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Bone structure and density via HR-pQCT in 60d bed-rest,
2-years recovery with and without countermeasures

D.L. Belavy, G. Beller, Z. Ritter, D. Felsenberg

Charité Universititsmedizin Berlin, Center of Muscle and Bone Research, Hindenburgdamm 30, 12203 Berlin, Germany

Abstract

We examined the effects of bed-rest, recovery and exercise countermeasures on bone density and structure at the distal tibia and
radius as measured via high-resolution peripheral computed tomography. 24 subjects underwent 60-days of head-down tilt bed-
rest and performed either resistive vibration exercise (RVE; n=7), resistive exercise only (RE; n=8) or no exercise (n=9; 2" Berlin
BedRest Study; BBR2-2). Measurements were performed regularly during and up to 2-years after 60d bed-rest. At the distal tibia
marked reductions in cortical area, cortical thickness and bone density but increases in periosteal perimeter and trabecular area
were seen (p all<0.001). Recovery of most parameters occurred within 180d after bed-rest. At the distal radius, persistent increases
in cortical area, cortical thickness, cortical density and total density and decreases in trabecular area were seen (p all<0.005). A sig-
nificant effect of RVE (p=0.003), but not RE, was seen on cortical area at the distal tibia, with few effects of the countermeasures
observed on the remaining parameters. The current study represents the first implementation of high-resolution peripheral computed
tomography in bed-rest in male subjects and helps to understand the patterns of bone remodeling due to bed-rest and recovery.

Keywords: micro-CT, 3D-pQCT, Spaceflight, Immobilization, Training

Introduction

Prolonged bed-rest is a methodology used by space agencies
to simulate the physiological effects of spaceflight on the
human body'. Whilst an underlying aim of such studies is to
assess potential countermeasures against the changes in the
human body seen in spaceflight, astronauts and cosmonauts
are a relatively small and specialised clientele. Bed-rest rep-
resents, however, extreme inactivity”. With many patients sub-
ject to immobilization, inactivity or bed-rest due to medical
conditions or medical interventions, an overarching aim of
bed-rest studies is to understand the effects of “inactivity” on
the human body.
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One of the main organ systems affected by bed-rest is bone.
Bone loss in bed-rest is typically characterised by reduction in
bone mass and density in the “load-bearing” regions (legs, hip,
and pelvis), with comparatively less bone loss in body regions
where the loading patterns in bed-rest or spaceflight are less
affected (such as the wrist and skull)**. Investigations in bed-
rest and spaceflight on bone to date have largely been restricted
to assessment of its mass and density. Whilst adequate bone
density is considered critical for resistance to bone fracture,
other factors, such as the structure of bone are also important.
The organisation of bone tissue has an important impact on its
mechanical properties’. With recent advances in scanning tech-
nology, assessment of bone structure has become possible.

High-resolution peripheral computed tomography (HR-
pQCT) has been implemented in recent years to provide high
resolution (<100 um thickness) scans of bone at the distal tibia
and distal radius. In addition to more mundane parameters of
bone density, HR-pQCT can provide information on a number
of bone structure parameters, such as cortical thickness and
trabecular number in different regions of bone, such as the
inner-trabecular region, trabeculae closer to the endocortical
surface and the bone cortex®'?. Some of these parameters, such
as cortical thickness, have been shown by prior work to relate
directly the mechanical properties of bone". To date, HR-
pQCT has been used to investigate the effects of pharmaceu-
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tical intervention on bone structure'*'°, changes in bone struc-

ture with weight gain in anorexia'’, as well as the association
of physical activity in youth'® and age in the elderly'® on bone
structure in cross-sectional studies. To the best of our knowl-
edge, however, there have been no published prospective stud-
ies on the effects of physical inactivity or exercise on bone
structure in men, as measured by HR-pQCT.

The 2™ Berlin BedRest Study®?' was implemented to in-
vestigate the effects of inactivity and two different counter-
measure exercise protocols on changes in male subjects during
60d bed-rest. The primary outcome measure of this study was
bone mass at the distal tibia, as measured with conventional
peripheral quantitative computed tomography*'. However, an
additional aim of our research group is to understand the ef-
fects of inactivity on bone as measured with HR-pQCT. In the
current work, we address this goal using HR-pQCT measure-
ments in prolonged (60d) bed-rest in male subjects with and
without exercise interventions.

Materials and Methods
Bed-rest protocol and subjects

Details of the study protocol have been published else-
where®. However, in brief: 24 medically and psychologically
healthy males participated in the 2™ Berlin BedRest Study
which was conducted at the Charité Campus Benjamin Franklin
in Berlin, Germany, by the Centre for Muscle and Bone Re-
search from 2007 to 2010. The subjects had no history of bone
or joint disease and were not osteopenic or osteoporotic (i.e.
lumbar spine and hip dual X-ray absorptiometry >-1.5 SD and
lumbar spine trabecular bone density on quantitative computed
tomography >120 mg/ml). Further inclusion and exclusion cri-
teria are listed elsewhere®. Subjects attended the facility for
nine days of baseline data collection (BDC-9 to BDC-1), un-
derwent 60-days of six-degree head-down tilt bed-rest (HDT),
remained in the facility for seven days after reambulation (R+1
to R+7) and returned to the facility 14, 30, 180, 360 and 720
days after reambulation (R+14, R+30, R+90, R+180, R+360
and R+720) for follow-up testing. The study was approved by
the ethical committee of the Charité Universititsmedizin Berlin
and the radiological examinations were approved by the Bun-
desamt fiir Strahlenschutz. All subjects gave their informed
written consent prior to participation in the study.

Subjects were randomized to three different groups: one that
performed resistive exercises with whole-body vibration dur-
ing bed-rest (RVE; n=7), one that performed resistive exercise
only (RE; n=8) and one that performed no exercise and served
as a control group (CTR; n=9)*.

Countermeasure exercise during bed-rest

The countermeasure exercise protocol is discussed in detail
elsewhere®. In brief, however, exercise maneuvers were cho-
sen to target those load-bearing regions of the body that are
most affected by bed-rest (i.e. lower-quadrant). Training was
performed three days a week during the HDT-phase. After a
short warm up, the following exercises were performed on the
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Galileo Space exercise device (Novotec Medical GmbH,
Pforzheim, Germany; Figure 1): bilateral squats (~75-80% of
pre bed-rest maximum voluntary contraction: in RVE-group
vibration frequency 24 Hz, amplitude 3.5-4 mm, peak accel-
eration ~8.7 g where g=9.81 ms™), single leg heel raises (~1.3
times body-weight; in RVE-group vibration frequency 26Hz,
amplitude 3.5-4 mm, peak acceleration ~10.2 g), double leg heel
raises (~1.8 times body-weight; in RVE-group vibration fre-
quency 26 Hz, amplitude 3.5-4 mm, peak acceleration ~10.2 g),
back and heel raise (performing hip and lumbar spine exten-
sion against gravity with ankle dorsiflexion but with ~1.5 times
body-weight applied at the shoulders; in RVE-group vibration
frequency 16 Hz, amplitude 3.5-4 mm, acceleration ~3.9 g).
The RVE-group performed the same exercises as the RE-group
except that whole-body vibration was applied”. Note that the
acceleration parameters stated refer to the acceleration of the
platform itself, effective accelerations on the subject are much
lower. The maximum resulting ground reaction forces trans-
mitted to the feet of the subjects result in effective acceleration
at the feet in the order of 0.7 g (unpublished observations).

High-resolution peripheral computed tomography

The left distal forearm and left distal tibia of the volunteers
were measured with a high resolution HR-pQCT system
(XtremeCT; Scanco Medical AG, Bassersdorf, Switzerland)®'?
to assess density and micro-architecture of the bone tissue. If
any conditions (e.g. prior fracture) were found which pre-
cluded a valid measurement, the right side was measured for
the duration of the study. Measurements were performed by
the same operator 3-days prior to the bed-rest (BDC), on day-
30 (HDT30) and day-59 (HDT59) during the bed-rest phase
and day-3, -15, -30, -90, -180, -360 and -720 in the post-bed-
rest recovery phase (R+3,R+15, R+30, R+90, R+180, R+360
and R+720). A total scan length of 9.02 mm in axial direction
divided into 110 slices was simultaneously measured with a
nominal isotropic resolution of 82 um over a scan time of 2.8
minutes. The standard patient settings were applied concerning
effective energy, x-ray tube current and matrix size (60 kVp,
95 mAs and 1536x1536 pixels, respectively). Total effective
dose was less than 3 puSv per scan. The standard control files
for the tibia and radius were used.

In order to achieve a high reproducibility, the subjects were
positioned carefully in a formed carbon fiber cast and fixated
in the gantry. Measurements were performed in supine lying.
An anteroposterior scout view was used to determine the start
position of the measurement. A reference line was positioned
at a certain landmark in the joint space and the measurement
started 9.5 mm and 22.5 mm proximal to this line in the radius
and tibia respectively. A number of criteria were used to de-
termine whether a measurement was valid or if it had to be re-
peated directly. In some cases a certain measurement day could
not be included in further analysis as no valid measurement
was achieved. If a subject moved during the image acquisition
the segmentation of bone and soft tissue can be affected.
Therefore the measurements were validated and classified as
follows:
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Figure 1. Countermeasure exercise training. Both the resistance exercise only (RE) and resistance exercise with whole-body vibration (RVE)
groups performed their exercises on the specially designed Galileo Space exercise device. Subjects were positioned in head-down tilt on a
moveable platform with shoulder pads and hand grips preventing downward movement and permitting application of force via the platform. A
pneumatic system (not shown) generated the force, applied through the moveable platform, against which the subject needed to resist and move
(via the shoulder pads and hand grips). The feet were positioned either side of a platform which could be set to vibrate in the RVE group.
Subjects were given visual feedback of their actual and target position in the exercise via a monitor placed in the subjects’ field of view. Here
the subject is performing the combined back lift and ankle dorsiflexion exercise.

* The measurement shows no signs of motion artifacts (grade 1)

* A minimal non-sharpness of the contours can be indicated
(grade 2)

* The measurement is significantly blurred (visible artificial
lines inside the image; grade 3).

* The contours of the cortical structures are discontinued and bro-
ken. The results of the measurement are not valid (grade 4).

Only images with grades of three or less were considered
valid and hence used in final analyses. Another criterion for an
invalid measurement was an overlap of less than 80% in the
length of the region scanned in follow-up measurements com-
pared to that of the baseline measurement (common region).

For evaluation, the bone volume is separated from the sur-
rounding soft tissue by a threshold based contour algorithm.
The standard measurement protocol (software version number
6.0G) was used for image analysis. The following parameters
were calculated using this protocol: density of the entire meas-
urement volume, density of the cortical and trabecular regions,
density of the outer 40% of the trabecular sub-region, density
of the inner 60% of the trabecular sub-region and thickness of
the cortical layer. Cortical area, trabecular area and the circum-
ference of the outer cortical perimeter were calculated. The
number of trabeculae, trabecular thickness, trabecular separa-
tion and the index of trabecular network inhomogenity were

also calculated within the entire trabecular region.

The sample size estimates of the 2™ Berlin BedRest Study
were based upon distal tibia bone mineral content as measured
by conventional peripheral quantitative computed tomography
(pQCT)* and was not powered to the HR-pQCT measure-
ments considered in the current investigations. As there is lim-
ited data on the HR-pQCT data in bed-rest with and/or without
countermeasures, it was difficult to conduct a sensitivity analy-
sis for this study. Thus, we consider the current work to be an
exploratory study for the comparison between CTR,RE, RVE.

Statistical analyses

To evaluate the effect of bed-rest, recovery and the impact of
countermeasures, linear-mixed effects models* were used. For
each of the outcome parameters, analysis was first conducted on
absolute-values with ‘group’ (RVE, RE, CTR) and ‘study-date’
(BDC, HDT30, HDT59, R+3, R+15, R+30, R+90, R+180,
R+360 and R+720) main effects and their interaction. Al-
lowances were made for heterogeneity of variance for study-date
and group with random effects for each subject. Where there the
groupxstudy-date interaction showed a p-value less than 0.05,
further testing was done: (a) the models were repeated using data
on percentage change compared to baseline to try to rule out po-
tential effect of subtle differences in baseline data between groups
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Group Age (years) Weight (kg) Height (cm)
CTR 33.1(7.8) 80.6(5.2) 181.3(6.0)
RE 31.1(5.1) 75.0(12.8) 179.3(7.7)
RVE 32.2(10.4) 81.5(6.2) 179.6(5.8)

Values for age, weight and height are mean(SD). CTR: inactive control group; RE: resistive exercise only group; RVE: resistive exercise with whole-
body vibration group. There were no differences between groups for any of these variables (F all<1 .2, p>.33).

Table 1. Baseline subject characteristics.

Parameter

Abbreviation and unit Description Tibia Radius

CortArea [mm?2] Cortical area 158.3(23.2) 71.2(11.3)
Ct.Pm [mm)] Cortial periosteal perimeter 117.0(11.4) 81.1(6.5)

Ct.Th [um] Cortical thickness 1.4(0.2) 0.9(0.1)

D100 [mg/cm?] Total density 327.3(53.3) 337.6(53.8)
Dcomp [mg/cm?] Cortical density 886.1(32.0) 876.7(31.6)
Dinn [mg/cm?] Density of inner 40% of trabecular region 156.5(37.1) 149.5(41.2)
Dmeta [mg/cm?] Density of outer 60% of trabecular region 260.8(38.1) 237.2(36.0)
Dtrab [mg/cm?] Trabecular density 198.7(37.1) 185.3(38.5)
TrabArea [mm?2] Trabecular area 722.8(169.7) 276.7(55.3)
Tb.1/N.SD [um] Trabecular network inhomogeneity 0.18(0.04) 0.19(0.03)
Tb.N [mm-1] Trabecular number 2.04(0.23) 1.80(0.17)
Tb.Sp [um] Trabecular separation 0.42(0.07) 0.47(0.06)
Tb.Th [pm] Trabecular thickness 0.08(0.01) 0.09(0.01)

Values are mean(SD). N=24. For changes over time for all subjects pooled, see Figures 3 and 4. For baseline data in each group and
changes within each group, see Tables 3 and 4.

Table 2. Baseline HR-pQCT parameters for all subjects.
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Figure 2. Number of HR-pQCT data sets available on each study-date. CTR: inactive control group, RE: resistive exercise only group, RVE:
resistive exercise with whole-body vibration group. BDC: baseline data collection 3 days prior to bed-rest, HDT: day of head down tilt bed-
rest, R+: day of recovery. One subject (RE group) dropped out after the 30" day of bed-rest for medical reasons unrelated to the investigations
reported here. Note the values given are for the tibia measurements. For the radius, data of sufficient quality could not be obtained from one
subject each on HDT30 (RVE group), R+3 (RVE group) and R+720 (CTR group). For more information on image quality, see text.
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Figure 3. Distal tibia HR-pQCT parameters during and after bed-rest pooled across all subject groups. Values are mean(SEM) percentage
change compared to baseline (significance indicated by: a: p<0.05; b: p<0.01; c: p<0.001). All parameters showed evidence on ANOVA (p<0.01)
for changes over the course of the study in this pooled data set. All analyses performed on absolute values. Analysis of percentage change data
yields same statistical results (data not shown). HDT: day of head down tilt bed-rest, R+: day of recovery. For CortArea, Ct.Th, Tb.1/N.SD,
Tb.N, Tb.Sp and Tb.Th there was some statistical evidence for a different response in the three subject groups (see text and Table 3) for further

details. See Table 2 for parameter name descriptions.

and, then, (b) if the effect still persisted, subsequent two-group
models (i.e. CTR vs. RE, CTR vs. RVE and RE vs. RVE) using
percentage change data were conducted to examine which
group(s) could have been responsible for the effect. Furthermore,
apriori contrasts comparing days HDT30 and beyond to baseline
within each group and also for all groups pooled. An alpha level
of 0.01 was used for statistical significance for the ‘study-date’
main-effect and ‘groupxstudy-date’ interaction on ANOVA, and
p-values for these model terms being less than 0.05 but greater
than 0.01 were considered trends. For analysis of changes during
and after bed-rest, as multiple measurement sessions were un-
dertaken on the same subjects, a Bonferroni adjustment was not
performed, rather we looked for consistent “significant” differ-
ences across time points. Subject age, height and weight had little
influence on the findings if they were incorporated in the models
as linear co-variates and were hence excluded from the analyses
presented here. The statistical analyses were performed with the
“R” environment for statistical computing and graphics version
2.10.1 (www.r-project.org).

Results

Subject baseline anthropometric data are given in Table 1.
The numbers of subjects whose data were available for analy-
ses are presented in Figure 2. The median(min-max) common-
region at the tibia was 94(81-97)% and 91(87-95)% at the
radius. It was typically easer to obtain images free of move-
ment artefacts from the tibia: 215 images were graded as qual-
ity-1, six as quality-2, zero as quality-3 and one as quality-4,
whereas at the radius: 115 images were graded as quality-1,
88 as quality-2, 15 as quality-3 and four as quality-4. For the
tibia, inclusion of the six quality-2 images in the statistical
analyses strongly influenced the results for trabecular separa-
tion and trabecular number, but not other parameters. These
data points from these six quality-2 images were obvious out-
liers compared to the remaining data points from each subject
(data not shown), were hence excluded from further statistical
analysis and only data from images of quality-1 were included
in the analyses presented here. For the radius, the quality of
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images had limited effect on the outcome of statistical analysis
(data not shown) and hence images of quality 1, 2 and 3 were
included in the analyses presented here.

Effect of bed-rest and recovery

At the distal tibia all parameters showed evidence on
ANOVA (p<0.01; Figure 3) for changes over the course of the
study. Cortical area and thickness decreased during bed-rest
(HDT59: p<0.001) and remained so up until R+30 (p<0.001)
with the reductions at R+90 and R+180 no longer being sig-
nificant. Cortical perimeter (p=0.017) and trabecular area
(p<0.001) increased significantly by HDT59 and remained so
until R+180 and the sustained increase at R+180 was signifi-
cant in cortical perimeter (p=0.006) but not trabecular area
(p=0.066). Total density decreased significantly by HDT59
(p<0.001) with this reduction remaining significant up to and
including R+30 (p<0.001). Cortical density first showed sig-
nificant reductions 3d after bed-rest (R+3; p<0.001) with this
significant (p<0.001) effect persisting up until R+180. At
R+360 (p=0.26) and R+720 (p=0.14) the reduction of cortical
density was no longer significant. Reductions of trabecular
density reached significance at HDT59 (p=0.028) with this re-
duction persisting significantly only up until R+3 (p=0.002).
The two sub-components of trabecular density, density of the
inner 40% (Dinn) and outer 60% (Dmeta) of the trabecular net-
work also showed reductions with Dinn being significantly re-
duced at R+3 only (p=0.013). Whilst Dmeta showed a similar
pattern of loss as Dinn, reductions in this former parameter
were significant from HDT59 to R+30 (0.0007<p=<0.027). At
R+720, both Dtrab (p=0.013) and Dinn (p=0.005) were de-
creased significantly, and these effects persisted if subjects
with incomplete data sets were excluded from analyses (data
not shown). Whilst trabecular number decreased significantly
(p=0.006) at HDT59 whilst trabecular network inhomogeneity,
trabecular separation and trabecular thickness were increased
at the same time-point (0.012<p=<0.034), these parameters were
typically associated with high variability and no clear pattern
of recovery could be discerned as in the other HR-pQCT pa-
rameters (Figures 3 and 4).

At the distal radius, cortical area, cortical thickness, total
density, and cortical density increased and trabecular area de-
creased at a number of time points from HDT30 until the end
of the study (Figure 5). Whilst the study-date main effect on
ANOVA of the absolute values for these effects was signifi-
cant for cortical density only (p=0.002) and not for the re-
maining parameters (p=0.070), ANOVA of the data as
percentage change compared to baseline showed that the
changes in these parameters were indeed significant
(p=<0.005). For cortical perimeter, ANOVA indicated a trend
for a change at some stage over the course of the study
(p=0.031), but this effect was restricted to the final measure-
ment date. No statistically significant changes (p=0.23) were
observed on ANOVA for trabecular density, its sub-compo-
nents (Dinn and Dmeta) or on the trabecular network structure
parameters at the distal radius. The “significant” effects seen
at R+720 on distal radius cortical perimeter, trabecular density

D.L. Belavy et al.: HR-pQCT in prolonged bed-rest

and its subcomponents (Dinn and Dmeta) did not persist if
subjects with incomplete data sets were excluded from analy-
ses (data not shown).

Effect of countermeasures

At the distal tibia, evidence was apparent from ANOVA for
a different response between the three subject groups for cor-
tical area (p=0.003), cortical thickness (p=0.023), trabecular
network inhomogeneity (p<0.001), trabecular number
(p<0.001), trabecular separation (p<0.001) and trabecular
thickness (p=0.004; Table 3). For cortical area, the RVE group
showed less loss than the CTR (p=0.034) and RE (p=0.003)
groups. For the trend observed for cortical thickness, the RVE
group showed less loss than the CTR group (p=0.024),
whereas this effect did not reach significance in the RE-group
(vs. CTR p=0.557). For the parameters of trabecular network
inhomogeneity, trabecular number, trabecular separation and
trabecular thickness, significant differences on two-group
ANOVAs comparing the RVE to CTR (p<0.005) as well as RE
to CTR (p=<0.018), but not RVE and RE (p=0.13) were seen.
Where significant changes were found within the CTR group,
increases in network inhomogeneity, decreases in trabecular
number, increases in trabecular separation, and increases in
trabecular thickness were observed (Table 3). The RVE and
RE groups typically did not show these changes, or show them
to the same extent.

At the distal radius, no significant differences between
groups were seen in the response during bed-rest and recovery
(p=0.052; Table 4).

Discussion

To our knowledge, the current study is the first to prospec-
tively evaluate changes in bone using HR-pQCT associated
with physical activity in men: during and after prolonged bed-
rest with and without exercise countermeasures. In addition to
the evaluation of bone density in various regions of the bone
in the distal tibia and distal radius, HR-pQCT permits the eval-
uation of bone structure parameters such as cortical thickness
and area, periosteal perimeter length and also trabecular num-
ber, area and separation.

In terms of the effect of bed-rest, the HR-pQCT parameters
at the distal tibia showed greater changes than the distal radius.
This is a finding consistent with data from other measurement
modalities such as dual X-ray absorptiometry’* and peripheral
quantitative computed tomography (pQCT)*** which consis-
tently show that bones in load-bearing regions (such as the tibia)
show a greater extent of changes during bed-rest than non-load
bearing regions (such as the forearm). At the tibia, reductions in
cortical area and cortical thickness were seen during bed-rest
whilst trabecular area and the cortical periosteal perimeter in-
creased concurrently. This finding of increased trabecular area
is consistent with findings during bed-rest using conventional
pQCT at the distal tibia®, although in this prior work, no reduc-
tions in cortical area were seen. Also, as could be expected from
prior work, reductions in bone density were seen at the distal
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Table 3. Distal tibia HR-pQCT parameters during and after bed-rest in each group.

Group Study-date
BDC HDT30 HDT59 R+3 R+15 R+30 R+90 R+180 R+360 R+720
CortArea [mm?] #; 1, e f
CTR 1673(226) 06Q24)% -192.1)%b -242.1)%b -252.1)%c -252.1)%c -2124)%a -1629% -06(4.1)% -0.540)%
RE 160.1224) -0.108)% -1.6(09)%c -2009)%c -1.712)%c -1510)%c -0307)% 02(12)% 09(14)% 122.5%
RVE  14491224) -0.708)%a -18(1.7)%b -1.7(1.7)%a -18(12)%c -12(10)%b 0.5(0.6)%a 0.8(0.7)%b 09(13)% 042.1)%
Ct.Pm [mm]
CTR 1185(119) 00(02)%  0.1(02)%a 02(02)%b  03(02)%c 0204)% 0202)%b 0202)% 0003)% -02(04)%
RE 1162(119) 0004)%  0.1(03)% 03(03)%a 0203)%a 0104)% 0.103)% 0104H% -0.104)% -0.104)%
RVE 1160(119) 0002)%  0.1(03)% 0.100.3)% 0.10.1)%a 0.102)% 0.102)% -0.103)% -0204% 0204)%
Ct.Th [um] *; e f
CTR 14(0.2) 0728)% -2225%b -27125%b -2925)%c -282.6)%b -2328)%a -1733)% -06(43)% -04(44)%
RE 14(0.2) 0.109% -16(09)%c -2.108)%c -18(12)%c -1708)%c -050.8)% 01(14H% 10(1.6)% 132.8)%
RVE 1.3(0.2) -0909)%b -1.8(13)%c -19(1.7)%b -18(10)%c -16(0.8)%c 051.1)% 1.1(14)%a 1.1(18)% 0.13.0)%
D100 [mg/cm?]
CTR 3303(522) 02(1.D0% -1010)%b -12(10)%c -12(1.1)%b -12(1.1)%c -07(12)% -1.1(13)%a -0.722)% -1324)%
RE 3472(522) 0.105% -0805)%c -1.1(0.6)%c -0.70.6)%b -0.70.6)%b -030.6)% 0.1(0.75% 00(10)% 0.0(1.5)%
RVE 3008(522) -0410)% -0712)% -12(12)%b -07(10)% -06(08)% 05(1.1)% 04(13)% 04(15% -03(13)%
Dcomp [mg/cm?’]
CTR 891.8(330) 0.104H% -0204€% -0405)%a -050.6)%a -0.60.6)%b -04(03)%c -0502)%c -0.109% -0.3(1.0)%
RE 886.5(33.1) 0304)%a -0204)% -04(05)%a -0404)%a -0504)%b -0304)% -0204)% -0305% -040.8)%
RVE 8783(332) 0005% -0108)% -0406)%  -03(0.6)% -050.5)%a -0.104% -0204)% -020.6)% -04(1.0)%
Dinn [mg/cm?]
CTR 1530349) 00(10)% -0.7(1.1)%a -0.5(0.9)% 0.0(1.0)% 000.7%  07(18)% -06(1.6)% -1.1123)% -3.0(3.5)%a
RE 1769350) 0.1(13)% 06(1.)% -09(12)%  -01(12)% -02(1.)% -0.1(13)% 03(1.1)% -051.7)% -092.3)%
RVE 1377(350) -0626)% -0.123)% -1023)% 0122)%  012.1D% 0923)% 0335% -0569% -1.73.6)%
Dmeta [mg/cm?] #
CTR 262234.1) -0.109% -0.6(0.8)%a -0.708)%a -0.7008)%b -0.6(08)%a -02(13)% -0814)% -1222)% -2.1(2.6)%a
RE 283.1(34.1) 000.6)% -050.6)%a -06(0.7)%a -0505)%a -040.6)% -020.6)% -0107)% -03(10)% -0.6(12)%
RVE 2336(34.1) 03(13)% -0314€% -0714€% -01(12)% -01(12)% 0814% 0414)% 05(15% 0.8(1.6)%
Dtrab [mg/cm?] #
CTR 1972342) -0.108)% -0708)%b -0.6(0.7)%a -0408% -030.7% 03(15% -07(13)% -12Q2.1)% -2.6(3.0)%a
RE 2199342) 000.8)% -050.6)%a -0.708)%b -030.7% -0308)% -0.108)% 0.109% -04(13)% -0.7(1.6)%
RVE 1764(343) 04(19% -01(1.7)% -09(1.8)% 0.0(1.6)% 00(1.7Y%  08(18)% 0423)% 0123)% -0423)%
TrabArea [mm?3]
CTR 7358(177.1) 0.1(005% 0404)%b 0404H%b 0404H)%c 0404)%c 0404)%b 0305)% 0.10.7)% 0.0(0.6)%
RE 7142(177.1)  0.1002)% 03(02)%c 0302)%c 0302)%b 0202)%b 000.1)% -0.1002)% -0.2(03)%a -0.3(04)%a
RVE 7160(177.1) 0.1(0.D)%a 030.3)%b 0302)%b 030.1)%c 020.1)%c -0.102)% -02(02)%a -02(03)% 0.0(0.2)%
Tb.1/NSD [um] #; d e
CTR  0.17(0.03) 246.1)%  41(63)%  240T4H% -62(12.1)% -1969)%  3.1063)% 4964 %a 456.1)%a 4.0(52)%a
RE 0.17(003) -0.14.1)% 084H%  2549%  224H% 2042)% -3737N%a -1443)% -0842)% -13B4%
RVE  0.20(0.03) 1.780)%  2.3(6.7)% 0.6(6.6)% 06064H% 2770)% 0470)% -15800% -15(71.71% -0.6(7.3)%
Tb.N [mm-1] ;d e
CTR  208(021) -2550% -4248)%b 0.7(5.7)% 24055)%  -04(48)% -34(45)%a -44(4.8)%a -42(4.8)%a -3.7(44)%a
RE 2.11021) 0.149% -054.5)% 1.7(54)% 1.6(5.2)% 1445)% 244.1)% 1042)% 04@4H% 1.14.1)%
RVE  190021) -22(56)% -3554)% -16062)% -11657)% -2753)% -156.1)% 02654€% 02(55% -054.8)%
Tb.Sp [um] £, d e
CTR  041(0.06) 22(53)% 3949)%a -05066)% -36(80)% -0249% 33052)% 46(50)%a 444.8)%a 3.7(4.0)%a
RE 039(006) -0344H% 0243)%  2050% 2148)% -1846)% -2941)% -15639% -1044H)% -1.8(4.0)%
RVE  045(0.06) 2068)%  29(5.71)% 1.0(5.7)% 0.5(54)% 2358)%  09(58)% -0406.7)% -10(70)% 02(6.2)%
Tb.Th [um] T, d e
CTR  0.08(0.01) 2447%  3342)%a -1348)%  -3006.)% -0144H% 33B7%a 3.6(4.1)%a 26(4H% 0.7(44%
RE 009001) -0.138)% -03B71N% -2643)% -2240% -22400% -3237%a -0933)% -1547)% -24(4.6)%
RVE  0.08(0.01) 1474H%  25064H%  02(6.1)% 0.4(5.9)% 206.)%  2063)% 02069% -09(75)% -0.5(6.8)%

Values at baseline (BDC) are mean(SD) in absolute values. Beyond this, values are mean(SD) percentage change compared to baseline (significance in-
dicated by: a: p<0.05; b: p<0.01; c: p<0.001). “#” indicates evidence (p<0.05) for differences between groups in baseline values. Significance of
groupxstudy-date interaction from ANOVA indicated by *: p<0.05; 1: p<0.0I1; ¥: p<0.001. “d”, “e”, “f” indicate, respectively, significant (p<0.05)
groupxstudy-date interactions for two-group CTR vs. RE, RVE vs. CTR and RVE vs. RE comparisons. All analyses performed on absolute values. Analysis
of percentage change data yields same statistical results (data not shown). CTR: inactive control group; RE: resistive exercise only group; RVE: resistive
exercise with whole-body vibration group. HDT: day of head down tilt bed-rest, R+: day of recovery. See Table 2 for parameter name descriptions.
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Table 4. Distal radius HR-pQCT parameters during and after bed-rest in each group.
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Group Study-date
BDC HDT30 HDT59 R+3 R+15 R+30 R+90 R+180 R+360 R+720
CortArea [mm?] #
CTR  76.1(10.1) 0.720%  092.0)% 0.5(2.2)% 0.6(1.8)% 0226)% 04(1.7)% 05B30)% 00(1.6)% 14(1.7)%a
RE 73.5(10.1) 1.11.8)%  0.8(1.9)% 0.924)% 12(14)%a  05200% 1204%c 03(1.0)% 1.6Q20)%a 242.6)%a
RVE  623(10.1) 09(15% 13(1.3)%b  0.0(1.3)% 1.126)% -0.110)% 09(1.5% 10(12)%a 1.1(1.0)%b -0.3(2.5)%
Ct.Pm [mm]
CTR 82.3(64) 0.104)%  00(0.2)% 0.1(0.2)% 0.1(0.2)% 02(03)%  0.103)% 0.1005% 0004)% 02(0.2)%a
RE 82.5(64) -0.103)% -0.1003)%  0.0(0.2)% -02(03)%  0.102% -0.102)% -0202)% 0003)% 0.00.3)%
RVE 78.0(64) 0003)% 0003)%  -0102)%  0102)% 0002)%  0.103)% 000.3)% -0.1003)% 0.1(0.1)%a
Ct.Th [um]
CTR 09(0.1) 0.52.0)% 1.0(1.7)% 022.2)% 0.52.0)% 0023)% 03(16)% 0324H% 000 7H% 12Q2.1)%
RE 09(0.1) 1.32.1)% 1.1(1.7)% 09(2.3)% 142.0)% 0324H% 15(1.6)%a 042H% 1.7(1.8)%a 24(2.2)%b
RVE 0.3(0.1) 0.83(2.2)% 1.3(2.0)% 0.12.5)% 12(22)% 00277%  0719% 1.128)% 1.12.1)% -032.5)%
D100 [mg/cm’]
CTR  3406(550) 03(09%  0.6(1.1)% 02(1.4)% 06(1.0)% -0.1(15% 0408)% 0114H% -02(15% 032.0)%
RE 348.7(55.1) 06(1.D)%  02(1.2)% 0.2(1.6)% 0.6(1.1)% 00(13)% 06(1.1)% -020.8)% 0710% 08(1.7)%
RVE 3212(550) 06(12)% 08(0.8)%a  0.5(0.7)% 0.7(1.4)% 0.105%  07(1.0)% 0.6(06)%b 06(09% -0.72.1)%
Dcomp [mg/em3]
CTR 8864(319) 03(08)%  04(0.7% 0.0(0.8)% 0.3(0.6)% 0.10.7Y%  0205% 0.109)% 0.1(00.6)% 0.9(0.8)%b
RE 8739(319) 0407%  04(0.7)% 0.2(0.9)% 0.5(0.7)% 000.6)% 0305% -0.10.6)% 030.7)% 0.8(0.9)%a
RVE 867031.7) 0.7008)%a 0.50.6)%a 0.2(04)% 0.4(0.7)% 0.104)% 050.6)%a 04(02)%c 0.6(0.5)%b 0.2(0.9)%
Dinn [mg/em?]
CTR 1442(414) -03(12)% 04(14)% 02(1.2)% 06(13)% -020.0% 06(1.0)% -0620)% -0644)% -2.8(6.1)%
RE 1663(414) 02(15% 08(13)% -081.6)% -0413)% -03(13)% 03(14H% -06(15% -0510.7% -1.7(32)%
RVE 1375(414) -06(14% -0.1(16)% 1.1(1.3)%a 02(1.6)% 001.6)% -0114H% 0020)% -062.1)% -2.7(3.8)%
Dmeta [mg/cm’]
CTR  2326(36.8) 0009% -0206)% -020.7)% 0008)% 04(0.6)%a 0.106)% -0309% -06(14)% -1.5(1.7)%a
RE 2479369) 0009%  0209% -02(13)% 0009%  -0209% 0.1(10)% -0408)% 0.10.7)% -04(12)%
RVE 231336.8) 0.108)% -0.109%  0.3(0.5)% 0.0(0.7)% 0.1(1.0)% 00(1.0)% -0207)% -03(14)% -0.6(1.6)%
Dtrab [mg/cm?]
CTR 1803(389) -02(100%  0.1(1.0)% 0.0(0.9)% 03(1.0)%  -0308)% 0308)% 0414H% -0628)% -2.13.7%
RE 199.6(39.0) 0.1(1.D)% 06(1.D)% -06(15% -03(1.1)% -03(12)% -02(12)% -06(1.1)% -0202)% -1222)%
RVE 1758389) -0209% 0009%  0.6(0.6)%a 0.1(0.8)% 0.1(1.0)% 0009% -01(1.D)% -0415% -16(2.5)%
TrabArea [mm?]
CTR 2849(563) -0206)% -0206)% -0107)%  -0106)% 0008)% -0.105% -0208)% 0005% -04(0.5)%a
RE 2853(563) -0305% -0206)% -0307)%  -0304)% -0.105% -040.1)%c -0.102)% -0.5(0.5)%a -0.7(0.6)%b
RVE 2564(563) -02004)% -0303)%a 0.004)% -0206)% 0004)% -0304)% -0203)% -03(03)%a 0.1(0.8)%
Tb.1/NSD [um]
CTR  020003) -1860)% 13(4.6)% 0.8(3.8)% 0728)%  -1358)% 0745% -21(72)% -1472)% 1.6(6.6)%
RE 0200003) -1553)% 0442)%  -3790)%  -1553)% -1049% 094.1)% 1.141)% -2648)% -18(3.9)%
RVE 0.190003) 02(45% -1052)% -05GB4)% -1447)% -23(719% 0942)% -08(42)% -2260)% 09(4.3)%
Tb.N [mm']
CTR  1.80(0.17) 2064H%  -076.1)% 0755% -104.1D)%  0760)% -0860)% 309.D)% 13(64)% -0.8(6.3)%
RE 1.79(0.18) 2464H%  0.8(4.6)% 4.4(9.6)% 14(54)% 1.5(54)% 144.6)% -1547% 3359% 1.7(42)%
RVE  184(0.18) -03(52)% 20(7.1)% 0.9(4.2)% 1.9(54)% 210H)%  22(46)% 1745% 32(15% -0.6(54)%
Tb.Sp [um]
CTR  048(006) -18(56)%  1.7(6.0)% 1.1(4.9)% 094.1)%  08060)% 13(63)% -15079% -15(75% 20(7.2)%
RE 047(0006) -25055% -084.1H)% -4088)% -1852)% -1446)% -1738)% 1.14.1)% -3348)% -2.138)%
RVE  0470006) 0249% -18067)% -1240)% -1752)% -1884)% 2046)% -1744)% -2906.7% 09(5.0)%
Tb.Th [um]
CTR  008(001) -1943)% 13(6.0)% 12(52)% 0939%  -1359% 0953)% -33(716)% -16(69% -1.5(62)%
RE 009(001) -19(65% -0945% -43(75% -1056)% -1549% -1546)% 0948)% -3.164)% -2.84.8)%
RVE 008001) 0356)% -2007.1)% -0750)0% -1962)% -16088)% 1854€% -21055% -34700% -12(63)%

No differences in the response of the three groups were seen at the distal radius. Values at baseline (BDC) are mean(SD) in absolute values. Beyond this,
values are mean(SD) percentage change compared to baseline (significance indicated by: a: p<0.05; b: p<0.01; c: p<0.001). “#” indicates evidence
(p<0.05) for differences between groups in baseline values. Significance of group x study-date interaction from ANOVA indicated by *: p<0.05; 1: p<0.01;
F:p<0.001. “d”, “e”, “f” indicate, respectively, significant (p<0.05) groupxstudy-date interactions for two-group CTR vs. RE, RVE vs. CTR and RVE
vs. RE comparisons. All analyses performed on absolute values. Analysis of percentage change data yields same statistical results (data not shown). CTR:
inactive control group; RE: resistive exercise only group; RVE: resistive exercise with whole-body vibration group. HDT: day of head down tilt bed-rest,

R+: day of recovery. See Table 2 for parameter name descriptions.
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tibia. Separation of the trabecular compartment into the inner
40% of the trabecular compartment and outer 60% did not ap-
pear to yield differential density changes during the bed-rest
phase. In the bed-rest phase, reductions in trabecular number
but increases in trabecular thickness and trabecular separation
were seen at the tibia. At the distal radius cortical area, cortical
thickness, cortical density and total density increased signifi-
cantly with trabecular area decreasing significantly during bed-
rest. These effects persisted up to the end of the 2-year follow-up
recovery phase. Other works using lower-resolution conven-
tional pQCT have not observed such changes™?*. Whilst further
work would be necessary to investigate whether this is a con-
sistent effect of bed-rest, as measured with HR-pQCT, it is pos-
sible that altered activity patterns (i.e. greater use of hands)
during bed-rest and hence altered bone loading patterns could
be responsible. This, however, cannot wholly explain the per-
sistence of the changes long after bed-rest.

The pattern of bone recovery after bed-rest was seen most
clearly at the distal tibia. Recovery of distal tibia cortical area,
cortical thickness, trabecular area and cortical periosteal
perimeter typically began first between 3d and 15d after bed-
rest with this recovery process apparently complete approxi-
mately 6-months after bed-rest. Similarly, of the density
parameters at the distal tibia, total density and trabecular density
began to show recovery between 3d and 15d after bed-rest with
this process being complete within 90d after bed-rest. Cortical
density (at the distal tibia remained consistently below baseline
level after bed-rest. Prior work has shown that bone recovery
can take quite some time after bed-rest, estimated up to two-
years”, depending upon bone region. More specifically, data
on cortical bone density measured with conventional pQCT*,
showed recovery within one-year after 56d bed-rest at the distal
tibia (epiphysis) but not at the tibia diaphysis, although this ef-
fect was not significant statistically in this prior work. These
data help to underscore recent findings of the cortical compart-
ment of bone being the most susceptible to interventions, such
as bisphosphonate treatment**?’ and immobilization®®. Since
trabecular bone was assumed to have higher surface area to vol-
ume ratio than cortical bone and since bone remodelling occurs
on existing bone surfaces, conventional wisdom dictated that
bone turnover, and hence bone loss, should be most in the tra-
becular region. The mounting evidence, including that of the
current study, suggests however, that these assumptions are not
true and that cortical bone is the region of strongest bone loss
in bed-rest. Further work should consider the recovery of the
cortical compartment of the tibia in more detail, to better un-
derstand to what extent complete recovery does indeed occur
long-term and if not, what processes could be underlying it. Fi-
nally, whilst in the parameters of trabecular network inhomo-
geneity, trabecular number, trabecular separation and trabecular
thickness some changes were seen during bed-rest no consistent
pattern during recovery was seen, likely due to high levels of
measurement variability in these parameters.

An additional goal of the current study was to evaluate the
effect of the exercise countermeasures on the HR-pQCT pa-
rameters considered. At the distal radius, just as there was a
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limited effect of bed-rest observed on the HR-pQCT parameters
in this region of bone, there was similarly little impact of the
exercise countermeasures, which themselves were targeted at
the load-bearing regions of the body (i.e. lower quadrant). At
the distal tibia, there were indeed some effects of the counter-
measures seen with less loss of cortical area in the RVE-group
than in the CTR- and RE-groups whereas the differences be-
tween the RE- and CTR-groups did not reach significance. A
similar effect was seen for cortical thickness, though this effect
was statistically weaker. Whilst the trabecular parameters of
number, separation, thickness and network inhomogeneity gen-
erally showed less extreme changes in the RE- and RVE-groups
than in the CTR-group, this finding should be treated with some
caution as these variables in particular were subject to higher
measurement variability and the within group changes were
typically less consistent. Of note is that the density parameters
at the distal tibia showed no significant differences between
groups, whereas bone mineral content data from lower-resolu-
tion conventional pQCT in the same subjects?' did show an im-
pact of the exercise countermeasures, particularly RVE. Data
from our own group show that measurement reproducibility at
the distal tibia for bone mineral density as measured HR-pQCT
is similar to than for bone mineral density and content as meas-
ured by conventional pQCT (unpublished observations).
Hence, “greater” measurement error cannot explain the differ-
ences in findings on the same subjects with the two different
methodologies, and further work comparing HR-pQCT and
conventional pQCT needs to be undertaken.

It is appropriate to consider some of the limitations of the
current study. Firstly, there were a limited number of subjects
in the current study. The sample size of the 2™ Berlin BedRest
Study was based upon distal tibia bone mineral content as
measured by conventional pQCT?*'. It is likely that the current
sample size may very well have played a role in the non-sig-
nificance of some effects, such as that of the countermeasures
or changes in some parameters compared to baseline. At the
distal radius, it was more difficult to obtain images free of
movement artefacts, despite measuring a young, healthy, male
collective. Consequently, it is to be expected that the measure-
ment error of the HR-pQCT parameters at the radius is higher
than at the tibia (unpublished observations). This could indeed
be part of the reason why we did not find many significant sta-
tistical effects at the distal radius. It may well be that HR-
pQCT is not the best methodology to capture the effects of an
intervention on bone in small sample sizes, and that lower res-
olution pQCT may be more appropriate. This issue would,
however, need to be examined more in future work. Another
consideration is that whilst we did find significant changes in
some parameters, particularly at the tibia, the magnitude of
these changes reached at most 2.5%. One may question
whether such “small” changes would be associated with any
changes in the mechanical properties of bone. In this regard,
it is important to remember that prior work has shown that rel-
atively modest (~5%) increases in bone mineral density result
in much greater (>60%) increases in the ultimate force and en-
ergy to failure of bone®. Hence it is possible that the changes



observed in the current study are well associated with changes
in the response of bone to loading. Nonetheless, whilst changes
in some parameters, such as cortical thickness (Ct.Th), have
been associated with changes in mechanical properties of
bone'?, for a number of other HR-pQCT parameters, work still
needs to be performed to see if changes in these HR-pQCT pa-
rameters actually relate to changes in the response of bone to
loading, and if so, to what extent.

It is also appropriate to consider and some issues specific
to HR-pQCT measurement methodology. The grading of the
images performed accounts only for movement artefacts and
currently the orientation of the image relative to the bone is
not accounted for. Subtle changes in subject positioning during
measurement from one day to the next, such that the angle at
which the images transect the bone may vary one day to the
next. This no doubt contributes to decreased reproducibility.
Future work should examine to what extent changes in orien-
tation affect the results and develop a system of either control-
ling for these orientation changes or at least alerting operators
when it occurs. The grading conducted was also implemented
by only one individual and future work needs to examine inter-
and intra-rater reliability of such a grading system. It should
be remembered also that HR-pQCT measurements rely on po-
sitioning of a scan region of fixed length at an arbitrary dis-
tance from the joint line. This does mean that within an
individual one can ensure a similar anatomical region is meas-
ured one day to the next. However, due to differences in bone
length from one individual to the next, we can be certain that
between individuals we do not consistently capture the same
anatomical regions. This is an issue is difficult to resolve, and
a challenge for the HR-pQCT research community, particularly
in cross-sectional studies, but is not a major concern for the
current study as we were interested in the changes within in-
dividuals over time. Finally, a number of parameters (e.g. tra-
becular number) are not measured directly, but are calculated
from other parameters that are indeed directly measured from
the images taken (trabecular number is calculated from trabec-
ular separation). For this reason, for example, we did not in-
clude data on bone volume to tissue volume because this
parameter correlates perfectly with trabecular density and
hence gives little additional insight into changes in the bone.
Also the so-called “structural parameters” depend on density-
based threshold detection, such that decreases in bone density
may result in, for example, the detection of a “thinner” cortex.
Nonetheless, changes in other parameters do correlate highly
with one another (such as cortical area and thickness) and fur-
ther work should examine which HR-pQCT parameters are
most informative and which parameters in comparison deliver
little additional information.

In conclusion, the main value of the current study is the de-
scription of changes in bone, as measured with HR-pQCT, dur-
ing inactivity. Such information could also help to understand
what occurs due to immobilization or inactivity in a clinical
population. In terms of the effect of bed-rest at the distal ra-
dius, increases in cortical area, cortical thickness, cortical den-
sity and total density but decreases in trabecular area were
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seen. These changes at the distal radius persisted up to 2-years
after bed-rest. The strongest effects were seen at the distal tibia,
however, with expected losses in bone density, but also reduc-
tions in cortical area, cortical thickness, trabecular number but
increases in trabecular area, cortical periosteal perimeter, tra-
becular thickness and trabecular separation. Most parameters
at the distal tibia recovered within 180d after bed-rest. In terms
of the countermeasures, although prior work using pQCT in
the same subjects showed a significant effect of RVE at the
tibia, only a significant effect of RVE, and not RE, was seen
on the cortical area variable at the distal tibia was seen.
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