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Introduction

Adequate skeletal loading and a healthy diet during 
childhood and adolescence together with the sufficient sex-
hormone concentrations in adolescence are required to 
optimise bone health and to minimise the risk of developing 

osteoporosis and associated fractures later in life1. The 
adolescent growth spurt, occurring in early puberty in girls 
and late puberty in boys, in particular has been identified 
as a window of opportunity to improve bone strength 
with appropriate skeletal loading such as high-impact 
exercise2,3. Bone response to mechanical loading through 
exercise depends on the magnitude and rate of a single 
loading cycle, the number of loading cycles in a bout, and 
the recovery between loading bouts4. Bone also responds 
more dynamically to atypical loading such as through multi-
directional movement patterns. However, loading direction 
is typically ignored when considering osteogenicity of an 
exercise regimen5–7, presumably due to the practical difficulty 
in establishing the loading direction of a given exercise8,9.

Previous studies on the associations of accelerometry-
derived measures of physical activity (PA) have reported 
mixed findings, with both positive and null associations 
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observed between PA and bone traits assessed by peripheral 
quantitative computed tomography (pQCT) and dual-energy 
x-ray absorptiometry (DXA) in children and adolescents10. 
The results of previous studies suggest that the amount of 
moderate-to-vigorous PA (MVPA), or vigorous-intensity PA 
(VPA) is positively associated with skeletal robustness11,12 
but the evidence is equivocal4. The reason for these mixed 
findings may be that the cut-points for MVPA and VPA in 
previous studies have been created with the metabolic cost 
of PA in mind rather than mechanical loading required to 
produce physiological bone adaptations13–15. Therefore, the 
role of PA intensity and the most appropriate analysis method 
for accelerometry data in relation to pQCT parameters in 
observational studies remains unclear. 

Although bone responds to the product of load magnitude 
and rate, Turner and Robling proposed that it suffices 
to measure just the load magnitude to capture specific 
osteogenic loads in free-living humans7. This is presumably 
because high load magnitudes are difficult to achieve in the 
absence of a high loading rate. Moreover, defining ‘bouts’ 
of loading is difficult in free-living data, and recovery 
between loading bouts tends to be ignored when evaluating 
osteogenicity from accelerometry. With the above in mind, 
Ahola and colleagues developed and validated a bone 
physiology-based loading estimate assessed from free-living 
accelerometry in premenopausal women (referred to by 
these authors as “Daily Impact Score” but we will refer to it 
as osteogenic index [OI] keeping with Turner and Robling’s7 
terminology)4,16. OI takes the magnitude and number of 
acceleration peaks into account, thereby presenting a more 
specific evaluation of the osteogenic stimulus compared to 
the other accelerometry-based load estimates mentioned 
above, namely, looking at minutes spent in moderate- to 
vigorous- or vigorous-intensity physical activities11,17. This OI 
has been shown to be associated with the bone responses 
(femoral neck assessed with DXA) in two independent year-
long randomised controlled trials, one in pre-4,16 and the 
other in postmenopausal women5. Deere and colleagues 
further simplified the approach by considering any local 
maxima in the acceleration signal as opposed to identifying 
continuous peaks above a given threshold18–20. They showed 
that this approach is associated with bone traits in a cross-
sectional dataset of older adults, but utilised a histogram-
based approach rather than describing the load with an 
index20. Based on this strong evidence from adults it could 
be assumed that OIs will also be positively associated with 
bone traits among adolescents21,22 and that the associations 
between OIs and pQCT parameters will be stronger than 
the associations of MVPA and VPA with pQCT parameters. 
As approximately 90% of adult bone23 is developed during 
the adolescent period, the positive associations of OI may be 
further impacted by the rapid changes in bone physiology 
observed during this critical growth period. 

Considering the strong link to the underlying bone 
physiology4,16, Ahola’s OI is seemingly a promising method 
to be used as an osteogenic load monitoring tool. However, 
its validity has not been established among adolescents, who 

have the capacity to derive a robust skeletal response from 
an osteogenic loading intervention2. Therefore, the purpose 
of the present study was to evaluate the criterion validity of 
accelerometer assessed OI in adolescents by exploring the 
association between OI and pQCT parameters. A secondary 
purpose was to evaluate whether accelerometry-derived OIs, 
MVPA, and VPA were differentially associated with pQCT 
parameters in adolescents.

Materials and methods

Participants 

Adolescents aged 10-13 years from the longitudinal 
Healthy, Active Preschool & Primary Years (HAPPY) study 
cohort24 were invited to participate in the present study. Of 
the 450 who participated in the study in 2016, a subsample 
of 208 with consistently low or high sedentary behaviour over 
the past three to six years were invited to participate in the 
bone health sub study to assess bone and muscle health24,25. 
Out of the 208 invited to take part, 118 indicated interest and 
after excluding individuals with past bone fractures a total of 
N=99 (girls N=45, boys N=54) participated. The children with 
bone fractures were excluded because recovery from bone 
fractures cause significant changes in bone geometry that 
are more marked than that of loading-induced adaptations26. 
The study protocol was approved by the Deakin University 
Human Research Ethics Committee (HEAG-H 88_2016), and 
conducted in accordance with the Declaration of Helsinki. 
Prior to participating written informed consent was provided 
by the parent/guardian and verbal assent by the child.

Assessment of bone traits

Bone traits were evaluated in the University Clinic with 
pQCT from the non-dominant lower leg (tibia and fibula). 
Two scans (slice thickness 2.3 mm, in-plane voxel size 0.4 
x 0.4 mm, scanning speed 30 mm/s, XCT 3000, Stratec 
Medizintechnik GmbH, Pforzheim, Germany) were obtained 
from the lower limb at 4% and 66% of tibial from the 
distal joint cleft towards the proximal end, respectively. If 
excessive movement was noticed during scanning one re-
scan attempt was made. We used the subjective classification 
scheme based on visual cues caused by motion artefact (e.g., 
streaking, discontinuity of cortical shell) which have been 
described and presented previously by Rantalainen et al.27, to 
classify the scans into acceptable/failed and only acceptable 
scans were considered further. At the 66% bone sites stress-
strain index (SSI [mm3]), cortical area (CoA [mm2]), and total 
area (ToA [mm2]) were calculated using a threshold of 480 
mg/cm3 28. Cortical density (CoD [mg/cm3]) was calculated 
using a threshold of 710 mg/cm3 28,29. SSI was calculated as:

∑n ri
2×Di×dA

rmax×1200 mg/cm3i=1

where where i is the index of voxel, n is the number of voxels, 
D

i
 is the density of voxel i (in mg/cm3), dA is the area of voxel 

(=0.25 mm2), r
i
 is the distance of voxel i from the area center 

of mass (in mm), and r
max

 is the distance of the furthest voxel 
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from the area center of mass (in mm)30. At the 4% bone 
sites compressive bone strength index (BSId [g/cm4]), total 
area (ToA [mm2]) and total density (ToD [mg/cm3]) were 
calculated using a threshold of 169 mg/cm3 31. Bone analyses 
were completed using the BoneJ32,33 ImageJ34 plug-in. For 
this analysis tibial bone shaft SSI was considered the primary 
outcome variable35 as it is indicated that mechanical loading 
through PA has the greatest impact on bone strength 
traits. Secondary outcome measures CoA and COD are also 
reported in this analysis due to their strong determinant of 
strength.

Accelerometry

All participants were asked to wear Actigraph 
accelerometer (sampling tri-axial accelerations at 100 Hz 
with ±6 g range and 12 bit analog-to-digital conversion; 
ActiGraph LLC, Pensacola, FL, USA) on an elastic belt on their 
waist in line with the right thigh. Accelerometers were worn 
for a period of 7 consecutive days during every waking hour 
excluding water-based activities (e.g., swimming, bathing). 
The accelerometers were pre-calibrated according to the 
manufacturer’s instructions before the participants were 
fitted with the accelerometers. Waist-worn accelerometer-
measured accelerations have been shown to correspond to 
force plate-measured ground reaction forces during normal 
everyday tasks such as walking, running, and skipping36. 

The waist-worn accelerometer was therefore considered 
to provide a reasonable estimate of lower body skeletal 
loads produced when exercising. During the clinical visit 
participants were fitted and instructed how to wear the 
accelerometers, and provided with a reply-paid padded 
envelope to mail the accelerometers back on the eighth day 
after visiting the University premises.

Resultant acceleration was used in all analyses, and no 
filtering was applied. Data were analysed in non-overlapping 
24-hour epochs. The accelerometer-recorded time stamps 
were used to identify midnight, and the first seven midnights 
were used as a starting point for the seven epochs included 
for each participant. Any data prior to the first midnight (that 
is the data accumulated on the day of visiting the clinic), and 
past the eighth midnight (i.e. the 7th 24-hour epoch) were 
discarded. Each 24-hour epoch was analysed independently.

Non-wear time was defined as any 60 minute epoch 
with a standard deviation less than 0.024 g (Gravitational 
acceleration)37. Non-wear time analysis was based on 4th 
order zero-lag Butterworth 2 Hz high-pass filtered data 
using one minute overlapping epochs38. Three days with 
at least 10 hours of wear-time per day has been shown to 
produce a reliable estimate of physical activity behaviour 
among children39 and therefore all days with less than 10 
hours of wear-time, and any participants with less than 3 
included days were excluded from analyses. 

Figure 1. Accelerometry processing strategy. Note: Grey, resultant magnitude; black, the continuous acceleration peaks above 1.3 g 
with the peak value indicated with the red dots, as per the Ahola et al.4; blue dots, >1.3 g local maxima per the Hannam et al.20. 
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Osteogenic indices

We implemented three potential ways to define an OI; 1) by 
utilising the maximum value of each continuous acceleration 
peak above 1.3 g as per the Ahola et al. approach4 (OI), 2) 
utilising local maxima >1.3 g (a local maxima was defined 
as datum x

n
 where x

n-1
<x

n
> x

(n+1)
) as per the Deere et al. 

approach12,18,19 (OI
D
), and 3) utilising only peaks higher than 

or equal to 5.2 g as per the results of Ahola et al.4,40, Deere 
et al.41, and Hannam et al.20 i.e. OI based on high intensity 
accelerations (HOI) and HOI defined using the Deere et al. 
approach (HOI

d
). Accelerometry processing is depicted in 

Figure 1, where the definition of an impact peak used in the 
three analytical approaches is visualized. All of these studies 
reported that only the higher acceleration peaks contribute 
significantly towards predicting bone traits. 

Following the approach presented by Ahola et al.4 the 
maximum value of each continuous peak above 1.3 g was 
recorded, and a histogram with 32 bins from 1.3 to 10.3 g 
was then calculated in all of the approaches. The histogram 
bin thresholds were incremented into five thresholds: 1) 
0.2 g until 4.29 g, 2) 0.3 g until 6.69 g, 3) 0.4 until 8.29 g,  
4) 0.5 g until 10.29 g and 5) ≥10.3 g. The osteogenic index 
was calculated as: 

∑
32

ai  In (Ni+1)
i=threshold

OI =

where i= the index of the histogram bin, threshold=1 for 
approaches 1 and 2, and 20 (bins ≥5.2 g) for approach 3, 
a

i
= the lower threshold of the ith histogram bin and N

i
= the 

number of peaks within the ith histogram bin4. The mean of all 
days is reported as the result.

Moderate and vigorous physical activity

Mean amplitude deviation (MAD)42 a method previously 
validated in both children and adults13,42,45,47,53 was calculated 
from the resultant acceleration in non-overlapping 5 

second epochs, and any epochs falling into the non-wear 
time were assigned a value of 0. The 5 second epochs were 
summarised as one minute means (mean of 12 consecutive 
5 second epochs)43 and any one minute values including 
non-wear time were assigned a value of 0. The number of 
the one minute values above 0.091 g was recorded as the 
minutes of MVPA, while the number of minutes above 0.414 
g is given as VPA13. The mean of all included days is reported 
as the result. Numerical analyses of the accelerometry 
signals were conducted with custom-written Matlab (version 
8.6.0.267246, R2015B, MathWorks Inc., USA) scripts.

Other assessments

Height (Holtain limited, Crymych, Pembs., U.K. 
stadiometer to nearest 0.1 cm), sitting height (Harpenden 
sitting height stadiometer to nearest 0.1 cm, Holtain limited, 
Crymych, Pembs., U.K.) and weight (UC-321 A&D Co., Ltd., 
Tokyo, Japan electronic scales to nearest 0.1 kg) were 
recorded at the Deakin University Burwood campus clinical 
laboratory using standardised procedures. An estimation of 
age at peak height velocity (APHV) was predicted using the 
method described by Mirwald et al.44. The APHV is estimated 
based on the persons date of birth, height, weight, sitting 
height, and sex on the day of on the day of assessment44. An 
estimate of the child’ maturity offset was then calculated as 
age minus APHV.

Statistical analyses

Differences in descriptive characteristics between girls 
and boys were investigated using analysis of variance with 
sex as the between-groups factor. Associations of OI, MVPA, 
and VPA with pQCT parameters were evaluated with partial 
correlation after accounting for sex and maturity offset. Some 
data were not normally distributed (particularly MVPA and 

Table 1. Descriptive characteristics, physical activity, and osteogenic index. 

Mean (SD) 
Between sexes p-value

Girls (n=45) Boys (n=54)

Descriptive characteristics 

    Age [year] 12.2 (0.9) 12.2 (0.8) 0.591

    Maturity offset [year] 0.42 (1.06) -1.34 (1.00) < 0.001

    Body mass [kg] 44.0 (11.0) 46.0 (12.5) 0.336

    Height [cm] 154 (9) 156 (10) 0.535

    Tibial length [mm] 357 (34) 364 (31) 0.247

Physical Activity Intensity

    Moderate- to vigorous [min/day] 100 (34) 136 (44) < 0.001

    Vigorous [min/day] 5.0 (4.3) 11.4 (12.1) < 0.001

OI 

    100 Hz 389 (85) 446 (110) 0.007

P-value reported for main effect of analysis of variance with sex as the between-groups factor; OI = osteogenic index.
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VPA minutes) but no normality correction was applied, and 
the parametric statistical approaches were applied to this 
data as well because non-parametric methods do not allow 
adjustments for co-variates. Repeated measures ANOVA 
with two within-subject factors (sampling rate or peak 
detection method, and histogram bin) was used to evaluate 
the effects of sampling rate and peak detection method on 
detected acceleration peaks. Missing data were excluded in a 
pairwise manner per analysis. Statistical significance was set 
at p≤0.05, and the analyses were executed using project R 

(64-bit version 3.4.3, www.r-project.org) and IBM SPSS (64-
bit version 24.0.0.2, IBM corp., Armonk, NY, USA). 

Results

Characteristics of participants and agreement between 
methods

Descriptive characteristics, physical activity, and OI are 
shown in Table 1. Girls had a higher maturity offset, lower PA 
levels, and lower OI compared to boys (P<0.001 to P=0.007). 

Table 2. Bone characteristics measured with peripheral quantitative computed tomography.

Girls Boys Between sexes p-value

Tibia 66% N = 40 N = 49

    SSI [mm3] 1710 (500) 1880 (560) 0.128

    CoA [mm2] 266 (48) 290 (60) 0.05

    CoD [mg/cm3] 1010 (50) 970 (30) < 0.001

    ToA [mm2] 520 (120) 577 (117) 0.025

Tibia 4% N = 37 N = 50

    BSId [g/cm4] 0.711 (0.24) 0.819 (0.271) 0.058

    ToA [mm2] 843 (197) 865 (212) 0.630

    ToD [mg/cm3] 288 (35) 306 (29) 0.0120

Fibula 66% N = 40 N = 49

    SSI [mm3] 87.9 (31.8) 92.2 (42.7) 0.597

    CoA [mm2] 52.5 (10) 52.5 (14.2) 0.991

    CoD [mg/cm3] 986 (49) 954 (47) 0.003

    ToA [mm2] 64.2 (15.9) 68.2 (21.1) 0.325

Fibula 4% N = 38 N = 50

    BSId [g/cm4] 0.272 (0.085) 0.282 (0.087) 0.593

    ToA [mm2] 116 (29) 121 (36) 0.453

    ToD [mg/cm3] 488 (84) 487 (73) 0.982

Radius 66% N = 42 N = 46

    SSI [mm3] 194 (55) 203 (61) 0.476

    CoA [mm2] 69.3 (11.5) 70.1 (14.2) 0.784

    CoD [mg/cm3] 1020 (50) 1000 (50) 0.042

    ToA [mm2] 100 (23) 111 (30) 0.080

Radius 4% N = 41 N = 50

    BSId [g/cm4] 0.221 (0.061) 0.224 (0.064) 0.797

    ToA [mm2] 238 (78) 249 (64) 0.479

    ToD [mg/cm3] 313 (68) 304 (52) 0.460

Ulna 66% N = 41 N = 46

    SSI [mm3] 257 (83) 283 (88) 0.162

    CoA [mm2] 88.5 (16.8) 91.5 (17.8) 0.412

    CoD [mg/cm3] 1040 (50) 1000 (50) < 0.001

    ToA [mm2] 127 (29) 145 (40) 0.015

Ulna 4% N = 42 N = 50

    BSId [g/cm4] 0.12 (0.033) 0.126 (0.031) 0.329

    ToA [mm2] 105 (26) 106 (23) 0.822

    ToD [mg/cm3] 343 (67) 349 (55) 0.650

P-value reported for main effect of analysis of variance with sex as the between-groups factor; SSI = stress strain index; CoA = cortical 
area; CoD = cortical density; ToA = total area, BSId = compressive bone strength index; *Some scans were excluded from the analysis due to 
excessive motion artefact.
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Bone characteristics were similar between boys and girls 
with the exception of girls having higher CoD than boys on 
all bone shaft sites, and a smaller ToA on the tibial and ulnar 
shaft than the boys (P<0.001 to P=0.025) (Table 2).

Peak detection on the OI and HOI

OI and OI
D
 were strongly positively associated with each 

other, as were HOI and HOI
d
 (all r=1.00, p<0.001), although 

the Deere et al.41 peak identification method values were 
systematically higher than the Ahola et al.4 peak identification 
method values (repeated measures ANOVA indicated main 
effects for peak detection method and peak detection method 
x histogram bin interaction, all P<0.001). To limit the number 

of statistical tests only results from the Ahola et al.4 method 

OI and HOI were used in the analyses. 

Physical activity and bone characteristics

After controlling for sex and maturity offset in all analyses 

partial correlation analysis indicated that OI was positively 

associated with Tibial shaft CoA and SSI. HOI was positively 

associated with tibial shaft ToA, CoA, and SSI and distal 

tibia ToD. MVPA, but not VPA was positively associated with 

tibial shaft CoA. Neither. MVPA nor VPA were associated 

with any of the distal pQCT parameters of the tibia or ulna 

shaft (Table 3). 

Table 3. Partial correlations controlled for sex and maturity offset (95% confidence interval) between OI, HOI, moderate- to vigorous- and 
vigorous intensity physical activity minutes, and bone traits of the bone shafts and distal bone sites.

OI HOI
Moderate- to vigorous-

intensity physical activity 
Vigorous-intensity physical 

activity

Tibia 66%

    ToA
0.19 (-0.02 to 0.38), 

P=0.092
0.22 (0.01 to 0.41), 

P=0.045
0.18 (-0.02 to 0.38), 

P=0.095
0.10 (-0.11 to 0.30),  

P=0.388

    CoA
0.31 (0.11 to 0.49), 

P=0.004
0.33 (0.13 to 0.50), 

P=0.003
0.28 (0.07 to 0.46), 

P=0.011
0.20 (-0.01 to 0.39),  

P=0.073

    CoD
-0.08 (-0.28 to 0.13), 

P=0.473
-0.06 (-0.27 to 0.15), 

P=0.574
-0.09 (-0.30 to 0.12), 

P=0.404
-0.01 (-0.22 to 0.19), 

P=0.899

    SSI
0.26 (0.05 to 0.44), 

P=0.019
0.29 (0.09 to 0.47), 

P=0.007
0.21 (0.00 to 0.40), 

P=0.058
0.15 (-0.06 to 0.34),  

P=0.185

Fibula 66%

    ToA
0.04 (-0.17 to 0.24), 

P=0.739
0.09 (-0.12 to 0.30), 

P=0.394
-0.03 (-0.24 to 0.18), 

P=0.776
0.03 (-0.18 to 0.24),  

P=0.794

    CoA
0.00 (-0.20 to 0.21), 

P=0.975
0.06 (-0.15 to 0.27), 

P=0.562
-0.09 (-0.29 to 0.12), 

P=0.435
-0.01 (-0.22 to 0.20), 

P=0.941

    CoD
-0.17 (-0.36 to 0.04), 

P=0.128
-0.16 (-0.36 to 0.05), 

P=0.138
-0.12 (-0.32 to 0.09), 

P=0.271
-0.06 (-0.27 to 0.15), 

P=0.579

    SSI
0.01 (-0.20 to 0.22), 

P=0.942
0.07 (-0.14 to 0.27), 

P=0.532
-0.07 (-0.27 to 0.14), 

P=0.551
-0.01 (-0.22 to 0.19), 

P=0.898

Tibia 4%

    ToA
0.01 (-0.20 to 0.22), 

P=0.938
0.05 (-0.17 to 0.26), 

P=0.677
-0.01 (-0.22 to 0.20), 

P=0.925
-0.00 (-0.21 to 0.21), 

P=0.979

    ToD
0.19 (-0.02 to 0.38), 

P=0.095
0.23 (0.02 to 0.42), 

P=0.043
0.16 (-0.05 to 0.36), 

P=0.142
0.15 (-0.07 to 0.35), P=0.190

    BSId
0.10 (-0.11 to 0.31), 

P=0.356
0.16 (-0.06 to 0.36), 

P=0.164
0.08 (-0.13 to 0.29), 

P=0.472
0.06 (-0.15 to 0.27), 

P=0.584

Fibula 4%

    ToA
0.03 (-0.18 to 0.23), 

P=0.820
0.08 (-0.13 to 0.29), 

P=0.457
-0.05 (-0.26 to 0.16), 

P=0.653
-0.07 (-0.28 to 0.14), 

P=0.520

    ToD
0.03 (-0.18 to 0.24), 

P=0.770
0.02 (-0.19 to 0.23), 

P=0.825
0.08 (-0.14 to 0.28), 

P=0.494
0.14 (-0.07 to 0.34), P=0.217

    BSId
0.03 (-0.18 to 0.24), 

P=0.759
0.08 (-0.13 to 0.28), 

P=0.489
0.01 (-0.20 to 0.22), 

P=0.928
0.08 (-0.13 to 0.28), 

P=0.488

OI=osteogenic index; HOI=osteogenic index based on peaks with acceleration ≥5.2 g; SSI=stress strain index; ToA=total area; CoA=cortical 
area; CoD=cortical density; Bold font indicates p≤0.05.
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Discussion

The primary finding of this study was that OI and HOI had 
moderate positive associations with tibial SSI as estimate of 
bone strength, that was our primary pQCT outcome, and ToA 
and CoA in adolescent boys and girls after accounting for 
maturity status and sex. In contrast, MVPA and VPA had very 
few and weak associations with bone traits. These results 
suggest that OI and HOI produces a meaningful assessment 
of osteogenic loads in adolescents during the rapid growth 
of the bone mass and thus could be used as an efficient 
osteogenic load monitoring measure. 

The present findings in adolescent boys and girls showing 
a positive association with OI and lower limb bone traits 
is in line with the previous literature in adult women4,5 
and research indicating that low-intensity peaks are less 
relevant for overall bone osteogenic load estimation in 
adults and older adults4,20,41. Similarly, our findings also 
correspond to previous findings from cross-sectional12,46 
and intervention studies6,48 in children and adolescents 
showing that particularly high intensity accelerations and 
high impact exercise are positively associated with bone 
traits. More precisely, OI and HOI were associated with bone 
strength, total area, and cortical area, suggesting that high 
impact exercise could have wide benefits on tibial bone traits. 
However, in contrast to previous studies reporting the positive 
associations between MVPA, VPA, and bone traits10,11,49, we 
found weak if any association between them. Nevertheless, 
the magnitude of the associations of MVPA and VPA with 
bone traits including SSI in the present study are similar to 
the ones reported by Kehrig et al.46. Cut-points for MVPA 
and VPA used in the present and previous studies have been 
created using the metabolic cost of PA13–15 and therefore it is 
possible that previous studies have not fully elucidated the 
role of high-impact osteogenic PA on bone health in youth. 
Therefore, these results together suggest that high-intensity 
impacts should be considered when reporting accelerometry 
data related to bone traits among adolescents. 

As HOI describes osteogenic loading with a single number, 
it may be easier to interpret compared to reporting the whole 
acceleration peak histogram. This makes it more useful 
in the applied setting, providing unambiguous feedback 
immediately after a bout of loaded exercise or athletic 
performance. Based on the present findings we propose 
that osteogenic loading could be monitored using a hip- or 
waist-worn accelerometer by utilising HOI (or HOI

d
). Both 

methods can be computed from raw accelerometry data 
routinely used to define cut-points for MVPA and VPA, and 
the measures are computationally simple enough to be used 
in near real-time applications, for example immediately 
following an exercise set. OI takes the magnitude and number 
of acceleration peaks into account, thereby presenting a more 
specific evaluation of the osteogenic stimulus compared 
to traditional method to quantify MVPA and VPA17,50. OI 
has been shown to be associated with the bone responses 
(femoral neck assessed DXA) in two independent year-long 

randomised controlled trials, one in pre-4,16 and the other 
in postmenopausal women5. Therefore, using HOI instead 
of external load, minutes spent in MVPA or VPA, or number 
of repetitions completed would enable fully osteogenically 
informed exercise progression, and dose estimation in 
adolescents. In addition, although the prevalence of stress 
fractures are increasing in youth51, a safe osteogenic load 
for adolescents are yet to be established. HOI could be 
used towards this end by at least monitoring the amount of 
accumulated osteogenic loading during the optimal growth 
period to reduce the risk of growth associated bone injury. It 
is well-established that stress-fractures are associated with 
the accumulated osteogenic load, e.g., limiting the amount 
of high loading physical training proved the only effective 
way to minimise the number of stress-fractures among 
Israeli military conscripts from eight different interventions 
(adequate sleep, more comfortable boots, and access to 
physical therapy had no impact)52). Moreover, similar load 
monitoring during the adolescence with a simple osteogenic 
monitoring tool may help to identify those adolescence at 
higher risk of injury.

The strengths of this study include a valid assessment of 
habitual PA and pQCT parameters and the ability to control the 
data for maturity. Although there are strengths of this study 
we do identify a number of limitations which are as follows. 
First, due to the cross-sectional study design, causality could 
not be established between the osteogenic loads and pQCT 
parameters. The rationale of the study rests on the fact that 
the prudency and validity of accelerometer-based OIs has 
been rigorously established among adults in prospective 
studies4,5,16. The chosen threshold to define MVPA and VPA 
could have impacted the associations observed in this study 
with the pQCT parameters. While available evidence has not 
firmly indicated an optimal set of intensity cut-offs53,54, future 
studies should consider investigating whether the associations 
between PA and pQCT parameters are dependent on the 
chosen intensity cut-offs. Second, no statistical adjustments 
were made for the multiple partial correlations evaluated in 
the present study and therefore some statistically significant 
associations observed could have been occurred by chance. 
Third, the age-span included in the study was relatively 
wide, and some of the participants were pre-pubertal, 
others peri-pubertal, and some post-pubertal. The growth-
spurt and sex hormone-related bone changes may mask 
some of the skeletal loading-related effects in this sort of 
heterogeneous adolescent population1. Nevertheless, an 
independent association between pQCT parameters and OI 
was observed, which increases our confidence in the finding. 
Fourth, it should be noted that not all bones and bone sites 
exhibited similar associations with the OI. It is not atypical 
to find that some bone sites are associated with bone load 
estimates while others are not and it is in fact a topic of 
contemporary bone research55. It is not possible to further 
clarify this with the present findings. Finally, we knowingly 
violated the normality assumptions when analysing the 
partial correlations between physical activity minutes and 
pQCT parameters. Non-parametric methods do not allow 
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for effective adjustments for the important covariates that 
had to be included in the analyses, and therefore we decided 
to report this data as well for completeness. Even though 
this decreases the scientific rigour, it does, in our opinion, 
nevertheless contribute towards demonstrating that HOI 
is likely a more specific indicator of osteogenic loading 
compared to other alternatives among adolescents. 

In conclusion, OIs and especially HOI calculated from a 
7-day accelerometry recording is a reasonable indicator of 
skeletal loading among adolescents. Furthermore, OIs may 
be better indicators of skeletal loading during habitual PA 
than MVPA and VPA. Longitudinal and intervention studies 
among children and adolescents are warranted to investigate 
possible causal relationships of OIs to pQCT parameters and 
the applied application of this skeletal loading monitoring. 

Funding

The HAPPY study received funding from the Australian Research 
Council (DP110101434 & DP140100554). This sub-study was funded 
by a Deakin University Central Research Grant (2016). KDH is supported 
by an Australian Research Council Future Fellowship (FT130100637) 
& Honorary National Heart Foundation of Australia Future Leader 
Fellowship (100370). 

Author contributions

RLD, TR, CR and KDH participated the conception of the study. EAH 
conducted the analyses and produced the first draft of the manuscript. 
All authors participated in drafting and revising the manuscript, and 
approved the final version of the manuscript. All authors agree to be 
accountable for the work and to ensure that any questions relating to 
the accuracy and integrity of the paper are investigated and properly 
resolved.

References

1.  Weaver CM, Gordon CM, Janz KF, Kalkwarf HJ, 
Lappe JM, Lewis R, O’Karma M, Wallace TC, Zemel 
BS. The National Osteoporosis Foundation’s 
position statement on peak bone mass development 
and lifestyle factors: a systematic review and 
implementation recommendations. Osteoporos Int 
2016;27:1281–1386.

2.  Nikander R, Sievänen H, Heinonen A, Daly RM, Uusi-Rasi 
K, Kannus P. Targeted exercise against osteoporosis: 
A systematic review and meta-analysis for optimising 
bone strength throughout life. BMC Med 2010;8:47.

3.  Duckham RL, Baxter-Jones AD, Johnston JD, 
Vatanparast H, Cooper D, Kontulainen S. Does 
Physical Activity in Adolescence Have Site-Specific 
and Sex-Specific Benefits on Young Adult Bone Size, 
Content, and Estimated Strength? J Bone Miner Res 
2014;29:479–486.

4.  Ahola R, Korpelainen R, Vainionpää A, Jämsä T. Daily 
impact score in long-term acceleration measurements 
of exercise. J Biomech 2010;43:1960–1964.

5.  Multanen J, Rantalainen T, Kautiainen H, Ahola R, Jämsä 
T, Nieminen MT, Lammentausta E, Häkkinen A, Kiviranta 
I, Heinonen A. Effect of progressive high-impact exercise 

on femoral neck structural strength in postmenopausal 
women with mild knee osteoarthritis: a 12-month RCT. 
Osteoporos Int 2017;28:1323–1333.

6.  Vlachopoulos D, Barker AR, Ubago-Guisado E, Williams 
CA, Gracia-Marco L. A 9-Month Jumping Intervention to 
Improve Bone Geometry in Adolescent Male Athletes. 
Med Sci Sports Exerc 2018;50:2544–2554.

7.  Turner CH, Robling AG. Designing Exercise Regimens 
to Increase Bone Strength. Exerc Sport Sci Rev 
2003;31:45–50.

8.  Al Nazer R, Lanovaz J, Kawalilak C, Johnston JD, 
Kontulainen S. Direct in vivo strain measurements in 
human bone - A systematic literature review. J Biomech 
2012;45:27–40.

9.  Yang PF, Brüggemann GP, Rittweger J. What do we 
currently know from in vivo bone strain measurements 
in humans? J Musculoskelet Neuronal Interact 
2011;11:8–20.

10.  Poitras VJ, Gray CE, Borghese MM, Carson V, Chaput JP, 
Janssen I, Katzmarzyk PT, Pate RR, Connor Gorber S, 
Kho ME, Sampson M, Tremblay MS. Systematic review of 
the relationships between objectively measured physical 
activity and health indicators in school-aged children 
and youth. Appl Physiol Nutr Metab 2016;41:197–239.

11.  Sayers A, Mattocks C, Deere K, Ness A, Riddoch C, 
Tobias J. Habitual Levels of Vigorous, But Not Moderate 
or Light, Physical Activity Is Positively Related to 
Cortical Bone Mass in Adolescents. J Clin Endocrinol 
Metab 2011;96:793-802.

12.  Deere K, Sayers A, Rittweger J, Tobias JH. Habitual 
levels of high, but not moderate or low, impact activity 
are positively related to hip BMD and geometry: Results 
from a population-based study of adolescents. J Bone 
Miner Res 2012;27:1887–1895.

13.  Vähä-Ypyä H, Vasankari T, Husu P, Mänttäri A, 
Vuorimaa T, Suni J, Sievänen H. Validation of Cut-
Points for Evaluating the Intensity of Physical Activity 
with Accelerometry-Based Mean Amplitude Deviation 
(MAD). PLOS ONE 2015;10:e0134813.

14.  Evenson KR, Catellier DJ, Gill K, Ondrak KS, McMurray 
RG. Calibration of two objective measures of physical 
activity for children. J Sports Sci 2008;26:1557–1565.

15.  Sirard JR, Trost SG, Pfeiffer KA, Dowda M, Pate RR. 
Calibration and Evaluation of an Objective Measure 
of Physical Activity in Preschool Children. J Phys Act 
Health 2005;2:345–357.

16.  Jämsä T, Ahola R, Korpelainen R. Measurement of 
Osteogenic Exercise – How to Interpret Accelerometric 
Data? Front Physiol 2011;2:.

17.  Gabel L, Macdonald HM, Nettlefold L, McKay HA. 
Physical Activity, Sedentary Time, and Bone 
Strength From Childhood to Early Adulthood: A Mixed 
Longitudinal HR-pQCT study: influence of physical 
activity on bone strength during growth. J Bone Miner 
Res 2017;32:1525–1536.

18.  Deere KC, Hannam K, Coulson J, Ireland A, McPhee JS, 
Moss C, Edwards MH, Dennison E, Cooper C, Sayers A, 



522www.ismni.org

E.A. Haapala et al.: Accelerometry-based measures of physical activity and bone traits in adolescents

Lipperts M, Grimm B, Tobias JH. Quantifying Habitual 
Levels of Physical Activity According to Impact in Older 
People: Accelerometry Protocol for the VIBE Study. J 
Aging Phys Act 2016;24:290–295.

19.  Hannam K, Deere KC, Hartley A, Clark E, Coulson J, 
Ireland A, Moss C, Edwards MH, Dennison E, Gaysin T, 
Cooper R, Wong A, McPhee JS, Cooper C, Kuh D, Tobias 
JH. A novel accelerometer-based method to describe 
day-to-day exposure to potentially osteogenic vertical 
impacts in older adults: findings from a multi-cohort 
study. Osteoporos Int 2017;28:1001-1011.

20.  Hannam K, Deere KC, Hartley A, Al-Sari UA, Clark 
EM, Fraser WD, Tobias JH. Habitual levels of higher, 
but not medium or low, impact physical activity are 
positively related to lower limb bone strength in older 
women: findings from a population-based study 
using accelerometers to classify impact magnitude. 
Osteoporos Int 2017;28:2813–2822.

21.  Ahola R, Korpelainen R, Vainionpää A, Jämsä T. Daily 
impact score in long-term acceleration measurements 
of exercise. J Biomech 2010;43:1960–1964.

22.  Multanen J, Rantalainen T, Kautiainen H, Ahola R, Jämsä 
T, Nieminen MT, Lammentausta E, Häkkinen A, Kiviranta 
I, Heinonen A. Effect of progressive high-impact exercise 
on femoral neck structural strength in postmenopausal 
women with mild knee osteoarthritis: a 12-month RCT. 
Osteoporos Int 2017;28:1323–1333.

23.  Baxter-Jones AD, Faulkner RA, Forwood MR, Mirwald 
RL, Bailey DA. Bone mineral accrual from 8 to 30 years 
of age: An estimation of peak bone mass. J Bone Miner 
Res 2011;26:1729–1739.

24.  Abbott G, Hnatiuk J, Timperio A, Salmon J, Best 
K, Hesketh KD. Cross-sectional and Longitudinal 
Associations Between Parents’ and Preschoolers’ 
Physical Activity and Television Viewing: The HAPPY 
Study. J Phys Act Health 2016;13:269–274.

25.  Rantalainen T, Hesketh KD, Rodda C, Duckham 
RL. Validity of hip-worn inertial measurement unit 
compared to jump mat for jump height measurement in 
adolescents. Scand J Med Sci Sports 2018;28:2183–
2188.

26.  Marsell R, Einhorn TA. The biology of fracture healing. 
Injury 2011;42:551–555.

27.  Rantalainen T, Chivers P, Beck B, Robertson S, Hart N, 
Nimphius S, Weeks B, Mcintyre F, Hands B, Siafarikas 
A. Please Don’t Move - Evaluating Motion Artifact From 
Peripheral Quantitative Computed Tomography Scans 
Using Textural Features. J Clin Densitom 2017;21:.

28.  Schoenau E, Neu CM, Rauch F, Manz F. The Development 
of Bone Strength at the Proximal Radius during 
Childhood and Adolescence. J Clin Endocrinol Metab 
2001;86:613–618.

29.  Duckham RL, Rantalainen T, Ducher G, Hill B, Telford RD, 
Telford RM, Daly RM. Effects of Habitual Physical Activity 
and Fitness on Tibial Cortical Bone Mass, Structure and 
Mass Distribution in Pre-pubertal Boys and Girls: The 
Look Study. Calcif Tissue Int 2016;99:56–65.

30.  Rantalainen T, Nikander R, Heinonen A, Suominen H, 
Sievänen H. Direction-Specific Diaphyseal Geometry 
and Mineral Mass Distribution of Tibia and Fibula: 
A pQCT Study of Female Athletes Representing 
Different Exercise Loading Types. Calcif Tissue Int 
2010;86:447–454.

31.  Suominen TH, Alén M, Törmäkangas T, Degens H, 
Rittweger J, Heinonen A, Suominen H, Korhonen MT. 
Regular Strength and Sprint Training Counteracts Bone 
Aging: A 10-Year Follow-Up in Male Masters Athletes. 
JBMR Plus 2021;5:e10513.

32.  Doube M, Kłosowski MM, Arganda-Carreras I, Cordelières 
FP, Dougherty RP, Jackson JS, Schmid B, Hutchinson 
JR, Shefelbine SJ. BoneJ: Free and extensible bone 
image analysis in ImageJ. Bone 2010;47:1076–1079.

33.  Rantalainen T, Nikander R, Heinonen A, Daly RM, 
Sievanen H. An open source approach for regional 
cortical bone mineral density analysis. J Musculoskelet 
Neuronal Interact 2011;11:243–248.

34.  Schneider CA, Rasband WS, Eliceiri KW. NIH Image 
to ImageJ: 25 years of Image Analysis. Nat Methods 
2012;9:671–675.

35.  Ma H, Leskinen T, Alen M, Cheng S, Sipilä S, Heinonen 
A, Kaprio J, Suominen H, Kujala UM. Long-Term Leisure 
Time Physical Activity and Properties of Bone: A Twin 
Study. J Bone Miner Res 2009;24:1427–1433.

36.  Meyer U, Ernst D, Schott S, Riera C, Hattendorf J, 
Romkes J, Granacher U, Göpfert B. Validation of two 
accelerometers to determine mechanical loading of 
physical activities in children. J Sports Sci 2015;33:1–
8.

37.  Verswijveren SJJM, Douglas B, Rantalainen T, Belavy DL, 
Salmon J, Timperio A, Lubans DR, Ridgers ND. Count- 
versus MAD-based accelerometry-assessed movement 
behaviors and associations with child adiposity and 
fitness. Scand J Med Sci Sports 2021;31:2322–2332.

38.  Rantalainen T, Pesola AJ, Quittner M, Ridgers ND, 
Belavy DL. Are habitual runners physically inactive? J 
Sports Sci 2018;36:1793–1800.

39.  Hinkley T, O’connell E, Okely AD, Crawford D, Hesketh K, 
Salmon J. Assessing Volume of Accelerometry Data for 
Reliability in Preschool Children. Med Sci Sports Exerc 
2012;44:2436–2441.

40.  Vainionpää A, Korpelainen R, Vihriälä E, Rinta–Paavola 
A, Leppäluoto J, Jämsä T. Intensity of exercise is 
associated with bone density change in premenopausal 
women. Osteoporos Int 2006;17:455–463.

41.  Deere K, Sayers A, Rittweger J, Tobias JH. A Cross-
Sectional Study of the Relationship between Cortical 
Bone and High-Impact Activity in Young Adult Males and 
Females. J Clin Endocrinol Metab 2012;97:3734–3743.

42.  Vähä-Ypyä H, Vasankari T, Husu P, Suni J, Sievänen 
H. A universal, accurate intensity-based classification 
of different physical activities using raw data of 
accelerometer. Clin Physiol Funct Imaging 2014;35:.

43.  Husu P, Vähä-Ypyä H, Vasankari T. Objectively measured 
sedentary behavior and physical activity of Finnish 7- 



523www.ismni.org

E.A. Haapala et al.: Accelerometry-based measures of physical activity and bone traits in adolescents

to 14-year-old children– associations with perceived 
health status: a cross-sectional study. BMC Public 
Health 2016;16:338.

44.  Mirwald RL, G. Baxter-Jones AD, Bailey DA, Beunen 
GP. An assessment of maturity from anthropometric 
measurements. Med Sci Sports Exerc 2002;34:689–
694.

45.  Aittasalo M, Vähä-Ypyä H, Vasankari T, Husu P, Jussila 
AM, Sievänen H. Mean amplitude deviation calculated 
from raw acceleration data: A novel method for 
classifying the intensity of adolescents’ physical activity 
irrespective of accelerometer brand. BMC Sports Sci 
Med Rehabil 2015;7:18.

46.  Kehrig AM, Björkman KM, Muhajarine N, Johnston JD, 
Kontulainen SA. Moderate to vigorous physical activity 
and impact loading independently predict variance 
in bone strength at the tibia but not at the radius in 
children. Appl Physiol Nutr Metab 2018;44:326–331.

47.  Gao Y, Haapala EA, Vanhala A, Sääkslahti A, Rantakokko 
M, Laukkanen A, Pesola AJ, Rantalainen T, Finni T. 
Sedentary Thresholds for Accelerometry-Based Mean 
Amplitude Deviation and Electromyography Amplitude 
in 7–11 Years Old Children. Front Physiol 2019;10.

48.  Gómez-Bruton A, Matute-Llorente Á, González-Agüero 
A, Casajús JA, Vicente-Rodríguez G. Plyometric 
exercise and bone health in children and adolescents: a 
systematic review. World J Pediatr 2017;13:112–121.

49.  Bielemann RM, Ramires VV, Wehrmeister FC, Gonçalves 
H, Assunção MCF, Ekelund U, Horta BL. Is vigorous-
intensity physical activity required for improving bone 
mass in adolescence? Findings from a Brazilian birth 

cohort. Osteoporos Int 2019;30:1307–1315.
50.  Sayers A, Mattocks C, Deere K, Ness A, Riddoch C, Tobias 

JH. Habitual Levels of Vigorous, But Not Moderate or 
Light, Physical Activity Is Positively Related to Cortical 
Bone Mass in Adolescents. J Clin Endocrinol Metab 
2011;96:793–802.

51.  Patel NM, Mai DH, Ramme AJ, Karamitopoulos MS, 
Castañeda P, Chu A. Is the incidence of paediatric stress 
fractures on the rise? Trends in New York State from 
2000 to 2015. J Pediatr Orthop B 2020;29:499–504.

52.  Milgrom C, Finestone AS. The effect of stress fracture 
interventions in a single elite infantry training unit 
(1983–2015). Bone 2017;103:125–130.

53.  Haapala EA, Gao Y, Vanhala A, Rantalainen T, Finni 
T. Validity of traditional physical activity intensity 
calibration methods and the feasibility of self-paced 
walking and running on individualised calibration 
of physical activity intensity in children. Sci Rep 
2020;10:11031.

54.  Migueles JH, Cadenas-Sanchez C, Tudor-Locke C, Löf 
M, Esteban-Cornejo I, Molina-Garcia P, Mora-Gonzalez 
J, Rodriguez-Ayllon M, Garcia-Marmol E, Ekelund U, 
Ortega FB. Comparability of published cut-points for the 
assessment of physical activity: Implications for data 
harmonization. Scand J Med Sci Sports 2019;29:566–
574.

55.  Rittweger J, Ireland A, Lüscher S, Nocciolino LM, Pilot N, 
Pisani L, Cointry GR, Ferretti JL, Capozza RF. Fibula: The 
Forgotten Bone - May It Provide Some Insight On a Wider 
Scope for Bone Mechanostat Control? Curr Osteoporos 
Rep 2018;16:775–778.


