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Background: The high prevalence and increasing severity of osteoporosis have 
elevated it to a significant global public-health concern, imposing a substantial 
economic burden. Skeletal muscle strength and cardiorespiratory endurance 
serve as pivotal metrics in evaluating physical health. They play a vital role in 
mitigating the risks associated with bone density decline and the development of 
osteoporosis. This cross-sectional study was carried out among Chinese adults 
aged 30–60 years. Its aim is to investigate the associations between skeletal 
muscle strength, cardiorespiratory endurance, and bone density, thereby 
providing scientific evidence for formulating prevention and intervention 
strategies against osteoporosis.

Method: A handgrip dynamometer was employed to measure the subjects’ 
grip strength, which served as an indicator for assessing their upper-limb 
muscle strength. Additionally, an isokinetic muscle-strength tester was 
utilized to determine the subjects’ lower–limb isokinetic muscle strength, 
thereby evaluating the strength of their lower–limb muscles. The exercise 
cardiopulmonary testing system was utilized to directly measure the subjects’ 
maximum oxygen uptake (VO₂ max) via a treadmill test. This crucial indicator 
was then employed to assess the subjects’ cardiorespiratory fitness (CRF). 
Moreover, the QCT bone density analysis system was used to measure the 
thoracolumbar bone density of the subjects, and their bone density levels were 
evaluated based on the T value. A multiple stepwise linear regression model was 
utilized to further examine the associations between the independent variables 
grip strength, quadriceps muscle strength, and maximum oxygen uptake and 
the dependent variable, the bone density T value, stratified by gender. A series of 
factors potentially influencing the results were adjusted for, such as age, weight, 
body mass index (BMI), smoking and drinking habits, as well as vitamin D and 
calcium levels.

Results: In the final fully adjusted model, a significant positive correlation was 
detected between grip strength and the BMD T score (β  = 0.03, p  < 0.001). 
This correlation held significance in both women (β = 0.15, p < 0.001) and men 
(β = 0.07, p < 0.001). A significant correlation was observed between quadriceps 
muscle strength and the bone mineral density T score (β  = 0.94, p  < 0.001). 
Notably, this correlation was particularly pronounced in the female group, with 
a more significant relationship (β = 1.35, p < 0.001), whereas in the male group, 
the correlation was not significant (β = 0.42, p = 0.230). In addition, a significant 
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correlation was identified between the maximum oxygen uptake and the bone 
density T value in the overall sample (β = 0.28, p = 0.009). Nevertheless, upon 
gender stratification, the correlation between the maximum oxygen uptake and 
bone density was not significant in women (p = 0.884), yet it was significant in 
men (β = 0.42, p = 0.009).

Conclusion: In the 30–60 age group, a significant positive correlation was 
detected between skeletal muscle strength and bone density. Specifically, in 
women, lower limb muscle strength was more closely associated with bone 
density; however, this relationship was not significant in men. Moreover, the 
association between cardiorespiratory endurance and bone density varied by 
gender. It was not significant in women but demonstrated a significant positive 
correlation in the male group.

KEYWORDS

isokinetic muscle strength test, cardiorespiratory endurance, bone density, QCT, 
Chinese adults

Introduction

Osteoporosis is widely recognized as a serious public health 
problem (1). Osteoporosis increases the risk of falls and fractures, 
affects individual quality of life, and increases morbidity and mortality 
(2). A research has found that the prevalence of osteoporosis in 
developing countries is higher than that in developed countries 
(22.1% vs. 14.5%) (3). It is estimated that by 2035, the annual number 
of osteoporosis-related fractures in China will reach 4.83 million, 
causing annual losses of approximately US$19.92 billion (4).

Reduced bone density (BMD) will cause the fine structure of 
bones to be  damaged and compressed to deform, easily causing 
osteoporosis. Research shows that spinal bone density usually reaches 
its peak at the age of 30 during human development, and then 
gradually decreases as age increases (5–7). However, osteoporosis 
caused by the bad living habits of modern people is not only seen in 
the elderly, but also in adults aged 30–60 years old (2). Current studies 
have confirmed that known risk factors for low bone density include 
advanced age, female gender, low body weight (3, 8, 9) as well as 
smoking, drinking (10), vitamin D and calcium deficiency (11). In 
addition, low grip strength and cardiorespiratory fitness (CRF) are 
very important risk factors (9, 12). Skeletal muscle has a significant 
impact on bone tissue formation. Muscle use and contraction impose 
loads on bones, causing them to adapt to these loads and thereby 
optimize their structure and strength (13). CRF, as an important 
indicator to measure the ability of the respiratory and cardiovascular 
systems to deliver oxygen to muscles during exercise, is not only an 
objective reflection of an individual’s habitual physical activity, but 
also a powerful proof of an individual’s healthy life trajectory (14–16). 
Therefore, skeletal muscle strength and cardiorespiratory endurance, 
as key indicators of physical health (17), are crucial to reducing bone 
density and the risk of osteoporosis.

Previous studies on the relationship between skeletal muscle and 
bone density indicate that upper limb grip strength shows a stronger 
correlation with bone density (9, 18), particularly in females compared 
to males (19). However, relying solely on upper limb grip strength as 
a predictor of overall skeletal muscle strength may not be sufficient 
(20), as lower limb muscle strength could have a more direct 
association with bone health (18). Despite this, the specific influence 
of lower limb skeletal muscle strength on bone density is still unclear. 

Similarly, research on CRF and bone density suggests that higher 
levels of CRF were associated with a reduced risk of osteopenia. Most 
studies assess CRF indirectly through estimated maximal oxygen 
uptake, a practical but less precise method. The gold standard for CRF 
evaluation—direct measurement of oxygen uptake using gas analysis 
during graded exercise testing—is more accurate but also more 
resource-intensive (17). Currently, there is limited evidence on the use 
of CRF as a prognostic tool for osteopenia and osteoporosis risk in 
Chinese adults.

This multidisciplinary study, conducted through collaboration 
between orthopedic physicians, rehabilitation specialists, and sports 
science researchers at a leading Chinese orthopedic hospital, 
represents a significant advancement in musculoskeletal research. By 
employing an innovative integration of gold-standard CPET protocols, 
high-resolution dynamometry, and standardized bone density 
measurements, we provide the first comprehensive characterization of 
the muscle strength-CRF-bone density relationship in Chinese adults. 
Our approach overcomes key limitations of previous studies by 
replacing subjective assessments with objective, quantitative measures, 
yielding unprecedented precision in physiological evaluation. The 
novel assessment framework developed through this research offers 
clinically actionable insights for osteoporosis risk stratification in this 
population. Importantly, our identification of modifiable predictors 
establishes an evidence base for developing targeted exercise regimens 
and personalized prevention strategies, bridging the gap between 
methodological innovation and practical clinical application in 
osteoporosis management.

Materials and methods

Participant characteristics

From October 2023 to January 2024, Beijing Delconi Orthopedic 
Hospital recruited external subjects. Subjects are required to 
be ≥30 years old and ≤60 years old, regardless of gender, be able to 
carry out normal activities, have sound development, and have no 
symptoms. Obvious physical defects, able to correctly understand test 
requirements and cooperate to complete the test. People with 
pre-existing metabolic bone disease or taking any medications that 
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may affect bone density were excluded from enrollment. All subjects 
gave written informed consent and were informed of study details 
before participating in the study. Subjects were required to fill out 
self-report questionnaires regarding overall physical health, bad 
lifestyle habits (smoking, drinking) and other information, and 
completed medical health examinations, skeletal muscle strength tests, 
cardiorespiratory endurance tests and bone density assessments. This 
research was approved by the Ethics Committee of Beijing Delconi 
Orthopedic Hospital. This research was supported by the project fund 
as a sub-project of the Science and Technology Innovation Project of 
the State Sports General Administration of China.

Medical checkup

The subjects underwent extensive medical health examinations at 
the hospital, including height, weight, waist circumference, body 
composition analysis, and blood tests. Height and weight (unit: cm, 
kg) were measured using a height and weight scale. The subjects were 
asked to take off their shoes, wear single clothes and pants, keep their 
heels together and make an angle of 60° between their toes, look 
straight ahead with both eyes, and stand at attention. Body mass index 
(BMI) is weight/height2 (unit: kg/m2). Use a soft tape to measure waist 
circumference (unit: cm). The soft tape measures the horizontal 
circumference through the center of the umbilicus or the midpoint 
line between the lowest point of the ribs and the upper edge of the iliac 
crest. This process does not put any pressure on the skin. Body 
composition was measured using a body composition analyzer 
(X-Scan Plus II, JAWON, Korea). The subjects were required to fast 
for 12 h and then blood samples were collected from the antecubital 
vein after arriving at the hospital. In this study, 25(OH) D and serum 
calcium ion levels were selected as bone metabolism indicators, with 
reference value ranges of 30–100 ng/ml and 1.42–1.90 mmol/L, 
respectively.

Isokinetic muscle strength test

The maximum muscle strength of quadriceps muscles in both 
knee joints was tested using the multi-joint isokinetic muscle strength 
Test and Rehabilitation Training System (HUMAC NORM, CSMI, 
USA). Isokinetic muscle strength test is recognized as a reliable and 
effective muscle strength test and is used as a reference for other 
muscle tests (21). Peak moment is the expression of the maximum 
moment during joint flexion and extension and the expression of the 
maximum muscle strength of the lower extremity, and is regarded as 
the gold standard in isokinetic testing. The absolute peak moment of 
the quadriceps muscle was chosen as the maximum muscle force of 
the lower extremity (N·m/kg) because of the difference in body weight 
of the subjects.

Before the test, the subjects warmed up on a stationary bicycle for 
10 min (60–70 revolutions per minute). After that, the subjects kept 
upright in the seat, the axis of the knee joint was kept in a straight line 
with the rotation center of the power head, and the test Angle was set 
at 0°-90°, 0° meant that the knee joint was extended 0 degrees, and the 
resistance pad at the end of the power arm was fixed at 3 cm from the 
upper edge of the ankle joint. In order to reduce compensation during 
the test, the torso and test legs are held in place using a holding band. 

In order to get familiar with the test system, before the formal test, the 
subjects first performed 4 attempts of isokinetic flexion and extension 
with an angular velocity of 60°/s, and then completed 5 formal knee 
flexion and extension exercises. After the left and right legs were tested 
separately, the maximum value was taken as the maximum muscle 
strength of the lower limbs.

Hand grip measurement

Grip strength testing is a practical and effective method to 
measure muscle strength, which has been clinically proven to be an 
indicator of adverse health outcomes (22, 23). Grip strength testing is 
used to assess upper limb muscle strength. The subjects were measured 
using an electronic handgrip dynamometer (EH101, CAMRY, China). 
The subjects were required to squeeze the handgrip dynamometer 
with one hand with the greatest force, and repeat the above operation 
twice with both hands. The maximum value was taken as the 
maximum muscle strength of the upper limb.

CPET for VO2max

The subjects underwent an incremental load cardiopulmonary 
endurance test using the Bruce treadmill mode on an exercise 
cardiopulmonary testing system (Master Screen CPX, Jaeger, 
Germany) (24). The amount of gas inhaled and exhaled during 
exercise, including oxygen and carbon dioxide, was measured, and the 
maximum oxygen uptake (VO2max) was used to evaluate 
cardiopulmonary endurance (25).

The subjects started with a warm-up walk and entered the 
exercise phase after a 3-min warm-up. Starting from the first phase, 
the treadmill automatically entered the next phase every 3 min. 
There were 7 exercise phases in total, and each phase corresponded 
to different speeds and slopes, as shown in Table 1. During the entire 
exercise process, blood pressure, blood oxygen saturation and 
electrocardiogram were monitored in real time. The subjects wore a 
Polar heart rate belt (Polar H9, USA) to record the exercise heart 
rate in real time, and the Rating of Perceived Exertion (RPE) scale 
was used to evaluate the level of exercise fatigue (26). When the 
following two conditions occurred at the same time, the subjects 
could stop exercising, and the heart rate measured immediately was 
HRmax (27): (1) When the exercise load continued to increase 
according to the Bruce protocol, the real-time heart rate no longer 

TABLE 1 Improved Bruce scheme.

Rank Speed 
(mp/h)

Speed 
(km/h)

Slope 
(%)

METs Time 
(min)

1 1.7 2.7 10 4 3

2 2.5 4.0 12 7 6

3 3.4 5.4 14 9 9

4 4.2 6.8 16 13 12

5 5.0 8.0 18 16 15

6 5.5 8.8 20 19 18

7 6.0 9.6 22 22 21
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increased; (2) When the exercise load continued to increase, the 
real-time VO2max no longer increased; (3) When the subject 
subjectively felt that he could not maintain the exercise, the test 
should be  terminated; (4) When the respiratory quotient 
(RER) ≥ 1.05. In the Ergospirometry software, VO2max refers to the 
average value of VO2 (in liters/min) measured by 8 consecutive 
breaths during the peak exercise test. In order to ensure that the 
VO2max data of each subject is accurate, the data needs to be manually 
selected to verify that the selected VO2max value is correct. Lastly, all 
VO₂ max values were weight-standardized (unit: mL/min/kg) to 
control for the confounding effects of body weight variation 
across participants.

Bone mineral density (BMD)

According to the World Health Organization (WHO), the 
diagnosis of bone disease is mainly based on bone density 
measurements at the femoral neck and lumbar spine, where fractures 
occur most frequently and are associated with higher morbidity and 
mortality (28). In this study, we  used the QCT bone density 
measurement system (Mindways Image QCT, Mindway, USA) to 
accurately assess the subjects’ bone density. QCT technology, as a 
three-dimensional imaging technology, uses multi-slice spiral CT 
scanning to accurately quantify BMD and can distinguish between 
cancellous bone and cortical bone. It has high sensitivity for detecting 
bone mineral loss in the thoracic and lumbar spine (29). In contrast, 
conventional dual-energy X-ray absorptiometry (DXA), although 
widely used clinically to measure BMD at the lumbar spine and 
proximal femur, cannot distinguish between cancellous bone and 
cortical bone. While DXA remains the gold standard for low-risk, 
high-population screening, QCT provides superior structural data at 
the cost of higher radiation exposure. Therefore, the prevalence of 
osteoporosis detected by DXA is generally lower than that detected by 
QCT technology (30).

In this study, bone density tests were performed by experienced 
CT doctors, who accurately scanned the subjects’ thoracic spine 

(T11-T12) and lumbar spine (L1-L4) to calculate the average bone 
density (BMD, in g/cm3) and T value of the area.

Statistical analyses

All data are expressed as mean ± standard deviation (x ± s), and 
SPSS26.0, R4.2 and Origin2024 were used for data analysis and chart 
drawing. Independent sample T test was used to analyze the significant 
differences in results between genders. The linear relationship between 
the key variables grip strength, quadriceps strength, VO2max and the 
outcome variable (T score) was described by calculating the Pearson 
correlation coefficient (r) and drawing a scatter plot. To further 
explore the effects of skeletal muscle strength and cardiorespiratory 
endurance on bone mineral density, a multiple stepwise linear 
regression model was used to gradually adjust possible confounding 
factors for stratified analysis. The statistical significance level was set 
at α = 0.05. Significance was indicated as p < 0.05, very significant as 
p < 0.01, and extremely significant as p < 0.001.

Results

Participant characteristics

A total of 231 subjects were recruited for this study, and 176 
subjects finally met the inclusion criteria and participated in the 
complete test, including 90 males and 86 females, with a participation 
rate of 76.2%. The average age of the subjects was 44.5 ± 8.0 years old. 
The results of the subjects’ age, weight, height, BMI, waist 
circumference, bone density T value, grip strength, VO2max, quadriceps 
strength, 25(OH)D, and Ca2+ are shown in Table 2. The results of the 
independent sample T test showed that there was no statistical 
difference in age between male and female subjects, but there were 
significant differences in weight, height, BMI, waist circumference, 
grip strength, VO2max and quadriceps strength between males and 
females (p < 0.01).

TABLE 2 Descriptive characteristics.

Characteristics All(176) Women(86) Men(90) p

Age(years) 44.5 ± 8.0 43.9 ± 8.0 45.2 ± 8.1 0.28

Height(cm) 167.9 ± 8.5 161.1 ± 4.7 174.4 ± 5.7 <0.001

Weight(kg) 68.9 ± 12.1 59.5 ± 6.3 77.9 ± 9.0 <0.001

BMI (kg/m2) 24.3 ± 2.7 22.9 ± 2.5 25.6 ± 2.3 <0.001

Waist Circumference(cm) 85.7 ± 10.6 79.1 ± 8.7 92.0 ± 8.1 <0.001

T score −0.20 ± 1.16 −0.33 ± 1.17 −0.08 ± 1.14 0.15

Hand Grip(kg) 37.88 ± 10.85 28.24 ± 3.52 47.09 ± 6.67 <0.001

VO2max(mL/min/kg) 39.42 ± 8.17 42.23 ± 8.59 36.49 ± 6.57 <0.001

Quadriceps strength(N·m/kg) 1.48 ± 0.37 1.30 ± 0.35 1.66 ± 0.29 <0.001

25(OH)D(ng/mL) 27.71 ± 7.69 28.17 ± 8.78 27.26 ± 6.49 0.43

Ca2+(mmol/L) 1.50 ± 0.04 1.50 ± 0.05 1.49 ± 0.04 0.05

All characteristics reported as mean ± SD, where SD represents Standard Deviation. BMI, Body Mass Index; VO₂max, Maximal Oxygen Uptake; 25 (OH) D, 25 - Hydroxyvitamin D; Ca2+, 
Calcium ion. Values with p < 0.001 indicate extremely significant differences between men and women groups; p < 0.01 indicates significant differences.
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Bivariate correlations of all indicators

As shown in Figure 1, there was a significant positive correlation 
between bone density T and grip strength (r = 0.364, p < 0.001), 
quadriceps strength (r = 0.398, p < 0.001) and VO2max (r = 0.664, 
p = 0.009). There was a significant positive correlation between 
25(OH)D content (r = 0.528, p < 0.001) and Ca2+ content (r = 0.288, 
p < 0.001) and bone density T value. Older age was significantly 
correlated with lower bone density T (r = −0.365, p < 0.001); there was 
a weak positive correlation between weight (r = 0.184, p < 0.05) and 
BMI (r = 0.151, p < 0.05) and bone density T.

Associations of skeletal muscle strength 
and BMD

In the linear regression model, greater grip strength was 
significantly associated with higher T scores, even after adjustment for 
confounding variables (Table 3 and Figure 2, R2 = 0.133, p < 0.001). 
After stratifying the indicators by gender and adjusting for covariates, 
there was a significant positive correlation between women’s grip 
strength and T-score (p < 0.001). After adjustment for Model 3 
covariates, there was no significant correlation between grip strength 
and T-score in men (p = 0.355).

In the unadjusted model, greater quadriceps strength was 
significantly associated with greater T in all subjects and after 
adjustment for confounding variables (Table  3 and Figure  2, 

R2 = 0.159, p < 0.001). After stratifying the indicators by sex and 
adjusting for covariates, quadriceps muscle strength in women 
was significantly positively correlated with T-score (p < 0.001). 
In the unadjusted model, there was a significant positive 
correlation between male quadriceps muscle strength and T-score 
(p = 0.024), but after adjustment for covariates in Model 2, Model 
3, and Model 4, there was no significant correlation between male 
quadriceps muscle strength and T-score (p = 0.180).

Associations of VO2max and BMD

A greater VO2max was significantly correlated with a greater T 
value in all subjects (Figure 2, R2 = 0.039, p = 0.009). After adjusting 
the covariate age in model 2, VO2max of all subjects were significantly 
correlated with T value (of 0.22, p = 0.028), but after adjusting the 
covariate weight in model 3, the correlation between VO2max and T 
value of subjects was not significant (p = 0.264). After adjusting BMI, 
smoking, drinking, 25(OH)D, and Ca2+ in models 4 and 5, the 
subjects’ VO2max was significantly correlated with T value (p = 0.024, 
p = 0.008).

After stratifying the indicators by gender and adjusting for 
covariates, there was no significant correlation between VO2max and T 
value in women. In the unadjusted linear regression model, there was 
a significant positive correlation between VO2max and T value in men 
(p = 0.009). After adjustment for covariates, the correlation between 
VO2max and T value in men was not significant Table 4.

FIGURE 1

The correlation analysis between two indicators (n = 176). Significant associations (p < = 0.05) of the comparison between each index are 
indicated by *.
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Discussion

In adults aged 30–60 years, greater grip strength and 
quadriceps strength were associated with higher bone 
mineral density. When further analyzing the relationship between 
quadriceps muscle strength and bone density, in men, after 
adjusting for all confounding factors, the correlation between 
quadriceps muscle strength and bone density was no longer 
significant; In women, the relationship between quadriceps 
strength and BMD was not affected by these adjustments, 
suggesting that women may exhibit different biological or 
physiological mechanisms for this relationship. Gender plays an 
important role in the relationship between muscle strength and 
bone density.

Studies have shown that cardiorespiratory endurance is 
significantly correlated with bone density. In women, there was no 
significant correlation between cardiorespiratory endurance and bone 
density, but in men, there was a significant correlation between 
cardiorespiratory endurance and bone density.

There was a significant positive correlation between grip 
strength and quadriceps strength and bone mineral density, 
supporting skeletal muscle strength as an important indicator of 
bone health. The association was stronger in women than in men. 
This is consistent with findings from India and Gambia, where 
women had a stronger association between muscle strength and 
bone density than men (19, 31). According to Wolff ’s law, bones are 
able to adapt to external stresses caused by muscle forces and 
reshape accordingly. This adaptability suggests that skeletal muscle 
strength is a key external factor affecting bone density and 
contributes to adaptive bone remodeling. There are gender 
differences in hormone levels, genetic factors, and exercise habits, 
which may make the female skeletal system physiologically more 
effective in responding to changes in muscle strength, and this 
adaptability can be used to improve bone health.

This study adds to the evidence that lower extremity quadriceps 
strength is associated with BMD. Unlike previous studies that focused 
on indirect indicators such as gait speed, the stand-and-go test, and 
the five-sit-up test (17), this study used isokinetic muscle strength 

TABLE 3 Differences in BMD T-score at the thoracolumbar spine (T11-T12, L1-L4) per unit, hand grip and quadriceps strength.

Variables Group Model 1 Model 2 Model 3 Model 4

β 
(95%CI)

p R2 β (95%CI) p R2 β (95%CI) p R2 β (95%CI) p R2

Hand grip
Women 

(86)

0.19 

(0.14 ~ 0.25)
<0.001 0.33 0.17 (0.11 ~ 0.22) <0.001 0.41

0.24 

(0.07 ~ 0.41)
0.013 0.02

0.15 

(0.09 ~ 0.21)
<0.001 0.33

Men (90)
0.10 

(0.07 ~ 0.13)
<0.001 0.32 0.09 (0.06 ~ 0.12) <0.001 0.33

0.05 

(−0.05 ~ 0.15)
0.355 0.51

0.07 

(0.05 ~ 0.10)
<0.001 0.35

All (176)
0.04 

(0.02 ~ 0.05)
<0.001 0.13 0.04 (0.02 ~ 0.05) <0.001 0.24

0.09 

(0.03 ~ 0.16)
0.010 0.18

0.03 

(0.02 ~ 0.05)
<0.001 0.30

Quadriceps 

strength

Women 

(86)

1.81 

(1.21 ~ 2.42)
<0.001 0.28 1.52 (0.93 ~ 2.11) <0.001 0.37

2.91 

(0.88 ~ 4.95)
0.013 0.17

1.35 

(0.77 ~ 1.94)
<0.001 0.35

Men (90)
0.92 

(0.13 ~ 1.71)
0.024 0.05

0.56 

(−0.25 ~ 1.38)
0.180 0.10

1.11 

(−0.74 ~ 2.96)
0.271 0.48

0.42 

(−0.26 ~ 1.10)
0.230 0.32

All (176)
1.26 

(0.83 ~ 1.69)
<0.001 0.16 1.05 (0.63 ~ 1.47) <0.001 0.23

1.87 

(0.64 ~ 3.11)
<0.001 0.21

0.94 

(0.56 ~ 1.32)
<0.001 0.23

Model1: Unadjusted covariates. Model2: Adjusted age. Model3: Weight, BMI, smoking (only in men), alcohol consumption were further adjusted based on the previous model. Model4: 
Further adjustments were made for, 25(OH)D, Ca2+ . P value indicates statistical significance (p < 0.001 indicates that the grip strength/quadriceps strength is extremely significant with the 
BMD T score, p < 0.01 indicates that the statistical result of the relationship between grip strength/quadriceps strength and BMD T score is significant. R² (coefficient of determination) 
represents the proportion of variance in the BMD T - score explained by the model. Higher R² values suggest greater explanatory power of the model for the outcome variable.

FIGURE 2

The correlations between Hand grip, Quadriceps strength and VO2max vs. BMD at the spine and hip (n = 176).

https://doi.org/10.3389/fpubh.2025.1584610
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org


Wei et al. 10.3389/fpubh.2025.1584610

Frontiers in Public Health 07 frontiersin.org

testing to directly measure the peak torque of the quadriceps femoris, 
which is considered to be the golden indicator for assessing muscle 
strength. This study is consistent with the results of Chen F et al. (32), 
which showed that the 1RM (maximum number of repetitions per 
squat) of Chinese adult males was positively correlated with local and 
total bone density. The study by Huawei Han et al. also showed that 
quadriceps muscle mass and strength were significantly positively 
correlated with bone density (33). In addition, Misch et al. found that 
knee and ankle extensor strength was significantly positively 
correlated with bone density in 60-year-old women. This study further 
extended these findings, indicating that decreased quadriceps strength 
can serve as a predictor of decreased bone density in adults aged 
30–60 years. Further design of quadriceps muscle strength exercise 
intervention programs is needed to explore effective strategies for 
preventing bone mineral density loss.

This study confirmed a significant positive correlation between 
cardiorespiratory fitness (CRF) and bone mineral density (BMD). As 
an important indicator of physical activity levels, CRF can improve 
bone health by promoting bone cell activation and bone resorption/
formation homeostasis through the mechanical load generated by 
exercise (34). This finding is consistent with the findings of Wainstein 
et al. (35) in a study of 2,569 men aged 50–90 years, which confirmed 
that high CRF reduces the risk of BMD loss and osteoporosis in the 
femoral neck. Schwarz et al. (18) further supported this association in 
Danish men aged 31–60 years, showing that CRF was positively 
correlated with the total coxal-lumbar BMD t score even after 
adjusting for confounding factors such as age, body weight, and 
smoking. Gouveia et al. (36) reached a similar conclusion in a cohort 
study of 802 older Portuguese adults. Combined with available 
evidence, high CRF has a positive effect on maintaining BMD levels 
and reducing the risk of osteoporosis.

In women, the association between CRF and BMD was not 
statistically significant. Biological mechanisms show that estrogen, 
as a key regulator of bone metabolism, affects bone mineral density 
by regulating receptor activity and osteoblast function (37). Due to 
the high sensitivity of bone to hormonal changes, the sudden 
decline of estrogen during menopause may amplify its effect on 
bone metabolism in women (38), which may explain the masking 
of CRF effects by endocrine factors (39). It is worth noting that 
studies have found a significant correlation between CRF and BMD 
in postmenopausal women (12), which is in contrast to the results 
of this study. This difference may be due to the study design: This 
study included a cross-age population of 30–60 years old, and the 
heterogeneity of bone metabolic status in postmenopausal women 
may weaken the overall association. However, the protective effect 
observed in the male study (35) was also not significant after 
adjusting for covariates such as age and BMI in this sample, which 
may be  related to the decrease in statistical efficacy caused by 
sample size reduction.

In summary, after controlling for age, body composition, lifestyle 
and nutritional factors, there is a significant association between CRF 
and BMD in adults aged 30–60 years, but there is a sex-specific 
difference. Men showed a more defined dose–response relationship, 
while women were affected by endocrine regulation, which may 
weaken exercise-mediated bone protection. In the future, large-scale 
cross-sex studies should be  carried out, combined with dynamic 
monitoring of hormone levels, to clarify the sex-specific mechanism 
of CRF affecting bone metabolism.T
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Limitations and prospects

The main advantage of this study is that it used advanced 
testing methods (17), such as isokinetic muscle strength, CPET 
testing, and QCT bone mineral density measurement. All tests 
were performed by a professional team at the hospital to ensure 
accuracy. At the same time, the subjects were all Chinese adults 
who lived in the same area and did not take drugs that might 
interfere with muscle, cardiopulmonary endurance, bone 
metabolism, etc.

The limitations of this study are that no causal inference can 
be made on the relationship between skeletal muscle strength and 
CRF and bone density. Secondly, the study lacks control over 
information such as the subjects’ lifestyle, physical activity level, sex 
hormones, etc. At the same time, we currently only consider the 
bone density of the spine, and in the future we will need to add bone 
density in more parts to verify the correlation. However, we believe 
that the current research results support and expand the literature 
on the relationship between skeletal muscle strength and 
cardiorespiratory endurance and bone health. Many potential 
covariates were fully adjusted in the model, demonstrating that 
greater skeletal muscle strength is associated with higher bone 
density levels in adults aged 30–60 years, and that CRF is 
significantly correlated with bone density in the overall population. 
This complements the results of Chinese research on the relationship 
between cardiorespiratory endurance and bone density. Future 
studies focusing on longitudinal studies are needed to determine 
whether strength training and aerobic training can effectively slow 
the progression of bone loss, and mechanistic studies on the links 
between skeletal muscle strength and cardiorespiratory endurance 
and bone density in men and women are needed to fully elucidate 
the causal relationship.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethics Committee 
of Beijing Delconey Orthopaedic Hospital. The studies were 
conducted in accordance with the local legislation and institutional 

requirements. The participants provided their written informed 
consent to participate in this study.

Author contributions

BW: Conceptualization, Data curation, Formal analysis, Writing – 
original draft, Writing  – review & editing. ZM: Data curation, 
Supervision, Conceptualization, Validation, Investigation, Writing – 
review & editing. XY: Investigation, Methodology, Validation, Writing – 
review & editing. SC: Writing – review & editing, Formal analysis, 
Methodology. XG: Methodology, Writing  – review & editing. JW: 
Methodology, Writing – review & editing. XH: Methodology, Writing – 
review & editing. HZ: Writing – review & editing, Conceptualization, 
Resources. XW: Conceptualization, Resources, Writing  – review & 
editing. BJ: Conceptualization, Resources, Writing – review & editing, 
Funding acquisition.

Funding

The author(s) declare that no financial support was received for 
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
 1. Ohta T, Nagashima J, Fukuda W, Sasai H, Ishii N. Association of Knee Extensor 

Muscle Strength and Cardiorespiratory Fitness with Bone Stiffness in Japanese 
adults: a cross-sectional study. J Epidemiol. (2022) 32:543–50. doi: 
10.2188/jea.JE20200581

 2. Lins Vieira NF, da Silva Nascimento J, do Nascimento CQ, Barros Neto JA, Oliveira 
Dos Santo ACS. Association between bone mineral density and nutritional status, body 
composition and bone metabolism in older adults. J Nutr Health Aging. (2021) 25:71–6. 
doi: 10.1007/s12603-020-1452-y

 3. Xiao PL, Cui AY, Hsu CJ, Peng R, Jiang N, Xu XH, et al. Global, regional prevalence, 
and risk factors of osteoporosis according to the World Health Organization diagnostic 
criteria: a systematic review and meta-analysis. Osteoporos Int. (2022) 33:2137–53. doi: 
10.1007/s00198-022-06454-3

 4. Si L, Winzenberg TM, Jiang Q, Chen M, Palmer AJ. Projection of osteoporosis-
related fractures and costs in China: 2010-2050. Osteoporos Int. (2015) 26:1929–37. doi: 
10.1007/s00198-015-3093-2

 5. Boot AM, de Ridder MA, van der Sluis IM, van Slobbe I, Krenning EP, Keizer-
Schrama SM. Peak bone mineral density, lean body mass and fractures. Bone. (2010) 
46:336–41. doi: 10.1016/j.bone.2009.10.003

 6. Mein AL, Briffa NK, Dhaliwal SS, Price RI. Lifestyle influences on 9-year 
changes in BMD in young women. J Bone Miner Res. (2004) 19:1092–8. doi: 
10.1359/jbmr.040310

 7. Nguyen HT, von Schoultz B, Pham DM, Nguyen DB, Le QH, Nguyen DV, et al. Peak 
bone mineral density in Vietnamese women. Arch Osteoporos. (2009) 4:9–15. doi: 
10.1007/s11657-009-0021-0

https://doi.org/10.3389/fpubh.2025.1584610
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.2188/jea.JE20200581
https://doi.org/10.1007/s12603-020-1452-y
https://doi.org/10.1007/s00198-022-06454-3
https://doi.org/10.1007/s00198-015-3093-2
https://doi.org/10.1016/j.bone.2009.10.003
https://doi.org/10.1359/jbmr.040310
https://doi.org/10.1007/s11657-009-0021-0


Wei et al. 10.3389/fpubh.2025.1584610

Frontiers in Public Health 09 frontiersin.org

 8. Cosman F, de Beur SJ, LeBoff MS, Lewiecki EM, Tanner B, Randall S, et al. 
Clinician's guide to prevention and treatment of osteoporosis. Osteoporos Int. (2014) 
25:2359–81. doi: 10.1007/s00198-014-2794-2

 9. Kamiya K, Kajita E, Tachiki T, Ikehara S, Kouda K, Sato Y, et al. Association 
between hand-grip strength and site-specific risks of major osteoporotic fracture: results 
from the Japanese population-based osteoporosis cohort study. Maturitas. (2019) 
130:13–20. doi: 10.1016/j.maturitas.2019.09.008

 10. Jang HD, Hong JY, Han K, Lee JC, Shin BJ, Choi SW, et al. Relationship between 
bone mineral density and alcohol intake: a nationwide health survey analysis of 
postmenopausal women. PLoS One. (2017) 12:e0180132. doi: 
10.1371/journal.pone.0180132

 11. Yoo KO, Kim MJ, Ly SY. Association between vitamin D intake and bone mineral 
density in Koreans aged ≥ 50 years: analysis of the 2009 Korea National Health and 
nutrition examination survey using a newly established vitamin D database. Nutr Res 
Pract. (2019) 13:115–25. doi: 10.4162/nrp.2019.13.2.115

 12. DeFina LF, Leonard D, Willis BL, Barlow CE, Finley CE, Jenkins MR, et al. High 
cardiorespiratory fitness is associated with reduced risk of low bone density in 
postmenopausal women. J Womens Health (Larchmt). (2016) 25:1073–80. doi: 
10.1089/jwh.2014.5170

 13. Frost HM. Bone's mechanostat: a 2003 update. Anat Rec A Discov Mol Cell Evol 
Biol. (2003) 275:1081–101. doi: 10.1002/ar.a.10119

 14. Mcleod JC, Stokes T, Phillips SM. Resistance exercise training as a primary 
countermeasure to age-related chronic disease. Front Physiol. (2019) 10:645. doi: 
10.3389/fphys.2019.00645

 15. Ross R, Blair SN, Arena R, Church TS, Després J-P, Franklin BA, et al. Importance 
of assessing cardiorespiratory fitness in clinical practice: a case for fitness as a clinical 
vital sign: a scientific statement from the American Heart Association. Circulation. 
(2016) 134:e653–99. doi: 10.1161/CIR.0000000000000461

 16. Thayer SW, Stolshek BS, Rey GG, Seare JG. Impact of osteoporosis on high-cost 
chronic diseases. Value Health. (2014) 17:43–50. doi: 10.1016/j.jval.2013.11.004

 17. Arena R, Myers J, Ozemek C, Hall G, Severin R, Laddu D, et al. An evolving approach 
to assessing cardiorespiratory fitness, muscle function and bone and joint health in the 
COVID-19 era. Curr Probl Cardiol. (2022) 47:100879. doi: 10.1016/j.cpcardiol.2021.100879

 18. Schwarz P, Jørgensen N, Nielsen B, Laursen AS, Linneberg A, Aadahl M. Muscle 
strength, power and cardiorespiratory fitness are associated with bone mineral density in 
men aged 31-60 years. Scand J Public Health. (2014) 42:773–9. doi: 10.1177/1403494814552119

 19. Zengin A, Kulkarni B, Khadilkar AV, Kajale N, Ekbote V, Tandon N, et al. 
Prevalence of sarcopenia and relationships between muscle and bone in Indian men and 
women. Calcif Tissue Int. (2021) 109:423–33. doi: 10.1007/s00223-021-00860-1

 20. Samuel D, Rowe P. An investigation of the association between grip strength and 
hip and knee joint moments in older adults. Arch Gerontol Geriatr. (2012) 54:357–60. 
doi: 10.1016/j.archger.2011.03.009

 21. Stark T, Walker B, Phillips JK, Fejer R, Beck R. Hand-held dynamometry 
correlation with the gold standard isokinetic dynamometry: a systematic review. PM R. 
(2011) 3:472–9. doi: 10.1016/j.pmrj.2010.10.025

 22. Ibrahim K, May C, Patel HP, Baxter M, Sayer AA, Roberts H. A feasibility study of 
implementing grip strength measurement into routine hospital practice (GRImP): study 
protocol. Pilot Feasibil Stud. (2016) 2:1–10. doi: 10.1186/s40814-016-0067-x

 23. Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P, Avezum A Jr, Orlandini A, et al. 
Prognostic value of grip strength: findings from the prospective urban rural epidemiology 
(PURE) study. Lancet. (2015) 386:266–73. doi: 10.1016/s0140-6736(14)62000-6

 24. Bruce RA. Methods of exercise testing: step test, bicycle, treadmill, isometrics. Am 
J Cardiol. (1974) 33:715–20. doi: 10.1016/0002-9149(74)90211-2

 25. Rosenkilde M, Reichkendler M, Auerbach P, Bonne T, Sjödin A, Ploug T, et al. 
Changes in peak fat oxidation in response to different doses of endurance training. 
Scand J Med Sci Sports. (2015) 25:41–52. doi: 10.1111/sms.12151

 26. Noble BJ, Borg GA, Jacobs I, Ceci R, Kaiser P. A category-ratio perceived exertion 
scale: relationship to blood and muscle lactates and heart rate. Med Sci Sports Exerc. 
(1983) 15:523–8.

 27. McConnell TR. Practical considerations in the testing of VO2max in runners. Sports 
Med. (1988) 5:57–68. doi: 10.2165/00007256-198805010-00005

 28. Dawson-Hughes B, Harris SS, Krall EA, Dallal GE. Effect of calcium and vitamin 
D supplementation on bone density in men and women 65 years of age or older. N Engl 
J Med. (1997) 337:670–6. doi: 10.1056/NEJM199709043371003

 29. Budoff MJ, Hamirani YS, Gao YL, Ismaeel H, Flores FR, Child J, et al. Measurement 
of thoracic bone mineral density with quantitative CT. Radiology. (2010) 257:434–40. 
doi: 10.1148/radiol.10100132

 30. Li N, Li X-m, Xu L, Sun W-j, Cheng X-g, Tian W. Comparison of QCT and DXA: 
osteoporosis detection rates in postmenopausal women. Int J Endocrinol. (2013) 
2013:895474. doi: 10.1155/2013/895474

 31. Zengin A, Jarjou LM, Prentice A, Cooper C, Ebeling PR, Ward KA. The prevalence 
of sarcopenia and relationships between muscle and bone in ageing west-African 
Gambian men and women. J Cachexia Sarcopenia Muscle. (2018) 9:920–8. doi: 
10.1002/jcsm.12341

 32. Chen F, Su Q, Tu Y, Zhang J, Chen X, Zhao T, et al. Maximal muscle strength and 
body composition are associated with bone mineral density in chinese adult males. 
Medicine (Baltimore). (2020) 99:e19050. doi: 10.1097/md.0000000000019050

 33. Han H, Chen S, Wang X, Jin J, Li X, Li Z. Association between muscle strength 
and mass and bone mineral density in the US general population: data from 
NHANES 1999-2002. J Orthop Surg Res. (2023) 18:397. doi: 10.1186/s13018- 
023-03877-4

 34. Haskell WL, Lee IM, Pate RR, Powell KE, Blair SN, Franklin BA, et al. 
Physical activity and public health: updated recommendation for adults 
from the American College of Sports Medicine and the American Heart 
Association. Med Sci Sports Exerc. (2007) 39:1423–34. doi: 10.1249/mss. 
0b013e3180616b27

 35. Wainstein HM, Feldman M, Shen CL, Leonard D, Willis BL, Finley CE, et al. The 
relationship between cardiorespiratory fitness and bone mineral density in men: a 
cross-sectional study. Mayo Clin Proc. (2016) 91:726–34. doi: 10.1016/j. 
mayocp.2016.02.025

 36. Gouveia ÉR, Maia JA, Beunen GP, Blimkie CJ, Rodrigues AL, Freitas DL. 
Functional fitness and bone mineral density in the elderly. Arch Osteoporos. (2012) 
7:75–85. doi: 10.1007/s11657-012-0083-2

 37. Lang TF. The bone-muscle relationship in men and women. J Osteoporos. (2011) 
2011:702735. doi: 10.4061/2011/702735

 38. Ferjani HL, Cherif I, Nessib DB, Kaffel D, Maatallah K, Hamdi W. Pediatric and 
adult osteoporosis: a contrasting mirror. Ann Pediatr Endocrinol Metab. (2024) 29:12–8. 
doi: 10.6065/apem.2346114.057

 39. Kemmler W, Weineck J, Kalender W, Engelke K. The effect of habitual physical 
activity, non-athletic exercise, muscle strength, and VO2max on bone mineral density is 
rather low in early postmenopausal osteopenic women. J Musculoskelet Nueronal 
Interact. (2004) 4:325–34.

https://doi.org/10.3389/fpubh.2025.1584610
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1007/s00198-014-2794-2
https://doi.org/10.1016/j.maturitas.2019.09.008
https://doi.org/10.1371/journal.pone.0180132
https://doi.org/10.4162/nrp.2019.13.2.115
https://doi.org/10.1089/jwh.2014.5170
https://doi.org/10.1002/ar.a.10119
https://doi.org/10.3389/fphys.2019.00645
https://doi.org/10.1161/CIR.0000000000000461
https://doi.org/10.1016/j.jval.2013.11.004
https://doi.org/10.1016/j.cpcardiol.2021.100879
https://doi.org/10.1177/1403494814552119
https://doi.org/10.1007/s00223-021-00860-1
https://doi.org/10.1016/j.archger.2011.03.009
https://doi.org/10.1016/j.pmrj.2010.10.025
https://doi.org/10.1186/s40814-016-0067-x
https://doi.org/10.1016/s0140-6736(14)62000-6
https://doi.org/10.1016/0002-9149(74)90211-2
https://doi.org/10.1111/sms.12151
https://doi.org/10.2165/00007256-198805010-00005
https://doi.org/10.1056/NEJM199709043371003
https://doi.org/10.1148/radiol.10100132
https://doi.org/10.1155/2013/895474
https://doi.org/10.1002/jcsm.12341
https://doi.org/10.1097/md.0000000000019050
https://doi.org/10.1186/s13018-023-03877-4
https://doi.org/10.1186/s13018-023-03877-4
https://doi.org/10.1249/mss.0b013e3180616b27
https://doi.org/10.1249/mss.0b013e3180616b27
https://doi.org/10.1016/j.mayocp.2016.02.025
https://doi.org/10.1016/j.mayocp.2016.02.025
https://doi.org/10.1007/s11657-012-0083-2
https://doi.org/10.4061/2011/702735
https://doi.org/10.6065/apem.2346114.057

	Association of skeletal muscle strength and cardiorespiratory fitness with bone mineral density: a cross-sectional study
	Introduction
	Materials and methods
	Participant characteristics
	Medical checkup
	Isokinetic muscle strength test
	Hand grip measurement
	CPET for VO2max
	Bone mineral density (BMD)
	Statistical analyses

	Results
	Participant characteristics
	Bivariate correlations of all indicators
	Associations of skeletal muscle strength and BMD
	Associations of VO2max and BMD

	Discussion
	Limitations and prospects


	References

