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Abstract

Summary The efficacy of OsteoStrong® (OS) on bone strength is limited, and how it compares to dynamic multicomponent
exercise (DME) is unknown. In this randomized controlled trial, the effect of OS on bone material strength index (BMSi)
in older women was non-inferior to that of DME. No significant interaction between treatment and time was observed in
any measured outcomes, indicating no meaningful difference between the intervention groups. Although the OsteoStrong®
intervention met the pre-specified non-inferiority margin compared to the DME group, the lack of efficacy of the DME
intervention on BMSi limits the interpretation of this finding.

Purpose The aim of this study was to investigate whether the effect of using OS was non-inferior to DME for the primary
outcome of BMSi in older women.

Methods Women aged 65-79 years with osteopenia or osteoporosis were randomized to 9 months of once-weekly OS
(20 min) or twice-weekly DME (60 min/session). A total of 194 women (OS, 97; DME, 97), median age 70 years, par-
ticipated in the trial. The primary outcome was BMSi measured with impact microindentation at the tibia. A pre-specified
non-inferiority margin of BMSi —5.2 was applied to determine whether the intervention’s efficacy was not clinically worse
than the comparator within an acceptable threshold. The secondary outcomes were bone mineral density (BMD) and bone
markers (S-CTX, S-P1NP, S-BALP, and S-sclerostin).

Results At the 9-month follow-up, there were no significant differences between the groups in any of the outcomes. The
mean between-group difference in BMSi was 1.16, with a 95% confidence interval ranging from — 1.51 to 3.82. Since the
lower limit of the confidence interval (— 1.51) did not cross the predefined non-inferiority margin of — 5.2, non-inferiority
was established. There was a significant increase in BMSi by 2.9% in the OS group (from 73.9 +£9.5 to 76 9.4, p=0.026),
and lumbar spine BMD by 0.8% in the DME group (from 0.866 g/cm?+0.13 to 0.872 g/cm?+0.13, p=0.016). Changes in
femoral neck BMD were not significant. There were no significant within- or between-group differences in any of the bone
markers at 3 and 9 months.

Conclusions Based on these findings, the effect of OsteoStrong® on BMSi in older women was non-inferior to that of
dynamic multicomponent exercise. No significant interaction between treatment and time was observed in any measured
outcomes, indicating no meaningful difference between the intervention groups. Although the OsteoStrong® intervention
met the pre-specified non-inferiority margin compared to the DME group, the lack of efficacy of the DME intervention on
BMSi limits the interpretation of this finding.
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Introduction

Exercise as part of the management of osteoporosis is
strongly recommended in international guidelines [1, 2].
Extended author information available on the last page of the article Exercise has been shown to improve or maintain bone
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mineral density (BMD) [3, 4]. Although the effect of exer-
cise on BMD has been studied quite extensively, its effect
on other properties of bone strength, such as bone quality
and bone markers, remains less understood. A measure-
ment of bone quality is the bone material strength index
(BMSi), which is measured in the tibia using a handheld
device. The BMSi has been shown to be able to discrimi-
nate between fracture cases and controls, as well as being
independent of BMD [5-7]. Some studies in dicate that a
low BMSi correlates with a higher risk of fracture [5, 8,
9], but there have also been contradictory findings [10]. To
our knowledge, only two clinical trials have investigated
the effect of exercise on BMSi, with one trial showing an
increase in jumping on one leg, and the other trial show-
ing non-significant changes in multicomponent exercise
[11, 12]. Bone markers have been shown to be associated
with BMD [13, 14], and changes in bone markers occur
more rapidly than changes in BMD when using bone-spe-
cific drug therapy [15]. Current data indicate that exer-
cise induces both acute and medium-term effects on bone
markers [16, 17]. However, the response to exercise seems
to depend on the type of exercise modality, intensity, age,
and sex [16, 17]. Although numerous studies have exam-
ined the relationship between bone markers and aerobic
exercise [16, 17], the effects of resistance exercise on bone
markers in older women remain underexplored. To our
knowledge, no clinical trials have investigated the impact
of isometric exercise on either BMSi or bone markers.

Most research on exercise and bone strength has focused
almost exclusively on dynamic exercises (i.e., muscle con-
traction with visible joint movement). In contrast, studies
investigating isometric exercise (i.e., muscle contraction
without visible joint movement) targeting bone strength
are very limited. Isometric exercise has been shown to
have several health benefits similar to dynamic exercise,
such as lowering blood pressure, improving pain and
function in tendinopathy, and increasing muscle strength
[18-20]. While physical loading is a well-established stim-
ulus for bone formation [21], the specific effects of isomet-
ric exercise on bone strength remains poorly understood.
In recent years, OsteoStrong®, a system utilizing machine-
based isometric loading, has emerged as a widely mar-
keted intervention, proposing that just one brief weekly
session may be sufficient to strengthen bone. However,
robust clinical evidence supporting these claims remains
limited, warranting further investigation [22]. The primary
aim of this study was to investigate whether the effect of
OsteoStrong® is non-inferior to dynamic multicomponent
exercise for the primary outcome of BMSi in older women.
The secondary aim was to compare the effect of OsteoS-
trong® and dynamic multicomponent exercise on BMD
and bone markers.
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Methods
Study design and research ethics

This study was a two-arm randomized controlled trial
conducted in Stockholm, Sweden. The eligible partici-
pants were randomized to 9 months of OsteoStrong®
(OS) or dynamic multicomponent exercise (DME). The
subject enrollment commenced in January 2022 and was
completed in May 2023. The study was approved by the
Swedish Ethical Review Authority (Dnr: 2020-04359).
Written informed consent was obtained from all partici-
pants. The study was conducted according to the World
Medical Association Declaration of Helsinki. All partici-
pants received written and oral information prior to study
enrollment, and written consent was obtained from each
study participant. The study protocol was registered at
ClinicalTrials.gov (ID: NCT05721014).

Rationale for non-inferiority design

This study employs a non-inferiority design to evaluate
whether OS is not unacceptably less effective than DME
in improving bone strength among older women. DME
is an intervention based on current recommendations on
physical activity for individuals with osteoporosis [2, 23].
It incorporates several different components, including
strength- and balance training, as well as some weight-
bearing impact training. Multicomponent exercise has
been shown to be effective in maintaining or improving
BMD in older women with osteoporosis [4, 24-27], reduc-
ing the risk of falls [28], muscle strength, balance, quality
of life and functional outcomes [24-26, 29, 30]. A non-
inferiority approach allows for the direct comparison of
OS to this active control group, aiming to examine if OS
could serve as a viable alternative exercise modality for
individuals with osteoporosis. This approach might also
consider potential advantages of OS, such as reduced time
commitment and greater accessibility for individuals who
have difficulties in participating in multicomponent exer-
cise. Instead of aiming to show that OS might be superior,
the study seeks to examine whether it retains sufficient
clinical benefit within an acceptable margin of difference.

Participants

Postmenopausal women between 65 and 79 years of age
were recruited between September 2021 and June 2022 via
newspapers ads, a women’s organization, and Facebook.
Potential participants were screened for eligibility. The
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Table 1 Inclusion and exclusion criteria

Inclusion criteria

e A T-score <—1.0 at the hip and/or spine
o Fully vaccinated against COVID-19
e Available for the trial for a period of 9 months

o Either not receiving bone-specific treatment or undergoing such treatment continuously for at least 1 year prior to enrollment

Exclusion criteria

e Ongoing treatment with bone-specific drugs with an onset within the last year, due to the likelihood of not achieving a stable treatment
effect; or previous drug treatment that was terminated within the last 5 years, due to the potential lingering effects of the medication
e Ongoing bone-specific drugs that had been delayed for more than 8 months for denosumab and 18 months for bisphosphonates

e Ongoing treatment with oral corticosteroids (>5 mg prednisolone)

o Vertebral fractures that were (a) diagnosed within the past 3 months, (b) not assessed by a physician and deemed suitable for study partici-

pation, or (c) not previously treated with bone-specific drugs
o Bilateral hip replacement

e Symptomatic disc herniation, inguinal herniation or umbilical herniation

e Untreated hypertension

o Other diseases that could affect the results of the study or participation (e.g., malignant diseases, secondary osteoporosis, muscle dystro-

phy)

e Conditions that could hinder the impact microindentation test (large edema, skin infection, allergic to local anesthetics)

o Ongoing or previous training at OsteoStrong® within the last year

inclusion and exclusion criteria can be found in Table 1.
The participants began their exercise program at six differ-
ent points in time, depending on when they were recruited.

Randomization and blinding

We used a stratified process to randomize eligible partici-
pants at the end of baseline testing, stratified by the presence
or absence of bone-specific drug therapy. A computer-based
randomization generator created the block randomization
sequence, with block sizes varying between 4 and 6, gener-
ated in random order. These sequences were then assem-
bled into envelopes by a researcher who was not involved in
participant assessments. The researchers who allocated the
participants were blinded to group assignments during the
baseline assessment. All baseline measurements were con-
ducted by blinded researchers. Blinding was not maintained
at follow-up in order to preserve the standard assessment
procedures and due to practical limitations and resource
constraints. At follow-up, the bone marker analyses, DXA,
and VFA assessments were blinded. It was not possible to
blind the participants or the training instructors delivering
the interventions.

Interventions

Treatment arm A: OsteoStrong®

The OS intervention was carried out at the OS center in
Solna, Sweden, once a week. It was conducted accord-

ing to the OS concept, which includes high-intensity iso-
metric axial bone loading using four different machines

(Spectrum™); “upper growth trigger” (chest press),
“lower growth trigger” (leg press), “core growth trigger”
(pull-down), and “postural growth trigger” (deadlift). The
exercise is referred to as “isometric” because, by defini-
tion, the muscle-tendon unit maintains a constant length
during muscle contraction, even though the external load
may vary [20]. The training also included 3-5 min of
light warm-up and balance exercises (one-leg standing)
on vibration platforms (Power Plate™). The duration of
the short-term vibration used by the participants varied
due to individual abilities and preferences. The frequency
used on the vibration platforms was 30-35 Hz with an
amplitude of 1-2 mm. At the start of the intervention, all
participants received a 60-min introduction according to
the OS concept. The participants performed the OS using
machines by applying isometric force, pressing or pulling
the handles and platform for approximately 15-20 s per
machine. Based on the OS concept, the goal was to reach
a force of 2.5 times their body weight on the upper and
postural growth triggers (GT), 1.5 times their body weight
on the core growth trigger, and 4.2 times their body weight
on the lower growth trigger [31, 32]. This was monitored
by the training instructor using the visible display on each
machine, which showed the amount of force produced
by each. This allowed the participants to receive direct
feedback on their performance from the display. The total
time allocated for the exercise program was 20 min. The
exercises were individually adapted, with machine settings
adjusted to participants’ height and instructional guidance
modified according to each individual’s physical condi-
tion. Exercise intensity was progressively increased over
the course of the intervention.

@ Springer
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Treatment arm B: dynamic multicomponent exercise

The DME was performed at the Swedish School of Sport
and Health Sciences in Stockholm twice per week. The
DME was based on current recommendations on physical
exercise for people with osteoporosis, including strength and
balance training, as well as some weight-bearing exercises
[23]. The program was divided into two training sessions
(60 min each) led by an experienced training instructor. The
first session was a circuit exercise program which included
ten stations with different exercises for the whole body using
some equipment (for the full list of exercises, see Appendix
A), as well as a joint warm-up and cool-down exercises. No
external load was used in the exercises, only the participants’
body weight. The duration for each station was 40 s and an
interim rest for 20 s. The participants were instructed to do
as many repetitions as possible on a level that was challeng-
ing, yet manageable. If unable to attend the group training
session, they had the option to complete the workout as a
home exercise program. The participants received the writ-
ten exercise program, as well as a video of the exercises.
The second session was performed once a week in smaller
groups in a gym using strength training machines and other
equipment. The session included eight exercises with a focus
on improving muscle strength and balance (leg press, leg
curl, latissimus pull-down, seated row, back extension, chest
press, hip abduction, balance exercises), as well as warm-up
and cool-down exercises. The participants were instructed
to perform strengthening exercises with a weight load that
allowed a maximum of 8-10 repetitions (corresponding to
75-80% of their one-repetition maximum) before reaching
muscle failure. Each exercise was performed in three sets.
The exercises were individually adjusted and progressed
over time. The participants were given a logbook to log their
strength training progress (i.e., the number of repetitions,
sets and weights used per machine).

Safety and compliance

Both exercise interventions were supervised by experienced
training instructors. The exercises were adapted to the partic-
ipants’ functional ability and health status. The participants
were recommended to (i) start slowly and learn the exercise
before increasing the intensity and weight load to minimize
the risk of injuries, (ii) disclose any health conditions for
consideration by the training instructors, and (iii) report
any injuries or adverse effects of the exercise. The train-
ing instructors were responsible for registering the partici-
pants’ attendance. The supervised training sessions helped
to ensure exercise fidelity and adherence. The participants
were instructed not to change their physical activity habits,
apart from the interventions during the study period, until
they had completed the 9-month follow-up visit. However,
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they were allowed to continue any physical exercise that was
already ongoing prior to their enrollment in the trial.

Data collection

The participants were required to attend four visits to com-
plete all study measurements, including body composition
assessments, questionnaires, and bone strength evaluations
(impact microindentation test, dual-energy X-ray absorpti-
ometry, and bone marker analysis via blood tests). All data,
except for the DXA and bone marker data, were collected at
Karolinska Institutet (Stockholm, Sweden). Follow-ups were
conducted at 3 and 9 months, respectively. However, the
3-month follow-up only included blood tests and questions
about the participants’ current health and study status. Data
collection started in October 2021 and ended in July 2023.

Outcome measures

Primary outcome

Bone material strength index BMSi was chosen as the pri-
mary outcome of this study due to its potential as a measure
of bone quality, contributing to the assessment of fracture
risk and providing valuable insights in this area. An addi-
tional reason was that changes in BMSi in response to physi-
cal loading have been observed within just a few months,
potentially allowing for a faster response to physical exercise
than with BMD [11]. Given that most individuals who expe-
rience a fragility fracture do not meet the diagnostic thresh-
old for osteoporosis (7-score <—2.5 SD) and considering
that BMD accounts for only about 60-70% of the variability
in bone strength, research on other aspects of bone strength,
such as measures of BMSI], is essential [33-35].

The BMSi was measured with impact microindentation
(IMI) using the handheld OsteoProbe® device (Active Life
Scientific, Santa Barbara, CA, USA). IMI is a minimally
invasive in vivo test performed on the mid-portion of the
tibia to test bone fracture resistance and thus, bone qual-
ity. Before the test can be performed, local anesthesia is
used in the test area. The IMI was conducted on the same
mid-portion area of the tibia at both baseline and follow-up,
which was determined by measuring the distance between
the medial tibial malleolus and the apex of the patella. An
OsteoProbe® needle was inserted through the skin and
applied perpendicular to the tibial bone surface. The indi-
vidual performing the test pushes down the device and, at a
force of 10 Newton (N), triggers a mechanism, which makes
the device deliver an impact of 40 N in less than a mil-
lisecond. This causes a small microfracture in the size of
375 pm. The vertical distance created by the cavitation from
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the indentation is called the indentation distance increase
(IDI). In one IMI test, at least eight indentations are per-
formed, with approximately 2 mm between the indentations.
The test result remains concealed from the operator until
all eight indentations have been completed. To generate the
BMSi, the IDI is compared to the IDI of the IMI performed
on a polymethylmethacrylate plastic calibration phantom,
which acts as a reference and is equal to a BMSi value of
100.

The BMSi measurement was performed twice, at baseline
and directly after the intervention ended. Three physicians
performed the IMI. They had received the same training
in the procedure with the OsteoProbe® device and were
blinded at baseline, but not at follow-up due to logistical
reasons. In a previous study that used the same procedure,
the intra-observer coefficient of variation (CV) was 3.2%,
and the inter-observer CV was 5.2% [11].

Secondary outcomes

Bone mineral density (BMD) Measurements of areal BMD
(g/cmz) were performed at the lumbar spine (L1-L4) and
hips (femoral neck, greater trochanter, and total hip), with
dual-energy x-ray absorptiometry (DXA) (Fuji, FDX Vision-
ary-DR, Solna, Sweden; software v. 5.0.2.0) at baseline and
directly after the intervention ended. Hips with hip replace-
ment were excluded from the DXA measurements. After
each DXA examination, the images were reviewed by a radi-
ologist with over 30 years of experience in radiology and
more than 20 years of experience in DXA. In cases where
image quality issues were identified, the participant was
recalled for reassessment. The same radiologic technologist
performed all the DXA scans. The CV for the DXA equip-
ment, measured against a phantom during the study period,
was 0.38%. All DXA scans were conducted at the Bone
Monitoring Clinic, Solna, Sweden.

Vertebral fracture assessment (VFA) 3The VFA was per-
formed alongside the DXA scan to identify potential verte-
bral fractures. In this study, the VFA served two purposes:
(a) as part of the eligibility screening during enrollment,
ensuring the exclusion of women with newly identified ver-
tebral fractures that were untreated or unassessed, and (b) as
a safety measurement to compare the VFA findings at base-
line and the 9-month follow-up. The VFA was performed
with the person examined laying on the side, preferably with
the right side down, with flexed legs and arms. Supporting
cushions were placed behind the back and between the bent
knees to give more stability and to avoid twists in the posi-
tion. The VFA imaging was performed by the same radio-
logic technologist, who was blinded to participant allocation.
The VFA images were assessed by a qualified radiologist
(SN), who used Genant’s classification system (grade 0-3)

when assessing the spine images [36]. The radiologist was
blinded to participant allocation.
Bone markers Blood samples were drawn in the morning
after an overnight fast at baseline and follow-up after 3 and
9 months. Aliquots were stored at —80 °C until the analyses
were performed. All assays were performed at the Depart-
ment of Clinical Chemistry (Swedac accredited no. 1342),
Link6ping University Hospital, Sweden, and all samples
were analyzed in duplicates with kits from the same batch.
Serum type I procollagen intact N-terminal propeptide
(PINP) was assessed with the UniQ radioimmunoassay (Aid-
ian Oy, Espoo, Finland), with the following assay perfor-
mance: analytical range 5-250 ug/L, intra-assay CV < 5%,
and inter-assay CV <6%. Serum BALP was measured by
the MicroVue™ BAP enzyme-linked immunosorbent assay
(ELISA) (Quidel Corp., San Diego, CA), with the follow-
ing assay performance: analytical range 0.7-140 U/L, intra-
assay CV < 6%, and inter-assay CV <8%. Serum C-termi-
nal telopeptide cross-links of collagen type I (CTX) were
measured in plasma samples by the CrossLaps® ELISA
(Immunodiagnostic Systems Holdings PLC, Boldon,
UK), with the following assay performance: analytical
range 20-3380 ng/L, intra-assay CV < 6%, and inter-assay
CV < 10%. Serum sclerostin was measured by quantitative
ELISA (Biomedica, Vienna, Austria), with the following
assay performance: analytical range 3.2-240 pmol/L, intra-
assay CV <7%, and inter-assay CV < 10%.

Statistical analysis A non-inferiority approach with a pre-
specified non-inferiority margin of —5.2 was used, which
was the mean difference in BMSi between the intervention
group and the control group in another study [11]. This value
was also used for the power calculation in the present study.
A total of 112 participants were required to achieve a mini-
mum of 90% statistical power to detect between-group dif-
ferences of 5.2 +£9.0 in BMSi, based on a two-sided alpha
level of 0.05. Although a two-sided alpha was used for
the calculation, the non-inferiority assessment focused on
whether the lower bound of the confidence interval for the
new treatment’s BMSi exceeded the non-inferiority margin.
Our goal was to enroll at least 160 participants to allow for
dropouts. Both intention-to-treat (ITT) and per-protocol (PP)
analyses were performed for all outcome measures. Partici-
pants with an attendance rate of at least 70% were included
in the PP analysis.

Data were presented as mean (M) + standard deviations
(SD) or median (Md) (interquartile range, IQR) for continuous
variables, and number () and percentages (%) for categorical
variables. All tests were two-sided and a significance level of
p <0.05 was considered significant. A linear mixed model
(LMM) was used to analyze the within- and between-group
differences in BMSi and BMD at baseline and 9 months, and

@ Springer
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for bone markers at baseline, 3 months, and 9 months; with
the fixed effects being the type of exercise (treat) and time
(months), and the random effect being the participant ID.
The interaction treat#months was included in the model to
assess whether the trajectory of the outcome differed between
treatment groups over time. Model parameters were estimated
using restricted maximum likelihood (REML). Transforma-
tion and back-transformation according to the Ladder of Pow-
ers were used when the data were skewed, in order to make
the model meet the assumptions. We used cube transformation
on BMSi, and log transformation on PINP, BALP, CTX, and
sclerostin. The random effect was the participant ID.

Individual and mean changes in BMSi and BMD were
plotted alongside the least significant change (LSC), defined
as the minimal difference between two consecutive measure-
ments that can be confidently interpreted as a true biological
variation rather than an artifact of measurement error or var-
iability. LSC was calculated using the formula: LSC =Preci-
sion Error x 2.77. The LSC for BMS|, calculated as 8.86%,
was derived from an intra-observer coefficient of variation
(CV) of 3.2% reported in a previous study [11]. Correspond-
ing values for DXA were determined using the radiologic
technologist’s LSC thresholds—0.059 g/cm? for lumbar
spine BMD, 0.061 g/cm? and 0.058 g/cm? for right and left
femoral neck BMD, respectively—based on repeated meas-
urements in 30 patients.

To explore potential effect modification, we conducted
post hoc linear regression analyses for each outcome. Two
interaction terms were tested: (a) the interaction between
ongoing bone-specific drug therapy at baseline and the inter-
vention, and (b) the interaction between baseline prevalent
fracture status and the intervention. Each model included the
main effects and the respective interaction term. The sub-
group analyses comparing were performed using the same
LMM approach as in the main analysis. All outcomes were
adjusted for age. All statistical analyses were performed
using STATA 18 (StataCorp. 2023. Stata Statistical Soft-
ware: Release 18. College Station, TX: StataCorp LLC).

Results
Enrollment and allocation

A total of 194 women, with a median age of 70 years,
ranging from 65 to 79 years, were randomized to either
OS (n=97) or DME (n=97). Of the 194 participants, 168
(86.6%) completed the trial, while 26 (13.4%) dropped out,
evenly divided between the two groups (13 per group). In
total, 178 women (91.7%) participated in the 9-month fol-
low-up. See Fig. 1 for the full enrollment and allocation
flowchart. The ITT analysis included 194 and the PP analysis

@ Springer

included 149 participants. Of those not eligible, common
reasons for exclusion were unable to attend the exercise
sessions (location and time), recent onset or cessation of
bone-specific drug therapy, 7-score > —1.0, and untreated
vertebral fractures.

Baseline characteristics

There were no statistically significant differences between
the groups in any of the baseline characteristics (Table 2).
Only three women (1.6%) were classified as osteoporotic
with a T-score <—2.5, and 15 (7.7%) had a T-score <—2.0
in the femoral neck (NHANES III) [37]. Based on lumbar
spine BMD, there were 51 (26%) women with a T-score
of <-2.5, and 77 (40%) with a T-score of <—2.0. A total
of 23 participants (OS=11, DME =12) had been receiving
bone-specific medication continuously for at least 1 year
prior to enrollment. For details on the distribution of specific
drug treatments across groups, please refer to Supplemen-
tary Table 1. The median baseline BMSi was 75.9 (IQR,
70.2-79.8) in the OS group and 76.8 (IQR, 69.3-82.1) in the
DME group—both lower than reference values for women
aged 65-74 years (80.6; IQR, 74.5-84.6) and 75 or older
(79; IQR, 73.6-85) [38]. At baseline, 39% of participants
had BMSi values below the lower quartile cutoff (< 73.6),
while 8% exceeded the upper quartile cutoff (> 85). By the
9-month follow-up, these proportions shifted to 32% below
the lower threshold and 20% above the upper threshold.

Effects on BMSi

Changes in BMSi over the course of the trial are presented
in Table 3. The ITT analysis, adjusted for age, revealed no
significant difference between the groups (LMM post hoc
comparison, x*>=0.02, p=0.881). The mean between-group
difference in BMSi was 1.16, with a 95% confidence inter-
val ranging from — 1.51 to 3.82. Since the lower limit of
the confidence interval (— 1.51) did not cross the prede-
fined non-inferiority margin of —5.2, non-inferiority was
established. The within-group analysis showed a signifi-
cant increase in BMSi in the OS group by 2.9% (LMM post
hoc comparison, )(2=5.02, p=0.025), whereas the BMSi
did not increase over time in the DME group (x*=1.30,
p=0.254). The LMM revealed a significant main effect of
time (p =0.025), indicating that the outcome improved over
the study period. Additionally, the interaction term between
treatment and time was not significant (p =0.431), suggest-
ing that the rate of improvement over time did not differ
between the treatment groups. Individual and mean changes
in BMSi relative to the LSC are presented in Supplemen-
tary Figure S1, with the majority of the values remaining
below the LSC threshold. The PP analysis (Supplementary
Table S2) yielded similar results to the ITT analysis, with
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CONSORT 2010 Flow Diagram

/ Screened for eligibility (n=1002)

Excluded (n=743)

\ 4

+ Unable to commit to the nine-month exercise
program

+ Did not meet the criteria for inclusion

+ Declined participation due to lack of interest

(emomen.}<

Assessed for eligibility

(n=259)
Excluded (n=65)
+ T-score >-1.0 (n=24)
o) + Newly found vertebral fracture (n=17)
1. Dropouts (n=14)
+ Terminated bone-specific drug therapy within the last 5 years (n=5)
+ Other (n=5)
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Y { Allocation ] Y
OsteoStrong Dynamic Multicomponent Exercise
(n=97) (n=97)
Discontinued intervention (n=13) Discontinued intervention (n=13)
+ Sickness/medical conditions (n=5) o + Sickness/medical conditions (n=11)
+ Unsatisfied with the training experience [ FO"OW Up ] + Other reasons (n=2)
(n=3)
+ Other reasons (n=>5)
Lost to follow-up (n=9) Lost to follow-up (n=7)
Declined participation in the follow-up Declined participation in the follow-up
assessments assessments
y [ Analysis ] v

Analyzed for ITT (n=97)

Analyzed for PP (n=84)

(13 participants did not reach the PP cut-off of at least
70% attendance rate)

Analyzed for ITT (n=97)

Analyzed for PP (n=65)

(32 participants did not reach the PP cut-off of at least
70% attendance rate)

Fig. 1 CONSORT study flow diagram showing participant enrollment, allocation, follow-up and analysis. ITT, intention-to-treat; PP, per-protocol

no significant difference between the groups. However, there
was a change in BMSi of 2.8% in the DME group, show-
ing a trend that approached significance (DME, y*>=3.46,
p=0.063). Ninety percent of the IMI tests were conducted
by the same physician on the same participant at baseline
and follow-up.

Effects on BMD

Changes in BMD over the course of the intervention are
presented in Table 3. The ITT analysis, adjusted for ages,

revealed no significant difference between the groups (LMM
post hoc comparisons, )(2=O.1 1, p=0.739). The within-
group analysis showed a significant increase in lumbar spine
BMD in the DME group of 0.8% (LMM post hoc compari-
son, x>=5.78, p=0.016), but not in the OS group (x*=2.22,
p=0.136). This change remained significant for the DME
group after removing individuals with vertebral fractures
at follow-up. There were no significant changes in right or
left femoral neck BMD in any group or any between-group
differences. Individual and mean changes in lumbar spine
and femoral neck BMD relative to the LSC are shown in
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Table 2 Bgs.eline characteristics Parameter 0S (n=97) DME (n=97)

of the participants (n=194)
Age (median years, IQR) 70 (67-75) 70 (67-75)
Weight (mean kg, SD) 64+9 64+9
Height (mean cm, SD) 163+6 162+6
BMI (mean kg/m?2, SD) 242+3.4 24.1+3.4
Bone-specific drugs® (n, %) 11 (11%) 12 (12%)
Previous fracture (1, %) 48 (49%) 51 (54%)
FRAX score MOF% (median, IQR) 12 (9.1-19) 13 (8.75-17)
FRAX score hip fracture % (median, IQR) 1.9 (1-4) 1.9 (0.9-3.9)
BMSi (mean, SD) 73.9+9.46 74.7+9.68
BMD LS Total (mean g/cmz, SD) 0.874+0.130 0.866+0.127
BMD FN Right (mean, SD) 0.756+0.101 0.763 +£0.094
BMD FN Left (mean, SD) 0.754+0.091 0.758 £0.084
T-score LS Total (mean, SD) —-1.55+1.24 —-1.68+1.15
T-score FN Right (mean, SD) —0.848 +0.846 -0.791 +£0.786
T-score FN Left (mean, SD) —0.870+0.762 —0.830+0.708
PINP (median, IQR) 48.9 (38-63) 47.7 (35-61)
BALP (median, IQR) 20.4 (15-24) 19.1 (16-24)
CTX (median, IQR) 370 (258-504) 370 (239-513)
Sclerostin (median, IQR) 26.3 (20-32) 25.8 (21-33)
Meeting WHO’s recommendation of 150-300 min of 87 (90%) 81 (84%)

weekly physical activity (1)>€

Weekly physical exercise levels (minutes)® 48.9+453 42.1+43.7
Other weekly physical activity levels (minutes)® 206.9+85.8 191.3+97.9

BMI body mass index, MOF major osteoporotic fracture, FRAX fracture risk assessment tool, BMSi bone
material strength index, BMD bone mineral density, LS lumbar spine, FN femoral neck, P/NP N-terminal
propeptide of type-1 procollagen, BALP bone alkaline phosphatase, CTX C-terminal telopeptide of type I

collagen

2Ongoing treatment with bisphosphonates (n=23) for at least a year: alendronate (48%), zoledronic acid

(35%), denosumab (17%)

bSelf-reported physical activity with at least moderate intensity

“Total number of participants meeting the recommendation of 150-300 min of weekly physical activity

(moderate intensity) =168 (87%)

Table 3 Age-adjusted intention-to-treat analysis within-group change, and between-group difference in BMSi, and BMD, displayed per group
and time points, presented in mean+ SD. The p-values were obtained from the linear mixed model. p-value < 0.05 in bold

OsteoStrong® (n=97) Within- Dynamic multicomponent exercise Within- Between-
group (n=97) group group
change change difference

Baseline 9 months % change p-value Baseline 9 months % change p-value p-value

Mean+SD Mean+SD Mean+ SD Mean+SD

BMSi 73.9+9.5 76+94  +29%  0.026 74.7+9.7 75.9+8.8 +1.6%  0.257 0.881
BMD LS Total (g/ 0.874+0.131 0.871+0.130 —-0.3% 0.136 0.866+0.127 0.873+0.132 +0.8%  0.016 0.734
2
cm”)
BMD FN Right (g/  0.756+0.102 0.752+0.097 —-0.5% 0.771 0.763+0.094 0.763+0.095 —-0.02%  0.653 0.765
2
cm©)
BMD FN Left (g/  0.754+0.091 0.758+0.091 +0.6%  0.076 0.758£0.085 0.762+0.091 +0.4% 0471 0.910
2
cm®)

BMSi bone material strength index, BMD bone mineral density, FN femoral neck, LS lumbar spine, SD standard deviation
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Table 4 Age-adjusted intention-to-treat analysis within-group change,
and between-group difference in bone markers displayed per group
and time points, presented in median (IQR) and percentage change

(compared to baseline). The p-values were obtained from the lin-
ear mixed model. No significant differences were found within or
between the groups in any of the bone markers at any time points

OsteoStrong® Dynamic multicomponent exercise Between-group
n=97) (n=97) difference
Baseline 3 months 9 months Baseline 3 months 9 months p-value
Median (IQR) Median (IQR), % Median (IQR), % Median (IQR) Median (IQR), % Median (IQR), %
PINP (pg/L) 49 45 49 48 48 49 3 months, 0.941
(38-63) (37-62); —8% (37-61);+0.8% (35-61) (37-59);+0.01% (37-59);+1.8% 9 months, 0.830
BALP (U/L) 20.4 20.5 20 19.1 19.3 19.8 3 months, 0.399
(14-24) (16-26); +0.6% (15-26); —-2.1% (16-24) (16-24);+0.6% (15-24);+3.4% 9 months, 0.702
CTX (ng/L) 370 375 367 370 365 361 3 months, 0.930
(258-504) (210- (253-525); (239-513) (241-496); (241-474); 9 months, 0.890
505);+1.4% -0.8% -1.5% -2.6%
Sclerostin 26.343 25.5825 26.62475 26 25 28 3 months, 0.396
(pmol/L) (20-32) (21-32); =2.9% (22-31);+1.1% (21-33) (21-31); -1.5% (24-36);+7.4% 9 months, 0.160

BALP bone alkaline phosphatase, CTX C-terminal telopeptide of type I collagen, PINP N-terminal propeptide of type-1 procollagen, /QR inter-

quartile range

Supplementary Figure S1, with very few values exceed-
ing the LSC threshold. The PP analysis (Supplementary
Table S2) showed similar results as the ITT analysis, except
that the change in lumbar spine BMD in the DME group
was not significant ()(2=O.59, p=0.444). Additionally, the
change in lumbar spine BMD in the OS group ranged from
—0.2t0+0.5% (x*=2.45, p=0.117), but did not reach sta-
tistical significance.

Effects on bone markers

Changes in bone markers over the course of the intervention
are presented in Table 4. In the ITT analysis, adjusted for
age, there were no significant changes in any of the bone
markers in either group at any time point, and no between-
group differences were observed. The PP analysis (Supple-
mentary Table S3) yielded results that were consistent with
the intention-to-treat analysis, with no significant differences
observed between the two approaches.

Post hoc regression analyses

Age-adjusted analyses revealed no significant differences
compared to the unadjusted analyses across any of the
outcomes. Regression analyses examining potential effect
modifiers—including (a) the interaction between ongoing
bone-specific drug therapy and the intervention, and (b) the
interaction between baseline prevalent fracture status and the
intervention—revealed no statistically significant effects on
any of the studied outcomes. These results suggest that nei-
ther concurrent bone-specific medication nor prior fracture
history meaningfully influenced the intervention’s primary
effects on the outcomes measured.

Sub-analyses

We performed an ITT sub-analysis, using LMM, examining
the effect of OS and DME on bone strength parameters in
participants with and without ongoing bone-specific drug
treatment (Appendix B). In the OS subgroup without bone-
specific drug treatment, the within-group increase in BMSi
rose from 2.9 to 3.2% (p=0.023). Meanwhile, in the DME
group, the increase in lumbar spine BMD rose from 0.8 to
0.9% (p=0.048). In the OS subgroup with bone-specific
drug treatment, there was a significant increase in PINP of
25.7% at 9 months, based on data from eight participants. No
significant changes in BMSi or BMD were observed within
any subgroups with bone-specific drug treatment. No signifi-
cant interaction effects were observed between OS and DME
regarding any measured outcomes of the sub-analyses with
or without bone-specific drug treatment. Although, there was
one exception observed for the left femoral neck BMD with
higher values for OS compared to DME in the analysis among
those with bone-specific drug treatment. However, the number
of participants was here very low (OS=11, DME=12).

We also performed a PP sub-analysis assessing the effect
of the OS intervention alone, comparing subgroups who
reached the trigger levels (or beyond) a 100% of the ses-
sions in the lower and postural GT and those who did not
(Appendix C). The lower and postural GT were selected for
analysis because they were considered to place the greatest
load on the hips and spine, which were measured with DXA,
and on the tibia, which was measured with IMI. The cutoff at
100% for the trigger levels was chosen because OS defines
this threshold as the point participants must reach to elicit an
osteogenic response in the bone. The sub-analysis revealed
no significant changes in the subgroup that reached the
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trigger levels in 100% of the sessions. In contrast, the other
subgroup, which achieved mean trigger levels in 80% and
85% of the sessions, respectively, demonstrated significant
increases in BMSi and femoral neck BMD in the lower GT
sub-analysis, as well as a significant increase in BMSi in the
postural GT sub-analysis. At follow-up, a significant differ-
ence in lumbar spine BMD emerged between the subgroups.
Excluding participants with bone-specific drug treatment did
not diminish these effects.

Vertebral fractures

At baseline, 21 women had vertebral fractures (OS =10,
DME=11; y* p=0.817). At the 9-month follow-up, new
vertebral fractures were detected in four individuals (OS=3,
DME =1). Of these, two fractures (one in each group) were
confirmed as having resulted from accidents unrelated to the
intervention, prompting the affected participants to withdraw
from further participation in the intervention. Both individu-
als continued to receive care for their conditions; one was
already on bone-specific medication, while the other was in
the process of initiating such treatment. For the remaining
two cases (OS =2, DME =0), the cause of the vertebral frac-
tures could not be determined and the affected participants
reported no symptoms during the active intervention period.
They were informed of the findings and referred to primary
healthcare for continued management.

Safety and adherence

Of the 194 women who were randomized, a total of 168
completed the 9-month exercise intervention, and 26
(OS =13, DME =13) dropped out. The main reasons for
dropouts were injuries or sickness (OS=5, DME=11), dis-
satisfaction with the training (OS =3, DME =0), and other
reasons (OS =5, DME =2). The overall mean attendance
rate for the OS group was 94%, and for the DME group 81%
(of which 3.5% were home exercise sessions), not including
dropouts. In the OS group, the percentage of women who
had reached or surpassed the trigger level for each train-
ing machine was 68, 87, 92, and 92 for the upper, lower,
core, and postural growth trigger, respectively. There were
a total of 32 reported adverse events (AEs), of which 18
occurred outside of the study. A total of 14 AEs (OS =9,
DME =35; Fisher’s exact p=0.406) were reported in rela-
tion to the exercise intervention. The most common AE
was gradual onset of musculoskeletal pain (n=10; OS =8,
DME =2), followed by sudden onset of pain (n=2; OS=1,
DME=1), one fall (DME=1), and one incident of dizzi-
ness (OS =1). In five out of the 12 cases of musculoskeletal
pain, the participants had a history of previous pain issues
in that part of the body. One serious AE involved a woman
in the DME group who fell off a balance board, resulting
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in a triquetral fracture. Regarding the microindentation test
with OsteoProbe®, only one participant reported lingering,
though gradually subsiding, pain after a single measurement.
No other persistent pain or adverse events were reported in
connection with the procedure.

Discussion
Summary of key findings

The aim of the BONEMORE trial was to determine the effi-
cacy of OsteoStrong® compared to dynamic multicompo-
nent exercise in improving bone strength in older women
over a 9-month intervention. The non-inferiority hypothesis,
that the OS would not be inferior to DME in the effect on
BMSi, BMD, and bone markers in older women, was con-
firmed. Both exercise interventions produced similar results
with no significant differences between the groups in any of
the outcomes.

Interpretation of the results and comparison
with previous research

To our knowledge, only two clinical trials have investi-
gated the efficacy of physical exercise on BMSi [11, 12].
One study evaluated a 3-month daily unilateral high-
impact exercise (jumping on one leg) in 20 healthy women
(mean age 55.6 years) [11]. The BMSi in the jumping leg
increased from 73.4 to 76.8 (4.6%), while the control leg
decreased from 76.6 to 74.8 (—2.4%). Relative to the con-
trol leg, the BMSIi of the jumping leg showed a net increase
of 7% (p=0.046). The increase in BMSi observed in their
study was greater than in ours. The greater BMSi response
observed in their study, compared to ours, may be attribut-
able to the intervention design: their protocol incorporated
high-frequency, high-impact unilateral jumps, a stimulus
not replicated in the OS or DME programs, which relied
on lower-impact or resistance-based exercises. Additionally,
differences in sample size, population characteristics, and
follow-up duration may have contributed to the observed
discrepancy in outcomes.

Another study investigated whether a multicomponent
exercise program could enhance bone properties in patients
who had undergone bariatric surgery [12]. Eighty-four par-
ticipants (80% women, mean age 42—47 years) were ran-
domized to either a multicomponent exercise group or a
control group that received standard care. After 11 months
of training, they found no statistically significant differences
in BMSi within or between the groups. Although their study
focused on a younger population with different health pro-
files, the lack of significant improvement in BMSi aligns
with our findings in the DME group. These results highlight
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the need for further research to identify which factors might
enhance the responsiveness of bone material strength to
exercise interventions. It should be noted that the partici-
pants in that study had undergone bariatric surgery, which
is associated with significant changes in body composition
and bone metabolism, potentially limiting the generalizabil-
ity of their findings to our population of older women with
osteopenia or 0steoporosis.

Our study shows that BMSi might react positively to
physical exercise. Although there was no significant differ-
ence between the groups, the increase in BMSi was signifi-
cant within the OS but not in the DME group. A possible
explanation for this could be due to the magnitude of the
mechanical loading in the specific exercises. The bone must
undergo a certain level of strain to stimulate the osteogenic
effect [21]. The magnitude of the loading in OS was high,
where the goal was to reach or surpass a load of 4.2 times
the participant’s body weight on the lower GT machine (leg
press), and 2.5 times on the postural GT machine (deadlift).
The number of women in the OS group who reached and
surpassed such trigger levels for these machines was 87%
and 92%, respectively. Another possible explanation for the
lack of increase in BMSi in the DME group is that, although
the program included some impact exercises—such as jog-
ging and skater jumps—the magnitude of the mechanical
loading may not have been sufficient to elicit an osteogenic
response in the tibia. Lastly, the studied population already
had high levels of physical activity at baseline, which may
have made it more challenging to achieve changes in the
bone strength measures.

In relation to LSC, the majority of the individual changes
in BMSi remained below the LSC threshold, although
some exceeded it. For BMD values, only a few individual
measurements surpassed the LSC threshold. Since more
individuals exceeded the LSC threshold for BMSi than for
BMD, these findings suggest a greater likelihood of achiev-
ing a true increase in BMSi from these interventions over
9 months compared to BMD. If this is the case, our results
support the hypothesis that BMSi responds more rapidly
to physical exercise than BMD. However, evidence regard-
ing the clinical relevance of BMSi and the implications of
changes in BMSi remain limited.

Although the OS was found to be non-inferior to DME in
its effect on BMS, it is important to note that in non-infe-
riority trials, intention-to-treat analysis tends to minimize
differences between treatment groups, and thereby increases
the likelihood of demonstrating non-inferiority.

Recently, two other clinical trials have examined the
effect of OsteoStrong® on BMD in peri-/postmenopau-
sal women [39, 40]. The first study was a Greek non-ran-
domized controlled trial which included 147 participants
(mean age range, 58—64 years) separated into two main
groups: group A, which received OsteoStrong®, and group

B, which served as the control group. Both groups were fur-
ther subdivided based on the use of bone-specific drugs. In
the OsteoStrong®-only group, lumbar spine BMD showed
a modest increase from 0.815 at baseline to 0.821 (+0.7%)
at 12 months, which reached statistical significance with
a non-parametric test (0.019) but not significant after the
Bonferroni adjustment (p=0.91). No significant changes
were observed in femoral neck BMD, total hip BMD, or
trabecular bone score in the OsteoStrong®-only group. Fur-
thermore, no significant changes were detected in PINP or
CTX levels in any of the groups. The absence of significant
changes in lumbar spine and femoral neck BMD, as well as
the bone markers PINP and CTX, aligns with the findings
of our study.

The second study was a single-arm pilot study from
Australia, including 44 postmenopausal women aged
61.2+5.5 years, who participated in 8 months of interven-
tion with OsteoStrong® [40]. Consistent with our findings,
no significant changes in BMD (total hip, femoral neck,
and lumbar spine) were observed at the 8-month follow-up.
Furthermore, sub-analyses on participants who reached the
trigger levels in > 26 sessions (75%) also did not show any
benefits in bone measurements.

Previous research on physical exercise interventions for
postmenopausal women suggests that moderate to high-
intensity, dynamic multicomponent exercise programs incor-
porating resistance exercises may result in slight increases
in BMD at the lumbar spine and hip, though there are some
conflicting data [3, 4, 30, 41, 42]. A meta-analysis including
postmenopausal women with a median age of 60 years sug-
gests that high-intensity exercise might be the most effective
way of increasing lumbar spine BMD [41]. In our study of
older women with a median age of 70 years, a small but sta-
tistically significant increase (0.8%) in BMD was observed
in the DME group at follow-up, whereas no such increase
was seen in the OS group. Additionally, no changes in
BMD were observed at the femoral neck in either group.
Other studies have found increases in lumbar spine BMD
of approximately 1-2% in postmenopausal women [42-44],
although some have found no improvement at all [30, 45].
Furthermore, in contrast to our findings, several studies have
reported significant increases in femoral neck BMD follow-
ing exercise interventions that included resistance train-
ing [4, 30, 41], although consistent with our results, other
studies found no significant changes [3, 46]. It is possible
that the participants in our study did not achieve sufficient
physical intensity or that the intervention period was not
long enough to observe improved BMD. However, it is obvi-
ous that the women in our study already had high levels of
physical activity at baseline. Furthermore, postmenopausal
women typically experience an annual decrease in BMD
[47]. Thus, maintaining BMD may be clinically valuable
for this population.
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Previous research on the effects of exercise on bone
markers has been inconsistent, with some studies showing
increases in bone formation markers (e.g., BALP, osteoc-
alcin) [48-50], and reductions in resorption markers (e.g.,
CTX, NTX) [49, 51, 52], while other studies found no signif-
icant changes or decreases in these markers [49-53]. These
inconsistent results may stem from several factors, including
heterogeneity among studies, such as differences in study
populations, interventions, follow-up durations, and the tim-
ing of blood sample collection relative to an acute exercise
bout or resting values after a prolonged period of exercise. In
our study, there were no significant changes in PINP, BALP,
CTX or sclerostin at any time point within any group, nor
were there significant differences between the groups. This
could be because many participants were already engaging
in some form of exercise at baseline, reducing the likeli-
hood of changes in bone markers. This factor should also
be considered when interpreting the BMSi and BMD find-
ings. Additionally, the participants’ levels of physical activ-
ity during their leisure time, beyond the organized exercise
sessions, may have influenced the results. Lastly, the absence
of significant changes in bone markers may also reflect the
relatively high intra-assay variability (CV ~6-10%) inherent
in these biochemical measurements, which could obscure
smaller but potentially meaningful biological responses.

Although the OS program included the use of vibration
platforms, these were only used for up to 3—5 min per ses-
sion for balance and warm-up exercises. This would amount
to a total of 113-188 min based on the attendance rate of
94% (excluding the dropouts) during the 9-month interven-
tion. This dose falls far below the 7000 min suggested by a
systematic review and meta-analysis as potentially necessary
to improve lumbar spine BMD via whole-body vibration
training [54]. Moreover, another meta-analysis found no sig-
nificant effect of whole-body vibration training on lumbar
spine or femoral neck BMD [55]. Given these findings, the
vibration component in our study was likely insufficient to
meaningfully influence bone outcomes. Regarding any pos-
sible impact of the short-term vibration on BMSi, to our
knowledge, the effect of whole-body vibration on BMSi in
older women has never been investigated. However, it seems
unlikely to have a significant impact due to the low expo-
sure, although this highlights the need for further research
on the topic.

In the sub-analysis comparing subgroups with and with-
out bone-specific drug treatment, there was a significant
0.5% decrease in lumbar spine BMD in the OS group not
receiving drug treatment, whereas no such change was
observed in the DME group. This suggests that the OS
intervention was not effective in improving lumbar spine
BMD. In the second sub-analysis, comparing OS subgroups
that reached the trigger levels in all training sessions with
those that did not, significant improvements were observed
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only in the subgroup that did not reach the trigger levels in
every session, but instead achieved a mean of 80% for lower
GT and 85% for postural GT. This difference can neither be
attributed to the inclusion of participants with bone-specific
drug treatment, as excluding them did not reduce the effects,
nor can it be explained by attendance rates, which were very
similar between the groups. A plausible explanation may
involve variations in baseline bone strength and the corre-
sponding potential for improvement in these parameters.

Strength and limitations

The strengths of this study include the large sample size,
comprehensive evaluation of bone strength, high attend-
ance rate, relatively low dropout rate, inclusion of VFA, and
blinded outcome assessments of DXA, VFA, and bone mark-
ers. Additionally, all the DXA and VFA measurements were
performed and assessed by the same persons, and 90% of
the IMI were conducted by the same physicians. Lastly, this
study was a randomized controlled trial, which inherently
reduces biases and increases the reliability of the findings.
The study has several limitations. First, the validity of BMSi
remains uncertain, particularly its ability to assess fracture
risk, as it is based on a limited number of cross-sectional
and longitudinal studies. Additionally, the minimal clini-
cally important difference for BMSi is unknown, making it
unclear whether the specified non-inferiority margin of 5.2
in our study was appropriate. However, a key purpose of
this study was to contribute knowledge about how physical
exercise might affect bone quality, which BMSi is designed
to measure, as BMD alone cannot fully explain fracture
risk. Second, intra- and inter-observer CV measurements
for BMSi were not conducted. This decision was based on
ethical considerations, as repeating the invasive IMI test
multiple times on participants was deemed inappropriate.
However, the physicians adhered to a standardized testing
protocol, and 90% of the measurements were performed
by the same physician, which supports consistency in data
collection. Third, we did not perform a power calculation
for the secondary outcomes (BMD and bone markers) as
our analyses were exploratory. This limits our ability to
assess the reliability of the observed trends and draw defini-
tive conclusions regarding the effects of the interventions
on these parameters. Fourth, we did not perform repeated
one-repetition maximum (1RM) tests to ensure exercise
fidelity in the DME group. Regular 1RM testing could have
resulted in more accurate monitoring of the participants’
strength levels, ensuring that the prescribed exercise inten-
sities remained appropriately matched to the participants’
capabilities throughout the intervention. Lastly, the specific
DME program included in this study has not been examined
in previous trials concerning its effect on BMSi, which raises
questions about its suitability for a non-inferiority design.



Archives of Osteoporosis (2026) 21:46

Page130f 15 46

However, the DME program was developed based on current
exercise recommendations, incorporating strength and bal-
ance training, as well as weight-bearing and functional exer-
cises that have been previously shown to positively influence
BMD, physical strength, and balance.

Clinical implications

Based solely on the study findings, no firm conclusions can
be drawn regarding which exercise method should be rec-
ommended. Further research on OsteoStrong® is warranted
to establish its efficacy in enhancing bone strength and to
explore its potential benefits for other key outcomes in older
women, such as muscle strength, balance, mobility, and self-
reported health outcomes. Ultimately, clinical decision-mak-
ing should align with established exercise guidelines while
prioritizing individual patient needs, preferences, and safety.
Regardless of the specific exercise methods, personaliza-
tion and progressive adaptation are fundamental to enhance
adherence while minimizing injury risk.

Conclusion

This 9-month randomized controlled trial compared the
effects of OS and DME on bone strength in older women.
No significant interaction between treatment and time was
observed in BMSi, BMD, and the measured bone markers
(PINP, BALP, CTX, and sclerostin), indicating no mean-
ingful difference between the intervention groups. OS was
found to be non-inferior compared to DME with respect
to BMSi. Within-group analyses showed modest increases
in BMSi for OS and lumbar spine BMD for DME, but
no changes in femoral neck BMD or bone markers were
observed in any of the groups. Although the OsteoStrong®
intervention met the pre-specified non-inferiority mar-
gin compared to the DME group, the lack of efficacy of
the DME intervention on BMSi limits the interpretation of
this finding. Given these limitations, future research should
incorporate a placebo-controlled design to more definitively
establish the efficacy of OS.

Supplementary information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11657-026-01679-9.
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