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Summary

We provided evidence that a 6-month regular hopping exercise intervention can increase
trabecular number and possibly trabecular volume fraction of the distal tibia. Our novel
localised analysis demonstrated region-specific changes, predominantly in the anterior region,

in postmenopausal women.

Abstract

Purpose

The localisation of bone remodelling and microarchitectural adaptation to exercise loading has
not been demonstrated previously in-vivo in humans. The aim of this study is to assess the
feasibility of using 3D image registration and high-resolution peripheral quantitative computed
tomography (HR-pQCT) to investigate the effect of high-impact exercise on human trabecular

bone variables, and remodelling rate across the distal tibia.

Method

Ten postmenopausal women were recruited for 6-month unilateral hopping exercises, with HR-
pQCT scans taken of both exercise leg (EL) and control leg (CL) for each participant before
and after the intervention. A 3D image registration was used to ensure measurements were
taken at the same region. Short-term reproducibility tests were conducted prior to the
assessment using identical setup. The results were assessed comparing CL and EL, and

interaction (time X leg) using a two-way repeated measures analysis of variance (RM-ANOVA).

Results



Across the whole tibia, we observed significant increases in trabecular number (Tb.N) (+4.4%),
and trabecular bone formation rate (tBFR) (3.3%) and a non-significant increase in trabecular
bone volume fraction (BV/TV) (+1%) in the EL. Regional resorption was higher in the CL than
the EL, with this difference being statistically significant at the lateral tibia. In the EL, tBFR
was significantly higher in the anterior region than the medial but a trabecular bone resorption
rate (tBRR) showed no significant regional variation. Conversely in the CL, both tBFR and

tBRR were significantly higher in the anterior and lateral than the medial region.

Conclusion

We demonstrated that it was possible to detect exercise related bone adaptation with 3D
registration of HR-pQCT scan data. Regular hopping exercise increased Tb.N and possibly
BV/TV across the whole distal tibia. A novel finding of the study was that tBFR and tBRR
responses to loading were localised: changes were achieved by formation rate exceeding
resorption rate in the exercise leg, both globally and at the anterior region where turnover was

greatest.

Key words: Trabecular bone; Formation and resorption rates; Finite-element analysis; 3D

image registration; Exercise; HR-pQCT

Introduction

Osteoporosis 1s a common condition where bone loss and its structural deterioration increase

the risk of fracture [1]. Exercise or in-vivo loading could provide a strategy to counteract bone
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loss and maintain its density with age, reducing the risk of fracture [2]. The distribution of bone,
in addition to the density, is also important for its quality and resistance to fracture [3]. Region-
specific changes in cortical bone were found at the tibial shaft as a result of physical activity
[4], and local changes in cortical and trabecular bone mineral content (BMC) were
demonstrated at the proximal femur, using quantitative computed tomography (QCT) in older
men [5]. Trabecular microarchitecture is another determinant of bone strength [6][7].
Substantial spatial variation of trabecular bone microstructure was reported, explained by
localised adaptation to regional biomechanical environment [4][8]. However, no previous
research has demonstrated the location of trabecular adaptation in response to controlled

exercise in humans.

Effects of exercise on trabecular microarchitecture were reported in one non-controlled-
exercise study but not in a controlled intervention [9]; neither of these studies were long enough
to fully capture changes in mineralisation. Exercise induced changes in remodelling rate in
humans have only been examined using biomarkers [10]. The combination of a controlled-
exercise study and localised microstructure analysis would provide further insight into the
effect of mechanical loading on the quality and structural-functional adaptations of trabecular

bone.

3D image registration was widely used in animal models to detect the loading-induced localised
trabecular adaptation in-vivo [11] [12]. The combination of 3D registration with high-
resolution peripheral quantitative computed tomography (HR-pQCT) scans to quantify in-vivo
trabecular bone adaptation in humans is possible in theory but remains a significant challenge
due to the limitation in image resolution [13]. Christen et al. used a two-step image processing
after greyscale image registration to investigate the bone remodelling location; their results

indicated that time-lapse in-vivo HR-pQCT could assess age-related bone remodelling [14]
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[15]. In the current novel study, HR-pQCT was used together with a 3D rigid image registration
technique to determine whether the technique could be used to detect trabecular bone
adaptation to exercise. This was examined in a six-month longitudinal evaluation of the
response to unilateral high-impact hopping exercise, that was already demonstrated to benefit
the femoral-neck BMD [5], in the distal tibia of post-menopausal women. This model allows
the advantage of comparing changes in the randomly assigned exercise leg (EL) to the control
leg (CL) of the same participants. We hypothesised that trabecular bone adaptation is regional
and high-impact exercise can suppress the trabecular bone resorption rate, hence, increase bone
volume fraction. The primary objective of this study was to investigate the effects of a high-
impact exercise intervention on global trabecular bone volume in healthy postmenopausal
women. Secondary objectives were to examine localised changes in trabecular
microarchitecture and localised bone remodelling rates (bone formation and resorption rates)

in the EL compared to the CL.

Methods

Study design and participants

The participants were recruited from a cohort of postmenopausal women completing a
randomized controlled trial of a six-month high-impact, unilateral exercise (registered at
clinicaltrials.gov: NCT03225703: The Effect of High-Impact Exercise on Bone and Articular
Cartilage in Postmenopausal Women). The study design, methods, and main findings of the
trial have been published [16], but key methods are summarised below A subgroup of

participants from this study volunteered to have HR-pQCT scans for the current study.



Inclusion criteria for the study were women aged 55-70 years who were at least 12 months
post-menopause, a BMI less than 30 kg/m? with no diagnosis of osteoporosis or knee
osteoarthritis and no other contraindications to exercise. Those that completed more than one
bout of high-impact exercise per week (with likely ground reaction force greater than jogging)

or taking medication known to affect bone metabolism were excluded.

The exercise intervention was a six-month unilateral hopping protocol, completed on the same
randomly assigned EL to be compared with the contralateral CL[5][16]. The intervention was
individually progressed for the first ten weeks, leading to the final protocol of 50
multidirectional hops daily for all participants in weeks 11-26. The hops were split into 3-5 sets
with 15 s of rest between each set. Adherence was assessed by diary. To detect sufficient
changes in mineralization, a six-month trial period was selected as the minimum duration for
bone adaptation is approximately four months [17][18]. HR-pQCT scans were taken at baseline
and after six months of the exercise intervention by an experienced operator who was blinded
to the EL allocation. All data were analysed by a single researcher, also blinded to the EL

allocation.

The study was approved by the National Research Ethics Service (16/EM/0460) and
Loughborough University Ethics Approvals (Human Participants) Sub-Committee (R16-P149).
Written informed consent was obtained from all the participants at the first meeting, prior to

enrolment in the study.

HR-pQCT imaging

HR-pQCT (XtremeCT, Scanco Medical) scans were performed at pre- and post-intervention

for each participant, using the manufacturer’s standard in-vivo protocol [19] (60 kVp, 1000 mA,



100-ms integration time), by the same operator at the NIHR Clinical Research Facility,
Sheffield Teaching Hospitals NHS Foundation Trust, Sheffield. Prior to image acquisition,
each participant’s tibia was immobilized in a carbon-fibre mould and fixed within the scanner
to ensure a correct position upon entry. The region of interest was defined as 110 parallel CT
slices, started 22.5 mm proximal to the distal tibia endplate and ended at a further 9.02 mm
proximal to the site. A field of view of 12.6 cm was reconstructed across a 1536 x 1536 matrix,
yielding an isotropic voxel size of 82 um [20]. For quality control, linear attenuation of the
phantom was converted to hydroxyapatite (HA) densities and calibrated on a daily basis
following manufacturer's standard method. A post-scan quality check was assessed, using a
manufacturer-recommended method to categorise the images from perfect (Gl) to
unacceptable (G4). Images defined as G4 were rejected for any further analysis, to ensure only

good-quality images were used.

Image registration and regional analysis

A 3D rigid registration protocol similar to that described previously [14] was used to obtain a
common volume of interest (VOI) between pre- and post-intervention scans. Two steps were
involved in this registration process (Fig. 1A): first, the centre of mass of the entire tibia from
both the follow-up and baseline scans were pre-aligned; second, the pre-aligned follow-up
images were registered to the baseline images using a normalized mutual information metric
and resampled using a Lanczos interpolator. Previous studies showed the effect of the Lanczos
interpolator was minimal to HR-pQCT scans [21]. The registration and resample process

ensured the largest common volume and, importantly, the same coordinate system.

In order to observe the region-specific information, four anatomic regions were defined

according to the process described previously [22]. In brief, a horizontal line was drawn
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through the centre of a circle, used to define the tibia area; two lines at + 45° to the horizontal
line were used to separate four anatomical regions (anterior, lateral, posterior, medial). To
minimize selection bias, a custom developed cropping procedure for defining cubic
representative volume elements (RVEs) with a side-length of 4 mm was performed on the
common volume between the baseline and follow-up scans (Fig. 1B). The selected RVEs were
evenly distributed, either along the centre line of each region or spread at equal distances away
from the inner surface of the cortical bone for each participant. All cubes were carefully

visually checked to ensure that they had no cortical bone.

A [ Acquisition [3D Rigid Registration |

[ Intersection |

Pre-align;
Translation;
Rotations

4 mm

Figure 1: Methodology for registration and identifying anatomical regions for baseline and
follow-up images. (A) Rigid registration of follow-up scans (red) to baseline images (grey). (B)
Definition of anatomical regions and locations of RVEs for distal tibia in common regions of
baseline and follow-up scans.
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Trabecular remodelling analysis

HR-pQCT images were Laplace-Hamming filtered, as recommended by the manufacturer,
producing an adequate balance between the sensitivity and noise present in the measurements
[21]. Remodelling parameters of trabecular bone were computed from the superimposed binary
images obtained from the baseline and follow-up scans. After the 3D registration process, the
common VOI could be identified at both time points, allowing the quantification of
morphometric changes in the trabecular bone compartment (Fig. 2). From the overlaid images,
site-specific spatial-temporal changes of individual RVEs were categorized simultaneously
through triangulation (Boolean operation) between the baseline and follow-up images. Bone
resorption and formation were defined as voxels present only in the baseline images (green) or
only in the follow-up images (magenta), respectively; while the voxels present in both images
were identified as quiescent bone (grey). These colour-coded datasets were used directly to
quantify dynamics of trabecular remodelling using a MATLAB routine. The trabecular bone
resorption rate (tBRR) was calculated as the ratio of volume of green voxels to the total volume
of bone voxels per month, whereas the bone formation rate (tBFR) was defined similarly

employing the volume of magenta voxels; the unit for both parameters is %/month.



Figure 2: Typical registered 3D whole bone images: (A) cross-section of overlaid images of
baseline and follow-up scans, with black and white representing marrow and bone regions,
respectively; (B) 3D view of sites of bone resorption (in green) and formation (in magenta).

Analysis of microstructural variables

Trabecular compartments were segmented and reconstructed using Materialise Mimics
Innovation Suite 19.0 (Materialise, Leuven, Belgium) based on a fixed threshold of 300 mg
HA/cm?® [23]. The microstructure of extracted trabecular compartments was analysed using
BonelJ, an open-source bone—image-analysis plugin in ImageJ [24]. In addition to the standard
HR-pQCT patient evaluation protocol to assess the whole-bone variables, a direct image-
analysis protocol implemented in BoneJ (described previously [22][24]) was used to analyse
localised microstructural variables of trabecular bone. The trabecular bone volume fraction
(BV/TV) was calculated from the number of foreground (bone) voxels divided by the total
number of voxels in the image. The trabecular number (Tb.N) was the inverse of the diameter

of the sphere that fits the ridges between trabeculae [25] . Trabecular thickness (Tb.Th) was
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the largest sphere that fits within a trabecula [25]. The trabecular bone surface area (Tb.BS)
was the sum of the areas of the triangles making up a surface mesh [27]. The ratio of plate-like
structures to the total number of trabecular structures (pTb.N/TTb.N), was defined when the
ellipsoid factor (EF) calculated in Bonel for the given space was in the range between —1 and
0, i.e. producing a flattened (oblate) ellipsoid as the number of fitting ellipsoids for the plate-

like trabeculae divided by the total number of fitting ellipsoids [22][28].

Finite-element analysis

Two-phase finite-element models of trabecular bone and surrounding bone marrow were
developed based on the RVEs taken from the anatomic regions of registered HR-pQCT images.
A voxel-based tetrahedral mesh [29] was used to generate finite-element meshes of both
trabecular bone and bone marrow using 3-Matic 11.0 (Materialize, Leuven, Belgium). An
isotropic, linear-elastic material with the Young’s modulus of 15 GPa and 3 MPa and the
Poisson’s ratio of 0.3 and 0.17 were assigned to the bone and marrow materials, respectively
[30]. A uniaxial compressive strain of 1% was applied in the axial direction at the proximal
surface of the trabecular bone to compute the stiffness (kN/mm) of each RVE, which was
calculated by dividing the reaction force of the proximal surface by the corresponding
displacement. The numerical computations were performed on a workstation (HP Z440) using

Abaqus 6.14 software (Dassault Systems Simulia Crop, Providence, RI, USA).

Reproducibility test

A previous reproducibility data set from Paggiosi et al. [20], in which two repeated scans of
ten participants from 70 years of age cohort were taken on the same day, was used to assess

the short-term reproducibility of variables examined in the current study. The data set was
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obtained using the same image acquisition setup and protocol from the same laboratory as this
study. The short-term reproducibility of all the microstructural variables was calculated as the
root mean square coefficient of variance (RMSCV %). The least significant detectable change

(LSC) was calculated as LSC = 2.77 X RMSCV. The reproducibility was between 1.6%-3.3%

(RMSCV %) and 0.044%-0.093% for all the local microstructural parameters and 3.0% for
stiffness, while the precision error of the global parameters was between 0.2-5.3 % [20]. The
RMSCV% and LSC for bone remodelling rate were 2.1% and 1%/month, respectively.
Christen et al. [15] reported that the LSC for local bone remodelling of 2% was small enough

to capture even minor changes in the bone microstructure.

Statistical analysis

Results are presented here as mean + SD (absolute value) and 95% CI (percentage change) at
both global and regional (anterior, lateral, posterior, medial) levels. Data distributions were
assessed by examination of normality plots, and Mauchly’s test was used to assess sphericity.
The effect of high-impact, unilateral hopping exercise on microstructural variables and
stiffness of regional trabecular bone over time, between control and exercise legs, as well as
their interaction (time x leg) were assessed at each anatomical region using two-way repeated
measures analysis of variance (RM-ANOVA) (Table 1). P values were adjusted using
Bonferroni corrections for all the multiple comparisons, keeping the critical level of

significance consistently at 0.05.

Changes in all the studied parameters were calculated between the baseline and follow-up scans
and expressed as percentage difference to normalise variation in magnitude for illustration and
comparison purposes. Comparisons 1) between legs and 2) among anatomical regions within

each leg were performed using one-way RM-ANOVA to evaluate statistical significance.
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Significance level was set at p < 0.05, and all the statistical analyses were conducted using

SPSS Statistics 20.0 software (IBM Corp., NY, USA).

Results

Effect of exercise on microstructural variables and stiffness

Ten participants were recruited to the study aged (mean + SD) 63 + 4 years, with height of 1.62
+ 0.05 m, body mass 66.4 + 10.0 kg and BMI 25.4 + 3.7 kgm™. One participant withdrew prior
to follow up, but all others had data pre- and post- intervention scans. Data of thirty-six RVEs
(n =36) in each leg were analysed for the remaining 9 participants (age 62.6+4.1 years; BMI
25.4+3.7; 10.9+4.1 years since menopause). The mean adherence for the group was 80.4 +24.0%
during the final 14 weeks of the exercise, where the prescribed exercise consisted of 50
multidirectional hops each day. There were no significant changes in post-intervention

compared with pre-intervention for body mass or height.

Global changes

Following the prescribed 6-months exercise, microstructural variables of trabecular bone from
pre- and post-interventions were analysed after implementation of the 3D registration process,
to ensure only the common ROIs were analysed [13]. Across the whole tibia, there was a
significant increase of trabecular number (Tb.N) in the EL (from 1.70 £ 0.13 to 1.78 % 0.20;
time x leg interaction p = 0.043; effect size = 0.52) compared with a -0.7% reduction from 1.77
+0.18 to 1.75 £ 0.18 in CL (Fig.3 and Table 1). Changes in trabecular bone volume fraction

(BV/TV) were higher in the EL (+1%) than the CL (+0.1%) with p = 0.015 (Fig. 3).
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Figure 3: Global percentage changes between post- and pre-exercise of trabecular bone
parameters in EL (black circle) and CL (white circle) with overlaid individual difference for
each participant. Results are presented as mean + 95% confidence interval (CI). RM-ANOVA
was used to compare the percentage change between the baseline and the follow-up value.

Regional changes

For all analysed RVEs, consistent increases in BV/TV (up to +8%) were observed in the EL
group, while most RVEs in the CL group showed negative changes (Appendix II). Regionally,
there was a significant increase in BV/TV in the EL (+6.1%; time X leg interaction p = 0.012)
relative to the CL (-1.9%) in the anterior region as a result of the intervention (Table 1).
Similarly, the change in the trabecular number (Tb.N) in the anterior region was of the same
magnitude (+6.1 vs. -2.2%) and differed considerably between the legs. This, in turn, was
linked to the significant decrease in trabecular separation (Tb.Sp; time X leg interaction p =
0.012) observed in the anterior region between the EL and CL groups. No trend was observed
for the plate-like structure fraction (pTb.N/TTb.N), with arbitrarily distributed growth and

reduction in both the EL and the CL.
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Table 1: Microstructural variables and stiffness of trabecular bone at pre- intervention, change after
intervention and difference between anterior, lateral, posterior and medial regions

Trabecular Trabecular Trabecular  Trabecular Trabecular Plate-like
. . Trabecular
volume thickness separation number surface area structure Stiffness
fraction (Tb.Th) (Tb.Sp) (Tb.N) (Tb.BS) fraction
(BV/TV) [mm] [mm] [1/mm)] [mm?] (,Tb.N/, Tb.N')
Global
0.126 £0.015 0.074+0.011 0.519+0.047 1.698 +0.131"
Pre b 176.35 +£19.19
Post 0.127 £0.020 0.071 £0.014 0.498 £0.068 1.779 +0.201 - - 173.85 + 18.97
EL 0.8 (0.1, 1.5)
A % -3.0(-77,1.6) -4.0(-8.8,0.8) 4.4(-0.7,9.6) - - -1.4 (-3.7,0.9)
0.126 £0.020 0.071+£0.012 0.500+0.055 1.768 +0.184"
Pre b 176.35 +20.30
CL [Post 0.126 £0.017 0.072 +0.005 0.504 +0.060 1.753 +0.180 - - 176.12 + 19.78
A% 0.1(-04,05) 1.1(-47,7.0) 1.1(-4.8,69) -0.7(-5.8,4.5) - - 20.1(-1.3,1.1)
Anterior
a be
Pre  0.208 + 0,092 g'ggg * g'ggga g';;i * g'ig(l)bc 1.335 £ 0.231° 123.028 £ 48.731 0483 %0.165 4.060 +4.422
BL Post 0.222 +0.090> ° - : - 1.418 + 0.282" 128.256 +50.970 0.489 +0.160 4.375 +4.907
A% 6.1(-5.0,17.2) -5.9(-11.0,-0.8) -5.0(-11.3,1.3) 6.1(-1.7,13.9) 4.3(-0.6,9.2) 8.7(-4.3,21.7) 5.9 (-17.2,29)
be
llzz)est g;iz i g'ggghc 0.292 £0.04>  0.727 £ 0.138" 1.423 +0.257" 127.946 +48.293 0.500 +0.179 4.537 +4.610
CL ) - 0.279 £0.05* 0.745 £ 0.141™ 1.391 £ 0.259" 126.997 +48.138 0.485 +0.175 4.334 +4.987
A% -1.9(3.8,00) -43(9.6,1.0) 2.6(-2.6,79) -2.2(-6.8,2.4) -1.1(-5.1,3.0) -0.7(-9.7,8.4) -2.4(-11.4, 6.6)
Lateral
0.271 £0.080 162.921 +£43.274
Pre 0.287 + 0.096 0.301 £0.044 0.604 £0.118 1.714+0.297 165.198 + 45.589 0.552 +£0.174 7.167 £4.372
EL Post ) - 0.290 £0.287 0.580+0.120 1.797 £0.362 ' - 0.552 £0.147 8.849 +6.677
A% 5.2(-4.6,150) -3.8(-9.2,15) -39(-9.6,1.8) 48(-2.2,11.7) 1.4(-1.8,4.6) 0.0(-1.6,1.5) 17.2(0.4,10.3)
0.269 +£0.078
Pre 0.267 + 0.084 0.293 £0.030 0.605+0.118 1.715+0.319 164.567 +43.166 0.539 +0.169 7.053 +4.310
CL [Post ) - 0.282 +£0.032 0.609 £0.120 1.705+0.316 163.786 £42.949 0.539+0.139 7.018 +4.688
A% -1.0(-2.7,0.6) -3.6(-8.1,09) 0.8(-2.8,4.4) -0.6(-3.9,2.8) -0.5(-1.6,0.7) 0.2(-3.8,10.8) -0.3 (-10.0,9.4)
Posterior
0.307 £0.101
Pre 031320114 0.319+0.040 0.577+0.133 1.816+0.371 168.382 +£43.971 0.583 £0.15 10.050+5.951
EL Post ) - 0.314 £0.072 0.566 £0.138 1.862+0.400 170.646 £44.995 0.547 +£0.16 10.700 = 6.910
A% 19(-1.1,49) -1.7(-10.1,6.8) -2.1(-59,1.6) 2.4(-14,6.3) 1.3(-0.2,2.7) -2.2(-11.8,7.5) 6.1(-2.9, 15.2)
0.321 £0.114
Pre 0.320 £ 0.112 0.321 £0.050 0.553+£0.12 1.884 +£0.364 178.029 +£47.600 0.600 +£0.152 10.629 +5.721
CL [Post ’ - 0.309 +£0.046 0.551+0.12 1.892+0.371 177.727 £47.791 0.580+0.153 9.918 +6.240
A% -04(-21,13) -3.8(-8.1,06) -0.2(-45,41) 05(3.6,47) -06(-26,14) -0.2(-7.8,7.4)-5.2(-24.1,6.6)
Medial
oL [Pre 8'3}2 : 8'}8(5) 0.341£0.051° 0.625+0.124 1.661+0.331 172.106 £40.875 0.609 +0.181 10.262 + 6.387
Post ’ - 0.326 £ 0.060* 0.608 £0.120 1.713+£0.345 172.225 +44.244 0.608 +0.170 10.387 +£6.470
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A% 04(-2.6,34) -46(89,-03) -2.8(-6.1,0.5) 3.1(-03,6.6) 0.1(-3.6,3.8) -1.2(-5.6,3.1) 0.4(-8.6,9.4)

0.327 £0.110 .
Pre (o6 10q0n 0-345£0.045° 0.613£0.134 1.703£0.330 180.813 £45.545 0.624%0.177 10.441 £ 6.286

CL [Post 0.331 £0.050° 0.610+£0.139 1.717 £0.355 177.134 £43.180 0.605 +£0.181 9.265 + 6.240
A% -0.2(-3.0,2.5) -4.0(-8.2,0.2) -0.3(-6.0,53) 13(-1.4,3.6) -1.2(5.6,3.1) -3.9(-8.4,6.1) -5.5(-14.0, 3.0)
Absolute values are expressed as mean + standard deviation; A indicates change in percentage to 6-month and expressed as 95% CI,
2 significant difference in time, " significant difference in leg, © significant difference in time x leg

Effect of exercise on bone remodelling rates

Across the distal tibia, significantly higher tBFR (3.3% + 0.5; p = 0.009) than tBRR (3.1% +
0.4) was observed in EL (Table 2). Within the control leg, the level of tBFR (4.0%-7.1%)
tended to be equal, or slightly lower than the tBRR (4.0%-7.3%) of the same location
(Appendix I). Among the anatomical regions in CL (Fig. 4), levels of tBRR were significantly
higher in the anterior (6.5% = 2.0, p = 0.005) and lateral (5.9% =+ 1.5, p = 0.001) regions than
that in the medial (4.7% = 1.4) region. Whereas, in the exercise leg, tBFR (4.2%-7.2%) tended
to be higher than tBRR (4.0%-6.3%) of the same location (Appendix I), with the anterior region
having a significantly higher level of tBFR (6.4% = 1.8, p = 0.028) than tBRR (5.7% * 1.8)
(Table 2). Regional comparisons showed no significant regional differences of tBRR within
the EL (Fig. 4) but tBFR was significantly higher in the anterior region (6.4% + 1.8, p= 0.013)
than in the medial one (4.8% % 1.4) in the EL group. Between the EL and CL groups, tBRR
tended to be lower (or maintained) in the EL with a significantly lower tBRR in the lateral
region (5.17% =+ 1.3, p = 0.033) compared with the CL (5.89% =+ 1.48) (Table 2), whilst tBFR
tended to be higher (or maintained) in the EL relative to the CL.
Table 2: Absolute values of trabecular bone

formation rate (tBFR) and bone resorption rate
(tBRR) after 6-month exercise.

tBFR (%/month) tBRR (%/month)

Global
EL 326052  3.072043"
CL 3.16  0.64 3.23+0.57
Regional
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Anterior

EL 6.42 +1.78P 5.68 +1.81P

CL 6.25 +1.86 6.51 £2.02
Lateral

EL 5.80 +1.11 5.17 +1.322

CL 571 +1.36 5.89 +1.482

Posterior

EL 5.32 +1.31 5.06 +1.14

CL 5.24 +1.59 5.42 +1.69
Medial

EL 4.83 +1.41 4.61 £1.22

CL 4.55+1.42 471 +1.35

Data are expressed as mean * standard deviation;
one-way RMANOVA was used to compare the
difference: (1) between tBFR and tBRR within each
leg; (2) between legs.

? significant difference between EL and CL
b significant difference between tBFR and tBRR

CL A

/;<

N

P P

58 L M > 59 L

B (BFR <«—» Significant difference of tBFR between regions

tBRR <«—» Significant difference of tBRR between regions

Figure 4: Variation of tBFR and tBRR across anatomic regions: A (anterior), P (posterior), L
(lateral) and M (medial) in EL and CL. Regional comparisons within each leg were
conducted using one-way RMANOV A (Significant differences between regions were
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indicated and linked using double-sided arrows; the values representing the scale of the
gridlines are from 3.0% to 6.5%).

Discussion

This study demonstrated that high-impact exercise can induce both global and regional changes
in remodelling rate, microstructure and mechanical competence of trabecular bone in human
distal tibia. Following 6-months of exercise, there were significant improvements in Tb.N and
possibly BV/TV across the distal tibia in the EL relative to the CL, with significantly higher
net bone turnover (tBFR significantly higher than tBRR) observed in EL. Using 3D rigid
registration of HR-pQCT scans, it was revealed for the first-time that these global changes were
associated with a lower bone resorption rate of the EL relative to the CL in the antero-lateral
region, with parallel increases in anterior BV/TV, Tb.N, and reduction in Tb.Sp. Also, it was
demonstrated that the exercise-induced trabecular adaptations and changes in microstructure

varied across the distal tibia, with substantial improvements in the anterior region.

One of the novel components of the study was the use of 3D rigid registration and regional
analysis to provide local measurements of the bone remodelling rate across the distal tibia.
Significant regional differences were evident: the control leg demonstrated both higher
formation and resorption in the anterior (6.25% and 6.51%) and lateral regions (5.71% and
5.89%), respectively, than in the medial tibia (4.55% and 4.71%). The exercise appeared to
suppress bone resorption in EL, particularly in the antero-lateral tibia, so that resorption did
not differ regionally, although the bone formation remained significantly greater (+25%) in the
anterior than medial tibia. Our findings suggest that the postmenopausal bone remodelling rate
across the distal tibia has a spatially non-uniform distribution, with the anterior and lateral

regions being particularly active remodelling parts, both in terms of bone resorption and
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formation. The hopping intervention suppressed the remodelling process by shifting away from
a pro-resorption regime towards a formation-dominant process. It is possible that the regional
suppression in the antero-lateral region was the result of the elevated and non-uniform strain
and strain rate, experienced at this site during the multidirectional high-impact exercise
[31][32]. Sode et al. also reported a significantly larger loss of trabecular structure in the antero-
lateral region of the distal tibia in women aged between 65-79 [8], and the loss of mechanical
integrity may result in higher strains induced during exercise at this region and hence more
adaptation to mechanical loading. Although no significant effects on bone formation in
postmenopausal women were observed, some animal studies reported that mechanical loading
affected both the formation and resorption rates [33][34]. Interestingly, our results also suggest
that this jumping intervention could help to balance the resorption rate between the regions,
especially, an improvement in bone quality was found in the anterior region for the first-time,
which was reported as the “weakest” region of the distal tibia before [8][35]. Furthermore, the
magnitude of the reduction in the resorption rate reported in this study was consistent with that
observed using biomarkers during a three-year follow-up study of anti-resorptive
(bisphosphonate) treatment [36][37], however, without the potential side effects caused by

drugs.

The trabecular bone volume fraction and number were increased and maintained in the exercise
leg but tended to decline in the control leg. Among the EL regions, there were significant
increases up to +6.1% and +6.1% in BV/TV and Tb.N, respectively, accompanied by -5.9%
and -5.0% reduction in Tb.Th and Tb.Sp. In contrast, no significant change was observed in
the CL, consistent with the observation of unaltered Tb.Th in ageing bone [38][39][40].
Explanations for this might be that the exercise resulted in the formation of trabeculae with

lower thickness initially, or trabecular separation/branching from the existing trabeculae. This
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suggestion is supported by our observation that Tb.N increased more in the EL than CL. Gabet
et al. further suggested that the unaltered Tb.Th in aging skeleton may originate from two
sources: (i) a biased measurement incorporating the cortical remnants, generated from the
cortical bone resorption process, i.e., trabecularization of the cortex; (ii) the early clearance of
thin trabecular struts [41]. Our results support the hypothesis that mechanical loading might
efficiently reduce the trabecularization of the cortex as a result, suppressing the cortical
resorption process. This suggestion is further supported by local increases in the cortical mass
surface density of proximal femur in our previous study [5]. A proof of this requires further

analyses of cortical bone as well as trabecular changes.

The effects of physical exercise on the distal tibia measured with HR-pQCT was examined
previously. In particular, the observed localised increases in BV/TV and Tb.N in our study are
consistent with changes in response to jumping activity, previously reported for boys [4].
However, a recent study with postmenopausal women using a shorter, 3-month intervention
observed improvements only in mechanical properties, while no significant changes in
trabecular microarchitecture were found [42]. This was, probably, because this duration was
insufficient for the necessary changes in mineralisation to be detected with HR-pQCT. On the
other hand, another study [9], with a cohort of women aged 21.5 + 3.3 yrs subjected to 8-week
US army basic combat training, led to significant improvements in trabecular bone
microarchitecture and bone strength measured following the standard HR-pQCT protocol. It is
possible that the cohort age, exercise intensity, duration and study design, as well as the adopted
measurement technique, differed for these studies. Yet, the benefits of physical exercise on
bone health in general are profoundly evident across all studies. By implementing a 3D rigid
registration analysis, it was possible to observe a clear shift in the remodelling process of the

human distal tibia in response to physical exercise for the first-time. Further studies may be
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required to investigate the sensitivity of bone remodelling rate to different factors in order to

understand and deliver targeted benefits to different cohorts.

One benefit of using local trabecular measurement is its capability to detect minor and region-
specific changes that otherwise cannot be detected based on mean values provided by the global
HR-pQCT measurement across the whole tibia area [8][35][4]. One possible implication of this
study is that regional variations in the changes of bone resorption and formation may help to
improve our understanding of the structural-function evolution in the development of early

osteoporosis, especially in regions prone to deterioration, such as the anterior region [8][43].

A radical change of trabecular structure from plate-like to rod-like was reported in ageing and
osteoporotic cohort studies [44][45]. However, in our study, non-consistent changes between
the plate-like and rod-like structures in the non-osteoporotic cohort were found. We conjecture
that the bone remodelling process in healthy, and ageing/osteoporotic cohorts maybe subject
to different regulation pathways. The changes in plate-like and rod-like structures only partially
reflect the morphological variations of trabecular microarchitecture. Further assessment of
their orientation distribution such as those reported in [46][47] could be performed for an

additional insight.

This study has strengths in the novel variables assessed and the unilateral design that provided
a well-matched control limb, but some limitations warrant acknowledgement. First, the number
of participants who completed the 6-month intervention was only nine; however, a total of 36
ROI was extracted on each region to analyse the regional difference, the well-matched control
limb increases statistical power and findings were adjusted for multiple comparisons. The study
provides preliminary data needed to support further larger cohort studies. Secondly, it is

possible that the hopping intervention influenced the control limb also, due to changes in
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activity during the intervention or any systemic musculoskeletal effects. But in previous
research changes in the control leg did not differ from changes in a randomly assigned control
group [48]. Another factor was that the intervention was only for six months, possibly limiting
the magnitude of trabecular bone variables reported. However, results from previous research
demonstrated that this was adequate to detect changes in femoral neck BMD [5], and the current
study demonstrates that six-month intervention was long enough to register trabecular
adaptations across distal tibia. Furthermore, the stiffness predicted with FE simulations did not
include the effect of spatial variations of bone mineral density at individual voxel level, hence,
may offset the accuracy of the predicted stiffness changes. Nonetheless, the reported relative
changes outweigh the importance of their absolute values; it is recommended that FE analysis
performed in this and in other HR-pQCT-based studies can be further improved by
implementing spatially non-uniform material properties based on measurements of bone
mineral density for individual voxels. Last but not least, the report of absolute values of
microstructural and bone remodelling parameters may also be limited by the spatial resolution
(82 um voxel size) of HR-pQCT images. In addition, the current registration method requires
rotation of the images into the same coordinate system, which may introduce interpolation bias
[13][33]. However, our short-term reproducibility study showed that the RMSCV % value was
below 3.4% and comparable with reproducibility of other HR-pQCT analyses [33][49]. New
methods of image registration to reduce interpolation biases [50] [15] might improve the

accuracy of absolute values for further studies.

In summary, we provided evidence that a 6-month high-impact exercise intervention can
increase trabecular number and may improve trabecular volume fraction of the distal tibia. Our
novel localised analysis demonstrated region-specific changes predominantly in the anterior

region in postmenopausal women. This is the first study to examine effects of exercise on the
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remodelling rates across the distal tibia, demonstrating significant higher formation than
resorption rate as a result of exercise, with suppression of the resorption rate particularly in the
antero-lateral region. These local changes in trabecular microstructure and stiffness, in
conjunction with the observed changes in adaptation as a result of high-impact exercise may
offer further insight into the structural-function relationship and load adaptation process of
human skeleton tissue. In addition, it is also plausible to conclude from this study along with
previous evidence that impact exercise may offer an effective intervention strategy to produce
beneficial microarchitectural as well as global adaptation that may reduce risk of osteoporosis

and distal tibia stress fracture.
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Appendix I: Rates of bone formation (tBFR) and resorption (tBRR) per month between EL
and CL for each RVE to demonstrate local variation.
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Appendix II: Mean difference in BV/TV, Tb.Th, Tb.SP, Tb.N, Tb.BS, pTb.N/tTb.N and
stiffness of each RVE between pre- and post-intervention for EL and CL.
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