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Abstract

Introduction The bone-specific physical activity questionnaire (BPAQ) provides a bone-relevant index of physical activity
participation according to the mechanical loads experienced across the life span.

Materials and methods We aimed to examine relationships between historical bone-relevant physical activity and pQCT-
derived parameters of bone strength. We recruited 532 healthy volunteers (277 males, 255 females) across a broad age range
(4-97 years). Peripheral quantitative computed tomography (XCT-3000, Stratec, Germany) was used to examine volumet-
ric bone density, area, and strength indices of the non-dominant tibia and radius. Exercise loading history from birth was
determined using the past BPAQ (pBPAQ) score. Pearson correlation analysis was used to examine relationships between
pBPAQ scores and pQCT parameters.

Results Independent of sex, pPBPAQ scores were associated with total density at the 38% and 66% tibial sites and the 66%
radial site (r=0.145-0.261, p < 0.05), total area at the 38% tibial site and 4% and 66% radial sites (r=0.129-0.156, p < 0.05),
and strength indices at all measured sites (r=0.123-0.234, p <0.05).

Conclusion We conclude that, independent of sex, historical bone-relevant physical activity is associated with pQCT-derived
indices of bone strength, indicating that pPBPAQ captures the characteristics of bone loading history that are likely to be
relevant adaptive stimuli. A larger sample is required to examine the influence of age on this relationship.

Keywords Bone geometry - Bone strength - Exercise - Physical activity questionnaire - pQCT

Introduction

It is well known that bone responds and adapts to chronic
mechanical loading [1, 2]. Participation in physical activ-
ity that imparts large magnitude loads at fast loading rates,
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such as jumping and heavy resistance training, improves
bone mass and strength [3, 4]. Neither duration of exercise
nor aerobic intensity (e.g. metabolic equivalents (METs) or
oxygen uptake) of physical activity are markedly influential
on the adaptive response of bone [5, 6]. It is therefore unsur-
prising that generic physical activity measurement tools,
such as pedometers and physical activity questionnaires that
focus on duration and METs, do not provide a valid estimate
of physical activity participation that is predictive of bone
health or response of bone to exercise.

Unlike nutritional or pharmaceutical interventions
which can increase systemic bone mineral density (BMD)
measured by dual-energy X-ray absorptiometry (DXA),
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mechanical loading during exercise induces advantageous
site-specific changes in bone size and shape [7, 8]. Even
small increases in the size and shape of a bone impart expo-
nential benefits to bone strength and fracture resistance. For
instance, long bone bending strength is determined by the
cross-sectional moment of inertia, which is related to the
cortical cross-sectional area and its distribution about the
neutral axis to the fourth power. Thus, any increase in the
diameter of a long bone results in an exponentially greater
resistance to bending [9, 10]. Peripheral quantitative com-
puted tomography (pQCT) captures such geometric param-
eters and provides a true volumetric quantification of bone
density (VBMD, g/cm®) of the bones of the forearm and leg
and is therefore an important additional technology to DXA
to detect bone responses to exercise intervention.

The bone-specific physical activity questionnaire (BPAQ)
was developed to account for the influence of historical
habitual mechanical loading on the skeleton. A simple two-
page questionnaire is scored using algorithms incorporat-
ing load data for common activities. The questionnaire was
designed to capture total lifetime bone-relevant physical
activity (tBPAQ) participation, including current participa-
tion (i.e. previous year, cBPAQ) and past participation (i.e.
from birth to one year prior to questionnaire administration,
pBPAQ). We have previously shown that BPAQ scores pre-
dict DXA-derived bone mass at clinically important sites
in young adults better than other more generic measures of
physical activity [11], are related to cardiovascular disease
risk factors [12] and exhibit high inter- and intra-rater reli-
ability for all components (ICC =0.86-0.97) [13]. However,
the relationship of lifetime bone-relevant physical activity
to important three-dimensional characteristics of bone size
and density is yet to be established.

The primary aim of the current study was to examine the
relationships between past BPAQ scores and pQCT-derived
bone strength parameters for the tibia and radius in a broad
sample of men and women across the age span. Secondary
aims were to determine if the relationships are sex or age
specific.

Materials and methods
Ethics statement

Ethical approval was granted by the Griffith University
Human Research Ethics Committee (PES/12/05/HREC,
PES/09/09/HREC, PES/25/11/HREC, AHS/07/14/HREC,
and 2015/775). Written informed consent was obtained from
each volunteer and in the case of child participants, from a
parent or guardian. All research activities were conducted in
accordance with the Declaration of Helsinki.

Study design

A cross-sectional study design was employed to examine the
relationships between historical physical activity participa-
tion and pQCT-derived indices of bone strength in a broad
sample of healthy male and female participants of all ages.

Subjects and subject selection

Participants older than 4 years of age were recruited from the
Gold Coast community via posters, flyers, newspaper adver-
tisements and word-of-mouth. Volunteers were included if
they were of sound general health, fully ambulatory, and
in the case of child volunteers, had the written consent of
a parent or guardian. Participants were excluded if they
had an endocrine disorder, metabolic disease, or chronic
renal pathology, were taking medications known to affect
the musculoskeletal system, or were recovering from lower
limb injury requiring immobilisation in the past 12 months.
We did not screen for common orthopaedic conditions (e.g.
osteoarthritis), menstrual dysfunction, or cognitive impair-
ment given their likely prevalence in a large sample of the
general community to maintain the generalisability of the
study results.

Biometrics

Height and weight were measured by a member of the
research team following standard protocols with partici-
pants wearing loose-fitting lightweight clothing (i.e. shirt
and shorts) and shoes removed. Height was measured to the
nearest millimetre using the stretch-stature method with a
wall-fixed stadiometer (HART Sport & Leisure, Brisbane,
Australia). Participants stood with feet hip-width apart and
back to the wall in front of the stadiometer, took a deep
breath in and tucked their chin while the researcher low-
ered the stadiometer slider to touch the top of the head and
recorded their height. Weight was measured to the near-
est 0.1 kg using electronic scales (Soehnle Co., Nassau,
Germany).

Physical activity

Each participant completed the bone-specific physical activ-
ity questionnaire (BPAQ) [11] to determine a past BPAQ
score (pBPAQ) reflective of historical physical activity par-
ticipation from birth. The BPAQ enables the calculation of
an index of bone-relevant weight-bearing exercise history
by incorporating the loading characteristics of magnitude,
rate and frequency for each reported activity. Given the
known limitations of subject recall, the questionnaire was
designed as a simple document using block recording and
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checkboxes. Responses were scored using computer soft-
ware (freely available for download at www.fithdysign.com/
BPAQ/) developed using Microsoft® Visual Basic (Micro-
soft®, USA). Intra-class correlation coefficients for inter-
and intra-tester reliability for the BPAQ are very high (0.92
and 0.97, respectively) [13]. Scores from the BPAQ have
been demonstrated to predict indices of bone mass in young
adults better than generic measures of physical activity [11].

Bone parameters

Immediately following questionnaire completion, param-
eters of tibial bone strength were measured using periph-
eral quantitative computed tomography (pQCT) using an
XCT-3000 (Stratec Medizintechnik, Pforzheim, Germany)
applying an in-plane pixel size of 0.5 0.5 mm and slice
thickness of 2.3 mm. The automated tibial mask procedure
was used to scan the skeletally non-dominant tibia (deter-
mined by preferred kicking leg) for each participant to
calculate the total volumetric density (mg/cm?), total area
(mm?), strength—strain index (SSI, mm?), and compressive
bone strength index (BSI, g?%cm®) at 4%, 38% and 66% of
the tibial length from the distal end. A sub-sample of par-
ticipants additionally underwent scans of their non-dominant
radius to determine those same parameters at the 4% and
66% radial sites. Quality control was accomplished by per-
forming the automated daily calibration with a phantom of
known density. Short-term measurement precision (CV) for
repeated measures in our laboratory is 1.5% and 0.6% for
total density at the 4% and 38% tibial sites, respectively.

Female

100
90
80
70
60

50

Age (years)

40

30

20

Statistical analyses

Statistical analyses were performed using SPSS Version
26.0 for Windows (IBM Corporation, Somers, NY, USA).
Pearson correlation analyses with adjustment for bone size
were performed to determine relationships between past
BPAQ scores and parameters of tibial bone strength. The
influence of bone size on pQCT measures was addressed by
adjusting for tibial length for lower limb measures and ulnar
length for upper limb measures. Sex-specific analyses were
conducted to identify the relationships between past BPAQ
scores and bone strength measures for male and female par-
ticipants. Relationships were also examined based on child
(< 18 years) and adult (> 18 years) groupings. Statistical
significance was determined at p <0.05.

Results
Subject characteristics

Five-hundred and thirty-two apparently healthy children
and adults from the local community (277 males, 255
females) were included in the study. The sample represented
a broad age range of 4-97 years (median 16.7 years, IQR
10.8-29.0 years) (Fig. 1). Height ranged from 1.05 to 1.98 m
(median 1.61 m, IQR 1.44-1.72 m), weight ranged from
16.4 to 118.1 kg (median 53.5 kg, IQR 34.8-68.9 kg), while
past BPAQ scores ranged from O to 310 (mean 57.7 +53.6).
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Fig. 1 Age and gender distribution for the study sample (n=532)
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Table 1 Associations (Pearson’s r) between pBPAQ scores and pQCT-derived tibial measures of volumetric density and area (with adjustment

for tibial length) for all participants, including male and female sub-groups

Measure Whole sample Men Women
(n=532) (n=277) (n=255)
r p value r p value r p value
4% tibial site
Total density 0.084 0.178 0.226 0.010 0.067 0.453
(mg/cm3)
Total area (mm?)  0.045 0.474 0.267 0.002 -0.023 0.797
SSI (mm?) 0.123 0.005 0.359 0.001 0.042 0.508
BSI (g%/cm™) 0.133 0.002 0.414 0.001 0.098 0.123
38% tibial site
Total density 0.234 0.001 0.297 0.001 0.190 0.032
(mg/cm3)
Total area (mm?) 0.148 0.017 0.371 0.001 0.057 0.522
SSI (mm?) 0.166 0.001 0.347 0.001 0.103 0.104
BSI (g%cm*) 0.202 0.001 0.410 0.001 0.179 0.045
66% tibial site
Total density 0.261 0.001 0.430 0.001 0.160 0.072
(mg/crn3)
Total area (mm?)  0.071 0.257 0.226 0.010 0.028 0.756
SSI (mm?) 0.144 0.001 0.327 0.001 0.114 0.070
BSI (g¥/cm®) 0.211 0.001 0.340 0.001 0.124 0.051

BSI, bone strength index; SSI, strength—strain index
Bold indicates p <0.05

BPAQ associations with pQCT-derived tibial bone
measures

At the tibia (Table 1), pPBPAQ scores were positively associ-
ated with total density at 38% and 66% sites (r=0.234-0.261,
p < 0.05), total area at the 38% site (r=0.148, p < 0.05),
and strength indices at all sites (r=0.123-0.211, p < 0.05)
(Fig. 2). For males, pBPAQ scores were associated with
all tibial pQCT measures examined (r=0.226-0.430, p *
0.05). For females, total density (r=0.190, p=0.032) and
BSI (r=0.179, p=0.045) at the 38% tibial site were associ-
ated with pBPAQ scores.

BPAQ associations with pQCT-derived radial bone
measures

At the radius (Table 2), pBPAQ scores were positively asso-
ciated with total density at the 66% site (r=0.145, p=0.020),
total area at both 4% and 66% sites (r=0.129-0.156, p *
0.05), and both strength indices at both 4% and 66% sites
(r=0.157-0.234, p <0.05) (Fig. 3). Past BPAQ scores were
associated with all radial pQCT measures examined for
males (r=0.195-0.484, p < 0.05), while only total area at
the 4% radial site was associated with pBPAQ scores for
females (r=0.191, p=0.031).

BPAQ associations with pQCT measures in children
and adults

When the sample was parsed into child (< 18 years) and
adult (> 18 years) groupings, only a few weak relationships
could be observed between past BPAQ scores and pQCT-
derived bone measures. For children, pBPAQ scores were
positively associated with total density (r=0.145, p=0.033)
and BSI (r=0.138, p=0.017) at the 38% tibial site (n=306)
and BSI (r=0.131, p=0.049) at the 66% radial site
(n=300). For adults, pPBPAQ scores were associated with
SSI (r=0.151, p=0.025) and BSI (r=0.162, p=0.015) at
the 4% tibial site and total density (r=0.420, p=0.007) and
BSI (r=0.166, p=0.013) at the 66% tibial site (n=226);
however, no relationships were observed at either radial site
(n=53).

Discussion

The current investigation sought to identify relationships
between past BPAQ scores and pQCT-derived bone strength
parameters for the tibia and radius and to observe age- and
sex-specific associations. We found that past BPAQ scores
held weak positive associations with pQCT-derived bone
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Fig.2 Associations between pBPAQ scores and pQCT-derived a total density, b total area, ¢ SSI, and d BSI at the 38% tibial site for the whole

group (n=532)

Table 2 Associations (Pearson’s

r) between pBPAQ scores and
pQCT-derived radius measures
of volumetric density and area
(with adjustment for ulnar
length) for all participants,
including male and female sub-
groups

@ Springer

Measure Whole sample Men Women

(n=353) (n=190) (n=163)

r p value r p value r p value
4% radial site
Total density (mg/cm®) 0.109 0.080 0.418 0.001 -0.028 0.757
Total area (mm?) 0.156 0.012 0.262 0.003 0.191 0.031
SSI (mm?) 0.165 0.008 0.386 0.001 0.131 0.140
BSI (g%/cm*) 0.186 0.003 0.484 0.001 0.067 0.452
66% radial site
Total density (mg/cm®) 0.145 0.020 0.195 0.027 0.110 0.215
Total area (mm?) 0.129 0.039 0.370 0.001 0.050 0.576
SSI (mm?®) 0.157 0.001 0.324 0.001 0.113 0.201
BSI (g%/cm*) 0.234 0.001 0.407 0.001 0.169 0.055

Key: BSI, bone strength index; SSI, strength—strain index
Bold indicates p <0.05
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sample (n=353)

strength parameters at most tibial and radial sites. Significant
associations were uniformly identified across all sites and
parameters for males, while fewer significant associations
were identified for females. With the group sub-classified
into adults and children, a modest number of pQCT bone
strength parameters (primarily tibial) showed relationships
with past BPAQ scores.

The relatively weak relationships between physical activ-
ity participation and bone strength measures identified in
this study must be interpreted in the context of other deter-
minants of bone health. For example, genetic factors pro-
vide the strongest determinants of bone mass, accounting
for up to 88% of variance [14]. A number of other influ-
ential factors contribute to bone health including nutrition
(e.g. calcium and vitamin D), smoking, alcohol intake, and
medication use. Thus, despite its known impact on bone
health, physical activity participation can only be expected

to account for a small amount of variance in bone strength
measures. Nonetheless, data derived from the BPAQ instru-
ment has allowed us to observe this subtle but significant
relationship between physical activity and indices of bone
strength in this and previous work, where generic measures
of physical activity have failed.

In considering any relationship between physical
activity participation and a change in bone strength, suf-
ficient time for skeletal adaption is critical. For instance,
during a remodelling cycle, the resorption period takes
approximately 30-40 days and the subsequent formation
period takes approximately 150 days [15]. Specifically,
the lag in the time it takes newly laid osteoid to mineralise
(primary mineral apposition) and the further prolonged
secondary mineralisation [16], means that the time from
bone stimulus (or exercise) to new bone detection with
X-ray-based imaging is many months. Therefore, physical
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activity assessment methods, including modern acceler-
ometers that capture characteristics of mechanical load,
that rely on previous week, previous month, or even pre-
vious year ‘snapshots’ of activity fail to truly account for
these delayed skeletal responses or the enduring effects
of more historical physical activity participation [17].
Farr and colleagues [18] have investigated the relation-
ships between BPAQ and pQCT-derived measures of bone
and found no relationships, but examined only the cur-
rent component (i.e. previous 12 months) of the measure
and thus, important historical exposure to physical activ-
ity was overlooked. More recently, Kim and colleagues
reported weak to moderate positive relationships between
total BPAQ scores and pQCT measures of bone strength
and geometry in young and middle-aged premenopausal
women [19]. Therefore, to date, the ability of the BPAQ,
and specifically its past component, to predict important
indices of bone strength has not been examined.

The significant associations observed between past BPAQ
scores, and pQCT-derived bone parameters were not con-
fined to a particular regional site. Instead, the relationships
were quite widespread and identified at most sites covering
distal and mid shaft regions of both tibia and radius. In fact,
the regional ubiquity of the observed associations suggests it
exists both at sites that are predominantly cortical (e.g. 66%
tibia and 66% radius) as well as sites that are predominantly
trabecular in composition (e.g. 4% tibia and 4% radius). Our
finding is consistent with those recently reported by Kim
and colleagues [19] who found weak to moderate positive
relationships between total BPAQ scores and pQCT-derived
bone parameters at the 4%, 38%, and 66% tibial sites in their
young adult female group. Interestingly, significant associa-
tions were limited to the 38% tibial site for their middle-
aged premenopausal female group. Likewise, our findings
are comparable to those of a recent high resolution pQCT
study of young adult men and women, where BPAQ scores
held positive relationships with most tibial bone parameters
tested [20]. An earlier study of the relationships of bone
loading scores to MRI-derived tibial and radial bone meas-
ures in adolescent females, found that BPAQ relationships
extend to bone architecture, with moderate positive relation-
ships reported for mid-tibial measures [21]. No BPAQ rela-
tionships, however, were observed at the radius in that study.

While our study revealed BPAQ relationships with
pQCT-derived tibial bone strength measures for both males
and females, those relationships were most numerous and
notable for males. In fact, BPAQ was positively related to
all reported bone measures for males, but only two tibial
measures and one radial measure for females. Our appar-
ently weaker findings for women might be a result of the
very wide age range of our sample as other BPAQ studies
of women with narrower age ranges have observed stronger
and more numerous relationships [19, 21, 22]. Anecdotally,
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we have found that relationships between physical activity
participation and pQCT outcomes can be influenced quite
strongly by historical participation in activities at the highest
end of the loading spectrum, such as gymnastics and ballet.
Those activities tend to be most commonly undertaken by
female participants, particularly during youth, and in the
case where those participants have done very little osteo-
genic physical activity since childhood, a low or average
bone strength measure can be strikingly disproportionate
to a very large BPAQ score with the effect of weakening
the observed group relationships—a phenomenon that can
be visualised in Figs. 1 and 2 that show a small number
of participants with only modest bone strength clustered at
exceptionally high past BPAQ scores.

Although weak, we observed positive relationships
between BPAQ scores and pQCT-derived bone measures in
both children and adults. This result supports our previous
findings of relationships of the BPAQ with other measures
of bone health in children [8, 22] and adults [8, 11, 23].
Indeed, our adolescent data showed positive BPAQ relation-
ships (r=0.17-0.353) of a similar strength to our current
findings for DXA- and quantitative ultrasonometry-derived
measures of bone mass and quality [22]. However, others
have reported no relationship of the BPAQ to bone measures
in children. The study by Farr and colleagues [18] tested
the current component of the BPAQ alongside other physi-
cal activity measures including pedometer steps, the 3-day
physical activity recall (3DPAR) and the past year physi-
cal activity questionnaire (PYPAQ) for their examination
of relationships with pQCT bone strength measures in 8- to
13-year-old girls. No associations were found for the BPAQ,
while weak but significant positive associations were found
for the other measures. Given that sustained loading activity
over a prolonged period is necessary for a bone response and
the lengthy time required for remodelling and mineralisa-
tion, it is perhaps not surprising that the ‘snapshot’ of phys-
ical activity considered by the most recent component of
BPAQ (and indeed pedometers and 3-DPAR) did not relate
strongly to bone outcomes. By contrast, our findings indicate
that the past component of the BPAQ is capable of captur-
ing exercise participation that is important to bone density,
strength, and geometry and is applicable to both children and
adults across all ages. It is likely that the influence of recent
exercise during the relatively narrow pre- and peri-pubertal
age range examined in the Farr study was confounded by the
highly variable level of circulating bone-relevant hormones
to which the pubescent skeleton is exposed, thereby masking
an exercise relationship. Our much broader age range diluted
the hormone influence.

Several study limitations warrant acknowledgement.
Firstly, we recognise that pQCT measures include only
peripheral skeletal sites and may not adequately represent
bone strength at clinically relevant sites such as the femoral
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neck or vertebral bodies. Nonetheless, pQCT measures have
advantages over DXA methods, such as providing a volu-
metric assessment of bone density as well as accounting
for geometric aspects of bone strength. Furthermore, the
distal radius is highly clinically relevant as it represents the
most common osteoporotic fracture site [24] and is often a
precursor to more consequential fractures later in life. Sec-
ondly, we acknowledge that subject recall over historical
periods, particularly back to birth, is challenging for most
and might impact the fidelity of our instrument. Neverthe-
less, the BPAQ has a simple design to facilitate block com-
pletion with an intuitive tick and flick approach and does not
require fine details of physical activity participation for the
past component (e.g. duration, frequency of participation,
etc.). Moreover, the extensive historical account of skeletal
loading exposure is an important strength of the BPAQ and
sets it apart from most physical activity measurement tools
that account only for a ‘snapshot’ (e.g. 7-day accelerometry)
of exposure. Finally, our sample size for secondary analyses
was somewhat disproportionate for adult and child group-
ings and particularly skewed to adults for measures at the
radius. Such numbers may have precluded the detection of
relationships in those groups; however, our sample size for
whole group measures was robust and covered a very broad
age demographic.

In conclusion, our findings of significant positive rela-
tionships between BPAQ scores and pQCT measures of bone
strength mirror previous findings from other measurement
modalities of bone mass and quality. Whilst many factors are
important in the determination of bone strength, primarily
genetic, the current findings strengthen the rationale for the
use of the BPAQ to account for historical physical activity
participation of relevance to bone geometry. Such exercise-
induced geometric changes in bone can occur independently
of changes in DXA-derived bone mass and are therefore a
vital response of bone to exercise loading [25]. Our data
also highlights that BPAQ scores are related, albeit weakly,
to upper limb bone strength measures, despite not being a
habitually weight-bearing region.
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