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OBJECTIVE

Postrandomization biases may influence the estimate of efficacy of supplemental
vitamin D in diabetes prevention trials. In the Vitamin D and Type 2 Diabetes (D2d)
study, repeated measures of serum 25-hydroxyvitamin D [25(OH)D] level provided
an opportunity to test whether intratrial vitamin D exposure affected diabetes risk
and whether the effect was modified by trial assignment (vitamin D vs. placebo).

RESEARCH DESIGN AND METHODS

The D2d study compared the effect of daily supplementation with 100 mg (4,000
units) of vitamin D3 versus placebo on new-onset diabetes in adults with pre-
diabetes. Intratrial vitamin D exposure was calculated as the cumulative rolling
mean of annual serum 25(OH)D measurements. Hazard ratios for diabetes among
participants who had intratrial 25(OH)D levels of <50, 75–99, 100–124,
and ‡125 nmol/L were compared with those with levels of 50–74 nmol/L (the
range considered adequate by the National Academy of Medicine) in the entire
cohort and by trial assignment.

RESULTS

There was an interaction of trial assignment with intratrial 25(OH)D level in
predicting diabetes risk (interaction P5 0.018). The hazard ratio for diabetes for an
increase of 25 nmol/L in intratrial 25(OH)D level was 0.75 (95% CI 0.68–0.82) among
those assigned to vitamin D and 0.90 (0.80–1.02) among those assigned to placebo.
The hazard ratios for diabetes among participants treated with vitamin D who
maintained intratrial 25(OH)D levels of 100–124 and ‡125 nmol/L were 0.48 (0.29–
0.80) and 0.29 (0.17–0.50), respectively, compared with those who maintained a
level of 50–74 nmol/L.

CONCLUSIONS

Daily vitamin D supplementation to maintain a serum 25(OH)D level ‡100 nmol/L
is a promising approach to reducing the risk of diabetes in adults with prediabetes.
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Over the past decade, vitamin D has
emerged as a possible determinant of
risk of type 2 diabetes, and vitamin D
supplementation has been hypothesized
as a potential intervention to lower di-
abetes risk (1,2). Observational studies
strongly support an association between
high blood 25-hydroxyvitamin D [25(OH)
D] levels and a lower risk of developing
diabetes, especially in people at risk for
type 2 diabetes (3). Mechanistic studies
provide a biologic plausibility to this
hypothesis (4,5). The Vitamin D and
Type 2 Diabetes (D2d) study was a ran-
domized placebo-controlled trial con-
ducted to test whether vitamin D
supplementation reduces the risk of di-
abetes among adults at high risk for
type 2 diabetes (6). In the intention-
to-treat analysis, there was a 12% re-
duction in new-onset diabetes among
participants assigned to vitamin D com-
pared with placebo, but the result was
not statistically significant (7).
All large-scale trials are expected to be

free of confounding at the start because
the randomization process should balance
the groups at baseline (8,9). However,
biases may emerge during follow-up as a
result of nonadherence to the trial in-
tervention, use of rescue medications
(e.g.,metformin toprevent diabetes), or
differential loss to follow-up between
participants assigned to the active in-
tervention or placebo. These biases, in
turn, lead to postrandomization con-
founding, which may influence the esti-
mate of treatment efficacy and study
power. Vitamin D supplementation trials
are especially vulnerable to postran-
domization biases given confusing pub-
lic messages about the needed amount
of vitamin D intake, frequent testing of
blood 25(OH)D level to assess vitamin D
status in the routine clinical setting, re-
placement with pharmacologic doses of
vitamin D, widespread use of over-the-
counter vitamin D supplements at vari-
able doses, and seasonal inconsistent
cutaneous biosynthesis of vitamin D,
among others. These factors have signif-
icant potential to influence the estimate
of efficacy of the vitaminD intervention in
clinical trials. Therefore, while the result
from the intention-to-treat analysis in the
D2d study estimates the effect by treat-
ment assignment, it may not necessarily
estimate the effect of vitamin D supple-
mentation itself (9).

The circulating blood 25(OH)D level in a
vitaminDtrial reflectsexposure tovitamin
D from different sources, whether result-
ing from high adherence to the random-
ized assignment to vitamin D, out-of-study
use of vitamin D supplements, or cuta-
neous biosynthesis. Repeated measures
of blood 25(OH)D levels in the D2d study
provided a unique opportunity to test
whether intratrial exposure to vitamin
D influenced the outcome of interest:
new-onsetdiabetes.Weconducteda pre-
specified secondary analysis to examine
whether the intratrial serum 25(OH)D
level during the D2d study predicted
the development of diabetes. We also
assessed whether achieving a higher
serum 25(OH)D level among partici-
pants assigned to the trial intervention
(daily vitamin D supplementation) ver-
sus placebo affected risk of developing
diabetes differentially.

RESEARCH DESIGN AND METHODS

Overview of the D2d Study
The D2d study (ClinicalTrials.gov,
NCT01942694) was an event-driven, ran-
domized, double-blind, placebo-controlled
clinical trial to test whether daily supple-
mentation with vitamin D3 lowers diabe-
tes risk in adults at risk for type 2 diabetes
(prediabetes) (6). The median follow-up
periodwas 2.5 years.Methods of the D2d
study have been reported (6,7) and are
briefly summarized below.

Eligible participants met at least two
of three glycemic criteria for prediabetes
as defined by the 2010 American Diabe-
tes Association (ADA) guidelines: fasting
plasma glucose (FPG) 5.6–6.9 mmol/L;
plasma glucose 2 h after a 75-g oral
glucose load (2hPG) 7.8–11.0 mmol/L;
HbA1c 5.7–6.4% (39–47 mmol/mol), and
not meeting any of the criteria for di-
abetes (10). Other inclusion criteria were
age $30 years (25 years for American
Indians, Alaska Natives, Native Hawai-
ians, or other Pacific Islanders) and BMI
24–42 kg/m2 (22.5–42 kg/m2 for Asian
Americans). A low serum 25(OH)D level
was not an inclusion criterion. Exclu-
sion criteria included use of diabetes or
weight loss medications, hyperparathy-
roidism, nephrolithiasis, hypercalcemia,
and bariatric surgery. Participants were
randomized to take either a single softgel
that contained 100 mg (4,000 units) of
vitamin D3 or matching placebo once
daily. To maximize the study’s ability to
observe a treatment effect, participants

were asked to refrain from using diabetes-
specific and/or weight loss medications
during the study and to limit the use of
outside-of-study vitamin D to 25 mg
(1,000 units) per day from all supple-
ments, including multivitamins.

The primary outcomeofD2dwas new-
onset diabetes on the basis of glycemic
testing. Glycemic status was assessed
annually with FPG, HbA1c, and 2hPG and
semiannually with FPG and HbA1c. If at
least two of the glycemic measures met
the ADA thresholds for diabetes (FPG
$7.0 mmol/L, 2hPG $11.1 mmol/L, or
HbA1c $6.5% [48 mmol/mol]) (10), the
participant was considered to have met
the diabetes outcome. When only one
glycemic measure met the threshold,
confirmatory testing was performed. A
diagnosis of diabetes made outside of
D2dwas validated by in-study laboratory
testing or adjudicated by an independent
clinical outcomes committee.

The Current Analysis
The purpose of the present analysis was
to test whether 1) the intratrial average
serum 25(OH)D level, a reflection of ex-
posure to vitamin D during the trial,
predicted the development of diabetes
in the entire cohort and 2) the approach
to achieving a given intratrial serum
25(OH)D level (by daily supplementation
with 100 mg [4,000 units] per day of
vitamin D3, as in the intervention group,
vs. othermeans, as in the placebo group)
influenced the risk of diabetes. Serum
25(OH)D was measured in stored fast-
ing serum samples from the baseline
and month 12, 24, 36, and 48 visits
by liquid chromatography-tandem mass
spectrometry with calibrators that are
traceable to the National Institute of
Standards and Technology and validated
by a quarterly proficiency testing pro-
gram administered by the Vitamin D
External Quality Assessment scheme (DE-
QAS, London, U.K.) (11,12). The coefficient
of variation of this assay is 5–8%.

The primary modeling strategy was
carried out using intratrial vitamin D
exposure as the predictor variable, a
cumulative average measure of serum
25(OH)D level during follow-up. For each
participant, intratrial vitamin D exposure
was calculated as a cumulative annual
rollingmeanof all available annual serum
25(OH)D values before the occurrence of
the primary end point of new-onset di-
abetes, start of a diabetes or weight loss
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medication (before the diagnosis of di-
abetes), or last follow-up. For example,
for a participant diagnosedwith diabetes
at month 30, the intratrial 25(OH)D level
is calculated as follows: (mean [baseline
and month 12] 1 mean [month 12 and
month24]) /2. The rationale for including
the serum baseline 25(OH)D value in the
model is that it takes several months for
the serum 25(OH)D level to reach steady
state after a change in vitamin D intake
(13) and because it is expected to take
time for any intervention to have an ef-
fect on the pathophysiology of type 2
diabetes. Thus, the intratrial mean vita-
min D status in the 1st year of the trial is
better estimated as the average of the
baseline and month 12 measurements
than just the level at month 12.
Participants who stopped taking their

trial pills and those who took more than
the allowed 25 mg (1,000 units) of vita-
min D per day outside of the study were
included in this analysis. Thus, this mod-
eling captures incomplete adherence to
the assigned treatment and use of off-
protocol concomitant vitamin D thera-
pies. Covariates in this analysis were
assessed at baseline and included site,
BMI, race (White, Black, or other), sex,
age, usual physical activity, and statin
use.
We established categories of partic-

ipants defined by their intratrial mean
25(OH)D levelon thebasisof theNational
Academy of Medicine (formerly the In-
stitute of Medicine)–recommended cut-
offs: ,30, 30–49, 50–74, 75–124, and
$125 nmol/L (14). The 25(OH)D values
were reported without a decimal point
(conventional rounding was applied by
the laboratory). There were very few
participants who maintained an intra-
trial 25(OH)D level ,30 nmol/L; thus,
we formed a single category with par-
ticipants who had an intratrial mean
25(OH)D level ,50 nmol/L. The cate-
gory of 75–124 nmol/L was larger than
the other categories; hence we split it
into two categories: 75–99 nmol/L and
100–124 nmol/L. We used Cox propor-
tional hazard models to estimate the
hazard ratios for diabetes among par-
ticipants in each intratrial mean 25(OH)
D category compared with those in the
category of 50–74 nmol/L (the referent,
the range considered sufficient by the
National AcademyofMedicine) (14).We
provide unadjusted and adjusted hazard
ratios (15).Weshow results for theentire

cohort (adjusted for D2d treatment as-
signment only and fully adjusted) and
by D2d treatment assignment of vitamin
D or placebo (unadjusted and fully ad-
justed). The proportional hazards assump-
tion was confirmed using Schoenfeld
residuals. In a continuous model, D2d
treatment assignment (vitamin D vs. pla-
cebo) was entered as an effect modifier
to test the hypothesis that achieving a
given intratrial mean serum 25(OH)D
level by daily supplementation (as in
the vitamin D intervention) versus other
means (as in the placebo) influences risk
of diabetes. To assess variability of vita-
min D status during follow-up among
those assigned to vitamin D versus pla-
cebo, we calculated a coefficient of var-
iation for each participant by dividing the
SD of all available serum 25(OH)D values
after baseline by the average level and
multiplying by 100.

Statistical analyses were performed
using SAS 9.4 software (SAS Institute).
No adjustments were made for multiple
comparisons; therefore, only point es-
timates and 95% CIs are presented with-
out P values.

Data and Resource Availability
The National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK)
(the study’s primary funding agency) has
established central biosample, genetic,
and data repositories for the archival and
storage of data and biosamples collected
in large, multisite studies funded by
NIDDK (such as D2d). The study’s co-
ordinating center will coordinate with
theNIDDK data repository to prepare the
collected data and samples for eventual
archiving to the repositories. All samples
and data transferred to the reposito-
ries will be under the custodianship of
the NIDDK and will become available to
the public in accordance with standard
NIDDK policies.

RESULTS

Among the 2,423 randomized partici-
pants, 3wereonadiabetesmedicationat
baseline and 1 did not have a serum
25(OH)Dmeasurement at baseline; thus,
these participants were excluded from
this analysis. An additional 261 were ex-
cluded because they developed diabetes
(n 5 106), withdrew (n 5 49), started a
weight loss (n 5 3) or diabetes (n 5 9)
medication, or died (n 5 5) before a
second serum 25(OH)D measurement

or becauseblood testswerenot available
at follow-upannual visits (notdrawn [n5
2], did not have an in-person follow-up
annual visit [n 5 87]). Included in this
analysis are 2,158 participants (1,074
in the vitamin D group and 1,084 in
the placebo group) who had a baseline
and at least one more follow-up serum
25(OH)D measurement.

Baseline characteristics of partici-
pants in the five analyzed intratrial
25(OH)D categories (,50, 50–74, 75–
99, 100–124, and $125 nmol/L) are
shown inTable1.Participantswithhigher
intratrial mean 25(OH)D levels were pre-
dominantly White; had, at baseline,
higher levels of physical activity and
lower BMI; and were more likely to
have taken personal vitamin D supple-
ments and statins. Baseline HbA1c levels
did not differ across the five categories.

As expected, participants in the higher
intratrial mean 25(OH)D categories were
more likely to have been assigned to
vitamin D (the active trial intervention).
For example, of those who maintained
an intratrial mean 25(OH)D level $125
nmol/L, 95% had been assigned to vita-
min D (Table 1). Of 1,074 participants
assigned to treatment with vitamin D,
319 (30%) maintained intratrial mean
25(OH)D levels in the 100–124 nmol/L
range, and 430 (40%) maintained
25(OH)D levels $125 nmol/L. Only
22 participants assigned to placebo
achieved an intratrial mean 25(OH)D
level $125 nmol/L.

The hazard ratios for diabetes for each
category of intratrialmean 25(OH)D level
were determined using the sufficient
range of 50–74 nmol/L as the referent.
When adjusted for treatment assign-
ment only (Table 2, model 1), hazard
ratios for diabetes for the two highest
categories were 0.65 (95% CI 0.48–0.89)
for the category of 100–124 nmol/L and
0.41 (0.29–0.57) for the category $125
nmol/L. Fully adjusted hazard ratios for
diabetes were 0.57 (0.41–0.79) and 0.35
(0.24–0.50), respectively (Table 2, model 5).

In a continuous interaction model,
there was a significant interaction of D2d
treatment assignment (vitamin D or pla-
cebo) with intratrial mean 25(OH)D level
on risk of diabetes (P 5 0.018). The
hazard ratio for diabetes for an increase
of 25 nmol/L in intratrial mean 25(OH)D
levelwas 0.75 (95%CI 0.68–0.82) among
those assigned to vitamin D and 0.90
(0.80–1.02) among those assigned to
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placebo. We show the hazard ratios
between intratrial mean 25(OH)D level
and diabetes risk by D2d treatment as-
signment (vitaminDor placebo) in Tables
3 and 4. Among participants treated
with vitamin D (Table 3), intratrial mean
25(OH)D levels influenced the develop-
ment of diabetes. In unadjusted analy-
ses, the hazard ratios for diabetes among
participants who maintained an intra-
trialmean25(OH)D level of 100–124and
$125 nmol/L during follow-upwere 0.57
(0.36–0.92) and 0.34 (0.21–0.55), respec-
tively, compared with participants who

maintained a 25(OH)D level of 50–74
nmol/L (Table 3, model 1). After full
adjustment for potential confounders,
the hazard ratios for diabetes were 0.48
(0.29–0.80) and 0.29 (0.17–0.50), respec-
tively (Table 3, model 5). Among partic-
ipants assigned toplacebo (Table 4), there
was a pattern of declining risk of diabetes
at higher intratrial mean 25(OH)D levels,
but the 95% CIs were wide.

Variability in annual serum 25(OH)D
levels during the trial was lower in those
assigned to vitamin D compared with
those assigned to placebo. Specifically,

themean6SDcoefficientof variation for
all available serum 25(OH)D values dur-
ing follow-up was 10.5 6 9.1 among
participants assigned to vitamin D and
13.0 6 11.1 among participants assigned
to placebo (P , 0.001).

CONCLUSIONS

In the D2d study of adults with predia-
betes, trial participants who maintained
higher intratrial serum 25(OH)D levels
during follow-up had a reduced risk of
diabetes, with the greatest risk reduction
occurring at intratrial 25(OH)D levels$125

Table 1—Baseline characteristics of participants in categories defined by intratrial mean serum 25(OH)D level

Intratrial mean serum 25(OH)D category

Characteristic
,50 nmol/L
(n 5 247)

50–74 nmol/L
(n 5 456)

75–99 nmol/L
(n 5 590)

100–124 nmol/L
(n 5 413)

$125 nmol/L
(n 5 452)

Assigned to vitamin D at randomization, n (%) 22 (8.9) 78 (17.1) 225 (38.1) 319 (77.2) 430 (95.1)

Serum 25(OH)D (nmol/L), median (IQR) 40 (32.5–47.5) 62.5 (50–70) 77.5 (62.5–87.5) 75 (57.5–92.5) 86.3 (70–102.5)
Among those assigned to vitamin D 37.5 (30–40) 43.8 (35–52.5) 57.5 (45–70) 67.5 (52.5–80) 85 (67.5–102.5)
Among those assigned to placebo 40 (32.5–47.5) 65 (55–72.5) 85 (77.5–92.5) 105 (97.5–117.5) 122.5 (112.5–150)

Age (years) 55.3 6 10.5 59.2 6 10.1 61.4 6 9.5 60.9 6 9.5 62.8 6 8.3

Women, n (%) 94 (38.1) 206 (45.2) 254 (43.1) 173 (41.9) 240 (53.1)

Race, n (%)*
White 100 (40.5) 302 (66.2) 424 (71.9) 299 (72.4) 330 (73.0)
Black 125 (50.6) 121 (26.5) 111 (18.8) 86 (20.8) 87 (19.2)
Asian 16 (6.5) 21 (4.6) 35 (5.9) 23 (5.6) 22 (4.9)
Other 6 (2.4) 12 (2.6) 20 (3.4) 5 (1.2) 13 (2.9)

Dietary supplement use†
Vitamin D
Participants taking vitaminD supplements,

n (%) 37 (15.0) 159 (34.9) 306 (51.9) 205 (49.6) 237 (52.4)
Vitamin D intake among all participants

(mg/day)‡ 2.5 6 6.6 6.1 6 9.1 9.3 6 10.2 9.2 6 10.1 10.1 6 10.6
Vitamin D intake among participants

using supplements, mg/day 16.9 6 7.2 17.5 6 6.3 18.0 6 6.6 18.6 6 6.0 19.2 6 6.2
Calcium
Participants taking calcium supplements,

n (%) 28 (11.3) 135 (29.6) 241 (40.8) 162 (39.2) 175 (38.7)
Calcium intake among all participants

(mg/day)‡ 33 6 112 93 6 171 125 6 180 126 6 188 125 6 191
Calcium intake among participants using

supplements (mg/day) 290 6 192 314 6 173 307 6 152 320 6 168 322 6 175

BMI (kg/m2) 33.5 6 4.8 32.4 6 4.3 32.0 6 4.5 32.0 6 4.4 30.7 6 4.2

Physical activity (total MET h/week), median
(IQR) 41.9 (17.7–101.1) 52.1 (25.4–124.3) 57.3 (27.1–123.9) 59.5 (25.9–120) 64 (27.9–136.2)

Smoking, n (%)
Never 150 (60.7) 282 (61.8) 337 (57.1) 243 (58.8) 247 (54.7)
Former 72 (29.2) 138 (30.3) 214 (36.3) 143 (34.6) 187 (41.4)
Current 23 (9.3) 34 (7.5) 30 (5.1) 25 (6.1) 15 (3.3)
Unknown or not reported 2 (0.8) 2 (0.4) 9 (1.5) 2 (0.5) 3 (0.7)

HbA1c
% 5.9 6 0.2 5.9 6 0.2 5.9 6 0.2 5.9 6 0.2 5.9 6 0.2
mmol/mol 41 6 2.2 41 6 2.2 41 6 2.2 41 6 2.2 41 6 2.2

Statin use, n (%) 71 (28.7) 173 (37.9) 270 (45.8) 209 (50.6) 211 (46.7)

Data aremean6 SD unless otherwise indicated. Percentagesmay not total 100 because of rounding. To convert the values for 25(OH)D to ng/L, divide
by 2.496. To convert vitamin D intake to units, multiply by 40. IQR, interquartile range. *Race was reported by the participant. The category “other”
includes Asian, American Indian or Alaska Native, Native Hawaiian or other Pacific Islander, or other race. †Data on vitamin D and calcium intake are
derived from a question about dietary supplements, including multivitamins and high-dose prescribed doses. Participants were allowed to take
supplementsup to25mg (1,000units)perdayofvitaminDand600mgperdayof calcium.Dietary intakeofvitaminDandcalciumwasnot limited.‡Value
shown is among all participants regardless of whether they reported use of supplements.
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nmol/Landpartial risk reductionat levelsof
100–124 nmol/L. The inverse association
between higher intratrial 25(OH)D levels
and diabetes risk was significant only
among trial participants who were as-
signed to the trial intervention of 100mg
(4,000 units) per day of vitamin D3.
The present analysis within a clinical

trial allowed for testing the hypothesis
that the approach to achieving a given
blood 25(OH)D level by daily vitamin D
supplementation (as in the D2d inter-
vention group) versus other means (as in
the placebo group) influenced the risk
of diabetes differentially. There was a
strong and statistically significant inverse
association of intratrial 25(OH)D concen-
tration with new-onset diabetes in the
vitamin D–treated group and a weaker,
nonstatistically significant association in
the placebo group. Trial participants
who were assigned to daily vitamin D
supplementation and maintained high
intratrial 25(OH)D levels (100–124
and $125 nmol/L) had substantial rela-
tive reductions in risk of diabetes (52%
and 71%, respectively, in fully adjusted
models) compared with those who
maintained an intratrial 25(OH)D level
of 50–74 nmol/L, the referent level by

the National Academy of Medicine. In
contrast, among participants assigned to
placebo, the pattern of declining risk of
diabetes at higher intratrial 25(OH)D
levels was not significant. It is not clear
why achieving a given 25(OH)D level by
daily vitamin D supplementation versus
by other means (as in the placebo
group) would be important for reduc-
ing diabetes risk. However, fluctuating
blood 25(OH)D levels are considered
nonphysiologic, and continuous and
steady exposure to vitaminD is preferred
for optimal benefit (16,17). We hypoth-
esize that administration of 100 mg
(4,000 units) of vitamin D3 produced
higher 25(OH)D levels that were stable
throughout the trial period among par-
ticipants who received the active in-
tervention, whereas 25(OH)D levels
among those who took placebo were
variable, depending on timing of out-
of-study vitamin D use, sun exposure,
and other factors. Our hypothesis is
supported by the lower coefficient of
variation of serum 25(OH)D levels during
follow-up in participants treated with
daily vitamin D versus those assigned to
placebo.

How might one reconcile the obser-
vation that higher intratrial 25(OH)D
levels are beneficial with the main,
intention-to-treat analysis result in the
parent trial of a nonstatistically sig-
nificant reduction in new-onset dia-
betes with vitamin D supplementation?
Large-scale trials evaluate the efficacy
of an intervention because they are
expected to be free of confounding at
baseline; however, during follow-up, and
especially in long-term trials, biases
emerge, which may influence the esti-
mate of treatment efficacy (9,18). This
is true in vitamin D trials, and there is
evidence that postrandomization con-
founding occurred in D2d, as previously
reported (7). During follow-up, more
participants assigned to vitamin D
than placebo (11.3% vs. 8.9%) stopped
trial pills, andmore participants assigned
to placebo (5.2% vs. 2.6%) reported use
of out-of-study vitamin D supplements
above the study limit of 25 mg (1,000
units) per day (7). Using the intratrial
serum 25(OH)D level rather than the
randomized assignment to assess the
effect of vitamin D exposure on diabetes
risk circumvents these sources of
postrandomization confounding. Once

Table 2—Hazard ratios (95% CIs) for new-onset diabetes in categories stratified by intratrial mean serum 25(OH)D level in
the entire D2d cohort

,50 nmol/L
(n 5 247)

50–74 nmol/L
(n 5 456)

75–99 nmol/L
(n 5 590)

100–124 nmol/L
(n 5 413)

$125 nmol/L
(n 5 452)

Median level 40.0 63.8 86.3 110.0 145.2

Model 1 1.14 (0.84–1.54) Reference 1.08 (0.84–1.38) 0.65 (0.48–0.89) 0.41 (0.29–0.57)

Model 2 1.24 (0.90–1.70) Reference 1.01 (0.79–1.30) 0.59 (0.43–0.82) 0.38 (0.27–0.54)

Model 3 1.22 (0.89–1.68) Reference 1.01 (0.79–1.30) 0.59 (0.43–0.82) 0.39 (0.27–0.55)

Model 4 1.24 (0.90–1.71) Reference 0.99 (0.77–1.27) 0.58 (0.42–0.81) 0.36 (0.25–0.51)

Model 5 1.25 (0.91–1.72) Reference 0.98 (0.76–1.26) 0.57 (0.41–0.79) 0.35 (0.24–0.50)

Model 1: adjusted for trial assignment (vitamin D or placebo) only.Model 2: additionally adjusted for site, BMI (at baseline), race (White, Black, other).
Model 3: additionally adjusted for sex and age (at baseline). Model 4: additionally adjusted for physical activity (at baseline). Model 5: additionally
adjusted for statin use (at baseline). To convert the values for 25(OH)D to ng/L, divide by 2.496.

Table 3—Hazard ratios (95% CIs) for new-onset diabetes in categories stratified by intratrial mean serum 25(OH)D level in
D2d study participants assigned to vitamin D

,50 nmol/L
(n 5 22)

50–74 nmol/L
(n 5 78)

75–99 nmol/L
(n 5 225)

100–124 nmol/L
(n 5 319)

$125 nmol/L
(n 5 430)

Median level 42.5 66.3 89.4 111.3 145.6

Model 1 0.74 (0.25–2.13) Reference 0.97 (0.60–1.55) 0.57 (0.36–0.92) 0.34 (0.21–0.55)

Model 2 0.94 (0.31–2.82) Reference 0.94 (0.57–1.55) 0.53 (0.32–0.87) 0.33 (0.20–0.56)

Model 3 0.95 (0.31–2.85) Reference 0.91 (0.55–1.51) 0.51 (0.31–0.85) 0.32 (0.19–0.55)

Model 4 0.97 (0.32–2.94) Reference 0.86 (0.51–1.44) 0.49 (0.29–0.82) 0.29 (0.17–0.51)

Model 5 1.03 (0.34–3.14) Reference 0.86 (0.51–1.44) 0.48 (0.29–0.80) 0.29 (0.17–0.50)

Model 1: no adjustment. Model 2: adjusted for site, BMI (at baseline), race (White, Black, other). Model 3: additionally adjusted for sex and age (at
baseline). Model 4: additionally adjusted for physical activity (at baseline). Model 5: additionally adjusted for statin use (at baseline). To convert the
values for 25(OH)D to ng/L, divide by 2.496.
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identifiable sources of postrandomiza-
tion bias were accounted for, a benefit
of achieving higher intratrial levels of
25(OH)D for reducing risk of diabetes
became evident.
Corroboration of our findings in other

diabetes prevention trials with vitamin D
should be encouraged but may be diffi-
cult because some trials have tested
different vitamin D formulations (19) or
used nondaily dosing (20). A treat-to-
target trial that aims to keep an intratrial
25(OH)D level .125 nmol/L and that
prespecifies an analysis strategy that
minimizes postrandomization confound-
ing related to intercurrent events and
exposures would be required to con-
firm these findings; however, such a trial
may also encounter similar emergenceof
confounding after launching. Recently,
twometa-analyses that combined aggre-
gate data from trials on vitamin D for
diabetes prevention were published. Zhang
et al. (21) synthesized results from eight
trials (total of 4,896 participants) in peo-
ple with prediabetes and found that
vitamin D supplementation reduced di-
abetes risk by 11% compared to placebo.
All eight trials used a vitamin D
dose $50 mg (2,000 units) per day,
and seven trials that reported such
data achieved a blood 25(OH)D level
$75 nmol/L in participants treated
with vitamin D. Barbarawi et al. (22)
synthesized results from nine trials (total
of 43,559 participants) and reported a
reduction in diabetes risk only in trials
with people with prediabetes, all of
which administered moderate to high
vitamin D doses equivalent to $25 mg
(1,000 units) per day. The observed risk
reduction of 11% in the meta-analysis by
Zhang et al. was similar to the 12%
reduction reported by Barbarawi et al.
The results from these meta-analyses,

that high doses of vitaminD supplements
are required to reduce diabetes risk
among people with prediabetes, are in
agreement with our present findings.

In longitudinal observational studies,
a consistent association between higher
blood 25(OH)D level and lower diabetes
risk has been reported, but the range of
25(OH)D values in the studied cohorts
is lower than the serum 25(OHD) range
achieved in D2d. In the observational
studies, the highest category of blood
25(OH)D (conferring lowest risk of di-
abetes) was in the 62.5–75 nmol/L range
and the lowest category (conferringhigh-
est risk of diabetes) was in the 25–37.5
nmol/L range. Higher blood 25(OH)D
levels have been monotonically associ-
ated with a lower diabetes risk (3);
however, because observational studies
report blood25(OH)D ranges,100nmol/
L, they do not address whether higher
levels are associated with an even lower
risk of diabetes. Our findings provide
trial-basedevidence that circulatingblood
25(OH)D levels .100 nmol/L are benefi-
cial for diabetes prevention.

The present analysis tested the impact
of sustained higher 25(OH)D levels on
diabetes risk, andmaximal risk reduction
occurred when participants assigned to
the vitamin D intervention maintained
intratrial serum 25(OH)D levels $125
nmol/L, and partial risk reduction oc-
curred at levels of 100–124 nmol/L,
suggesting that the blood 25(OH)D levels
needed to reduce diabetes risk are con-
siderably higher than those recommen-
ded by theNational AcademyofMedicine
for skeletal health of 50–74 nmol/L (14).
During the D2d study, among participants
assigned to treatment with 100 mg per
day of vitamin D, which is the tolerable
upper limit set by the National Academy
of Medicine (14), 30% maintained

intratrial mean 25(OH)D levels in the
100–124 nmol/L range, and 40% main-
tained intratrial mean 25(OH)D levels
$125 nmol/L. Either a higher dose or a
greater adherence/persistence with a
100-mg (4,000 units) dose would be re-
quired for the others to achieve the
25(OH)D level associated with the great-
est reduction in diabetes of 125 nmol/L.

The present analysis retains the
strengths of the parent trial, including
use of the gold standard assay for 25(OH)D
standardized to the National Institute of
Standards and Technology, use of the
latest ADA glycemic criteria to define
prediabetes and diabetes, and ascertain-
ment for diabetes at regular intervals
by blood glucose testing using a central
laboratory. Additionally, D2d allowed for
a detailed examination of diabetes risk at
higher intratrial 25(OH)D levels not pos-
sible in observational studies or in clinical
trials that tested lower doses of vitamin
D. One study limitationwas the relatively
small number of participants with intra-
trial low 25(OH)D levels (,50 nmol/L),
which precluded examination of the im-
pact of persistently low levels of 25(OH)D
on diabetes risk. Not surprisingly, there
were relatively small numbers of partic-
ipants assigned to placebo who achieved
25(OH)D levels of $100 nmol/L, but
despite this, there was a significant in-
teraction of 25(OH)D concentration with
treatment group on diabetes incidence,
with larger decrements in risk for a
25 nmol/L increment in 25(OH)D in
the vitamin D–treated group. Our anal-
ysis did not assess safety, which we will
address in detail elsewhere (Johnson
et al., manuscript in preparation).

In conclusion, daily vitamin D supple-
mentation to reach and sustain 25(OH)D
levels of 100–124 and $125 nmol/L
conveyed a progressively lower risk of

Table 4—Hazard ratios (95% CIs) for new-onset diabetes in categories stratified by intratrial mean serum 25(OH)D level in
D2d study participants assigned to placebo

,50 nmol/L
(n 5 225)

50–74 nmol/L
(n 5 378)

75–99 nmol/L
(n 5 265)

100–124 nmol/L
(n 5 94)

$125 nmol/L
(n 5 22)

Median level 40.0 63.8 85.0 108.4 134.1

Model 1 1.20 (0.87–1.66) Reference 1.09 (0.82–1.46) 0.69 (0.42–1.14) 0.64 (0.24–1.75)

Model 2 1.28 (0.91–1.81) Reference 1.05 (0.78–1.41) 0.68 (0.41–1.14) 0.60 (0.22–1.67)

Model 3 1.24 (0.89–1.76) Reference 1.05 (0.78–1.41) 0.69 (0.41–1.16) 0.62 (0.22–1.73)

Model 4 1.23 (0.87–1.75) Reference 1.04 (0.77–1.39) 0.67 (0.40–1.13) 0.48 (0.15–1.56)

Model 5 1.23 (0.86–1.75) Reference 1.03 (0.76–1.38) 0.67 (0.40–1.12) 0.47 (0.15–1.52)

Model 1: no adjustment. Model 2: adjusted for site, BMI (at baseline), race (White, Black, other). Model 3: additionally adjusted for sex and age
(at baseline). Model 4: additionally adjusted for physical activity (at baseline). Model 5: additionally adjusted for statin use (at baseline). To convert
the values for 25(OH)D to ng/L, divide by 2.496.
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progression to diabetes in adults with
prediabetes. Vitamin D supplementation
to reach these levels is a promising ap-
proach to reducing risk of diabetes in
adults at high risk for diabetes.
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