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in postmenopausal women: a systematic
review and meta-analysis
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Abstract

Background This meta-analysis aims to explore the effects of resistance training on bone mineral density (BMD) in
postmenopausal women, specifically focusing on different training intensities, durations, frequencies, and periods,
across various skeletal sites lumbar spine (LS), femoral neck (FN), total hip (TH), and trochanter (Troch).

Methods We systematically searched PubMed, Embase, Web of Science, and the Cochrane Library for studies
evaluating the impact of resistance training programs on BMD in postmenopausal women, covering all records up
to March 2025. Two reviewers independently screened the studies, extracted data, assessed the risk of bias using the
Cochrane Handbook, and performed the meta-analysis using RevMan 5.4 and Stata 18 software.

Results 17 randomized controlled trials involving 690 subjects were included. The results indicate that resistance
training significantly improves BMD at the LS (SMD=0.88, 95% Cl [0.21, 1.56], P=0.01, 1=91%), FN (SMD=0.89, 95%
C1[0.40, 1.39], P=0.0004, I?=87%) and TH (SMD =0.30, 95% CI [0.10, 0.50], P=0.003, I> = 25%). However, no significant
effect was observed on Troch bone density (SMD=0.23, 95% Cl [-0.01, 0.47], P=0.06, 12=19%). Subgroup analysis
further revealed that high-intensity training (= 70% 1RM) had a significant effect on the TH and FN (P <0.05); training
three times per week significantly improved bone mineral density at the LS, FN, TH, and Troch (P < 0.05); intervention
durations of >48 weeks had a significant impact on FN and TH (P < 0.05); and sessions lasting 40 min had a significant
effect on LS (P<0.05).

Conclusion Resistance training can beneficially influence BMD in postmenopausal women, particularly at the LS,

FN, and TH. A high-intensity training regimen (>70% 1RM) performed three times per week with a longer training
duration may be optimal. However, significant heterogeneity among the included studies for LS and FN bone density
may affect the accuracy of the pooled results, thereby limiting the generalizability of these findings. More high-quality
clinical trials are needed to confirm these findings.
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Introduction

Osteoporosis in postmenopausal women is a global
health issue that poses severe health risks and diminishes
quality of life [1, 2]. As estrogen levels decline, postmeno-
pausal women experience accelerated bone loss, leading
to decreased bone density and mass, thereby increasing
the brittleness of bones and the risk of fractures. This can
result in pain, disability, and a loss of functional inde-
pendence, severely affecting quality of life [2-5]. Fur-
thermore, the deterioration of bone structure and the
decrease in bone mass further increase the incidence of
pathological osteoporotic fractures [6]. It is reported that
approximately 40% of women over the age of 50 will suf-
fer from osteoporotic fractures during their remaining
lifetimes, with hip fractures particularly associated with
high morbidity and mortality [7]. This worrying trend
highlights the substantial negative impact of osteoporo-
sis and fractures on patients’ health and lives. Although
several medications, including bisphosphonates, selective
estrogen receptor modulators, and receptor activator of
nuclear factor kB ligand inhibitors, have been approved
for the treatment of postmenopausal osteoporosis, they
have not been fully effective in reducing fracture inci-
dence and may be associated with adverse effects and
issues related to patient compliance [8—11].

Exercise training, especially resistance training, is rec-
ognized as a non-pharmacological intervention that can
increase muscle strength and promote bone formation,
effectively improving symptoms of osteoporosis and
enhancing bone density [12-14]. Mechanistically, one
pathway involves exercise-induced mechanical stimuli
upregulating Wntl expression. Wntl binds to the LRP5/6
co-receptor, activating intracellular Dishevelled, which
leads to release of free B-catenin and its translocation
into the nucleus. Nuclear -catenin associates with TCF/
LEF transcription factors to induce and activate Runx2,
Osterix, and Cyclin D1, thereby driving osteoblast dif-
ferentiation and increasing bone mass. Concurrently,
mechanical loading of osteocytes downregulates the
expression and secretion of the Wnt antagonist scleros-
tin, which normally inhibits Wnt/B-catenin signaling by
competitively binding to LRP5/6. In the absence of resis-
tance-induced mechanical stimuli, Wntl levels decline
and -catenin undergoes ubiquitination and proteasomal
degradation, resulting in downregulation of downstream
osteogenic genes and subsequent bone loss [15-17]. On
the other hand, resistance exercise elevates systemic
growth factors such as insulin-like growth factor-1,
which activates the PI3K-Akt—-mTORCI signaling path-
way to stimulate muscle protein synthesis. The resulting
increase in muscle mass and force production enhances

mechanical loading on the skeleton, further contribut-
ing to improvements in bone strength [14]. Therefore,
for postmenopausal women, resistance training serves
as a crucial exercise modality. By contracting muscles
against external resistance, it not only increases muscle
strength but also promotes bone formation and reduces
bone resorption, playing a vital role in the prevention and
treatment of osteoporosis.

Despite extensive research exploring the effects of dif-
ferent resistance training modalities on bone density in
postmenopausal women, there remains considerable
debate over the most effective duration, intensity, and fre-
quency of resistance training. Bae S et al. [18]. reported
that resistance exercise at 50-85% 1RM, with 5-12 rep-
etitions per set, performed 2-3 times weekly for 3-12
months, can improve bone mineral density in patients
with osteoporosis. Oniszczuk, A et al. [17]. proposed
that a training program using 75-85% 1RM- or alterna-
tively light to moderate loads (30-70% 1RM)-with 8-12
repetitions per set, at least two sets per exercise, and
1-3 min of rest between sets, is beneficial for improving
osteoporosis in older adults and preventing osteoporotic
fractures. O’'Bryan et al. [19]. recommended three weekly
sessions at 75-80% 1RM, combined with weighted or
impact-loading exercises (e.g., jumping or step training),
performing 1-2 sets of each movement, to maximize
concurrent gains in muscle strength and bone strength in
older adults. Kistler-Fischbacher et al. [20]. demonstrated
that an 8-month program of free-weight resistance exer-
cises (deadlift, back squat, overhead press) at 80-85%
1RM-twice weekly, 5 sets of 5 repetitions per exercise
per 40-minute session-together with one high-impact
exercise (jump squat) and two balance exercises, effec-
tively improved bone density in women with osteoporo-
sis or low bone mass. Thus, this study aims to conduct a
meta-analysis to systematically review and analyze exist-
ing research to explore the effects of various resistance
training modalities on bone density in postmenopausal
women. Comparing the impact of different durations,
intensities, and frequencies of resistance training will
provide scientific evidence for clinical practice, guid-
ing the formulation of exercise intervention programs
for postmenopausal women. This will aid in improving
bone density, preventing osteoporosis, reducing the risk
of fractures, and enhancing the quality of life and health
status of postmenopausal women.

Materials and methods

This study aims to investigate the effects of different
resistance training modalities on bone mineral density in
postmenopausal women through a systematic review and
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meta-analysis. The study adheres to the PRISMA 2020
guidelines for systematic reviews and employs the PICOS
framework to formulate the research question and
design. The PICOS framework includes Population (post-
menopausal female subjects), Intervention (resistance
training), Comparison (untrained healthy postmeno-
pausal women), Outcomes (bone density at the LS, FN,
TH and Troch), and Study Design (published random-
ized controlled trials). The research question addressed
is, “What is the impact of different resistance training
modalities on bone mineral density in postmenopausal
women?”

Search strategy

To identify relevant studies, we employed a compre-
hensive literature search using the following keywords:
“bone density, “density,” “skeleton,” “resistance training,’
“strength training,” “weightlifting,” “postmenopausal,” and
“exercise in the elderly,” along with their synonyms, near-
synonyms, and abbreviations. Our search strategy uti-
lized a combination of MeSH terms and free-text terms
across multiple databases, including PubMed, Embase,
Web of Science, and the Cochrane Library. The search
covered records from the inception of each database until
March 2025, and involved tracking the references of rel-
evant articles to ensure the inclusion of all studies meet-
ing our criteria.

Inclusion and exclusion criteria

Inclusion Criteria: (1) Participants: Healthy postmeno-
pausal women, aged 50 or above, without hypertension,
diabetes, cardiovascular diseases, or related conditions,
regardless of race and nationality; (2) Study Type: Pub-
lished randomized controlled trials (RCTs); (3) Interven-
tion Group: Resistance exercises of any intensity, form,
and duration of >4 weeks; Control Group: No exercise
intervention other than normal physical activity. (4)
Outcome Measures: BMD of the LS, FN, TH and Troch,
including at least one of the above indicators and one or
more. (5) BMD measurement method used dual-energy
X-ray absorptiometry (DXA).

Exclusion Criteria: (1) Adolescent literature, confer-
ence papers, and literature reviews; (2) Animal studies;
(3) Studies where data were unavailable; (4) Inability to
obtain the full text of the literature; (5) Non-English
publications.

Study selection and data extraction

The search results were consolidated and imported into
EndNote X9 software. Initially, duplicates were removed.
Titles and abstracts were then screened according to the
inclusion and exclusion criteria to discard non-quali-
fying studies. Full texts of potentially qualifying stud-
ies were reviewed for final inclusion. This process was
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independently conducted by two reviewers. In cases of
uncertainty about inclusion or exclusion, the reviewers
consulted each other to resolve the issue. If disagree-
ments persisted, the article was reassessed, and a third
researcher (H.Y.) adjudicated unresolved disputes. Full
texts of all potentially eligible studies were obtained.
Articles that did not meet the selection criteria were
excluded. Any discrepancies were resolved in consulta-
tion with a third reviewer.

Data from the eligible studies were independently
extracted by two reviewers using a pre-designed form.
Extracted information included the first author, publica-
tion year, sample size, age, intervention modalities (inten-
sity, duration, frequency etc.), and outcome measures.
After completing the data extraction forms, reviewers
cross-checked the data to ensure accuracy. All incon-
sistencies were resolved by a third reviewer (H.Y.). A
detailed summary of the extracted data is presented in
Table 1.

Assessment of methodological quality of included studies
The methodological quality of the included studies was
assessed using the Cochrane Collaboration’s risk of bias
tool as outlined in the Cochrane Handbook for System-
atic Reviews of Interventions, version 5.1.0 [21]. The
assessment included seven domains: Random sequence
generation; Allocation concealment; Blinding of par-
ticipants and personnel; Blinding of outcome assess-
ment; Incomplete outcome data; Selective reporting;
Other bias. Studies were categorized as having low, high,
or unclear risk of bias. The risk of bias assessment was
independently conducted by two reviewers, with any dis-
agreements resolved by a third reviewer (H.Y.).

Statistical analysis

Data were analyzed using RevMan 5.4 and Stata 18 soft-
ware. The effect sizes were expressed as weighted mean
differences (WMD) with 95% confidence intervals (CI).
Heterogeneity was assessed using the I? statistic. If I
exceeded 50% and P was less than 0.10, indicating sub-
stantial heterogeneity, a random-effects model was
employed; otherwise, a fixed-effect model was used.
For outcomes with high I*-indicating substantial vari-
ability-subgroup analyses and sensitivity analyses were
performed. Subgroup analyses included factors such as
Intervention Frequency, Intervention Intensity, Interven-
tion Cycle, and Duration per time. Sensitivity analyses
were conducted by excluding individual studies to assess
each study’s impact on the overall effect size, thereby
verifying the stability of the meta-analytic results. When
heterogeneity remained excessive and its origin could not
be determined, descriptive analyses were employed.
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Results

General results of the selected research literature

This study employed a rigorous and systematic search
strategy to identify relevant papers from databases,
retrieving a total of 4664 articles. EndNote software was
used to remove 2554 duplicates, leaving 2110 articles for
further screening. Subsequently, the titles and abstracts
of the remaining articles were carefully evaluated based
on predefined inclusion and exclusion criteria, resulting
in the exclusion of 2022 articles. The remaining 88 arti-
cles underwent a comprehensive assessment, from which
17 RCTs were selected for inclusion in the meta-analysis.
The specific screening process is illustrated in Fig. 1. This
strict selection procedure ensured that only high-quality
studies meeting the established criteria were included in
the meta-analysis.

Characteristics of included studies
All subjects included in the studies were healthy post-
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exclusively resistance training. A total of 690 participants
were included in the analysis, with 375 assigned to the
resistance training group and 315 to the control group.
The geographical distribution of the 17 included studies
spanned 11 countries: United States (5 studies) [22-26],
Brazil (2 studies) [27, 28], Canada (3 studies) [29-31],
with single studies conducted in Finland [32], Portugal
[33], Belgium [34], Romania [35], Spain [36], Iran [37],
and Lebanon [38]. The outcome measures included bone
density at four sites: lumbar spine, femoral neck, total hip,
and femoral trochanter. Regarding the intensity of resis-
tance training (RT), according to the study by Borde et al.
[39], intensities were categorized as follows: high inten-
sity RT for 1IRM =70%; moderate intensity RT for 51%
< 1RM £69%; and low intensity RT for 1RM <50%. For
studies that did not match these load intensities, training
was classified based on the number of repetitions per set:
fewer than 6 repetitions were considered high intensity,
8-15 repetitions were considered moderate intensity, and

menopausal women, and the interventions were more than 15 repetitions were considered low intensity.
)
8 .
] PubMed (n =1317), Web of Science (n =1081), Embase (n =1618), and Cochrane
g library (n=648)
—
—
Duplicate records removed
(n=2554)
4
Records after duplicates removed (n=2110)
=2 Studies were excluded on abstracts
'§ " and titles (n=2022)
“0‘3 v
Full-text article assessed for eligibility
(n=88)
71 of full-text articles excluded:
(1) Literature on non-RCT (n=17); (2) Data
not available (n =19); (3) Ineligible subjects
(n= 13); (4) Resistance training combined
— with other interventions(n=22)
y
2
E: Studies included in present systematic review (n=17)
3]
=
—

Fig. 1 Flowchart of literature screening process
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The specific characteristics of the included studies are
presented in Table 1.

Quality assessment of selected articles

The results of the risk of bias assessment are presented in
Figs. 2 and 3. Among the 17 studies included, green rep-
resents low risk, yellow denotes some concerns, and red
represents high risk, providing a clear and visual descrip-
tion of each study’s methodological quality. Overall, the
methodological quality of the included studies is consid-
ered to be high.

The impact of resistance training on LS bone density

13 studies were included in the meta-analysis, comprising
a total of 293 participants in the resistance training group
and 233 participants in the control group. The analysis
results are illustrated in Fig. 4. There was substantial het-
erogeneity among the 13 studies (I*=91%, P<0.00001).
Employing a random-effects model, the pooled effect size

was SMD=0.88, 95% CI [0.21, 1.56], Z=2.58, P=0.01,
indicating significant differences (P<0.05). This suggests
that resistance training has statistically significant impact
on LS bone density in postmenopausal women.

The impact of resistance training on FN bone density

15 studies were included in the meta-analysis, comprising
a total of 314 participants in the resistance training group
and 301 participants in the control group. The analysis
results are illustrated in Fig. 5. There was substantial het-
erogeneity among the 15 studies (I*=87%, P <0.00001).
Employing a random-effects model, the pooled effect size
was SMD =0.89, 95% CI [0.40, 1.39], Z=3.53, P=0.0004,
indicating significant differences (P<0.01). This sug-
gests that resistance training has a statistically significant
impact on FN bone density in postmenopausal women.
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Experimental Control

r r Mean D Total Mean D Total Weigh
Bemben,2000a 1.116 0.043 10 1.144 0.034 8 6.0%
Bemben,2000b 1.154 0.048 7 1.144 0.034 8 59%
Bemben,2010 1.163 0.028 22 1.131 0.036 12 6.3%
Bocalini,2009 0.88 0.001 15 0.873 0.002 10  4.9%
Bocalini,2010 0.882 0.004 13 0.875 0.008 12 6.2%
Chilibeck,2002 0.885 0.037 10 0.937 0.031 12 6.0%
Chuin,2009 1.06 0.16 1" 1 0.16 7  6.0%
Eslamipour,2023a 1.06 0.03 15 0.78 0.03 15  34%
Eslamipour,2023b 0.95 0.03 15 0.78 0.03 15  4.8%
Juesas,2023a 0.84 0.13 35 0.81 0.08 12 6.4%
Juesas,2023b 0.88 0.13 35 088 0.15 1" 6.4%
Maddalozzo,2007 0.974 0.13 29 0.916 0.09 29 6.6%
Nelson, 1994 0.967 0.035 20 1.029 0.033 19 6.3%
Pruitt,1995a 0.947 0.159 7 0.901 0.158 11 6.0%
Pruitt,1995b 1.084 0.178 7 0.901 0.158 1" 5.9%
Rhodes,2000 113 0.18 20 1.01 017 18  6.4%
Verschueren,2004 0.901 0.135 22 0.93 0.146 23  6.5%
Total (95% ClI) 293 233 100.0%

Heterogeneity: Tau? = 1.72; Chi? = 170.95, df = 16 (P < 0.00001); I>=91%
Test for overall effect: Z=2.58 (P = 0.010)

Fig. 4 Forest plot of the effect of resistance training on LS bone density

(2025) 20:523

Std. Mean Difference

Page 8 of 14

Std. Mean Difference
IV, Random, 95% ClI

IV, Ran % Cl
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Fig. 5 Forest plot of the effect of resistance training on FN bone density

The impact of resistance training on TH bone density

9 studies were included in the meta-analysis, comprising
a total of 240 participants in the resistance training group
and 195 participants in the control group. The meta-anal-
ysis results are presented in Fig. 6. There was relatively
low heterogeneity among the seven studies (I*>=25%,
P=0.20). Employing a fixed-effects model, the pooled
effect size was SMD =0.30, 95% CI [0.10, 0.50], Z=2.94,
P=0.003, indicating significant differences (P?<0.01). This
suggests that resistance training has a statistically sig-
nificant impact on TH bone density in postmenopausal
women.

! 4 1 I
T

-4 -2 0 2 4
Favours [control] Favours [experimental]

The impact of resistance training on Troch bone density

7 studies were included in the meta-analysis, comprising
a total of 141 participants in the resistance training group
and 130 participants in the control group. The meta-
analysis results are presented in Fig. 7. There was rela-
tively low heterogeneity among the six studies (I =19%,
P=0.28). Employing a fixed-effects model, the pooled
effect size was SMD =0.23, 95% CI [-0.01, 0.47], Z=1.86,
P=0.06, indicating nonsignificant differences (P >0.05).

Results of subgroup analysis
We conducted subgroup analyses on LS, FN, TH, and
Troch bone density in postmenopausal women. The
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Fig. 6 Forest plot of the effect of resistance training on TH bone density
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Fig. 7 Forest plot of the effect of resistance training on troch bone density

subgroups included Intervention frequency, Intervention
intensity, Intervention cycle, and Duration per time. The
specific results are shown in Table 2.

Intervention frequency

In the comparison of intervention frequencies, we found
significant differences (P<0.05) in LS, FN, and TH indi-
cators among different intervention frequencies. Inter-
ventions with a frequency of >3 times per week showed
overall better effects on bone density in postmenopausal
women, with statistically significant differences observed
in LS, FN, TH, and Troch indicators (P <0.05).

Intervention intensity

In the comparison of intervention intensities, we found
significant differences (P<0.05) in LS, FN, and TH indi-
cators among different intervention intensities. High-
intensity (HI) interventions showed overall better effects
on bone density in postmenopausal women, especially
with statistically significant differences in TH and EN
indicators (P <0.05).

Std. Mean Difference
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Intervention cycle

In the comparison of intervention cycles, we found sig-
nificant differences (P<0.05) in LS, FN, and TH indica-
tors among different intervention cycles. Interventions
with a duration of 48 weeks or more showed statistically
significant differences in FN and TH indicators (P <0.05).
Interventions with a duration of less than 48 weeks also
showed statistically significant differences in lumbar LS
and FN indicators (P <0.05).

Duration per time

In the comparison of the duration per intervention, we
found significant differences in FN and Troch indica-
tors (P<0.05). Interventions with a duration of >40 min
per session showed overall better effects on bone den-
sity in postmenopausal women, with statistically signifi-
cant differences particularly observed in the LS indicator
(P<0.05).

Sensitivity analysis

The sensitivity analysis results are shown in Fig. 8. For FN
and TH, excluding any single study had little impact on
the pooled effect size and did not materially change its
direction, indicating that the meta-analytic findings are
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Table 2 Subgroup analysis of the effects of different resistance exercise parameters on bone mineral density in postmenopausal women
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robust. However, for LS, omission of one study [37] pro-
duced a significant shift in the overall pooled estimate;
and for Troch, exclusion of two studies [22, 23] likewise
led to a significant change in the pooled effect. It should
be noted that, compared with the other outcomes, the LS
and Troch results are less stable.

Discussion

Women experience a loss of bone mineral content, dis-
ruption of trabecular bone structure, and a decline in
bone load-bearing capacity as a result of reduced hor-
mone secretion during menopause, increasing the risk of
fractures [2, 40, 41]. Dual-energy X-ray absorptiometry is
the primary tool used to assess BMD in several clinical
practice guidelines [42, 43]. Current research confirms
that resistance training plays a positive role in increasing
or maintaining bone density [44, 45]. However, further
research is needed to determine the optimal duration,
intensity, frequency, and cycle of resistance exercises that
can best improve or delay the loss of bone mineral con-
tent in postmenopausal women. It has been noted [46]
that different exercise intensities (high, medium, low)
have varied effects on the bone density of postmeno-
pausal women. High-intensity exercise has been shown
to be more effective in stimulating lumbar spine bone
density than low and moderate intensities, but it does not
affect femoral neck bone density. Moreover, the impact
of different types of resistance exercises on the bone
density of postmenopausal women also varies, with non-
weight-bearing high-intensity exercise possibly being the
most effective intervention for femoral neck BMD [47].
Therefore, in this study, our goal is to examine the effects
of scientifically selected resistance training parameters—
such as duration, intensity, cycle, and frequency—on the
bone density (lumbar spine, femoral neck, total hip, fem-
oral trochanter) of postmenopausal women.

In this study, resistance training effectively improved
the bone density at the FN, TH, and LS in postmeno-
pausal women, with significant differences observed
(P<0.05), aligning with results from previous studies
[48-50]. However, the improvement in Troch bone den-
sity was not significant. Bone requires high-magnitude,
dynamic weight-bearing loads to stimulate osteogenesis,
and conventional resistance-training protocols may not
generate sufficient strain at the lateral proximal femur,
resulting in inadequate stimulation of the trochanteric
region. This insufficiency is further exacerbated by the
postmenopausal hormonal environment-low estrogen
levels shift remodeling toward resorption and suppress
osteoblast activity-so that even applied mechanical sig-
nals elicit a weaker anabolic response. Moreover, the
inherently slow pace of bone remodeling means that
resistance training may be insufficient to produce a
measurable increase in bone mineral density at this site
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Fig. 8 Sensitivity analysis of the effects of resistance training on LS (A), FN (B), TH (C), Troch (D) in postmenopausal women. LS=Lumbar Spine Bone
Density; FN=Femoral Neck Bone Density; TH=Total Hip Bone Density; Troch = Greater Trochanter Bone Density

[50, 51]. In subgroup analyses, significant differences in
intervention intensities were noted for FN, LS and TH
indices (P<0.05). High intensity (HI) interventions gen-
erally showed better outcomes for bone density in post-
menopausal women, particularly for TH and FN indices,
with statistically significant differences (P<0.05), simi-
lar to findings by Vainionpdi et al. [52]. Regarding dif-
ferent intervention frequencies, significant differences
were observed across FN, TH, and LS indices (P<0.05).
Studies like O’Bryan et al. have also indicated that the
frequency of exercise significantly impacts bone forma-
tion [19]. An intervention frequency of >3 times per
week generally showed better effects on bone density
in postmenopausal women, echoing findings by Borba-
Pinheiro et al. [53], especially significant for LS, FN, and
Troch indices (P<0.05). Different intervention cycle also
showed significant differences in FN, TH, and LS indi-
cators (P<0.05). Subgroup analysis indicated that inter-
ventions lasting>48 weeks demonstrated statistically
significant effects on FN and TH indicators (P<0.05),
while interventions lasting <48 weeks showed significant
differences in LS and FN indicators (P<0.05). In addition,
interventions with a duration of >40 min per session
generally had better effects on improving bone density,

especially with statistically significant improvements in
the LS indicator (P <0.05).

Wang et al’s study [50] suggests that, compared to high
intensity, moderate intensity is superior in increasing
BMD in postmenopausal women. Their findings con-
tradict the results of this study, primarily due to differ-
ent definitions of intensity. Wang et al. defined training
intensity>80% 1RM as high intensity, 65 -80% 1RM
as moderate intensity, and <65% 1RM as low intensity.
However, in this study, high intensity was defined as
1RM >70%, moderate intensity as 51% <1RM <69%, and
low intensity as 1IRM <50%. Different classifications of
intensity may lead to inconsistent research results. How-
ever, lower intensity training did not show significant
differences in BMD in postmenopausal women, pos-
sibly because lower loads often fail to reach the stress
threshold required to stimulate bone tissue [34, 50, 54].
Furthermore, intervention duration also significantly
influences BMD in postmenopausal women. Research
suggests that bone remodeling cycles typically take three
to four months, and achieving a new stable level of bone
mass change usually requires 7-9 months [55]. This study
further corroborates these findings, as the minimum
intervention duration among the 17 included studies
was 24 weeks. Consequently, subgroup analyses revealed
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statistically significant improvements in BMD for both
intervention durations (=48 weeks and <48 weeks,
P<0.05). Fuchs et al’s [55] also emphasized that that the
length of intervention affects changes in bone density
because bones require sufficient mechanical stimulation
over time to adapt and remodel. Moreover, this stimu-
lus must be sustained long enough to trigger an adaptive
skeletal response. It is noteworthy that, due to the limited
number of studies available for some subgroups, certain
analyses included only a few eligible studies. Therefore,
further studies with larger sample sizes and higher qual-
ity are needed to validate these conclusions.

The results of this study indicate that resistance exer-
cise leads to beneficial improvements in BMD at the
LS, FN, and TH in postmenopausal women. However,
significant heterogeneity was observed in the BMD out-
comes for the LS and FN, prompting the use of subgroup
analyses and sensitivity analyses to address this issue.
Subgroup analyses considered factors such as inter-
vention frequency, intervention intensity, intervention
duration, and intervention cycle. Unfortunately, despite
these subgroup analyses, substantial heterogeneity per-
sisted within the LS and FN outcomes. It is important to
note that all included participants were postmenopausal
women, with a mean age ranging from 50 to 72 years, and
BMD was consistently measured using dual-energy X-ray
absorptiometry. Sensitivity analyses were conducted by
sequentially excluding individual studies to evaluate the
robustness of the findings. We performed sensitivity
analyses not only on LS and FN, where heterogeneity was
higher, but also on TH and Troch, where heterogeneity
was relatively lower, to ensure the reliability and stabil-
ity of the pooled estimates. Notably, the exclusion of the
study by Eslamipour et al. [37]. had a significant impact
on the overall pooled effect size for LS, indicating that
the results for this site may be less robust. Given these
limitations, the findings of this meta-analysis should be
interpreted as preliminary and should be validated by
future high-quality clinical trials. Accordingly, caution is
advised when recommending these results.

Conclusions

Resistance training can beneficially influence BMD in
postmenopausal women, particularly at the LS, FN, and
TH. A high-intensity training regimen (=70% 1RM) per-
formed three times per week with a longer training dura-
tion may be optimal. However, significant heterogeneity
among the included studies for LS and FN bone density
may affect the accuracy of the pooled results, thereby
limiting the generalizability of these findings. More
high-quality clinical trials are needed to confirm these
findings.
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Limitations and directions for future research

This study employed meta-analytic methods to evalu-
ate the effects of varying resistance-training parameters
on bone mineral density in postmenopausal women.
However, several limitations should be acknowledged.
The number of included studies was small, and some
subgroup analyses were based on only a few eligible tri-
als, precluding reliable conclusions. Although subgroup
analyses were conducted to identify potential sources
of heterogeneity, significant variability persisted across
subgroups, which may compromise the accuracy of the
pooled effect estimates and limit their generalizability.
Notably, the literature search and selection process were
restricted to English-language publications, potentially
omitting important findings published in other lan-
guages and introducing language bias. Furthermore, pub-
lished studies may be subject to publication bias, as trials
with significant results are more likely to be published,
whereas those with null or negative findings may remain
unpublished. Future research should aim to minimize
these biases by broadening language inclusion criteria
and enhancing reporting transparency. Given these limi-
tations, the results of this meta-analysis should be con-
sidered preliminary and warrant confirmation through
additional high-quality clinical trials.

Future research could explore combined interven-
tion models that integrate resistance training with other
modalities-such as nutritional supplementation, aerobic
exercise, or vibration therapy-to elicit synergistic effects
and further enhance bone mineral density. Additionally,
as most existing studies have focused on short-to mid-
term outcomes, longer-term follow-up trials are needed
to assess the sustained impact of resistance training on
BMD and its role in fracture prevention. Research should
also investigate personalized resistance-training proto-
cols tailored to individual characteristics (e.g., baseline
BMD, health status, training history) to improve inter-
vention precision and efficacy. Finally, further studies are
warranted to elucidate the cellular and molecular mech-
anisms underlying resistance-training-induced bone
adaptation, thereby providing a scientific foundation for
optimizing training regimens.
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