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Abstract

Summary The amount and intensity of walking to maintain
a healthy skeleton is unknown. This study examined the
relationship between habitual walking activity and femoral
bone mineral density (BMD) in healthy individuals using a
quantitative theory for bone maintenance. Our results
suggest a gender, weight, and speed sensitivity of walking
interventions.

Introduction Walking has been extensively promoted for
the prevention of osteoporosis. The amount and intensity of
walking to maintain a healthy skeleton is unknown and
evidence to support a specific target of steps per day is
lacking. The goal of our study was to examine the
relationship between habitual walking activity and femoral
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bone mineral density (BMD) in healthy individuals using a
quantitative theory for bone maintenance.

Methods Habitual walking activity and total femur BMD
were measured in 105 individuals (49-64 years). An index
of cumulative loading (bone density index, BDI) was
examined as a predictor of BMD. The BDI-BMD relation-
ship was used to predict the steps per day to maintain
healthy BMD values for a range of body weights (BW) and
walking speeds.

Results For females but not for males, BDI was correlated
with BMD (+2=0.19, p<0.001). The total required steps per
day to maintain a 7-score of —1.0 for a female with the
average BW of the study cohort, walking at 1.00 m/s is
4,892 steps/day. Substantially more steps (18,568 steps/
day) are required for a female with a BW 20% lighter than
the average for our female cohort. For these lighter females,
only at a walking speed greater than 1.32 m/s was 10,000
steps/day sufficient to maintain a 7-score of —1.0.
Conclusions Our results suggest a gender, weight, and
speed sensitivity of walking interventions for osteoporosis.
In persons of low BW, the necessary steps per day to
maintain BMD can be substantially greater than the often-
quoted 10,000 steps.

Keywords Ground reaction force - Mechanical loading -
Osteoporosis - Walking - Habitual exercise

Introduction

Osteoporosis is a major health concern for older adults [1—
4]. Activity modifying interventions to increase the cumu-
lative mechanical loading to the skeleton have received
significant attention as a potential means for increasing
bone mass. Walking is the most common weight-bearing
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activity in older adults [5]. It has been extensively
promoted for the prevention of osteoporosis. However, the
amount and intensity of walking to maintain a healthy
skeleton is unknown. Thus, in the context of skeletal health,
evidence to support a specific target of steps per day is
lacking.

Studies that have investigated walking as a sole exercise
intervention for preserving or augmenting bone density in
postmenopausal women have reported limited benefit or
inconsistent results [6-9]. A meta-analysis [9] of studies
that examined the effect of walking interventions on bone
density in postmenopausal women indicated a strong trend
for a relationship between walking and bone mineral
density (BMD) but one that did not reach statistical
significance. The lack of success of these interventions
might be attributable to aspects of study design, such as
the choice of walking intensity (speed), walking duration
(steps per day), or the total duration of the intervention.
In general, those interventions that have prescribed higher
intensity weight-bearing activities have resulted in greater
gains in BMD [7]. However, evidence to support specific
quantitative guidelines for intensities and durations of
walking to maintain or enhance skeletal health has not
been established. In addition, few investigations of the role
of walking in maintaining or increasing bone density have
included male participants, despite the fact that osteoporotic
fracture is also an important concern for older men. Thus,
there is a need to gain a better understanding of the
interaction between load history and maintenance of BMD
in an aging population.

The Bone Density Index (BDI) [10, 11] offers an
opportunity to examine the influence of a daily walking
regimen on bone health. With this index, it is possible to
investigate the effects and interactions of body weight
(BW) and habitual walking activity patterns (number of
steps and walking speed). The BDI has been shown to
correlate with calcaneus BMD in healthy women [10] and
with hip BMD in a group of subjects with chronic stroke
[11] using the ground reaction force (GRF) as a surrogate
for skeletal loading. These results indicate that the GRF is a
reasonable surrogate for the loading at the calcaneus in
healthy individuals, perhaps due to the proximity of the
applied force to the joint. While the GRF in walking was a
reasonable surrogate for the loading of the proximal femur
in the group of chronic stroke patients, it is not known if it
would also be an adequate surrogate measure of loading in
a healthy population, where a greater variety of loading
conditions may be experienced. In addition, while highly
detailed assessments of single-day activity profiles can be
captured [10], this type of data logging over the extended
period needed to accurately assess habitual activity patterns
[12] is not always feasible. It is therefore of interest to
know if a comparable BMD vs BDI correlation for the
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proximal femur exists using epoch-based speed and step-
count data along with GRF data for walking for healthy
older individuals.

The purpose of this study was to test for a correlation
between the BDI, calculated using epoch-based speed and
step-count data along with GRF data for walking and BMD
of the proximal hip in healthy older male and female adults.
This relationship between BDI and BMD was used to
predict, for a range of BWs and walking speeds, the number
of steps per day necessary to maintain a range of BMD
values. These data were use to test the hypothesis that
10,000 steps/day are sufficient to maintain a healthy BMD
for individuals with healthy BWs.

Methods
Subject inclusion/exclusion criteria

Healthy males and females, for whom walking was their
primary form of leisure-time physical activity, were
recruited from the San Francisco Bay area. Subjects were
between the ages of 49 and 65 years with a body mass
index of less than or equal to 30 kg/m?”. Individuals with a
self-reported current or recent (within 5 years) history of
regular participation in impact or jumping exercises or
sports (i.e., jogging, running, tennis, softball, basketball,
volleyball, skiing, etc.), were excluded. A current or recent
history of reduced weight-bearing or non-weight bearing
exercises, such as bicycling, swimming, etc., was permis-
sible. Individuals with a recent self-reported history
(<2 years) of starting, stopping or modifying any osteopo-
rosis treatment, such as hormone replacement therapy,
PTH, or bisphosphonates were excluded. Other criteria for
exclusion included a history of hip surgery, lower-limb
fracture, hip joint replacement, use of an assistive device
while walking, obvious limp while walking, chemotherapy,
and long-term use of corticosteroids, such as prednisone, or
prolonged bed rest. Additionally, those with self-reported
medical conditions that could affect the skeletal system,
such as diabetes, Paget’s disease, hyperthyroidism, chronic
renal failure, rickets, hypocalcemia, hypercalcemia, etc.,
were excluded. Inclusion of female subjects was limited to
those who were postmenopausal. All participants provided
informed consent according to an approved IRB protocol
prior to participation in the study.

Bone mineral density

BMD was measured using a GE-Lunar iDXA Dual X-ray
Absorptiometry (DXA) scanner (GE Healthcare, Madison,
WI). The region of interest was the total proximal femur
[13] as determined by the manufacturer’s software. The
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T-scores (BMD normalized by the young adult reference
BMD value) were calculated by the scanner software
platform. The World Health Organization defines a T-
score>—1 as normal, a 7T-score< —1 and > —2.5 indicates
low bone density or osteopenia, and a 7-score < -2.5
indicates osteoporosis.

Measurement of free-living walking activity

Habitual walking activity (number of steps per day and
walking speed) was collected via an activity monitor (AMP
231/331; Dynastream Innovations Inc., Cochrane, Alberta,
Canada). A change to the AMP 231 model was made part
way through the study due to durability issues with the
battery door on the AMP 331 that became apparent after
replacement of the batteries. The AMP device was worn in
a sleeve at the ankle for a period of up to 7 days. The AMP
monitor allocates each second of monitoring into one of
three classes: inactive, active, locomotion. Classification
was done using Dynastream proprietary software according
to the following definitions (AMP Help & Documentation
Manual, Rev 3.3, 2004):

Inactive “Time spent sitting, lying, or standing still is
accumulated into the inactive class. To be classified as
inactive, the wearer must not take any steps for at least
20 s.”

Active “Time spent ‘up and about’ is accumulated into the
active class.”

Locomotion “Time spent ‘walking somewhere’ is accumu-
lated into the locomotion class. The wearer must take at
least 20 consecutive steps for the activity to register in the
locomotion class”.

Participants were instructed to put on the AMP device in
the morning, immediately after waking and continue to
wear it throughout the day. The device was attached to the
ankle by a Velcro strap and aligned with the Achilles
tendon. Days with fewer than 10 h of combined time spent
in the active and locomotion classes suggested that a
subject was not wearing the device for the entire day in
question, and those days were discarded from the analysis.
Subjects were only included in the final analysis if they had
three or more acceptable days of data [12, 14]. The internal
AMP software accumulates second-by-second data and
records on its internal memory on an epoch-by-epoch basis.
In order to allow for up to 7 days of data logging, a 6-min
epoch was chosen for the AMP 331 device. The AMP 231
device used a non-changeable, 10-min epoch. Average
walking speed was internally calculated by the AMP and
recorded for each epoch that contained any locomotion
steps. Locomotion steps were further classified into speed

categories based on 25th, 50th, and 75th percentile of
maximum detected walking speed. Subjects were instructed
not to change their customary physical activities during the
7-day monitoring period. The AMP device counts strides,
which are multiplied by two by the device software to
determine the total number of steps per day on both right
and left legs. The mechanical stimulus for a given leg
occurs during the stance phase of the gait cycle for that leg.
The loading cycles for a given hip are thus one half of the
total step count; therefore, activity monitor data were
divided by two to obtain steps per leg per day.

Bone density predictor

To estimate the bone stimulus resulting from each subject’s
habitual daily walking activity, we used a previously
developed predictor of bone density called the BDI [10,
15]:

2m

il’li . (ﬁ . GRFZl)m

day

BDI =

(1)

In this equation, GRFz; represents the peak vertical GRF for
each loading cycle, n;. The exponent m is an empirically
determined constant that weights the relative importance of
force magnitude and loading cycles, and [3 is a scaling
factor for BW ({3 =subject BW/mean BW). A mean BW
was calculated separately for males and females. The
derivation of Eq. 1 based on a more general model of
mechanically regulated bone adaptation, details can be
found elsewhere [16, 17].

As values of the peak GRFs for free-living walking on a
step-by-step basis were not available in the current study,
peak GRFs were calculated for the locomotion class steps
binned based on the quartiles of locomotion speed. The
overall average walking speed for each subject was used to
estimate an overall average GRF for all steps in the active
(non-locomotion) category. The binned form of Eq. 1 was
used to calculate the BDI for each subject:

BDI = ﬂl/z -[n1 - GRFz\™ + ny - GRFz" + n3 - GRFz3" (2)
14 - GRFzg" + ns - GRFzp," o7

where n; through n, are the number of steps per leg per day
in the four speed quartile categories, ns is the number of
steps per leg per day in the active (but non-locomotive)
category, and GRF; through GRF, and GRF,,. are the
corresponding values of the GRFs. Integer values of m
between 3 and 12 were tested to determine which value
produced the highest value of the correlation coefficient
between BDI and BMD, as has been done previously [10,
17].
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Gait measures

GRFs were quantified in the laboratory while subjects walked
on an 11-m long walkway with an embedded force plate
(Bertec Corp., Worthington, OH, U.S.A) at three self-selected
speeds: slow, normal, and fast with multiple trials collected at
each speed. The peak vertical GRF was normalized by subject
BW (% BW). Walking speed during each trial was quantified
by the velocity of a reflective marker placed on the iliac crest
using an optoelectronic motion capture system (Qualisys AB,
Gothenburg, Sweden).

A linear regression equation for walking velocity and
vertical component of the GRF was determined for each
subject from the laboratory gait analysis. The regression
equation was based on between five and nine trials for each
subject. This trials for which the subject did not step within
the boundaries of the force platform or where the iliac crest
marker was obscured for a large portion of the stance phase,
were discarded. The linear regression was used to estimate
a GRFz magnitude for each of the four speed quartiles for
each subject measured by the activity monitor.

Statistics

Linear regression models were used to investigate the
relationship between BDI and BMD, steps/leg/day and
BMD and walking speed and BMD for females and males.
Pearson’s correlations were used to investigate the relation-
ships between age and BW, age and BMD, age and steps/
leg/day, and age and walking speed. Statistical analyses
were performed using SPSS Statistics 17.0 (SPSS Inc.,
Chicago, IL. USA).

Results

A total of 105 subjects completed the study (Table 1).
Reasons for exclusion after the initial screening and
informed consent process were noncompliance with the
AMP use and health issues unrelated to the study or
personal situation that occurred during the week between a
subject’s first visit (consent signing, DXA measurement)
and their second visit (gait analysis).

Based on individual 7-scores for the total femur region of
interest (not shown), 41 females and 28 males were in the
normal range (7-score> — 1.0), 25 females and 11 males
were osteopenic (7-score< — 1.0 and > -2.5). There were no

correlations between age and BMD, age and weight or
between age and BMI (p>0.05) for males or females. There
was no correlation between the average number of steps per
leg per day and age (females p=0.841; males p=0.377) or
the average walking speed and age for either the females (p=
0.152) or the males (p=0.639) (Fig. 1).

For females, there was a significant correlation between
BMD and BDI (p<0.001; +*=0.19) (Fig. 2). For males,
BDI was not correlated with BMD. For the BDI calcu-
lations, a value of m=6 resulted in the highest values of the
correlation coefficients for BMD vs. BDI for females.
Correlations for the males did not reach significance for any
value of m. For consistency, the reported values for BDI for
males are based on m=6.

Using the regression equation for the female group, the
number of habitual daily steps was calculated for different
values of normalized BW (f3) and for different 7-score
values assuming a habitual walking speed of 1.0 m/s
(Fig. 3) for the approximate range of BMD values spanned
by the regression data. To maintain a 7-score=—1.00, an
average weight individual (mass=65.1 kg, 3=1.00) would
require 4,892 steps/day. Substantially more steps per day
are required for lighter individuals (18,568 steps/day for
mass 52.5 kg; 3=0.8) and less steps per day for a heavier
individual, (1,638 steps/day for mass 78.7 kg; 3=1.20)

Habitual daily steps were also calculated for the range of
average free-living walking speeds for females (Fig 4). For
a lighter weight female (3=0.8; 52.5 kg) walking slower
than the average of this cohort (e.g., 0.9 m/s) 23,672 steps/
day are needed to maintain a 7-score of —1.0, while walking
at a faster speed (e.g., 1.2 m/s) 12,630 steps per day are
required.

Discussion

The results demonstrated a significant relationship between
the proximal femur BMD and the BDI. Simple walking
metrics, such as the average walking speed and the number
of steps per day, were not associated with proximal femur
BMD. This difference in outcomes suggests that the BDI is
a more robust index to evaluate the relationship between a
specific physical activity countermeasure for osteoporosis
and BMD. The application of the BDI produced an
important observation regarding the potential gender,
weight, and intensity sensitivity of walking interventions
for osteoporosis.

Table 1 Subject demographics

(mean and standard deviation) Gender Age (years) Height (m) Weight (kg) BMI (kg/m?) BMD (g/cm?)
Females (n=66) 56.5 (4.2) 1.65 (0.07) 65.1 (11.3) 239 (3.3) 0.91 (0.10)
Males (n=39) 57.6 (4.3) 1.79 (0.08) 82.9 (11.0) 25.7 (2.7) 1.01 (0.11)
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The ability of the BDI as an index to evaluate activity
intervention likely comes from the fact that this index
specifically relates daily mechanical stimulus to bone
adaptation and is based on mechanistic principles, such
as fatigue damage accumulation that are thought to
influence the bone remodeling process [16]. A previous
study [10] reported a significant correlation between
calcaneal BMD and BDI in 42 healthy females between
the ages of 25 and 74 years, with 19% of the variance in
BMD accounted for, identical to that found for the
proximal femur females in the present study. Thus, the
distance from the loading measure (i.e., GRF) to the
region of interest in the lower limb does not seem to
influence the predictive strength of the BDI. Explaining
only 20% of the variance due to an extrinsic, modifiable

Age (yrs) Age (yrs)

factor, such as walking, might seem low. However, the
potential contribution from extrinsic factors is ultimately
limited by the influence of genetic factors. Estimates of the
influence of intrinsic or genetic factors on bone density
generally exceed 50%, and in some studies, reported
heritability values are substantially greater than 50% for
some skeletal regions. In a study of adult monozygotic and
dizygotic twins, Pocock et al. [18] reported heritability
values for BMD in the proximal femur ranging from 0.57
for the trochanteric region to 0.85 for Ward’s triangle.
Block et al. [19] stated that “as much as 80% of the
variability in bone density may be genetically determined,
allowing for substantially smaller contributions by envi-
ronmental factors.” The fact that extrinsic factors account
for a small percentage of the variation in bone density at

Fig. 2 BMD values for the total 1.5
proximal femur region of 14dA
interest as a function of the BDL -« 13
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2=0.19); B) Males g 111
(p=0.425) ‘g 1.0
§ 0.9
= 0.8 1
2 07
0.6 T
0.5

2=0.19 B
p < 0.001

_ .. e .éf. .
: ° ?%...: ° .

1.'7 1.I8 1?9 2,I0 2l,1 2?2 273 2.I4 275
Bone Density Index, BDI (BW"?)

1.'7 1.8 1?9 20 2I.1 272 2.'3 24 275
Bone Density Index, BDI (BW"?)
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2 x Steps Per Leg/Day)

(

Fig. 3 Total steps per day required to maintain different target T-
scores are given as a function of normalized BW (). For an individual
of average BW (5=1.0, 65.6 kg) 4,892 steps/day are predicted
necessary to maintain a 7-score=—1.0. For individuals with lower BW
(6<1.0) more steps per day are required; for heavier individuals (5>
1.0) fewer steps per day are required

certain skeletal sites suggests that a targeted, highly individ-
ualized exercise program aimed at mechanical stimulation at
the hip and including an analysis of this stimulation are
necessary to capture the true contribution of mechanical
loading to bone density.

The application of the BDI-BMD relationship highlight-
ed the importance of weight in the potential efficacy of a
given walking intervention. For example, a female weigh-
ing 20% less (3=0.80) than the average weight of the
middle-age female cohort may have to take nearly four
times as many steps per day (18,568 vs. 4,892) as an
individual of average weight in order to maintain a 7-score
value of —1.0 (see Fig. 4), presuming there are no
differences in the normalized GRFs between individuals.
This (18,568 steps) is an ambitious steps per day goal, and
thus, to increase success of an activity-modifying interven-
tion in lower BW females, higher intensity activities or
devices to artificially increase BW during walking might be
necessary. This analysis suggests that the goal of 10,000
steps/day [20-24], that has been advocated by some as a
target for a healthy lifestyle, should be re-examined when
used in the context of skeletal health.

Walking speed is one modifiable variable that could
potentially be used to increase the loading stimulus and
decrease the number of steps/day needed in an interven-
tion. However, for the lighter individuals (BW 20%
lower than average), only for average free-living walking
speeds greater than 1.32 m/s was 10,000 steps/day
sufficient to maintain a 7-score=—1.0. Amongst the
female cohort, an average free-living walking speed
greater that 1.32 m/s was only attained by 2 of the 66
subjects. This suggests that even when controlling for the
intensity of a walking intervention, the often quoted goal
of 10,000 steps/day [20-24] as a target for skeletal health
should be re-examined.

@ Springer

The gender based differences in the ability of BDI to
predict BMD may be related to differences between genders
in BMD heritability at the proximal femur. In a recent study
of monozygotic twins, Tse et al. [25] found that the BMD
in the total femur region of interest had a high heritability
value in males (87.3%) and a relatively lower value in
females (48.8%). This suggests that environmental (extrin-
sic) factors, such as habitual walking, may have substan-
tially less influence on the BMD at the hip in males as
compared to females. Worthen et al. [11] in a study of
chronic stroke patients reported a significant correlation
between proximal femur BMD and BDI in males. The
chronic stroke subjects had persistent walking deficits. By
contrast, the subjects in the present study were healthy with
no obvious walking deficits and were more likely to
experience a larger number of higher loading walking
events that may not have been accurately captured by the
epoch-based activity monitoring used. The fact that BDI
does not account for all of the potential extrinsic variability
in females or males suggests that a more accurate
measurement of habitual physical activity history may be
required in order to detect the underlying relationships
between habitual joint loading and BMD.

In contrast to the prevailing literature, a correlation
between age and BMD, age and steps per leg per day, and
age and walking speed were not found in the cohort tested.
For an average aging population, the literature suggests that
there is a decrease in BMD of 0.7-0.9% per year [26] along
with a decrease in habitual walking activity [27] and
walking speed [28]. However, studies have also noted that
exercise attenuates losses in functional capacity with age
[29, 30], and therefore, the lack of decreases in BMD,
walking speed, and steps per day with age might be
attributable to the levels of habitual activity in this study.
Less than 10% of participants in this study would be
classified as sedentary according to the activity classifica-
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16,000
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10,000
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Average Free-Living Walking Speed (m/s)

Fig. 4 Total steps per day required to maintain different target T-
scores are given as a function of the average free-living walking speed
for an individual with a BW 20% lower (5=0.8; 52.5 kg) than the
female average
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tions proposed by Tudor-Locke [20], which probably
reflects some bias in the types of individuals who
volunteered to participate in our study.

Our study has several limitations that should be
mentioned. First, some limitations were caused by our
narrow inclusion/exclusion criteria. Due to the necessity to
capture each subject’s free-living physical activity via a
device that only recorded steps and walking speed, we were
unable to include subjects who participated in high-impact
sports whom one would expect to have higher than average
bone density. The AMP 231/331 devices cannot accurately
record jogging or running steps or speed, and as a result, we
could not include subjects who participated in such
activities. There are also limitations of the AMP device
for measurement of non-level walking activities. The
magnitude of hip joint loading during activities, such as
stair climbing, trail hiking, step aerobics, etc., may be
considerable higher than those experienced in level walking
[31]. Many of these non-walking events would be counted
by the activity monitor, but they would not be accurately
represented by a subject’s gait laboratory testing. The
inability to measure and account for the stimulus provided
by these activities limits the accuracy of the BDI calcula-
tion. There is a need in this field of research for the
development and validation of more versatile and robust
sensors capable of measuring the stimulus at the hip or
ground during a wide range of daily activities. At present,
however, we know of no validated device, although several
are likely in development that may have the capability and
reliability to monitor any relevant bone-stimulus or force
parameter for multiple days and that requires minimal user
interaction or expertise. Also, based on a value of BMD 2.5
standard deviations or more below the young adult mean,
no female or male subjects were classified as having
osteoporosis. This is almost certainly lower than the
expected rates of female and male osteoporosis in the San
Francisco Bay area, even among those under 65 years of
age. We do not have any explanation for these low rates in
our study, expect that perhaps subjects with osteoporosis
are less likely to respond to advertisements for participation
in a study of bone density and walking activity. In addition,
the exclusion of subjects with BMI greater than 30.0 meant
that there were no obese subjects in the study. For any of
these excluded or underrepresented groups, we do not know
to what extent our results might apply.

In our study, the inclusion/exclusion criteria potential-
ly may have biased participation to include subjects who
had not substantially altered their habitual walking
activity for the previous 5 years. Thus, the relationship
we found between walking activity and femoral BMD
cannot be directly compared with the effects of an
intervention study consisting of a discrete change in
walking activity imposed for a substantially shorter time

period. Our results should therefore be interpreted in the
context of relatively stable values of bone density with
relatively stable levels of walking activity. Due to the
cross-sectional nature of our study, it is not possible to
estimate the time course of changes in BMD arising from
a discrete change in habitual walking activity, typical in a
walking intervention study. We also made no attempt to
determine each subject’s physical activity history more
than 5 years prior to enrolment in our study. Although
there is growing evidence that the benefits of physical
activity dissipate upon cessation of training [32], the time
course of that dissipation is not well understood and
remains a focus of current research. Thus, we do not know
to what extent there was a close “equilibrium” between a
subject’s recent physical activity and their current bone
density, although the assumption of such equilibrium is
implicit in our theoretical model.

Conclusions

In this study, we have assessed the degree to which habitual
daily walking activity is associated with proximal femur
BMD in healthy middle-aged males and females. A
significant relationship between BDI and BMD was found,
but only for females. The application of the BDI suggests a
weight and speed sensitivity of walking interventions for
osteoporosis. In the context of high-risk persons (e.g., low
BW), the necessary steps per day to maintain BMD can be
substantially greater than the often quoted value of 10,000
steps/day [3] for most walking speeds and may be an
unreasonable goal for some individuals. Future research
should explore interventions to safely increase the GRF
magnitudes during everyday activities, which may provide
significant benefit for healthy skeletal aging.
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