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Abstract

Recent studies have suggested that 25-hydroxyvitamin D [25(0OH)D] may be a poor biomarker of
bone health, in part because measured levels incorporate both protein bound and free vitamin D.
The ratio of its catabolic product (24,25-dihydroxyvitamin D [24,25(0OH),D]) to 25(OH)D (the
vitamin D metabolite ratio or VMR) may provide more information on sufficient vitamin D stores
and is not influenced by vitamin D binding protein concentrations. We evaluated whether the
VMR or 25(OH)D are more strongly associated with bone loss and fracture risk in older adults.
We performed a retrospective cohort study of 786 community dwelling adults aged 70-79 years
who participated in the Health Aging and Body Composition study. Our primary outcomes were
annual changes in bone density and incident fracture. The mean age of these participants was

75+ 3 years, 49% were female, 42% were Black, and 23% had an eGFR<60mI/ml/1.73m2. In
fully adjusted models, a 50% lower VMR was associated with 0.3% (0.2%, 0.6%) more rapid
decline in total hip BMD. We found similar relationships with thoracic and lumbar spine BMD. In
contrast, 25(OH)D3 concentrations were not associated with longitudinal change in BMD. There
were 178 fractures during a mean follow-up of 10 years. Each 50% lower VMR was associated
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with a 49% (95% CI 1.06, 2.08) greater fracture whereas lower 25(OH)D3 concentrations were not
significantly associated with fracture risk [HR per 50% lower 1.07 (0.80, 1.43)]. In conclusion,
among a diverse cohort of community dwelling older adults, a lower VMR was more strongly
associated with both loss of BMD and fracture risk compared to 25(OH)Ds3. Trials are needed to
evaluate the VMR as a therapeutic target in persons at risk for worsening BMD and fracture.
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INTRODUCTION

Multiple studies have suggested that vitamin D deficiency is highly prevalent in the U.S.
and severe vitamin D deficiency is known to lead to osteomalacia and fractures.l:2 However,
recent observational studies and randomized trials suggest that serum 25-hydroxyvitamin

D [25(0OH)D] may be a poor biomarker of vitamin D status and bone health.345 New
biomarkers of vitamin D status and their relationship with health and bone outcomes are
currently being evaluated.

The active form of vitamin D is 1,25-dihydroxyvitamin D [calcitriol or 1,25(0OH),D].
1,25(0OH),D is a potential vitamin D biomarker as it is the hormone that binds the vitamin

D receptor (VDR), unlike 25(OH)D. However, 1,25(0OH),D has a short half-life (around 5-8
hours) and thus concentrations vary considerably over the day.5:” Additionally, 1,25(0H),D
circulates at concentrations much lower than 25(OH)D making accurate measurement
difficult.5 For these reasons, 1,25(OH),D may not be a reliable biomarker of vitamin D
status. Both 25(OH)D and 1,25(0OH),D are bound by vitamin D binding protein (VDBP)

in circulation, thus an additional challenge evaluating both of these biomarkers are that the
assays measure both free and protein bound vitamin D metabolites.

Vitamin D catabolism, from 25(OH)D to 24,25-dihydroxyvitamin D [24,25(0OH),D], via
the CYP24A1 enzyme, is stimulated by 1,25(OH),D activating the VDR, preventing

the occurrence of vitamin D toxicity.8:9 In fact, persons with CYP24A1 deficiency

can develop profound hypercalcemia, suggesting that this pathway is needed to prevent
excess calcitriol concentrations.10 Therefore, in persons with a functional CYP24A1
enzyme, as VDR activity increases, so do concentrations of 24,25(0OH),D. Considering
this feedback loop, 24,25(0OH),D has been suggested as a surrogate biomarker of VDR
activity, even though 24,25(0OH),D, like 25(0OH)D, is not thought to be biologically
active. 24,25(0OH),D measurement does not suffer from the difficulties of 1,25(0OH),D
measurement as it circulates in much higher concentrations and has a longer half-life, both
of which are comparable to that of 25(OH)D. Unfortunately, interpretation of all vitamin
D metabolite measurements remains difficult without knowledge of vitamin D binding
protein concentrations (VDBP).1! Total vitamin D concentrations largely reflectVDBP
concentrations, as 25(0OH)D, 24,25(0OH),D, and 1,25(0OH),D are all mostly bound to
VDBP; yet VDBP does not appear to affect bioavailable vitamin D levels.12 The ratio of
24,25(0H),D to 25(0OH)D (vitamin D metabolite ratio or VMR) is a biomarker of vitamin
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D status that is theoretically increased by calcitriol binding to the VDR leading to increased
VDR activity. We recently demonstrated the VMR is independent of variability in VDBP.12
These findings have led to increased interest in using the VMR as a superior biomarker of
vitamin D status.

Preliminary studies have compared the relationships of the VMR vs. 25(OH)D with bone
and health outcomes. Some studies have suggested that the VMR may have stronger
associations with risk of hip fracture and death relative to that of 25(OH)D.313 To our
knowledge, the relationship of the VMR with longitudinal changes in bone mineral density
(BMD) and overall fractures has not yet been tested.

To that end, in the present study, we evaluate the relationship between vitamin D metabolites
(including 25(0OH)D, 24,25(0OH),D, 1,25(0OH),D and the VMR) with changes in BMD at
several anatomic regions, as well as risk of fractures in a cohort of community dwelling
older individuals in the Health Aging and Body Composition (ABC) study. Additionally,

as it is uncertain whether any differences in relationships with outcomes may be due to
different VDBP concentrations, we measured VDBP as well. Our a priori hypothesis was
that a lower VMR would be more strongly associated with a lower BMD and higher

fracture risk than 25(OH)D. Additionally, we hypothesized that the relationship of vitamin D
metabolites with changes in BMD and fracture risk would be strengthened when accounting
for the confounding influences of VDBP concentrations and isoform. We hypothesize that
these relationships reflect underlying VDR activity, and not that the VMR or its metabolites
therein are causative of these beneficial effects on bone density and fracture risk.

METHODS

Study Population

The Health ABC study was a longitudinal cohort designed to evaluate relationships between
body composition health outcomes in community-dwelling older adults.?> Between April
1997 and June 1998, 3,075 well-functioning older adults between the age of 70 and 79 years
were recruited from Memphis, TN and Pittsburgh, PA. Participants were recruited from a
random sample of Medicare beneficiaries.1# Participants were required to be able to walk

at least one quarter mile without difficulty, climb 10 steps, and perform basic activities of
daily living. The study was approved by the local institutional review boards (IRBs) and
informed consent was obtained from all Health ABC participants. The present study was
also approved by the IRB at the University of California San Diego.

Vitamin D metabolites including 25(0OH)D,, 25(0H)D3, 24,25(0H),D3, 1,25(0H),D,, and
1,25(0OH),D3 were measured in 821 individuals using samples collected at the year two
Health ABC visit. We excluded 33 subjects that received bisphosphonate therapy for
osteoporosis as this was thought to likely bias the results. Additionally two other subjects
were excluded due to missing vitamin D data. These participants comprised a random
subcohort of 478 participants, and 308 additional participants chosen because they had
subsequently developed declining kidney function, defined as an eGFR decline of =30%
from baseline based on serial cystatin C measurements and the CKD-EPI cystatin C
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formula.13 Accurate Vitamin D binding protein concentrations were obtained in a subset
of 377 of these 786 individuals.12

Exposure Variables

Participants had fasted for > 8 hours at the time of blood sampling. Samples were

stored at —70°C from collection in 1998-1999 (year 2 visit) until testing. Considering

the lack of spectroscopic evidence of 24,25(0OH),D,, our analyses focused on the

D3 metabolites. The exposure variables in our primary analysis were 25(0OH)D3,
24,25(0H),D3, and 1,25(0H),D3 along with the VMR, calculated by dividing serum
24,25(0H),D3 by serum 25(OH)D5 and then multiplying by 100.3 The intraassay coefficient
of variation for 25(OH)D3, 24,25(0OH),D3, and 1,25(0OH),D3 assays are <5.6%, 9.9—

12.7% and 5.6—-8%, respectively. Each metabolites concentration was quantified using
immunoaffinity enrichment and liquid chromatography-tandem mass spectrometry, as
described previously.13

Outcome Variables

Change in total hip BMD served as our primary outcome. BMD (g/cm?) of the hip (proximal
femur), thoracic spine and lumbar spine were assessed by dual X-ray absorptiometry (DXA)
(Hologic 4500A, version 8.20a, Waltham, MA). BMD measurements were performed at the
baseline and year 3, 5, 6, 8 and 10 visits.1> DXA quality assurance measurements were
performed at both study sites to ensure that scanner reliability and identical patient scan
protocols were employed for all participants. We evaluated changes in BMD as the mean
annual percent change in BMD for each BMD site, starting from the first visit after vitamin
D measurements.

We additionally evaluated time to first fracture. Incident fractures were assessed every 6
months by self-report and validated by radiology reports. Fractures were categorized by site
and time to event (starting from time of vitamin D measurements), and fractures at any site
were included in this analysis. The mean follow-up time for the fracture outcome was 10
years.

Other Measurements

All participants provided a medical history and physical examination. We recorded the
clinical site and the season of blood measurement as these parameters can influence vitamin
D measurements. Age, sex, race, and smoking status were determined by self-report. Body
mass index (BMI) was calculated in kg/m2. Baseline prevalent diabetes was either self-
reported or determine by the use of antidiabetic agents, fasting glucose concentration = 126
mg/dL, or a 2-hour oral glucose tolerance test result = 200 mg/dL. Study staff categorized
medication data using the lowa Drug Information System.

VDBP concentration and isoform were determined simultaneously via liquid
chromatography-tandem mass spectrometry, as described previously with minor assay
modification.1® Intraassay coefficient of variation for the VDBP assay ranges from 3.1 to
9.1% across a range of concentrations. After measurement of VDBP we noted measurement
problems with certain samples and therefore excluded any measurements that did not meet
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our internal quality metrics.12 Therefore, for our regression models using VDBP (model
3), our cohort was limited to 377 participants. All other models did not include VDBP (as
discussed below), and therefore, 821 participants were included.

Serum cystatin C measurements were available only at year 1 (as opposed to year 2
concurrent with measurement of vitamin D metabolites and all other measurements included
in this analysis). Thus, we applied the year-1 cystatin C measurements to year 2.° Cystatin
C was measured at the core laboratory (University of Vermont, Burlington, VVT) using

a particle-enhanced immunonephelometric assay (N Latex Cystatin C). Serum calcium

and phosphate were measured using direct quantitative colorimetric determination (Stanbio
Laboratory). We estimated GFR (eGFR) using the 2012 CKD Epidemiology Collaboration
(CKD-EPI) cystatin C equation.1” Intact PTH (iPTH) was measured in EDTA plasma using
a 2-site immunoradiometric assay kit (N-tact PTHSP; DiaSorin). FGF-23 was measured
using an intact assay (Kainos Laboratories). Serum albumin was measured using the same
assay for VDBP.13

Statistical Methods

In order to account for the sampling of the kidney function decline cases, incident CKD
cases arising outside the random subcohort were given a weight of 1, and subcohort
participants were weighted by the inverse probability of their sampling fraction to re-create
a random subcohort and to avoid biasing the sample. We then used linear mixed models
with random intercepts and slopes to estimate and compare linear trends of to assess the
associations of 24,25(0H),D3, 25(0OH)D3, 1,25(0H),;D3 the VMR as well as PTH with
annual change in total hip BMD. To facilitate comparisons, we log transformed both the
exposure and outcome variables such that beta coefficients are interpretable as the annual
percentage change in hip BMD attributable to a 50 percent lower vitamin D metabolite

or VMR at baseline. We developed a sequence of models. Model 1 was adjusted for age,
sex, race, season of blood sampling, clinic site and BMI. Model 2, our primary analytic
model, was additionally adjusted for eGFR, serum calcium, phosphate, PTH and FGF-23
concentrations. Finally, we created a 3™ model to assess if the associations were altered by
inclusion of VDBP concentration, isoform, and serum albumin concentration. This model
was only of the smaller, “VDBP trusted” subcohort.12 We also assessed for sex, race and
eGFR interactions by inclusion of multiplicative interaction terms in Model 2. In companion
analyses, we explored the associations of the same vitamin D metabolites and the VMR
with annual changes in thoracic and lumbar spine BMD using the same models as the total
hip BMD analysis mentioned above. We also explored the cross-sectional relationship of
the vitamin D metabolites and the VMR with baseline PTH concentrations using the same
models as stated above, with the exception that the models did not adjust for PTH, as this
was the outcome variable.

Lastly, we used Cox models to assess the association between vitamin D metabolites, the
VMR, and PTH with time to first fracture using the same sequence of staged models as the
BMD analyses. We developed spline functions using additive models, adjusted for Model
2 covariates. The extreme 2.5% of vitamin D measurements were excluded from the spline
graphs to avoid implausible extrapolations from the extremes of the data distribution. We
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conducted all of our analyses in Stata SE version 14.1 (College Station, TX). P-values < 0.05
were considered statistically significant for all analyses including multiplicative-interaction
terms.

RESULTS

The mean age of the 786 individuals was 75 years, 52% were women, 42% were African
American, 58% were non-Hispanic Caucasian, and 23% had eGFR < 60 ml/min/1.73 m2

at baseline. The mean VMR, 25(0OH)D3, 24,25(0H),D3, and 1,25(0OH),D3 concentrations
were 9.3+4 (ng/ml)/(ng/ml), 21+10 ng/ml, 2.1+1.5 ng/ml, and 41+16 pg/ml, respectively.
The mean VDBP was 257 + 41 ug/ml. Baseline characteristics across quartiles of VMR are
shown in Table 1. Compared to persons in the lowest VMR quartile, those with higher VMR
were more often male and Caucasian, and were less likely to have hypertension, diabetes,
CKD, and albuminuria. The VMR was highest in the summer and fall and lowest in winter
and spring.

There were 753 participants who had BMD measurements for analysis. The median [IQR]
total hip BMD was 0.89 [0.79, 1.01] g/cmZ. In our demographics adjusted model, a 50%
lower VMR was associated with a 0.3% annual faster decrease in total hip BMD (95% ClI,
0.2%, 0.6%). This association was essentially unchanged in our fully adjusted model (Table
2). We did not find a statistically significant association of 25(OH)Ds3 or 1,25(0OH),D3 with
annual decline in total hip BMD [0.2% (—0.01%, 0.4%) and 0.1% (-0.1%, 0.3%) per 50%
lower levels, respectively]. A 50% lower 24,25(0OH),D3 was associated with an 0.2%/year
(95% CI, 0.1%, 0.3%) faster decrease in total hip BMD. Results were similar for changes in
thoracic and lumbar BMD (Supplemental Table 1). The addition of VDBP to our models did
not materially improve the strength of associations between vitamin D metabolites and any
of the BMD outcomes (Supplemental Table 2). Higher baseline PTH concentrations were
associated with a decline in total hip, but not thoracic or lumbar BMD (Supplemental Table
3). There were no significant interactions between any of the metabolites with longitudinal
changes in total hip BMD by sex, race. or eGFR (p interactions >0.07 for all).

Among the 786 participants with baseline vitamin D measurements, there were 178 fractures
over a mean follow up time of 10 + 5 years. The sites of these fracture are reported in
Supplemental Table 4 with the most common fracture sites occuring in the arms and hip. In
our demographics adjusted model, a 50% lower VMR was associated with a 37% (95% ClI
6%, 77%) higher risk of fracture (Table 3). This association was strengthened in our fully
adjusted model such that a 50% lower VMR was associated with a 49% (95% CI 6%, 108%)
higher risk of fracture. Associations of all other vitamin D metabolites with fracture risk did
not reach statistical significance across the sequence of models. Spline functions excluding
the extreme 2.5% of measurements are shown in Figure 2, demonstrating a linear increase in
fracture risk with a lower VMR. Baseline PTH concentrations were also not associated with
fracture risk [HR per doubling of PTH 1.09 95% CI (0.86, 1.38)]. The addition of VDBP to
models did not materially change these associations. (Supplemental Table 5). relationships
between vitamin D metabolites and the VMR with fracture were similar by sex, race and
eGFR (P-interactions >0.06 for all).
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Among the 786 participants with concurrent vitamin D metabolites and PTH measurements
we found that 25(0OH)D, 24,25(0OH),D3 and the VMR were all inversely associated

with serum PTH concentrations (Supplemental Table 6). However, serum 1,25(0OH),D3
concentrations were positively associated with PTH concentrations.

DISCUSSION

This study compared the relationship between 25(0OH)D and the VMR with longitudinal
changes in BMD and fracture risk in a multi-racial cohort of community-living older

men and women. We found that a lower VMR had stronger associations with longitudinal
declines in BMD and fracture risk compared to 25(0OH)D. Results appeared similar in men
and women, blacks and whites, and across the range of eGFR.

We and others have evaluated the association of vitamin D metabolites and the VMR

with BMD using a single BMD measurement at a single anatomic site.3-18 In our prior
cross-sectional analysis of older adults in the Cardiovascular Health Study (CHS), we
found no association between the VMR or 25(OH)D with BMD in community living older
adults in cross-section, although there was a weak but statistically significant association
between 24,25(0OH),D3 with total hip BMD. Similarly, Van Ballegoojien at al. found a
weak association between categories of 24,25(0OH),D3 and BMD among 1,773 participants
in the Multi-Ethnic Study of Atherosclerosis that approached but did not reach statistical
significance (p=0.058).18 Overall, our findings confirm these prior findings that 24,25 may
strengthen BMD associations relative to 25D, but importantly, we demonstrate that the VMR
appears more strongly associated with BMD than any individual vitamin D metabolite.

We extend these findings in several important ways. First, this study evaluates longitudinal
trajectories of BMD over time, which may be more informative about ongoing bone changes
and fracture risk, and offer stronger inferential evidence than prior cross-sectional studies.
We also link the relationships of VMR with BMD and with fracture risk in the same study
sample, and demonstrate that lower values of the VMR consistently detected longitudinal
changes in BMD at multiple anatomic sites, and with fracture risk, that were missed by the
individual metabolites. In comparison, associations of 25(OH)D, which currently serves as
the standard clinical biomarker, were not statistically significantly associated with BMD at
any site, consistent with multiple prior reports.311:19.20 Nonetheless, considering this is the
first study to evaluate the VMR and longitudinal BMD changes, these findings need to be
validated in other cohorts with serial BMD measurements.

An important sub-hypothesis for this study was that the relationship of the individual
vitamin D metabolites with clinical outcomes would be strengthened when adjusting for
VDBP concentrations in our models. Considering that the VMR is not dependent on

VDBP concentrations,12 we hypothesized VDBP would not materially alter the relationship
between the VMR and the outcomes studied. Unfortunately, we only obtained reliable
VDBP measurements in a subset of participants which limited statistical power for testing
this hypothesis. Nonetheless, contrary to our hypothesis, we found that inclusion of VDBP
did not meaningfully influence associations of vitamin D metabolites with outcomes. We
speculate that this may indicate that the limitations of 25(OH)D and 1,25(0OH),D3 as
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biomarkers of bone health may be larger than simply being confounded by differences in
VDBP.

The reasons for the associations of the VMR with bone health outcomes is yet to

be completely elucidated. We theorized that one reason calcitriol may serve as a poor
biomarker of bone health may be due to low concentrations in blood, limiting accurate
measurement, as well as a short half-life. The effects of calcitriol on mineral metabolism
are well demonstrated, yet concentrations do not consistently predict clinical outcomes,

as in our study.21:22 One approach to this problem in medicine has been to monitor the
upstream metabolites involved in a negative feedback loop to gain further insight into

the active hormone of interest. For example, monitoring of thyroid function depends on
measurement of thyroid stimulating hormone, as it inhibited by free thyroxine (the active
hormone). Similarly, we suggest measuring the upstream metabolites of the vitamin D
negative feedback loop, specifically measuring 24,25(0OH)2D and calculating the VMR, to
provide information on the active hormone (calcitriol binding to the VDR). However, an
alternative hypothesis is that 24,25(0H)2D is in fact biologically active, and this may be the
reason why the VMR is strongly associated with changes in BMD and fracture. In vitro and
animal studies have suggested this in fact may be the case.2324 Further studies are needed
to determine if 24,25(0H),D is itself biologically active, or simply a biomarker of VDR
activity.

This study has several strengths. First, we evaluated a cohort of older individuals, including
both men and women and black and white elders, who collectively represent a population

at high risk for bone disease and fracture. Second, we evaluated associations of baseline
vitamin D measures with serial bone density measurements over years, at multiple anatomic
sites, and with fracture outcomes concurrently. We evaluated whether results differed

by severity of kidney function. Lastly, this study has an extensive set of vitamin D
measurements, made concurrently, including 25(OH)D, 24,25(0OH),D, 1,25(0H),D3 and
VDBP.

This study also has important limitations. First, our VDBP analyses were limited to a subset
due to measurement concerns in the remainder, as detailed elsewhere.12 Second, the number
of fractures that occurred during follow-up were too few to evaluate specific fracture sites
separately. However, the consistency of our findings with both longitudinal changes in BMD
and fracture risk suggests our findings are robust. Third, while this cohort had a significant
number of participants with CKD, very few had advanced CKD. Considering vitamin D
catabolism is reduced in CKD, this may limit the generalizability of these findings in
persons with advanced CKD.2® Similarly, the cohort was a fairly healthy sample with a
narrow age range, based on the inclusion criteria, and we excluded women who were
receiving bisphosphonates. Fourth, our longitudinal BMD analysis may have been impacted
by survivor bias, as the relationship of the vitamin D metabolites with changes in BMD

may have been different among participants that died prior to serial BMD measurements.
Last, this was not an interventional study. Thus, it remains unclear if VMR changes translate
to changes in fracture risk; an important question before the VMR could be utilized as

an intermediate treatment target. Nonetheless, multiple studies have demonstrated that the
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VMR can be increased or decreased in response to therapies like vitamin D supplementation
or intestinal phosphate binders.26:27

In summary, we demonstrate that a lower VMR is associated with longitudinal declines

in BMD at the hip, thoracic and lumbar spine and increased risk of fractures in community-
living older adults. In contrast, 25(OH)D, the current clinical marker of vitamin D status,
was not associated with any of the bone health outcomes. In light of these observations,

the VMR may be a more reliable indicator of vitamin D sufficiency and bone health than
25(0OH)D concentrations in older adults. Trials are needed to determine if the VMR can be
used as an intermediate therapeutic target in addition to a biomarker of bone health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Study Sample for Fracture and Change in BMD Outcomes
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Figure 2: Spline Functions Depicting the Relationship of Vitamin D Metabolites and the VMR
with Risk of Fracture

Spline functions exclude the extreme 2.5% on both ends. Solid line represents hazard ratio
and dashed lines represent 95% confidence intervals. Spline functions that include the
extreme 2.5% values included in figure inset.
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