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Abstract

Background: Long-term patterns of fibroblast growth factor 23 (FGF23) are poorly
characterized among dialysis patients.

Objectives: Identify different FGF23 trajectories and determine clinical factors that predict
distinct FGF23 trajectories and whether FGF23 trajectories differ in regard to their associations
with all-cause mortality among prevalent hemodialysis patients.

Methods: The HEMO Study was a randomized multicenter study evaluating the effects of high-
dose versus standard-dose and high-flux versus low-flux hemodialysis on mortality. We measured
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intact FGF23 levels in stored serum samples at baseline and annually among 919 HEMO
participants and identified FGF23 trajectories using group-based modeling. Logistic regression
determined predictors of trajectories. Cox regression models evaluated the association between
trajectory and all-cause mortality.

Results: We identified five distinct FGF23 trajectory groups during the initial 24 months: low
stable, low increasing, elevated increasing, elevated decreasing, and elevated stable. In
multivariable models, diabetes, high dose dialysis, no venous catheter, low serum calcium,
phosphorus, and interleukin-6, no vitamin D analog use, and greater residual kidney function were
associated with the low stable trajectory group compared to the elevated stable group. High flux
dialysis, no venous catheter, and low serum phosphorus and 25-hydroxyvitamin D were associated
with the elevated decreasing trajectory group compared to the elevated stable group. After full
adjustment, the low stable trajectory group was associated with reduced mortality (HR 0.61; 95%
Cl, 0.41-0.91) compared to the elevated stable trajectory group.

Conclusions: We identified five distinct FGF23 trajectories over 24 months among HEMO
Study participants including a decreasing trajectory. The low stable FGF23 trajectory was
associated with a reduced hazard ratio of all-cause mortality.

Keywords
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Introduction

Patients with end-stage kidney disease (ESKD) have a high mortality rate and the leading
cause of death is cardiovascular disease (CVD), which accounts for more than half of all
deaths. [1] Abnormal mineral metabolism is a hallmark of ESKD and is characterized by
hyperphosphatemia, secondary hyperparathyroidism, and fibroblast growth factor 23
(FGF23) excess. [2] FGF23 is a hormone that regulates phosphorus and 1,25-
dihydroxyvitamin D (1,25(0OH),D), directly induces left ventricular hypertrophy (LVH) in
animal models, [3] and is associated with anemia, [4] infection, [5] and LVH [6] in ESKD
cohort studies. Large prospective investigations including a spectrum of chronic kidney
disease (CKD) patients have shown that baseline or time-averaged FGF23 predicts CVD and
all-cause mortality risk. [5,7-11] An analysis of Chronic Renal Insufficiency Cohort (CRIC)
participants demonstrated three distinct trajectories of FGF23 levels. Participants whose
FGF23 trajectory increased over five years demonstrated a 4 to15-fold increased risk of
mortality compared to the stable FGF23 trajectory. [12]

No prior studies have described the full spectrum of different FGF23 trajectories among
prevalent hemodialysis patients. We used trajectory modeling to describe FGF23 trajectories
over 24 months among HEMO Study [13] participants. The HEMO Study was designed to
examine whether greater dialytic urea removal or high-flux dialysis improves clinical
outcomes in prevalent hemodialysis patients. We conducted this post fioc analysis of the
HEMO Study to test the hypotheses that 1) different FGF23 trajectories exist over time; 2)
clinical factors predict distinct FGF23 trajectories; and 3) low stable FGF23 trajectories are
associated with decreased risk of all-cause mortality among prevalent hemodialysis patients.
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Materials and Methods

Study Population

The HEMO Study was a prospective, randomized, multicenter clinical trial witha 2 x 2
factorial design. [13] A total of 1,846 hemodialysis patients were randomly assigned to
either low-flux or high-flux membrane dialyzers and to either standard dose dialysis
targeting an equilibrated dose (eKt/V of urea) of 1.05 or a high dose targeting an eKt/V of
urea of 1.45. Among the eligibility criteria were 1) a minimum of 3 months on hemodialysis
and 2) residual kidney urea clearance of < 1.5 ml/min per 35 L of urea distribution volume
to limit the contribution from native kidneys and maximize the relative effect of dialysis on
total body solute clearance. The primary outcome, all-cause mortality, did not differ among
treatment arms. Fibroblast growth factor 23 was previously measured in a total of 1441
HEMO participants. [5] This post hoc analysis included alive participants with at least 2 (up
to 3) yearly FGF23 measurements in the initial 24 months of the HEMO study (N = 919). Of
the 522 HEMO participants with FGF23 measurements not included in this analysis, 204
(39%) died within the first 24 months of enrollment. All participants provided written
informed consent, and the study had institutional review board approval at participating
centers.

Exposure variables

Outcomes

Covariables

The primary exposure variables were FGF23 trajectories derived from 2-3 serum FGF23
measurements at baseline, 12-months, and 24-months. All serum samples were drawn prior
to dialysis treatment and stored in a central repository at —80°C until they were shipped to
the University of Washington for analysis. The Kainos immunoassay, which detects the full-
length, biologically intact FGF23 molecule via midmolecule and distal epitopes, measured
intact FGF23. We measured FGF23 in duplicate and used the blinded replicate samples to
calculate intra and inter-assay CVs, which were 3.8% and 3.0%, respectively. FGF23
stability in frozen samples is previously described. [14]

The outcome was time to all-cause mortality, the HEMO Study primary outcome. Outcomes
were classified at clinical centers and reviewed by a committee of HEMO Study
investigators unaware of treatment assignments. [13] Follow-up for mortality in this sub-
cohort began at month 24, when the final FGF23 measurement and trajectory group
membership was ascertained. Median [interquartile range (IQR)] follow-up was 36 [23-36]
months and reflects death and transplant.

All covariables were ascertained at the baseline visit of the original HEMO Study and
included: age, sex, race, dialysis duration, diabetic status (past or current use of
hypoglycemic agents), comorbid medical conditions, cigarette smoking history, central
venous catheter as hemodialysis vascular access, and vitamin D analog use. Serum albumin,
calcium, phosphorus and intact parathyroid hormone level (PTH) were measured at baseline.
Inflammatory markers, high-sensitivity c-reactive protein (hs-CRP), interleukin 6 (IL-6),
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tumor necrosis factor-a (TNF-a), and interferon-y (IFN-y), and total 25-hydroxyvitamin D
(25(0OH)D) (sum of 25(0OH)D>, and 25(0OH)D3) and 1,25(0OH),D levels were measured in
stored baseline serum samples. See Supplemental Methods for details. Urea clearance (mL/
min) per 35 L of urea distribution volume determined residual kidney function. [13]

Statistical analyses

The Chi-square test and ANOVA compared baseline covariables across FGF23 trajectories.
We log-transformed skewed variables. We used group-based trajectory modeling to identify
distinct FGF23 patterns using 2-3 measures from the initial 24 months of the HEMO Study.
The SAS procedure, PROC TRAJ, fits a semi-parametric (discrete) mixture model to
longitudinal data with the use of the maximum-likelihood method, using a censored normal
model. [15-17] The Bayesian information criterion (BIC) evaluated model fit. [15,18] We
determined 5 trajectory groups based on BIC, sample size considerations, and trajectory
patterns. Participants were assigned to the trajectory group for which they had the maximum
estimated probability of assignment. The mean probability of final group membership was
0.75 (ranging 0.66-0.85) across trajectories. While there is no consensus, an average mean
probability of 0.7 has been proposed as an adequate threshold. [16]

Multinomial logistic regression identified baseline covariables (described above) with
FGF23 trajectory group membership. To identify covariables for the multinomial logistic
regression model, we used criteria based on the HEMO Study design, subject-matter
considerations, and biological understanding.

Cox regression models, adjusted for five nested sets of covariables, examined the association
of trajectory group membership with all-cause mortality after month 24 of the HEMO study.
Model 1 adjusted for demographics including age, sex, and race. Model 2 added
comorbidities and dialysis-related factors: diabetic status, history of cardiac disease, number
of years on dialysis, dose and flux treatment assignments in the HEMO study, baseline use
of central catheter as vascular access, and baseline serum albumin. Model 3 added baseline
serum calcium, phosphorus, iPTH, 25(0OH)D, and 1,25(0OH),D and circulating inflammatory
markers (hs-CRP, IL-6, TNF-a and INF-y) because mineral metabolism and inflammation
are potential confounders on the causal pathway between the exposure variable and
outcome. Models 4 and 5 added baseline vitamin D analog use and residual kidney function,
respectively, because these covariables may directly affect circulating FGF23 levels.

Proportional hazards assumption was evaluated using plots of Schoenfeld residuals and
consideration of interaction terms between predictor variables and follow-up time. We
considered models with cubic splines in quantitative variables and plots of martingale
residuals to identify deviations from the linearity assumptions of the Cox regression models.
Multiple imputation handled missing covariables. Two-tailed values of A<0.05 were
considered statistically significant without formal adjustment for multiple comparisons. All
statistical analyses were performed with SAS software, version 9.4 (SAS Institute, Cary,
NC).
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We identified 5 distinct FGF23 trajectory groups among 919 HEMO participants using 2-3
serum FGF23 measurements (58% had 2 and 42% had 3 FGF23 measures) obtained at
baseline, 12 months, and 24 months (Figure 1): low stable, low increasing, elevated
increasing, elevated decreasing, and elevated stable. In contrast to the 3 stable or increasing
FGF23 trajectories reported in pre-dialysis CKD patients, [12] we found a distinct FGF23
trajectory that was elevated at baseline but decreased over time. The elevated increasing and
the elevated decreasing trajectories had similar median baseline FGF23 values (2981 pg/mL
and 3541 pg/mL, respectively) but changed in opposite directions over time. Supplementary
table 1 shows median FGF3 levels by trajectory group at each measurement during the 24-
month period

Table 1 shows baseline characteristics. Mean age * standard deviation of the total cohort was
57 + 14 years, 56% were female, 67% were black, 43% had diabetes, 78% had
cardiovascular disease, median [IQR] time on dialysis was 2 [0.8-4.7] years, 36% had
residual kidney function, and 56% used a vitamin D analog at baseline. The 5 trajectory
groups differed by age, sex, diabetes status, years on dialysis, HEMO Study treatment
randomization, and vitamin D analog use. Among those with baseline residual kidney
function, urea clearance differed among the 5 trajectory groups. With the exception of
1,25(0OH),D, all baseline markers of mineral metabolism differed among the trajectory
groups and increased from the low stable group to the elevated stable group. Baseline
inflammatory markers did not differ. In the first 24 months, there were 86 (53%)
hospitalizations in the low stable trajectory, 70 (46%) hospitalizations in the low increasing
trajectory, 115 (43%) hospitalizations in the elevated increasing trajectory, 43 (39%)
hospitalizations in the elevated decreasing trajectory, and 106 (47%) hospitalizations in the
elevated stable trajectory.

Predictors of FGF23 Trajectory

Because higher FGF23 levels are consistently associated with increased mortality, [3-11] we
compared the 4 lower FGF23 trajectories to the elevated stable FGF23 trajectory using
multinomial logistic regression to determine significant predictors of trajectory group
membership. Models were adjusted for all covariables. Table 2 shows only the variables that
were significantly associated with one or more trajectories. Supplementary table 2 shows all
the variables included in the analysis. Lower baseline serum phosphorus was significantly
associated with membership in all trajectory groups compared to the elevated stable
trajectory. Likewise, lower baseline serum calcium was associated with all trajectory groups
compared to the elevated stable trajectory; however, the association with the elevated
decreasing trajectory did not reach statistical significance. Lower IL-6, diabetes, and greater
residual kidney function were associated with the low stable and low increasing trajectory
groups. CVD was significantly associated with the elevated increasing group. Absence of a
catheter as vascular access and randomization to the high-flux treatment arm were associated
with both the low stable and elevated decreasing FGF23 trajectories while randomization to
the high-dose treatment arm was only associated with the low stable FGF23 trajectory.
Finally, lower serum 25(0OH)D was significantly associated with the elevated decreasing
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FGF23 trajectory while no vitamin D analog use at baseline was associated with the low
stable group.

FGF23 Trajectories and Risk of All-Cause Mortality

During a median follow-up of 36 [23-36] months, 341 (34%) participants died. Table 3
shows the total number and percentage of deaths for each FGF23 trajectory. Only the low
stable FGF23 trajectory demonstrated a significantly reduced hazard for all-cause mortality
in the fully adjusted model compared to the elevated stable trajectory.

Discussion/Conclusion

We identified 5 distinct trajectories of serum intact FGF23 among 919 HEMO Study
participants. A small group of participants demonstrated a high baseline FGF23 level that
decreased over 24 months. Diabetes, absence of catheter as vascular access, randomization
to the high-dose treatment arms, low baseline serum calcium, phosphorus and IL-6, less
vitamin D analog supplementation at baseline, and residual kidney function were associated
with the low stable FGF23 trajectory compared to the elevated stable trajectory. Meanwhile,
randomization to the high flux treatment arm, absence of a catheter as vascular access, and
lower serum phosphorus and 25(0OH)D were significantly associated with membership in the
elevated decreasing FGF23 trajectory. Only the low stable FGF23 trajectory compared to the
elevated stable trajectory was associated with a reduced hazard ratio of all-cause mortality.

As opposed to the stable or increasing FGF23 trajectories observed in pre-dialysis CKD,
[12] we observed both low and high stable trajectories, increasing trajectories, and a
decreasing trajectory. A decreasing FGF23 trajectory was also observed in a subset of
participants in the Evaluation of Cinacalcet HCI Therapy to Lower Cardiovascular Events
(EVOLVE) trial. [19] In a post hoc analysis of the EVOLVE trial, more participants
randomized to cinacalcet demonstrated a decrease in FGF23 levels (compared to placebo)
from baseline to week 20; this decrease significantly correlated with a reduction in calcium,
phosphorus, and PTH levels, which was attributed to cinacalcet treatment. Nonetheless, 28%
and 15% of the 1264 EVOLVE participants randomized to placebo demonstrated a >30%
and a =250% reduction in FGF23 levels, respectively, over the same 20-week period. Only
3% of the participants randomized to placebo crossed over to commercially available
cinacalcet during this period. Our results extend these observations by confirming a
decreasing FGF23 trajectory using 2-3 measurements of FGF23 over a 24-month period
among HEMO Study participants.

It is important to note that unmeasured factors and changes in baseline covariables may have
influenced FGF23 trajectory. For instance, intravenous iron administration, which was not
accounted for in this analysis, increases intact FGF23 among dialysis patients independent
of serum calcium and phosphorus levels. [20,21] Long-term control of serum phosphorus
with non-calcium based phosphate binders may result in decreases in FGF23 levels [22,23]
while active vitamin D stimulates FGF23 production. [24] Our study did not account for
changes in serum phosphorus, type of phosphate binder, or prescription of active vitamin D;
however, low baseline serum phosphorus and no baseline use of active vitamin D analogues
were strongly associated with the low stable FGF23 trajectory. Furthermore, lower serum
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phosphorus was associated with all the FGF23 trajectories compared to the high stable
FGF23 trajectory.

The elevated decreasing FGF23 trajectory was significantly associated with randomization
to the high-flux treatment arm of the HEMO Study. In a small study of 50 prevalent
hemodialysis patients, randomized to either high-flux or low-flux hemodialysis for one year,
intact FGF23 levels and abdominal calcification scores were significantly reduced after one
year of treatment in the high-flux arm. [25] High-flux dialysis more efficiently removes
other mineral metabolism markers, which in turn reduces FGF23 levels; for example, high-
flux dialysis may remove more PTH compared to low-flux dialysis. [26] Though phosphorus
removal is limited by mobilization from the intra- to extracellular space, one small study
suggests that significantly more phosphorus is removed with high-flux hemodialysis
compared to low-flux. [27] While in many countries, low-flux hemodialysis is no longer the
standard of care, our results suggest that further research is needed to explore the long-term
effects of higher efficiency dialysis modalities on FGF23 and outcomes.

Only the low stable trajectory compared to the high stable trajectory was associated with a
decreased hazard of all-cause mortality in the fully adjusted model. This is not surprising
since it is well-established that higher FGF23 levels are associated with increased mortality
in ESKD. [5,7-11] Mineral metabolism and dialysis-related factors associated with a low
stable trajectory were lower baseline calcium, phosphorus, and IL-6, as well as
randomization to the high-dose HEMO Study treatment arms, no vitamin D analog use, and
greater residual kidney function. Participants in the EVOLVE Trial randomized to cinacalcet
who also had a reduction in FGF23 demonstrated decreased all-cause mortality. These
participants also experienced a greater reduction in calcium, phosphorus, and PTH. [19]
Similarly, HEMO Study participants who had a low stable FGF23 trajectory were most
likely to demonstrate the lowest baseline calcium and phosphorus levels. Taken together,
these results suggest that phosphorus is not the only regulator of FGF23 and that calcium
may influence, or be influenced by, FGF23 as well. Additionally, they suggest that lower
circulating levels of all these parameters are associated with better outcomes.

In the EVOLVE trial a 230% reduction in FGF23 was associated with reduced mortality
only among participants randomized to cinacalcet. There was no change in mortality among
participants randomized to placebo with a 230% reduction in FGF23. [19] Likewise, in our
HEMO study cohort, which did not use cinacalcet, the decreasing FGF23 trajectory was not
associated with lower all-cause mortality. The baseline FGF23 level in the HEMO
decreasing trajectory group was the second highest of all five trajectory groups. While it
decreased by a median of 2743 pg/mL (25%), the final 24-month value was still twice as
high as the median value of the low stable trajectory group, which may not have been low
enough to affect mortality. Another explanation for the lack of association between the
decreasing trajectory in the HEMO study cohort and reduced mortality is that this group was
too small to show an effect in this post hoc analysis. Further investigation is required to test
whether reductions in FGF23 are only associated with decreased mortality when cinacalcet
is used or whether other factors influence this association.
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Our study has several strengths: a diverse patient population, long follow-up time, and
numerous demographic, clinical, and laboratory variables allowing for comprehensive
regression model adjustment, thus reducing confounding. Nonetheless, our study also has
limitations. This was a post hoc analysis and despite adjusting for numerous covariables,
residual confounding may still exist. Our analysis only focused on the association of
baseline variables and FGF23 trajectories and did not account for how covariables changed
over time. For example, baseline absence of venous catheter and residual kidney function,
which were both associated with the low stable FGF23 trajectory, may have changed over
the course of the study. A small sample size in each trajectory group, especially the elevated
decreasing group, may limit significant associations with all-cause mortality. Certain
medications influence mineral metabolism markers and may change FGF23 trajectories
overtime. Moreover, anemia and mineral metabolism management, which may influence
FGF23 trajectory, has changed since the HEMO Study was conducted and thus may limit
applicability to the current dialysis population. Another limitation is lack of information on
medication use aside from baseline active vitamin D analog use. Only measures of intact
FGF23 levels were available; C-terminal FGF23 measurements were not used. Finally, this
analysis included only prevalent dialysis patients and participants who died within the first
24 months of the HEMO trial were excluded; therefore, a survival bias may be present and
limits generalizability. Future studies of incident dialysis patients are warranted.

In conclusion, we found 5 distinct FGF23 trajectories over 24 months among HEMO study
participants including one trajectory that decreased over time. Only the low stable FGF23
trajectory was associated with a lower hazard ratio for all-cause mortality. Lower baseline
serum calcium, phosphorus, and IL-6, randomization to the high-dose treatment arm,
baseline absence of catheter as vascular access, no baseline vitamin D analog use, and
greater baseline residual kidney function were important predictors of low stable FGF23
trajectory group membership in this post foc analysis of the HEMO Study. Given the
limitations of this analysis, the clinical interpretation of these results is uncertain and should
be evaluated in other dialysis cohorts.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fibroblast Growth Factor 23 Trajectories over 24 Months
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