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A B S T R A C T

Background: In SWAN, we showed that accelerated loss of bone mineral density (BMD) begins 1 year before the
final menstrual period (FMP) to 2 years after the FMP and slows thereafter. However, the risk of fracture depends
on both BMD and bone geometry. The hip structural analysis (HSA) measures important geometric properties of
bone. Changes in HSA parameters across the menopausal transition have not been previously assessed.
Methods: The current analysis uses data from SWAN, 5 years before to 5 years after FMP (N=900, Age (mean
(SD))= 46.85(2.60), 44% White). HSA parameters at the femoral narrow neck were obtained from 2D DXA
scans and normalized to baseline values. FMP was determined from annual interviews. Changes in HSA were
assessed over 3 periods, 5 to 2 years before FMP (pre-transmenopausal), 2 years before to 1 years after FMP
(transmenopausal), 1 to 5 years after FMP (postmenopausal). Mixed linear models with random slopes were used
to estimate the rate of change in HSA parameters relative to FMP.
Results: Loss of BMD, cross-sectional area (CSA), and section modulus (SM) and increases in outer diameter (OD)
were greatest in the transmenopausal period (p for all< 0.05). Changes continued in the postmenopausal period
but were not statistically significant. The cumulative percentage changes over 10 years in BMD (−10.67%), CSA
(−9.01), SM (−7.03) and OD (+1.95) were statistically significant.
Conclusion: Changes in hip geometry across the menopause transition parallel changes in BMD and provide
insight into mechanisms that may increase risk of fragility fracture.

1. Introduction

Menopause is a critical time in a woman's health, especially with
respect to her skeletal health. Approximately half of the bone mineral
density (BMD) loss is said to occur during the first 10 years after me-
nopause [1]. However, the exact timing of this BMD loss with respect to
menopause has been difficult to assess. Pinkerton et al., suggested a
“critical time window” to assess the changes during reproductive aging
[2]. In 2000, a prospective study demonstrated that accelerated decline
in BMD begins about 2–3 years before the final menstrual period (FMP)
and continues for 3–4 years after [3]. Similarly, other large longitudinal
studies have shown significant peri-menopausal BMD loss at the fe-
moral neck (FN) and the lumbar spine [4–6]. However, in the Study of
Women's Health across the Nation (SWAN), the largest and longest
study of the menopausal transition, there was little premenopausal
BMD loss (5 years to 1 year before FMP); the rate of BMD loss at the FN

was highest between 1 years before to 2 years after the FMP [7].
While BMD measurements using DXA scanners are the most clini-

cally useful measures of fracture risk, the higher risk is due to loss of
bone mechanical strength to resist forces on the bone that occur in
certain traumas (e.g., falls). In the simplest terms, bone strength can
decline when there is no longer enough bone tissue in the right places to
withstand traumatic forces or that bone tissue itself becomes less able to
withstand forces that would otherwise not cause fractures. These two
bone characteristics are termed geometry and material strength. Bone
material strength requires an invasive measurement such as na-
noindentation at a superficial location and cannot currently be mea-
sured using imaging methods [8]. Geometry can be measured from x-
ray CT scans in 3D although complex finite element algorithms are
needed to extract the geometry and to estimate strength from that data
[9]. Another method is based on dimensional information (i.e., geo-
metry) present in the digital image provided by the DXA scan. The hip
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structural analysis (HSA) method uses file format information provided
by scanner manufacturers together with image analysis algorithms to
extract the limited geometric information evident in the frontal plane
image [10]. HSA measures have been shown to predict fractures [11] in
some [12] but not all studies [13]. This relationship was found to be
independent of aBMD levels [12,14]. HSA parameters have also been
shown to respond favorably to osteoporotic treatments [15,16].

To the best of our knowledge, no previous study has assessed
changes in hip geometry using the HSA methods to evaluate the di-
mensional changes underlying BMD decline in relation to the FMP or
whether there are racial variations in rates of change. For the present
study, we aimed to first define the time of onset and offset of our hy-
pothesized accelerated changes in hip geometry in relation to the FMP,
and subsequently quantify the rate of change of these parameters
during the 5 years before to 5 years after FMP. In addition, we assessed
if this rate differed by race and was independent of other risk factors
like age at FMP, smoking and physical activity.

2. Methods

2.1. Study population

SWAN is an ongoing, multi-site, community based, longitudinal
cohort study of women aimed to examine the physiological and psy-
chological changes during their transition through the midlife [17].
Between 1996 and 1997, 3302 participants from 7 sites across the US
(Boston, MA; Oakland, CA; Los Angeles, CA; Detroit, MI; Chicago, IL;
Pittsburgh, PA & Newark, NJ) were recruited. The eligibility criteria for
the SWAN study included (1) an intact uterus and at least 1 ovary; (2)
not pregnant or breast feeding; (3) at least 1 menstrual period within
the past 3months; (4) no hormone therapy use within the past
3months.

BMD data was collected in five of the seven SWAN sites (Boston,
MA; Oakland, CA; Los Angeles, CA; Detroit, MI; & Pittsburgh, PA). The
Boston, Detroit and Pittsburgh sites recruited Black women. The Los
Angeles and Oakland sites recruited Japanese and Chinese women,
respectively. All the sites enrolled White women. At baseline, the BMD
cohort consisted of 2335 participants from the 5 sites. Participants of
the current study were from an ancillary study to SWAN – Hip strength
across the menopausal transition study. For the current study, data from
baseline to visit 10 was used. Only women who had a determinable
natural FMP (non-surgical) were included. The women who remained
pre- or peri-menopausal after 10 years were excluded from the analysis.
In addition, women missing FMP data, on hormone therapy, or having
only one DXA scan were excluded; final sample= 900 women
(Supplementary Fig. 1). Written informed consent was obtained and all
protocols were approved by the institutional review boards of the
participating institutions.

2.2. Study measures

2.2.1. Dual energy X-ray absorptiometry (DXA) scans
The scans of the FN were obtained annually from Hologic QDR

scanners (Hologic, Inc., Bedford, MA) using the OsteoDyne's Hip
Positioner System (Osteodyne Inc., NC). The Osteodyne positioner was
instituted to reduce positioning errors, important in longitudinal studies
[18]. While 3 sites used the 4500A model from baseline throughout
follow up, 2 sites upgraded from 2000 to 4500A models starting at visit
8. Both the 2000 and 4500A models were fan-beam scanners. A cross
calibration study of 40 women who were scanned on the old and new
machines was carried out to develop calibration regression equations.
The HSA conversion/calibration software that converts the scan data
into a format usable by HSA uses the same corrections used by Hologic.
A quality control program was conducted in collaboration with Synarc,
Inc., through the daily phantom measurements, cross site calibration
every 6-months with an anthropomorphic spine standard, central

review of any scans that met the criteria for problem flagging, central
review of 5% random sample of scans and local review of scans in all
sites. The short-term measurement variability in vivo for FN BMD was
noted to be 0.016 g/cm2 (2.2%) [19].

2.2.2. Hip geometry (HSA)
The HSA method extracts the dual energy data present in the DXA

scan file to produce a digital frontal image of the bone. The software
developed at the Johns Hopkins School of Medicine, uses the principle
that lines of pixels across the axis of the bone from edge to edge are a
projection of the mineral in a cross-section from which some geometric
properties can be measured [20]. All scans were de-identified prior to
analysis by the HSA software. HSA parameters were assessed at the
narrow neck (NN), shaft and intertrochanteric regions of the femur. For
our current analyses, we examined the HSA parameters at the NN to
allow for comparisons to published femoral neck aBMD changes. The
NN represents the narrowest point in the FN. Geometry was assessed in
5 profiles which were 1 pixel apart and then averaged at each region.
Bone mineral density (BMD) was calculated as the average of pixels in
the region profiles. Cross-sectional area (CSA) was assessed as the in-
tegral of the pixel profile derived by the mean mineral density of adult
bone mineral content (BMC) tissue (1.053 g/cm3) This is equivalent to
the surface area of bone in the cross-section excluding soft tissue voids
i.e., the total available surface to supporting forces directed along the
bone axis. Although expressed in different units, CSA is similar to BMC
in that a change in CSA would be interpreted as a change in the actual
amount of bone (unlike BMD). Section modulus (SM) is an indicator of
the ability of a structure to resist bending in a plane and is strongly
dependent on the distribution of bone material away from the center of
mass. Section modulus was computed as cross-sectional moment of
inertia (CSMI) divided by the maximum distance from the section
center of mass to the cortical surface in the image plane (dmax). The
outer diameter (OD) is measured as the blur-corrected width of the
bone measured along the bone mass profile.

The accuracy and precision of the HSA parameters has previously
been evaluated using a specially constructed hip geometry phantom by
Khoo et al. [21]. The phantom contained 6 different sized bone-simu-
lating neck segments incorporating a trabecular core and an outer
cortical shell. Pearson Correlation coefficients between DXA and
phantom geometry were 1.00 for all parameters. Precision error (% CV)
ranged between 0.3 and 3.9% over 10 repetitions. Accuracy tended to
show positive errors for the narrowest region and negative errors for
the widest region. Measurement errors over all six segments (max, min)
were between 0.06 and −0.03 g/cm2 for BMD, 0.20 and −0.23 cm2 for
CSA, 0.04, −0.14 cm for OD, and 0.11 and −3.75 cm3 for section
modulus.

Significant differences in geometry were evident in adjusted com-
parisons between QDR 2000 and QDR 4500 models. Since the HSA
software is independent of the DXA manufacturer's software, an ad-
justment was necessary. A linear correction in the DXA image pixel
value (g/cm2) was derived as follows: given that the NN region BMD is
an average of pixel value in a region, the correction was derived as the
ratio of NN BMD from study participants scanned prior to visit 8 on the
QDR2000 over those scanned on the QDR4500. There were no sig-
nificant differences in age, height and weight between the two scanner
subgroups used for the adjustment. The resulting linear correction was
applied only to data from subjects scanned on the QDR2000. Additional
adjustment for scanner was included in the analysis to account for any
residual error. Finally, in supplementary analyses, we limited our
analysis to the three clinics that used a Hologic 4500 scanner
throughout the study.

2.2.3. Final menstrual period (FMP)
FMP was assessed using annual standardized interviews and defined

as the last menstrual date reported at the visit immediately prior to
being classified as postmenopausal (12months of amenorrhea).
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Changes in HSA parameters from 5 years before to 5 years after the FMP
were assessed.

2.2.4. Other covariates
We measured the age at FMP, race, smoking status and physical

activity. Age (years), race and smoking were obtained from interviews
at baseline. Weight (kilograms) and height (meters) were obtained
annually using calibrated scales. Physical activity at baseline was as-
sessed using modified Baecke interview which included active living,
occupational activity and home activity [22].

3. Statistical analysis

FMP was considered as time zero and we studied 5 years before to
5 years after FMP. Mixed effect spline models were used to estimate
changes over time. The analyses consisted of 3 stages: 1) Non-para-
metric locally weighted scatterplot smoothing (LOESS) based heuristic
assessment of the functional form of outcome trajectories in relation to
FMP; 2) Determination of the fixed knots of the trajectories for mod-
eling piecewise linear regression and 3) Piecewise linear regression
with the fixed knots from step 2 to determine the rate of change of these
parameters during the different phases of the trajectory (mixed effects
regression models).

The HSA parameters were divided by their baseline values and
percent change was calculated. LOESS smoothing was fit to the re-
peated measures of each HSA measure using all individuals combined.
Best placement of the knots was assessed in 6-month using the Akaike
Information Criterion (AIC) values. Based on the LOESS curves and the
AIC values, we determined good fitting knots at 2 years before FMP and
at 1 year after FMP. Thus, we identified 3 linear segments or phases – (i)
Baseline to −2 years (Pre-transmenopausal) (ii)-2 to +1 years
(Transmenopausal) (iii) +1 years to +5 years (Postmenopausal). We
then used mixed effects spline regression models that included het-
erogeneous auto-regressive person-level random effects for the slopes
(allowing the three slopes within an individual to be correlated yet vary
between participants) combined with different residual error variances
during each of the three menopausal phases. The models were subse-
quently adjusted for age at FMP, race, body weight, smoking status,
physical activity, scanner and the baseline value of the parameter.
Weight, physical activity and smoking were entered as time varying
covariates. In addition to phase-specific slopes, the cumulative effect
from −5 to 5 years was estimated to obtain the cumulative change in
hip geometry over the 10 years. The results were expressed as percen-
tage rate of change of the parameters with 95% confidence intervals.
All analyses were conducted using SAS 9.3 (SAS Institute, Cary, NC,
USA).

4. Results

At baseline, the mean age of these women was 46.85 years with an
average body mass index of 27.36 kg/m2. Most of these women were
White (44.11%) or Black (29%) and about 17% were current smokers
(Table 1).

The longitudinal changes in the HSA parameters 5 years before to
5 years after the FMP are shown in Fig. 1a–d. All the parameters showed
little change during the pre-transmenopausal period up to 2 years be-
fore the FMP but showed accelerated changes during the transmeno-
pausal period with a tapering off during the postmenopausal period.
While BMD, CSA (BMC) and SM levels declined in relation to FMP, the
OD increased.

The mean cumulative change of NN BMD over 10 years was
−10.67% with the greatest loss observed in the transmenopausal
period (−1.84%/year) (Table 2). The annualized percentage decline in
BMD during the postmenopausal period was slower (−1.66%/year).
Compared to Whites, Black (+1.79%/year) women lost significantly
less BMD over 10 years. Chinese (+0.58%/year) and Japanese

(+0.99%/year) women lost significantly less BMD in the post-
menopausal period but not cumulatively.

The cumulative loss in CSA (BMC) over 10 years was −9.01%/year
(Table 3). The greatest loss in CSA (BMC) occurred during the trans-
menopausal period (−1.45%/year) and in the postmenopausal period
(−1.59%/year). Compared to White women, Japanese women lost
significantly greater CSA (BMC) in the pre-transmenopausal (−0.29%/
year) and the transmenopasal (−0.62%/year) periods. However Japa-
nese women lost significantly less during the postmenopausal periods
(+1.02%/year). Weight had a protective effect on CSA (BMC) in the
transmenopausal (+0.03%/year) period and cumulatively over
10 years (+0.11%/year). Age at FMP, smoking or physical activity
were unrelated to change in CSA(BMC).

The cumulative loss in SM over 10 years was −7.03%/year with
significant loss in the trans (−1.09%/year) and postmenopausal
(−1.33%/year) periods (Table 4). No significant ethnic differences
were noted cumulatively. Compared to the White women, the Japanese
women experienced greater loss of SM in the pre-transmenopausal
(−0.50%/year) period but significantly less in the postmenopausal
period (+1.58%/year). Greater body weight was protective in the
transmenopausal (+0.04%/year) period and cumulatively over
10 years (+0.17%/year).

Over the 10-year period, OD increased by +1.95%/year (Table 5).
Both the transmenopausal (+0.44%/year) and postmenopausal
(+0.11%/year) periods showed significant increases in OD. Compared
to White women, Black women had significantly lower rates of increase
in OD transmenopausally (−0.19%/year) and cumulatively over
10 years (−0.79%/year). Current smoking had a detrimental effect on
the rate of change of OD in the transmenopausal (+0.25%/year) and a
protective effect in the postmenopausal period (−0.15%/year). Weight
and physical activity had no significant effect on the rate of change of
OD.

We repeated our analyses limiting the sample size to only those sites
that consistently used the Hologic 4500 Hologic scanner and results
were similar, although our sample size was reduced by 40% and ex-
cluded the Chinese women recruited in Oakland, CA, (Supplemental
tables 1–4).

5. Discussion

We found that cumulative 10-year changes in hip geometry across
the menopausal transition were significant at the NN BMD (−10.67%),
CSA (similar to BMC), (−9.01), SM (−7.03) and OD (+1.95). For the
most part, the greatest change occurred during the transmenopausal

Table 1
Baseline characteristics of the study population.

Characteristics Analysis sample (N=900)

Age (years)⁎ 46.85 ± 2.60
Race/ethnicity
White N (%) 397 (44.11)
Black N (%) 260 (29.00)
Chinese N (%) 123 (13.67)
Japanese N (%) 119 (13.22)

Height (cm)⁎ 161.73 ± 6.67
Weight (kg)⁎ 71.91 ± 19.57
Body mass index (kg/m2)⁎ 27.36 ± 6.92
Smoking status
Current smokers N (%) 149 (16.67)
Past smokers N (%) 217 (24.27)
Never smokers N (%) 528 (59.06)

Physical activity score (range 3–14) 7.70 ± 1.75
Narrow neck bone mineral density (g/cm2)⁎ 1.05 ± 0.18
Narrow neck section modulus (cm3)⁎ 1.33 ± 0.29
Narrow neck cross sectional area (cm2)⁎ 2.94 ± 0.53
Narrow neck outer diameter (cm)⁎ 2.96 ± 0.21

⁎ Mean ± SD.
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Fig. 1. The longitudinal trajectory of changes in hip geometry relative to time before or after the final menstrual period (FMP) (time zero). The x-axis is labeled as
years since the FMP. The y-axis is labeled as LOESS smoothed value of each parameter.
a: Longitudinal trajectory of the narrow neck (NN) bone mineral density (BMD) in relation to FMP.
b: Longitudinal trajectory of the NN Cross Sectional Area (CSA) in relation to FMP.
c: Longitudinal trajectory of the NN Outer Diameter (OD) in relation to FMP.
d: Longitudinal trajectory of the NN Section Modulus (SM) in relation to FMP.
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period (2 years before to 1 year after FMP). The trajectories of BMD,
CSA (BMC) and SM showed 3 distinct phases – minimal nonsignificant
decline in the pre-transmenopausal period, greatest decline in

transmenopausal period and continued decline in the postmenopausal
period. OD showed similar patterns of change across the 3 periods. The
OD increased greatly in the transmenopausal period. However, OD

Fig. 1. (continued)
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increase slowed in the postmenopausal period.
With age, subperiosteal apposition occurs [20,23], resulting in ex-

pansion of the femoral diameter. Conventional BMD is proportional to
BMC/region area, so BMD ‘loss’ can occur by actual bone loss (BMC
decline) or by expansion of the region area. For example, a study using
both conventional BMD with region area and the HSA analysis on the
NHANES III sample of the US population showed that one third of the
femoral neck BMD loss in both men and women from ages 20–29 to
80+ was due to expansion of the femoral neck region not bone loss
[24]. Using HSA parameters, BMD of a cross-section is proportional to
CSA/OD. This results in reduction of BMD while preserving the SM
[20,23,25]. In a study of Swedish women transitioning through me-
nopause (N=108, mean postmenopausal follow up period over
15 years), the distal radius BMD loss was partially due to an increase in
the outer diameter [25], suggesting that changes in bone geometry may
compensate for the loss of aBMD to maintain strength. However, the
study population was small and their measurements were estimated

manually from radial scans using an early low resolution scanner.
However, the results from our study are consistent with these findings
where the cumulative loss of BMD was greater than loss of SM or in-
crease in OD. This supports the theory that the changes in bone geo-
metry over time, may compensate for the loss of BMD and the increase
in the OD reflects periosteal apposition.

Fractures result from an imbalance between bone strength and load
on the bone [26]. Despite the strong and consistent ability of aBMD to
predict fractures even after 25 years [27], it does not completely ex-
plain fractures in women who do not meet the BMD criteria for os-
teoporosis [28]. Studies have demonstrated that accounting for the
structural properties of the bone in addition to aBMD can better
quantify bone strength [29]. The menopausal transition and increasing
age are associated with increased risk of fractures [30,31]. However,
the exact mechanism is still not clearly understood. Although aBMD is
the clinical gold standard for predicting fracture risk [32], the risk of
fracture depends on not just the bone density but also the bone

Table 2
Rate of change of baseline normalized NN BMD in relation to FMP.

NN BMDa Rate of change (slopeb) in each FMP-defined phase (%/year)

Pre-transmenopause
(Prior to 2 years before FMP)
Meanc (95% CI),
−0.001(−0.07, 0.07)

Transmenopause
(2 years before to 1 years after FMP)
Meanc (95% CI),
−1.84(−2.01, −1.66)

Postmenopause
(1 years after FMP and beyond)
Meanc (95% CI),
−1.66(−1.82, −1.49)

Cumulative changec (%)
Meand (95% CI),
−10.67(−11.29, −10.05)

Age at FMP (years) 0.005(−0.03, 0.04) −0.05(−0.12, 0.01) 0.02(−0.04, 0.08) −0.17(−0.40, 0.06)
Racee

Black 0.08(−0.16, 0.33) 0.40(0.01, 0.79) 0.02(−0.35, 0.39) 1.79(0.37, 3.31)
Chinese 0.09(−0.16, 0.33) −0.05(−0.57, 0.47) 0.58(0.10, 1.05) 1.13(−0.78, 3.04)
Japanese −0.30(−0.53, −0.07) 0.02(−0.35, 0.39) 0.99(0.44, 1.53) −0.82(−2.75, 1.12)

Weight 0.0001(−0.003, 0.005) 0.02(0.01, 0.03) 0.002(−0.01, 0.01) 0.10(0.07, 0.14)
Smoking statusf

Current smoker −0.02(−0.24, 0.20) −0.18(−0.63, 0.27) −0.01(−0.43, 0.41) −0.78(−2.40, 0.84)
Ex-smoker 0.08(−0.10, 0.25) −0.01(−0.44, 0.33) 0.11(−0.25, 0.47) 0.15(−1.22, 1.51)

Physical activity at baseline 0.09(−0.05, 0.24) −0.13(−0.44, 0.19) −0.20(−0.49, 0.10) −0.70(−1.85, 0.44)

a Adjusted for all the variables listed in the table along with site, scanner, and baseline value.
b Rate of change (slope) in percentage of baseline value of the index of interest. Negative values mean faster decline, and positive values mean slower decline.
c The mean values of trajectory parameters are from a null model (with no predictors) that fit a single common trajectory to the sample.
d Cumulative change during the years spanning the final menstrual period [Median time (years) of first visit – Median time (years) of last visit].
e REF- White.
f REF- Non-smoker. Bold= statistically significant.

Table 3
Rate of change of baseline normalized narrow neck cross sectional area in relation to final menstrual period (FMP).

Narrow neck cross sectional
areaa

Rate of change (slopeb) in each FMP-defined phase (%/year)

Pre-transmenopause
(Prior to 2 years before FMP)
Meanc

(95% CI), −0.003 (−0.07, 0.0)

Transmenopause
(2 years before to 1 years after
FMP)
Meanc

(95% CI), −1.45 (−1.63, −1.27)

Postmenopause
(1 years after FMP and beyond)
Meanc

(95% CI), −1.59 (−1.76,
−1.42)

Cumulative changed (%)
Meanc

(95% CI), −9.01 (−9.63, −8.39)

Age at FMP (years) −0.004 (−0.04, 0.03) −0.03 (−0.10, 0.04) 0.02 (−0.05, 0.08) −0.09 (−0.33, 0.14)
Racee

Black 0.03 (−0.15, 0.22) 0.24 (−0.17, 0.66) 0.001 (−0.41, 0.42) 1.05 (−0.35, 2.45)
Chinese 0.09 (−0.16, 0.34) −0.18 (−0.74, 0.38) 0.54 (−0.01, 1.09) 0.54 (−1.37, 2.45)
Japanese −0.29 (−0.53, −0.06) −0.62 (−1.21, −0.04) 1.02 (0.42, 1.62) −1.03 (−2.98, 0.92)

Weight 0.0002 (−0.004, 0.005) 0.03 (0.01, 0.04) 0.001 (−0.01, 0.02) 0.11 (0.08, 0.15)
Smoking statusf

Current smoker −0.07 (−0.29, 0.16) −0.004 (−0.49, 0.48) −0.08 (−0.56, 0.40) −0.30 (−1.92, 1.32)
Ex-smoker 0.07 (−0.11, 0.26) −0.11 (−0.52, 0.30) 0.14 (−0.27, 0.55) −0.01 (−1.37, 1.36)

Physical activity at baseline 0.08 (−0.07, 0.23) −0.10 (−0.45, 0.24) −0.18 (−0.51, 0.16) −0.61 (−1.75, 0.53)

a Adjusted for all the variables listed in the table along with site, scar, and baseline value.
b Rate of change (slope) in percentage of baseline value of the index of interest. Negative values mean faster decline, and positive values mean slower decline.
c The mean values of trajectory parameters are from a null model (with no predictors) that fit a single common trajectory to the sample.
d Cumulative change during the years spanning the final menstrual period [Median time (years) of first visit – Median time (years) of last visit].
e REF- White.
f REF- Non-smoker. Bold= statistically significant.
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geometry. Most hip fractures in the elderly occur due to sideways falls
and are believed to occur due to bending and axial compression on the
bone [11]. The HSA combines these two factors and estimates a com-
prehensive representation of bone geometry [33,34]. Previous research
has shown that HSA parameters are associated with the risk of frac-
tures. The risk of incident hip fracture increased by 44–55%, 36–41%,
28–63% with 1 SD decrease in BMD, CSA (BMC) and SM [32]. By ex-
tension, the cumulative change of the HSA parameters from our results
suggests that these changes could lead to clinically significant increased
risk of fractures.

We have shown similar timelines for the changes in aBMD and
composite strength indices during the menopausal transition. The loss
in areal FN BMD was highest during 1 year before the FMP to 2 years
after FMP [7]. Composite indices of FN strength (compression, bending,
and impact) have been shown to predict hip fracture risk [35]. The
decline in compression and bending strength indices also started 1 year
before the FMP [36] to 1 year after. In contrast, the accelerated changes
in HSA that we observed started 2 years before FMP and continued up

until 5 years after. Therefore, changes in hip geometry may precede loss
of aBMD and FN strength. Put together, the loss of BMD, and changes in
geometry may both contribute to an increased loss of bone micro and
macro architecture during the transmenopausal period, thereby in-
creasing a woman's susceptibility to fracture.

In a subset of 198 women from the Pittsburgh SWAN site, Jepson
et al. showed 14-year longitudinal changes in aBMD and bone area
[37]. Changes in BMC and bone area were not reflected in changes in
aBMD highlighting the need to examine changes in bone parameters
beyond BMD. However, this analysis did not align these changes with
the final menstrual period and therefore, could not identify which stage
of the menopausal transition changes began or to quantify the changes
within each menopausal stage. In addition, this study calculated
changes in bone parameters using only the baseline and final scans and
did not include the annual scans at each clinic visit and thus, ignored
the variability and non-linear changes in aBMD.

Chinese women have lower aBMD levels compared to the White
women [38] but have lower hip fracture rates [39]. This paradox has

Table 4
Rate of change of baseline normalized narrow neck section modulus in relation to final menstrual period (FMP).

Narrow neck section
modulusa

Rate of change (slopeb) in each FMP-defined phase (%/year)

Pre-transmenopause
(Prior to 2 years before FMP)
Meanc

(95% CI), −0.01 (−0.11, 0.09)

Transmenopause
(2 years before to 1 years after
FMP)
Meanc

(95% CI), −1.09 (−1.32, −0.86)

Postmenopause
(1 years after FMP and beyond)
Meanc

(95% CI), −1.33 (−1.54,
−1.11)

Cumulative changed (%)
Meanc

(95% CI), −7.03 (−7.80, −6.25)

Age at FMP (years) 0.003 (−0.05, 0.05) −0.02 (−0.11, 0.07) 0.02 (−0.07, 0.10) −0.05(−0.34, 0.25)
Racee

Black 0.06 (−0.20, 0.33) −0.26 (−0.80, 0.28) −0.12 (−0.63, 0.40) −1.16(−2.91, 0.60)
Chinese 0.13 (−0.23, 0.49) −0.68 (−1.42, 0.05) 0.68 (−0.01, 1.38) −1.10(−3.53, 1.33)
Japanese −0.50 (−0.84, −0.16) −0.61 (−1.49, 0.16) 1.58 (0.81, 2.35) −0.30(−2.81, 2.22)

Weight 0.001 (−0.01, 0.01) 0.04 (0.02, 0.05) 0.01 (−0.01, 0.02) 0.17(0.12, 0.21)
Smoking statusf

Current smoker −0.09 (−0.42, 0.23) 0.07 (−0.57, 0.70) 0.05 (−0.56, 0.70) 0.18(−1.88, 2.24)
Ex-smoker 0.10 (−0.16, 0.36) −0.21 (−0.75, 0.32) 0.26 (−0.25, 0.78) −0.13(−1.86, 1.61)

Physical activity at baseline 0.08 (−0.14, 0.30) −0.11 (−0.56, 0.34) −0.23 (−0.66, 0.19) −0.74(−2.19, 0.71)

a Adjusted for all the variables listed in the table along with site, scanner, and baseline value.
b Rate of change (slope) in percentage of baseline value of the index of interest. Negative values mean faster decline, and positive values mean slower decline.
c The mean values of trajectory parameters are from a null model (with no predictors) that fit a single common trajectory to the sample.
d Cumulative change during the years spanning the final menstrual period [Median time (years) of first visit – Median time (years) of last visit].
e REF- White.
f REF- Non-smoker. Bold= statistically significant.

Table 5
Rate of change of baseline normalized narrow neck outer diameter in relation to final menstrual period (FMP).

Narrow neck outer diametera Rate of change (slopeb) in each FMP-defined phase (%/year)

Pre-transmenopause
(Prior to 2 years before FMP)
Meanc

(95% CI), −0.01 (−0.03, 0.01)

Transmenopause
(2 years before to 1 years after FMP)
Meanc

(95% CI), 0.44 (0.38, 0.50)

Postmenopause
(1 years after FMP and beyond)
Meanc

(95% CI), 0.11 (0.06, 0.16)

Cumulative changed (%)
Meanc

(95% CI), 1.95 (1.73, 2.18)

Age at FMP (years) −0.01 (−0.02, −0.0003) 0.01 (−0.01, 0.04) 0.003 (−0.02, 0.02) 0.04(−0.04, 0.13)
Racee

Black −0.04 (−0.09, 0.01) −0.19 (−0.33, −0.05) 0.03 (−0.10, 0.16) −0.79(−1.31, −0.26)
Chinese 0.01 (−0.07, 0.08) −0.07 (−0.27, 0.13) 0.02 (−0.15, 0.19) −0.23(−0.96, 0.50)
Japanese 0.003 (−0.06, 0.07) −0.04 (−0.25, 0.16) −0.01 (−0.20, 0.19) −0.18(−0.90, 0.54)

Weight −0.001 (−0.002, 0.001) −0.001 (−0.004, 0.002) 0.0004 (−0.003, 0.004) −0.005(−0.02, 0.01)
Smoking statusf

Current smoker −0.06 (−0.12, 0.01) 0.25 (0.09, 0.42) −0.15 (−0.30, −0.002) 0.61(−0.004, 1.21)
Ex-smoker −0.01 (−0.06, 0.05) −0.01 (−0.16, 0.13) −0.03 (−0.16, 0.10) −0.14(−0.65, 0.38)

Physical activity at baseline −0.02 (−0.06, 0.03) 0.03 (−0.09, 0.14) −0.01 (−0.11, 0.10) 0.06(−0.37, 0.49)

a Adjusted for all the variables listed in the table along with site, scanner, and baseline value.
b Rate of change (slope) in percentage of baseline value of the index of interest. Negative values mean faster decline, and positive values mean slower decline.
c The mean values of trajectory parameters are from a null model (with no predictors) that fit a single common trajectory to the sample.
d Cumulative change during the years spanning the final menstrual period [Median time (years) of first visit – Median time (years) of last visit].
e REF- White.
f REF- Non-smoker. Bold= statistically significant.
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been largely explained by the differences in hip geometry between the
Whites and Chinese women. Of interest, compared to White women,
Japanese women demonstrated unfavorable changes in the pre-trans
and transmenopausal periods for CSA (BMC) but fared better in the
postmenopausal periods. Japanese women also showed significantly
slower changes in the postmenopausal period for BMD and SM as well.
These slower rates of change in the postmenopausal period may con-
tribute to greater cortical stability in later life and lower fracture rates.

Compared to White women, the risk of fractures in Black women is
shown to be 50% lower [40]. The lower fracture risk among Black
women may reflect their significantly higher BMD [20,41], higher CSA
(BMC) and SM [42]. In addition, Black women have previously been
shown to experience slower rates of loss of BMD [7] and the FN strength
indices [36] during the menopausal transition. Our study extends these
findings to hip geometry, demonstrating slower rates of change of bone
geometry during the menopausal transition in Black women compared
to White women, further contributing to their lower rates of fractures.

Age at FMP, smoking and physical activity showed no effect on the
cumulative change of the HSA parameters. In the transmenopausal
period, higher body weight was associated with significantly lower
change in all HSA parameters, except OD. Similar associations were
noted with change of BMD [7] and FN strength indices [36]. In addi-
tion, use of medications affecting bone metabolism (calcium, vitamin D,
antidiabetics, antiepileptics, corticosteroids) also had no significant
effect on the overall change of HSA parameters (results not shown).

Strengths of our study include the large multiethnic population, and
long duration of follow up, which allowed for multiple longitudinal
assessments. The use of mixed effects models provided greater statis-
tical power. The analysis used the FMP which is shown to be a more
accurate and valid representation of menopausal status than reliance on
bleeding characteristics [2]. However, the study is not without limita-
tions. The HSA parameters derived in this study were measured directly
from 2-dimensional (2D) digital DXA images using algorithms for ex-
tracting the pixel data provided by the manufacturers under non-dis-
closure agreements [10]. The principle limitation of the HSA method is
the uncertainty in positioning of the hip such that the dimensions re-
flected in measured geometry will vary depending on how the femur is
projected into the 2D DXA image plane. However, this would be
minimal in SWAN because we used the OsteoDyne's positioner which
reduced positioning errors. Since DXA images are 2 dimensional, the
measurements cannot provide information relevant to resistance of
bending forces out of the image plane. Nevertheless, HSA geometry has
previously shown to correspond well with that of 3D QCT in analysis of
load stress [36]. Finally, the sample sizes for the Chinese and Japanese
women were relatively small and our results may not be generalizable
to those populations.

Despite these limitations, to our knowledge, no studies have as-
sessed the timing and the rate of change of these HSA parameters across
the menopausal transition. The changes in these parameters were
greatest in the transmenopausal period suggesting greater skeletal
vulnerability around FMP. Changes in hip geometry across the meno-
pause transition parallel changes in BMD and provide insight into me-
chanisms that may increase risk of fragility fracture. If, however, the
cumulative changes in HSA parameters around menopause predict fu-
ture fracture risks, short-term treatment of women e.g., a single infusion
of zoledronic acid, may be warranted at the time of menopause to
preserve skeletal strength.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bone.2019.02.016.
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