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Context: Low levels of serum 25 Hydroxyvitamin D [25(OH)D] have been linked to greater fracture
risk in older women.

Objective: This study aimed to determine whether higher 25(OH)D is associated with slower loss
of bone mineral density (BMD) and lower fracture risk during the menopausal transition.

Design, Setting, and Participants: This was a prospective cohort study at five clinical centers in the
United States. Mean age was 48.5 � 2.7 years. The fracture analysis included 124 women with an
incident traumatic fracture, 88 with incident nontraumatic fracture, and 1532 women without
incident fractures; average followup was 9.5 years. BMD analysis included 922 women with a
documented final menstrual period.

Main Outcome Measures: Serum 25(OH)D was measured by liquid chromatography tandem mass
spectrometry at the third annual clinic visit. BMD was measured and incident fractures ascertained
at each annual visit.

Results: The mean 25(OH)D was 21.8 ng/mL; seven-hundred two (43%) of the women had 25(OH)D
values �20 ng/mL. There was no significant association between 25(OH)D and traumatic fractures.
In multivariate adjusted hazards models, the hazard ratio (HR) for nontraumatic fractures (95%
confidence interval [CI]) was 0.72 (0.54–0.96) for each 10-ng/mL increase in 25(OH)D. Comparing
women whose 25(OH)D was �20 vs �20 ng/mL, the HR (95% CI) for fracture was 0.54 (0.32–0.89).
Changes in lumbar spine and femoral neck bone mineral density across menopause were not
significantly associated with serum 25(OH)D level.

Conclusion: Serum 25(OH)D levels are inversely associated with nontraumatic fracture in mid-life
women. Vitamin D supplementation is warranted in midlife women with 25(OH)D levels �20
ng/mL. (J Clin Endocrinol Metab 100: 2046–2054, 2015)

The menopausal transition (MT) is a time of dynamic
changes in a variety of physiologic and psychosocial

parameters. Accelerated bone loss is one of the classic
changesassociatedwith theMT.Anearly studybyHeaney

et al (1) showed in 1978 that perimenopausal women and
estrogen-treated women reached neutral calcium balance
with calcium intakes of 990 mg/d, whereas untreated post-
menopausal women required more daily calcium (1504
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mg/d) to achieve neutral calcium balance. Vitamin D plays
an important role in calcium absorption and this early
report suggested that menopausal status may influence
calcium balance (1).

Low 25(OH)D levels have been linked to fracture in
women in some studies (2–7) but not all (8–11). For the
mostpart, an increased fracture riskwasobservedwithhip
fractures and results were less consistent for nonhip frac-
tures. Finally, all of the previous reports in women have
focused on postmenopausal women, most age 65 years or
older. There is little known regarding 25(OH)D and frac-
ture in women at midlife, who are transitioning through
menopause. If an association exists, then identification of
midlife women with low 25(OH)D and providing supple-
mentation may reduce their fracture risk.

The 2010 Institute of Medicine (IOM) report con-
cluded for individuals aged 19–50 and 51–70 years, that
there is “fair” evidence to support an association between
25(OH)D and bone mineral density (BMD) or changes in
BMD (12). However, none of the evidence characterized
women by their menopausal status. It is currently un-
known whether 25(OH)D modifies the rates of trans-
menopausal bone loss, whether there is a specific thresh-
old of 25(OH)D below which rates of bone loss accelerate
and fractures increase and whether known racial differ-
ences in 25(OH)D levels contributes to racial/ethnic vari-
ation in rates of bone loss across menopause.

We have shown in the Study of Women’s Health Across
the Nation (SWAN) that the cumulative amount of bone
loss was greatest from 1 year before through 2 years after
the final menstrual period (FMP), termed the transmeno-
pause (13). Changes in estradiol and follicle stimulating
hormone (FSH) paralleled these BMD changes in the lum-
bar spine (14). It is possible that other biomarkers, eg,
serum 25(OH)D also contribute to these transmenopausal
changes in BMD.

We used data from the SWAN study to test the hypoth-
esis that circulating 25(OH)D level measured in women
who were for the most part either premenopausal or peri-
menopausal predicted fractures and BMD changes over
the MT.

Study sample
SWAN is a multisite, community-based, longitudinal

cohort study of the MT (15). Eligibility criteria were: age
between 42 and 52 years, intact uterus and at least one
intact ovary, not using hormone therapy (HT) at SWAN
baseline, at least one menstrual period in the 3 months
before screening, and self identification as a member of
one of five eligible race/ethnic groups. Participants were
enrolled at seven sites in the United States: Boston, MA;
Chicago, IL; Detroit, MI; Pittsburgh, PA; Los Angeles,

CA; Newark, NJ; and Oakland, CA (N � 3302). All sites
enrolled White participants; Boston, Chicago, Detroit,
and Pittsburgh enrolled Black participants, and the re-
maining three sites enrolled Japanese, Hispanic, and Chi-
nese women, respectively at baseline (visit 0). The Chicago
and Newark sites did not measure BMD, leaving a poten-
tial of 2413 participants for the SWAN BMD cohort. Of
these, 2067 were enrolled in the bone cohort at visit 2. The
current analysis includes data from visit 2 (1998–2000) to
follow-up visit 12 (2009–2011).

Blood collection
If women were cycling regularly, fasting blood samples

were collected before 1000 h on days 2–5 of the menstrual
cycle whenever possible. If 60 days passed without being
able to collect the samples in this window, fasting blood
samples were collected before 1000 h any time over the
next 30 days. We noted whether the sample was collected
in the window or not.

Serum 25 hydroxyvitamin D
25(OH)D was measured by liquid chromatography

tandem mass spectrometry using visit 2 fasting serum in
women enrolled in the BMD cohort (16). The limit of
detection for D2 was 2 ng/mL and D3, 3 ng/mL. D2 and D3

were summed and total 25(OH)D was reported. The in-
terassay coefficient of variation for a quality control serum
containing a total vitamin D concentration of 23 ng/mL
was 7.5%.

Covariates
Time-varying covariates were updated at each annual

visit. Age (y), education, self-defined race/ethnicity (Black,
white, Chinese, Japanese), menstrual bleeding patterns,
menopausal HT use (yes/no, time varying), use of any
medication that affects bone density (yes/no, time varying)
were obtained using annual, standardized interviews.
Menopause transition stages (time varying, based on re-
ported annual bleeding patterns) were defined as: pre-
menopausal (regular menses, no change from individual’s
pattern), early perimenopausal (menses within the last 3
months but less predictable than individual’s pattern), late
perimenopausal (�3 but �12 consecutive mo amenor-
rhea), and postmenopausal �12 mo without menses).
Weight (kg, time varying) and height (m) were assessed
annually using calibrated scales and stadiometers. Body
mass index (BMI; kg/m2 time varying) was calculated
annually.

Questionnaires administered at visit 2 included infor-
mation on smoking, self-reported health status, fracture
history, prevalent conditions (diabetes, arthritis,osteopo-
rosis) and the 36-item short form (SF-36) physical func-
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tioning score (17). Fracture history includes all fractures
prior to SWAN and up to and including fracture history at
SWAN visit 2. Physical activity was measured using the
modified Baecke instrument (18). A food frequency ques-
tionnaire was administered at baseline (2 y before
25(OH)D was measured). Information on supplemental
calcium and vitamin D (yes/no) was obtained at visit 2,
concurrent with 25(OH)D measures.

Bone mineral density
Lumbar spine (LS) and femoral neck (FN) BMD (g/cm2)

were measured annually using Hologic instruments (Ho-
logic, Inc., Waltham, MA). Three sites used Hologic
4500A models throughout. Two sites upgraded from
2000 to 4500A models at follow-up visit 8 (2004–2006).
These sites scanned 40 women on both their old and new
machines to develop cross-calibration regression equa-
tions. A standard quality control program conducted in
collaboration with Synarc, Inc. (Newark, CA) included
daily phantom measurements, local site review of all
scans, central review of scans that met problem-flagging
criteria, and central review of a 5% random sample of
scans. Short-term in vivo measurement variability was
0.014 g/cm2 (1.4%) for the LS and 0.016 g/cm2 (2.2%) for
the FN. The BMD trajectories were divided into three lin-
ear segments in relations to the FMP (time 0): years �5 to
�1, relative to the FMP, termed pretransmenopause; years
�1 to�2relative to theFMP, termed transmenopauseand
years �2 to �8 after the FMP termed postmenopause.

Fractures
Incident fractures that occurred after visit 2 (1998–

2000) were ascertained at each annual visit by self report.
Digit and facial fractures were excluded. The accuracy of
self report of fractures was verified from visits 7 (2003–
2005) to 12 (2009–2011) by review of radiology reports.
The false-positive rate was 4.6%. If a fracture occurred,
the participants were asked about the circumstances of the
fracture. A traumatic fracture was defined as a fracture
that resulted from a fall greater than a standing height,
motor vehicle accident, occurred while playing sports, or
occurred because something fell on them. Nontraumatic
fractures were those that resulted from a standing height
or less. The average followup for this analysis was 9.5 �

2.62 years (range, 1–11 y).

Statistical analyses
The flow chart for the analytic sample is shown in Supple-

mentalFigure1.Ofthe1756womenwith25(OH)DandBMD
data at visit 2, 124 experienced a traumatic fracture and 88, a
nontraumatic fracture. The analytic sample for BMD changes

overtheMTincluded922withFMPdocumentation.FMPwas
defined retrospectively using bleeding diaries.

We used �2 tests and ANOVA to compare character-
istics of women at visit 2 who did not fracture and those
that experienced an incident traumatic or nontraumatic
fracture. For continuous variables that were skewed,
we used Wilcoxon Rank Sum tests. To assess confound-
ing, we compared the characteristics of women by race/
ethnicity. We assessed the association between serum
25(OH)D and fracture using discrete time survival anal-
yses method. We calculated the hazard ratio (HR) (95%
confidence interval) per 10 ng/mL increase in 25(OH)D
and in women with 25(OH)D at least 20 ng/mL vs less
than 20 ng/mL. The cutoff of 20 ng/mL was chosen be-
cause of the IOM recommendation (12). The base model
was adjusted for age, site, and race/ethnicity. Multivariate
models included variables in the base model as well as
prior fracture history, SF-36 physical functioning score,
current use of HT, BMI, physical activity, education, lum-
bar spine BMD, calcium and vitamin D supplements, cor-
ticosteroids, diabetes, and dietary calcium. We used Ka-
plan-Meier cumulative hazard curves with log-rank tests
to assess the cumulative hazard of fracture using the IOM
cutoff. To test for a threshold of 25(OH)D and fracture,
we used cubic splines with automatic placement of knots
at 5, 25, 50, and 75th percentile of 25(OH)D. We com-
pared the average annual percent decline in BMD in the
premenopause, transmenopausal, and postmenopause
comparing women with 25(OH)D less than 20ng/mL vs at
least 20 ng/mL using mixed models. All BMD models were
adjusted for age, site, and BMI. Black women had lower
25(OH)D and slower BMD loss over the MT (13). Thus,
because of confounding of 25(OH)D, race and annualized
% change in BMD, we ran separate models for Black and
Non-Black women.

Results

The mean 25(OH)D was 21.8 ng/mL but differed mark-
edly by race/ethnicity with white participants having the
highest 25(OH)D levels; Black women, the lowest; and
Chinese and Japanese women having intermediate levels
(Table 1). Overall, 752 (43%) had 25(OH)D less than
20.0 ng/mL and 380 (22%) had a value at least 30 ng/mL
(Table 1). However, 80% of Black women had a
25(OH)D less than 20 ng/mL. Women were on average 48
years old at the time 25(OH)D was measured. The average
BMI was 27.6 kg/m2 but ranged from 23.5 kg/m2 in the
Asian women to 31.7 kg/m2 in the Black women. BMD
was greatest in the Black women and approximately 1 SD
higher than BMD in the Chinese and Japanese women.
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Most women had a high school education or greater.
Overall, approximately 12% of women were current
smokers and the rate of smoking was highest in the Black
women (21%). The prevalence of preexisting conditions
was low, although 12% of Black women had diabetes
compared with an overall cohort prevalence of 5%. Phys-
ical activity scores were highest in Caucasian and Japanese
women and lowest in Chinese and Black women. Few
women reported poor/fair health status with a higher
prevalence among Chinese, Black, and Japanese women
compared with white women.

At visit 2, 1301 (74%) of the participants were pre or
early perimenopausal; 127 (7.2%), late perimenopausal,
and 88 (5%), postmenopausal. Menopausal status was
unknown for 240 (13.7%) women primarily because of a
prior hysterectomy or use of HT. Dietary calcium and
vitamin D intake averaged approximately 650 mg and 105

IU/d, respectively. Use of calcium or vitamin D supple-
ments was reported by approximately 40–45% of the
women. Approximately 16% of women reported a posi-
tive history of fracture with higher prevalence in Whites
and Blacks compared with Japanese and Chinese women.

Fracture and 25(OH)D
Over an average of 9.5 years 124 (7.0%) experienced

an incident traumatic fracture and 88 (5.4%) an inci-
dent nontraumatic fracture. Seventy-nine (8.9%) White
women experienced a traumatic fracture as well as 21
(5.2%) Black women, 16 (7.4%) Chinese women, and
eight (3.3%) Japanese women. Nontraumatic fractures
were experienced in 52 (5.9%) White women, 22 (5.45%)
Black women, five (2.3%) Chinese women, and nine
(3.75%) Japanese women. The most common traumatic
fractures were leg (33), hand/wrist (23), and foot/ankle

Table 1. Characteristics of SWAN Women With 25(OH)D Measurements

Variable Blacks Whites Chinese Japanese Total P Value

N 405 894 217 240 1756
Age, ya,b 48.4 (2.6) 48.5 (2.8) 48.6 (2.6) 48.8 (2.6) 48.5 (2.7) .19
BMI, kg/m2a,b 31.7 (7.1) 28.0 (6.5) 23.5 (3.8) 23.5 (3.6) 27.6 (6.7) .0001
Height, cma,b 163.6 (5.8) 164.1 (6.1) 158.0 (5.3) 157.0 (4.8) 162.1 (6.6) .0001
Weight, kga,b 84.5 (19.2) 75.3 (18.2) 58.5 (10.1) 57.7 (8.8) 72.9 (19.2) .0001
Spine BMDa,b 1.1 (0.15) 1.06 (0.13) 1.03 (0.12) 1.01 (0.12) 1.1 (0.14) .0001
Femoral nck BMDa,b .94 (0.14) 0.82 (0.11) 0.77 (0.10) 0.77 (0.09) 0.83 (0.13) .0001
Serum 25(OH)D, ng/mLa,b 14.1 (7.5) 25.3 (9.7) 20.1 (7.2) 23.4 (7.8) 21.8 (9.8) .0001

� 20 ng/dLc 322 (79.5) 256 (28.6) 105 (48.4) 69 (28.8) 752 (42.8) .0001
Educationc .0001

� High school 120 (30.2) 123 (13.8) 60 (27.7) 42 (17.5) 345 (19.7)
� High school 277 (69.8) 768 (86.2) 157 (72.3) 198 (82.5) 1400 (80.2)

Tobacco Usea,c .0001
Past 4 (1.0) 7 (0.8) 0 (0.0) 1 (0.1) 12 (0.7)
Current 86 (21.2) 91 (10.2) 3 (1.3) 24 (1.4) 204 (11.6)

Pre-existing conditionsa,c

Diabetes 49 (12.1) 36 (4) 6 (2.8) 4 (1.7) 95 (5.4) .0001
Osteoporosis 4 (1.0) 2 (0.9) 1 (0.4) 1 (0.1) 8 (0.5) .31
Arthritis 65 (16.0) 71 (7.9) 13 (6.0) 8 (3.3) 157 (8.9) .0001

Physical activity scorea,b 7.3 (1.8) 8.1 (1.8) 7.3 (1.7) 7.9 (1.6) 7.8 (1.8) .0001
Self-reported health status,

poor/faira,c
70 (17.3) 53 (6.0) 47 (21.7) 34 (14.2) 204 (11.7) .0001

Calcium (mg/d) dietaryd 568 (460.7) 742.7 (506.7) 599.3 (486.9) 585 (427.2) 652.6 (490) .0001
Vitamin D (IU) dietaryd 91.3 (96.8) 119.7 (122.8) 1.0.03 (122.1) 89.9 (112.3) 105.2 (115.2) .0001
History of fractures, prior

or/at visit 2a,c
63 (15.6) 175 (19.6) 18 (8.3) 13 (5.4) 269 (15.3) .0001

Menopausal status, visit 2a,c .0001
Premenopausal 59 (14.6) 162 (18.1) 39 (18.0) 39 (16.3) 299 (17.0)
Early perimenopausal 225 (55.6) 485 (54.3) 137 (63.1) 155 (64.6) 1002 (57.1)
Late perimenopausal 43 (10.6) 55 (6.2) 11 (5.1) 18 (7.5) 127 (7.2)
Postmenopausal 26 (6.4) 36 (4.0) 17 (7.8) 9 (3.8) 88 (5.0)
Unknown 52 (12.8) 156 (17.4) 13 (6.0) 19 (7.9) 240 (13.7)

Menopausal hormone user,
visit 0, 1, or 2c

47 (11.6) 166 (18.6) 15 (6.9) 21 (8.8) 249 (14.2) .0001

Abbreviation: IQR, interquartile range.
a Information collected at visit 2; all other information at visit 0.
b Data presented as mean (SD).
c Data present as n (%).
d Data presented as mean (IQR).
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(19). The most common nontraumatic fractures were leg
(28), foot/ankle (17), and hand/wrist (12). In comparison
with women who did not fracture, women who experi-
enced a traumatic fracture were slightly older, taller, had
significantly lower BMD, and were more likely to report
prevalent diabetes, a prior history of fractures, calcium
supplement use, and corticosteroid use (Table 2). Of in-
terest, mean 25(OH)D was higher in women with a trau-
matic fracture compared with women without a fracture.

Women who experienced a nontraumatic fracture in
comparison with women who did not fracture had a
slightly higher BMI (P � .07), were less likely to report
smoking (P � .04) and more likely to report diabetes (P �
.08), corticosteroids (P � .08), and had a significantly
lower vitamin D intake. Circulating 25(OH)D was mar-
ginally lower among those with a nontraumatic fracture
compared with nonfracture women, (19.7 vs 21.8 ng/mL),
(P � .06) respectively.

Table 2. Characteristics of Women at Visit 2 by Incident Fracture Status After Visit 2

Variable

Fracture P Values

None
(n � 1532)

Traumatic
(n � 124)

Non-
Traumatic
(n � 88)

Non-Traumatic
Versus No
Fracture

Traumatic
Versus No
Fracture

Age, ya 48.5 (2.7) 49.0 (2.9) 48.4 (8.6) .74 .04
BMI, kg/m2a 27.6 (6.7) 27.1 (5.8) 29.0 (7.5) .07 .39
Height, cma 162.0 (6.6) 163.1 (5.9) 162.5 (5.9) .55 .08
Weight, kga 72.9 (19.3) 72.5 (16.7) 76.8 (20.9) .07 .80
Spine BMD, g/cm2a 1.07 (0.14) 1.04 (0.13) 1.05 (0.12) .17 .01
Femoral Neck BMD, g/cm2a 0.84 (0.13) 0.80 (0.11) 0.83 (0.12) .84 .002
Total Hip BMD, g/cm2a 0.96 (0.14) 0.92 (0.13) 0.95 (0.14) .85 .012
Serum 25(OH)D, ng/mLa 21.8 (9.7) 24.0 (10.7) 19.7 (8.6) .06 .025
Educational attainmentb .40 .11

� High school 305 (19.9) 15 (12.1) 22 (25.0) — —
� High school 1217 (79.4) 108 (87.1) 66 (75.0) — —

Tobacco useb .04 .95
Past 9 (0.6) 1 (0.8) 2 (2.3) — —
Current 180 (11.7) 15 (12.1) 6 (6.8) — —

Pre-existing conditionsb — —
Diabetes 74 (4.8) 12 (9.7) 8 (9.1) .08 .019
Arthritis 128 (8.4) 17 (13.7) 11 (12.5) .38 .12

Physical activitya 7.8 (1.8) 7.8 (1.8) 7.6 (1.8) .49 .85
Self-reported health status, poor/fairb 173 (11.3) 16 (12.9) 13 (14.8) .72 .88
Menopausal statusb .86 .29

Premenopausal 270 (17.6) 15 (12.1) 15 (12.1) — —
Early perimenopausal 875 (57.1) 71 (57.3) 71 (57.3) — —
Late perimenopausal 109 (7.1) 11 (8.9) 11 (8.9) — —
Postmenopausal 73 (4.8) 10 (8.1) 10 (8.1) — —
Unknown/hysterectomy 205 (13.4) 17 (13.7) 17 (13.7) — —

SF-36 role–physical scores (higher value better
function)b

.063 .082

0–24 168 (11.0) 21 (16.9) 13 (14.9) — —
25–49 81 (5.3) 8 (6.5) 9 (10.3) — —
50–74 106 (6.9) 7 (5.7) 9 (10.3) — —
75–99 137 (9.0) 14 (11.3) 10 (11.5) — —
100 1036 (67.8) 74 (59.7) 46 (52.9) — —

Calcium, mg/d
Dietaryc,d 651.5 (487.6) 680.2 (525.2) 616.4 (435.1) .32 .68
Supplements, yesb 678 (44.3) 74 (59.7) 38 (43.2) .82 .003

Vitamin D, IU
Dietaryc,d 106.7 (116.3) 101.8 (112.5) 78.4 (108.9) .02 .57
Supplements, yesb 578 (37.7) 64 (51.6) 29 (33.0) .24 .45

History of fractures prior or at visit 2b 205 (13.4) 46 (32.3) 22 (25.0) .54 �.0001
Corticosteroid medicationsb 114 (7.4) 18 (14.5) 11 (12.5) .08 .005
Menopausal hormone use (visit 0, 1, or 2)b 234 (15.3) 24 (19.4) 19 (21.6) .11 .23

Abbreviation: IQR, interquartile range.
a Data presented as mean (SD).
b Data present as n (%).
c Data presented as mean (IQR).
d Dietary data limited to food frequency questionnaire administered at baseline (visit 0).
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There was no association between 25(OH)D and trau-
matic fractures, Table 3. For every 10 ng/mL increase in
25(OH)D, the HR (HR) (95% confidence interval) of
traumatic fractures was 1.02 (0.80, 1.28). Women with
25(OH)D at least 20 ng/mL had a similar risk of traumatic
fracture as women with lower levels.

In contrast, the cumulative hazard of nontraumatic
fracture was lower among women with 25(OH)D at least
20 ng/mL (Figure 1; P � .08). For every 10 ng/mL increase
in 25(OH)D, the HR for nontraumatic fracture was 0.72
(0.54–0.96) (Table 3). Comparing women with 25(OH)D
at least 20 ng/mL with those less than 20 ng/mL, the mul-
tivariable-adjusted HR was 0.54 (0.32–0.89). Over the
full range of 25(OH)D, we found no significant threshold
(Figure 2). The association between 25(OH)D and non-
traumatic fracture seemed linear with decreasing risk with
increasing 25(OH)D. We were not able to examine the
25(OH)D fracture association separately by race/ethinic-
ity but in sensitivity analyses, we excluded Black partici-
pants from the nontraumatic fracture analysis and results
were similar, multivariate-adjusted model at least 20

ng/mL vs less than 20 ng/mL; HR, 0.59 (95% CI, 0.34–
1.02). We also excluded women who were already post-
menopausal at visit 2 and results were similar: HR, 0.54
(95% CI, 0.32–0.89).

BMD across the menopausal transition and
25(OH)D

The annual percentage loss in LS and FN in each of the
three periods (eg, pretransmenopause, transmenopause,
and postmenopause) by 25(OH)D status is summarized in
Table 4. There was no difference in the annualized slopes
for those with 25(OH)D less than 20ng/mL or at least 20
ng/mL in any menopausal period. This was true in both
non-Black and Black women. The annualized rates of
BMD loss were greatest in the transmenopausal period

Figure 1. Cumulative hazard of nontraumatic fractures by 25(OH)D:
� 20 ng/mL vs � 20 ng/mL.

Figure 2. Cubic spline graph: 25(OH)D and nontraumatic fractures
over the full range of 25(OH)D.

Table 3. 25(OH)D and Incident Traumatic and
Non-Traumatic Fracture Over the Menopausal Transition

Fractures
Base Model,
HR (95% CI)a

Multivariate
Model, HR
(95% CI)b

Traumatic fractures
Per 10 ng/mL

increase
1.14 (0.94–1.37) 1.02 (0.80–1.28)

�20 vs �20 ng/mL 1.24 (0.83–1.87) 1.11 (0.70–1.77)
Non-traumatic fractures

Per 10 ng/mL
increase

0.75 (0.58–0.96) 0.72 (0.54–0.96)

�20 vs �20 ng/mL 0.55 (0.35–0.86) 0.54 (0.32–0.89)

Abbreviation: 95% CI, 95% confidence interval.
a Adjusted for age, site, and race.
b Base model � fracture history, prior and current menopausal
hormone therapy, BMI, physical activity, SF-36 Role–physical
functioning score, education, lumbar spine BMD, calcium and vitamin
D supplements, corticosteroids, diabetes, and dietary calcium.

Table 4. Lumbar Spine and Femoral Neck BMD
Annualized Percent Changes (%/y) Across the
Menopausal Transition by 25(OH)D

Spinal Changes

Non-Blacks Blacks

<20
ng/mL

>20
ng/mL

<20
ng/mL

>20
ng/mL

Lumbar spine
Pre-transmenopause

(�5 FMP to �1)
�0.83 �0.89 �0.53 �0.40

Transmenopause
(�1 FMP to �2)

�2.20 �2.50 �1.50 �1.30

Post-menopause
(�2 to 8 yr)

�1.40 �1.50 �1.00 �1.00

Femoral Neck BMD
Pre-transmenopause

(�5 FMP to �1)
�0.50 �0.46 �0.53 �0.31

Transmenopause
(�1 FMP to �2)

�1.80 �1.70 �1.30 �0.70

Post-menopause
(�2 to �8 y)

�1.20 �1.20 �1.10 �1.10

Bolded values indicate significant bone loss; P � .004.

No difference in rates of BMD loss by 25(OH)D levels.

Adjusted for age, site, and BMI.
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with rates slightly lower among the Black participants.
Results were similar at both the LS and FN.

Discussion

In our prospective study of women at midlife, we found
that women with higher levels of 25(OH)D had a lower
risk of nontraumatic fractures during the next 9.5 years.
Compared with women with 25(OH)D less than 20ng/
mL, those with higher values had an approximately 45%
reduced risk of nontraumatic fractures. The overall trend
between increasing 25(OH)D and lower risk of nontrau-
matic fracture was statistically significant with no evi-
dence of a threshold. The association was independent
of many factors including BMI and BMD. Levels of
25(OH)D were lower among the Black women but exclu-
sion of Black women from the model led to similar HR. In
contrast, we found no association between 25(OH)D and
traumatic fractures. Traumatic fractures have been linked
to low BMD (13). Indeed, we observed that women with
traumatic fractures in our study had lower BMD than
women with no fracture. To our knowledge, no previous
study has examined the association between 25(OH)D
and fractures separately by degree of trauma. The epide-
miology and risk factors for traumatic fractures is less well
developed. Women who experience traumatic fractures
may engage in riskier activities. Our measure of physical
activity did not differ across groups but our activity ques-
tionnaire may not be able to capture these riskier activities.
Women with a traumatic fracture had a greater history of
previous fracture suggesting that their lifestyle may pre-
dispose them to fractures.

We previously reported that faster rates of LS bone loss
were associated with higher levels of FSH in the pretrans-
menopausal state, higher levels of FSH and SHBG in the
transmenopausalperiodand lower levelsof estradiolandsex
hormone binding globulin (SHBG) in the later postmeno-
pausal period (14). In the current analysis, 25(OH)D, mea-
suredfor themostpartduringthepremenopausalperiodwas
unrelated to changes in BMD across the MT. However, in
contrast with our earlier report, 25(OH)D was only mea-
sured once; therefore, we could not assess whether change in
25(OH)D across menopause correlated with change in
BMD. Serum 25(OH)D has been shown to track over time,
at least after 3 years (r � 0.70), but examination of the cor-
relation within individuals over longer periods was weaker,
ranging from 0.42–0.52 (19–21). Nevertheless, it is cur-
rently unknown to what extent 25(OH)D changes across
menopause. The early data from Heaney et al (1) suggested
changes in calcium balance across menopause but this find-

ing compared postmenopausal women on HT vs untreated
women.

The optimal level of 25(OH)D needed for bone health
is currently a major clinical controversy (22–24). Some
groups such as the Endocrine Society propose an optimal
level of 30 ng/mL or higher (20). The 2010 Institute of
Medicine report concluded that a level of at least 20 ng/mL
is needed for bone health in most individuals (12). Our
findings are consistent with the IOM report as well as
previous studies showing that it is only individuals with
25(OH)D � 20ng/mL who have an increased risk fracture
(2, 3). However, we tested for a threshold but there was no
evidence of one; the association between 25(OH)D and
fracture risk seemed linear. Only approximately one third
of the women had circulating levels at least 30 ng/mL so we
had limited power to test for higher thresholds. In the
National Health Examination Survey, the association be-
tween 25(OH)D and fracture was linear when major os-
teoporotic fractures was considered but quadratic when
hip fractures were studied (25). We had too few hip frac-
tures in these young women to test for nonlinearity in the
fracture-vitamin D relationship.

We have previously found that the risk of clinical frac-
ture increased with increasing 25(OH)D in Black women
but decreased with increasing concentrations of 25(OH)D
in White women (3). This study had a much larger sample
size of Black women: 379 Black women with clinical frac-
tures and a matched control for each. We were limited to
a much smaller sample size of Black women and thus, we
were unable to stratify by race/ethnicity separately. Of
note, other studies have not supported a race/ethnic dif-
ference in the relationship between 25(OH)D and frac-
tures (25–27).

Black women had lower 25(OH)D and experienced
slower rate of annualized BMD loss across the MT. But in
both non-Black and Black participants, there was no as-
sociation between 25(OH)D and BMD changes across the
MT. This result suggests that BMD does not mediate the
association between 25(OH)D and fractures. Circulating
25(OH)D has been linked to lower fall rates (28) and im-
proved muscle strength and physical performance (29).
Hence, the lower fracturerates inSWANwomenwithhigher
levels of 25(OH)D may reflect greater muscle strength to
perhapsbreak the impactof the fall andreduce the likelihood
of fracture. We adjusted for self-reported physical function
but we could not adjust for performance based measures of
muscle strength or physical function because these data were
not collected until SWAN visit 12 (2009–2011).

We were limited to self report of clinical fractures in the
early years of the study but later we showed that our false-
positive rate was less than 5%. In addition, the accuracy
of self report of fractures has shown to be high in other
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studies (30, 31). We cannot provide annual information
on radiographic vertebral fractures, which may be a com-
mon fracture in women as this would have required serial
lateral lumbar and thoracic spine x-rays and we did not
have these resources. Thus, the overall fracture rate may be
underestimated.

In conclusion, women with higher (�20 ng/mL) serum
25(OH)D at midlife have a lower risk of nontraumatic
fractures across the MT. Our results are consistent with
the IOM report. This association was independent of
BMD, BMI, and other risk factors for fracture. There was
no association between 25(OH)D and traumatic fractures
or with changes in BMD across the MT. The lack of an
association with transmenopausal bone loss suggests that
other factors (eg, muscle strength) may contribute to the
lower fracture risk with increasing 25(OH)D. Women
with 25(OH)D (�20 ng/mL) compared with women with
vitamin D levels at least 20 ng/mL were less likely to report
vitamin D supplements (13% and 24%, respectively). Be-
cause few foods contain vitamin D, our results suggest that
vitamin D supplementation is warranted in women at
midlife with 25(OH)D less than 20 ng/mL.
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