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ORIGINAL RESEARCH

Vitamin D Metabolites and Risk of
Cardiovascular Disease in Chronic Kidney
Disease: The CRIC Study

, PhD; Nisha Bansal 2, MD, MS; Julia Brown @, MD;
, MD, MSCE; Charles Ginsberg, MD, MAS;

Simon Hsu @, MD, MS; Leila R. Zelnick
Michelle Denburg, MD, MSCE; Harold |. Feldman
Andrew N. Hoofnagle @, MD, PhD; Tamara Isakova 2, MD, MMSc; Mary B. Leonard, MD, MSCE;
Benjamin Lidgard @, MD; Cassianne Robinson-Cohen @&, PhD; Myles Wolf @, MD, MMSc; Dawei Xie, PhD;
Bryan R. Kestenbaum, MD, MS; lan H. de Boer @@, MD, MS; the CRIC Study Investigators*

BACKGROUND: The ratio of 24,25-dihydroxyvitamin D,/25-hydroxyvitamin D, (vitamin D metabolite ratio [VDMR]) may reflect func-
tional vitamin D activity. We examined associations of the VDMR, 25-hydroxyvitamin D (25[0OH]D), and 1,25-dihydroxyvitamin
D (1,25[CH],D) with cardiovascular disease (CVD) in patients with chronic kidney disease.

METHODS AND RESULTS: This study included longitudinal and cross-sectional analyses of 1786 participants from the CRIC
(Chronic Renal Insufficiency Cohort) Study. Serum 24,25-dihydroxyvitamin D, 25(0H)D, and 1,25(0H),D were measured by
liquid chromatography—-tandem mass spectrometry 1year after enroliment. The primary outcome was composite CVD (heart
failure, myocardial infarction, stroke, and peripheral arterial disease). We used Cox regression with regression-calibrated
weights to test associations of the VDMR, 25(0OH)D, and 1,25(0H),D with incident CVD. We examined cross-sectional associa-
tions of these metabolites with left ventricular mass index using linear regression. Analytic models adjusted for demographics,
comorbidity, medications, estimated glomerular filtration rate, and proteinuria. The cohort was 42% non-Hispanic White race
and ethnicity, 42% non-Hispanic Black race and ethnicity, and 12% Hispanic ethnicity. Mean age was 59years, and 43% were
women. Among 1066 participants without prevalent CVD, there were 298 composite first CVD events over a mean follow-up
of 8.6years. Lower VDMR and 1,25(0H),D were associated with incident CVD before, but not after, adjustment for estimated
glomerular filtration rate and proteinuria (hazard ratio, 1.11 per 1 SD lower VDMR [95% ClI, 0.95-1.31]). Only 25(0OH)D was as-
sociated with left ventricular mass index after full covariate adjustment (0.6 g/m?7 per 10ng/mL lower [95% Cl, 0.0-1.3]).

CONCLUSIONS: Despite modest associations of 25(0OH)D with left ventricular mass index, 25(OH)D, the VDMR, and 1,25(CH),D
were not associated with incident CVD in chronic kidney disease.

Key Words: cardiovascular disease m chronic kidney disease ® vitamin D

Beyond its role in calcium and phosphate homeo-
stasis, vitamin D may also maintain cardiovascular
health through effects including the regulation of cardiac
myocyte hypertrophy, secretion of natriuretic peptides,
and renin-angiotensin system signaling.! Impaired vitamin

Vtamin D is an essential nutrient for human health.

D metabolism is ubiquitous in chronic kidney disease
(CKD) and routinely assessed and treated in this popula-
tion. Given the well-described cardiovascular pleiotropic
effects of vitamin D, abnormalities of vitamin D metabo-
lism in CKD may contribute to the development of car-
diovascular disease (CVD), the prevailing cause of death
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CLINICAL PERSPECTIVE
What Is New?

In a cohort of 1786 adults with chronic kid-
ney disease, serum concentrations of 25-
hydroxyvitamin D and 1,25-dihdroxyvitamin D
and the ratio of 24,25-dihydroxyvitamin D,/25-
hydroxyvitamin D, were not associated with risk
of cardiovascular disease.

What Are the Clinical Implications?

e The traditional and functional biomarkers of vi-
tamin D status tested in this study do not reflect
the markedly elevated risk of cardiovascular
disease experienced by patients with chronic
kidney disease.

e Testing and treatment to these biomarker tar-
gets in the population with chronic kidney dis-
ease to assess and manage cardiovascular
disease risk are currently not well supported.

Nonstandard Abbreviations and Acronyms

CRIC Chronic Renal Insufficiency
Cohort

FGF-23 fibroblast growth factor-23

LVMI left ventricular mass index

1,25(0H),D 1,25-dihydroxyvitamin D

PTH parathyroid hormone

25(0OH)D 25-hydroxyvitamin D

24,25(0H),D 24,25-dihydroxyvitamin D
VDBP vitamin D binding protein
VDMR vitamin D metabolite ratio

in CKD.?=5 The 2 biomarkers most widely used to assess
vitamin D status in CKD are circulating concentrations of
25-hydroxyvitamin D (25[OH]D) and parathyroid hormone
(PTH); however, both are imperfect measures to guide
vitamin D treatment.?8 25(OH)D is a relatively inactive
metabolite of vitamin D and correlates inconsistently with
biological responses of vitamin D receptor activation by
1,25-dihydroxyvitamin D (1,25[0H],D, the biologically ac-
tive vitamin D metabolite).?'® PTH reflects vitamin D activ-
ity at only one of many target organs, and its secretion is
influenced by additional factors, including serum calcium,
phosphate, and fibroblast growth factor-23 (FGF-23)."
The ratio of 24,25-dihydroxyvitamin D,/25(0H)D; (vi-
tamin D metabolite ratio [VDMR]) is a measure of func-
tional vitamin D activity that may better define vitamin
D status. Vitamin D receptor activation by 1,25(CH),D
induces the metabolic clearance of 25(OH)D into
24,25-dihydroxyvitamin D (24,25[0H],D),"*"® and our
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group has previously validated the VDMR as a surro-
gate measure of 25(0OH)D, clearance.' We have shown
that lower estimated glomerular filtration rate (eGFR) is
associated with lower VDMR'® and that lower VDMR s
associated with increased risk of mortality in CKD.'8”
We tested associations of the VDMR, total 25(0OH)
D, and total 1,25(0OH),D with risk of CVD events and
left ventricular mass index (LVMI) in a prospective mul-
ticenter cohort of adults with CKD. This knowledge
may improve our understanding of how impaired vita-
min D metabolism increases CVD risk and whether the
VDMR is a novel therapeutic target in this population.

METHODS

Because of the sensitive nature of the data collected
for this study, requests to access the data set from
qualified researchers trained in human subject confi-
dentiality protocols may be sent to the CRIC (Chronic
Renal Insufficiency Cohort) Study at www.cristudy.org.

Study Population

The CRIC Study is an ongoing prospective cohort
study of adults with CKD."® Between 2003 and 2008,
the CRIC Study recruited 3939 adults with eGFR
ranging from 20 to 70mL/min per 1.73m? using the
Modification of Diet in Renal Disease study equation
from 7 clinical centers located across the United States:
Ann Arbor and Detroit, Ml; Baltimore, MD; Chicago, IL;
Cleveland, OH; New Orleans, LA; Philadelphia, PA;
and Oakland, CA. Exclusion criteria included dialysis
for at least 1 month, prior kidney transplant, and New
York Heart Association class lll and IV heart failure.
Institutional review boards at all participating centers
approved the study, and all participants gave written
informed consent.

This ancillary study used vitamin D metabolite mea-
surements originally obtained for a prior case-cohort
study in the CRIC Study population.'® As this other
study oversampled participants based on progression
to kidney failure or death rather than CVD, the current
study used a 2-phase design with weight adjustment
to account for the probability of participant selection
(Figure 1). The current study included a total of 1786
participants who attended the 1-year CRIC Study visit
(baseline for the current analysis): 1103 participants were
randomly selected, whereas an additional 683 were
oversampled for progression to kidney failure or death
(as part of the design of the other case-cohort study).

Measurement of Vitamin D Metabolites

Concentrations  of 24,25(0OH),D,, 25-hydroxyvitamin
D, (25[CHID,), 25-hydroxyvitamin D, (25[0H]D,),
1,25-dihydroxyvitamin D, (1,25[OH],D,), and 1,25-
dihydroxyvitamin D, (1,25[0H],D,) were measured using
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CRIC Study cohort
N=3,939

Attended the 1-year CRIC
study visit
N =3,520

v
Randomly selected

subcohort
N=1,103

A 4
Descriptive analyses
N=1,103

A 4
Oversampled for
progression to kidney
failure or death
N =683

'

Entire study population;
_| cross-sectional analysis of

LVMI
N=1,786

|

Participants without
prevalent CVD;
longitudinal analyses of
CVD events
N = 1,066

Figure 1. Cohort assembly.

CRIC indicates Chronic Renal Insufficiency Cohort; CVD, cardiovascular disease; and

LVMI, left ventricular mass index.

immunoaffinity extraction and liquid chromatography—
tandem mass spectrometry on a Xevo TQ spectrom-
eter (Waters Corp, Milford, MA) at the University of
Washington from serum collected at the 1-year study
visit.' Interassay coefficients of variation calculated using
repeated measurements of quality control specimens
ranged from 3.9% to 16.1% for the 5 vitamin D metabo-
lites. Total 25(OH)D and 1,25(0OH),D were calculated by
the sum of their respective D, and D5 concentrations. As
there was no spectrometric evidence of 24,25(0H),D,,
the VDMR was calculated by dividing 24,25(0H),D, by
25(0OH)D,, and then multiplying by 1000 such that its
units are in pg/ng.'*'® Our laboratory has been an active
participant in the Vitamin D Standardization Program,
and our method for 25(0H)D is traceable to the relevant
National Institute of Standards and Technology and
Centers for Disease Control and Prevention reference
measurement procedures.'®

Outcomes

The primary outcome was time to first composite CVD,
defined as the first instance of definite or probable
heart failure, myocardial infarction, ischemic stroke, or
peripheral arterial disease, as previously defined.?%-2?
Hospitalizations possibly related to CVD events were
assessed using standard event questionnaires ad-
ministered at semiannual participant interviews and

J Am Heart Assoc. 2023;12:e028561. DOI: 10.1161/JAHA.122.028561

queried through electronic health records from se-
lect health care systems. International Classification
of Diseases, Ninth Revision (ICD-9), codes were
subsequently obtained for all hospitalizations, and
CVD events were adjudicated from medical records
by at least 2 physicians. Consistent with prior CRIC
Study publications,???® criteria for heart failure were
adapted from the FHS (Framingham Heart Study) and
included a combination of clinical symptoms, physi-
cal examination, radiographic evidence of pulmonary
edema, echocardiographic abnormalities, and central
venous hemodynamic monitoring data;?* criteria for
myocardial infarction included a combination of clinical
symptoms, elevated cardiac biomarkers, and electro-
cardiographic abnormalities;?® stroke was defined as
a fixed neurologic deficit lasting >24 hours attributable
to a presumed vascular cause and adjudicated by 2
vascular neurologists;?® and peripheral arterial disease
was defined as amputation attributable to vascular dis-
ease or peripheral surgical or percutaneous revascu-
larization.?” The secondary outcome was LVMI. LVMI
was calculated from 2-dimensional echocardiographic
images of the left ventricular short-axis muscle area
and apical left ventricular length obtained at the 1-year
study visit, defined using the Cornell Criteria, and in-
dexed to height (in meters) raised to the power of 2.7.2
Exploratory outcomes were composite atherosclerotic
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CVD (first instance of definite or probable myocardial
infarction, ischemic stroke, or peripheral arterial dis-
ease; it excludes heart failure) and individual compo-
nents of the primary outcome. Follow-up for this study
was through May 2020.

Covariates

Covariates were ascertained concurrently with vita-
min D metabolites. Sociodemographic characteristics,
smoking status, comorbidities, and medication use
were ascertained using standardized questionnaires.
Participants identified themselves as belonging to 1
of 4 racial or ethnic groups: non-Hispanic White, non-
Hispanic Black, Hispanic, or some other race or eth-
nicity. Diabetes was defined as a fasting blood glucose
>126 mg/dL, nonfasting blood glucose >200mg/dL,
or use of insulin or any other antidiabetic medication.
Anthropometric measurements and blood pressure
were assessed using standardized protocols.?® Serum
creatinine was measured using an enzymatic method
on a Vitros 950 Chemistry Analyzer (Ortho-Clinical
Diagnostics, Raritan, NJ) at the CRIC Study Central
Laboratory and standardized to isotope dilution mass
spectrometry-traceable values.®°-3? eGFR was calcu-
lated from serum creatinine and cystatin C using an
internally validated study equation for the CRIC Study
population.®! Serum calcium, phosphate, C-terminal
FGF-23, PTH, and 24-hour urine protein were also
measured as previously described.3334

Statistical Analysis

We described participant characteristics across ter-
tiles of VDMR among randomly selected participants.
We reported the incidence rate of composite incident
CVD among randomly selected and all study partici-
pants. All subsequent analyses included participants
who were oversampled and were weight adjusted
using Borgan Il weights to account for the 2-phase
design.® Specifically, weights were calculated as
one over the probability of being sampled, where the
probability of being sampled for participants who had
kidney failure or death was 1, whereas the probability
of being sampled for participants in the random sub-
cohort who did not have kidney failure or death was
the number of participants without kidney failure or
death in the subcohort divided by the number of par-
ticipants without kidney failure or death in the overall
cohort. Among participants without prevalent CVD
in the entire study population, we generated Kaplan-
Meier curves with inverse probability weighting®®:®" to
evaluate CVD-free survival across categories of vitamin
D metabolites. We used Cox regression models with
regression-calibrated weights and Huber-White sand-
wich estimator of variance®® to estimate longitudinal
associations between each vitamin D metabolite (the
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VDMR, total 25[0OH]D, and total 1,25[0OH],D) with risk of
incident CVD (ie, primary and exploratory outcomes).
Regression calibration may gain extra efficiency by
using available covariate data observed in the entire
study population.®®-4" Qur initial model adjusted for
age, sex, race, and ethnicity; a second model addi-
tionally adjusted for diabetes, smoking status, systolic
blood pressure, body mass index, medication use (cal-
ciferols, vitamin D receptor agonist, renin-angiotensin
system inhibitors, f-blockers, diuretics, and statins);
and a third model additionally adjusted for eGFR and
proteinuria. As vitamin D metabolism is regulated
through complex endocrine feedback loops, a final
fourth model was a model that additionally adjusted
for potential mediators: serum concentrations of cal-
cium, phosphate, PTH, and FGF-23. This model also
adjusted for hs-CRP (high-sensitivity C-reactive pro-
tein), given that inflammation may mediate associations
between vitamin D and CVD. Given that seasonal vari-
ability in 25(OH)D has been reported in other cohorts,*
we performed a sensitivity analysis using 25(OH)D as
the exposure that also adjusted for season of blood
draw. We did not do this for the VDMR and 1,25(0H),D
as there was no substantial seasonal variability in these
exposures. Finally, we examined the functional forms
of the associations between each vitamin D metabolite
and LVMI in all study participants (including those with
prevalent CVD) using generalized additive models with
inverse probability weighting. We used a series of linear
regression models with regression-calibrated weights
and Huber-White sandwich estimator of variance to
describe cross-sectional relationships of vitamin D me-
tabolites with LVMI, adjusting for the same covariates
as the Cox models above. Two-sided P<0.05 was con-
sidered statistically significant. All analyses were con-
ducted with R version 3.6.1 (R Foundation for Statistical
Computing), and the following R packages were used:
the “survival” package for survival models, the “sur-
vey” package for calibration, the “mice” package for
imputation, and the “mgcy” package for generalized
additive models.

RESULTS

Participant Characteristics of the Random
Subcohort

Among the 1103 randomly selected participants, 42%
were non-Hispanic White race and ethnicity, 42% were
non-Hispanic Black race and ethnicity, and 12% were
Hispanic ethnicity. The mean (SD) age was 59 (11)
years, and 43% were women. The mean (SD) VDMR,
total 25(CH)D, and total 1,25(0OH),D were 37.4 (19.6)
pg/ng, 20.4 (10.7) ng/mL, and 31.7 (15.2)pg/mL, re-
spectively. Participants with higher VDMR were more
likely to be White race, less likely to be Black race or
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Table 1. Characteristics of the Random Subcohort of Participants in the CRIC Study (N=1103) by Tertiles of the VDMR

Characteristic

All participants (N=1103)

Tertile 1 (N=368)

Tertile 2 (N=367)

Tertile 3 (N=368)

VDMR range, pg/ng 0-137 0-26.5 26.5-43.2 43.2-137
Demographics
Age, mean (SD), y 59 (11) 58 (11) 61 (10) 58 (10)
Female sex, n (%) 470 (43) 157 (43) 152 (41) 161 (44)
Race or ethnicity, n (%)
Non-Hispanic White 467 (42) 102 (28) 148 (40) 217 (59)
Non-Hispanic Black 465 (42) 204 (55) 153 (42) 108 (29)
Hispanic 135 (12) 54 (15) 52 (14) 29 (8)
Some other race or ethnicity 36 (3) 8(2) 14 (4) 14 (4)
Medical history and lifestyle, n (%)
Hypertension 983 (89) 345 (94) 342 (93) 296 (80)
Diabetes 554 (50) 220 (60) 208 (57) 126 (34)
Prevalent CVD 376 (34) 135 (37) 144 (39) 97 (26)
Prevalent heart failure 105 (10) 40 (11) 37 (10) 28 (8)
Prevalent myocardial infarction 248 (23) 90 (24) 86 (23) 72 (20)
Prevalent stroke 109 (10) 39 (1) 43 (12) 27 (7)
Prevalent peripheral arterial disease 74(7) 25 (7) 36 (10) 13 (4)
Current smoker 115 (10) 55 (15) 30 (8) 30 (8)
Medication use, n (%)
Calciferol use 135 (12) 30(8) 38 (10) 67 (18)
Vitamin D receptor agonist use 78 (7) 43 (12) 31(8) 4 (1)
Calcimimetic use 2(1) 2(1) 0(0) 0(0)
Phosphate binder use
Calcium based 75 (7) 41 (1) 11 (3) 23 (6)
Non-calcium based 10 (1) 8(2) 1(0) 1(0)
RAS inhibitor use 766 (69) 256 (70) 273 (74) 237 (64)
B-Blocker use 563 (51) 208 (57) 190 (52) 165 (45)
Diuretic use 645 (59) 237 (64) 232 (63) 176 (48)
Statin use 662 (60) 216 (59) 238 (65) 208 (57)
Physical examination data, mean (SD)
BMI, kg/m? 32.2 (8.1) 33.6 (9.4) 32.7 (7.7) 30.2 (6.5)
Systolic BP, mmHg 127 (22) 129 (23) 129 (22) 121 (19)
Diastolic BP, mmHg 70 (14) 71 (13) 69 (14) 70 (13)
Laboratory data
eGFR, mean (SD), mL/min per 1.73 m? 43 (17) 33 (14) 41 (14) 53 (14)
24-h Urine protein, median (IQR), g 0.1 (0-0.7) 0.3 (0.1-1.3) 0.1 (0.1-0.7) 0.1 (0.0-0.3)
Calcium, mean (SD), mg/dL 9.3 (0.5) 9.1 (0.6) 9.3(0.5) 9.4 (0.4)
Phosphate, mean (SD), mg/dL 4(1.2) 4.2 (1.4 4.0 (1.1) 3.8 (1.0)
FGF-23, median (IQR), pg/mL 131 (86-224) 175 (109-337) 139 (87-219) 101 (69-154)
PTH, median (IQR), pg/mL 63 (41-102) 96 (66-164) 66 (45-96) 44 (29-62)
24,25(0H),D,, mean (SD), ng/mL 0.77 (0.69) 0.26 (0.19) 0.64 (0.37) 1.41 (0.74)
25(0OH),Dg, mean (SD), ng/mL 18.5 (10.4) 13.4 (7.9) 18.5(9.9) 23.5(10.6)
Total 25(OH)D, mean (SD), ng/mL 20.4 (10.7) 14.8 (8.6) 20.7 (10.9) 25.7 (10.2)
Total 1,25(0H),D, mean (SD), pg/mL 31.7 (15.2) 31.8 (17.0) 31.0 (13.8) 32.3 (14.6)
hs-CRP, median (IQR), mg/L 2.5(1.1-6.3) 2.6 (1.2-6.7) 2.7 (11-6.9) 21 (1.0-5.0)
Left ventricular mass index, mean (SD), g/m?’ 51 (14) 54 (14) 52 (14) 47 (12)

Sl conversion factors: To convert VDMR to pmol/nmol, multiply by 0.962; calcium to mmol/L, multiply by 0.25; phosphate to mmol/L, multiply by 0.323;
24,25(0H),D, to mmol/L, multiply by 2.4; 25(OH)D to nmol/L, multiply by 2.496; 1,25(0H),D to pmol/L, multiply by 2.496; hs-CRP to nmol/L, multiply by
9.5624.1,25(0OH),D indicates 1,25-dihydroxyvitamin D; 24,25(0H),D;, 24,25-dihydroxyvitamin D5; 25(0H),D,, 25-dihydroxyvitamin D;; 25(0H)D, 25-hydroxyvitamin
D; BMI, body mass index; BP, blood pressure; CRIC, Chronic Renal Insufficiency Cohort; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate;
FGF-23, fibroblast growth factor-23; hs-CRP, high-sensitivity C-reactive protein; IQR, interquartile range; PTH, parathyroid hormone; RAS, renin-angiotensin

system; and VDMR, vitamin D metabolite ratio.
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Hispanic ethnicity, less likely to have hypertension,
diabetes, and prevalent CVD, more likely to use cal-
ciferols, had higher eGFR, had lower concentrations
of FGF-23 and PTH, and had higher concentrations of
24,25(0H),D,, 25(0OH)D,, and total 25(0CH)D (Table 1).

CVD Events

In the randomly selected subcohort (N=1103),
727 participants did not have prevalent CVD and ex-
perienced 187 first CVD events (99 heart failure, 56
myocardial infarction, 29 stroke, and 15 peripheral ar-
terial disease; the sum of the individual events does
not match because of simultaneous first events) over
a mean (SD) follow-up of 9.6 (4.6) years. In the entire
study population (N=1786), 1066 participants did not
have prevalent CVD and experienced 298 first CVD
events (167 heart failure, 87 myocardial infarction, 38
stroke, and 27 peripheral arterial disease) over 8.6 (4.8)
years. Continuing with analyses using the entire study
population without prevalent CVD, the unadjusted in-
cidence rate of CVD was lowest among participants
in the highest tertile of VDMR (Figure 2). Lower VDMR
was associated with a greater risk of CVD in models
adjusted for demographics, comorbidity, smoking sta-
tus, systolic blood pressure, body mass index, and
medication use (Table 2). However, with additional
adjustment for eGFR and proteinuria, the association
was attenuated and no longer statistically significant
(hazard ratio [HR], 1.11 per 1 SD lower VDMR [95% ClI,
0.95-1.31]). Similarly, neither 25(OH)D nor 1,25(0OH),D
was associated with CVD after full covariate adjust-
ment that included eGFR and proteinuria. In explor-
atory analyses that used composite atherosclerotic
CVD and individual components of CVD as outcomes,
VDMR was associated with heart failure (HR, 1.23 per
1 SD lower VDMR [95% ClI, 1.01-1.51]) and 25(OH)D
was associated with stroke (HR, 1.47 per 10ng/mL
lower 1,25(0OH),D [95% CI, 1.06—-2.04]) after full covari-
ate adjustment (Table 3). Results from the sensitivity
analysis of 25(0OH)D that additionally adjusted for sea-
son of blood draw were like that of the primary anal-
ysis (HR, 1.04 per 10ng/mL lower 25(0OH)D [95% ClI,
0.90-1.20)).

Left Ventricular Mass Index

Among all 1786 study participants, the mean (SD)
LVMI was 51 (14) g/m?’. Generalized additive mod-
els suggested generally linear and inverse unadjusted
associations between each vitamin D metabolite and
LVMI (Figure 3). When modeled continuously, lower
VDMR, 25(CH)D, and 1,25(0CH),D were all significantly
associated with greater LVMI in models that adjusted
for demographics, comorbidity, smoking status, sys-
tolic blood pressure, body mass index, and medication
use (Table 4). With additional adjustment for eGFR and
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Figure 2. Kaplan-Meier curves for composite CVD events
among study participants without prevalent CVD (N=1066)
across categories of VDMR (A), 25[OH]D (B), and 1, 25[OH],D (C).
1,25(0OH)2D indicates 1, 25-dihydroxyvitamin D; 25(OH)D,
25-hydroxyvitamin D; CVD, cardiovascular disease; and VDMR,
vitamin D metabolite ratio.

proteinuria, 25(OH)D was the only metabolite that re-
mained significantly associated with LVMI (0.6 g/m?’
greater LVMI per 10ng/mL lower 25[0OH]D [95% ClI, 0.0-
1.3]). This association was attenuated and no longer
statistically significant after adjusting for serum calcium,
phosphate, PTH, and FGF-23 (0.5 g/m®” greater LVMI
per 10ng/mL lower 25[0OH]D [95% CI, —0.1 to 1.1]).

DISCUSSION

In a large, multicenter prospective cohort of adults with
CKD, we assessed associations of the VDMR, 25(OH)D,
and 1,25(OH),D with CVD. Although lower 25(OH)D was
significantly associated with greater LVMI, none of the vita-
min D metabolites was associated with risk of composite
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Table 2. Associations of Vitamin D Metabolites With CVD Events Among Participants Without Prevalent CVD (N=1066)

VDMR
Tertile 1 125 3.6 (2.7-4.4) 1.92 (1.36-2.71) 1.48 (1.03-2.13)* 1.06 (0.72-1.57) 1.02 (0.68-1.54)
Tertile 2 102 3.4 (2.6-4.1) 1.79 (1.26-2.54) 1.38 (0.95-2.01) 1.30 (0.89-1.89) 1.33 (0.91-1.95)
Tertile 3 71 1.6 (1.1-2.0) Reference Reference Reference Reference
Per 1-SD 1.41 (1.22-1.62)* 1.28 (1.10-1.50)* 111 (0.95-1.31) 1.09 (0.92-1.29)
decrement
P value <0.0001 0.002 0.20 0.34
25(0OH)D, ng/mL
<20 191 3.3 (2.7-3.9) 1.48 (1.01-2.15) 1.23 (0.82-1.84) 1.08 (0.71-1.65) 1.07 (0.69-1.66)
20 to <30 65 2.0 (1.4-2.5) 0.89 (0.57-1.39) 0.90 (0.58-1.39) 0.89 (0.57-1.39) 0.85 (0.55-1.33)
>30 42 2.3 (1.5-3.1) Reference Reference Reference Reference
Per 10-ng/mL 1.24 (1.08-1.42)* 1.12 (0.97-1.30) 1.05 (0.91-1.21) 1.04 (0.88-1.21)
decrement
P value 0.003 0.1 0.52 0.66
1,25(OH),D
Tertile 1 116 3.4 (2.5-4.2) 2.21 (1.57-3.12) 1.78 (1.25-2.54) 1.35(0.92-1.98) 1.28 (0.87-1.89)
Tertile 2 110 3.0(2.3-3.7) 1.56 (1.11-2.21) 1.44 (1.03-2.03)* 1.28 (0.91-1.80) 1.30 (0.93-1.82)
Tertile 3 72 1.9 (1.4-2.5) Reference Reference Reference Reference
Per 10-pg/mL 118 (1.05-1.34)* 111 (0.99-1.24) 1.02 (0.92-1.14) 1.02 (0.92-1.13)
decrement
P value 0.007 0.08 0.66 0.69

Incident rates are based on participants without prevalent CVD in the randomly selected subcohort (N=727). The number of events and hazard ratios are
regression-calibrated estimates among all participants without prevalent CVD (N=1066). The incidence rate for composite CVD among all participants without
prevalent CVD in the randomly selected subcohort (N=727) was 2.45 (95% Cl, 2.12-2.84) events per 100 person-years. The SD for VDMR is 19.7 pg/ng. Model 1
adjusted for age, sex, race, and ethnicity. Model 2 additionally adjusted for diabetes, smoking status, systolic blood pressure, body mass index, and medication
use (calciferols, vitamin D receptor agonists, renin-angiotensin system inhibitors, g-blockers, diuretics, and statins). Model 3 additionally adjusted for estimated
glomerular filtration rate and proteinuria. Model 4 additionally adjusted for the following potential mediators: serum calcium, phosphate, parathyroid hormone,
fibroblast growth factor-23, and hs-CRP (high-sensitivity C-reactive protein). SI conversion factors: To convert VDMR to pmol/nmol, multiply by 0.962; 25(0OH)
D to nmol/L, multiply by 2.496; 1,25(0OH),D to pmol/L, multiply by 2.496. 1,25(0H),D indicates 1,25-dihydroxyvitamin D; 25(0H)D, 25-hydroxyvitamin D; CVD,
cardiovascular disease; and VDMR, vitamin D metabolite ratio.

*P<0.05.

CVD events. Findings from exploratory outcomes raise
the possibility of associations between VDMR and heart
failure, and between 25(OH)D and stroke.

The VDMR has recently emerged as a promising
biomarker of vitamin D status. It has been validated as
a biomarker of 25(0OH)D, clearance (which may reflect

Table 3. Associations of Vitamin D Metabolites With Individual CVD Components Among Participants Without Prevalent
CVD (N=1066)

Composite CVD 298 1.11 (0.95-1.31) 0.20 1.05 (0.91-1.21) 0.52 1.02 (0.92-1.14) 0.66
Heart failure 196 1.23 (1.01-1.51) 0.04 0.96 (0.81-1.14) 0.66 0.99 (0.88-1.11) 0.87
Atherosclerotic CVD 190 1.11 (0.91-1.36) 0.29 113 (0.95-1.34) 0.18 112 (0.98-1.29) 0.09

Myocardial infarction | 117 1.24 (0.96-1.60) 0.10 1.08 (0.87-1.35) 0.47 117 (0.97-1.42) 0.11

Stroke 51 0.97 (0.68-1.40) 0.89 1.47 (1.06-2.04) 0.02 0.95 (0.80-1.11) 0.51
Peripheral arterial 53 0.79 (0.59-1.06) 0.1 1.06 (0.78-1.43) 0.72 1.06 (0.88-1.26) 0.55
disease

Hazard ratios are regression-calibrated estimates among all participants without prevalent CVD adjusted for age, sex, race and ethnicity, diabetes, smoking
status, systolic blood pressure, body mass index, medication use (calciferols, vitamin D receptor agonists, renin-angiotensin system inhibitors, -blockers,
diuretics, and statins), estimated glomerular filtration rate, and proteinuria. The SD for VDMR is 19.7 pg/ng.

Sl conversion factors: To convert VDMR to pmol/nmol, multiply by 0.962; 25(0OH)D to nmol/L, multiply by 2.496; 1,25(0H),D to pmol/L, multiply by 2.496.
1,25(0OH),D indicates 1,25-dihydroxyvitamin D; 25(OH)D, 25-hydroxyvitamin D; CVD, cardiovascular disease; and VDMR, vitamin D metabolite ratio.
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tissue-level 1,25[0H],D activity)," is not associated
with VDBP (vitamin D binding protein) concentration*?
(reducing likelihood of confounding by VDBP, unlike
individual vitamin D metabolites), and is associated
with adverse outcomes in other cohorts.*#45 In a 2019
study within the CRIC Study population, we observed
associations of the VDMR with mortality (HR, 1.18 per
1 SD lower VDMR [95% Cl, 1.02-1.36]).'® As CVD is the
leading cause of death in CKD, we hypothesized as-
sociations between the VDMR and CVD but observed
none in the current study. The estimated HR of CVD
risk (1.11 per 1 SD lower VDMR [95% CI, 0.95-1.31))
is nonetheless comparable to the HR of mortality in
the 2019 CRIC Study, and their Cls overlap. Thus, the
current study may have lacked power to detect small
associations between the VDMR and CVD. Another
potential explanation for the discrepancy between
studies is that associations of VDMR with mortality are
driven more by non-CVD causes of death. Altogether,
the utility of the VDMR to assess CVD risk in CKD
remains uncertain, yet it may be useful for other out-
comes. We previously reported associations of the
VDMR with fracture risk in 2 populations with normal
eGFR.*+45 Given the ubiquity of mineral and bone dis-
orders in CKD, the relationship between VDMR and
fractures in CKD remains an important knowledge gap
for future studies.

Leading up to the recent large trials of vitamin D
supplementation,” years of epidemiological and ani-
mals studies linked 25(0OH)D deficiency with risks of
CVD and other chronic illnesses.*® The 2017 Kidney
Disease: Improving Global Outcomes clinical prac-
tice guidelines correspondingly suggested 25(0OH)D
deficiency in CKD might be corrected to targets rec-
ommended for the general population.*” Since then,
randomized controlled trials in the general popula-
tion, like VITAL (Vitamin D and Omega-3 Trial) and
the VIDA (Vitamin D Assessment) study, have failed
to demonstrate clinical benefits of vitamin D supple-
mentation on CVD and other outcomes.” Although
definitive conclusions about 25(0OH)D treatment goals
in CKD are ideally supported by randomized trials in
this population, such trials in CKD with clinical out-
comes are rare to nonexistent. Looking at observa-
tional studies, 2 prior studies in cohorts with CKD
did not find associations between 25(0OH)D and CVD,
and neither did the current study.?*® Taken together,
the preponderance of current evidence suggests
testing and treatment to 25(0OH)D targets in CKD are
poorly supported and should be deemphasized. We
found associations of 25(0OH)D with LVMI, but not,
like others, with CVD. Given the evidence linking left
ventricular hypertrophy with CVD, these results sug-
gest that associations between 25(0OH)D and LVMI
may be confounded in a manner that they are not
with CVD events.
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Figure 3. Generalized additive models of VDMR (A), 25[OH]
D (B), and 1, 25[0OH],D (C) and left ventricular mass index
(LVMI) among all study participants (N=1786).

Dotted lines represent 95% Cls. Below each model is a
density curve of the distribution of the corresponding vitamin
D metabolite.1, 25(0OH),D indicates 1,25-dihydroxyvitamin D;
25(0OH)D, 25-hydroxyvitamin D; LVMI, left ventricular mass index;
and VDMR, vitamin D metabolite ratio

Although testing of 1,25(0OH),D concentrations is not
routinely recommended in the general population, its
utility may be different in CKD, as 1,25(0H),D is mainly
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Table 4. Associations of Vitamin D Metabolites With LVMI in the Entire Study Population (N=1786)

Vitamin D and Cardiovascular Disease

Difference in LVMI, mean (95% Cl), g/m?7

Variable Model 1 Model 2 Model 3 Model 4

VDMR
Tertile 1 5.4 (3.5 t0 7.2)* 1.6 (-0.1 t0 3.3) -0.2 (-2.0t0 1.6) -0.3(-2.1t0 1.5)
Tertile 2 3.3 (1.5t0 5.1) 0.4 (-1.2t0 2.0 -0.3(-1.9t0 1.3) -0.4(-2.0t0 1.3)
Tertile 3 0 (Reference) 0 (Reference) 0 (Reference) Reference
Per 1-SD decrement 2.3 (1.6 t0 3.0)" 0.7 (0.1 to 1.4)* -0.0(-0.7t0 0.7) -0.0(-0.81t00.7)
P value <0.0001 0.03 0.97 0.91

25(0H)D, ng/mL
<20 6.5 (4.7 10 8.9)" 1.3 (-0.4t0 3.1) 0.8(-1.0to 2.5) 0.4 (-1.3t021)
20to <30 3.2 (1.3to 5.1) 05(-1.2t02.3) 0.5(-1.3t02.2) 0.3 (-1.4t0 2.0
>30 0 (Reference) 0 (Reference) 0 (Reference) Reference
Per 10-ng/mL 2.8(2.2t03.5)" 0.9 (0.3t0 1.6)" 0.6 (0.0to 1.3)* 0.5(-0.1to 1.1)
decrement
P value <0.0001 0.003 0.04 0.13

1,25(0H),D
Tertile 1 41 (2.3t0 5.9 2.1(0.5t03.8) 0.7 (11 t0 2.4) 0.0(-1.7to 1.1)
Tertile 2 0.5(-1.3t02.4) 01 (-1.4101.7) -0.5(-2.0to 1.1) -0.4 (-2.0t0 1.2)
Tertile 3 0 (Reference) 0 (Reference) 0 (Reference) Reference
Per 10-pg/mL 11 (0.5t0 1.7) 0.6 (0.1 to 1.1) 0.3(-0.3t00.8) 0.1(-0.4100.6)
decrement
P value 0.0002 0.01 0.34 0.68

The SD for VDMR is 19.7 pg/ng. Model 1 adjusted for age, sex, race, and ethnicity. Model 2 additionally adjusted for diabetes, smoking status, systolic blood
pressure, body mass index, and medication use (calciferols, vitamin D receptor agonists, renin-angiotensin system inhibitors, g-blockers, diuretics, and statins).
Model 3 additionally adjusted for estimated glomerular filtration rate and proteinuria. Model 4 additionally adjusted for the following potential mediators: serum
calcium, phosphate, parathyroid hormone, fibroblast growth factor-23, and hs-CRP, (high-sensitivity C-reactive protein).

S| conversion factors: To convert VDMR to pmol/nmol, multiply by 0.962; 25(OH)D to nmol/L, multiply by 2.496; 1,25(0H),D to pmol/L, multiply by 2.496.
1,25(0OH),D indicates 1,25-dihydroxyvitamin D; 25(0OH)D, 25-hydroxyvitamin D; LVMI, left ventricular mass index; and VDMR, vitamin D metabolite ratio.

*P<0.05.

produced by the kidneys®'® and associated with mortal-
ity in CKD.24950 Still, the current state of evidence makes
it difficult to draw definitive conclusions on the relation-
ship between 1,25(0OH),D and CVD in CKD, and whether
treatment with 1,25(OH),D or its analogs improves CVD
outcomes. Like the current study, Kendrick et al did not
find associations between 1,25(OH),D concentrations
and CVD events in participants with advanced CKD,*®
whereas Kim et al recently reported an inverse relation-
ship between 1,25(0OH),D and cardiac valve calcification
in a population with CKD.5" The PRIMO (Paricalcitol
Capsule Benefits in Renal Failure-Induced Cardiac
Morbidity) and OPERA (Oral Paritcalcitol on Stage 3-5
Chronic Kidney Disease) trials did not find activated vi-
tamin D treatment to alter LVMI or other measures of
cardiac function over 1year of therapy in patients with
CKD.%?%% However, patients treated with activated vita-
min D had fewer CVD-related hospitalizations in both
trials. Future trials that use clinical outcomes are needed
to better define the role of 1,25(0OH),D testing and treat-
ment in CKD.

To our knowledge, this is the first longitudinal study
to examine associations of the VDMR with CVD. We

J Am Heart Assoc. 2023;12:e028561. DOI: 10.1161/JAHA.122.028561

did so in a well-characterized cohort of adults with a
wide range of CKD severity. Other strengths include
accurate measurements of vitamin D metabolites using
liquid chromatography—-tandem mass spectrometry.
This study also has important limitations. First, obser-
vational designs are limited in causal inference and
need to be supported by clinical trials for the reasons
outlined above. Next, our study had only a modest
number of events and is likely underpowered to detect
significant associations with individual CVD outcomes
and did not account for multiple testing. Last, we
lacked data on vitamin D supplement dose. We could
not adjust for this, nor could we test whether vitamin D
supplementation, which has likely increased since the
measurement of vitamin D metabolites at baseline,3*%°
modified the associations of interest.

In conclusion, although lower 25(OH)D was asso-
ciated with greater LVMI, the VDMR, 25(OH)D, and
1,25(0OH),D do not appear to be risk factors for clinical
CVD events in adults with nondialysis CKD. Future re-
search should evaluate associations of the VDMR with
risks of other pertinent outcomes in CKD and elucidate
the role of 1,25(0OH),D testing and treatment in CKD.
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