
Vol.:(0123456789)

European Journal of Applied Physiology 
https://doi.org/10.1007/s00421-025-06025-4

ORIGINAL ARTICLE

Neurophysiological assessment of bone mechanosensitivity using 
the bone myoregulation reflex

Tuğba Aydın1,2   · Nilgün Yildiz4   · Aybike Ata1   · Eser Kalaoglu1   · Selim Sezikli1   · Mert Çetin1   · 
Nida Lale Köksal1   · Kadriye Öneş1,2   · Halime Kibar1   · Kemal Sitki Türker3   · Ilhan Karacan1,2 

Received: 12 August 2025 / Accepted: 3 October 2025 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2025

Abstract
Background  Mechanical loading is essential for bone growth, development, and skeletal integrity, and these effects are 
mediated primarily by osteocytes, the principal mechanosensory cells of bone. Aging and osteoporosis can impair osteocytes 
and the lacunocanalicular system, leading to bone loss, reduced biomechanical quality, and increased fragility. The bone 
myoregulation reflex may offer a noninvasive means of evaluating bone mechanosensitivity and quality.
Objectives  This study aimed to evaluate the applicability of a noninvasive neurophysiological method based on the bone 
myoregulation reflex as a tool for determining bone mechanosensitivity and quality.
Methods  The mechanical threshold was defined as the minimum force required to activate osteocytes, which are the sen-
sory receptors of the bone myoregulation reflex, and was estimated using a cumulative averaging method. Thresholds were 
measured first in healthy young adults during whole-body vibration and then in older adults with primary osteoporosis to 
assess the ability of the method to detect bone loss-related changes in mechanosensitivity.
Results  In healthy young adults, the normalized mechanical thresholds ranged from 2.9 to 4.7% of the peak-to-peak vibra-
tion loading force, depending on the vibration frequency. In contrast, participants with osteoporosis exhibited significantly 
higher thresholds, ranging from 9.0 to 15.5%.
Conclusion  This proof-of-concept study demonstrates the feasibility of a neurophysiological method for assessing bone 
mechanosensitivity using the bone myoregulation reflex. The higher thresholds observed in patients with osteoporosis sug-
gest impaired osteocyte function and provide a basis for future clinical validation. Such validation should consider BMI and 
sex and include both young and older non-osteoporotic controls to distinguish osteoporosis from age-related effects.
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Abbreviations
CI	� Confidence interval
BMR	� Bone myoregulation reflex
LCS	� Lacunocanalicular system
EST	� Effective stimulus time
MT	� Mechanical threshold
MTbw	� Mechanical threshold normalized to body weight
MTpp	� Mechanical threshold normalized to the peak-to-

peak amplitude
PP	� Peak-to-peak
SD	� Standard deviation
sEMG	� Surface electromyography
WBV	� Whole-body vibration

Introduction

Physical activity and exercise are widely recognized as pri-
mary strategies for supporting skeletal development and 
maximizing bone mass in children and adolescents (Car-
tledge et al. 2022). They also serve as effective adjunctive 
treatments for managing osteoporosis (Gregson et al. 2022) 
and play important roles in facilitating bone fracture healing 
(Zhang et al. 2017). In particular, weight-bearing exercises 
are effective for improving bone health, with strong evidence 
supporting their role in increasing bone density (Gregson 

et al. 2022; Ishikawa et al. 2013; Zhang et al. 2017). These 
effects are consistent with Wolff’s law and Frost’s Utah para-
digm, which suggest that bones adapt to mechanical loads, 
resulting in increased strength (Frost 1998; Wolff 1986).

The structural integrity of bone depends primarily on the 
mechanical stimuli sensed by osteocytes, the principal mech-
anosensory cells in bone (Goggin et al. 2016; Pearson and 
Lieberman 2004; Rolvien et al. 2020). This role is facilitated 
by the osteocytic lacunocanalicular system (LCS), which 
acts as a stress concentrator and amplifies macroscopic strain 
in the bone by up to 100-fold; this amplification is further 
modulated by the material properties of the surrounding 
peri-lacunar tissue (Goggin et al. 2016; You et al. 2001). 
With aging, osteocytes and the associated lacunocanali-
cular system undergo structural and functional deteriora-
tion, particularly in individuals with osteoporosis, leading 
to bone loss. Consequently, the biomechanical quality of 
bone decreases, and its fragility increases (Gregson et al. 
2022; Javaheri and Pitsillides 2019; Karacan and Türker 
2024). However, assessing this loss of biomechanical qual-
ity in vivo remains a significant challenge.

The bone myoregulation reflex (BMR) may offer new 
opportunities to address this gap. The BMR is a concep-
tual framework that describes a possible neuromechanical 
feedback loop between bone and skeletal muscle. Mechani-
cal loading of bone is known to activate the osteocytic 
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network within the mineralized matrix, which functions as 
a mechanosensitive receptor (Karacan and Türker 2024). 
In the BMR model, these signals can be conveyed to the 
spinal cord via thick myelinated afferent fibers—possibly 
Aβ fibers—and relayed to skeletal muscles through alpha 
motor neurons, potentially contributing to reflexive muscle 
regulation (Cakar et al. 2015; Corum et al. 2022; Kalaoglu 
et al. 2023; Karacan et al. 2009, 2017; Karacan and Türker 
2024; Yildirim et al. 2020). The BMR could thus enable 
the in vivo evaluation of osteocyte mechanosensitivity and 
facilitate determination of the bone’s mechanical threshold.

This study was based on the hypothesis that a reduction 
in mechanosensitivity—detected by comparing the mecha-
nosensitivity of individuals with osteoporosis with that of 
healthy controls—can be identified via the BMR. If vali-
dated, this approach could provide a noninvasive neurophys-
iological method for assessing the biomechanical properties 
and strength of bone through mechanosensitivity.

Methods

The study protocol was approved by the local ethics com-
mittee (Bakırköy Dr. Sadi Konuk Training and Research 
Hospital, Clinical Research Ethics Committee; Approval 
No.: 2023/321) and was conducted in accordance with the 
principles of the Declaration of Helsinki. All participants 
provided written informed consent prior to participation. 
The study protocol was registered with ClinicalTrials.gov 
(NCT06017245).

Participants

The study included 30 healthy adults (14 females, 16 males) 
aged 20–40 years and 39 patients with primary osteoporo-
sis (31 females, 8 males) aged 50–80 years. The exclusion 
criteria included the presence of scars, dermatitis, or other 
dermatological conditions at the surface electromyography 
(sEMG) electrode placement site; a history of kidney stones; 
and intolerance to whole-body vibration (WBV) during the 
familiarization protocol.

Osteoporosis was diagnosed according to the criteria 
established by the World Health Organization on the basis of 
bone mineral density measurements obtained by dual-energy 
X-ray absorptiometry (Kanis 2007). Therefore, participants 
with a T score ≤ −2.5 for the femoral neck or total hip were 
classified as having osteoporosis.

The participants in the healthy adult group who com-
pleted the study had a mean age of 26.6 ± 2.6  years, a 
mean height of 174.0 ± 8.8 cm, and a mean body mass 
index of 24.1 ± 3.4 kg/m2. The participants in the osteo-
porosis group had a mean age of 62.9 ± 7.2 years, a mean 
height of 159.1 ± 8.8 cm, and a mean body mass index 

of 27.1 ± 4.5  kg/m2. Their age, height, and body mass 
index were significantly greater than those of the controls 
(p = 0.0001, p = 0.0001, and p = 0.004, respectively).

Experimental protocol

Outcome variables

The primary outcome was the mechanical threshold, defined 
as the minimum loading force generated during WBV that 
activated osteocytes, the sensory receptors of the BMR. 
This value was used as an index of bone mechanosensitivity 
(Fig. 1). WBV delivers a sinusoidal oscillatory force to the 
participant’s body through a vibrating platform. Raw thresh-
old values were expressed in newtons (N) and normalized to 
both the peak-to-peak amplitude of the loading force signal 
(MTpp%) and the participant’s body weight (MTbw%).

Procedures

The mechanical threshold was determined using the cumu-
lative average method in both healthy young adults and 
individuals with primary osteoporosis. WBV was applied 
using a commercial vibration platform (Power Plate® Inter-
national, Amsterdam, The Netherlands) to activate the BMR. 
The resulting reflex response from the soleus muscle was 
recorded using sEMG.

Whole‑body vibration  The vibration protocol followed 
methods previously recommended in WBV studies inves-
tigating the BMR (Cakar et al. 2015; Kalaoglu et al. 2023; 
Karacan et  al. 2014, 2017; Kilic et  al. 2023). Participants 
stood quietly in an upright posture on the vibration plat-
form and were barefoot, with the feet positioned to ensure 
equal weight distribution. The knee and ankle joints were 
kept in a neutral position. For postural stability, participants 
lightly held the platform’s side handles throughout all WBV 
conditions (Fig. 2). The platform generated linear, vertical 
oscillations with a 1.25 mm amplitude. WBV was applied 
at frequencies of 25 Hz, 28 Hz, and 31 Hz, each delivered 
in randomized order for 30  s to minimize potential order 
effects, and a 5-s rest interval was provided between trials.

Data recording and  analysis  sEMG activity was recorded 
using self-adhesive bipolar Ag/AgCl electrodes (Redline®, 
Istanbul, Turkey) placed longitudinally over the belly of the 
right soleus muscle, with an interelectrode distance of 4 cm. 
A ground electrode was positioned over the right lateral 
malleolus, following the procedure described by Tucker and 
Türker (2005). The skin over the recording sites was lightly 
abraded using fine sandpaper and cleaned with 70% alcohol, 
and the electrode gel was gently rubbed into the skin. After 
the gel had dried, self-adhesive pre-gelled Ag/AgCl elec-
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trodes were placed on the skin over the soleus muscle. The 
same preparation was applied to the ground electrode site. 
Skin impedance was checked prior to recording to ensure 
optimal conductivity (≤10 kΩ).

sEMG, accelerometer, and force signals were recorded 
simultaneously using a data acquisition system (Power1401 
MK2, Cambridge Electronic Design Ltd., Cambridge, UK) 
at a sampling rate of 20 kHz. All the data were analyzed 
offline using the Spike2 software package (version 7.20; 
Cambridge Electronic Design Ltd., Cambridge, UK).

Estimation of  BMR latency using the  cumulative average 
method  To calculate BMR latency, a piezoelectric accel-
erometer (LIS344ALH; Ecopack®, Mansfield, TX, USA) 
mounted on the WBV platform was used in conjunction 
with sEMG recordings from the right soleus muscle. sEMG 
signals were bandpass filtered (60–500 Hz), full-wave recti-
fied, and processed for analysis. Peaks in the rectified EMG 
signal were identified and marked. Spike-triggered averag-
ing was then performed using these EMG peaks as triggers 
and the acceleration signal as the source. For each vibration 
frequency, an 80-ms window preceding and a 15-ms win-
dow following the trigger were included, and the resulting 
average acceleration curves were superimposed to gener-
ate a cumulative curve. The standard errors of the averaged 
acceleration signal were calculated for each of the 1600 bins 
across the time window from −80 ms to +15 ms. The bin 
with the lowest standard error was defined as the “effective 
stimulus point” (EST) on the cumulative average accelera-
tion trace (Karacan et al. 2014).

A similar averaging procedure was applied to the sEMG 
recordings to determine the onset of the BMR response. 
Reflex latency was calculated as the time interval between 

the EST and the EMG-defined onset of the BMR response 
(Karacan et al. 2014) (Fig. 1a–c).

Estimation of  the  mechanical threshold using the  cumula‑
tive average method  A load sensor (FC2331-0000-2000L, 
France) was placed between the participant’s heel and the 
vibrating platform to record the force signal generated by 
WBV. Cumulative average curves were generated from 
simultaneously recorded sEMG, accelerometer, and force 
signals (Fig.  1a–c). To determine the mechanical thresh-
old, the force magnitude corresponding to the EST on the 
force trace was identified, and the minimum value of the 
sinusoidal force curve was subtracted from this magnitude 
(Fig. 1a–d). This procedure was applied separately for each 
of the three vibration frequencies.

Statistical analysis

The normality of the data distribution was assessed using 
the Shapiro–Wilk test. Variables with a normal distribu-
tion (age, height, and body mass index) are presented as 
the mean ± SD, whereas non-normally distributed vari-
ables (raw and normalized mechanical thresholds) are 
summarized as the median (interquartile range, 25th–75th 
percentile). Comparisons between two independent groups 
were performed using the unpaired t test for normally dis-
tributed variables and the Mann–Whitney U test for non-
normally distributed variables. Statistical significance was 
defined as p < 0.05. Effect sizes for mechanical thresholds 
were interpreted according to Cohen’s (1988) guidelines: 
r = 0.1 indicates a small effect, r = 0.3 a medium effect, 
and r = 0.5 a large effect. The 95% confidence intervals 
for the mechanical thresholds were calculated using the 

Fig. 1   Measuring BMR latency and mechanical threshold using the 
cumulative average method. a The effective stimulus time (EST) 
points are represented by solid circles. b Mechanical thresholds for 
each vibration frequency are represented by open circles. c The solid 
square indicates the peak of a spike in the rectified EMG, which is 
used as the trigger point. These spike peaks serve as triggers to aver-
age acceleration, force, and rectified EMG data within a segment 

from −80 ms to +15 ms. The solid circle indicates the reflex onset 
point. d A representative averaged force trace for a vibration fre-
quency (28  Hz). The open circle denotes the EST force value, cor-
responding to the EST point. The mechanical threshold amplitude is 
indicated by a double-headed open arrow. Note: Acc: accelerometer; 
PP: peak-to-peak
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independent-samples Hodges–Lehmann median difference 
method. All the statistical analyses were conducted using 
PASW Statistics for Windows, Version 18.0 (SPSS Inc., 
Armonk, NY, USA).

Results

The raw mechanical thresholds were significantly higher 
in the osteoporosis group than in the healthy control group 
(Table 1). In healthy young adults, the mechanical thresh-
olds normalized to the peak-to-peak amplitude of the load-
ing force signal ranged from 2.9 to 4.7%, depending on the 
vibration frequency. In contrast, the thresholds of individuals 
with osteoporosis were significantly higher, ranging from 
9.0 to 15.5% (Table 2). When normalized to body weight, 
the mechanical thresholds of the healthy participants ranged 
from 2.4 to 2.7%, while those of the individuals with osteo-
porosis ranged from 3.4 to 3.7%, with significant group dif-
ferences (Table 2).

As illustrated for representative cases (Fig. 1b, d), the 
mechanical threshold consistently occurred during the 
ascending phase of the sinusoidal force trace.

Discussion

The BMR is activated by cyclic mechanical loading of bone. 
The main finding of this study is that the BMR may provide 
a preliminary neurophysiological means for in vivo assess-
ment of the mechanical threshold at which bone responds 
to loading. This threshold was significantly higher for indi-
viduals with osteoporosis, with medium-to-large effect sizes. 
However, these results should be interpreted with caution 
given the influence of potential confounders, including age, 
sex, and BMI, as well as the absence of an age-matched 
non-osteoporotic control group to distinguish osteoporosis-
specific effects from age-related effects.

Rationale and method for determining the bone 
mechanical threshold via the BMR

Osteocytes, which constitute more than 95% of bone cells in 
the adult skeleton, form a highly functional and mechano-
sensitive communication network. These cells are intercon-
nected via dendritic processes that extend through the LCS 
embedded within the mineralized bone matrix (Dallas et al. 
2013; Delgado-Calle and Bellido 2022; Karacan and Türker 

Fig. 2   Experimental setup. An accelerometer mounted on the vibra-
tion platform and sEMG electrodes placed on the belly of the soleus 
muscle were used to measure BMR latency. A load cell positioned 
between the participant’s heel and the platform was used to determine 
the mechanical threshold

Table 1   Raw mechanical thresholds at 25 Hz, 28 Hz, and 31 Hz vibration frequencies

Values are presented as medians (interquartile ranges, 25th–75th percentiles)

Healthy young 
adults (n = 30)

Osteoporotic group (n = 39) Median difference 95% CI Cohen’s r 
effect size

P value

Lower Upper

Raw MT at 25 Hz (N) 4.9 (2.9–15.9) 17.6 (5.9–39.2) −3.92 −15.68 −0.01 0.36 0.028
Raw MT at 28 Hz (N) 4.9 (2.9–10.8) 10.8 (3.4–40.2) −2.94 −8.82 −0.01 0.34 0.046
Raw MT at 31 Hz (N) 2.9 (2.0–8.6) 7.8 (4.9–41.2) −3.92 −6.86 −0.98 0.41 0.009
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2024; Rolvien et al. 2020). Mechanical loading (stress) 
induces deformation (strain) in the bone matrix, generating 
a pressure gradient that drives the flow of interstitial fluid 
throughout this network. The resulting fluid movement stim-
ulates mechanoreceptors on osteocyte membranes through 
two principal mechanisms: strain-generated potentials and 
fluid flow shear stress (Dallas et al. 2013; Kao et al. 2019; 
Karacan and Türker 2024; Lai et al. 2015). The osteocytic 
network, which is embedded in the bone matrix, thus func-
tions as the receptor system for the BMR (Karacan and 
Türker 2024). Because the BMR originates from osteocyte-
mediated mechanosensing, the minimum force required to 
evoke this reflex can serve as a direct in vivo indicator of the 
bone’s mechanical threshold.

Mechanistic interpretation of elevated thresholds

The elevated mechanical thresholds observed in individuals 
with osteoporosis are consistent with structural and func-
tional deterioration of osteocytes and the LCS, including 
reduced osteocyte density, loss of dendritic connectivity, 
expansion of lacunocanalicular fluid spaces, and micropet-
rosis, all of which compromise mechanotransduction. These 
impairments likely reduce the mechanosensitivity of osteo-
cytes and disrupt the stress-concentrating and strain-ampli-
fying functions of the LCS, thereby increasing the mechani-
cal threshold (Gregson et al. 2022; Javaheri and Pitsillides 
2019; Karacan and Türker 2024). However, alternative con-
tributors should also be considered. Age-related neuromus-
cular changes, including reductions in sensory nerve fiber 
density; motor neuron degeneration; diminished regenera-
tive capacity; and decreases in axonal number, diameter, and 
internodal length with concomitant slowing of conduction 
velocity, as well as structural alterations at the neuromus-
cular junction, may impair reflex responsiveness and pro-
prioceptive feedback (Karacan and Türker 2024). Research 
directly addressing the effects of age-related neuromuscular 
changes on the reflex thresholds of any receptor, including 

osteocytes, is scarce. The only available data come from 
muscle spindle-mediated responses; Lin and Sabbahi (1998) 
reported that the threshold velocity of the stretch reflex does 
not change with aging, although the reflex response is dimin-
ished in magnitude and prolonged in latency. Taken together, 
the evidence indicates that the elevated mechanical thresh-
olds observed in osteoporosis can most plausibly be attrib-
uted to osteocyte and LCS deterioration, while the potential 
influence of age-related neuromuscular changes, although 
less likely, should not be dismissed.

Methodological considerations

WBV is a weight-bearing exercise technique that delivers 
controlled mechanical loading to the bone and facilitates 
experimental measurements, because the subject remains in 
a fixed position. Despite these advantages, measuring the 
latency of reflex responses (e.g., BMR) induced by WBV 
remains a significant challenge in vibration experiments. For 
the soleus tendon reflex triggered by a reflex hammer, deter-
mining the mechanical stimulus onset time and measuring 
latency are relatively straightforward. However, WBV gener-
ates high-frequency sinusoidal mechanical stimuli with con-
tinuously fluctuating intensity. For such mechanical stimuli, 
the reflex response trigger time (i.e., effective stimulus time 
or EST) cannot be determined using conventional methods. 
This challenge was effectively addressed by the use of the 
cumulative average method, which has been shown to be 
highly reliable (Karacan et al. 2014; Kilic et al. 2023). The 
reported intraclass correlation coefficient for estimating the 
EST was 0.988, with a precision error of 1.3% (Kilic et al. 
2023).

In the present study, WBV was applied at frequencies 
generating accelerations between 0.3 and 1.5 g. As a result, 
the force (stress) transmitted to the participant’s heel fluctu-
ated continuously throughout the vibration period (Fig. 1b). 
This force was recorded using a compression load cell 
positioned between the participant’s heel and the vibration 

Table 2   Normalized mechanical thresholds measured at 25 Hz, 28 Hz, and 31 Hz vibration frequencies

MTbw%: Mechanical threshold as % of baseline width
MTpp%: Mechanical threshold as % of peak-to-peak vibration amplitude;
Values are presented as medians (interquartile ranges, 25th–75th percentiles)

Healthy young 
adults (n = 30)

Osteoporotic group (n = 39) Median difference 95% CI Cohen’s r 
effect size

P value

Lower Upper

MTbw% at 25 Hz 0.6 (0.4–1.9) 2.9 (0.8–6.1) −0.64 −277 −0.15 0.39 0.015
MTbw% at 28 Hz 0.6 (0.4–1.6) 1.8 (0.6–6.7) −0.58 −1.59 −0.02 0.35 0.040
MTbw% at 31 Hz 0.5 (0.3–1.4) 1.1 (0.8–6.6) −0.54 −1.36 −0.17 0.42 0.007
MTpp% at 25 Hz 4.7 (2.6–11.1) 15.5 (5.6–45.3) −4.92 −19.44 −1.87 0.46 0.003
MTpp% at 28 Hz 4.5 (2.3–14.7) 11.7 (4.8–56.0) −4.95 −11.66 −1.25 0.43 0.007
MTpp% at 31 Hz 2.9 (1.8–8.8) 9.0 (5.7–59.5) −4.94 −9.14 −2.21 0.47 0.002
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platform (Fig. 2). The cumulative average method was then 
used to estimate the mechanical threshold, as illustrated in 
Fig. 1. In this study, the effective stimulation time (EST), 
i.e., the moment when the BMR response occurred, was con-
sidered an indicator of the minimum loading force threshold 
required to activate the BMR. As shown in Fig. 1a, the effec-
tive stimulation time point, defined as the moment when 
mechanical loading activated the osteocytic network, could 
be identified in the accelerometer recordings. In Fig. 1b, the 
corresponding points on the force traces (indicated by open 
circles) reveal the mechanical threshold for each vibration 
frequency.

To determine the mechanical threshold, two cohorts 
were formed: healthy young adults and individuals with 
primary osteoporosis. Bone density and quality, together 
with osteocyte and LCS functionality, peak in young adult-
hood and progressively decline with age. In primary osteo-
porosis, bone loss is additionally associated with the dete-
rioration of osteocyte function and LCS architecture. To 
examine how the mechanical threshold changes with bone 
loss, measurements were performed in both groups. This 
cohort design followed the framework recommended by the 
World Health Organization for the diagnosis and classifica-
tion of primary osteoporosis, in which deviations in bone 
density among older individuals are evaluated relative to 
those among healthy young adults (Kanis 2007). Accord-
ingly, the mechanical threshold of the BMR was compared 
between older adults with primary osteoporosis and healthy 
young adults.

According to Newton’s second law (force = mass × accel-
eration) (Newton 1687), the magnitude of loading force 
depends on both body mass and the intensity of accelera-
tion generated by WBV. To account for interindividual vari-
ability, thresholds were first normalized to body mass, but 
this adjustment provided only minimal gains in sensitivity, 
with effect sizes remaining in the medium range (Cohen’s 
r = 0.35–0.42). In contrast, normalization to the peak-to-
peak amplitude of the loading force resulted in clearer group 
separation, with effect sizes in the medium-to-large range 
(Cohen’s r = 0.43–0.47). Collectively, these findings dem-
onstrate that peak-to-peak amplitude normalization yields 
a more sensitive and physiologically meaningful index of 
impaired mechanosensitivity in osteoporosis.

Study limitations

Several limitations should be acknowledged. Although the 
BMR was employed to assess the mechanical threshold, 
with osteocytes considered the primary mechanosensory 
receptors, age-related changes in neural pathways and at the 
neuromuscular junction may also have contributed to the 
measured thresholds. The lack of a control group consisting 
of older individuals without osteoporosis limits the ability 

to separate the effects of aging from those of osteoporosis. 
However, we used the approach recommended by the World 
Health Organization, as detailed in the Discussion. Further-
more, while a potential influence of sex cannot be excluded, 
no study has, to our knowledge, demonstrated differences 
in osteocyte mechanosensitivity between healthy subjects 
of different sexes. Sex should nonetheless be considered a 
potential confounder in future research.

Conclusion

This proof-of-concept study demonstrates the feasibility of 
a BMR-based neurophysiological method for assessing bone 
mechanosensitivity, revealing elevated thresholds in indi-
viduals with primary osteoporosis. These findings suggest 
that BMR-based, noninvasive assessment may have clinical 
relevance for detecting alterations in bone mechanosensi-
tivity. Moreover, in vivo neurophysiological evaluation of 
the biomechanical properties of bone could offer a practi-
cal framework for individualized, threshold-based exercise 
interventions.

Future research should focus on formal validation of 
this method, including test–retest reliability, benchmarking 
against established bone assessment techniques, and deter-
mination of the minimal detectable change. Such work, 
ideally conducted in sex-matched cohorts that include both 
young adults and older non-osteoporotic controls, will be 
essential for establishing accuracy, reproducibility, and diag-
nostic value before clinical translation.
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