.49) <0.001
Model 2 3,336 (222) 1.32 (1.13-1.55) Reference 1.10 (0.71-1.72) 1.53 (0.99-2.37) 1.97 (1.23-3.14) 0.001
Model 3 3,214 (210) 1.24 (1.04-1.47) Reference 1.01 (0.64-1.60) 1.27 (0.80-2.02) 1.49 (0.90-2.47) 0.06
Model 4 3,079 (204) 1.27 (1.05-1.53) Reference 1.03 (0.64-1.64) 1.37 (0.85-2.21) 1.64 (0.97-2.77) 0.03

FGF23 and Incident HFuEF Hazard Ratio (95%CI)

Total N
(events)

ln
(FGF23)

FGF23 Q1 FGF23 Q2 FGF23 Q3 FGF23 Q4 P for trend

N, events 3,502 (156) 156 21 29 41 65
Unadjusted 3,502 (156) 1.67 (1.46-1.92) Reference 1.46 (0.84-2.57) 2.35 (1.39-3.98) 4.66 (2.85-7.64) <0.001
Model 1 3,502 (156) 1.69 (1.45-1.97) Reference 1.37 (0.78-2.40) 2.20 (1.29-3.77) 4.32 (2.59-7.19) <0.001
Model 2 3,336 (148) 1.56 (1.31-1.85) Reference 1.26 (0.71-2.23) 1.68 (0.95-2.96) 3.24 (1.83-5.73) <0.001
Model 3 3,214 (146) 1.44 (1.19-1.74) Reference 1.11 (0.61-2.00) 1.36 (0.76-2.44) 2.32 (1.27-4.23) 0.002
Model 4 3,079 (136) 1.40 (1.13-1.73) Reference 1.08 (0.59-1.99) 1.24 (0.67-2.30) 2.03 (1.07-3.84) 0.02
Note: Risks modeled separately for each heart failure type with the use of cause-specific Cox models. Results are reported as hazard ratio per 1 standard deviation
increase in natural log (ln) of fibroblast growth factor 23 (FGF23) or hazard ratio in relation to the reference quartile. Model 1: adjusted for age, sex, race, ethnicity, and
study site; Model 2: Model 1 plus estimated glomerular filtration rate, and 24H urine protein; Model 3: Model 2 plus body mass index, diabetes, smoking, systolic blood
pressure, any cardiovascular disease, total cholesterol, statins, number of blood pressure medications, phosphate, and parathyroid hormone; Model 4: Model 3 plus
calcium, CRP (log-transformed), TSAT, and ferritin (log-transformed).
Abbreviations: HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction,; HFuEF, heart failure with unknown ejection
fraction.
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not HFrEF, in a population with a polygenic risk score
predictive of a low eGFR.50 This compelling finding may
explain in part why our CRIC study results differ from
reports of studies conducted in populations with a low
prevalence of CKD.
Table 3. Total Heart Failure Event Rates by FGF23 Quartile

Total
N = 3,879
Events Overall Rate

Rate Ratio (95

FGF23
Q1 n = 970

N, Events 3,879 (2,386) 2,386 312
Crude ratea 3,879 (2,386) 5.49 (4.98-6.01) 2.52 (1.92-3.1
Unadjusted 3879 (2,386) 1.90 (1.72-2.11) 1.0 (Ref)
Model 1 3,879 (2,386) 2.00 (1.80-2.22) 1.0 (Ref)
Model 2 3,695 (2,256) 1.76 (1.55-1.99) 1.0 (Ref)
Model 3 3,561 (2,164) 1.57 (1.36-1.81) 1.0 (Ref)
Model 4 3,404 (2,079) 1.55 (1.33-1.80) 1.0 (Ref)
Note: Model 1: adjusted for age, sex, race, ethnicity, and study site (N = 3,879); M
(n = 3,695 owing to missing covariates); Model 3: Model 2 plus BMI, diabetes, smok
number of blood pressure medications, phosphate, and parathyroid hormone. (n =
transformed), TSAT, and ferritin (log-transformed).
Abbreviation: FGF23, fibroblast growth factor 23.
aCrude rates are reported as rate per 100 patient years (95% CI). Overall rates are re
of FGF23 (95% CI).
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Third, instead of using imputation methods for HFuEF,
as was done by the authors in the MESA study, we included
HFuEF as a separate group because we noted that within
the HFuEF subgroup, some individuals subsequently
developed HFrEF hospitalizations, whereas others went on
% CI)

FGF23
Q2 n = 970

FGF23
Q3 n = 970

FGF23
Q4 n =969

506 596 972
2) 4.32 (3.35-5.29) 5.63 (4.67-6.59) 11.10 (9.49-12.72)

1.71 (1.23-2.37) 2.22 (1.66-2.98) 4.39 (3.32-5.80)
1.62 (1.17-2.25) 2.21 (1.64-2.98) 4.31 (3.24-5.72)
1.43 (1.02-2.01) 1.61 (1.17-2.23) 2.85 (2.05-3.96)
1.26 (0.89-1.78) 1.15 (0.82-1.62) 1.90 (1.36-2.66)
1.25 (0.88-1.78) 1.12 (0.79-1.60) 1.81 (1.28-2.57)

odel 2: Model 1 plus estimated glomerular filtration rate, and 24H urine protein
ing, systolic blood pressure, any cardiovascular disease, total cholesterol, statins,
3,561 owing to missing covariates); Model 4: Model 3 plus calcium, CRP (log-

ported as event rate per 100 patient year increase per unit increase in natural log
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to have HFpEF as the second HF presentation. Finally,
MESA measured intact FGF23 as opposed to C-terminal
FGF23, which may account for the difference in results.

Our study had several strengths: prolonged follow-up
allowed us to assess relationships between FGF23 and
the development of multiple HF subtypes. HF was adju-
dicated by physicians who evaluated hospitalization data.
We adjusted for multiple covariates and used the Lunn-
McNeil method to test for differential effect of FGF23 by
HF subtypes. Limitations to our approach included self-
report of hospitalization by participants at follow-up
visits, which may result in missed events. In addition,
hospitalizations were not adjudicated for etiology of HF. In
some cases, echocardiography was not obtained at the HF
hospitalization, resulting in a possible misclassification of
HF subtype. Finally, despite the wealth of covariate data
available for our multivariable analyses, residual con-
founding may exist. For example, baseline intact FGF23,
vitamin D stores, and Klotho were not available.

Despite current therapies, HF continues to be a signifi-
cant burden for individuals with CKD. The presented anal-
ysis confirms previous data linking elevated FGF23 levels
with risk of HF and extends the literature by reporting on
risks with HF subtypes in a large prospective multicenter
CKD cohort. Our finding that elevated FGF23 level is asso-
ciated with increased risks of all HF subtypes provides
further support for continued research aimed at testing
elevated FGF23 as a potential therapeutic target for pre-
vention and treatment of HF among individuals with CKD.
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