K Shibasaki et al.

LEIE 069

1.0 -
m

e ‘l','
08 tems,
% 1’"‘"1.....
= 06 A . e,
= HES I OV28 | BRSO NGTS
"e‘l 1 o v v s o v v 0 .;
g 0.4 !
w2 I
0.2
Logrrank P=0.002
0.0
0.0 0.5 1.0 1.9 20 20 5.0

Follow-up (years)

Figure 2 Kaplan-Meyer survival curves for death according
to low frequency/high frequency (LF/HF). Mortality was
significantly higher for patients with low LF/HF than for
patients with high LF/HF, The mean follow-up period was
8.9 months.

flow and muscle strength by inducing muscle protein
synthesis,**" suggesting that low sympathetic nervous
activity is related to not only physical dysfunction, but
also the inability to maintain muscle strength, leading to
a worse outcome in LTC elderly. Appropriate activation
of the sympathetic nervous system might prevent
muscle wasting and improve overall mortality in L'TC
elderly.

Activation of the sympathetic nervous system has
been applied to aging or sarcopenic model rats. The
B2-adrenergic agonists, clenbuterol and formoterol,
improved muscle mass and muscle strength, and pre-
vented muscle aging in aging, disuse and sarcopenia®-**
model rats. In contrast, inhibition of sympathetic
nervous activity with p-blockers was associated with a
worse outcome in older adults.® These findings also
suggest the importance of preventing a sympathetic
nervous activity decline in LTC elderly.

There were several study limitations. First, this was an

" observational study, and could not provide direct evi-
dence of causality. So it will be necessary to carry out
randomized controlled trials to show whether high sym-
pathetic nervous activity leads to a good outcome or
not. Second, excessive sympathetic nervous activity is
associated with cardiovascular risk factors, such as
hypertension, left ventricular myocardial hypertrophy
and old cerebrovascular disease.***” In addition, the
number of control subjects was relatively small in the
present study. Based on these results, it might be hard to
apply the findings in the present study to the oldest old
population in general. However, some studies, particu-
larly in the elderly, showed that decreased sympathetic
nervous activity was associated with a worse outcome.’
In addition to low physical activity, poor handgrip
strength and frailty are known to be important risk
factors predicting death older adults,>*®%° and few
reports have focused on LTC elderly. Therefore, the
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present study has the possibility of providing evidence
to improve physical function and mortality in LTC
elderly by means of maintaining or increasing LF/HF.

In summary, the present study showed that LE/HF is
a factor that distinguishes L'TC elderly from elderly con-
trols independent of physical function. In addition, the
circadian rhythm of LF/HF was lost in LTC elderly.
Furthermore, low LEF/HF was associated with high mor-
tality. For LTC elderly aged 7S years or over, LE/HF
might be a predictive biomarker of physical function
and mortality.
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ABSTRACT

Some aspects of an obese body habitus may protect against fracture risk (higher bone mineral density [BMD] and greater tissue
padding), while others may augment that risk (greater impact forces during a fall). To examine these competing pathways, we
analyzed data from a multisite, multiethnic cohort of 1924 women, premenopausal or early perimenopausal at baseline. Obesity was
defined as baseline body mass index (BMI) > 30 kg/m?. Composite indices of femoral neck strength. relative to fall impact forces
were constructed from DXA-derived bone size, BMD and body size. Incident fractures were ascertained annually dunng a median
follow- up f 9 years. In multivariable linear regressnon adjusted for covariates, higher-BMi was associated with higher BMD but with
lower compos&te strength mdxces, suggesting that although BMD increases with greater skeletal loading, the i increaseis not sufﬁc&ent
to compensate for the increase in fall impact forces. During the follow-up;. 201 women had fractures. In Cox- propomonal hazard
analyses, cbesxty was associated with increased fracture hazard adjusted for BMD, consistent with greater fall impact. forcesin obese
individuals. Adjusted for- compos;te indices of femoral neck strength relative to fall impact forces, obesity was associated with
decreased fracture hazard, consistent with a protective effect of soft tissue padding. Further adjustment for hip circumference, a
surrogate marker of soft tissue paddmg, attenuated the obesity-fracture association. Our findings support that there are at least three
major mechanisms by which obesity influences fracture risk: increased BMD in response to greater skeletal loading, | increased impact
forces, and greater absorption of impact forces by soft tissue padding. © 2014 American Society for Bone and Mineral Research.

KEY WORDS: OBESITY; OSTEOPOROng; FRACTURE RISK; STRENGTH RELATIVE TO LOAD; FALL IMPACT FORCES; SOFT TISSUE PADDING

Introduction

besity has long been thought to protect against osteopo-
rosis " and fragility fractures, primarily because greater
skeletal loading in obese individuals leads to increased bone
mineral density (BMD)®® and more favorable bone. geome-
try.“5) However, impact forces in a fall are also greater in obese
individuals because body weight is greater. Thus, for obesity to
reduce fracture risk, the increase in BMD stimulated by greater
skeletal loading has to compensate for greater impact forces.
Unfortunately, both chronic inflammation and type 2 diabetes
are also more prevalent in obese individuals, and both have
deleterious influences on fracture risk;®® therefore the BMD
advantage from greater skeletal loading may not be sufficient to
reduce one’s fracture risk.
In fact, multiple recent studies report that fractures are no less
common in obese individuals than in the non-obese,'*'" and

that fracture risk in some body sites (eg, extremities) is actually
increased with obesity,""'® challenging the conventional
assumption that obesity protects against fractures. There does,
however, appear to be some protection conferred by obesity
against fractures of the hip and pelvis in these studies.'*"*
Greater absorption of impact forces by soft tissue padding
around the hip may undetlie this relative reduction in hip and
pelvic fracture risk in obese women;“*' "2 however, the role of
soft tissue padding in obesity-fracture associations has not been
empirically examined in longitudinal studies.

To disentangle these disparate effects of obesity and fracture
risk, we tested a series of hypotheses aimed at isolating different

components in the obesity-fracture relationship. We hypothe-
sized that:

1. Obesity would be associated with increased BMD, reflecting

the increased bone mass stimulated by greater skeletal
loading.
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2. Obesity would be associated with reduced bone strength
relative to load (ie, that the BMD benefit of obesity would be
insufficient to compensate for greater fall impact forces).

3. Adjusted for BMD (thus, removing the effects of body weight
on BMD), obesity would be associated with increased
fracture risk, reflecting greater fall impact forces (ie, we
hypothesized that, of the remaining pathways, the influence
of body weight on fall impact forces would dominate),

4, Adjusted for bone strength relative to load (thus, removing
the effects of body weight on both BMD and fall impact
forces), obesity would be associated with decreased fracture
risk, reflecting the protective role of soft tissue padding (ie,
we hypothesized that, of the remaining pathways, the
protection provided by soft tissue padding would dominate).

We used data from the Hip Strength Across the Menopause
Transition study to test these hypotheses.

Materials and Methods

Study design and population

The Study of Women's Health Across the Nation (SWAN) is a
multicenter, multiethnic longitudinal study to characterize the
biological and psychosocial changes that occur during the
menopausal transition. Between 1995 and 1997, a screening
survey to assess study eligibility was conducted in women using
either community-based or population-based sampling frames
at each of seven participating clinical sites."® Briefly, cohort
entry criteria were as follows: age 42 to 53 years, with intact
uterus and at least one ovary, not using sex steroid hormones at
enrollment, had at least one menstrual period in the 3 months
prior to screening, and self-identified as either white, African
American, Hispanic, Chinese, or Japanese. Each site recruited at
least 450 eligible women into the cohort in 1996 and 1997,
resulting in an inception cohort of 3302 women.”'®

Five sites (Boston, Detroit, Pittsburgh, Los Angeles, and
Oakland) collected DXA scans of the hip and lumbar spine in
all but 46 participants who weighed more than 136kg (the
scanner weight limit); they constituted the SWAN bone cohort.
All five sites enrolled whites, and each site also enrolled women
belonging ta one prespecified minority ethnic group: African
American in Boston, Detroit, and Pittsburgh and Japanese and
Chinese in Los Angeles and Oakland, respectively. The Hip
Strength Across the Menopause Transition study, the focus of
this report, measured femoral neck size using archived hip DXA
scans from the 1960 women in the SWAN bone cohort who had a
baseline and two or more follow-up scans by follow-up visit 10
(2006-2007). At baseline, 36 women did not get either bone size
or body size measurements, leaving 1924 women in the analytic
sample (963 white, 503 African American, 238 Japanese, and 220
Chinese). All protocols were approved by Institutional Review
Boards at each site and all participants gave written informed
consent.

Assessment of BMD and bone strength relative to load

Using the CsteoDyne Hip Positioner System (Osteodyne Inc.),
DXA scans of the posterior-anterior lumbar spine and total hip
were acquired at the baseline visit. Hologic QDR 4500 models
were used in Boston, Detroit, and Los Angeles, and QDR 2000
scanners were used in Pittsburgh and Oakland (Hologic Inc.,
Waltham, MA, USA). A standard quality-control program,
conducted in collaboration with Synarc, Inc. (Newark, CA, USA),

included daily phantom measurements, 6-month cross-calibra-
tion with a circulating anthropomorphic spine standard, local site
review of all scans, central review of scans that met problem-
flagging criteria, and central review of 5% random sample of
scans. The 2D-projected (areal) BMD in the femoral neck and
lumbar spine were recorded.

As markers of relative bone strength, we employed composite
indices of femoral neck strength relative to load that integrate
BMD, bone size, and (in light of the “supply and demand balance”)
body size."” They have been shown to predict fracture risk in
white women? and in women from a multi-ethnic cohort,2”
and unlike BMD, they do not require race/ethnicity information to
do 50.%% Also unlike BMD, differences in the composite strength
indices between diabetics and nondiabetics are consistent with
known differences in fracture risks between these groups.” In
addition, unlike BMD, the composite strength indices are
inversely associated with serum C-reactive protein (CRP) levels,
a marker of chronic inflammation, and partially explain the
increased fracture risk associated with inflammation.®

Two bone-size measurements were made on archived
baseline hip scans using pixel dimensions provided by the
rmanufacturer: femoral neck axis length (FNAL) and femoral neck
width (FNW) (Fig. 1). The composite indices of femoral neck
strength relative to load were computed using height, weight,
FNAL, FNW, and femoral neck BMD (Fig. 1).'® Compression
strength index (CSI) reflects the ability of the femoral neck to
withstand axial compressive loads proportional to body weight,
bending strength index (BSI) reflects its ability to withstand
bending forces proportional to body weight, and impact
strength index (ISI) reflects its ability to absorb the energy of
impact in a fall from standing height (which is proportional to the
product of body height and weight)."® To examine reproduc-
ibility of the composite strength indices, 20 women were
scanned twice after repositioning; the intraclass correlation
coefficient for each index was greater than 0.98,

Incident fracture ascertainment and classification

During each of nine annual follow-up visits, fractures since the
previous visit were self-reported using a standardized interview-
er-administered questionnaire. In all years, the number of
fractures, body site(s), and how fractures occurred were
recorded. SWAN initiated collection of the date of fracture at
follow-up visit 6. Because dates of fractures were not collected in
the first six follow-ups, they were imputed using the midpoint
between the participant’s index and previous visits. Fractures
reported at visit 6 and later were confirmed by reviewing medical
records. Medical records were available for 85% of fractures and
of these, only four fractures (3.8%) could not be confirmed. We
excluded from all analyses factures not typically associated with
osteoporosis, in particular fractures of the face, skull, fingers, and
toes.??? We created two categories of fractures: all fractures
and minimum trauma fractures. Minimum trauma fractures
excluded those that occurred as a result of a fall from a height
greater than 6 inches, in a motor vehicle accident, while moving
fast (eg, bicycling or skating), while playing sports, or from impact
with heavy or fast-moving projectiles.

Measurement of obesity

At the baseline and each of nine follow-up visits, height and
weight were measured using a fixed stadiometer and a
digital scale with the participants wearing light clothing and
no shoes. The maximum hip circumference was measured over
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Fig. 1. Femcral neck size measurements and formulae to compute
composite femoral neck strength indices. AB is the femoral neck axis
length (FNAL), the distance from the base of the greater trochanter to the
apex of the femoral head, and DE is the femoral neck width (FNW), the
smallest thickness of the femoral neck along any line perpendicular to the
femoral neck axis. C is where the femoral neck axis meets the inner pelvic
rim. Composite femoral neck strength indices were computed using the
following forrnulae, where BMD refers to the areal (projected 2D) bone
mineral density in the femoral neck obtained from DXA:

Compression Strength Index (CSI) = BJ2ENY

Bending Strength Index (BS!) = ';Q_Aﬁg%% ‘

Impact Strength Index (ISI) = BYZEEENAL

Ali three indices were recorded in units of g/kg-m. With BMD measuredin
g/cm?, FNW and FNAL in cm, weight in kg, and height in meters, CSl and
BSI were scaled by 100-to get values in units of g/kg-m.

undergarments (if a participant refused, over light clothing)
using a measuring tape with the participants standing with their
feet together. Body mass index (BMI) was calculated as weight
divided by the square of height (kg/m?. Previous studies
suggest nonlinear relationships between BMI and fracture risk.
Therefore, participants were classified into four mutually
exclusive BMI categories: low weight (BMI < 22 kg/m?), normal
weight (22 kg/m? <BMI < 25kg/m?), overweight (25kg/m?<
BMI < 30 kg/m?), and obese ({30 kg/m? < BMI), Only 39 women
(2.0%) had BMI< 18.5kg/m? and therefore women with BMI
< 22 kg/m?, which accounted for 22.5% of the analytic sample,
were categerized as low weight.

Other measurements

Participants provided the following information at baseline: age
(years), race/ethnicity, menopause transition stage (premeno-
pause or early perimenopause: no changes versus some changes
in regularity of menses but with no gaps of > 3 months), physical

activity level (summary score combining intensity with frequency
of active living, home, and recreational physical activity from
modified Baecke interview®), prescription medications used,
vitamin D and calcium supplement use, alcohol consumption
(abstainer; infrequent: not abstainer, but < 1 drink perweek; light
to moderate: > 1 drink per week, but < 1 per day; and heavy: > 1
drink per day), smoking history, and comorbidities. Women who
reported use of diabetes medications or had fasting serum
glucose >126 mg/dL were classified as diabetic. Serum glucose
was measured from blood drawn after an overnight fast, using a
hexokinase-coupled reaction (Roche Molecular Biochemicals
Diagnostics, Indianapolis, IN, USA). Serum CRP level was
measured at Medical Research Laboratories (Highland Heights,
KY, USA), using an ultrasensitive rate immunonephelometric
method with a lower limit of detection of 0.3 mg/L (BN100; Dade-
Behring, Marburg, Germany). The CRP assay within-run coeffi-
cient of variation (CV) at CRP concentrations of 0.5 and 22.0 mg/L
were 10%-12% and 5%-7%, respectively. During each of the
follow-up visits, information on use of medications was collected
using interviewer-administered questionnaites.

Statistical analysis

The first set of analyses was designed to examine the effect of
obesity on BMD and bone strength relative to load, and
examined cross-sectional associations at the baseline SWAN visit.
We first compared the means of the five bone strength estimates
(BMD in the lumbar spine and femoral neck, and three composite
indices of femoral neck strength relative to load) across BMI
categories. Although we had expected to see a J-curve
relationship.between BMI and bone strength or fracture hazard,
the preliminary analysis found a graded relationship between
BMI categories and each of the bone strength estimates and
fracture hazard, and we decided to set the low weight group as
the reference group. The linear relationships between BMI and
bone strength estimates were also tested by entering BMI into
the models as a continuous variable rather than a categorical
vatiable. '

Multiple linear regression was used to adjust for the
following potential confounders, which were also measured
at baseline: age (continuous); race/ethnicity; menopause
transition stage (premenopause versus early perimenopause);
smoking status (never, past, current); alcohol use categories
(abstainer, infrequent, light to moderate, heavy); level of
physical activity (above median versus below median); current
use (yes versus no) of medications from the following four
classes (one indicator variable for each): supplementary
vitamin D, supplementary calcium, other bone-active medi-
cations (oral steroids, chemotherapy for breast cancer,
aromatase inhibitors, antiepileptics), and central nervous
system active medications (tranquilizers, antidepressants,
sedatives, sleeping pills); ever/previous use (yes versus no) of
oral steroids; ever/previous use of sex steroids (oral estrogen/
progesterone, estrogen patches, birth control pills); history of
prior fracture as an adult (after age 20 years); and study site. Use
of osteoporosis medications (bisphosphonates, selective
estrogen receptor modulators, calcitonin, parathyroid hor-
mone, or vitamin D in pharmacological doses) at baseline was
reported by only one participant, and therefore the osteopo-
rosis medications variable was not included in the models.
Dunnett's method was used to adjust for multiple comparisons
between the low weight (reference category) and the three
higher BMI categories.
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To statistically eliminate the (potentially negative) effects of
chronic inflammation and diabetes from the association
between BMI and bone strength estimates, we added diabetes
status (yes/no) and serum CRP level (which was log-transformed
to minimize its skew) to the base models, in a second step.

The second set of analyses examined obesity associations
with incidence of fracture over 9 years, and employed Cox
proportional hazard regression with time to first fracture as the
dependent variable, and baseline BM! as primary predictor. The
models were initially adjusted for the same set of baseline
covariates as in the cross-sectional base model plus use in at
least two consecutive visits during follow up of medications
from the following four classes (using one yes/no indicator
variable for each class): sex steroid hormones; osteoporosis
medications; oral steroids; and other bone-active medications
(chemotherapy, aromatase inhibitors, antiepileptics) as time-
invariant covariates. This initial model (the longitudinal base
model) estimated the overall effect of obesity on fracture risk. In
subsequent models, we added select covariates representing
one or more hypothesized obesity-fracture pathways in order to
statistically eliminate the effects of the hypothesized pathway(-
s), and estimate the obesity-fracture association independent of
the selected pathway(s). We first added BMD to the model to
control for the skeletal loading effect of body weight on BMD.
Next, we separately added each composite index of femoral
neck strength relative to load to the longitudinal base model to
control for the effects of body weight on both bone mass and fall
impact forces. We then further adjusted for log(CRP) and
diabetes to remove any residual effects of diabetes and
inflammation (which are more prevalent in obese individuals),
and thus better isolate the protective effect of soft tissue
padding on fracture risk. in the final model, we added a
surrogate marker of soft tissue padding around the hip, derived
from hip circumference to test if it explained away any
remaining protective effect of obesity on fracture risk. The
surrogate hip soft tissue measure was created as the residual
from race/ethnicity-specific linear regressions of hip circumfer-
ence oit budy height.

We conducted all the time-to-event analyses for each of two
event types: all fractures and minimum trauma fractures. For
analyses of time to first minimum-trauma fractures, follow-up
time was censored at the time of the first trauma-associated
fracture.®”

A total of 96 (5.0%) women had one or more covariates
missing and the missing values were imputed by single
imputation using the expectation maximization (EM) algo-
rithm.®> Al analyses were conducted using SAS version 9.3
(SAS Institute, Inc, Cary, NC, USA). Two-sided p<0.05 was
considered statistically significant.

Results

Participants were classified into four BMI categories: 432 (22.5%)
were categorized as low weight (BMI < 22 kg/m?), 455 (23.6%) as
normal weight (22 kg/m? <BMI < 25kg/m?), 469 (244%) as
overweight (25kg/m? < BMI < 30kg/m?), and 568 (29.5%) as
obese (30 kg/m2 < BMI). Distributions of characteristics across
BMI categories are shown in Table 1. African American women
and women in early perimenopause were more likely to be in
higher BMI caitegories. Diabetes, history of previous fracture, less
healthier habits (current smoking and less physically active), and
use of central nervous system (CNS)-active medications were also

more prevalent in higher BMI categories, whereas Chinese and
Japanese women and use of supplementary vitamin D and
calcium were more common in lower BMI categories,

Cross-sectional associations between BMI and estimates
of bone strength

Multivariable-adjusted means of femoral neck BMD and lumbar
spine BMD increased significantly with increasing BMI categories
(Table 2, base model). In contrast, the adjusted means of all three
composite indices of femoral neck strength relative to load
decreased significantly with increasing BMI (all p <0.001).
Consistent with the graded increase in BMD and graded
decrease in composite strength indices with increasing BMI
categories, BMI as a continuous predictor was also linearly and
positively associated with BMD, and linearly and negatively
associated with the composite strength indices. Adjusting for
diabetes and log(CRP) only slightly diminished the magnitude of
the associations between BMI and the composite indices of
strength relative to load (Table 2). Adjusting for diabetes and
log(CRP) had virtually no impact on the associations between
BMI and either lumbar spine BMD or femoral neck BMD.

Association between baseline BMI and incident fracture

After median follow-up of 9.0 (interquartile range, 8.9-9.1) years,
201 women (10.5%) had at least one fracture, at a rate of 12.6 per
1000 person-years. Foot (non-toe) and ankle were the most
common locations for first incident fracture. In Cox proportional
hazard regression, adjusted for age, race/ethnicity, menopause
transition stage, smoking status, alcohol use, evel of physical
activity, use of medications at baseline and during follow-up,
history of prior fracture as an adult, and study site, fracture hazard
was not significantly associated with BMI (Table 3, base model).
After additional adjustment for femoral neck BMD, obesity was
significantly associated with increased fracture hazard: relative
increment in fracture hazard in obese relative to low weight
women: 89% (95% confidence intervals (Cl), 14% to 214%)
(Table 3, model 2a). The relative increment in fracture hazard in
obese women compared to normal weight women was also
statistically significant: 78% (95% Cl, 13% to 181%, p=0.01). In
stark contrast, obesity was significantly associated with de-
creased fracture hazard when adjusted instead for any of the
composite indices of femoral neck strength relative to load:
relative decrement in fracture hazard in obese relative to low
weight-women was 57% (95% Cl, 24% to-76%) after adjusting for
CSl, 41% (95% Cl, 1% to 65%) after adjusting for BSI, and 53%
(95% Cl, 16% to 74%) after adjusting for ISI (Table 3, model 3). The
relative decrement in fracture hazard in obese women relative to
normal weight women after adjusting for CSI was 39%
(p=0.053). Addition of diabetes and log(CRP) to the model
with CSI minimally affected the associations between BMI and
fracture hazard (Table 3, model 4). Further adjustment for hip soft
tissue attenuated the associations between BMI and fracture
hazard and made them statistically nonsignificant (Table 3,
model 5). Similar results were observed when diabetes, log(CRP),
and hip soft tissue were added to Models 3b and 3¢ (the models
with BS| and 1S))—data not shown.

Consistent with the graded associations between BMI catego-
ries and fracture hazard in models 2 through 4 (Table 3), BMi as a
continuous predictor was linearly and positively associated with
fracture hazard after adjusting for femoral neck or lumbar spine
BMD (Table 3, models 2a and 2b), but linearly and negatively
associated with fracture hazard after adjusting for composite
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Table 1. Participant Characteristics at the Baseline Visit in the Complete Study Sample and by Body Mass Index Categories®

All Low weight® Normal® Overweight® Obese® p for

Characteristics (n =1924) (n=432) (n =4 55) (n=469) {n=568) trend®

Age (years) 459 (2.7) 457 (2.7) 459 (2.7) 46.1 (2.7) 458 (2.7) 047

Height (cm) 162.3 (6.5) 161.0 (6.8) 161.8 (6.5) 163.2 (6.4) 162.8 (6.2) <0.001

Weight (kg) 72.6 (19.3) 52.7 (5.4) 61.6 (5.5) 72.9 (6.9) 96.3 (14.6) <0.001

BMI (kg/m?) 27.5 (6.9) 203 (1.3) 23.5 (0.9) 27.3 (1.4) 36.3 (5.1) <0.001

Hip circumference (cm) 105.3 (13.9) 91.2 (4.3) 97.7 (4.5) 105.5 (5.4) 122.0 (11.3) <0001

Waist circumference (cm) 84.6 (15.2) 68.9 (4.0) 76.0 (4.4) 85.3 (6.7) 103.1 (11.3) <0.001

Race/ethnicity, n (%) <0.001
White 963 (50.1) 185 (42.8) 236 (51.9) 248 (52.9) 294 (51.8)

African American 503 (26.1) 38 (8.8) 69 (15.2) 141 (30.1) 255 (44.9)
Chinese 220 (11.4) 100 (23.2) 72 (15.8) 39 (8.3) 9 (1.6)
Japanese 238 (12.4) 109 (25.2) 78 (17.1) 41 (8.7) 10 (1.8)

Menopause transition stage, n (%) 0.009

Premenopausal 1087 (56.5) 260 (60.2) 266 (58.5) 264 (56.3) 297 (52.3)
Early perimenopausal 837 (43.5) 172 (39.8) 189 (41.5) 205 (43.7) 271 (47.7)

Smoking Status, n (%) <0.001
Never smoked 1142 (59.8) 280 (65.1) 287 (63.2) 266 (57.2) 309 (55.0)
Ex-smoker 486 (25.4) 92 (21.4) 112 (24.7) 128 (27.5) 154 (27.4)

Current smoker 283 (14.8) 58 (13.5) 55 (12.1) 71 (15.3) 99 (17.6)

Alcohol consumption, n (%)¢ <0.001
Abstainer 992 (51.6) 199 (46.3) 218 (48.0) 235 (50.1) 340 (59.9)
Infrequent 179 (9.3) 47 (10.9) 37 (8.2) 41 (8.7) 54 (9.5)

Light to rnoderate 489 (25.5) 112 (26.1) 125 (27.5) 121 (25.8) 131 (23.1)
Heavy 261 (13.6) 72 (16.7) 74 (16.3) 72 (15.4) 43 (7.6)

Physical activity level, n (%) <0.001
Above median 945 (50.6) 247 (59.1) 257 (57.8) 243 (53.3) 198 (36.2)

Below median 921 (49.4) 171 (40.9) 188 (42.3) 213 (46.7) 349 (63.8)

History of prior fracture as adult, n (%) 353 (18.4) 57 (13.2) 72 (15.8) 101 {21.5) 123 (21.7) <0.001

Current use of medications, n (%)

Supplementary vitamin D 742 (38.6) 177 (41.2) 175 (38.6) 182 (38.8) 208 (36.6) 0.17
Supplementary calcium 863 (44.9) 218 (50.7) 212 (46.7) 208 (44.4) 225 (39.6) <0.001
CNS active medications’ 199 (10.3) 39 (9.0) 37 (8.1) 47 (10.0) 76 (134) 0.01
Other bone-active medications® 44 (2.3) 8 (1.9) 7 (1.5) 13 (2.8) 16 (2.8) 017

Previous use of medications, n (%)

Sex steroid hormones 1419 (73.8) 287 (66.4) 330 (72.5) 357 (76.1) 445 (784) <0.001
Oral stercids 92 (4.8) 13 (3.0) 20 (4.4) 21 (4.5) 38 (6.7) 0.008

Diabetes mellitus, n (%)" 88 (4.6) 3(0.7) 7 (1.5) 10 2.1) 68 (12.0) <0.001

FNAL (cm) 8.97 (0.51) 8.98 (0.54) 8.98 (0.51) 9.01 (0.51) 8.91 (0.48) 0.09

FNW (cm) 2.75 (0.20) 2.73 (0.20) 2.73 (0.20) 2.75 (0.20) 2.78 (0.20) <0.001

Lumbar spine BMD (g/cm?) 1.07 (0.13) 1.00 (0.11) 1.04 (0.12) 1.09 (0.13) 1.13 (0.13) <0.001

Femoral neck BMD (g/cm2) 0.84 (0.13) 0.75 (0.10) 0.80 (0.10) 0.85 (0.11) 0.95 (0.13) <0.001

CSl (g/kg-m) 3.31 (0.64) 3.90 (0.55) 3.54 (0.47) 3.20 (0.43) 2.76 (0.45) <0.001

BSI (g/kg-mi ) 1.02 (0.22) 1.19 (0.21) 1.08 (0.19) 0.98 (0.16) 0.87 (0.16) <0.001

ISI (g/kg-m) 0.18 (0.04) 0.22 (0.03) 0.20 (0.03) 0.18 (0.02) 0.15 (0.03) <0.001

Abbreviations: BMI, body mass index; CNS, central nervous system; FNAL, femoral neck axis length; FNW, femoral neck width; CSI, compression strength
index; BSI, bending strength index; ISI, impact strength index.

?Mean and standard deviation shown for continuous variables and number of participants and percentage shown for categorical variables,

PBMI categories: low weight: BMI < 22, normal; 22 < BMI < 25, overweight: 25 < BMI < 30, and obese: 30 < BMIL.

“p value for trend across increasing BMI categories was calculated using the Jonckheere-Terpstra test.

Women were classified as premenopausal if they had experienced at least one menstrual period in the last 3 months with no change in the regularity of
their menstrual bleeding during the last year and early perimenopausal if they had experienced at least one menstrual period in the last 3 months with
some change in the regularity of their menstrual bleeding during the last year.

*Women were classified as abstainer if they consumed no alcohol, infrequent if they consumed less than one drink per week, light to moderate if they
consumed more than one drink per week but less than one drink per day, and heavy if they consumed more than one drink per day.

CNS active medications include tranquilizers, antidepressants, sedatives, and sleeping pills.

90ther bone-active medications include oral steroids, chemotherapy for breast cancer, aromatase inhibitors, and antiepileptics.

"Women who reported use of diabetes medications or had fasting serum glucose > 126 mg/dL were classified as diabetic.
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Table 2. Adjusted” Means of Bone Mineral Density and Indices of Bone Strength Relative to Load as Function of Body Mass Index®

gf&?’i"zcze) Normal (22 < BMI < 25) Overweight (25 < BMI < 30) Obese (30 < BMI) BMi as continuous predictor
Adjusted mean Adjusted mean Adjusted mean Adjusted increment
Adjusted difference from the difference from difference from the in mean per unit BMi
mean reference group p the reference group p reference group p increment {kg/m?) P
Femoral neck BMD (g/cm?)
Base model® 0.76 0.04 (0.03, 0.06) <0.001 0.08 (0.06, 0.09) <0.001 0.17 (0.15, 0.18) <0.001 0.0078 (0.0069, 0.0087) <0.001
+ DM and CRP¢ 0.78 0.04 (0.03, 0.06) <0.001 0.08 (0.06, 0.09) <0.001 0.16 (0.14, 0.19) <0.001 0.0080 (0.0069, 0.0091) «<0.001
Lumbar spine BMD (g/cm?)
Base model 1.01 0.04 (0.02, 0.06) <0.001 0.08 (0.06, 0.10) <0.001 0.13 (0.11, 0.15) <0.001 0.0097 (0.0089, 0.0105) <0.001
+ DM and CRP 1.03 0.04 (0.02, 0.06) <0.001 0.08 (0.06, 0.10) <0.001 0.13 (0.11, 0.16) <0.001 0.0099 (0.0090, 0.0108) <0.001
CSl (g/kg-m)
Base model 3.88 —0.33 (=041, —0.26) <0.001 —~0.66 (—0.73, —0.58) <0.001 —-1.07 (—1.14, —0.98) <0.001 ~0.062 {—0.066, —-0.059) < 0.001
+ DM and CRP 3.81 —-0.30 (-0.37, —0.23) <0.001 —-0.60 (—0.68, —0.53) <0.001 —0.95 (—1.04, —0.86) <0.001 —-0.059 (--0.063, —0.055) <0.001
BSI (g/kg-m)
Base model 1.17 —0.09 (—0.12, —0.07) <0.001 -0.18 (—0.21, —0.15) <0.001 —-0.28 (—0.31, 0.25) <0.001 -0.016 (—0.017, —0.015) <0.001
-+ DM and CRP 1.15 -0.09 (—0.11, —0.06) <0.001 —0.16 (—0.19, —0.13) <0.001 ~0.24 (—0.28, —0.21) <0.001 —0.015 (-0.017, —0.014) «<0.001
1Sl (g/kg-m)
Base model 0.22 —0.020 (—0.024, —0.016) <0.001 -0.039 (—0.043, —0.035) <0.001 -0.063 (-0.068, —0.059) <«0.001 —0.0037 (-0.0039, —-0.0035) <0.001
-+ DM and CRP 0.21 —-0.018 (—0.022, —0.014) <«0.001 -—0.035 (—0.040, ~0.031) <0.001 —0.055 {(—0.061, —0.050) <«0.001 —0.0034 (—0.0037, —0032) <0.001

Abbreviations: BMI, body mass index; DM, diabetes mellitus; CRP, C-reactive protein; CSI, compression strength index; 8Sl, bending strength index; IS, impact strength index; BMD, bone mineral density

2Results of multiple linear regression analysis with BMI as categorical predictor (reference group: low weight category, BMI < 22kg/m?) and as continuous predictor in separate models.

bBase model: Adjusts for age, menopause transition stage, race/ethnicity, study site, physical activity, smoking status and alcohal consumption, history of fracture since age 20, baseline use of medications
(supplementary vitamin D, supplementary calcium, bone-active medications, central nervous system active medications, ever/previous use of oral steroids, and ever/previous use of sex steroids).

‘DM and CRP were added in step 2.



Table 3. Adjusted* Associations Between Body Mass Index and Incident Fracture Before and After Controlling for Different Pathways®
Normal (22 <BMI < 25) Overweight (25 < BMI < 30) Obese (30 <BMI)

BMI as continuous predictor

Ref: Low weigh:t Ref: Low weight Ref: Low weight Per unit BMI increment {(kg/m?)

HR (95% CI) p HR (95% Cl) p HRO5% C)  p HR (95% C) p

Base model® 091 (058, 141) 067 1.02 (066, 1.59) 093 1.01 (0.64, 1.59) 097 107 (0.98, 1.03) 0.58
Model 2a 106 (068, 167) 079 132(0.84,208 022 189 (1.14,3.14) 001  1.05 (1.02, 1.07) <001
Model 2b 103 (066, 1.62) 089 127 (081,199) 030 150 (0.93,242) 010  1.03 (1.005, 1.06) 0.02
Model 3a 070 (044, 1.10) 012 059 (0.36,097) 004 043 (0.24, 0.76) 0.004  0.96 (0.93, 0.99) 0.006
Model 3b 076 (048, 1.20) 024 072 (045 1.16)  0.18 059 (0.35,099) 0.048 098 (0.95, 1.003) 0.08
Model 3¢ 071(045,1.13) 015 063 (038, 1.03) 007 047 (0.26,084) 001 096 (0.93, 0.99) 0.02
Model 4 071(045,1.13) 015 062(037,1.02) 006 043 (023, 081) 0009 095 (092, 0.99) 0.005
Model 5 076 (048,1.22) 026 072(042,123) 023 065 (031,140) 027 098 (091, 1.04) 0.47

Abbreviations: BMI, body mass index; HR, hazard ratio, Cl, confidence intervals.

2Results of Cox proportional hazards analysis with BMI as categorical predictor (reference group: low weight category, BMI < 22kg/m?) and as continuous
predictor in separate models.

PRase model: age, menopause transition stage, race/ethnicity, study site, physical activity, smoking status and alcohol consumption, history of fracture
since age 20, baseline use of medications (supplementary vitamin D, supplementary calcium, bone-active medications, central nervous system active
medications, ever/previous use of oral steroids, and ever/previous use of sex steroids) and use of medications during the follow-up (sex steroid hormones,
osteoporosis medications, oral steroids, and other bone-active medications).

Model 2a: adjusted for covariates in base model plus femoral neck BMD, Model 2b: adjusted for covariates in base model plus lumbar spine BMD. Model
3a: adjusted for covariates in base model plus compression strength index. Model 3b: adjusted for covariates in base model plus bending strength index.
Model 3c: adjusted for covariates in base model plus impact strength index.

Model 4: adjusted for covariates in model 3a plus diabetes status and log (C-reactive protein). Model 5: adjusted for covariates in model 4 plus a surrogate

measure of hip soft tissue.

indices of femoral neck strength relative to load (Table 3, models
3a and 3c). Similarly, the linear and negative relationship between
BMI (as a continuous predictor) and fracture hazard became
nonsignificant when hip soft tissue was added to the model
(Table 3, madel 5).

Association between baseline BMI and incident minimum
trauma fracture

After the 9-year follow-up, 82 women (4.3%) had at least one
minimum trauma fracture, at a rate of 5.1 per 1000 person-years,
Findings for minimum trauma fracture were similar to the ones
for all fracture with respect to the direction and magnitude of the
associations with BMI (Table 4). However, reflecting the smaller
number of events, fewer associations reached levels of statistical
significance, .

Discussion

This study was designed to test multiple hypothesized pathways
by which obesity might affect fracture risk: (1) increased BMD in
response to greater skeletal loading, (2) increased impact forces
in a fall (loadl), (3) deleterious effects of chronic inflammation and
diabetes (common in obesity) on bone mass, and (4) absorption
of impact forces by soft tissue padding. Using data from a multi-
ethnic cohort of 1924 women going through the menopause
transition, we demonstrated that although higher BMI was
indeed asscciated with higher BMD (consistent with previous
studies®), it is in fact associated with lower indices of bone
strength relative to load. These associations between BM! and
the bone strength estimates were monotonic. These findings
suggest that although obesity may increase BMD, the increase in
bone strength is not commensurate with the increase in fall
impact forces. Further adjustment for the detrimental effects of
diabetes and inflammation did not substantially alter the
associations between high BMI and low bone strength.

We also demonstrated that adjusted for BMD, obesity was
associated with increased fracture hazard. Increased fracture
hazard in obesity, when adjusted for BMD, has been seen in
previous studies"%?® and is consistent with the hypothesis that
larger fall impact forces in obesity increase fracture risk. We also
demonstrated that obesity was associated with decreased
fracture hazard after adjustment for any of the three composite
indices of bone strength relative to fall impact forces. Since
controlling for the composite indices statistically eliminates the
effects of obesity on both bone strength and fall impact forces
without eliminating the effect of soft tissue padding, this is
consistent with a fracture protection effect of soft tissue padding.
Such a protective role is further supported by the observation
that additional adjustment for a surrogate marker for hip soft
tissue padding attenuated the remaining obesity—fracture
association and made it statistically nonsignificant.

Taken together, these findings provide empirical evidence for
the hypothesized pleiotropic effects of obesity on fracture risk.
First, bone mass increases in response to the excess weight,
Second, obesity increases fracture risk by increasing impact
forces in a fall. The increase in bone mass in obesity is not
commensurate with the increased fall impact forces. Third,
the reduction in bone strength relative to load is to some
degree offset by the protection conferred by increased soft tissue
padding. The balance between these factors determines
the overall fracture risk in an individual.

Because the magnitude of these competing effects can vary
from body site to body site, the relationship between obesity and
fracture will be both site-specific and person-specific. For
instance, the adaptive increase in BMD due to greater skeletal
loading will be more pronounced at weight-bearing sites such as
the hip and spine than in the forearm and wrist. Similarly, the
protection conferred by soft tissue mass will be greatest at body
sites where it is most abundant, and the localization of soft tissue
can vary from person to person. For instance, gynecoid obesity,
where most fat accumulation is around the hip, should provide
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Table 4. Adjusted” Associations Between Body Mass Index and
Incident Minimum Trauma Fracture Before and After Controlling
for Different Pathways®

Obese BMI as continuous
(30< BMI) predictor
Ref: Low Per unit BMI
weight increment (kg/m?)

HR(95% Cl)  p  HR(95%C)  p

Base model® 1.06 (0.49, 2.28) 0.88 1.02 (0.98, 1.05) 0.35
Model 2a 178 (0.77,4.13) 018 1.05(1.01,1.09) 0.01
Model 2b 1.58 (0.71,3.51) 0.26 1.04 (1.004, 1.08) 0.03
Model 3a . 033 (0.13,0.87) 002 0.96 (092, 1.007) 0.10
Model 3b 047 (0.20, 1.10)  0.08 0.98 (0.94, 1.02) 0.23
Model 3¢ 0.39 (0.15, 1.005) 0.051 0.97 (0.93, 1.02) 0.22
Model 4 0.29 (0.10, 0.80) 0.02 0.95 (0.90, 1.001) 0.053
Model 5 0.30 (0.09,1.03) 0.055 0.95 (0.86, 1.05) 0.31

Abbreviations: BMI, body mass index; HR, hazard ratio, Cl, confidence
intervals.

®Results of Cox proportional hazards analysis with BMI as categorical
predictor (reference group: low weight category, BMI < 22kg/m?) and as
continuous predictor in separate models.

PBase model: age, menopause transition stage, race/ethnicity, study
site, physical activity, smoking status and alcohol consumption, history of
fracture since age 20, baseline use of medications (supplementary
vitamin D, supplementary calcium, bone-active medications, central
nervous systern active medications, ever/previous use of oral steroids,
and ever/previous use of sex steroids) and use of medications during the
follow-up (sex steroid hormones, osteoporosis medications, oral steroids,
and other bone-active medications). Model 2a: adjusted for covariates in
base model plus femoral neck BMD. Model 2b: adjusted for covariates in
base model plus lumbar spine BMD. Model 3a: adjusted for covariates
in base model plus compression strength index. Model 3b: adjusted
for covariates in base model plus bending strength index. Model 3¢
adjusted for covariates in base model plus impact strength index.
Model 4: adjustad for covariates in model 3a plus diabetes status and
log(C-reactive protein). Model 5: adjusted for covariates in model 4 plus a
surrogate measure of hip soft tissue,

protection against hip fractures, but not necessarily protect
against fractures at other appendicular sites. This is consistent
with previous studies which found lower hip fracture risk®' 1214
but higher risk of fractures elsewhere"'™'* in obese compared to
non-obese women,

Previous studies have found that both inflammation and
diabetes, which are more prevalent in obesity, have deleterious
effects on bone strength and fracture risk'®® and that diabetes
is also associated with increased fall risk.?”*® The observed
negative asscciations of obesity with both bone strength
relative to load and fracture risk independent of inflammation
and diabetes in this current study suggests that there are other
direct mechanisms by which obesity is deleterious to bone
health. Adipose tissue is considered an endocrine organ
producing adipokines such as adiponectin and leptin, which
have been implicated in bone metabolism.?? Increased bone
marrow fat in obesity may also have deleterious effects on
bone.f? Other possible mechanisms include osteoarthritis
(which increases fall risk),""*" prediabetes, hyperlipidemia,
hypertension, and vascular atherosclerosis (which may reduce
blood and axygen supply to bone), all of which are more
prevalent in obese individuals.

It should ke noted that the composite strength indices
employed in this study are structural measures based on

macroscopic measurements from DXA scans and body size
derived from structural engineering principles. The indices
ignore important microscopic features such as differences in
microarchitecture, and a recent case control study did demon-
strate that obesity-induced improvements in microarchitecture
may also not be commensurate with the increased body
weight.®? In addition, the strength indices were derived using
the simplifying assumption that the femoral neck is a simple
cylinder and do not take into account other aspects of shape
such as femoral neck-shaft angle, which may also be influenced
by body composition**® and associated with hip fracture
risk.® These other pathways from obesity to fracture risk need
further investigation,

Our study has other limitations to be noted. First, fractures
were self-reported, but fractures after visit 6 were confirmed by
medical records review. It is still possible that we overlooked
clinically silent vertebral fractures. Also, the exact date of fracture
was not recorded until the medical records review process
began; thus, fractures that occurred prior to that time were
assumed to occur at the midpoint between the current and prior
visit. This could bias our estimates.®> Second, we employed BM!
as a measure of obesity and did not assess the role of truncal
versus appendicular distribution of fat or distinguish fat mass
from lean mass. We also did not differentiate between visceral
and subcutaneous adipose tissues, each of which may have
different biological implications.*® Third, the composite
strength indices were designed to quantify bone strength in
the femoral neck, but fractures in the femoral neck were
relatively rare in this cohort of middle-aged women (less than 5%
of all fractures). However, just like low or high BMD in the femoral
neck is a reflection of low or high bone mass more generally,??
femoral neck strength indices also reflect bone strength
elsewhere in the individual and predict fracture risk more
generally.?%37) Fourth, the incidence of fracture was low in this
cohort of middle-aged women, precluding analyses by specific
locations of bone fractures and limiting our power to detect
residual BMI effects after adjusting for hip soft tissue. Lastly, we
did not take into account the change in BMD or bone strength
indices during follow-up, which may alsc be influenced by
obesity. Further studies are warranted to assess the generaliz-
ability of our findings to other populations, such as men, older
postmenopausal women, and younger premenopausal women.

In summary, this study provided empirical evidence for at least
three major mechanisms by which obesity may influence
fracture risk: adaptive increase in BMD, increased impact forces
in a fall, and soft tissue padding to absorb impact forces. Qur
findings suggest that the assessment of fracture risk has to go
beyond measurement of BMD to include assessment of bone
strength relative to load and the extent of soft tissue over
potential impact sites.
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Our objective was to examine the associations of lifetime parity and accumulated length of lactation with bone
strength in women prior to the menopause fransition and fracture risk during and after the transition. Partici-
pants were 2239 pre- or early peri-menopausal women from the Study of Women's Health Across the Nation
(SWAN), ages 42-53 years at baseline, who had no childbirths after age 42. Bone mineral density (BMD) was
measured in the femoral neck and the lumbar spine at the baseline SWAN visit using dual-energy x-ray abisorp-

Edited by Mark Cooper tiometry, and the composite indices of femoral neck strength relative to load (in three failure modes: comipres-

sion, bending, and impact) were calculated from femoral neck BMD, femoral neck size, and body size. Data on
Keywords: fractures after age 42 were collected for a median follow-up of 15.7 years (interquartile range, 11.4-18.5
Parity years). In multiple linear regressions adjusted for covariates, lifetime parity was associated positively with fem-
Lactation oral neck strength relative to load (0.024 standard deviation (SD) increment in impact strength index per child-
Fracture birth, p = 0.049), but accumulated length of lactation was associated negatively with lumbar spine BMD (0.018
Bone strength

SD decrement per every additional 6 months of lactation, p = 0.040). In Cox proportional hazards regressions ad-
Jjusted for covariates, neither parity nor lactation was associated with fracture hazard after age 42. In conclusion,

parity and lactation have little impact on peak bone strength prior to menopause, and do not affect fracture risk
after age 42 over 16-year follow-up.

Bone mineral density
Composite strength indices

© 2015 Elsevier Inc. All rights reserved.

Introduction parity or lactation and bone size later in life {7-9]. Both parity and lacta-

tion also have long-term consequences on a woman's body weight
[10-12]. Greater body weight independently enhances bone re-
accrual (via greater skeletal loading) [13], but also leads to higher im-
pact forces on bone in a fall [6,14]. The combined effect of these changes
in BMD, bone size, and body size on bone strength relative to load
(ie., relative to fall impact forces) is not known.

The composite indices of femoral neck strength, which integrate
body size with femoral neck size and BMD (both measured from dual-
energy x-ray absorptiometry [DXA] scans of the hip), gauge femoral
neck strength relative to load during a fall [15]. These indices are in-
versely associated with incident fractures [15,16], and, unlike BMD,
can stratify fracture risk correctly between diabetics and non-diabetics
[17], and across race/ethnicity groups [18]. In addition, unlike BMD,
the composite indices of femoral neck strength relative to load predict
fracture risk in middle-aged women without requiring race/ethnicity

During the last trimester of pregnancy and while breast feeding, a
woman is at risk of losing bone mass to provide adequate calcium for
the child's skeletal development [1]. There is a good evidence that, in
the short-term, both pregnancy and lactation can cause bone mineral
density (BMD) loss of up to 5%, and that there may be a dose-
dependent relationship between length of lactation and amount of
bone loss [2,3]. However, the long-term effects of parity and lactation
on bone health are not clear. Some studies have even found that parity
and lactation are associated with higher BMD later in life, while others
have reported lower BMD, or no association with BMD [2].

BMD, however, is not the only bone characteristic that affects bone
strength. Bone size relative to body size also plays an important role
[4-6], and there are some studies suggesting associations between

* Corresponding author at: Department of Medicine/Division of General Internal
Medicine, Kameda Medical Center, 929 Higashi-cho, Kamogawa, Chiba 296-8602, Japan.
Tel: +814 7099 1103,
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information [16].

The primary objective of this study was to examine the associations
of lifetime parity and cumulative length of lactation with BMD and the
composite indices of femoral neck strength relative to load in pre- or
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early peri-menopausal women between the ages of 42 and 53 years
who have completed their child-bearing. A woman's peak bone
strength prior to entering the menopause transition is a reliable indica-
tor of her fracture risk later in life [19-21]. The second objective of
this study was to examine the associations of parity and lactation with
the risk of fracture after age 42. We used longitudinal data from the
Study of Women's Health Across the Nation (SWAN) to study these
associations.

Materials and methods
Study participants

SWAN is a multi-site, prospective cohort study of the menopausal
transition in a community-based sample of 3302 women from one of
five ethnic/racial backgrounds in the United States: Caucasian, African-
American, Japanese, Chinese, and Hispanic. The eligibility criteria, de-
scribed in detail elsewhere [22], included ages 42-52 years, intact uter-
us and at least: pne intact ovary, not using sex-steroid hormones at the
time of screening, at least one menses in the three months before
screening, and. self-identification as a member of one of the five eligible
ethnic/racial backgrounds. Participants were enrolled in 1996-1997 at
seven clinical sites in the following areas: Boston, Chicago, Detroit, Pitts-
burgh, Los Angeles, Newark and Oakland. The Chicago and Newark sites
did not perform BMD measurement, and did not contribute to the
SWAN bone cohort. Each of the other five sites enrolled Caucasians,
and also emrolled women from another ethnic group: African

American in Boston, Detroit, and Pittsburgh, Japanese in Los Angeles,

and Chinese in Oakland. These women were followed annually for
10 years and then biennially twice (visits 11 and 12) by 2010-11.

Of 2413 participants at the five SWAN Bone Study sites, 2335 were
enrolled in the bone cohort at baseline. The main reason for the exclu-
sion was excess body weight; 46 women could not undergo DXA
scans because their body weights exceeded the scanners' weight limit
of 136 kg. A SWAN ancillary study, the Hip Strength Across the Meno-
pause Transition study, measured femoral neck size using archived hip
DXA scans from the 1960 women in the SWAN bone cohort who had
a baseline and two or more follow-up scans by follow-up visit 10.
From the SWAN bone cohort, we excluded data from one woman who
had initiated sex steroid hormones (a SWAN exclusion criterion) be-
tween screening and the baseline visit, 32 women who gave birth
after age 42 (29 before the SWAN baseline and three after the baseline
visit), two women who did not report their age at the time of a fracture
after age 42 but: before SWAN baseline, 36 women who reported use of
tamoxifen either prior to SWAN baseline or at any time during the
study, 18 women for whom menopausal transition stage information
was missing at the baseline visit, and seven women for whom baseline
BMI measurement was missing. The final sample sizes were 2235 for
femoral neck BMD analysis, 2022 for lumbar spine BMD analysis, 1881
for analysis of the composite indices of fermnoral neck strength relative
to load, and 22239 for fracture analysis. The SWAN and sub-study proto-
cols were approved by the Institutional Review Board at each site, and
all participants gave written informed consent.

Measurements of bone strength

DXA scans were acquired with Hologic instruments (Hologic, Inc.,
Waltham, M4, USA). At baseline, two sites (Pittsburgh and Oakland)
used QDR 2000, and three sites (Boston, Detroit, and Los Angeles)
used QDR 45010, OsteoDyne's Hip Positioner System was used at every
site. The DXA quality control protocols in SWAN have been previously
described [23]. At the baseline visit, the projected (areal) BMD in the
femoral neck and the lumbar spine were recorded, and two femoral
neck dimensions were measured using the region of interest (ROI) win-
dow, which was repositioned and resized by the DXA operator so that a
side of the ROI window spanned the geometric measures of interest.

Then the pixel locations of relevant window corners were recorded,
and used to calculate the relevant distances in millimeters, using pixel
dimensions provided by the manufacturer, Hologic, Inc. They were
femoral neck axis length (FNAL): the distance along the femoral neck
axis from the lateral margin of the base of the greater trochanter to
the apex of the femoral head, and femoral neck width (FNW): the
smallest thickness of the femoral neck along any line perpendicular to
the femoral neck axis (Fig. 1). The composite indices of femoral neck
strength relative to load during a fall were created as follows

Compression strength index (CSI) = BMD * FNW/weight
Bending strength index (BSI) = BMD * (FNW)%/(FNAL * weight)
Impact strength index (ISI) = BMD * FNW * ENAL/(height * weight)

CSIreflects the ability of the femoral neck to withstand an axial com-
pressive load proportional to body weight, BSI reflects the ability to
withstand bending forces proportional to body weight, and ISI reflects
the ability of the femoral neck to absorb the potential energy of impact
in a fall from standing height, regardless of the failure mode: compres-
sion or bending {15]. While CSI and BSI assume only that forces on the
bone are proportional to body weight, ISI accounts for differences in
the forces in a fall that result from differences in a woman's height.

Measurements of total length of lactation, and parity

Standardized interview and self-reported questionnaires were used
to obtain information about parity and lactation at the baseline visit. For
each pregnancy, participants were asked to choose one of the out-
comes; livebirth(s), stillbirth, miscarriage, abortion, or tubal/ectopic,
and the total numbers of pregnancies leading to livebirth(s) or still-
birth(s) were counted to obtain lifetime parity. For each pregnancy
that led to livebirth(s), participants were asked the length of lactation,
and cumulative length of lactation was calculated. Missing values of
parity (n = 4) and lactation (n = 4) were counted as zero. For analysis

Fig. 1. Fernoral neck size measurements. AB is the femoral neck axis length (FNAL); the
distance from the base of the greater trochanter to the apex of the femoral head. DE is
the femoral neck width (FNW): the smallest thickness of the femoral neck along any
line perpendicular to the femoral neck axis. C is where the femoral neck axis meets the
inner pelvic rim.
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as continuous predictors, we top-censored both parity and lactation at
their 99th percentiles (6 and 72 months, respectively).

Fracture ascertainment and time to first fracture

At the baseline visit, participants reported prior fractures in adult
life, along with their age at the time of the fractures. Because years but
not dates of the prior fractures were reported at baseline, we imputed
the dates using the midpoints of the year in which the fracture was
reported to have occurred. Only fractures after reaching age 42 were
included in this analysis. During each of the follow-up visits, fractures
since the previous visit were self-reported using a standardized
interviewer-administered questionnaire. In all visits, the number of
fractures, body site(s) affected, and how fractures occurred were
recorded. SWAN initiated collection of the date of fracture at visit 7. Be-
cause dates of frectures were not collected in the first 6 follow-up visits,
we imputed the dates using the midpoints between the participants'
previous and index visits. Medical records were obtained for self-
reported non-digital non-cranio-facial fractures reported at visit 7 and
later, and 95% were confirmed. Using the 42nd birthday as the start
time, we computed time to first fracture after age 42, and censored
women who did not report any fracture at their last SWAN visit,

Measurements of covariates

Standardized interview and self-reported questionnaires at base-
line were used to obtain the following covariate information: age
(continuous; years), race/ethnicity (Caucasian, African-American,
Japanese, Chinese), menopause transition stage (premenopausal
[regular menses], early perimenopausal [menses within three
months but menses less predictable]), smoking status (never
smoking, ex-smoker, or current), smoking pack-years (zero, less
than or equal to 10 years, greater than 10 years but less than or
equal to 30 years, or greater than 30 years), alcohol categories (ab-
stainer, infrequent: greater than zero but less than or equal to one
drink per week, light-to-moderate: greater than one but less than
or equal to seven drinks per week, heavy: greater than seven drinks
per week), employment status (no vs. yes), history of diabetes (no vs.
yes), history of hyperthyroidism (no vs. yes), current (i.e,, at the base-
line visit) use of supplementary calcium, current use of supplementary
vitamin D, and six binary indicator variables (none vs. any) for use of
medications: 1) prior (i.e., before SWAN baseline) use of any sex steroid
hormone pills, patch, or injection other than birth control pills, 2) prior
use of birth control pills, 3) prior use of depo-provera injection, 4) cur-
rent or prior use of oral corticosteroids, 5) current use of proton pomp
inhibitors, and €) use of other bone-adverse medications (including
current or prior use of antiepileptic medications, or current uses of che-
motherapy, Gonadotropin-releasing hormone agonist, aromatase inhibi-
tors, or thiazolidinediones). At the baseline visit, no one in the bone
cohort reported use of osteoporosis medications (bisphosphonates, selec-
tive estrogen receptor modulators, calcitonin, parathyroid hormone, pre-
scription vitamin D, or denosumab).

Medication use information was also collected at every follow-up
visit. For fracture analysis, self-reported medication uses from visits 1
to 12 were combined with medication variables collected at the baseline
visit to create six indicator variables for ever (prior to baseline, at base-
line, or at follow-up) use of medications (none vs. any) from the follow-
ing classes: 1) sex steroid hormone pills, patch, or injection other than
birth control pills, 2) birth control pills, 3) depo-provera injection,
4) oral corticosteroids, 5) proton pump inhibitors, and 6) other bone-
adverse medications (defined as described above).

Physical activity was assessed at the baseline visit with an adapted
version of the Kaiser Physical Activity Survey, which is based on the
Baecke questionnaire [24]. This self-report instrument grades physical
activity in four domains: sport, home, active daily living (walking or
biking to work, not watching television), and work. Home activity

consists of five components: child or dependent adult care, meal prepa-
ration and cleanup, light chores such as dusting, moderate chores
such as vacuuming, and heavy chores such as home repair. Scores
representing the average responses to domain-specific questions
range from 1 to 5 for each domain. We calculated a total physical activity
score, ranging from 4 to 20, by adding scores across the four domains,
with work activity score set at one for those who did not work outside
the home [25]. Height and weight were measured at the baseline visit
with a fixed stadiometer and a digital scale with the participants wear-
ing light clothing and no shoes. BMI was calculated as weight in kilo
grams divided by the square of height in meters.

A total of 369 women (15.8%) had one or more missing covariates at
the baseline. We imputed the missing values from values reported in
follow-up visits (for menopausal transition stage, height, and alcohol
consumption level), and by using default values of never/zero/no for
smoking status, smoking pack-years, history of hyperthyroidism, and
medications. Those who still had missing values of menopausal transi-
tion stage or BMI were excluded from the analysis. Finally the missing
values of physical activity score were imputed using predictive mean
matching (n = 74), as the missingness pattern was monotone [26,27].

Statistical analysis

We performed multiple linear regressions separately to examine
the associations of lifetime parity and cumulative length of lactation
with each of the bone strength measures (femoral neck BMD, lumbar
spine BMD, and the three composite indices of femoral neck strength
relative to load) at baseline, adjusted for the following covariates
also measured at baseline: age, race/ethnicity, menopausal transi-
tion stage, BMI, smoking status, smoking pack-years, alcohol con-
sumption level, physical activity level, employment status, history
of diabetes, history of hyperthyroidism, current use of supplementa-
ry calcium, current use of supplementary vitamin D, six medication
indicator variables: prior use of any sex steroid hormone pills,
patch, or injection other than birth control pills, prior use of birth
control pills, prior use of depo-provera injection, current or prior
use of oral corticosteroids, current use of proton pomp inhibitors,
other bone-adverse medications, and study site. We included BMI
as a continuous (linear) term, plus a squared (quadratic) term to
allow for possible higher-order associations, plus multiplicative in-
teraction terms between BMI and race/ethnicity because of the
large race/ethnicity differences in BMI.

In exploratory analysis, we re-ran the models after excluding the
BMI terms, or physical activity level and employment status frorn the
regression models. To test for possible effects of parity and length cf lac-
tation on bone size, we also ran parallel models with FNW and fernoral
neck cross-sectional bone mineral content (given by FNW* femoral
neck BMD) as the dependent variables (outcomes) [15].

Next, we performed Cox proportional hazards regressions to model
time to first fracture (after age 42) as a function of par’cy or cumulative
length of lactation prior to age 42, after we had verified the proportional
hazards assumption. We did not distinguish between traumatic and non-
traumatic fractures in the analysis, as information regarding the mecha-
nism of fracture (i.e. trauma vs. minimal trauma) was not available for
fractures before the SWAN baseline. We excluded factures not typically
associated with osteoporosis, in particular fractures of the face, skull, fin-
gers, and toes [28,29]. Women who initiated osteoporosis medications
were censored at the time of the first visit in which the participants re-
ported the use. We adjusted for race/ethnicity, select covariates mea-
sured at SWAN baseline (BMI, smoking status, smoking pack-years,
alcohol consumption level, physical activity level, employment status,
history of diabetes, history of hyperthyroidism, supplementary calcium,
and supplementary vitamin D), and the following six medication vari-
ables as time-invariant covariates: ever use (before baseline or any time
during the study till visit 12) of sex steroid hormone pills, patch, or injec-
tion other than birth control pills, birth control pills, depo-provera
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injection, oral corticosteroids, proton pomp inhibitors, and other bone-
adverse medications, and study site.

In sensitivity analysis, we a) included both parity and lactation in
the same models to mutually adjust parity for lactation, and lacta-

tion for parity, and b) excluded stillbirths from the parity count. Sta- -

tistical analysis was performed using the STATA Version 13.1
(StataCorp LP, College Station, Texas, U.S.A.). Two-sided p < 0.05
was considered significant.

Results

The median age of study participants was 46 years, 49.8% were
Caucasian, 28.5% were African American, 11.3% were Japanese, and
10.5% were Chinese. The median and the interquartile range (IQR) of
parity were 2, and | 1,3] and the mean, the median, and the IQR of cumu-
lative length of lactation were 8.6, 1, and [0, 12] months (Table 1),
Pearson's correlation between parity and lactation was 0.38.

Table 1
Characteristics® of the study participants at baseline.”
Characteristics Study sample with composite Study sample with
indices of fernoral neck fracture data
strength data (n = 18817 (n = 2239)
Age (year) 46 [44, 48) 46 [44, 48]
Race/ethnicity
Caucasian 936 (49.8%) 1115 (49.8%
African American 499 (26.5%) 637 (28.5%)
Japanese 231 (12.3%) 252 (11.3%)
Chinese 215 (11.4%) 235 (10.5%)
Body mass index (kg/m?) 25.6(22.3,31.1] 26.0[22.5,31.6]
Menopausal transition stage
Premenopausal 1066 (56.7%) 1210 (54.3%
Early perimenopausal 815 (43.3%) 1017 (45.7%)
Smoking status
Current 281 (15.1%) 367 (16.5%)
Ex-smoker 475 (25.4%) 570 (25.7%)
Never smoked 1111 (59.5%) 1285 (57.8%
Smoking pack-year
0 1190 (64.2%) 1382 (62.7%)
<10 years 300 (16.2%) 351 (15.9%)
>10 < 30 years 291 (15.7%) 364 (16.5%)
>30 years 74 (4.0%) 108 (4.9%)
Alcohol consumption level
Abstainer 899 (51.2%) 1074 (51.3%)
Infrequent 391 (22.3%) 459 (21.9%)
Light to moderate 364 (20.7%) 442 (21.1%)
Heavy 101 (5.8%) 120 (5.7%)
History of diabetes 85 (4.5%) 117 (5.2%)
History of hyperthyroidism 68 (3.6%) 81 (3.6%)
Current use of supplementary calcium 844 (44.9%) 988 (44.2%)
Current use of supplementary vitamin D 723 (38.5%) 851 (38.1%)
Medication use; baseline visit
Prior use of sex steroid hormones (pills, patch, or injection) other than birth control pills 119 (6.4%) 159 (7.1%)
Prior use of birta control pills 1382 (73.8%) 1643 (73.7%
Prior use of depo-provera injection 13 (0.7%) 18 (0.8%)
Current or prior use of oral corticosteroids 109 (5.8%) 142 (6.3%)
Current use of proton pump inhibitors 24 (1.3%) 29 (1.3%)
Current or prior use of bone adverse medications® 50 (2.7%) 57 (2.5%)
Medication use ever (till 12th follow-up)©
Sex steroid hormones (pills, patch, or injection) other than birth control pills 711 (37.8%) 825 (36.8%)
Birth control pills 1423 (75.7%) 1687 (75.3%
Depo-provera injection 25 (1.3%) 30 (1.3%)
Oral corticosteroids 449 (23.9%) 523 (23.4%)
Proton pump inhibitors 399 (21.2%) 457 (20.4%)
Bone adverse medications® 312 (16.6%) 350 (15.6%)
Physical activity score (ranging from 4 to 20)! 9.7 [8.4, 11.1] 9.7 {8.5,11.1]
Home activity score (ranging from 1 to 5) 2.61(2.2,34] 2.612.2,3.4]
Employment status 1548 (82.3%) 1914 (82.1%)
Parity and lactation
Parity (including live births and stillbirths) 2(1,3]) 2[1,3]
Duration of lactation (months) 2[0,12) 110,12}

Bone strength rneasurements
- Femoral neck bone mineral density (g/cm?)
Lumbar spine bone mineral density (g/cm?)
Compression strength index (g/kg-m)
Bending strength index (g/kg-m)
Impact strength index (g/kg-m)

0.83 [0.74,0.92] 0.84 [0.75, 0.93]
1.06 (097, 1.15] 1.07[0.97,1.15]
3.28[2.86, 3.70] -
1.00 [0.86, 1.15] -
0.18[0.16,0.21] -

3 Median and interquartile range for continuous variables and number of participants and percentage for categorical variables,
b All characteristics reported were measured at baseline except the ‘medication use ever’ variables, which wereused in the fracture analysis.
¢ Femoral neck size was measured in a subset of women in the Hip Strength Across the Menopause Transition SubStudy. n = n = Sample sizes were greater than 1881 for femoral neck

bone mineral densiry (n = 2235) and lumbar spine bone mineral density (n = 2022).

4 Included antiepileptic medications, chemotherapy, gonadotropin-releasing hormone agonist, aromatase inhibitors, or thiazolidinediones.

¢ Any use including either prior or at baseline, or during the follow-up till visit 12.
" Sum of four dornains of physical activity: sport, home, active living, and work.
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Associations with bone strength measures

In multiple linear regressions, parity was positively associated only
with ISI and not with any of the other four measures of bone strength
(Table 2): Each additional childbirth before age 42 was associated
with 0.024 standard deviation (SD) (95% confidence interval (CI):
0.0001, 0.048) increment in ISI (p = 0.049). Additional adjustment for
length of lactation did not change the point estimate of the parity-ISI as-
sociation, but the Cl widened (95% CI: —0.003, 0.051) and made the as-
sociation statistically marginally significant (p = 0.080). Excluding
stillbirths from the parity count also made the association with ISI be-
come marginally significant (p = 0.059). Parity also had no association
with FNW (p = 0.66) or cross-sectional bone mineral content (p =
0.42). ’

Length of lactation was itself inversely associated only with
lumbar spine BMD, and not with any of the other four bone
strength measures (Table 2): Lumbar spine BMD was 0.018 SD
(95% ClI; —0.035, —0.001) lower for every additional 6 months of
lactation before age 42, (p = 0.040). After further adjusting for par-
ity, the inverse association with lumbar spine BMD became weaker
(standardized effect size = —0.015 SD) and statistically non-
significant (p = 0.13). Length of lactation also had no association
with FNW (p == 0.35) or cross-sectional bone mineral content
(p = 0.52).

To explore the reasons for the positive association between parity
and IS}, and the lack of strong negative associations between parity/
lactation and bone strength measures, we examined the associations
of parity and lactation with total physical activity level, home physical
activity level, and BMI. We speculated that any negative effects of
child bearing and lactation on bone health were at least partly negat-
ed by the potentially higher home physical activity (child and home
care) of child rearing, and its effects on body weight. In multiple linear
regressions, both parity and lactation were associated with higher
total physical activity level and higher home physical activity level:
Each additional <hildbirth was associated with 0.09 SD (95% CI; 0.06,
0.13, p < 0.001) increment in total physical activity score, and every
additional 6 months of lactation was associated with 0.06 SD (95%
Cl; 0.04, 0.08, p < 0.001) increment in total physical activity score. In
addition, each additional childbirth was associated with 0.20 SD
(95% CI; 0.17, 0.23, p < 0.001) increment in home physical activity
score, and every additional 6 months of lactation was associated
with 0.08 SD (95% CI; 006, 0.10, p < 0.001) increment in home phys-
jcal activity score. In multiple linear regressions, parity was associated
with higher BMI: Each additional childbirth was associated with
0.32 kg/m? (95% CI; 0.13, 0.52, p < 0.01) increment in BML Lactation
was not significantly associated with BML

After excluding physical activity level and employment status from
the regression models, parity remained positively associated with ISI
(effect size befcre adjusting for lactation: 0.034 SD, 95% CI; 0.010,
0.058, p < 0.01), but lactation was no longer negatively associated

Table 2

with lumbar spine BMD. After excluding the BMI terms (but retaining
physical activity and employment status), parity was no longer positive-
ly associated with IS}, but lactation remained negatively associated with
lumbar spine BMD: (effect size before adjusting for parity: —0.019 SD,
95% CI: —0.038, —0.0004, p = 0.045). After excluding physical activity
level, employment status, and the BMI terms, parity was no longer asso-
ciated with ISI, and lactation became marginally significantly associated
with lumbar spine BMD (effect size before adjusting for parity;
—0.0178D, 95% CI: —0.036, 0.001, p = 0.064).

Associations with fracture

After a median follow-up of 15.7 years (interquartile range [IQR]
114, 18.5), which included median 4.1 years between age 42 and the
baseline visit and median 13.2 years of prospective follow-up after the
baseline visit, 357 women (15.9%) had at least one fracture, at a rate
of 11.0 fractures per 1000 person-years. At visit 12, 1678 (96.8 %) out
of 1733 participants had reached post-menopausal status, including
those who had a hysterectomy and/or both ovaries removed (175 par-
ticipants, 10.1%). Median age of natural {non-surgical) final menstrual
period was 52 years (IQR 50, 53). In multivariable Cox proportional
hazards regressions, neither lifetime parity before age 42 nor accumu-
lated length of lactation before age 42 was associated with the hazard
of fracture after age 42. The adjusted relative hazards (with 95% CI)
were 0.97 (0.89, 1.05) per additional childbirth and 0.97 (0.92, 1.02)
per every additional 6 months of lactation, respectively. The sensitivity
analysis (addition of mutual adjustment for parity and lactation, and ex-
clusion of stillbirths from the parity count) did not substantially alter
the conclusions of the fracture analysis.

Discussion

Similar to some previous studies {30-33], this study also found
that cumulative length of lactation before age 42 was associated
inversely with BMD in pre- or early peri-menopausal women ages -
42-53 years, but only with BMD in the lumbar spine, not in the fem-
oral neck. Length of lactation was not associated with any of the
composite indices of femoral neck strength relative to load. Lifetime
parity before age 42 was associated with only one of the three com-
posite indices of femoral neck strength relative to load, and not asso-
ciated with BMD in either femoral neck or lumbar spine. These two
associations (of the ten that were tested) were small: 0.024 SD in-
crement in ISI per childbirth and 0.018 SD decrement in lumbar
spine BMD for every 6 months of lactation. In addition, as seen in
some previous studies {34-38], neither parity nor lactation was as-
sociated with fracture hazard after age 42 (over median 15.7 years
of follow-up). Taken together, these findings suggest that parity
and lactation have no (or minimal, if any) long-term implications
on bone strength and fracture risk.

Adjusted? associatioris” (with 95 % confidence interval) of lifetime parity (before age 42) and accumulated length of lactation (before age 42) with bone strength measurements at study

baseline,

Femoral neck
BMD (n = 2235,
mean 0.85, SD 0.14)

Lumbar spine

BMD (n = 2022,
mean 1.07,SD 0.13)

Compression strength
index {n = 1881,
mean 3.3, SD 0.64)

Bending strength
index (n = 1881,
mean 1.02, SD 0.22)

Impact strength
index (n = 1881,
mean 0.18, SD 0.04)

Lifetime parity (per childbirth)
Lactation duration (per every 6 months)

0.0002 (—0.025, 0.025)
0.002 (— 0,012, 0.016)
—0.001)

—0.026 (—0.058, 0.006)
—0.018" (—0.036,

0.022 (—0.002, 0.046)
0.007 (—0.007, 0.020)

0.024 (—0.004, 0.051)
0.009 (—0.006, 0.024)

0.024” (0.0001, 0.048)
0.006 (—0.007, 0.020)

Abbreviations: BMD = bone mineral density, SD = standard deviation.

® Multiple linear regressions adjusted for age, race/ethnicity, menopausal transition stage, body mass index, smoking status, smoking pack-years, alcohol consumption level, physical
activity level, employment status, diabetes, hyperthyroidism, current use of supplementary calcium, current use of supplementary vitamin D, prior use of sex steroi.{ hormones, prior use
birth control pills, prior use of depo-provera injection, current or prior use of oral corticosteroids, current use of proton pump inhibitors, other bone-adverse medications, and study site.

b Units: BMD or strength index standard deviation.
* p<0.05.
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Any bone mass that may have been lost during pregnancy and breast
feeding appears to be regained before a woman enters the menopause
transition. This recovery may be partly attributable to higher levels of
physical activity in those with higher parity: we found that both parity
and lactation were associated with higher total physical activity level
and higher hore physical activity level, which has beneficial effects
on bone health [25]. We also found that parity, not lactation, was posi-
tively associated with BMI in later life, which is consistent with previous
studies that have shown that parity may be associated with greater
body weight in later life, while the long-term effect of lactation on
weight appears to be unclear [10-12]. Greater weight enhances bone
re-accrual (via greater skeletal loading) [13], which could increase
BMD. At the same time, greater body weight increases impact forces
during a fall [6,14]. It is, therefore, theoretically possible that the recov-
ery in bone mass is not enough to compensate for the increase in impact
forces. We found, however, that the composite indices of femoral neck
strength relative to load were not lower in women with higher parity
or longer length of lactation.

Like ours, another recent study also reported an association between
longer length of lactation and lower BMD in the lumbar spine, but not in
the femoral neck or the total hip [33]. Compared with femoral neck
BMD, lumbar spine BMD has a higher proportion of trabecular bone,
which is more rmetabolically active {39,40], and possibly more suscepti-
ble to hormonal influences and reduction in calcium reserves than fem-
oral neck BMD. Although others and we have seen lower BMD in the
lumbar spine in women with Jonger length of lactation, the size of the
effect in women approaching the menopause transition is small, and
may not impact fracture risk in later life. No study that we are aware
of has found that lactation is associated with higher fracture rate in
the long-term.

The assumptions and implications of our fracture study design, in
particular of not distinguishing between traumatic and non-traumatic
fractures, deserve mention. Just like low bone strength is a risk factor
for a non-traumatic fracture, it is also a risk factor for a traumatic frac-
ture, in that when there is a trauma, those with lower bone strength
are more likely to have a fracture [41], However, for traumatic fractures
to be useful as indicators of osteoporosis (or low bone strength), one has
to assume that the occurrence of a trauma is random and not related in-
dependently to the predictors of interest (parity and lactation, in this
analysis). This is analogous to the assumption made when one examines
non-traumatic fractures exclusively, which is that fall risk is not related
to the predictors of interest. It is not clear that either assumption is more
defensible than the other. Under these two assumptions (note that both
are needed here), our study implies that parity and cumulative length of
lactation by age 42 are not related to the subsequent hazard of fracture
over a median follow-up of 15.7 years.

The limitations of our study need to be acknowledged. Firstly, our
assessment of length of lactation could have been affected by recall
bias. Previous studies, however, have suggested that long-term recall
of length of lactation is reproducible and accurate [42,43]. Secondly,
our study was not powered to find small effects on fracture risk. A pre-
vious meta-analysis showed that the relative risk of all fractures associ-
ated with one SD decrement in lumbar spine BMD is 1.5 [44]; thus, the
expected relative increase in risk of fracture per 6 additional months of
lactation would be only 0.7%. Thirdly, we did not have information
about non-cliriical vertebral fractures, which might underestimate the
incidence of fractures. The above-mentioned meta-analysis reported
that the relative risk of spine fracture associated with one SD decrement
in lumbar spine BMD is 2.3 {44]. Fourthly, fractures were self-reported.
However, medical records were obtained for 67% of self-reported non-
digital non-cranio-facial fractures and 95% were confirmed. Further-
more, the fracture analysis examined time to first fracture after age
42, but covariate data were collected at SWAN baseline, when median
age was 46 years. Covariates such as BMI, physical activity level, and al-
cohol consumption level may have changed from the baseline visit,
which may have introduced some bias in findings. In addition, effects

of pregnancy after age 42 were not addressed, and effects of adolescent
pregnancy were not distinguished. Finally, the cohort was middle-aged
and the rate of fractures was low.

Despite these limitations, our study has several strengths, including
the multi-site design and size of the study sample, long length (nearly
16 years) of follow-up, assessment of parity and accumulated length
of lactation up to the same age (age 42) for every woman and assess-
ment of fractures from that time point forward. In addition, we investi-
gated potential factors that might have contributed to nullify the effects
of parity and lactation on bone strength, such as total physical activity
level, home physical activity level, and higher BML Finally, to our knowl-
edge, this is the first study to examine the associations between parity
or lactation and bone strength relative to load. The importance of incor-
porating bone size and body size into BMD to assess bone strength rel-
ative to load has been demonstrated in multiple cohorts [15,16,45-47].

In conclusion, lifetime parity and cumulative length of lactation
had few, small associations with bone strength in pre- or early
peri-menopausal women. Parity and length of lactation were also
not associated with risk of fracture after age 42, over median
follow-up of 16 years. This study adds to the accumulating evidence
that parity and lactation have no (or minimal, if any) long-term del-
eterious effects on bone health.
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