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Purpose: To analyze the effects of different exercise dose on lumbar spine and femoral neck bone mineral density (BMD) in individuals with osteoporosis (OP).
Design: A systematic search was conducted in four electronic databases, namely, PubMed, Embase, Web of Science, and Cochrane, with the topic of the impact of exercise on BMD in individuals with OP. Randomized controlled trials comparing exercise intervention with no intervention were identified, and changes in lumbar spine and femoral neck BMD were reported and evaluated using standardized mean difference (SMD) and 95% confidence interval (95% CI). The intervention measures in the studies were evaluated and categorized as high adherence with the exercise testing and prescription recommendations for individuals with OP developed by the American College of Sports Medicine (ACSM) or low/uncertainty adherence with ACSM recommendations. A random effects model was used to conduct meta-analyses and compare the results between subgroups.
Results: A total of 32 studies involving 2005 participants were included in the analyses, with 14 studies categorized as high adherence with ACSM recommendations and 18 studies categorized as low or uncertain adherence. In the analyses of lumbar spine BMD, 27 studies with 1,539 participants were included. The combined SMD for the high adherence group was 0.31, while the combined SMD for the low or uncertain adherence group was 0.04. In the analyses of femoral neck BMD, 23 studies with 1,606 participants were included. The combined SMD for the high adherence group was 0.45, while the combined SMD for the low or uncertain adherence group was 0.28. Within resistance exercise, the subgroup with high ACSM adherence had a greater impact on lumbar spine BMD compared to the subgroup with low or uncertain ACSM adherence (SMD: 0.08 > −0.04). Similarly, for femoral neck BMD, resistance exercise with high ACSM adherence had a higher SMD compared to exercise with low or uncertain ACSM adherence (SMD: 0.49 > 0.13).
Conclusion: The results suggest that exercise interventions with high adherence to ACSM recommendations are more effective in improving lumbar spine and femoral neck BMD in individuals with OP compared to interventions with low or uncertain adherence to ACSM recommendations.
Systematic Review Registration: PROSPERO, identifier CRD42023427009
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1 INTRODUCTION
Osteoporosis (OP) is a skeletal disease characterized by a decrease in bone mineral density (BMD), changes in bone tissue microstructure, and an increased risk of fractures (Consensus development conference: Diagnosis, prophylaxis, and treatment of osteoporosis, 1993; Sugerman, 2014; LeBoff et al., 2022). OP can be classified into primary and secondary types (Bonura, 2009), with primary OP being common in postmenopausal women and older adults (Wei et al., 2015). Although OP does not directly cause death, it increases the risk of falls and fractures (Bonura, 2009; Yu et al., 2019). Fractures usually occur in the vertebrae (lumbar spine), proximal femur (hip), and distal forearm (wrist) (Hadji et al., 2013; Sugerman, 2014; LeBoff et al., 2022), severely affecting the health and quality of life of individuals. In 2010, it was estimated that 22 million women and 5.5 million men in the European Union had OP (Svedbom et al., 2013). In the United States, OP affects more than 25 million people (Consensus development conference: Diagnosis, prophylaxis, and treatment of osteoporosis, 1993; Bonura, 2009). A study in China found that the incidence of OP in the population over 50 years old was 6.46% for men and 29.13% for women (Zeng et al., 2019). Due to changes in the population structure, the number of individuals with OP is gradually increasing, causing a huge burden on society and patient families (Burge et al., 2007). Currently, OP treatment methods include drug therapy (chemical synthetic drugs that inhibit bone resorption and promote bone formation, such as bisphosphonates, parathyroid hormone analogs, denosumab, etc.) and non-pharmacological interventions (exercise, avoidance of smoking and excessive alcohol consumption, etc.) (LeBoff et al., 2022), but special drug treatments usually have certain side effects (Skjødt et al., 2019), indirectly leading to a decrease in quality of life. Exercise, as an important non-pharmacological intervention, can not only improve OP symptoms (Tong et al., 2019) but also increase the happiness index of residents.
Research has shown that after exercise intervention, individuals with OP demonstrate significant improvements in quality of life, pain scores, and balance performance (Marcu et al., 2015; FILIPOVIĆ et al., 2021), but there is still controversy regarding changes in BMD (Wei et al., 2015). BMD is an important indicator for diagnosing individuals with OP (Sugerman, 2014), and increasing BMD through exercise is crucial for preventing and treating OP (Gregson et al., 2022). A meta-analyses has investigated the effects of different exercise interventions on BMD in postmenopausal women or individuals with bone loss, and the results show that exercise can improve BMD (Kemmler et al., 2020). Mind-body exercise is the most effective type of exercise for improving BMD, followed by resistance exercise, which is more effective than aerobic exercise in improving BMD (Zhang et al., 2022). M. Shojaa et al.’s meta-analyses studied the effects of dynamic resistance training on BMD in postmenopausal women and emphasized exercise parameters. They found that lower training frequencies (<2 sessions/week) resulted in better BMD changes than higher training frequencies (≥2 sessions/week) (Shojaa et al., 2020). A recent systematic review analyzed the effects of different exercise intensities on BMD in postmenopausal women with OP and reported that high-intensity resistance training was better than moderate-intensity resistance training for improving lumbar spine BMD (Kitagawa et al., 2022). Currently, exercise has been proven to have a beneficial effect on individuals with OP as a non-pharmacological treatment method (Ernst, 1998; Cheung and Giangregorio, 2012), but because we still do not fully understand the mechanisms by which exercise prevents and treats OP (Tong et al., 2019), a large amount of experimental data is still needed to determine the optimal exercise dose for preventing and treating OP.
The American College of Sports Medicine (ACSM) has developed recommended exercise prescriptions for apparently healthy adults, including detailed descriptions of the recommended dose of cardiorespiratory exercise, resistance exercise, and flexibility exercise for individuals with OP (Garber et al., 2011; Moseng et al., 2017). However, it is currently unclear whether exercise interventions based on the ACSM recommendations will have a greater impact on BMD in individuals with OP than exercise interventions with low or uncertain adherence. The purpose of this systematic review is to compare the effects of high adherence and low or uncertain adherence exercise interventions based on the ACSM recommendations on BMD in individuals with OP.
2 MATERIALS AND METHODS
The systematic review and meta-analyses will be reported based on the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement and registered in PROSPERO (CRD42023427009).
2.1 Search strategy
We searched PubMed, Embase, Web of Science, and Cochrane databases from their inception to 5 January 2023, using a search strategy based on the PICOS principle, focusing on the study population, intervention, and research methodology. The search terms included the following: (“Osteoporosis” or “Osteoporoses” or “osteopenic” or “osteoporotic” or “osteopenia” or “Post-Traumatic Osteoporoses” or “Senile Osteoporoses” or “Bone Loss” or “Bone Losses” or “Bone density” or “Bone mineral density” or “Low bone mass”) AND (“Exercise” or “Exercises” or “Physical Activity” or “physical exercise” or “Training” or “Trainings” or “Motor Activity” or “Tai Chi” or “Vibration” or “yoga” or “wuqinxi” or “baduanjin” or “yijinjing” or “kickboxing” or “Pilates” or “Balance” or “Resistance”) AND (“Randomized controlled trial” or “controlled clinical trial” or “randomized” or “placebo” or “randomly”). The detailed search strategy is shown in Supplementary Appendix SA1. We also conducted a manual search for the bibliographies of relevant reviews and included studies. When necessary, we contacted the study authors to obtain additional information.
2.2 Criteria for selection of studies
The studies we included met the following criteria: (a) published randomized controlled trials (RCTs); (b) study subjects were OP or low bone mass population; (c) intervention could be any land-based exercise program, including resistance training, aerobic exercise, flexibility exercise, etc.; (d) control intervention could be no treatment or any treatment unrelated to exercise, thus studies comparing different exercise interventions were excluded; (e) reporting of BMD at the lumbar spine or femur neck in the study results; (f) BMD was determined by dual-energy X-ray absorptiometry (DXA) or dual-photon absorptiometry (DPA).
We excluded studies that included the following: (a) reports, conference proceedings, reviews, etc. were not considered; (b) studies based on aquatic exercise and those without a comparison between a land-based exercise intervention and a non-exercise group were excluded; (c) populations with related bone metabolic diseases; (d) studies that simultaneously received special drug treatments during the exercise intervention were excluded; (e) duplicate experimental data from multiple publications from the same study were excluded.
Two authors (WLC and DL) independently screened titles and abstracts of the literature that met the inclusion criteria. If one of the authors considered a study to meet the criteria, the full text of the article was obtained. Then, two authors independently assessed whether the full text met the requirements. If there was no agreement, the third author (YG) made a decision, and consensus was reached through discussion. There were no restrictions on subject age, gender, body mass index, publication date, or language.
2.3 Data synthesis and analyses
Data extraction was performed independently by two authors (WLC and YSJ) for the included studies. BMD of the lumbar spine and femoral neck were considered as the primary outcomes of this study. An Excel spreadsheet was pre-designed to extract relevant data, including publication characteristics (title, author names, country, year of publication), methodological features (number of study groups, design of each group, intervention measures, sample size), participant characteristics (age, gender ratio, BMI), exercise features (intervention frequency, exercise intensity, exercise time, repetition, set), risk assessment, and outcome features.
When extracting outcome data, if the study did not clearly state the post-intervention results data but presented them in graphical form, Engauge Digitizer software was used to extract the data. For studies with multiple follow-up evaluations, we only extracted the data immediately after the intervention.
After data extraction, the exercise intervention was evaluated for dose and adherence. The exercise intervention dose included in the study were evaluated based on the ACSM recommendations for the development and maintenance of cardiorespiratory, muscular, skeletal, and neural function in individuals with OP (Garber et al., 2011). Two authors (WLC and YG) independently assessed the exercise interventions for each study according to different criteria defined by the ACSM recommendations for each aspect of exercise dose (including frequency, intensity, duration, etc.), in order to assess adherence with exercise dose (Table 1).
TABLE 1 | The ACSM recommendations for cardiorespiratory fitness, muscular strength and flexibility in apparently healthy adults.
[image: Table 1]The scoring range for each exercise indicator was 0–2 points. 2 points: met the criteria; 1 point: uncertain; 0 points: definitely did not meet the criteria. If the two authors did not come to a similar conclusion, they discussed with a third author to reach a consensus. Based on this scoring system, we calculated the proportion of exercise dose that met the recommended dose of exercise by ACSM for each study. When the proportion was ≥ 70%, we classified it as high adherence with ACSM recommendations; when the proportion was <70%, we classified it as low adherence or uncertain adherence with ACSM recommendations.
2.4 Statistical analyses
Meta-analyses were performed using STATA 16.0 to compare the results of the included studies. The studies were divided into two groups in the meta-analyses, representing high adherence and low or uncertain adherence with the ACSM recommendations. The heterogeneity among studies within each subgroup was evaluated using the Higgins I2 statistic and interpreted according to the Cochrane Handbook’s recommendations (Deeks et al., 2019): The level of heterogeneity was categorized as small (I2 ≤ 25%), moderate (25% < I2 ≤ 50%), substantial (50% < I2 ≤ 75%), or considerable (I2 > 75%). In the heterogeneity test, if I2 ≤ 50%, a fixed-effect model was used to test the effect size; if I2>50%, a random-effects model was used, and the effect size was represented by the standardized mean difference (SMD) with a 95% confidence interval (95% CI). When heterogeneity is high, we further conducted meta-regression analyses to explore the sources of heterogeneity by examining the potential research characteristics that may contribute to it. The likelihood of publication bias was evaluated by constructing funnel plots of the effect size relative to the standard error for each study and testing for asymmetry using Begg’s rank correlation test and Egger’s linear regression test, with p < 0.05 indicating statistical significance. Sensitivity analyses was also performed to examine the robustness of the study results by excluding each study one by one.
2.5 Quality appraisal
The methodological quality of the included studies was assessed by two pairs of authors (LCW and YG, DL and YSJ) using the quality assessment criteria recommended by the Cochrane Collaboration (Higgins et al., 2011). All studies included in this review were randomized controlled trials. According to the Cochrane Handbook, when including randomized controlled trials, the recommended tool is the revised version of the Cochrane tool, called the Risk of Bias tool (Rob 2) (Sterne et al., 2019). The Rob 2 tool provides a framework for assessing the risk of bias of individual outcomes in any type of randomized trial. The evaluation indicators include random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases, and reviewers rate different studies based on the Cochrane Handbook. The bias risk of each area is divided into three levels: “low risk,” “some concerns,” and “high risk.” If all areas are evaluated as “low risk,” then the overall bias risk is “low.” If some areas are evaluated as “some concerns” and no areas are evaluated as “high risk,” then the overall bias risk is “some concerns.” If one area is evaluated as “high risk,” then the overall bias risk is “high” (Cumpston et al., 2019).
3 RESULTS
3.1 Study selection
A total of 13,462 articles were retrieved from four databases (PubMed 2,075, Embase 2,324, Web of Science 4,827, Cochrane 4,236). After removing duplicates (2,473), 9,631 articles were left. After reviewing the titles and abstracts, 179 articles were selected for full-text reading, and finally, 32 articles were included in this review (Nelson et al., 1994; Bravo et al., 1996; Hartard et al., 1996; Iwamoto et al., 1998; Iwamoto et al., 2001; Chien et al., 2000; Liu-Ambrose et al., 2004; Korpelainen et al., 2006; Bergström et al., 2008; Brentano et al., 2008; Hourigan et al., 2008; Bocalini et al., 2010; Bolton et al., 2012; Marchese et al., 2012; Wayne et al., 2012; Basat et al., 2013; Mosti et al., 2013; Hakestad et al., 2015; Liu et al., 2015; Wang et al., 2015; Watson et al., 2015; 2018; Shen et al., 2018; Posch et al., 2019; ElDeeb and Abdel-Aziem, 2020; Hettchen et al., 2021; Kistler-Fischbacher et al., 2021; Rajapakse et al., 2021; Cheng et al., 2022; Kienberger et al., 2022; Lin et al., 2022; Waltman et al., 2022) (Figure 1).
[image: Figure 1]FIGURE 1 | PRISMA Study flow diagram.
3.2 Study characteristics
A total of 32 studies including 2005 participants were included, with 1,005 participants in the intervention group and 1,000 participants in the control group. The age range of the participants was 50–83 years, and 22 studies reported participants' BMI, which ranged from 18.4 Kg/m2 to 29.82 Kg/m2 (Nelson et al., 1994; Bravo et al., 1996; Iwamoto et al., 1998; 2001; Korpelainen et al., 2006; Bergström et al., 2008; Bocalini et al., 2010; Bolton et al., 2012; Wayne et al., 2012; Basat et al., 2013; Hakestad et al., 2015; Watson et al., 2015; Watson et al., 2018; Posch et al., 2019; ElDeeb and Abdel-Aziem, 2020; Hettchen et al., 2021; Kistler-Fischbacher et al., 2021; Rajapakse et al., 2021; Cheng et al., 2022; Kienberger et al., 2022; Lin et al., 2022; Waltman et al., 2022). Only three studies involved male participants (Shen et al., 2018; Cheng et al., 2022; Lin et al., 2022), comprising approximately 3.3% of the total number of participants. Six studies involved two or more exercise groups (Liu-Ambrose et al., 2004; Brentano et al., 2008; Basat et al., 2013; Liu et al., 2015; Kistler-Fischbacher et al., 2021; Cheng et al., 2022). One study described the study population as postmenopausal women with OP without specifying the age range (Brentano et al., 2008), while another study involved postmenopausal women with forearm fractures (Bergström et al., 2008). Among these studies, six were conducted in China, five in Australia, four in the United States, and two each in Germany, Brazil, Japan, and Austria, while Turkey, Sweden, Norway, Canada, Italy, Egypt, Finland, and Colombia each had one study (Table 2). Participants were mainly recruited through hospital orthopedic clinics, community recruitment, and advertising media.
TABLE 2 | Study characteristics.
[image: Table 2]The main intervention durations ranged from 12 weeks to 30 months, and the exercise frequency ranged from 2 to 7 days per week. All studies included exercise interventions that involved supervised exercise or home-based exercise, and the types of interventions mainly included resistance exercise, balance training, vibration exercise, Tai Chi, and Baduanjin (Table 3). After categorizing the interventions, 20 studies involved the exercise dose of cardiorespiratory exercise, 24 studies involved the exercise dose of resistance exercise, and 8 studies involved the exercise dose of flexibility exercise (Table 4).
TABLE 3 | Characteristics of the study intervention.
[image: Table 3]TABLE 4 | Exercise interventions evaluated according to the American College of Sports Medicine’s (ACSM) recommendations.
[image: Table 4]3.3 Risk of bias
All studies were considered to have low risk of bias for random sequence generation. Among the 32 studies, 14 were considered to have low risk of bias for allocation concealment, while 18 did not report their allocation method and were therefore considered to have unclear risk. The risk of bias for blinding assessment was relatively high, as exercise interventions were difficult to implement under double-blind conditions, resulting in an overall higher risk of bias for this indicator. For outcome blinding assessment, as the outcome measure in this study was BMD measured using dual-energy X-ray absorptiometry or dual-photon absorptiometry (DPA), the risk of bias was considered low. In incomplete outcome reporting, 9 studies had a discrepancy in the number of post-intervention participants compared to the baseline, 5 studies had a small number of dropouts (<10 participants) and were therefore considered to have some risk, and 4 studies had a large difference (≥10 participants) between the number of participants before and after the intervention, and were therefore considered to have a high risk. The risk of selective reporting bias was considered low for 18 studies, and moderate for 14 studies, as they did not report their pre-registered plan or did not provide a detailed explanation for participant dropouts. Seven studies had other risk of bias (Figure 2).
[image: Figure 2]FIGURE 2 | Risk of bias summary: The review author’s judgement of the risk of bias of each included study.
3.4 The impact of adherence to ACSM recommendations on lumbar spine and femoral neck BMD
Adherence with the ACSM recommendations was ≥ 70% in 14 studies and < 70% in 18 studies (Table 4). The reasons for low adherence were partly due to exercise interventions not matching the ACSM recommendations in terms of dose, and partly due to insufficient information provided in the studies to allow for appropriate evaluation of exercise prescription.
3.4.1 Lumbar spine BMD
When the study results were based on lumbar spine BMD, a total of 27 studies involving 1,539 participants were included. Among them, 11 studies demonstrated high adherence to ACSM recommendations, while 16 studies had low or uncertain adherence. Initially, a heterogeneity test was conducted, revealing an I2 value greater than 50% (I2 = 79.9%). Therefore, a random-effects model was used for statistical analyses.
Data analyses indicated that the overall effect of exercise on lumbar spine BMD was 0.15 (95% CI: −0.09, 0.39). This suggests that the effect size of exercise on lumbar spine BMD is relatively small in the overall sample, and the confidence interval spans zero. This indicates that it is inconclusive whether exercise has a significant impact on lumbar spine BMD.
Further subgroup analyses revealed the following results: In the subgroup with high adherence to ACSM recommendations, the SMD was 0.31 (95% CI: 0.01, 0.62), with a heterogeneity of 64.8%. This indicates that exercise with high adherence to ACSM recommendations may have a positive impact on lumbar spine BMD, and the confidence interval of the effect does not include zero, demonstrating statistical significance. However, moderate heterogeneity suggests some degree of variability among these studies. In the subgroup with low or uncertain adherence to ACSM recommendations, the SMD was 0.04 (95% CI: −0.29, 0.37), with a heterogeneity of 83.6%. This suggests that exercise with low or uncertain adherence to ACSM recommendations may not have a significant impact on lumbar spine BMD, as the confidence interval of the effect spans zero.
Overall, compared to exercise with low or uncertain adherence to ACSM recommendations (SMD: 0.31 > 0.04), exercise with high adherence to ACSM recommendations tends to have a more positive relationship with lumbar spine BMD. However, due to the overall high heterogeneity and differences among subgroups with different adherence levels, this may be attributed to factors such as study design, sample characteristics, and intervention measures (Figure 3).
[image: Figure 3]FIGURE 3 | Forest plot for meta-analyses of the effect of exercise on bone mineral density of the lumbar spine in individuals with OP.
Subsequently, we conducted publication bias tests and sensitivity analyses. The visual inspection of the funnel plot (Figure 4) revealed approximate symmetry on both sides, indicating the absence of obvious publication bias. Furthermore, we conducted Begg’s test (p = 0.118) and Egger’s test (p = 0.114), which further supported the absence of significant publication bias. In the sensitivity analyses, performed by sequentially excluding individual studies (Figure 5), we found that no single study had a substantial impact on the overall results, suggesting the robustness of the findings.
[image: Figure 4]FIGURE 4 | Funnel plot containing lumbar spine bone density study.
[image: Figure 5]FIGURE 5 | Sensitivity analyses (lumbar spine BMD).
3.4.2 Femoral neck BMD
When the study reports were based on femoral neck BMD, a total of 23 studies involving 1,606 participants were included. Among them, 12 studies demonstrated high adherence to ACSM recommendations, while 11 studies had low or uncertain adherence. Initially, a heterogeneity test was conducted, revealing an I2 value greater than 50% (I2 = 68.7%). Therefore, a random-effects model was used for statistical analyses.
Regarding the overall effect, the overall effect of exercise on femoral neck BMD was 0.36 (95% CI: 0.18, 0.55). This indicates that exercise has a relatively large effect on femoral neck BMD in the overall sample, and the confidence interval does not include zero. This suggests that exercise has a significant positive impact on femoral neck BMD.
Further analyses of the subgroup results revealed that in the subgroup with high adherence to ACSM recommendations, the SMD was 0.45 (95% CI: 0.20, 0.70), with a heterogeneity of 55.8%. This indicates that exercise with high adherence to ACSM recommendations may have a larger positive impact on femoral neck BMD, and the confidence interval of the effect does not include zero, indicating statistical significance. The relatively low heterogeneity suggests a higher consistency among these studies and more reliable results. In the subgroup with low or uncertain adherence to ACSM recommendations, the SMD was 0.28 (95% CI: 0.00, 0.56), with a heterogeneity of 77%. This suggests that exercise with low or uncertain adherence to ACSM recommendations may still have a certain degree of positive impact on femoral neck BMD, as the confidence interval of the effect does not include zero. However, the higher heterogeneity indicates significant differences among these studies, and therefore, the results need to be interpreted with caution.
In summary, exercise has a relatively large and statistically significant effect on femoral neck BMD. Further subgroup analyses reveals that compared to exercise with low or uncertain adherence to ACSM recommendations (SMD: 0.45 > 0.28), interventions with high adherence to ACSM recommendations may have a larger positive impact on femoral neck BMD, and the results are statistically significant (Figure 6).
[image: Figure 6]FIGURE 6 | Forest plot for meta-analyses of the effect of exercise on femoral neck bone mineral density in individuals with OP.
In the publication bias tests and sensitivity analyses, we found that the funnel plot exhibited approximate symmetry on both sides (Figure 7), indicating the absence of obvious publication bias. Furthermore, we conducted Begg’s test (p = 0.509) and Egger’s test (p = 0.602), which once again supported the absence of significant publication bias. In the sensitivity analyses, performed by sequentially excluding individual studies (Figure 8), we found that no single study had a substantial impact on the overall results, indicating the robustness of the findings.
[image: Figure 7]FIGURE 7 | Funnel plot containing femoral neck bone density study.
[image: Figure 8]FIGURE 8 | Sensitivity analyses (femur neck BMD).
3.5 The impact of ACSM adherence on lumbar spine and femoral neck BMD in resistance exercise
We further investigated the impact of ACSM adherence on lumbar spine and femoral neck BMD in resistance exercise.
3.5.1 Lumbar spine BMD
When the study results were based on lumbar spine BMD, a total of 20 studies were included, with 1,140 participants. Among them, 11 studies demonstrated high adherence to ACSM recommendations, while 9 studies had low or uncertain adherence. Initially, a heterogeneity test was conducted, revealing an I2 value of 74.4%. Therefore, a random-effects model was used for statistical analyses.
Regarding the overall effect, the SMD was 0.02 (95% CI: −0.22, 0.27). This indicates that in the overall sample, the effect size of resistance exercise on lumbar spine BMD is relatively small, and the confidence interval includes zero. This suggests that it is uncertain whether resistance exercise has a significant impact on lumbar spine BMD.
Further analyses of subgroup results: In the subgroup with high adherence to ACSM recommendations, the SMD was 0.08 (95% CI: −0.35, 0.51), with a heterogeneity of 85.5%. This indicates that resistance exercise with high adherence to ACSM recommendations may have some positive impact on the target outcome. However, the confidence interval of the effect includes zero, indicating uncertainty in the statistical significance of the effect. The high heterogeneity suggests significant differences among these studies. In the subgroup with low or uncertain adherence to ACSM recommendations, the SMD was −0.04 (95% CI: −0.23, 0.14), with a heterogeneity of 0%. This indicates that resistance exercise with low or uncertain adherence to ACSM recommendations may not have a significant impact on lumbar spine BMD. The confidence interval includes zero, indicating that the statistical significance does not support a positive impact of resistance exercise with low ACSM adherence on lumbar spine BMD. Moreover, the 0% heterogeneity suggests high consistency among these studies (Figure 9).
[image: Figure 9]FIGURE 9 | Forest plot of the effect of ACSM adherence on lumbar spine BMD in resistance exercise.
In summary, the effect of resistance exercise on lumbar spine BMD is relatively small and not statistically significant. However, there may be some positive effects on lumbar spine BMD with resistance exercise that adheres to ACSM recommendations, although the statistical significance remains uncertain. On the other hand, resistance exercise with low or uncertain adherence to ACSM recommendations may not have a significant impact. These results highlight the potential differences in the effects of ACSM recommendations across different subgroups, and the high heterogeneity suggests substantial variation among the studies. However, it is important to note that the confidence interval of the overall effect includes zero, indicating uncertainty regarding the effect of ACSM on the target outcome in the overall sample. This uncertainty may be influenced by factors such as study design, sample characteristics, or other factors. Therefore, these results should be interpreted with caution, and further research is recommended to gain a comprehensive understanding of the impact of ACSM and to determine its role in different populations.
In the publication bias test and sensitivity analyses, we found that the funnel plot is roughly symmetrical on both sides, indicating no obvious publication bias (Supplementary Appendix SA2). Furthermore, the Begg test (p = 0.436) and Egger test (p = 0.258) provided additional evidence of no significant publication bias. Sensitivity analyses, by systematically excluding individual studies, did not reveal any single article significantly influencing the overall results, suggesting the robustness of the findings (Supplementary Appendix SA3).
3.5.2 Femoral neck BMD
When the study results focus on femoral BMD, there are a total of 20 studies with 1,140 participants, including 11 studies with high adherence to ACSM recommendations and 6 studies with low or uncertain adherence. Firstly, heterogeneity test indicated an I2 value of 67.4%, suggesting the use of a random-effects model for statistical analyses.
The meta-analyses revealed that the overall effect of resistance exercise on femoral neck BMD was 0.36 (95% CI: 0.14, 0.58). This indicates a relatively large effect size of resistance exercise on femoral neck BMD, and the confidence interval does not include zero. These findings suggest a significant positive impact of resistance exercise on femoral neck BMD.
Further subgroup analyses showed that in the high adherence subgroup to ACSM recommendations, the SMD was 0.49 (95% CI: 0.20, 0.79), with a heterogeneity of 67.4%. This indicates a substantial positive impact of high adherence to ACSM-guided exercise on femoral neck BMD, and the confidence interval does not include zero, indicating statistical significance. The level of heterogeneity is similar to the overall effect, indicating low consistency among these studies. In the low or uncertain adherence subgroup to ACSM recommendations, the SMD was 0.13 (95% CI: −0.18, 0.45), with a heterogeneity of 60%. This suggests that ACSM may have a certain degree of positive impact on the target outcome in the low or uncertain adherence group, as the confidence interval spans zero. The level of heterogeneity indicates higher consistency among these studies (Figure 10).
[image: Figure 10]FIGURE 10 | Forest plot of the effect of ACSM adherence on femoral neck BMD in resistance exercise.
Overall, resistance exercise has a relatively large and statistically significant effect on femoral neck BMD. High adherence to ACSM-guided resistance exercise has a substantial positive impact on femoral BMD, and the results are statistically significant. Even in low or uncertain adherence to ACSM-guided resistance exercise, there may still be a certain degree of positive impact on the target outcome. However, comparing the SMD differences between high adherence to ACSM and low or uncertain adherence (SMD: 0.49 > 0.13), high adherence to ACSM-guided resistance exercise has a more positive effect on femoral neck BMD than low or uncertain adherence.
In the publication bias test and sensitivity analyses, we found that the funnel plot is roughly symmetrical on both sides, indicating no obvious publication bias (Supplementary Appendix SA4). Furthermore, the Begg’s test (p = 0.621) and Egger’s test (p = 0.517) provided additional evidence that there is no significant publication bias. Sensitivity analyses, conducted by removing individual studies one by one, showed that no single study significantly influenced the overall results, indicating the robustness of the findings (Supplementary Appendix SA5).
3.6 Meta-regression analyses
Based on the observed high heterogeneity, we conducted a multiple-factor meta-regression analyses to explore potential research characteristics that may influence heterogeneity. We considered participant characteristics (such as individual characteristics related to health status, gender, age, etc.), intervention features (ACSM adherence, intervention duration, etc.), and outcome features. Regarding participant characteristics, we selected studies that excluded participants with other metabolic diseases and excluded them as factors in the meta-regression analyses. Regarding gender, we observed that only 3 out of 32 studies included male participants, accounting for 3.3% of the total sample size. Due to the significant gender imbalance, we decided not to include gender as one of the factors in the meta-regression analyses. In terms of participant age, the majority of participants were postmenopausal women with minimal age differences, and some studies did not report participant ages. This posed challenges for conducting the meta-regression analyses, and thus we excluded age as a factor. In the outcome features, BMD was measured using dual-energy X-ray, and therefore it was not included in the discussion factors for the meta-regression analyses. Finally, we focused on sample size, publication year, country, intervention duration, and ACSM adherence as potential factors influencing heterogeneity in the meta-regression analyses.
The results of the multiple-factor meta-regression analyses for lumbar spine BMD indicate that, after adjusting for covariates such as sample size, publication year, country, intervention duration, ACSM adherence, and total _cons, we did not find any significant associations between these variables and lumbar spine BMD (sample size: p = 0.180, publication year: p = 0.737, country: p = 0.609, intervention duration: p = 0.661, ACSM adherence: p = 0.500, _cons: p = 0.761). Therefore, based on our analyses, these factors do not have a statistically significant impact on lumbar spine BMD (Table 5).
TABLE 5 | Univariate meta-regression analysis of the impact of different study characteristics on inter-study heterogeneity.
[image: Table 5]Similarly, the results of the multiple-factor meta-regression analyses for femoral neck BMD show that, after adjusting for covariates such as sample size, publication year, country, intervention duration, ACSM adherence, and total _cons, we did not find any significant associations between these variables and femoral neck BMD (sample size: p = 0.311, publication year: p = 0.495, country: p = 0.264, intervention duration: p = 0.126, ACSM adherence: p = 0.774, _cons: p = 0.508). Therefore, according to our analyses, these factors do not have a statistically significant impact on femoral neck BMD (Table 5).
In conclusion, based on the results of the multiple-factor meta-regression analyses, as well as considering the subgroup analyses of ACSM adherence, we did not find statistically significant associations between sample size, publication year, country, intervention duration, ACSM adherence, and BMD of the lumbar spine and femoral neck (p > 0.05). This suggests that these factors may not be important in explaining the variability in lumbar spine BMD and femoral neck BMD.
4 DISCUSSION
This systematic review and meta-analyses examined the effects of high adherence to the ACSM recommendations versus low or uncertain adherence on lumbar spine and femoral neck BMD in individuals with OP through 32 studies involving 2,005 participants with OP or low bone mass.
4.1 Positive effects of exercise intervention on BMD
Through meta-analyses, we found that exercise intervention can improve the BMD of the lumbar spine and femur in individuals with OP. This finding is consistent with common knowledge and previous research conclusions (Consensus development conference: Diagnosis, prophylaxis, and treatment of osteoporosis, 1993; Ernst, 1998), confirming the effectiveness of exercise as a non-pharmacological treatment for individuals with OP. However, previous research summaries have shown that not all exercise interventions can increase the bone density of individuals with OP. And the effect of exercise on BMD varies across different bone locations.
There is evidence to suggest that resistance exercise is superior to aerobic exercise in increasing bone density, but the effects of pure resistance exercise or aerobic exercise on bone density improvement are not significant (Benedetti et al., 2018). Therefore, it may be necessary to develop exercise programs that incorporate multiple types of exercises. From a few analyses on the impact of resistance exercise on BMD, it is evident that there are significant differences in the effects (Kelley et al., 2001; Bemben and Bemben, 2011). Additionally, studies have indicated that exercise intensity and frequency are factors that need to be considered. If exercise intensity or frequency is not properly managed, the results may be meaningless (Chahal et al., 2014; Kemmler and von Stengel, 2014), and excessive physical training can even have unexpected negative effects on bones. A study in 2015, based on extensive experimental and review research, pointed out that different exercise modalities should be adopted in different age groups or populations. Weight-bearing exercise during childhood can prevent OP, while in older adults, emphasis should be placed on strength and balance training. For individuals with arthritis, strength training alone or intensified physical exercise may not yield significant effects; the ideal approach is to combine aerobic exercise with weight-bearing training (Pedersen and Saltin, 2015).
Therefore, the factors influencing the effect of exercise intervention on bone density are not limited to resistance exercise or aerobic exercise alone. Considerations such as exercise modality, intensity, type, and dose are also crucial. Research has shown that exercise modalities such as vibration training and strength training have advantages over activities such as walking or jogging (Nelson et al., 1994; Kelley et al., 2001; Cheng et al., 2022; Kienberger et al., 2022), and whole-body exercises like Tai Chi and Ba Duan Jin have positive effects (Liu and Wang, 2017; Mu et al., 2018; Sun et al., 2022). High-intensity resistance and impact training are more effective than moderate or low-intensity exercise (Kitagawa et al., 2022). However, there is a lack of research on exercise dose, and we are uncertain about the appropriate exercise dose for treating individuals with OP. Exercise dose assessment involves multiple indicators such as exercise intensity, frequency, and duration. Our study found that, according to the recommendations of the ACSM, a high level of adherence to exercise dose is more advantageous for improving BMD compared to low or uncertain adherence.
4.2 Exercise adherence according to ACSM recommendations
In ACSM high adherence exercise interventions, various exercise modalities or types are involved, including Yi Jin Jing, strength training, Ba Duan Jin, Tai Chi, resistance training, aerobic exercise, whole-body vibration, agility exercises, and more. Similarly, in ACSM low or uncertain adherence, exercise modalities or types include Taekwondo, balance and weight-bearing exercises, strength training, walking, aerobic exercise, resistance training, and others. This analyses avoids the influence of dominant exercise modalities on the differences in ACSM adherence.
This study’s strength lies in the integration of various exercise modalities, exercise intensities, exercise durations, and other indicators utilized in previous research. It uses ACSM adherence as a grouping factor to validate the effect of exercise dose on improving BMD in individuals with OP. The key point of this study lies in the interpretation of ACSM adherence.
However, currently, the descriptions of exercise dose in RCTs for individuals with OP are not comprehensive enough or can only be attributed to one type of exercise intervention. This makes it difficult for us to assess exercise protocols that incorporate all three types of exercises. Based on this, we conducted a study specifically focusing on the impact of ACSM adherence on BMD within individual exercise types. Initially, our design included studies on aerobic exercise, resistance exercise, and a combination of aerobic and resistance exercises. However, in the final analyses, we encountered significant discrepancies in the number of studies categorized under aerobic exercise and a combination of aerobic and resistance exercises, as well as a limited number of studies overall. These issues made it challenging to support our analyses. Therefore, we conducted an evaluation and analyses specifically for the resistance exercise type regarding ACSM adherence.
Additionally, some studies either did not report or inadequately reported the dose of exercise interventions, describing it only as “individually tailored.” This means that even if the exercise dose of an intervention aligns with high adherence according to ACSM recommendations, it could be incorrectly classified as low or uncertain adherence. For this, we utilized a scoring assessment (0–2) to minimize biases resulting from the lack of certain information elements as much as possible.
4.3 Effect of ACSM adherence on the effectiveness of exercise intervention
T. Moseng et al. assessed the impact of adherence to ACSM recommendations on pain and physical function in patients with knee osteoarthritis, based on ACSM-recommended exercise dose for arthritis patients. The systematic review demonstrated that exercise interventions highly adherent to ACSM recommendations showed significant improvements in hip osteoarthritis patients compared to interventions with uncertain adherence (Moseng et al., 2017). Another study also evaluated the level of adherence to exercise guidelines based on ACSM recommendations and examined the effects of ACSM interventions versus non-ACSM interventions on muscle strength in patients with knee osteoarthritis. The results favored ACSM interventions, indicating that ACSM interventions were more beneficial for increasing muscle strength in knee osteoarthritis patients (Bartholdy et al., 2017). One key difference between the two studies was that the assessment of ACSM adherence in T. Moseng et al.’s study involved an overall evaluation of three types of exercises without further differentiation, while C. Bartholdy et al.’s study specifically evaluated the adherence to ACSM recommendations in resistance exercise or strength training. However, both studies yielded consistent results, indicating that exercise interventions with higher adherence to ACSM recommendations have better outcomes.
In our study, we attempted to include as many types of exercises as possible to assess the impact of ACSM adherence on intervention effectiveness. In the meta-analyses, by conducting subgroup analyses based on the adherence of exercise dosage to ACSM recommendations, we found that exercise interventions with high ACSM adherence were more effective in improving lumbar spine and femoral neck BMD in individuals with OP compared to exercises with low or uncertain ACSM adherence (SMD: 0.31 vs. 0.04 and 0.45 vs. 0.28). Furthermore, the improvement in femoral neck BMD was greater than that in lumbar spine BMD (SMD: 0.45 vs. 0.31).
When analyzing the impact of ACSM adherence on lumbar spine BMD within resistance exercise, although the overall SMD and subgroup SMD did not show a significant effect of exercise on lumbar spine BMD, there was still a slight advantage for exercise with high ACSM adherence compared to exercise with low or uncertain ACSM adherence. However, the interpretation of these results should be cautious, and further research is needed to validate these findings. In contrast, the impact of ACSM adherence on femoral neck BMD yielded clearer results. Resistance exercise with high ACSM adherence had a significantly higher SMD compared to exercise with low or uncertain ACSM adherence (SMD: 0.49 vs. 0.13). This suggests that compared to studies with low or uncertain ACSM adherence, resistance exercise with high ACSM adherence has a more positive effect on femoral neck BMD.
In summary, according to multiple studies, exercise that adheres to ACSM recommendations has a positive effect on BMD. However, some exercise interventions that do not comply with ACSM recommendations have shown high positive effects in certain studies, and sometimes even better than adherence to ACSM recommendations. Although we conducted strict evaluations and analyses, this method still conceals the influence of adherence differences, which may have a more favorable or unfavorable impact on our results. Therefore, based on research results, recommended exercise dose by ACSM has a positive effect on BMD, but can only provide a general framework. Similar to drug treatment, different exercise dose should be chosen according to the characteristics of different subjects during practical implementation.
4.4 Other factors affecting the effect of exercise on BMD
Firstly, like pharmacological treatment, exercise therapy is also being explored as a way to manage individuals with OP. In the process of determining the optimal exercise dose, it is important to provide detailed descriptions of the exercise prescription for interventions to precisely identify the reasonable range of dose. Moreover, the heterogeneity among studies increases the difficulty of exploring the optimal exercise program and dose. Secondly, based on current knowledge, we can only infer that exercise itself can improve BMD in individuals with OP, and there is no specific exercise program that has been proven to be superior to others. Our current research still focuses on comparing the effects of specific aspects of exercise interventions and lacks clear standardized recommendations to guide the determination of exercise programs and dose. The ACSM provides recommended guidelines, but there are still controversies and uncertainties. Our study demonstrates the feasibility of ACSM exercise programs and dose.
However, there was relatively high heterogeneity among the studies, and we explored the sources of this heterogeneity through a multiple-factor meta-regression. We did not find any statistically significant associations between sample size, publication year, country, intervention duration, and ACSM adherence with bone density (p > 0.05). This suggests that these factors may not be important in explaining the variability in lumbar spine BMD and femoral neck BMD.
Highly adherent exercise interventions, according to ACSM recommendations, include various types of exercises. Additionally, the interventions provided varied in terms of frequency, intensity, and duration, making it challenging to compare and recommend general standards for the optimal exercise interventions. Previous meta-analyses attempted to group studies based on other factors to determine if there are better exercise intervention approaches, but the significant differences in the structure of exercise interventions across multiple studies can obscure the relationship with treatment effects. This lack of precision in determining and designing the optimal exercise program for individuals with OP, including the type, dose, and duration, poses challenges.
Determining the optimal exercise program and dose is a complex task that requires considering individual differences, various types of exercises, exercise intensity and frequency, and personalization factors. Future research and practice should focus on establishing more specific recommendations and individualized exercise prescriptions to help individuals achieve the best possible improvement in bone density.
4.5 Limitations of the study and future prospects
Despite the valuable findings and contributions of this study, there are certain limitations that should be acknowledged. Firstly, the study relied on a meta-analyses of existing research, which means it is subject to the limitations and biases present in the original studies. Additionally, the heterogeneity among the included studies in terms of sample size, study design, and outcome measures may have influenced the overall results and interpretations. Another limitation is the lack of standardized protocols for exercise interventions and dose in the included studies. The variability in exercise types, intensities, durations, and frequencies makes it challenging to draw definitive conclusions about the optimal exercise dose for improving BMD in individuals with OP. Future research should focus on developing standardized protocols and recommendations for exercise interventions in this population. Thirdly, previous studies and our own research both used a mixed method that combined different types of exercise to calculate adherence to ACSM recommendations. However, this approach has inherent limitations and may weaken the practical significance in exercise practice. Future studies could consider assigning different weights to the effects of different exercise types on bone mineral density or evaluating the influence of adherence to a single ACSM indicator on the effectiveness of exercise outcomes. Finally, the study primarily focused on the impact of exercise on BMD and did not thoroughly explore other relevant outcomes such as fracture risk, quality of life, or functional abilities. Future studies should consider a broader range of outcomes to provide a comprehensive understanding of the effects of exercise interventions on individuals with OP.
In terms of future prospects, it is crucial to conduct well-designed randomized controlled trials with larger sample sizes and longer follow-up periods. These studies should incorporate standardized exercise protocols and consider individual characteristics such as age, gender, and comorbidities to tailor exercise interventions effectively. Moreover, the integration of emerging technologies and interventions, such as virtual reality-based exercises, wearable devices for monitoring physical activity, and novel exercise modalities, may offer new opportunities to enhance the effectiveness of exercise interventions in OP management. In conclusion, while this study sheds light on the relationship between exercise interventions and BMD in individuals with OP, it is important to acknowledge its limitations and address them in future research. By overcoming these limitations and exploring new avenues, we can further advance our understanding and optimize exercise interventions for the management of OP.
5 CONCLUSION
This review supports the recommendation of exercise as an effective means of improving BMD in individuals with OP, and our results once again confirm this conclusion. When exploring the optimal exercise dose for individuals with OP, we found that exercise interventions with high adherence to the ACSM recommendations were more effective in improving BMD in the lumbar spine and femur neck compared to interventions with low or uncertain adherence to ACSM. However, since some studies did not provide detailed exercise intervention protocols, future research will require more experimental designs and larger samples for validation.
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Exercise Cardiorespiratory exercise Resistance exercise Flexibility exercise

dose
Frequency 4-5 days/week 1-2 days/week (non-consecutive days), gradually increasing to | 5-7 days/week
2-3 days/week.
Intensity/ Moderate intensity, 40%-59% VO’R/HRR, | Adjust the resistance, with the last two sets being challenging. | Stretch until you feel your muscles being
workload CR-10 scale rating of 3-4 High intensity training can be performed if tolerable. pulled tight or a slight discomfort.
Duration Gradually increase from 20 min to at least | Starting with one set of 8-12 repetitions, increase to two sets after | Static stretching held for 10-30's,
30 min (up to 45-60 min) about 2 weeks. Perform no more than 8-10 exercises per session. | repeated 2-4 times.

HRR, Heart rate reserve. VO?R, oxygen uptake reserve.
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