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Context: Wrist fractures are common among postmenopausal women. Associations of bone min-
eral density (BMD) and 10-year predicted risk of major osteoporotic fracture (MOF) with wrist
fractures are poorly characterized.

Objective: The objective was to examine associations between the Fracture Risk Assessment Tool
(FRAX)-predicted risk of MOF, BMD, BMD change, and wrist fracture.

Design: This was a prospective observational study with a mean follow-up of 8.5 years.

Setting: This study included 40 US centers.

Participants: A total of 11 392 participants from the Women’s Health Initiative BMD Cohort aged
50–79 years at baseline were included in this study.

Interventions: None.

Main Outcome: The goal was to measure incident wrist fracture.

Results: A FRAX-predicted MOF risk �9.3% identified 17% of the women aged �65 years who
subsequently experienced wrist fracture. Each one standard deviation lower BMD was associated
with higher wrist fracture risk, with adjusted hazard ratio (95% confidence interval) of 1.66 (1.42–
1.93) for femoral neck (FN) BMD and 1.45 (1.28–1.64) for lumbar spine BMD. Compared with FN
BMD T score � �1.0, wrist fracture adjusted hazard ratios (95% confidence interval) were: 1.51
(1.06–2.16) for a T score between �1.01 and �1.49; 1.93 (1.36–2.72) for T score between �1.50 and
�1.99; 2.52 (1.77–3.60) for a T score between �2.00 and �2.49; and 2.65 (1.78–3.95) for a T
score � �2.5. Decrease in FN BMD between baseline and year 3 was associated with increased risk
of subsequent wrist fracture; however, change in lumbar spine BMD was not.

Conclusions: Lumbar spine and femoral neck BMDs were associated with incident wrist fracture,
but the FRAX threshold recommended to identify screening candidates did not identify the ma-
jority of women who subsequently experienced wrist fracture. Improved understanding of deter-
minants of wrist fractures is warranted. (J Clin Endocrinol Metab 100: 4315–4324, 2015)

The incidenceofwrist anddistal forearm(Colles’) fracture
rises rapidly after menopause (1–4). Wrist fractures oc-

cur at younger ages than do other osteoporotic fractures;
they are the most common type of fracture in perimeno-
pausal women (1, 5, 6). In the UK Million Women Study
(mean follow-up duration of 8.3 years), the cumulative ab-

solute risk of wrist fracture was 5 per 100 women aged
50–64 years (7). The occurrence of a wrist fracture increases
the odds of clinically important functional decline by nearly
50%, even after adjustment for other factors (8).

There are knowledge gaps regarding associations of
bone mineral density (BMD) with subsequent wrist frac-
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ture, especially among women aged 50–64 years. First,
prospective Canadian, Australian, Dutch, and Finnish
studies have examined associations of baseline lumbar
spine (LS) (9–11) and/or femoral neck (FN) BMD (9–13)
with subsequent wrist fracture risk, but, to our knowl-
edge, only one prospective US study has addressed this
question (14, 15). The Study of Osteoporotic Fractures
reported inverse associations of baseline FN and LS BMD
with subsequent wrist fracture risk, but participants were
all aged �65 years at baseline. Second, US studies have not
examined to what extent changes in FN and LS BMD
provide additional information beyond that provided by
baseline measurements for the prediction of future wrist
fracture risk. Finally, in examining associations of LS
BMD and FN BMD with subsequent wrist fracture, it is
important to account for age, physical activity levels, falls,
frailty, and weight change, which may influence associa-
tions between BMD and wrist fracture risk (14, 16–20),
possibly because these factors increase the risk of falls (1).
For postmenopausal women aged 50–64 years, current
guidelines from the US Preventive Services Task Force
(USPSTF) recommend using the Fracture Risk Assessment
Tool (FRAX) to identify candidates for osteoporosis
screening (21). Specifically, screening is recommended for
postmenopausal women who have a predicted 10-year
risk of major osteoporotic fracture (MOF) �9.3%. How-
ever, studies have not examined what proportion of
women who subsequently experience wrist fractures
would have been identified by this FRAX screening
threshold.

The goals of this study were to determine (1) the asso-
ciations of baseline LS BMD and FN BMD with incident
wrist fractures, (2) whether changes in LS and FN BMD
provide additional predictive information regarding sub-
sequent wrist fractures beyond that provided by baseline
BMD measurements alone, and (3) the proportion of
women with incident wrist fractures who had a baseline
FRAX-predicted 10-year risk of MOF �9.3%. We hy-
pothesized that LS and FN BMD would be inversely as-
sociated with incident wrist fractures, that decreases in
BMD would be significantly associated with incident wrist
fractures, and that a FRAX threshold �9.3% would not
identify most women who subsequently experienced wrist
fracture.

Materials and Methods

Participants
The Women’s Health Initiative (WHI) study, carried out at 40

US clinical centers from 1993 to 2005, is a study of postmeno-
pausal women aged 50–79 years who were free of serious med-
ical conditions at baseline (22–25). The WHI Observational
Study examines the predictors of important causes of morbidity
and mortality in postmenopausal women (23). The WHI Clinical
Trials examined the effects of menopausal hormone therapy
(HT) vs placebo (WHI Hormone Therapy Trials), calcium and
vitamin D supplementation vs placebo, and a low-fat eating pat-
tern vs usual eating pattern (WHI Dietary Modification Trial)
(22). Women from all three of these studies were included in this
analysis.

The current study was performed using data from the WHI
BMD Cohort study. BMD was measured at three of the 40 WHI
clinical centers (Tucson/Phoenix, Arizona; Pittsburgh, Pennsyl-
vania; and Birmingham, Alabama).

Of the 11 434 participants of the WHI BMD Cohort (11,350
at the FN and 11 364 at the LS), 42 did not provide follow-up
data regarding fractures. Thus, the analytic sample for the cur-
rent study was 11 392 (Supplemental Figure 1). Data from 9256
participants were available for analyses that examined changes
in BMD between baseline and year 3. Each institution obtained
human subjects committee approval. All participants provided
written informed consent.

Outcomes: wrist fracture incidence
In the WHI BMD Cohort, information regarding self-re-

ported incident fractures was obtained semiannually for WHI
Clinical Trials participants and annually for WHI Observational
Study participants. Questionnaires asked whether participants
had experienced fracture events since the previous visit: “Has a
doctor told you for the first time that you have a new broken,
fractured, or crushed bone? Which bone(s) did you break, frac-
ture, or crush?” Response choices included: hip, upper leg (not
hip), pelvis, knee (patella), lower leg or ankle, foot (not toe),
tailbone (coccyx), spine or back (vertebra), upper arm or shoul-
der, elbow, lower arm or wrist, hand (not finger), finger or toe,
jaw, nose, face, and/or skull, ribs and/or chest or breast bone, and
“other.”

All self-reported wrist fractures were adjudicated by trained
staff using medical record review during the main WHI Study.
Only positively adjudicated fractures were included in this anal-
ysis. Women who had experienced wrist fractures before WHI
enrollment were not excluded.

Exposure variable: BMD and change in BMD
Participants of the WHI BMD Cohort underwent dual-energy

x-ray absorptiometry (DXA) measurement of LS and hip BMD
using Hologic machines (QDR2000, 2000�, or 4500, Hologic).
BMD measurements were performed using standard protocols
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for positioning and analysis (26, 27). Quality assurance methods
included cross-clinic calibration phantoms, further evaluation of
scans with specific problems, and review of a random sample of
scans (28). A set of calibration phantoms was scanned across
DXA instruments (29). When the Hologic QDR 2000 machines
were upgraded to QDR 4500 machines, in vivo cross-calibration
procedures were performed; participant BMD results were ad-
justed for these correction factors and for longitudinal changes
in scanner performance (30, 31).

Other measures
Weight and height were measured in clinic using standardized

protocols. Body mass index (BMI) was calculated as weight in
kilograms divided by height in meters squared.

On baseline questionnaires, participants provided informa-
tion regarding age, race/ethnicity, education, family income, pre-
vious fracture, history of cancer, self-rated health, falls, alcohol
consumption, smoking, physical activity (32), supplement use
(including calcium and vitamin D), and medication use. Infor-
mation regarding dietary calcium (mg/d) and vitamin D intake
(�g/d) was obtained from food frequency questionnaires (33).
Baseline physical function was assessed by the 36-item Short-
Form Health Survey (34, 35).

Predicted 10-year risk of MOF (hip, forearm, humerus, and
clinical vertebral) was calculated at baseline for each participant
by the World Health Organization Collaborating Centre for
Metabolic Bone Disease using the Fracture Risk Assessment
(FRAX) Tool (version 3.0) (36, 37). The FRAX calculator pre-
dicts fracture risk based on individual characteristics including
age, sex, weight, height, previous fracture, parental hip fracture,
current smoking, glucocorticoid use, rheumatoid arthritis, sec-
ondary osteoporosis, and alcohol intake (36, 38, 39).

Statistical analysis
We calculated the annualized rate of wrist fracture by 5-year

strata of age during follow-up.
We used Cox proportional hazards regression models to es-

timate associations of LS and FN BMD and time to adjudicated
wrist fracture event. Survival time was defined as the number of
days after measurement of BMD to the first diagnosis of a wrist
fracture. Follow-up time was censored at the time of a woman’s
last documented follow-up contact or death. LS BMD, FN BMD,
percent change in LS BMD ([year 3 BMD � baseline BMD]/
baseline BMD � 100), and percent change in FN BMD ([year 3
BMD minus baseline BMD]/baseline BMD � 100) were each the
main exposure variable for separate models. We expressed effect
sizes as adjusted hazard ratios (HRs) per standard deviation dif-
ference in BMD or changes in BMD. For models in which change
in BMD between baseline and annual follow-up year 3 was the
main exposure variable, we excluded wrist fractures occurring
before annual follow-up 3.

Initially, we included only age, race/ethnicity, and BMI as
covariates. Subsequently, we included the following osteoporo-
sis risk factors as covariates chosen on the basis of previously
published studies; education, income, smoking status (never,
past, current), lifetime pack-years of cigarette smoking, total
metabolic equivalents of task hours/wk of physical activity
(quartiles), dietary calcium intake (mg/d), supplemental calcium
intake (mg/d), dietary vitamin D intake (�g/d), supplemental
vitamin D intake (none, �10 �g/d [200 IU/d], 10 �g/d, �10 �g/d
[400 IU/d]), WHI Hormone Therapy Trial treatment assignment

(menopausal HT vs placebo), WHI Dietary Modification Trial
treatment assignment (dietary modification vs usual diet), num-
ber of falls in the past year (none, one, two, �three), and alcohol
intake (number of alcoholic drinks per week). We decided a
priori to present the results both overall and stratified by BMD
T score category: normal BMD (T score � �1.0) (reference cat-
egory), T score between �1.01 and �1.49, T score between
�1.50 and �1.99, T score between �2.00 and �2.49, and T
score � �2.5. FN T scores were calculated based on the Na-
tional Health and Nutrition Examination Survey III reference
database (40).

We tested whether associations of BMD with wrist fracture
incidence varied by certain characteristics selected on the basis of
previously published studies: decade of baseline age, race/eth-
nicity, BMI, physical activity level, physical function (tertile),
frequency of falls in the past year, frailty, wrist fracture before
baseline, and 10-year predicted probably of MOF (ie, fracture risk
assessment [FRAX] score without BMD) by adding an interaction
term between BMD and each of previously mentioned covariates.
P values �.05 were considered statistically significant.

We investigated the proportional hazards assumption by in-
cluding cross-product terms between each covariate and log-
(time). None of these terms was statistically significant.

Because screening guidelines recommend BMD testing for
postmenopausal women who have a predicted 10-year risk for
MOF that is �9.3% using a FRAX model without BMD, we
calculated the proportion of women who experienced wrist frac-
tures within 10 years of follow-up who would have been iden-
tified by a 10-year predicted risk of MOF �9.3% using FRAX
without BMD (41). We also examined a FRAX MOF threshold
of �20%, the treatment threshold recommended by the Na-
tional Osteoporosis Foundation for postmenopausal women
with osteopenia (42).

In a sensitivity analysis, we examined associations between
BMD and incident wrist fractures after excluding participants
who initiated osteoporosis medications during follow-up. In an-
other sensitivity analysis, we excluded women who reported us-
ing oral or transdermal menopausal HT (in the past or self-ini-
tiated during follow-up or during the Hormone Therapy Trials)
and participants of the active arm of the WHI Calcium � Vita-
min D Trial (sample size 2711).

Data analysis was performed using SAS 9.3 (SAS Institute)
and R version 3.1.1 (R Foundation for Statistical Computing).

Results

The baseline characteristics of the analytic sample are dis-
played in Table 1. Mean age (SD) of the participants was
63.3 (�7.4) years and mean BMI was 28.2 (5.9) kg/m2.
Most participants (77.7%) were non-Hispanic whites and
36.5% of participants were currently using menopausal
HT. Previous fractures were reported by 14.2% of partici-
pants (hip,n�86; spine,n�190;upperarm,n�198; lower
armorwrist, n�990;hand,n�106; lower legorankle, n�
773; foot, n � 516; and other, n � 1308). At baseline, the
prevalence of bisphosphonate use was low (1.3%).

Mean BMD (�SD) at the LS was 0.980 (0.169) g/cm2

at baseline and 0.999 (0.175) g/cm2 at year 3. Mean BMD
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Table 1. Baseline Characteristics of the Participants of the WHI Bone Density Cohort, Overall and by Wrist Fracture
Status

Wrist Fracturea

P Value

Total No Yes

11 392 10 988 404

N (%) N (%) N (%)

Follow-upb (mean � SD) (years to event or censor) 8.5 � 2.0 8.7 � 1.8 4.4 � 2.7 �.001
BMD, (mean � SD)
Lumbar spine, baseline (g/cm2) 0.980 � 0.169 0.983 � 0.169 0.920 � 0.158 �.001
Femoral neck, baseline (g/cm2) 0.724 � 0.127 0.726 � 0.127 0.670 � 0.106 �.001
Lumbar spine BMD, year 3 (g/cm2)c 0.999 � 0.175 1.002 � 0.175 0.944 � 0.167 �.001
Femoral neck BMD, year 3 (g/cm2) 0.724 � 0.128 0.726 � 0.128 0.674 � 0.109 �.001
Baseline characteristics
Age, years

Mean � SD 63.3 � 7.4 63.3 � 7.4 64.7 � 7.2 �.001
10-year probability of major osteoporotic fractured 9.8 � 6.9 9.7 � 6.8 11.9 � 7.5 �.001

�9.3 6684 (58.7) 6497 (59.1) 187 (46.3) �.001
�9.3 4708 (41.3) 4491 (40.9) 217 (53.7)

10-year probability of hip fractured 2.2 � 3.5 2.1 � 3.5 2.9 � 4.0 �.001
Race/ethnicity

White (not of Hispanic origin) 8835 (77.7) 8475 (77.2) 360 (89.3) �.001
Black or African-American 1576 (13.9) 1563 (14.2) 13 (3.2)
Hispanic/Latino 721 (6.3) 702 (6.4) 19 (4.7)
Other 242 (2.1) 231 (2.1) 11 (2.7)

Education
�High school diploma 3571 (31.6) 3461 (31.7) 110 (27.5) .201
Some college/vocational school 4283 (37.9) 4121 (37.8) 162 (40.5)
College degree or higher 3459 (30.6) 3331 (30.5) 128 (32.0)

Observational study
No 4984 (43.8) 4795 (43.6) 189 (46.8) .211
Yes 6408 (56.3) 6 ,193 (56.4) 215 (53.2)

BMI, kg/m2

Mean � SD 28.2 � 5.9 28.2 � 5.9 27.7 � 5.7 .093
HT usage statuse

Never used 5419 (47.6) 5193 (47.3) 226 (55.9) �.001
Past user 1813 (15.9) 1740 (15.8) 73 (18.1)
Current user 4155 (36.5) 4050 (36.9) 105 (26.0)

Times fell down past 12 months
None 6848 (67.1) 6630 (67.3) 218 (60.7) .075
1 2082 (20.4) 1996 (20.3) 86 (24.0)
2 841 (8.2) 806 (8.2) 35 (9.7)
3 or more 442 (4.3) 422 (4.3) 20 (5.6)

Alcohol intake
Nondrinkerf 1913 (16.9) 1849 (17.0) 64 (16.2) .546
Past drinkerg 2494 (22.1) 2419 (22.2) 75 (18.9)
�1 drink per month 1466 (13.0) 1407 (12.9) 59 (14.9)
�1 drink per week 2188 (19.4) 2112 (19.4) 76 (19.2)
1 to �7 drinks per week 2298 (20.4) 2213 (20.3) 85 (21.5)
7� drinks per week 929 (8.2) 892 (8.2) 37 (9.3)

Smoking status
Never smoked 6130 (54.6) 5923 (54.7) 207 (52.3) .640
Past smoker 4203 (37.4) 4048 (37.4) 155 (39.1)
Current smoker 900 (8.0) 866 (8.0) 34 (8.6)

Total MET-hours per week 11.5 � 13.9 11.5 � 13.9 11.4 � 11.7 .843
Dietary calcium (mg/d) 813.9 � 484.5 815.1 � 484.8 782.9 � 476.0 .190
Supplemental calcium (mg/d) 298.2 � 517.9 295.6 � 515.2 368.5 � 582.3 .030
Dietary vitamin D (IU/d) 167 � 123 167 � 122 161 � 127 .342
Supplemental vitamin D (IU/d) 159 � 237 158 � 236 184 � 257 .005
Physical functioning constructh 78.3 � 21.4 78.3 � 21.4 78.1 � 20.8 .856
Parental hip fracture age 40� 1342 (15.0) 1290 (14.9) 52 (17.5) .225
Baseline medication usei

(Continued)
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(�SD) at the FN was 0.724 (0.127) g/cm2 and 0.724
(0.128) g/cm2 at year 3. Compared with women who did
not experience a wrist fracture during follow-up, women
who experienced wrist fracture during follow-up had
lower baseline LS BMD, lower baseline FN BMD, were
more often non-Hispanic whites, were more likely to re-
port fracture prior to enrollment in WHI (23.5% vs
13.9%), and tended to be older (all P values �.001).

Over an average follow-up of 8.5 years, 404 women
experienced a wrist fracture. During follow-up, 201 par-
ticipants experienced clinical spine fracture and 161 par-
ticipants experienced hip fracture.

The incidence rate of wrist fracture during the fol-
low-up period was 4.17 per 1000 person-years. The (un-
adjusted) annualized incidence of wrist fracture (per 1000
person-years) during the follow-up period was 2.99
among women aged �55 years peaked at 6.15 at ages
70–74, and was 4.63 at age �80 years (P value .0003 for
test of trend by age) (Table 2).

Lower baseline BMD was associated with higher risk of
wrist fracture (Table 3). After adjustment for age, race,
BMI, education, income, smoking, physical activity, cal-
cium intake, vitamin D intake, frequency of falls, alcohol
intake, and WHI trial treatment assignment (menopausal
HT vs placebo, dietary modification vs usual diet), each 1
SD lower FN BMD (ie, 0.127 g/cm2) was associated with
66% higher relative risk of wrist fracture (adjusted HR
[aHR], 1.66; 95% confidence interval [CI], 1.42–1.93).
Each 1 SD lower LS BMD (ie, 0.169 g/cm2) was associated

with 45% higher relative risk of wrist fracture (aHR, 1.45;
95% CI, 1.28–1.64) (model 3).

The associations of baseline FN and LS BMD with in-
cident wrist fracture varied by previous wrist fracture (in-
teraction P values �.05). Among women who did not have
wrist fracture before the baseline WHI visit, each 1 SD
lower FN BMD was associated with 77% higher risk of
wrist fracture (aHR 1.77 [1.49–2.12] (Supplemental Ta-
ble 1). Among women who experienced wrist fracture to
the baseline visit, FN BMD was not significantly associ-
ated with incident wrist fracture. The associations of LS
BMD and FN BMD with wrist fracture incidence did not
vary by age category, race/ethnicity, BMI, physical activ-
ity, physical functioning, frequency of falls in the past
year, frailty, or quartile of FRAX 10-year predicted risk of
MOF (version without BMD)(all interaction P values
�.05, data not shown).

Table 2. Wrist Fracture Rates by Age of Participants
During Follow-up Perioda

Age
(years)

Wrist
Fracture N

Person-
Years

Rate per 1000
Person-Years

�55 14 4688 2.99
55–59 41 13 950 2.94
60–64 75 19 475 3.85
65–69 80 21 335 3.75
70–74 92 19 670 4.68
75–79 79 12 850 6.15
�80 23 4967 4.63

a P value � � .001 for test of trend by age.

Table 1. Continued

Wrist Fracturea

P Value

Total No Yes

11 392 10 988 404

N (%) N (%) N (%)

Bisphosphonates 152 (1.3) 144 (1.3) 8 (2.0) .249
Oral daily glucocorticoid use 86 (0.8) 83 (0.8) 3 (0.7) .977

Abbreviations: BMD, bone mineral density; BMI, body mass index; HT, hormone therapy; MET, metabolic equivalent of task; WHI, Women’s Health
Initiative.

Values expressed as N (%) unless otherwise noted, P values are �2 tests for categorical variables and Student’s t test for continuous variables.
a Includes adjudicated wrist fracture (radius or ulna fracture [lower arm] or carpal bones) through the end of WHI main study.
b Years to adjudicated wrist fracture, end of main WHI study, or death if before end of main WHI study.
c At year 3 follow-up, sample sizes were 9172 for femoral neck BMD and 9216 for lumbar spine BMD.
d Refers to World Health Organization Fracture Risk Assessment (FRAX) Model without BMD information.
e HT variables include use of pills or patches; HT includes both estrogen alone and estrogen plus progestogen. Past use was defined as use of an
estrogen or progestogen-containing pill or transdermal patch for 3 months or longer following menopause.
f Nondrinker denotes self-report of drinking fewer than 12 alcoholic beverages throughout life.
g Past drinker denotes alcohol intake before study entry but no alcohol intake currently.
h 36-item Short-Form Health Survey.
i No participants were taking raloxifene at baseline.
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Supplemental Figure 2 displays the inverse relationship
between mean baseline FN BMD (g/cm2) and absolute
5-year risk of wrist fracture for white, black, and Hispanic
women. The difference in absolute 5-year wrist fracture
risk between white and black women was particularly pro-
nounced at the lower ranges of FN BMD.

Compared with a reference FN BMD T score category
of ��1.0, wrist fracture hazard ratios for the other FN T
score categories were: aHR, 1.51 (95% CI, 1.06–2.16) for
T score between �1.01 and �1.49; aHR, 1.93 (95% CI,
1.36–2.72) for T score between �1.50 and �1.99; aHR,
2.52 (95% CI, 1.77–3.60) for T score between �2.00
and �2.49; and aHR, 2.65 (95% CI, 1.78–3.95) for T
score � �2.5 (all P values �.03; Table 4). The magnitudes

of associations between baseline LS BMD T score category
and wrist fracture risk were similar.

After multivariate adjustment, a greater percent decline in
FN BMD from baseline to year 3 was associated with in-
creased risk of wrist fractures (Table 5). Each 1 SD decrease
in percent FN BMD was associated with a 17% increased
risk of wrist fracture (aHR [95% CI], 1.17 [1.01–1.37]). In
contrast, percent change in LS BMD was not significantly
associated with risk of incident wrist fracture, although the
magnitudes of the aHRs were similar to those for FN BMD.

In a sensitivity analysis, we excluded participants who
initiated osteoporosis medications or menopausal HT at
any time during follow-up as well as participants of the
active arm of the WHI Calcium and Vitamin D trial. The

Table 3. Associations Between Baseline BMD and Incident Wrist Fracturesa

Total N Wrist Fracture Hazard Ratiob 95% CI P Value

Baseline BMD
Femoral neck (g/cm2)

Crude 11 350 403 1.68 1.50–1.87 �.001
Model 1 11 260 400 1.63 1.43–1.87 �.001
Model 2 9336 327 1.64 1.42–1.91 �.001
Model 3 9096 318 1.66 1.42–1.93 �.001

Lumbar spine (g/cm2)
Crude 11 364 404 1.49 1.34–1.66 �.001
Model 1 11 274 401 1.43 1.28–1.60 �.001
Model 2 9343 327 1.43 1.27–1.62 �.001
Model 3 9102 318 1.45 1.28–1.64 �.001

Abbreviations: BMD, bone mineral density; WHI, Women’s Health Initiative.
a Cox proportional hazards regression models in which the outcome was occurrence of first adjudicated wrist fracture (radius, ulna, or carpal
bones) through the end of WHI main study. Model 1 is adjusted for age, race, and body mass index. Model 2 is adjusted for covariates included in
model 1 plus education, income, smoking status, pack-years of smoking, total metabolic equivalent of task hours/week of physical activity, dietary
and supplemental calcium and vitamin D intake, and WHI Hormone Therapy Trial and WHI Dietary Modification Trial Treatment Assignment.
Model 3 includes covariates in model 2 plus frequency of falls and alcohol intake.
b Hazard ratio per 1 SD g/cm2. One SD difference in BMD corresponds to 0.127 g/cm2 for femoral neck and 0.169 g/cm2 for lumbar spine.

Table 4. Associations Between Baseline BMD T-Score Categories and Incident Wrist Fracturesa

Total N Wrist Fracture Hazard Ratio 95% CI P Valueb

Baseline femoral neck BMD T score
��1.0 3500 74 1.0 (ref)
�1.01 to �1.49 1763 55 1.51 1.06–2.16 .024
�1.50 to �1.99 1637 67 1.93 1.36–2.72 �.001
�2.00 to �2.49 1247 68 2.52 1.77–3.60 �.001
�2.5 949 54 2.65 1.78–3.95 �.001

Baseline lumbar spine BMD T score
��1.0 4271 103 1.0 (ref)
�1.01 to �1.49 1244 46 1.59 1.12–2.26 .009
�1.50 to �1.99 1144 46 1.77 1.25–2.52 .002
�1.2 to �2.49 987 35 1.55 1.05–2.29 .029
��2.5 1456 88 2.74 2.02–3.70 �.001

Abbreviations: BMD, bone mineral density; WHI, Women’s Health Initiative.
a Cox proportional hazards regression models in which the outcome was occurrence of first adjudicated wrist fracture (radius, ulna, or carpal
bones) through the end of WHI main study. Model is adjusted for age, race, body mass index, education, income, smoking status, pack-years of
smoking, total metabolic equivalent of task hours/week of physical activity, dietary, supplemental calcium and vitamin D intake, WHI Hormone
Therapy Trial and WHI Dietary Modification Trial Treatment Assignment, frequency of falls, and alcohol intake.
b P value � � .001 for trend across T score categories.
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magnitudes of associations between BMD and incident
wrist fracture were very similar to those of the primary
analyses (data not shown).

The USPSTF-recommended FRAX cutoff (10-year pre-
dicted risk of MOF �9.3%) did not identify most women
�65 years who went on to experience wrist fracture (Table
6). A FRAX score of �9.3% identified 17% of the women

aged �65, and 91.1% of women aged �65 years, who sub-
sequently experienced wrist fracture within 10 years. Spec-
ificity was correspondingly higher in younger than older
women: 87% for women �65 and 26% for women �65
years old. A FRAX score of �20% identified 2% of the
women aged �65, and 23% of women aged �65 years, who
subsequently experienced wrist fracture within 10 years.

Table 5. Change in Percent BMD From Baseline to Year 3 as a Predictor of Incident Wrist Fracturea

Percent Change in BMDb

Total N Wrist Fracturec Hazard Ratiod 95% CI P Value

Femoral neck (g/cm2)
Crude 9172 219 1.16 1.01–1.33 .031
Model 1 9107 218 1.17 1.02–1.33 .023
Model 2 7583 175 1.18 1.02–1.37 .031
Model 3 7392 172 1.17 1.01–1.37 .041

Lumbar spine (g/cm2)
Crude 9216 222 1.09 0.95–1.24 .218
Model 1 9150 221 1.12 0.98–1.28 .092
Model 2 7617 176 1.10 0.94–1.27 .225
Model 3 7426 173 1.09 0.93–1.27 .265

Abbreviations: BMD, bone mineral density; WHI, Women’s Health Initiative.
a Model 1 is adjusted for baseline BMD, age, race, and body mass index. Model 2 adjusted for covariates included in model 1 plus education,
income, smoking status, pack-years of smoking, total metabolic equivalent of task hours/week of physical activity, dietary and supplemental
calcium and vitamin D intake, and WHI Hormone Therapy Trial and WHI Dietary Modification Trial Treatment Assignment. Model 3 includes
covariates in model 2 plus frequency of falls and alcohol intake. Fractures occurring before annual follow-up visit 3, and participants for whom
BMD measurements were not available for annual follow-up visit 3, are excluded. Femoral neck and lumbar spine are modeled separately.
b Pearson correlation between baseline and year 3 femoral neck r � 0.960. Pearson correlation between baseline and year 3 lumbar spine r � 0.955.
c Adjudicated wrist fracture defined as fracture of radius or ulna or carpal bones from year 3 through the end of WHI main study.
d Hazard ratio per 1 SD change in BMD. One SD changes in % change corresponds to 4.9% at the femoral neck and 5.4% at the lumbar spine.
Thirteen percent of participants had a 1 SD decrease in femoral neck BMD during follow-up.

Table 6. (A) Rate of Wrist Fracture Stratified by FRAX (Probability of Major Osteoporotic Fracture Risk) and by
Screening Age and (B) Sensitivity and Specificity of FRAX to Identify Women who Experienced Wrist Fracture Within
10 Years

Age <65 years Age >65 years

FRAX-Predicted Risk of Major
Osteoporotic Fracture (FRAX
Without BMD)

FRAX-Predicted Risk of Major
Osteoporotic Fracture (FRAX
Without BMD)

<9.3% >9.3% <9.3% >9.3%

N 5392 849 1292 3859
Wrist fracture, n (%) 157 (2.9) 31 (3.7) 30 (2.3) 186 (4.8)
Average years on study 8.85 8.63 8.26 8.09
Fracture rate/1000 person-years 3.29 4.23 2.81 5.96
10-year incidence (%) 3.1 4.0 3.3 5.7
Sensitivity (%) 17 17 84 84
Specificity (%) 87 87 26 26

<20% >20% <20% >20%

N 6193 48 4307 844
Wrist fracture, n (%) 185 (3.0) 3 (6.3) 164 (3.8) 52 (6.2)
Average years on study 8.83 8.00 8.20 7.74
Fracture rate/1000 person-years 3.38 7.81 4.64 7.96
10-year incidence (%) 3.2 7.5 4.7 7.1
Sensitivity (%) 2 2 23 23
Specificity (%) 99 99 84 84

Abbreviations: BMD, bone mineral density; FRAX, Fracture Risk Assessment Tool.
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Discussion

In this large prospective cohort study of postmenopausal
women with 8.5 years of follow-up, baseline FN BMD and
LS BMD were each inversely associated with increased
wrist fracture risk. Each 1 SD lower FN BMD was asso-
ciated with 66% higher risk of wrist fracture; each 1 SD
lower LS BMD was associated with 45% higher risk of
wrist fracture. The magnitudes of association of FN BMD
and LS BMD with incident wrist fracture were almost
identical to those in the SOF study the only other US-based
cohort in which associations between BMD and wrist frac-
ture were examined (14, 15).

Associations between baseline BMD and subsequent
wrist fracture were not limited to women with T scores in
the osteoporosis range; women with baseline FN BMD or
LS BMD T scores between �1.0 and �2.5 also had in-
creased risk of wrist fracture compared with women
whose BMD T score was ��1.0. Also, decrease at 3 years
in FN BMD, but not LS BMD, was associated with in-
creased wrist fracture incidence. Although USPSTF
screening guidelines recommend BMD testing for women
aged 50–64 who have FRAX-predicted 10-year risk for
MOF that is �9.3% (using FRAX without BMD), we
found that this FRAX threshold identified only 17% of the
women aged younger than 65 who experienced wrist frac-
tures during 10 years of follow-up. A FRAX-predicted
10-year risk for MOF �20%, the treatment threshold rec-
ommended by the National Osteoporosis Foundation for
women with osteopenia identified only 2% of women
aged �65, and 23% of women aged �65, who experi-
enced wrist fractures during 10 years of follow-up.

The current study results extend the findings of our
prior studies in this cohort. We previously found that the
9.3% FRAX threshold identified only about one-quarter
of women who experienced MOF over 10 years of fol-
low-up (39). Studies from outside the United States sim-
ilarly report low sensitivity of the FRAX tool for predict-
ing fractures among early postmenopausal women (43). In
contrast to some prior studies (1–4), in our study, compared
with women aged �55 years, the risk of wrist fractures in-
creasedamongwomenuntil age80anddecreased thereafter,
possibly because WHI participants are healthier than post-
menopausal women in the general population.

There is controversy regarding whether change in BMD
provides useful information beyond baseline BMD mea-
surements in the prediction of subsequent fracture (44–
50). One previous study focused on BMD change and
wrist fracture outcomes (44). The Canadian Multicenter
Osteoporosis Study assessed a large cohort of community-
dwelling women. After 7 years of follow-up, independent
of baseline BMD, a decrease of 0.01 g/cm2�y in LS BMD

was associated with an increased risk of forearm/wrist
fracture among women aged between 50 and 85 years, but
decrease in FN BMD over time was not associated with
increased wrist fracture risk. In contrast, we found that
greater FN bone loss was associated with increased wrist
fracture risk, whereas change in LS was not associated
with wrist fracture risk. Differences in participant char-
acteristics may explain the apparent discrepancy in results
of the two studies. Compared with the Canadian Multi-
center Osteoporosis Study, our participants had higher
baseline LS and FN BMDs, were much less likely to report
antiresorptive use at baseline (1% vs 30%) and were less
likely to have prevalent vertebral fracture before study
enrollment (14% vs 20%).

In the current study, associations between baseline
BMD and subsequent wrist fractures did not vary by age,
race/ethnicity, BMI, physical activity, physical function-
ing, frequency of falls in the past year, frailty, or 10-year
predicted risk of MOF. However, it is possible that the
number of fractures in non-white women was not high
enough to detect a statistical interaction by race/ethnicity.

Our findings are clinically relevant. First, although we
found that LS BMD and FN BMD, which are part of rou-
tine DXA measurements, provide potentially important
information regarding risk of future wrist fracture, only
17% of the women aged �65 years who experienced wrist
fractures during 10 years of follow-up would have been
identified for BMD testing by a FRAX-predicted 10-year
MOF risk threshold of �9.3%, which is the threshold
advocated by osteoporosis screening guidelines (21).
Wrist fractures are major risk factors for future fractures
(51); therefore, identifying women who are at risk of wrist
fractures is important. Second, women with BMD T scores
between �1.0 and �2.5 who do not have BMD in the
osteoporosis range are nonetheless at increased risk of
subsequent wrist fracture compared with women whose T
scores are in the normal range. Newer technologies, such
as microscopic magnetic resonance imaging parameters,
may be able to identify postmenopausal women who have
impaired trabecular microarchitecture but experience
low-energy fractures in the absence of a DXA-based di-
agnosis of osteoporosis (52).

Our study has limitations. WHI participants are health-
ier than postmenopausal women in the general popula-
tion, which may account for a later peak incidence of wrist
fracture compared with previously published studies and
may not be representative of the general population of
postmenopausal women. We did not have details of the
circumstances of wrist fractures in this cohort, BMD at the
1/3 radius, or advanced technologies to assess bone struc-
ture at the forearm, such as peripheral quantitative com-
puted tomography. Strengths of the study include long
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follow-up duration, detailed information regarding frac-
ture risk factors, medical record-based adjudication of
wrist fractures, and large sample size, including 2539 non-
white women.

In conclusion, although LS and FN BMD measure-
ments were each predictive of future wrist fracture risk, the
FRAX threshold recommended by the current USPSTF
screening guideline did not identify for BMD testing most
women aged 50–64 who experienced wrist fractures dur-
ing follow-up. Therefore, the usual approach to identify-
ing women at high risk of wrist fracture may be inade-
quate. Because wrist fractures are the most common
fracture type in younger postmenopausal women, studies
are warranted regarding how best to identify women at
risk of wrist fractures. This information should be con-
sidered in clinical counseling of postmenopausal women
regarding BMD results.
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