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Abstract

Objective: To investigate longitudinal changes in the blood concentration of fibroblast growth factor 23
(FGF23) from midlife to late life and their major predictors in the general population.

Patients and Methods: In 14,444 participants of the Atherosclerosis Risk in Communities Study, we
analyzed the association of 31,095 measurements of serum intact FGF23 with age using data from 3 visits
(visit 2 [N=13,460; mean age, 57 years]; visit 3 [N=12,323; mean age, 60 years]; and visit 5 [N=6122;
mean age, 76 years]) and a linear mixed-effects model. Among 5804 participants who had FGF23 mea-
surements at both visits 3 and 5, we explored predictors of FGF23 change from midlife to late life using
linear regression models. Prespecified risk factors were estimated glomerular filtration rate, body mass
index, ever smoking, ever drinker, diabetes, hypertension, history of cardiovascular disease, total
cholesterol, and high-density lipoprotein cholesterol.

Results: Median FGF23 concentrations were 41.9 pg/mL (interquartile interval [IQI], 33.9 to 51.8 pg/
mL) at visit 2, 38.3 pg/mL (IQI, 30.6 to 48.3 pg/mL) at visit 3, and 55.0 pg/mL (IQI, 44.4 to 70.3 pg/mL)
at visit 5. A linear mixed-effects model showed that the association of FGF23 with age was nonlinear, with
a slight decline or no change in age 45-60 years and a monotonic increase in age greater than or equal to
65 years (FGF23, +10 to 15 pg/mL per 10 years of age). In a multivariable linear regression model,
significantly greater increases in FGF23 were noted, with midlife estimated glomerular filtration rate less
than 60 mI/min per 1.73 m” vs more than or equal to 60 mI/min per 1.73 m* (AFGF23, +4.4 pg/mL
[95% CI, 0.9 to 8.0]), diabetes vs no diabetes (AFGF23, +6.2 pg/mL [95% CI, 4.1 to 8.3]), and hy-
pertension vs no hypertension (AFGF23, +4.1 pg/mL [95% CI, 2.7 to 5.4]).

Conclusion: FGF23 did not show any major changes in midlife but increased linearly in late life. Reduced
kidney function, diabetes, and hypertension were robustly associated with a greater increase in FGF23.
Further investigations are needed to understand the potential mechanisms linking these conditions to an
increase in FGF23 concentrations.
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endocrine hormone that is essential for

maintaining normal blood phosphorus
concentrations by inducing phosphaturia and
suppressing vitamin D production. The gene
encoding FGF23 was first identified in pa-
tients with autosomal dominant hypophos-
phatemic  rickets,’ who had missense
mutations in FGF23 leading to

F ibroblast growth factor 23 (FGF23) is an

excess

production of FGF23. Since an assay for
FGF23 measurement in human blood was first
developed in 2003,” a growing body of evi-
dence suggests that elevated FGF23 levels are
associated with adverse outcomes, including
cardiovascular disease (CVD) and mortality.””

Reduced kidney function is the most
common cause of elevated FGF23 concentra-
tions,”” as a compensatory mechanism to
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maintain normal blood phosphorus levels in this
clinical condition. As kidney function usually de-
clines with aging, it is plausible that the level of
FGF23 changes over the lifespan. However,
data on the association of FGF23 with age are
sparse. A few studies have assessed changes in
FGF23 in patients with advanced chronic kidney
disease™”; however, no study has investigated
longitudinal changes in FGF23 from midlife to
late life and their predictors in the general popu-
lation. Such knowledge will help us understand
the pathophysiological involvement of FGF23
beyond its link to bone mineral disorders and
kidney diseases.

We analyzed more than 30,000 measure-
ments of FGF23 collected over 20 years and
across 3 study visits in nearly 15,000 participants
in the community-based Atherosclerosis Risk in
Communities (ARIC) Study. The objectives of
this analysis were to characterize the changes in
FGF23 concentrations from midlife to late life
and to identify their major predictors.

PATIENTS AND METHODS

Study Population

The ARIC Study enrolled 15,792 participants
aged 45-64 years from 1987 to 1989 (visit 1)
from 4 US communities (Forsyth County, NC;
Jackson, MS; suburbs of Minneapolis, MN; and
Washington County, MD)." O Serum FGF23 con-
centrations were measured at 3 study visits that
occurred in 1990-1992 (visit 2), 1993-1995
(visit 3), and 2011-2013 (visit 5). The present
study included participants who self-identified
as White or Black race and had at least one
FGF23 measurement done. Data on FGF23 con-
centrations were available for approximately
95% of the participants at each visit: 13,460 of
14,161 participants at visit 2; 12,323 of 12,821
participants at visit 3; and 6122 of 6514 partici-
pants at visit 5. Accordingly, we analyzed 31,095
FGF23 measurements in 14,444 participants. All
participants provided written informed consent.
The study was approved by the institutional re-
view board at each study site and conducted in
accordance with the Declaration of Helsinki.

FGF23 Measurements and FGF23 Change
From Midlife to Late Life

In the ARIC Study, FGF23 concentrations were
measured in 2 ancillary studies. The first study
measured FGF23 in 2011-2012 in stored

samples collected from participants at visit 2.*
The second study measured FGF23 in 2018-
2019 in stored samples collected from partici-
pants at visit 3 (1993-1995) and visit 5 (2011-
2013). Both ancillary studies measured intact
FGF23 in serum samples using the 2-site
enzyme-linked immunosorbent assay kit (Kainos
Laboratories, Inc) at the Advanced Research and
Diagnostic Laboratory, University of Minnesota.
The laboratory interassay coefficients of variation
were 8.1% and 5.4% at mean concentrations of
23.7 and 87.2 pg/mL, respectively. To evaluate
the drift over time, we conducted measurements
in 2018 in a random sample of 99 serum samples
collected at visit 2. There were no significant dif-
ferences in FGF23 concentrations between the
assays in the 2 ancillary studies (P value for differ-
ence, .358; mean FGF23 difference, —1.2 pg/mL
with mean FGF23 of 45 pg/mL; interassay coeffi-
cient of variation, 13%).

Other Variables

Data on participant characteristics were
obtained at each visit. Age, sex, race, smoking
history (ever vs never smoker), and alcohol
consumption (ever vs never drinker) were
self-reported. Body mass index was calculated
as body weight in kilograms divided by the
square of height in meters. Diabetes was
defined as a self-reported diagnosis of diabetes
by a physician, fasting glucose more than or
equal to 126 mg/dL, random glucose more
than or equal to 200 mg/dL, or taking antidi-
abetic medications. Hypertension was defined
as a systolic blood pressure of more than equal
to 140 mmHg, diastolic blood pressure of
more than or equal to 90 mmHg, or taking
antihypertensive medication. Serum concen-
trations of total cholesterol and high-density
lipoprotein cholesterol were measured using
an enzymatic method. Estimated glomerular
filtration rate (eGFR) was calculated using
the 2012 Chronic Kidney Disease Epidemi-
ology equation using serum creatinine and
cystatin C.'" The history of CVD was defined
as self-reported history of coronary heart dis-
ease, heart failure, or stroke at visit 1, or inci-
dent cases between visit 1 and the relevant
study visits.”

Statistical Analyses
Participant characteristics were compared
across the 3 study visits (ie, visits 2, 3, and
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5). We used histograms to display the distri-
butions of FGF23 concentrations at each
visit. FGF23 concentrations at the 2.5th
and 97.5th percentiles were reported as the
lower and upper limits of the reference inter-
val (central 95%).'” Because each individual
had up to 3 FGF23 measurements, we used
a linear mixed-effects model to assess the as-
sociation of FGF23 concentrations with age,
treating individuals as a random effect. We
regressed FGF23 on age, which was modeled
using a restricted cubic spline with knots at
50, 60, 70, and 80 years. To avoid erroneous
influence by extreme values of FGF23, we
winsorized values lower or higher than the
Ist and 99th percentiles, respectively.'” The
analysis was first performed for the entire
population, and then was repeated on the ba-
sis of sex (men vs women) and race (White
vs Black).

We examined factors associated with
FGF23 change from midlife to late life, as
calculated by FGF23 at visit 5 (2011-2013)
subtracted by FGF23 at visit 3 (1993-1995)
in 5804 participants. We used the difference
in FGF23 between visits 3 and 5 for this
analysis because FGF23 concentrations at
visits 3 and 5 were simultaneously measured
using the same lot of enzyme-linked immu-
nosorbent assay kits, as described above,
and overall we did not observe any major
changes between visits 2 and 3
(Supplemental Figure 1, available online at
http://www.mcpiqojournal.org).

Among the 5804 participants who had
FGF23 measured both at visits 3 and 5, we
used linear regression models to estimate
FGF23 change as a dependent variable
modeled as a continuous variable, regressed
on prespecified clinical factors at visit 3:
high body mass index (>30 kg/m” vs <30
kg/m?), smoking history (ever vs never
smoker), alcohol consumption (ever vs never
drinker), diabetes (yes vs no), hypertension
(yes vs no), history of CVD (yes vs no),
low eGFR (<60 mL/min per 1.73 m? vs
>60 mL/min per 1.73 m?), high total choles-
terol (>200 mg/dL vs <200 mg/dL), and low
high-density lipoprotein cholesterol (<40
mg/dL vs >40 mg/dL). We also modeled
FGF23 change as a categorical variable by
quartile, and deployed logistic regression
models to estimate the odds ratios for the

highest quartile of FGF23 change, compared
with the remaining 3 quartiles combined. For
both linear and logistic regression analyses,
multivariable models included the indepen-
dent variables of age (continuous), sex
(men vs women), race (White vs Black),
and clinical factors as listed above. All ana-
lyses were performed using Stata version
15. A 2-sided P value of <.05 was considered
statistically significant.

RESULTS

Distributions of FGF23 in Midlife and Late
Life

Of the 14,444 participants who had at least
one FGF23 measurement, 8016 (55.5%)
were women and 10,767 (74.5%) were White.
The mean age was 57 years at visit 2, 60 years
at visit 3, and 76 years at visit 5 (Table 1). The
prevalence of diabetes, hypertension, history
of CVD, and low eGFR (<60 mL/min per
1.73 m?) was higher at visit 5 than at visit 2
or 3.

Distributions of FGF23 concentrations at
visit 2 (Figure 1A) and visit 3 (Figure 1B)
were overall normal and largely similar
(median FGF23, 41.9 pg/mL [95% reference in-
terval, 21.1 and 83.3 pg/mL] at visit 2 and 38.3
pg/mL [95% reference interval, 18.0 and 80.4
pg/mL] at visit 3, respectively). The distribution
of FGF23 at visit 5 was slightly skewed to the
right and had a wider distribution compared
with those at visit 2 or 3 (Figure 1C) (median
FGF23, 55.0 pg/mL [95% reference interval,
28.1 and 128.3 pg/mL)).

Serum FGF23 Concentrations in Midlife and
Late Life

Figure 2 shows the expected concentration of
FGF23 regressed on age using all available mea-
surements of FGF23 and a linear mixed-effects
model. Overall, the FGF23 concentration
declined slightly from the age of 45 to 55 years
but was largely constant below the age of 60
years. Beyond the age of 60-65 years, the
FGF23 concentration monotonically increased
with age (FGF23, +10 to 15 pg/mL per 10
years of age). The associations were consistent
between men and women as well as between
White and Black participants, without evident
differences in FGF23 concentrations by sex or
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TABLE 1. Characteristics of ARIC Participants With FGF23 Measurement at Visit 2 (1990-1992), Visit 3 (1993-

1995). and Visit 5 (2011-2013)

Visit 2, 1990-1992 Visit 3, 1993-1995 Visit 5,201 1-2013
Characteristic (n=13,460) (n=12,323) (n=6,122)
FGF23 (pg/mL), median (IQl) 42 (34 and 52) 38 (31 and 48) 55 (44 and 70)
Age (y), mean (SD) 57 (5.7) 60 (5.7) 76 (5.3)
Women, n (%) 7,548 (56) 6,843 (56) 3,601 (59)
White, n (%) 10,053 (75) 9,552 (78) 4,745 (78)
Body mass index (kg/m?), 28 (54) 28 (5.5) 29 (5.7)
mean (SD)
Body mass index >30 kg/m?, 3923 (29) 4,061 (33) 2,052 (34)
n (%)
Ever smoker, n (%) 8,045 (60) 7,228 (59) 3,353 (55)
Ever drinker, n (%) 10,394 (77) 9,273 (75) 4,541 (74)
Diabetes, n (%) 1,560 (12) 1,853 (15) 1,975 (32)
Hypertension, n (%) 4,828 (36) 5001 (41) 4,500 (74)
History of CVD, n (%) 967 (7.2) 1,033 (8.4) 1,124 (18)
HDL-C (mg/dL), mean (SD) 50 (17) 52 (18) 52 (14)
HDL-C <40 mg/dL, n (%) 3927 (29) 3,092 (25) 1,104 (18)
Total cholesterol (mg/dL), 210 (40) 208 (38) 182 (42)
mean (SD)
Total cholesterol >200 mg/dL, 7,805 (58) 6953 (56) 1,861 (30)
n (%)
eGFR (mL/min per .73 m?), 95 (17) 84 (16) 65 (18)
mean (SD)
eGFR <60 mL/min per .73 m?, 382 (2.8) 820 (6.7) 2,326 (38)
n (%)

ARIC, Atherosclerosis Risk in Communities; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; FGF23, fibroblast
growth factor 23; HDL-C, high-density lipoprotein cholesterol; IQI, interquartile interval.

race (Supplemental Figure 2, available online at
http://www.mcpiqojournal.org).

Major Predictors of Changes in FGF23 From
Midlife to Late Life

Of the 5804 participants who had FGF23
measured both at visits 3 and 5, the median
FGF23 change between visits 3 and 5
was +17.4 pg/mL (interquartile
interval, 4+6.5 to +31.4 pg/ml) (median
elapsed years, 17.8 years [interquartile inter-
val, 17.1 to 17.4 years]) (Supplemental
Figure 3, available online at http/www.
mcpiqojournal.org), and an increase in
FGF23 was seen in 86.1%.

In crude linear regression models, eGFR less
than 60 mL/min per 1.73 m* (vs >60 mL/min
per 1.73 m?) was associated with a greater in-
crease in FGF23 (AFGF23, +6.5 pg/mL [95%
CI,3.0t0 10.1]) (Table 2). Additionally, diabetes
(vs no diabetes) was associated with a greater

increase in FGF23 (4-6.3 pg/mL [4.3 to 8.4 pg/
mL]), with a similar magnitude as eGFR less
than 60 mI/min per 1.73m”. Other considerable
predictors in these crude models were
hypertension (vs no hypertension)
(AFGF23, +4.6 pg/mL [95% CI, 3.3 to 5.8])
and a history of CVD (vs no history of CVD)
(3.9 pg/mL [95% CI, 1.5 to 6.2]) (Table 2).

In a multivariable linear regression model,
diabetes showed the highest degree of associa-
tion (adjusted AFGF23, 4+6.2 pg/mL [95% CI,
4.1 to 8.3]). Other noteworthy predictors for a
greater increase in FGF23 concentrations
included low eGFR (+4.4 pg/mL [95% CI,
0.9 to 8.0]) and hypertension (+4.1 pg/mL
[95% CI, 2.7 to 5.4]) (Table 2). The associa-
tion was borderline significant for a history
of CVD and ever smoking. We also confirmed
that the coefficient for age was significant
(adjusted AFGF23, +3.4 pg/mL [95% CI,
2.3 to 4.6] per 410 years).
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FIGURE 1. Histograms of FGF23 concentrations at visit 2 (1990-1992), visit 3 (1993-1995), and visit 5 (201 1-2013). A, FGF23 at visit
2 (n=13,460). B, FGF23 at visit 3 (n=12,323). C, FGF23 at visit 5 (n=6122).

The associations in the case of low eGFR,
diabetes, and hypertension were consistent and
robust when FGF23 change was modeled as a
categorical variable by quartile. In the multivari-
able logistic regression model, the adjusted odds
ratios for the highest quartile of FGF23 change
were 1.71 (95% CI, 1.40 to 2.09) for diabetes,
1.50 (95% CI, 1.07 to 2.09) for low eGFR,
and 145 (95% CI, 127 to 1.66) for

hypertension, compared with the remaining 3
quartiles combined (Figure 3). The associations
were not significant for the other predictors.

DISCUSSION

In this study, we examined the changes in
FGF23 from midlife to late life and their
predictors in the general population. We
found that FGF23 concentrations were mostly
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unchanged or slightly decreased with age in
midlife but linearly increased with age in late
life. This association was consistent between
men and women, as well as between White
and Black participants. When we assessed
the predictors of FGF23 change from midlife
to late life, we confirmed that reduced kidney
function was an independent predictor for a
greater FGF23 increase. Additionally, we
found that diabetes and hypertension were
significantly and robustly associated with a
greater increase in FGF23 from midlife to
late life.

FGF23 distributions (eg, range and shape
of histograms) were mnot homogeneous
between midlife and late life. Using the intact
FGF23, which is a direct measure of the bio-
logically active form, rather than C-terminal
FGF23,%'" we found that the central 95%
reference intervals are approximately 20 and
80 pg/mL in midlife and 30 and 130 pg/mL
in late life. Such knowledge may help guide
future FGF23 studies by offering a reference
range of the intact FGF23 in the general pop-
ulation.'” A wider FGF23 distribution at visit
5 relative to visits 2 and 3 may suggest diverse
health conditions across individuals in late life
compared with midlife, a phenomenon shown
in other biomarkers."”

The association of FGF23 with age was
nonlinear (e, slightly negative sloping or no
change in midlife, and positive sloping in late
life), and these findings were generally consis-
tent between sex and racial groups. The
underlying reasons for a slightly negative slope
in midlife are not fully clear and may be within
the range of measurement variability. Consis-
tent with our finding, a previous
cross-sectional analysis of 1130 healthy male
volunteers in Austria has shown that the associ-
ation of FGF23 with age was slightly inverse in
age less than 60 years and evidently positive in
age approximately 65 years or older.'” Future
studies that examine changes in FGF23 regula-
tory pathways during midlife and late life may
provide insights into the underlying reasons
for this nonlinear association.

An independent association between
reduced kidney function and a greater increase
in FGF23 is consistent with the level of FGF23
increasing with reduced kidney function in
response to the reduced capacity of urinary
phosphorus excretion.”” Although several fac-
tors such as diabetes, hypertension, and older
age often coexist with reduced kidney func-
tion, the association of reduced kidney func-
tion with FGF23 change remained strong
after accounting for these factors. Our finding

80 ~

70 4

[N}
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FIGURE 2. Predicted concentrations of FGF23 across the age spectrum from midlife to late life:
Atherosclerosis Risk in Communities Study 1990-2013.
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TABLE 2. Univariate and Multivariable Linear Regression Models for Factors Associated With FGF23 Change

From Midlife to Late life: ARIC Study 1993-2013%

FGF23 (pg/mL)

Linear regression analysis

Mean change

from visit 3 to visit 5 Multivariable”

Characteristic at visit 3 No. Visit 3 Visit 5

(95% Cl) Crude (95% Cl) (95% Cl)

eGFR
>60 mL/min per 1.73 m® 5605 397 602
<60 mL/min per 1.73 m? 161 529 800

Diabetes
No 5246 399 600
Yes 520 418 681
Hypertension
No 3865 392 582
Yes 1901 418 658
History of CVD
No 5391 399 603
Yes 375 424 67.0
Ever smoker
No 2649  40.1 60.7
Yes 3117 400 607

Body mass index

<30 kg/m? 4018 387 592

>30 kg/m? 1748 432 64.1
HDL-C

>40 mg/dL 4498 392  60.1

<40 mg/dL 1268 429 627
Total cholesterol

<200 mg/dL 2618 399 604

>200 mg/dL 3148 401 610
Ever drinker

No 1358 407 630

Yes 4408 398 600

20.7 (20.1-21.3)  Reference (0) Reference (0)
272 (219-324) 465 30to 10.1) +44 (09 to 80)

203 (19.7-209)  Reference (0) Reference (0)
266 (24.3-289) +63 (43t084) 462 (4.1 to 83)

19.3 (18.7-20.0) Reference (0) Reference (0)
239 (22.8-250) +46 33t058) +4.1 (27 to 54)

20.6 (200-21.2)  Reference (0) Reference (0)
245 (21.7-272) 439 (15t062) 422 (=02 to 4.5)

209 (200-21.7)  Reference (0) Reference (0)
20.8 (200-21.6)  —00 (—=12to I.I) +1.2 (=00 to 2.5)

206 (199-21.3)  Reference (0) Reference (0)
213 (202-224) 407 (=06 t0 20) —05 (—1.8 to 0.9)

21.0 (204-21.7) Reference (0) Reference (0)
203 (189-21.7) =07 (=21 t0 0.7) —05 (=20to I.I)

20.7 (19.8-21.6)  Reference (0) Reference (0)
210 (202-218) 403 (=09 to 14) —0.6 (—1.8 to 0.6)

22.1 (209-234)  Reference (0) Reference (0)
205 (19.8-21.1) =16 (=30t0 03) —I.I (=26 to 04)

“ARIC, Atherosclerosis Risk in Communities; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; FGF23, fibroblast

growth factor 23; HDL-C, high-density lipoprotein cholesterol.

®Multivariable model was adjusted for age, sex, race, eGFR, diabetes, history of CVD, total cholesterol, ever smoker, body mass index,

HDL-C, and ever drinker.

further supports the relevance of kidney dis-
eases in FGF23 increase.

Diabetes showed a strong and robust asso-
ciation for FGF23 change from midlife to late
life. In diabetes, tubular epithelial cells in the
kidney are hypertrophied in response to
glycosuria,'“'” and the function of sodium/
phosphate cotransporters is upregulated.'”
The upregulated sodium/phosphate cotrans-
porters increase phosphate influx,”’ which
may trigger the production of FGF23. Indeed,
sodium/phosphate cotransporters are a prime
target of FGF23.”" A previous study showed
that the administration of insulin increased

the level of FGF23 in patients with diabetes.””

However, only 3.6% of participants in our
study were using insulin at visit 3, so we did
not explore this question in our sample.
Future studies are needed to examine the
pathophysiological link between diabetes and
FGF23 increase.

Hypertension ~was another condition
robustly associated with a greater FGF23 in-
crease. The activation of the renin-angiotensin-
aldosterone system in hypertension may play
some role because wild-type rodents treated
with angiotensin II showed an increased expres-
sion of FGF23 in bone with elevated circulating
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Clinical predictors

OR (95%CI)

Diabetes (Yes vs. No)

eGFR <60 (vs. >60) mi/min/1.73 m?
Hypertension (Yes vs. No)

History of CVD (Yes vs. No)

Ever smoker (Yes vs. No)

HDL cholesterol <40 (vs. 240) mg/dL
Body mass index >30 (vs. <30) kg/m?

Ever drinker (Yes vs. No)

Total cholesterol 2200 (vs. <200) mg/dL

|
4-4--

—— 1.71 (1.40 to 2.09)
1.50 (1.07 to 2.09)
1.45 (1.27 to 1.66)

1"
I

. 126 (099 to 1.59)
Lo .12 (0.98 to 1.27)

- 1.03 (0.87 to 1.21)
- 1.02 (0.89 to 1.17)
- 101 (0.89 to I.14)
092 (0.79 to 1.07)

0.5

nificance. OR = odds ratio.

Adjusted OR

FIGURE 3. Multivariable logistic regression models for factors associated with FGF23 change from midlife
to late life: ARIC Study 1993-2013. The model was adjusted for age, sex, race, estimated glomerular
filtration rate (eGFR), diabetes, history of cardiovascular disease (CVD), total cholesterol, ever smoker,
body mass index, high-density lipoprotein (HDL) cholesterol, and ever drinker. Circles indicate point
estimates. Horizontal lines indicate 95% confidence intervals. Odds ratios in bold indicate statistical sig-

1.0 20 4.0

FGF23 levels.”’ Additionally, in a study of trans-
genic mice, the activated calcineurin-nuclear fac-
tor of activated T-cell signaling, which is a
pathway that is involved in the development
of vascular disease (eg, hypertension) and
atherosclerosis,”" resulted in increased circu-
lating FGF23 levels.”” Of note, the calcineurin-
nuclear factor of activated T-cell pathway is
also known to be activated by FGF23,”**" sug-
gesting their bidirectional interaction.

Our findings should be interpreted consid-
ering several limitations. First, the analytic sam-
ple for FGF23 change required participants to
have FGF23 concentrations both at visits 3 and
5. We confirmed that participant characteristics
were largely similar between those who did
and did not attend visit 5, which took place on
a median of 18 years later (Supplemental
Table, available online at http/www.
mcpiqojournal.org), but we cannot rule out the
possible survival bias. Second, FGF23 measure-
ments were performed using blood samples
collected at study visits, and therefore, the timing
of the visits did not necessarily reflect the biolog-
ical reasoning. Nonetheless, the measurement
timing at visits 3 and 5 occurred during midlife
and late life, respectively. Third, our study pop-
ulation consisted of middle-aged and older
adults residing in the United States.

Extrapolation of our findings to other popula-
tions should be done cautiously. Finally, residual
confounding is possible because of the observa-
tional nature of this study.

CONCLUSION

FGF23 concentrations did not show major
changes in midlife but increased linearly in
late life. We confirmed that reduced kidney
function was a major predictor of greater
FGF23 change from midlife to late life and
also identified diabetes and hypertension as
additional predictors. Further investigations
are warranted to understand the potential
mechanisms linking diabetes and hypertension
with an increase in FGF23 concentrations.
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