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ABSTRACT
Background: Accumulating evidence suggests that vitamin D is
involved in the development of type 2 diabetes (T2D).
Objective: Our objective was to examine the relation between vi-
tamin D status and incidence of T2D.
Design: We used a subsample of 1972 Framingham Offspring Study
participants to develop a regression model to predict plasma 25-
hydroxyvitamin D [25(OH)D] concentrations from age, sex, body
mass index, month of blood sampling, total vitamin D intake, smok-
ing status, and total energy intake. Using this model, we calculated
the predicted 25(OH)D score for each nondiabetic participant at the
cohort’s fifth examination to assess the association between the
predicted 25(OH)D score and incidence of T2D by using Cox pro-
portional hazards models.
Results: A total of 133 T2D cases were identified over a 7-y aver-
age follow-up. In comparison with individuals in the lowest tertile
of the predicted 25(OH)D score at baseline, those in the highest
tertile had a 40% lower incidence of T2D after adjustment for age,
sex, waist circumference, parental history of T2D, hypertension,
low HDL cholesterol, elevated triglycerides, impaired fasting glu-
cose, and Dietary Guidelines for Americans Adherence Index score
(hazard ratio: 0.60; 95% CI: 0.37, 0.97; P for trend = 0.03).
Conclusions: Our findings suggest that higher vitamin D status is
associated with decreased risk of T2D. Maintaining optimal 25(OH)D
status may be a strategy to prevent the development of T2D. Am
J Clin Nutr 2010;91:1627–33.

INTRODUCTION

Vitamin D, a fat-soluble vitamin, plays a critical role in
regulating plasma calcium concentration through effects on in-
testinal absorption and bone metabolism (1). Vitamin D is formed
in the skin from 7-dehydrocholesterol during exposure to solar
ultraviolet B (UVB) radiation (2). Although vitamin D can be
derived from the diet, only a few foods naturally containvitamin D,
such as oily fish. However, in the United States and Canada,
certain foods are fortified with vitamin D, such as milk, some
cereals, bread, and orange juice (3). The circulating concentration
of 25-hydroxyvitamin D [25(OH)D] is the common biomarker
used to assess vitamin D status. Studies have shown that, in
addition to vitamin D intake, 25(OH)D concentration is asso-
ciated with age, sex, adiposity, latitude of residence, skin pig-
mentation, and season of blood sampling (4–7).

The relation between vitamin D status and bone health is well
established, but there is accumulating evidence that vitamin D

might have other functions, including involvement in the de-
velopment of type 2 diabetes (T2D) (8). There are few pro-
spective studies on the association between vitamin D status and
risk of T2D, and evidence from these studies is limited by the use
of vitamin D intake or a single measurement of 25(OH)D con-
centration as a surrogate for usual vitamin D status (9–11).
Because vitamin D can be synthesized in human skin under
sunlight exposure and thereby has seasonal variation, the use of
vitamin D intake cannot capture an individual’s overall vitamin D
status, whereas a single measurement of 25(OH)D does not take
into account the within-person variation across different seasons.

In this study we sought to test the hypothesis that vitamin D
status is inversely associated with subsequent risk of T2D using
a predicted 25(OH)D score, which was derived from known
potential determinants of plasma 25(OH)D concentration and
aimed to remove the seasonal effect on vitamin D status by
holding season constant. This method of developing a predicted
25(OH)D score has been previously used to relate vitamin D
status to cancer risk (12).
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SUBJECTS AND METHODS

Study population

The Framingham Study was initiated in 1948 as a longitudinal,
population-based study of cardiovascular disease. In 1971, 5135
offspring of original participants of the study and their spouses
were recruited to participate in the Framingham Offspring Study.
Members of the Framingham Offspring Study have returned, on
average, every 4 y for a physical examination, questionnaires,
laboratory tests, and assessment of cardiovascular and other risk
factors (13). A total of 3799 cohort members participated in the
fifth examination cycle (1991–1995). Valid food-frequency
questionnaires (FFQs) were available for 3418 participants.

Participants were excluded from these analysis on the basis of
previous diagnosis of T2D (n = 208), fasting glucose concen-
tration �7.0 mmol/L or 2-h postchallenge glucose concentration
�11.1 mmol/L (n = 134), or current use of insulin or oral hy-
poglycemic medication (n = 4). We also excluded those in-
dividuals without body mass index (BMI) data (n = 6). After
exclusions, 3066 participants (1402 men and 1664 women) re-
mained eligible for the present investigation. The participants
were essentially all white. Participants were followed across the
sixth (1996–1998) and seventh (1998–2001) offspring cohort
examinations for a mean of 7 y for the development of incident
T2D (Figure 1). The Institutional Review Boards for Human
Research at Boston University and Tufts Medical Center ap-
proved the study protocols.

Dietary assessment

Usual dietary intakes for the previous year were assessed at
each examination by using the 126-item semiquantitative Har-

vard FFQ (version 88GP) (14). The questionnaires were mailed to
participants before the examination, and the participants were
asked to bring the completed questionnaire with them to their
scheduled appointment. The FFQ consists of a list of foods with
a standardized serving size and a selection of 9 frequency cat-
egories ranging from never or ,1 serving/mo to .6 servings/d.
Nutrient intakes were calculated at the Harvard Channing Lab-
oratory by multiplying the frequency of consumption of each
unit of food from the FFQ by the nutrient content of the spec-
ified portion. Separate questions about use of vitamin and
mineral supplements and type of breakfast cereal most com-
monly consumed were also included in the FFQ. In addition to
assessing specific vitamin D supplement use, we used in-
formation on vitamin D content from multivitamins. FFQs with
reported energy intakes ,2.51 MJ/d (600 kcal/d) for men and
women, .16.74 MJ/d (4000 kcal/d) for women, or .17.57 MJ/d
(4200 kcal/d) for men or with .12 food items left blank were
considered invalid. The FFQ has been shown to be valid for both
nutrients and foods (14, 15). The FFQ has also been validated
specifically for vitamin D intake in relation to plasma 25(OH)D
(16), and the key dietary sources of vitamin D (including milk and
dark fish) correlated well between the FFQ and diet records (17).

Lifestyle variables

Height, weight, and waist circumference were measured while
the subjects were standing. BMI was calculated as weight in
kilograms divided by the square of height in meters (kg/m2). A
physical activity score was calculated from the number of self-
reported hours spent doing specific activities that were catego-
rized and weighted according to oxygen consumption required
to perform them (MET-h/d) (18). Additional measurements

FIGURE 1. A: Timeline for the Framingham Offspring cohort examinations. B: Participants included in the development and validation of predicted 25-
hydroxyvitamin D [25(OH)D] score. C: Participants in the diabetic follow-up study. na = number alive at exam, np= number of participants at exam; FFQ,
food-frequency questionnaire.

1628 LIU ET AL



included age, sex, current smoking (none,,20 cigarettes/d, �20
cigarettes/d), and alcohol consumption.

Laboratory measurements at the fifth examination cycle

Blood samples were drawn after the participants had fasted for
�8 h for measurement of fasting glucose and lipid profile at the
fifth examination cycle. A 75-g oral-glucose-tolerance test was
administered according to World Health Organization standards
to measure 2-h postchallenge glucose (19). Plasma glucose
concentrations were measured in fresh specimens with a hexo-
kinase reagent kit (A-gent glucose test; Abbott Laboratories Inc,
South Pasadena, CA); the intraassay CV was ,3%. Lipid
measures included enzymatic measurement of triglyceride (20)
and the measurement of the HDL-cholesterol fraction after
precipitation of LDL and VLDL cholesterol with dextran sulfan
magnesium (21). Blood pressure was measured twice after the
participants sat for �5 min. Impaired fasting glucose was de-
fined as fasting glucose �5.6 mmol/L; low concentration of
HDL cholesterol was defined as,1.04 mmol/L in men or,1.29
mmol/L in women; elevated concentration of triglyceride was
defined as �1.70 mmol/L; and hypertension was defined as
blood pressure �130/85 mm Hg or current treatment of hyper-
tension (22).

Ascertainment of incident T2D

Incident T2D was defined as a fasting plasma glucose con-
centration �7.0 mmol/L or use of insulin or oral hypoglycemic
drug therapy at the sixth or seventh study examinations.

Statistical analysis

Development and validation of predicted 25(OH)D score

Plasma 25(OH)D concentration was measured by radioim-
munoassay (Diasorin, Stillwater, MN) in a subsample of 1972
participants in the FraminghamOffspring Study during the period
of July 1997 to May 1999, which included the latter half of the
sixth and the beginning of the seventh examination cycles. Using
data from the subsample with plasma 25(OH)D measurements,
we developed a multiple linear regression model to predict
plasma 25(OH)D concentration [predicted 25(OH)D score] from
potential determinants of vitamin D status. Because we planned
to apply this predicted score to a nondiabetic sample, we ex-
cluded subjects with T2D (n = 234) from the 1972 participants
for the development of the multiple linear regression model. We
also excluded 10 subjects with influential outlying values
(plasma 25(OH)D concentrations .112.5 nmol/L). After these
exclusions, a total of 1728 subjects were available for the de-
velopment of the predicted 25(OH)D score. We randomly se-
lected ’50% of the 1728 subjects (n = 883) for the development
of the predicted 25(OH)D score. We used the remaining subjects
(n = 845) in the subsample with 25(OH)D measurements to
validate the predictive multiple linear model (Figure 1). Using
multiple linear regression modeling, we related the measured 25
(OH)D concentration to the following potential determinants of
vitamin D status: age, sex, BMI, month of blood sampling, total
vitamin D intake, physical activity score, smoking status, total
energy intake, and alcohol consumption. To meet the assump-
tion of a linear relation between our independent and dependent

variables in our regression model, we transformed BMI using
the reciprocal of BMI and total vitamin D intake using the
square root of total vitamin D intake. We also examined all
possible 2-way interactions between sex, BMI (reciprocal), and
other potential determinants of vitamin D status. A potential
determinant of vitamin D status was excluded from our final
model if it was not a significant predictor of the plasma 25(OH)
D concentrations in this subsample, and little additional variance
in plasma 25(OH)D concentrations could be explained by add-
ing it back into the model.

Application of predicted 25(OH)D score

We applied the multiple linear regression model to the entire
cohort at the fifth examination cycle to calculate a predicted 25
(OH)D score for each participant without T2D (n = 3066). Al-
though 25(OH)D concentration is a good measure of contem-
poraneous vitamin D status, it may not be a good reflection of
a person’s typical status throughout the year because of the
strong seasonal effect of sunlight exposure on 25(OH)D con-
centration. Therefore, to remove the seasonal effect on the
predicted 25(OH)D score, we treated month of the blood sample
as a confounder and calculated the score assuming that all blood
samples were collected in the month of May. We chose the
month of May because the 25(OH)D concentrations from sam-
ples drawn in May for the subsample of individuals used in the
development and validation of the score were similar to the
average 25(OH)D concentration observed for these individuals
(Table 1).

Subjects were followed from the fifth to the sixth and seventh
examinations. The date of diagnosis was the examination visit
date at which a new case of T2D was identified. We used hazard
ratios (HRs) from Cox proportional hazards models to estimate
relative risks and 95% CIs for incident T2D across the tertile
category of the predicted 25(OH)D score. P values for trend were
calculated by treating the median of the predicted 25(OH)D
score in each tertile category as a continuous independent var-
iable in the hazards models. The following risk factors, which
have been previously shown to predict incidence of T2D in the
Framingham Offspring Cohort (23), were included as covariates
in the regression models: age, sex, parental history of T2D,
hypertension, low concentration of HDL cholesterol, elevated
concentration of triglycerides, and impaired fasting glucose.
Given that BMI was included in the prediction model, we in-
cluded waist circumference as a covariate in place of BMI. We
also included the Dietary Guideline for Americans Adherence
Index (DGAI) as a covariate to determine whether any associ-
ation with vitamin D was a consequence of overall diet quality
(24). Because of missing information for some covariates, our
sample size for these analyses was 2956.

Proportional hazards assumptions were tested by modeling
interaction terms between each of the variables and person-years
of follow-up. None of the interaction terms was statistically
significant (ie, P. 0.05), indicating that the HR for the variables
was reasonably constant over time. On the basis of observations
from an earlier study (8), we examined whether calcium intake
from foods and supplements was an effect modifier of the as-
sociation between the predicted 25(OH)D score and incident
T2D. The interaction term was not statistically significant. Sta-
tistical analysis was performed using Statistical Analysis
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Systems statistical software package, version 9.1 (SAS Institute,
Cary, NC).

RESULTS

Participant characteristics

Characteristics of the study participants used in the de-
velopment, validation, and application of the 25(OH)D score are
shown in Table 1. The development and validation samples were
comparable on all characteristics considered; none of the char-
acteristics considered were significantly different between these
2 groups. Although no formal statistical comparison was made
because of lack of independence between samples, participants in
the application sample were younger than participants in the
subsamples used to develop and validate the score, as would be
expected based on the difference between the dates of the study
examinations, and they also appeared to have lower vitamin D
intakes and were more likely to be heavy smokers.

Development and validation of predicted 25(OH)D score

Our final predictive model included age, sex, reciprocal of the
BMI, total energy intake, square root of total vitamin D intake,
smoking status, and month of blood sampling as independent

predictors of the 25(OH)D score. Physical activity and alcohol
consumption were not significant independent predictors of
25(OH)D concentrations (P . 0.05), and together they ex-
plained only 0.03% of the additional variance in plasma 25(OH)
D concentration. Therefore, we excluded them from the final
model. No interaction was found between sex, BMI, and other
variables in the model. After excluding those with missing
values for the predictor variables, 805 subjects were left in the
final model, and the model r2 was 25.75% (Table 2). We then
calculated the predicted 25(OH)D score for 769 of the 845 re-
maining participants with actual plasma 25(OH)D measure-
ments and complete data on the predictor variables. In this
validation subset, the correlation coefficient between the pre-
dicted 25(OH)D score (mean: 49.1 nmol/L) and the actual
plasma 25(OH)D measurement (mean: 49.3 nmol/L) was 0.51
(P , 0.001). The slope relating actual to predicted 25(OH)D in
the validation sample was 0.99 (SE = 0.06, P , 0.001). The
regression constant was 0.77 (SE = 2.79, P = 0.80) (Figure 2).

Application of predicted 25(OH)D score

Using the multiple linear regression model, we calculated the
predicted 25(OH)D score for 3066 participants without T2D at
the fifth examination cycle. The mean of the predicted score was
47.8 and ranged from 18.8 to 68.8 nmol/L. Among the 2956

TABLE 1

Characteristics of study participants included in the development, validation, and application of the predicted 25-hydroxyvitamin D [25(OH)D] score1

Characteristics

Sample for development

of the score

Sample for validation

of the score

Sample for application

of the score

n 805 769 3066

Age (y) 59.3 6 9.32 59.5 6 9.4 54.2 6 9.7

Women (%) 55.5 51.8 54.3

BMI (kg/m2) 27.9 6 5.2 27.8 6 5.1 27.1 6 4.7

Smoking status (%)

Nonsmoker 90.4 91.7 80.9

,20 cigarettes/d 7.1 6.0 6.8

�20 cigarettes/d 2.5 2.3 12.3

Energy intake (kJ/d) 7629 6 2780 7750 6 2794 7769 6 2589

Total vitamin D intake (lg/d) 10.9 6 7.9 10.5 6 7.9 7.4 6 6.0

Dietary vitamin D intake (lg/d) 5.6 6 3.3 5.7 6 3.4 4.9 6 3.2

Supplement vitamin D intake (lg/d) 5.3 6 6.9 4.8 6 7.0 2.6 6 4.9

Plasma 25(OH)D (nmol/L) 49.1 6 18.3 49.3 6 17.4 —

Plasma 25(OH)D by month of examination (nmol/L)3

January 46.2 6 17.9 (8) 44.0 6 14.5 (11) —

February 42.8 6 14.5 (11) 42.0 6 14.9 (9) —

March 44.3 6 16.4 (13) 40.4 6 15.1 (12) —

April 43.0 6 20.2 (12) 43.0 6 17.2 (9) —

May 51.3 6 22.3 (7) 50.1 6 20.1 (6) —

June 64.3 6 23.3 (2) 63.7 6 15.9 (2) —

July 67.3 6 16.7 (2) 57.3 6 10.4 (3) —

August 64.2 6 18.2 (7) 62.3 6 16.5 (7) —

September 50.0 6 14.7 (5) 55.9 6 16.6 (8) —

October 53.8 6 15.0 (12) 53.1 6 16.4 (12) —

November 51.3 6 16.8 (9) 54.0 6 16.4 (11) —

December 46.1 6 15.5 (12) 48.3 6 16.5 (10) —

Predicted 25(OH)D score (nmol/L) 49.1 6 9.3 49.1 6 9.1 47.8 6 6.8

1 No values were significantly different between the 25(OH)D score development and validation subsamples on the basis of t tests and chi-square tests.

No statistical tests were performed to compare the development or validation subsamples to the application sample because of the lack of independence

between these samples.
2 Mean 6 SD (all such values).
3 Percentages are shown in parentheses and denote the relative frequency of the participants examined in each month.

1630 LIU ET AL



participants with all covariate information, we identified 133
incident T2D cases from the fifth to seventh examination cycle.
The association between the tertile categories of the predicted
25(OH)D score and the risk of T2D is shown in Table 3. After
adjustment for risk factors for T2D, including waist circumfer-
ence, diet quality (as assessed by the DGAI). parental history of
T2D, hypertension, low concentrations of HDL cholesterol, el-
evated concentrations of triglyceride, and impaired fasting glu-
cose, individuals in the middle and highest tertile had a 30% and

a 40% reduction in risk of development of T2D over the 7-y
follow-up compared with individuals in the lowest tertile of the
predicted 25(OH)D score, respectively (P for trend = 0.03).
When we further adjusted for other potential confounders that
were also used to calculate the 25(OH)D predicted score, in-
cluding age and sex, the association persisted.

DISCUSSION

We used a subsample of participants with plasma 25(OH)D
measurements to develop a model using known and suspected
determinants of vitamin D status to predict 25(OH)D status in the
larger cohort. This approach has been successfully used in other
cohorts to examine the relation between predicted 25(OH)D
concentrations and cancer risk (12). Consistent with the litera-
ture, we found that plasma 25(OH)D concentration was positively
associated with total vitamin D intake and inversely associated
with BMI (4, 25, 26). Men had higher plasma 25(OH)D than
women, and smokers had lower 25(OH)D than nonsmokers (27,
28). Unlike previous studies (12, 26), physical activity, pre-
sumably a proxy of outdoor exposure to sunlight, was not
a significant predictor for plasma 25(OH)D concentrations.
Physical activity may not relate to UVB exposure in our sample
because of the latitude of residence and the fact that only 11% of
our 25(OH)D measurements were taken during the summer
months (June, July, or August) when sunlight exposure is most
effective for 25(OH)D production in the northeastern United
States (29); we also did not measure factors such as clothing, use
of sunscreen, and duration spent outdoors that affect the actual
sunlight exposure during outdoor physical activity. In addition,
we could not obtain information on winter residence for our study
participants at the time of their study examinations.

By applying this model to the larger cohort, we found that the
predicted 25(OH)D score was inversely associated the incidence
of T2D after adjustment for established risk factors for T2D and
insulin resistance, including waist circumference, parental his-
tory of T2D, hypertension, low HDL-cholesterol concentrations,
elevated triglyceride concentrations, impaired fasting glucose,
diet quality, age, and sex. The appropriateness of adjustments for
age and sex, both components of the predicted score, is a potential
limitation of the current study. Failure to adjust for these variables
might result in residual confounding of the relation between the
25(OH)D score and T2D risk because age and sex are also
established risk factors for T2D. However, such adjustment may
also result in overadjustment, because these 2 variables are
constituents of the predicted 25(OH)D score. Consequently, we
presented the association without and with this adjustment. We
found that the inverse association between predicted 25(OH)D
and risk of T2D was not appreciably attenuated after further
adjustment for age and sex. Therefore, the observed association
between predicted 25(OH)D and T2D risk does not appear to be
a consequence of confounding by age and sex.

The absolute values of the predicted 25(OH)D score should
also be used cautiously because previous research has shown
large differences in 25(OH)D concentrations using different
assays or even using the same assay in different laboratories (30).
However, we have only used our predicted score to rank par-
ticipants and not to classify participants’ vitamin D adequacy.

The fact that we were only able to predict 26% of the variance
in 25(OH)D concentrations using our score in the validation

TABLE 2

Predictors of 25-hydroxyvitamin D score (n = 805)

Predictors Estimate P

Intercept 10.57 0.127

Age (y) 20.02 0.790

Sex (male vs female) 3.61 0.003

BMI (kg/m2)1 395.23 ,0.001

Total energy intake (kJ/d) 20.0007 ,0.001

Smoking

Nonsmoker 11.45 0.002

,20 cigarettes/d 11.00 0.009

�20 cigarettes/d Reference

Total vitamin D intake (lg/d)1 4.85 ,0.001

Month of blood sampling

January 1.67 0.52

February 24.05 0.09

March 21.88 0.41

April 23.31 0.16

May 5.50 0.05

June 19.13 ,0.001

July 19.22 ,0.001

August 19.04 ,0.001

September 4.12 0.16

October 6.51 0.005

November 4.99 0.04

December Reference

1 BMI was entered into the regression model as its reciprocal and total

vitamin D intake as its square root to meet the linearity assumptions.

FIGURE 2. Relation between actual and predicted 25-hydroxyvitamin D
[25(OH)D] concentrations in the validation sample (n = 769).
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sample limits our ability to accurately classify participants’
vitamin D status. This is likely to result in a reduction in the
strength of any true association between vitamin D status and
diabetes incidence. However, the fact that our regression slope
and constant relating the actual and predicted scores in the
validation sample were very close to 1 and 0, respectively,
suggests that the error in our estimates is largely random error and
that, on average, we were able to classify vitamin D status.

Finally, the predicted 25(OH)D score, which was developed
for a population from a northern latitude (Massachusetts), may
not be generalized to other populations in which sunlight ex-
posure could be the main contributor of vitamin D status.
However, this limitation strengthens the internal validity of our
finding because the residual confounding by sunlight exposure,
which was not measured in our sample, will be reduced. As we
mentioned before, only 11% of our blood samples used to
measure plasma 25(OH)D concentrations were collected in the
summer months when sunlight exposure is most effective for
vitamin D production at higher latitudes.

Our findings are consistent with the few studies that have
examined the prospective relation between vitamin D intake or
serum 25(OH)D concentration and the risk of T2D. Pittas et al (9)
found that women with a daily total calcium and total vitamin D
intake .1200 mg and 20 lg, respectively, had a 33% lower risk
of developing T2D than those with a daily calcium and vitamin D
intake ,600 mg and 10 lg. This study was limited by the use of
dietary vitamin D intake data as the exposure variable. A study
from Finland found a significant inverse association between
serum 25(OH)D concentrations and subsequent risk of T2D, but
the association was attenuated and not statistically significant in
the multivariate analysis (11). In a second Finnish study, Knekt
et al (31) found that men in the highest serum 25(OH)D quartile
had a .70% lower risk of T2D than those in the lowest quartile
after adjustment for potential confounders. However, no asso-
ciation was found among women. Although the use of 25(OH)D
concentrations in blood has the advantage of accounting for all
sources of variability in vitamin D status, these latter studies
were limited by the use of a single measurement, which may not
adequately reflect an individual’s typical status because 25(OH)
D concentrations can fluctuate dramatically from one season to

another and consequently attenuate the observed association
between 25(OH)D and T2D risk. In contrast, our predicted
25(OH)D score is not subject to seasonal variation because we
adjusted the score to a single month (May) to remove the sea-
sonal variation when we calculated the individual scores.

A recent report from the Women’s Health Initiative ran-
domized trial reported no effect of calcium plus vitamin D
supplementation (1000 mg calcium and 10 lg vitamin D daily)
on incident T2D among postmenopausal women (11). The null
result from this trial cannot exclude the possibility that vitamin D
might play roles in the development of T2D because the dose of
vitamin D in this trial was relatively low and higher doses may
be required to modify the risk of T2D. Indeed, in another trial
originally designed for bone-related outcomes, daily supple-
mentation with calcium (500 mg) and vitamin D (17.5 lg) at-
tenuated increases in glycemia and insulin resistance in adults
with impaired fasting glucose (32).

Vitamin D has been related to both pancreatic b cell dys-
function (33–39) and insulin resistance (39, 40), the 2 main
defects that determine the development of T2D. However, the
underlying mechanisms by which vitamin D may affect b cell
function and insulin resistance remain unclear. One plausible
mechanism is that poor vitamin D status induces higher para-
thyroid hormone (PTH) concentrations. The elevated PTH in
turn inhibits insulin synthesis and secretion in b cells (41) and
induces insulin resistance in target cells (42, 43) by regulating
the intracellular free calcium concentrations. Studies have
showed that increased PTH concentrations were associated with
impaired glucose tolerance and decreased insulin sensitivity
(44, 45). Another potential mechanism is stimulation of the
expression of the insulin receptor by 1,25-dihydroxyvitamin D,
thereby enhancing insulin responsiveness for glucose transport
(46, 47).

Our findings advance the hypothesis that vitamin D status is
inversely associated with T2D risk. To further our understanding
of this relation, future studies should examine the relation of
long-term estimates of vitamin D status and T2D risk, identify the
optimal vitamin D intake or 25(OH)D concentration associated
with low risk of T2D, and elucidate the underlying mechanisms
of the relation between vitamin D and T2D.

TABLE 3

Median 25-hydroxyvitamin D [25(OH)D] score, number of cases and person-years, and hazard ratios (95% CIs) for type 2 diabetes across tertile (T)

categories of predicted 25(OH)D score

Predicted 25(OH)D score tertile categories

T1 T2 T3 P for trend

Predicted 25(OH)D score (nmol/L)1 42.3 (18.8–45.6) 47.9 (45.7–50.4) 54.3 (50.5–68.8)

n 987 983 986

No. of cases 70 36 27

Person-years 6359 6441 6430

Model 12,3 1.00 0.72 (0.48, 1.10) 0.61 (0.38, 0.97) 0.03

Model 22,4 1.00 0.71 (0.46, 1.11) 0.60 (0.37, 0.97) 0.03

1 Values are medians; ranges in parentheses.
2 Values are hazard ratios; 95% CIs in parentheses.
3 Adjusted for waist circumference, parental history of diabetes, hypertension (�130/85 mm Hg), low concentrations of HDL cholesterol (,1.04 mmol/L

in men or ,1.29 mmol/L in women), elevated concentrations of triglycerides (�1.70 mmol/L), impaired fasting glucose (�5.6 mmol/L), and Dietary

Guidelines for Americans Adherence Index (n = 2956).
4 Adjusted as in model 1 and further adjusted for age and sex (n = 2956).
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