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OBJECTIVEdPeople with type 1 diabetes are at high risk of premature atherosclerosis. Existing
evidence suggests that impaired vitamin D metabolism may contribute to the development of
atherosclerosis. We tested associations of circulating vitamin D metabolite concentrations with
subclinical atherosclerosis among 1,193 participants with type 1 diabetes in the DCCT/EDIC
study.

RESEARCH DESIGN AND METHODSdWe measured plasma concentrations of
25-hydroxyvitamin D [25(OH)D], 1,25-dihydroxyvitamin D, and 24,25-dihydroxyvitamin D by
mass spectrometry at the end of the DCCT. In a staggered cross-sectional design, we tested
associations with coronary artery calcium (CAC), measured by computed tomography a median
of 10 years later, andwith common and internal carotid intima-media thickness (IMT), measured
by B-mode ultrasonography on two occasions a median of 4 years later and a median of 10 years
later. We hypothesized that lower concentrations of each vitamin D metabolite would be asso-
ciated with increased risk of CAC and greater carotid IMT.

RESULTSdAt the time metabolites were measured, mean age was 32.4 years and mean du-
ration of diabetes was 7.5 years. The prevalence and severity of CAC tended to be lowerdnot
higherdwith lower concentrations of each vitamin Dmetabolite. For instance, in a fully adjusted
multinomial logistic model, a 25 nmol/L lower 25-hydroxyvitamin D was associated with a 0.8-
fold decrease in the odds of having higher CAC (95% CI 0.68–0.96, P = 0.01). No vitamin D
metabolite was associated with either common or internal mean IMT.

CONCLUSIONSdWe did not find evidence linking impaired vitamin D metabolism with
increased subclinical atherosclerosis in type 1 diabetes.
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P remature atherosclerosis is a cause
of substantial morbidity and mor-
tality in type 1 diabetes (1). Treat-

ment to control glycemia, plasma lipids,
and blood pressure can reduce the risk of
developing cardiovascular disease (2–4).
However, identification of additional
therapeutic targets is desirable to further
reduce risk.

Existing evidence suggests that im-
paired vitamin D metabolism may pro-
mote atherosclerosis (5). In animal
experimental models, insufficient 1,25-
dihydroxyvitamin D [1,25(OH)2D, the
active vitamin D hormone] stimulates
the renin-angiotensin system, which pro-
motes vascular damage through hemo-
dynamic and metabolic effects and

unfavorably modulates immune cell func-
tion in the arterial wall (5–8). Human
studies suggest that these actions may
be clinically relevant. Low circulating
concentrations of 25-hydroxyvitamin D
[25(OH)D, reflecting total vitamin D in-
take fromcutaneous synthesis andoral con-
sumption] have been associated with
increased risks of coronary artery calcium
(CAC), cardiovascular disease events,
and death in populations with and with-
out diabetes (9–16). Also, one study
showed that low circulating levels of
1,25(OH)2D are associated with in-
creased risk of CAC (17). In addition, ge-
netic variation in CYP24A1, the main
enzyme responsible for catabolism of
25(OH)D to 24,25-dihydroxyvitamin
D3 [24,25(OH)2D3] and of 1,25(OH)2D
to 1,24,25-trihydroxyvitamin D, has
been associated with risk of CAC (18).

We measured serum concentrations of
25(OH)D, 1,25(OH)2D, and24,25(OH)2D3

among 1,193 participants in the Diabetes
Control and Complications Trial/Epide-
miology of Diabetes Interventions and
Complications (DCCT/EDIC) study. We
hypothesized that low concentrations of
each of these metabolites, reflecting de-
creased vitamin D intake, activity, and
turnover, respectively, would be associ-
ated with increased risk of subclinical car-
diovascular disease, manifest as a greater
prevalence and severity of CAC and
greater carotid intima-media thickness
(IMT).

RESEARCH DESIGN AND
METHODSdThe DCCT enrolled
1,441 persons with type 1 diabetes from
1983 to 1989 to determine the effects of
intensive diabetes therapy on long-term
complications of diabetes. Participants
were randomly assigned to intensive di-
abetes therapy aimed at lowering glucose
concentrations as close as safely possible
to the normal range or to conventional
therapy aimed at preventing symptoms
of hyperglycemia and hypoglycemia. In
1994, after completion of the DCCT,
1,375 participants (96% of the surviving
cohort) agreed to participate in the EDIC
study. During EDIC, diabetes therapy
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and glycemic control as measured by A1C
became similar in the two original DCCT
treatment groups, and yearly follow-up
has continued through the present time.
The current study includes all partici-
pants with available frozen plasma col-
lected at or near the end of the DCCT,
excluding seven participants who were
pregnant at the time of plasma collection
(N = 1,193; 83% of randomized DCCT
participants) (19).

Circulating vitamin D metabolites
Concentrations of 25(OH)D, 1,25(OH)2D,
and 24,25(OH)2D were measured in
plasma samples that were obtained at or
soon before the end of the DCCT (19). The
median calendar year of collectionwas 1992
(range 1988–1993). Vitamin D metabolites
are known to be stable during long-term
storage. Plasma samples were stored contin-
uously at2708C until measurements were
performed using high-performance liq-
uid chromatography–tandem mass spec-
trometry. These methods quantify
25(OH)D2 and 25(OH)D3 [summed to
evaluate total 25(OH)D], 1,25(OH)2D2

and 1,25(OH)2D3 [summed to evaluate
total 1,25(OH)2D], and 24,25(OH)2D3

[referred to throughout as 24,25(OH)2D]
(20–22). The lower limits of detection for
25(OH)D2, 25(OH)D3, 1,25(OH)2D2,
1,25(OH)2D3, and 24,25(OH)2D3 were
2.5 nmol/L (965 samples below), 2.5
nmol/L (0 samples below), 12.5 pmol/L
(973 samples below), 12.5 pmol/L (0 sam-
ples below), and 1.25 nmol/L (13 samples
below), respectively. Measurements that
were below the lower limits of detection
were truncated to the limit. Interassay im-
precision was 6.63% at 70.2 nmol/L for 25
(OH)D3, 5.27% at 74.5 nmol/L for 25
(OH)D2, 9.6% at 86.3 pmol/L for 1,25
(OH)2D2, 12.2% at 94.6 pmol/L for 1,25
(OH)2D3, and 10.5% at 7.9 nmol/L for
24,25(OH)2D3. The calibration for
the measurement of 25(OH)D was
verified using Standard Reference Ma-
terial 972 fromNational Institute of Stand-
ards and Technology with accuracy of
91–95% for 25(OH)D3 and 100–116%
for 25(OH)D2.

Measures of subclinical
cardiovascular disease
Computed tomography (CT) was per-
formed by certified technicians between
November 2000 and March 2003, 11–20
years after enrollment into the DCCT and
8–15 years after collection of blood for
vitamin D metabolite measurement (me-
dian 10 years), in 1,205 (86%) of the

surviving 1,404 participants with specific
patient consent. CT was performed in 19
scanning sites using a C-150 cardiac-
gated electron beam CT scanner (n = 9;
Imatron, San Francisco, CA), a Light-
speed (n = 7; General Electric Medical
Systems, Waukesha, WI), or a Volume
Zoom (Siemens, Erlanger, Germany) multi-
detector CT system; a Lightspeed Mar-
coni MX-8000 (GE); or a Somatom 4
(Siemens) (n = 3). All participants were
scanned twice over calibration phantoms
of known physical calcium concentration.
Scans were read centrally at the Harbor-
UCLA Research and Education Institute
(University of California, Los Angeles,
Torrance, CA) to identify and quantify
coronary artery calcium (CAC), calibrated
according to the readings of the phantom
using the method of Agatston et al. (23)
The average score from the two scans was
used in the analysis. Readers were masked
to subject identity and prior treatment
assignment.

Carotid IMT was measured by
B-mode ultrasonography in 1994 and again
in 2000/2001 (24). IMT was measured in
both the common and internal carotid
arteries. A single longitudinal lateral
view of the distal 10 mm of the right
and left common carotid arteries and
three longitudinal views in different im-
aging planes of each internal carotid ar-
tery were obtained. The internal carotid
artery was defined as including both the
carotid bulb and the 10-mm segment dis-
tal to the tip of the flow divider that sep-
arates the internal from the external
carotid artery. Studies were performed
by certified technicians at the clinical cen-
ters, recorded on videotapes, and read
in a central unit (Tufts University) by a
single reader (24).

Covariates
Covariates were ascertained concurrently
with measurement of vitamin D metabo-
lites. Demographic characteristics and
smoking were ascertained by question-
naire. Solar irradiation of each DCCT site
was quantified as the mean annual ultra-
violet index in 1992, as published online
by the NationalWeather Service (ftp://ftp.
cpc.ncep.noaa.gov/long/uv/cities, ac-
cessed October 2011). A1C was mea-
sured using high-performance liquid
chromatography (25). Glomerular filtra-
tion rate (GFR) was estimated using the
Chronic Kidney Disease–Epidemiology
(CKD-EPI) equation on the basis of serum
creatinine concentration, age, sex, and
race (26). In order to increase precision,

baseline albumin excretion rate (AER) for
this study was calculated as the geometric
mean of the AER measured concurrently
with vitamin D metabolites and the AER
preceding vitamin D measurement, usu-
ally within 1 year. Plasma concentrations
of parathyroid hormone and fibroblast
growth factor-23 were measured concur-
rently with vitamin D metabolites in a
subset of 300 participants using immuno-
assay and ELISA, respectively (19). Data
on vitamin D supplement use were not
available.

Statistical methods
Associations of circulating vitamin D
metabolites with CAC were assessed
with a binomial regression model to esti-
mate the relative risk for presence (vs.
absence) of CAC. A study of the Multi-
Ethnic Study of Atherosclerosis (MESA)
developed the CAC categories: 0, 0–100,
100–300, and .300 (27). Proportional
odds models were estimated using these
established categories as the outcome.
Coefficients from the polytomous model
are interpreted as the odds ratio for hav-
ing higher CAC associated with a unit
difference in the exposure (28). This
model has the advantage of using all of
the available data, while the interpreta-
tion of the coefficients remains meaning-
ful. In addition, Tobit regression models
were estimated to the combined binary
and continuous CAC outcomes (29).
Nonzero CAC scores were transformed
using the natural logarithm because the
distribution is highly skewed. The Tobit
regression coefficient represents the log
ratio of the geometric mean CAC score
per unit increase in the covariate, assum-
ing some truemeasurable calcification for
all subjects, including those with unde-
tectable levels.

Associations of vitamin D metabolites
with IMT were estimated using linear
regression. Internal carotid IMT was log
transformed prior to analysis, yielding
estimates reflecting relative differences
in internal carotid IMT. Generalized esti-
mating equations were used to determine
valid inference while using both the
measurements from 1994 and the mea-
surements from 2000/2001 for each sub-
ject simultaneously (30). Due to observed
differences in IMT between 1994 and
2000/2001, the models were adjusted
for year of measurement. No interactions
by year were observed.

Plasma 25(OH)D concentrations
were examined in clinically relevant cat-
egories: $75 nmol/L (30 ng/mL), 50–75
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nmol/L (20–30 ng/mL), and, 50 nmol/L
(20 ng/mL). Because no such categories
exist for 24,25(OH)2D and 1,25(OH)
2D, these metabolites were examined in
quartiles. Adjusted coefficients and corre-
sponding 95% CIs were generated for
each category of vitamin D metabolite,
and P values were generated evaluating
each vitamin D metabolite as a continu-
ous variable.

Models were adjusted for variables
(measured at the time of plasma collec-
tion) that could confound associations of
circulating vitamin D metabolites with
study outcomes: age (continuous), sex,
race (white vs. nonwhite), duration of
diabetes (categories), DCCT treatment
assignment, year of measurement (IMT
only), solar irradiation of DCCT/EDIC
site (continuous), BMI (continuous), AER

(continuous), and estimated GFR (con-
tinuous). P values,0.05 were considered
statistically significant. All analyses were
performed using R, version 2.15 (R Foun-
dation for Statistical Computing, Vienna,
Austria).

RESULTSdOf the 1,193 subjects in-
cluded in this study, 47% were women
and 96%were white (Table 1). At the time
of biomarker measurement (at or near the
end of the DCCT), mean age was 32.4
years, mean duration of diabetes was 7.5
years, 20% of the subjects smoked, mean
systolic blood pressure was 114.8mmHg,
andmeanLDL cholesterolwas 2.8mmol/L.
Lower plasma 25(OH)D concentration
was associated with greater age, longer
duration of diabetes, female sex, non-
white race, and higher BMI (Table 1).
Similar associations were observed for
24,25(OH)2D3 (Supplementary Table
1), which was highly correlated with
25(OH)D (Kendall t = 0.7). Lower plasma
1,25(OH)2D was associated with longer
duration of diabetes and white race (Sup-
plementary Table 2).

Coronary artery calcium
Both plasma 25(OH)D concentration and
CAC were measured in 1,081 subjects;
329 subjects had nonzero CAC scores
(30%), and among those subjects the
mean and median Agatston scores were
215.5 and 48.8, respectively, reflecting
the highly skewed distribution of CAC.
The prevalence of CAC tended to be
lowerdnot higherdwith lower concen-
trations of each vitamin D metabolite,
though none of these trends were statisti-
cally significant (Supplementary Table 3).
When CAC in multiple categories was ex-
amined as the outcome, lower circulating
levels of all three vitamin D metabolites
were associated with lower mean CAC (Ta-
ble 2). Similar associations were observed
using Tobit regression (Supplementary
Table 4). There was a suggestion of a
U-shaped relationship between plasma
1,25(OH)2D and CAC (Fig. 1). In a sep-
arate post hoc model not reported in the
tables, we used the middle two quartiles
as the reference category in a polytomous
regression model. Compared with the
middle two categories, the lowest quartile
was associated with 1.2 times the odds of
higher mean CAC (95% CI 0.8–1.7) and
the highest quartile was associated with
1.7 times the odds (1.2–1.7). Associations
of the vitamin Dmetabolites with CAC did
not differ by sex or DCCT treatment as-
signment (Supplementary Table 5).

Table 1dDescription of DCCT/EDIC study population at the time of biomarker
measurement, except for CAC/IMT measures, which occurred at year 6

Variable
All measured
participants

25(OH)D (nmol/L)

$75 50–75 ,50

N 1,193 314 550 329
Age (years)* 32.4 (2.6) 31.5 (2.6) 32.5 (2.6) 32.2 (2.6)
Diabetes
duration (years)* 7.5 (2.1) 6.8 (2) 7.5 (2.1) 7.5 (2.1)

Female sex, N (%)* 564 (47) 103 (36) 133 (47) 149 (49)
Nonwhite race, N (%)* 42 (4) 3 (1) 1 (0) 9 (3)
DCCT intensive
diabetes therapy, N (%) 598 (50) 160 (55) 139 (49) 157 (51)

Current smoking, N (%) 236 (20) 60 (21) 54 (19) 49 (16)
BMI (kg/m2)* 25.7 (1.9) 25.1 (1.7) 25.6 (1.9) 25.6 (1.8)
Systolic blood
pressure (mmHg)* 114.8 (3.4) 115.2 (3.4) 113.3 (3.4) 114.8 (3.4)

Diastolic blood
pressure (mmHg)* 74 (2.9) 74 (2.9) 72.9 (3) 74 (2.8)

A1C (%) 8.1 (1.3) 8.1 (1.2) 8.2 (1.3) 8.2 (1.3)
Iothalamate GFR (mL/min) 132.9 (4.8) 135.1 (4.3) 136.7 (5.1) 131.5 (5.1)
Serum creatinine (mmol/L) 65.3 (11.3) 70.4 (12.2) 69.1 (12.3) 54.2 (3.5)
Estimated GFR
(mL/min/1.73 m2) 122.3 (5) 124.9 (5.1) 122.7 (5) 122.5 (4.9)

Creatinine clearance
(mL/min)* 133.6 (5.6) 138.6 (5.7) 133.8 (5.6) 132.9 (5.6)

HDL cholesterol (mmol/L) 1.3 (0.6) 1.3 (0.6) 1.3 (0.6) 1.3 (0.6)
LDL cholesterol (mmol/L) 2.8 (0.9) 2.8 (0.9) 2.8 (0.9) 2.9 (0.9)
Total 25(OH)D
(nmol/L)* 63.3 (4.7) 90.8 (4) 62.2 (2.6) 38.9 (2.9)

24,25(OH)2D3 (nmol/L)* 9.9 (2.3) 15.7 (2.2) 9.6 (1.6) 4.8 (1.4)
Total 1,25(OH)2D
(pmol/L)* 107.5 (5.5) 117.9 (5.7) 105.4 (5.4) 101.1 (5.4)

FGF-23 (pg/mL)* 31.4 (2.9) 34.8 (3.1) 30.1 (2.8) 30.1 (2.7)
PTH (ng/L)* 30.8 (3.7) 26.3 (3.1) 28.1 (3.4) 30.7 (3.3)
Nonzero CAC, N (%) 329 (30) 90 (34) 85 (33) 75 (27)
CAC score (Agatston
units, among those
with CAC >0),
geometric mean
(geometric SD) 51.2 (2.5) 60.9 (2.5) 49.2 (2.5) 55.9 (2.4)

Common carotid IMT
thickness (mm) 619.8 (10.8) 615.3 (10.6) 626.2 (11.2) 607.8 (10.1)

Internal carotid IMT
thickness (mm) 729.1 (18.7) 744.3 (19.5) 761 (19.5) 713.3 (18)

Data are means (SD) unless otherwise indicated. N = 1,193 subjects underwent measurements of vitamin D
metabolites. FGF-23, fibroblast growth factor-23; PTH, parathyroid hormone. *P , 0.05 for a test com-
paring means, geometric means, or proportions, where appropriate, across 25(OH)D groups.
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IMT
Both plasma 25(OH) concentrations and
carotid IMT were measured among 1,086
participants in 1994 and 991 participants
in 2000/2001. The distribution of com-
mon IMT was unimodal and approxi-
mately symmetric, while the distribution
of internal IMT was skewed to the right.
The mean (SD) common carotid IMT in
1994 was 581 (86) mm and in 2000/2001
was 620 (117) mm. The mean internal ca-
rotid IMT in 1994 was 642 (221) mm and
in 2000/2001 was 729 (349) mm. There
was a suggestion that the lowest concen-
trations of 25(OH)D and 1,25(OH)2D
were associated with modestly greater
common carotid IMT, but none of the
three vitamin D metabolites were signifi-
cantly associated with either common or
internal mean IMT (Table 3). No plasma
vitamin D metabolite was associated with
mean IMT measured in 1994 only (eval-
uated using linear regression) or with
change in IMT from 1994 to 2000/2001
(evaluated using generalized estimating

equations including time–by–vitamin D
metabolite interactions). Associations of
the vitamin D metabolites with IMT did
not differ by sex or DCCT treatment as-
signment (Supplementary Table 5).

CONCLUSIONSdIn this study of
1,193 people with type 1 diabetes, we
did not observe the hypothesized associ-
ations of lower plasma vitamin D metab-
olite concentrations with increased risks
of subclinical cardiovascular disease, as
measured by CAC or carotid IMT. To our
surprise, we observed trends toward as-
sociations of lower concentrations of vi-
tamin D metabolites with reduced CAC
prevalence and severity, while risk esti-
mates for IMT were close to null. Our
findings contrast with those of previous
studies that have shown associations of
low serum concentrations of 25(OH)D
and 1,25(OH)2D with increased risk of
CAC and cardiovascular mortality.

A number of prior studies have re-
ported associations of low circulating

25(OH)D or 1,25(OH)2D concentrations
with increased risk of coronary heart dis-
ease. Among 374 participants in the Cor-
onary Artery Calcification in Type 1
Diabetes (CACTI) study, circulating
25(OH)D ,50 nmol/L was associated
with a 3.3-fold increased odds of preva-
lent CAC compared with 25(OH)D $75
nmol/L in minimally adjusted analyses
(15). Among 200 Steno Clinic patients
with type 2 diabetes, plasma 25(OH)D
,12.5 nmol/L (N = 19) was associated
with increased risk of Agatston coronary
calcium score $400 compared with
25(OH)D $12.5 nmol/L (16). Among
1,370 mostly nondiabetic participants in
MESA, each 25 nmol/L decrement in
25(OH)D was associated with a 23% in-
creased risk of developing CAC over 3
years’ median follow-up (10). Lower
25(OH)D concentration has also been as-
sociated with increased risks of cardiovas-
cular disease events in the general
population (30,31) and with increased
mortality risk in types 1 and 2 diabetes
(12,14), each presumably reflecting in
part an increased tendency to develop
coronary heart disease. Lower circulating
1,25(OH)2D concentrations were associ-
ated with increased risk of prevalent CAC
among a population referred for evalua-
tion of hyperlipidemia and with a trend
toward increased risk of incident CAC in
MESA (10,17).

Differences in our results compared
with prior studies may reflect differences
in study population, study design, or
covariate adjustment. Regarding study
population, associations of vitamin D
metabolite concentrations with athero-
sclerosis could conceivably vary by age,
sex, or diabetes status, which differ sub-
stantially in the studies noted above. Our
study is most similar to the CACTI study,
since both evaluated participants with
type 1 diabetes, evaluated 25(OH)D using
similar assays and categories, and mea-
sured CAC at similar ages. However,
compared with CACTI, mean plasma
25(OH)D concentration (63.2 vs. 88.1
nmol/L) and the prevalence of CAC (30
vs. 45.5%) were each lower in our study.
There were also differences in study de-
sign and covariate adjustment. Specifi-
cally, we measured CAC a median of 10
years after circulating vitamin D metabo-
lites and thus tested associations of vita-
min D metabolites with a combination of
prevalent and incident CAC in a staggered
cross-sectional analysis. The timing of the
vitamin D and CAC measurements is
temporally appropriate and clinically

Table 2dAssociations of circulating vitamin D metabolites measured at the end of the DCCT
with CAC measured during the EDIC study among 1,081 DCCT/EDIC participants

Vitamin D metabolite N Mean CAC (SD) Model 1** Model 2***

25(OH)D
$75 nmol/L 285 92.34 (340.84) 1 (ref.) 1 (ref.)
50–75 nmol/L 503 63.81 (253.64) 0.89 (0.63–1.25) 0.86 (0.61–1.21)
,50 nmol/L 293 42.56 (138.74) 0.79 (0.53–1.18) 0.7 (0.47–1.05)
P 0.51 0.223
Per 25 nmol/L lower* 0.86 (0.72–1.01) 0.8 (0.68–0.96)
P* 0.071 0.013

24,25(OH)2D
$12.7 nmol/L 264 86.67 (331.34) 1 (ref.) 1 (ref.)
9.4–12.7 nmol/L 257 72.69 (272.61) 0.82 (0.55–1.22) 0.79 (0.53–1.17)
6.2–9.4 nmol/L 283 57.39 (229.81) 0.63 (0.42–0.94) 0.61 (0.41–0.91)
,6.2 nmol/L 267 48.6 (175.74) 0.66 (0.44–0.99) 0.59 (0.39–0.89)
P 0.093 0.037
Per 2.5 nmol/L lower* 0.93 (0.87–1) 0.91 (0.85–0.98)
P* 0.055 0.015

1,25(OH)2D
$122 pmol/L 247 79.83 (261.47) 1 (ref.) 1 (ref.)
101–122 pmol/L 259 46.01 (225.62) 0.59 (0.4–0.89) 0.6 (0.4–0.9)
88–101 pmol/L 244 46.72 (203.4) 0.56 (0.36–0.85) 0.56 (0.37–0.86)
,88 pmol/L 286 79.71 (280.2) 0.72 (0.49–1.08) 0.69 (0.46–1.03)
P 0.024 0.029
Per 25 pmol/L lower* 0.9 (0.79–1.01) 0.88 (0.78–1)
P* 0.084 0.055

Data are adjusted odds ratio (95%CI) unless otherwise indicated. Estimates are odds ratios from polytomous
logistic regression models in the CAC categories 0, 0–100, 100–300, and .300. Odds ratio estimates are
interpreted as the odds of an increase to the next highest category associated with a unit difference in the
exposure. Model 0 is adjusted only for scanner type. **Adjusted for scanner type, age, and duration of di-
abetes at the time of biomarker measurement as well as sex, race, and DCCT treatment assignment.
***Additionally adjusted for BMI, AER, and estimated GFR at the time of biomarker measurement as well as
solar irradiation of DCCT clinic site. *Evaluates each vitamin Dmetabolite as a continuous variable, scaled as
indicated. P value for trend created using this model.
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meaningful. Coronary atherosclerosis de-
velops over many years, and in type 1
diabetes one might expect impaired vita-
min Dmetabolism assessed in the early 30s
to manifest as subclinical atherosclerosis in
the early 40s. Covariate adjustment ex-
posed trends toward direct correlations of
vitamin D metabolite concentrations
with CAC prevalence and severity in our
studydopposite our hypothesis. Similarly,
covariate adjustment attenuated associa-
tions of 25(OH)D concentration with
CAC in the CACTI and MESA studies
and rendered associations statistically in-
significant inCACTI. The StenoCAC study
did not include adjustment for BMI, which
is an important potential confounder. This
highlights the susceptibility of 25(OH)D
analyses to confounding and suggests that
residual confounding may have affected
some prior studies.

In view of conflicting prior reports,
the association of higher circulating vita-
min D metabolite concentrations with
greater CAC was surprising and should
be viewed with caution. This result was
only significant after multivariable adjust-
ment, and we are unaware of a convincing

biologic explanation. Several studies have
reported U-shaped associations of circu-
lating 25(OH)D concentration with risk
of adverse health outcomes (32). Simi-
larly, in a mouse model of chronic kidney
disease, 1,25(OH)2D3 administration
protected against aortic calcification at
low doses but promoted aortic calcifica-
tion at high doses (33). These studies sug-
gest that excess vitamin D may be
harmful, perhaps by promoting extraoss-
eous calcification. However, in our pop-
ulation, circulating vitamin D metabolite
concentrations did not reach into a range
high enough to expect such effects.

Current data evaluating the associa-
tion of vitamin D with carotid atheroscle-
rosis are limited. Inverse cross-sectional
correlations of circulating 25(OH)D con-
centrations with carotid IMT have been
demonstrated in several studies (9,11,13),
while negative findings have also been re-
ported (34,35). Positive studies have
shown stronger associations with IMT in
the internal carotid artery, while the nega-
tive studies onlymeasured IMT in the com-
mon carotid artery. In this study, we
measured IMT in both the internal and

common carotid arterydeach on two oc-
casions. However, no association of any vi-
taminDmetabolite was observed with IMT
measured at either site.

Strengths of this study include the
assessment of a large type 1 diabetic
population, use of novel and specific
mass spectrometry assays for three com-
plementary circulating vitamin D metab-
olites, use of two establishedmeasurements
of subclinical CVD, and a combination of
detailed baseline covariate data and a rel-
atively homogenous study population that
minimizes the risk of confounding. Limi-
tations include the availability of vitamin D
metabolitemeasurements at only one point
in time, availability of CAC measures at
only one point in time, and the observa-
tional nature of the EDIC study, which
allows for unmeasured confounding and
precludes inferences about causality.
25(OH)D concentrations have been ob-
served to be relatively stable within indi-
viduals over time (36), and our study was
conducted during a period in which vita-
min D supplementation was not common.
However, unmeasured changes in vitamin
D metabolite concentrations over time

Figure 1dDistributions of CAC by categories of circulating vitamin D metabolites among 1,081 DCCT/EDIC participants.
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could still lead to misclassification and bias
results toward the null. In conclusion, we
did not find evidence linking impaired vi-
tamin D metabolism with increased risk of
subclinical CVD in type 1 diabetes.
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