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ORIGINAL STUDY

Quality over quantity: skeletal loading intensity plays a key role in
understanding the relationship between physical activity and bone
density in postmenopausal women

Stefan I. Madansingh, PhD," Che G. Ngufor, PhD,”> and Emma Fortune, PhD*?

Abstract

Objective: Increasing physical activity (PA) is regularly cited as a modifiable target to improve health outcomes
and quality of life in the aging population, especially postmenopausal women who exhibit low bone mineral density
(BMD) and high fracture risk. In this cross-sectional study, we aimed to quantify real-world PA and its association
with BMD in postmenopausal women.

Methods: Seventy postmenopausal women, aged 46 to 79 years, received a dual-energy X-ray absorptiometry
scan measuring total hip BMD and wore bilateral triaxial accelerometers on the ankles for 7 days to measure PA in
their free-living environment. Custom step detection and peak vertical ground reaction force estimation algorithms,
sensitive to both quantity and intensity of PA, were used to calculate a daily bone density index (BDI) for each
participant. Multiple regression was used to quantify the relationship between total hip BMD, age, step counts, and
mean BDI over the span of 7 days of data collection.

Results: All participants completed the full 7 days of PA monitoring, totaling more than 7 million detected steps.
Participants averaged 14,485 44,334 steps daily with mean peak vertical ground reaction force stepping loads of
675 4 121 N during daily living. Across the population, total hip BMD was found to be significantly correlated with

objective estimates of mean BDI (r=0.44), as well as participant age (r=0.285).
Conclusion: Despite having higher-than-expected PA, the low stepping loads observed in this cohort, along with
half of the participants having low BMD measures, underscores the need for PA intensity to be considered in the

management of postmenopausal bone health.
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outinely, physical activity (PA) and exercise are

targeted by care providers to improve bone health

with the goal of reducing fracture risk in aging
adults.' Hip fractures, which increase exponentially with
age and occur disproportionally in women,* account for the
majority of the disability and financial burden associated with
osteoporosis (OP),” and often lead to premature death.® Low
bone mass (osteopenia) and the disease of OP, which are key
contributors to hip fractures,’ afflict a significant portion of the
US population, including 50% of adults older than 50 years, and

30% of all postmenopausal women.® In clinical practice, dual-
energy x-ray absorptiometry (DEXA) is the criterion standard
for measuring bone mineral density (BMD), estimating bone
mass and diagnosing OP.’ These evaluations are, however,
costly,'® rely on specialized equipment, which may not be
widely available, and require a clinic visit, limiting its use in
preventative care and early identification of hip fracture risk.
Furthermore, BMD measures, even if performed with fre-
quency, are unable to provide adequate insights into the associ-
ation between risk factor(s) related to bone health maintenance.
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Evidence suggests that increasing daily PA in postmeno-
pausal women could lead to clinically meaningful increases in
hip BMD under appropriate loading conditions."''""* How-
ever, a well-defined relationship between daily PA impact
loads and hip BMD has not been determined. The assessment
of ground reaction force (GRF) impact loads during PA has
been traditionally performed in a laboratory setting using
force plates and in-shoe pressure measurement systems;
however, these applications are limited in their ability to
capture real-world PA loading. Furthermore, the seminal
work of Whalen et al'* suggests that loading alone cannot
be used as an independent variable to correlate with BMD,
due to the complex and nonlinear relationship of BMD with
loading, anthropomorphics, and exercise. Instead, the concept
of an activity-based bone density index (BDI), relating
dynamic skeletal loading (based on daily steps and their peak
vertical GRFs) with BMD has been developed to capture this
interrelationship.'*'® To date, the application of this frame-
work to PA measured in the field has been limited, especially
in populations at risk for BMD-related injuries, such as
postmenopausal women.

In recent work, our group established an accurate method of
estimating peak vertical GRFs for individual foot strikes,
specific to postmenopausal women, during free-living loco-
motion using low-cost and widely available ankle-worn
accelerometers.!” Using this technique, both the quantity
and intensity of PA can be captured in the field to calculate
cumulative estimates of dynamic skeletal loading using the
BDI framework. The current study’s goal was to explore the
cross-sectional relationship between cumulative daily esti-
mates of dynamic skeletal loading in the free-living environ-
ment using the BDI'® and measures of total hip BMD. We
hypothesized that individuals with higher mean estimates of
BDI, representing a greater intensity of PA in the free-living
environment, will have higher hip BMD. This study will begin
to provide evidence of a modifiable link between in-the-field
assessments of PA and total hip BMD, reopening the discus-
sion of PA guidelines often quoted for the management of
bone health for postmenopausal women

METHODS

Participant recruitment

A 70-woman sample of convenience was recruited from
postmenopausal women residing in a local independent living
facility and from community-dwelling adults located in the
surrounding area. Participants were required to be postmen-
opausal (ie, without menses) for at least 1 year by self-report.
Exclusion criteria included less than 2 years of self-reported
starting, stopping, or modifying OP treatment; currently
taking prescription medication which may result in BMD
changes; induced menopause; assistive walking device use or
any lower body amputations or orthotics; a body mass index
of more than 40 kg/m?; prolonged bed rest; musculoskeletal
performance deficits history; neuromotor impairment or hip
surgery; lower-limb fracture; nondominant hip or knee joint
replacement; a current lower extremity injury; moderate to
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severe hip or knee arthritis; have undergone chemotherapy
and long-term or current corticosteroids use; self-reported
history within the last 5 years of regular participation in
impact or jumping exercises, and self-reported current
smoker, or cardiovascular obstructive pulmonary disease
including severe allergies or asthma. The Mayo Clinic Insti-
tutional Review Board approved the study protocol and
informed consent was obtained prior to participation.

Bone mineral density

Upon study enrollment, all participants received DEXA
scans (Lunar iDEXA, GE Healthcare Lunar, Madison, WI) to
measure total hip BMD on their self-selected nondominant
side. These calculations were performed using the manufac-
turer’s clinical software, which also provided total hip T
scores (defined as BMD estimates relative to a young adult
reference). Individuals with 7 scores less than —1.0 or higher
than —2.5 are considered to have low bone density (osteo-
penia), whereas —2.5 or less are considered osteoporotic.

Laboratory data collection and ground reaction force
estimation

Under laboratory conditions, described by Madansingh
et al,'” participants performed a minimum of five barefoot
walking trials at each of three self-selected walking speed
categories (slow, normal, and fast) to simultaneously collect
bilateral ankle acceleration using ActiGraph GT3X+ (Acti-
Graph LLC, Pensacola, FL; 100 Hz) activity monitors (AMs)
and GRFs using five floor-embedded force plates (3 AMTI,
USA and 2 Kistler Instruments, Switzerland; 600 Hz). Mixed
models analyses with crossvalidation yielded a model to
predict body weight normalized peak vertical GRFs
(pVGRFbw; equation (1)) for each individual detected foot
strike with low average mean absolute error (6.8% =+ 5.5%)
and low root-mean-square error (0.087 £0.006) suggesting
strong predictive qualities.'’

pVGRFbw = 0.11834(Az) + 0.77242 (1)

where Az is the peak vertical component of ankle acceler-
ation identified from the AMs during foot strike on the
laboratory force plates.

Free-living environment activity monitoring and bone
density index estimation

Participants were then asked to wear the AMs on both
ankles for 7 days in their free-living environments. Partic-
ipants were instructed to wear the AMs at all times except
during sleeping, bathing, or swimming. A valid AM day was
defined as 10 or more wear hours per day. ActiGraph GT3X+
devices are cited to have high within-individual validity
(ICC=0.977 vertical axis) when worn on the bilateral ankles
during activities of daily living.'® Daily step counts were
calculated from ankle acceleration data using our previously
developed custom step detection algorithm using MATLAB
R2016a (Mathworks, Natick, MA),19 which demonstrated
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high step count accuracy (92% agreement) with high inter-
rater reliability (ICC=0.98) using video evaluation as the
criterion.'”® Since our custom algorithm was previously
validated for simulated free-living activity in the labora-
tory'*2% and not in the free-living environment, daily step
counts were also calculated using the widely used default
(DF) and Low Frequency Extension (LFE) algorithms avail-
able in the ActiLife software (ActiGraph LLC), for compari-
son. These algorithms have been investigated for their validity
and show high agreement in the laboratory”'2*; however, in
the free-living environment, the DF algorithm has been
observed to underestimate, whereas the LFE algorithm tends
to overestimate when compared with criterion pedometers.?!
In the absence of a custom algorithm, the LFE algorithm has
been suggested to be most appropriate for an older popula-
tion.”*?* The custom step detection algorithm used peak
anteroposterior acceleration events to detect foot strikes.'®
For each detected step, the maximum vertical acceleration
(within + 0.1's of peak anteroposterior acceleration events)
was identified and used to calculate pVGRFbw using
Equation (2). A BDI estimate for each day was determined
as the sum of the peak vertical GRFs estimated for each
detected step'®:

n b
BDI = < B- pVGRFbW,-) 2)
i—1

where f is the ratio of the individual’s bodyweight (BW) to
the cohort’s mean BW and # is the daily step count. The
exponent m weights the relative importance of force magni-
tude and loading cycles and was set to a value of 6."> Mean
BDI was calculated across the 7 days of monitored activity for
each participant.

Statistical analyses

To evaluate the custom step detection algorithm’s perfor-
mance, a one-way analysis of variance was performed to
detect differences between its output and that of the two
commercial ActiLife step detection algorithms (DF and LFE).
Mean daily BDI, age, and mean daily step count for each
participant were entered into stepwise multiple regression
to identify the significant predictors of BMD and estimate
the strength of the relationship among these variables.
Assumptions of normality, independence, and multicollinear-
ity among independent variables were evaluated during anal-
yses. Forward and backward stepwise multiple regressions
were performed to ensure agreement among variables
selected for inclusion, to minimize suppressor effects, and
to reduce type II error.>**° Statistical significance was
defined at « =0.05 for all tests and Bonferroni corrections
for multiple comparisons were performed, where necessary.
Statistical analyses were performed in SPSS 25.0 (IBM Corp,
Armonk, NY).

RESULTS

All 70 participants successfully completed 7 valid days of
AM wear, yielding a compliance rate of 100%. Data from one
participant were excluded due to a faulty device. Of the 69
participants, the mean (range) demographics were an age of
61 (46-79) years, a body mass of 69.8 (51.1-105.6) kg, a body
mass index of 26 (18-40) kg/m?, a BMD 0f 0.89 (0.62-1.39) g/cm?,
a T score of —1.0 (—3.1-3.0) and a BDI of 2.21 (1.95-2.66)
BW"". Thirty-five participants had 7 scores of less than —1.0,
indicating low BMD.

In total, this sample of free-living activity resulted in the
capture of more than 7 million steps. Comparing across
step detection algorithms, the custom algorithm estimated a
significantly larger number of steps than the ActiGraph DF
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FIG. 1. (A) Comparison among step detection algorithms including the ActiLife default (DF) algorithm, the custom algorithm of Fortune et al'® and the
ActiLife Low Frequency Extension (LFE) algorithm. Significant differences are denoted with *. The central line represents the median, the edges of the
box are the 25th and 75th percentiles, and the whiskers define the 2.5 to 97.5 percentile range of measured values. (B) Histogram of peak acceleration (g)
values detected step throughout 7 days of activity monitoring where each bin represents a span of 0.25 g. (C) Histogram of ground reaction forces
derived from peak step accelerations and Equation (1), where each bin represents a span of 50 N.
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TABLE 1. Percentage of steps with peak vertical accelerations and peak vertical ground reaction force estimates in the binned ranges

Peak vertical accelerations

Range (g) <1 1-2 2-3 3-4 >4
Percentage of steps 4.5 543 324 7.7 1.2
Ground reaction force estimates

Range (N) <500 500-600 600-700 700-800 >800
Percentage of steps 2.9 26.6 334 21.3 15.7

configuration (mean 4+ SD) (14,485 + 4,334 vs 10,565 + 4,313
steps, t04 =4.94, P < 0.05) but was not significantly different
from the ActiGraph LFE configuration (14,48544,334 vs
15,792 £ 5,284, tho4 = 1.65, P =10.30; Fig. 1A). The ActiGraph
DF configuration also produced significantly lower step
counts when compared with the ActiGraph LFE configura-
tion (10,565 +4,313 vs 14,485 + 4,334, 1,04 = 6.58, P < 0.05).
The peak vertical acceleration of each step was collected,
producing a population representative range depicted as a
histogram in Figure 1B. The largest proportion of peak
accelerations (18.6%) was captured in the 1.0 to 1.25¢g
bin with an average of 1.11+£0.71g. The overall average
peak vertical acceleration was 1.96 £0.76 g. The range of
estimated peak vertical GRFs are depicted in Figure 1C,
where the largest proportion of stepping loads (14.5%) was
observed in the 650 to 700N bin, with an average of
673.8+14.6 N. The overall average stepping load was
approximately 675+ 121N during normal daily activity.
Table 1 highlights the relative proportion of observed peak
accelerations and estimated GRFs throughout the range of
observed values.

BMD (g/cm é )

0.8

. _r=0.44(p< 0.05) .

Stepwise regression in the forward (inclusionary) and
reverse (exclusionary) directions revealed mean BDI and
age to be significant predictors of BMD (£ 6= 12.60,
P <0.001), see Equation (3).

BMD = 0.311(mean BDI) — 0.005(age) +0.534 (3)

With a standardized beta of 0.391 (P < 0.05), mean BDI
was the strongest predictor of BMD, accounting for 19.4% of
the variance in BMD (= 0.44) (Fig. 2). Age accounted for an
additional 8.1% of the variance in BMD (r=0.285), with a
beta of —0.289 (P < 0.05). Overall, the multiple regression
model including mean BDI and age explains 27.5% of the
variance in BMD (r=0.525), suggesting a medium-strength
relationship.

DISCUSSION
This study presents estimates of the quantity and intensity of
PA performed by 70 postmenopausal women during 1 week in
their uncontrolled, free-living environment and highlights the
potential for PA intensity to be a modifiable factor associated
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FIG. 2. Partial regression plots highlighting the significant linear relationships among mean bone density index (BDI), in units of body weight (BW)‘/ !
and age with bone mineral density (BMD), accompanied by the frequency distributions of each measure in the free-living environment. Each bin of
BMD represents a span of 0.05 g/cm?; each bin of mean BDI represents a span of 0.1 BW"*; each bin of age represents a span of 5 years.
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with the maintenance of lower-body bone health. Participant
compliance in this study was exceptional (100%) compared
with rates of 80% typically reported in the literature for studies
on older populations,***® with participants expressing little
to no challenge with the technology. The PA measured in this
cohort suggests a very active population, averaging more than
10,000 steps per day with all three step count algorithms;
however, this quantity of steps did not relate to measures of
bone density across the population. Custom step detection
counts were found to be within the range of estimates provided
by ActiGraph’s algorithms, which have previously been
reported to underestimate in the DF configuration and overes-
timate in the LFE configuration®'° compared to criterion
pedometers in free-living environments. There was no detected
difference between the custom step detection algorithm and
LFE step detection algorithm; therefore, the custom step detec-
tion counts continue to be considered a reasonable estimate
of quantity of PA.">?° The predominance of peak vertical
acceleration measurements in the 1.0 to 1.25 g range, suggest
fairly low-intensity movement and resulted in GRF estimates
predominantly in the 600 to 650 N range.!” Despite the high
step counts, the vast majority (92.8%) of estimated GRF loads
during daily PA were below the suggested threshold for BMD
maintenance of 870 N, proposed by Borer et al,*” underscoring
the need to better understand the link between modifiable,
real-world, cumulative skeletal loading and bone density
maintenance.

We found that DEXA measurements of hip BMD were
significantly correlated with cumulative estimates of skeletal
loading, as measured by the mean BDI. Mean daily step counts
were not correlated with BMD. Individuals who experienced
greater mean BDI tended to have higher BMD, suggesting a
potentially modifiable dose-response relationship. Participant
age was also found to be significantly related to hip BMD,
where BMD was observed to decrease with age; a phenome-
non well documented in the literature.?*® Interestingly, the
strength of the relationship observed between hip BMD and
mean BDI in this study mirrored the results found by Boyer
et al,'® with proximal femur BMD, and by Bowley and
Whalen'® with calcaneal BMD. Genetic factors are often cited
as the primary explanatory mechanism dictating changes in
BMD throughout age, with some estimates accounting for 40%
to 80% of the difference between individuals.*'* The ability
for PA to account for 20% of the variance in BMD in the current
study provides support for and reinforces the conclusion that
BDI estimates provide some representation of the mechanical
stimulus experienced during real-world PA responsible for
lower body bone remodeling and maintenance.'®

The age-related results in this study are contrary to those of
Boyer et al,'® who did not observe a significant effect of age in
their sampled population including 49- to 64-year-old men
and women. The inclusion of a larger age range in the current
study (46-79 years) serves to provide greater insight to the
complex relationship between BMD and mean BDI at ages
65 years or older. In secondary analyses, we remodeled the
relationship between age and mean BDI with hip BMD,

excluding those participants 65 years or older and found no
significant relationship between hip BMD and age, similar to
those findings in Boyer et al.'® One interpretation of these
findings suggests that the relationship between BMD and age
changes after 65 years, where there is an increase in the rate of
BMD loss, as observed in the longitudinal study of Berger
et al.>* It has been suggested that there exists a complex
moderating effect of age upon mean BDI, implying that the
natural progression of increased age results in decreased
skeletal loading, and this decreased stimulus results in accel-
erated BMD loss, especially in postmenopausal women.>*
This interaction between age and modifiable PA factors is
currently an area of significant exploration.**>*

One possible limitation of the current study is the level of
activity observed in the sampled population may not be
representative of typical postmenopausal women. This is
likely due to the extensive list of exclusionary criteria used
in this study to reduce BMD confounders. Individual diet and
nutritional supplement intake, such as calcium, vitamins, or
fish oils supplements, were not controlled for in this study,
and are evidenced to influence BMD changes in postmeno-
pausal women.*>** Future studies will necessitate including
these confounding factors systematically, or will require
dramatically larger populations to support a causal relation-
ship. In addition, the technique for estimating GRFs was
validated in barefoot walking under multiple speeds'”; there-
fore, it may not account for individual variations in footwear
or environmental factors, such as varying terrains, which may
serve to heighten or dampen AM-measured accelerations
during PA. Although these sources of variability may
decrease the accuracy of the predicted GRFs, observing a
consistent relationship between mean BDI and BMD as
previously seen in the literature provides confidence that
the impact of this variability was minimal. Finally, it
bears mentioning that although the need for increased PA
intensity is suggested, low-impact PA has been observed to
be beneficial for postmenopausal health outcomes,*'** and are
more strongly advisable in individuals with high fracture risk.

CONCLUSIONS

These results highlight a potentially modifiable link
between daily cumulative PA intensity and total hip BMD,
and provide a direction for future exploration of a simple and
low-cost ankle accelerometer to aid in BMD maintenance.
This study has built on previous work understanding the
relationship between BMD, step counting, and the
BDI,'>!'¢ by incorporating validated and accurate estimates
of in-the-field GRFs.!” The current study’s results for
postmenopausal women, many of which had low BMD but
higher-than-expected levels of PA, underscore the need for
considerations of PA intensity when PA is suggested to
patients for bone health management. Future research will
be needed to investigate the longitudinal effects of PA
intensity on BMD, as well as the effectiveness of PA inten-
sity-focused exercise interventions on the maintenance of
bone health throughout aging.
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