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Introduction

Some researchs have shown a positive correlation between hand grip strength and bone
mineral density(BMD), but they lack comprehensiveness. In this study, we adjusted for
body mass index and analyzed the association between relative grip strength index(RGSI)
and trunk bone BMD (TBBMD).

Materials and methods

Of 19,931 initial participants, 5,764 adults (aged >20 years) with complete TBBMD, grip
strength, and BMI data were analyzed. Covariates included gender, age, weight, height,
BMI, marital status, family income to poverty ratio (FIR), education level, alcohol,
activity, total cholesterol, vitamin D, hypertension, diabetes, cancer, smoke, and sleep
status. Missing values were imputed, and RGSI was calculated. Statistical analyses
included baseline characteristics, regression, and nonlinear modeling.

Results

Analysis of Participants (mean age 39.006 + 11.545 years; 52.186% male) revealed a
positive RGSI-TBBMD association. TBBMD increased across RGSI quartiles
(Q1:0.864%0.102 vs. Q4:0.941%0.122, P<0.001). Multiple regression confirmed strong
associations in unadjusted (f=0.033, 95% CI[0.029, 0.036], P<0.00001), gender and age
adjusted ($=0.013, 95% CI[0.009, 0.017], P<0.00001), and fully adjusted models (=0.035,
95%C1[0.030, 0.041], P<0.00001). The association was stronger in women ($=0.050) than
men ($=0.032). Generalized additive models revealed inverted U-shaped relationships in
total variable (inflection RGSI=4.935), males (4.999), females (3.088), age<30 (4.975), and
vitamin D Q4 (4.458), with negative associations above inflection points (all P<0.05).
Participants >30 had an approximately linear positive associations.

Conclusion

An elevated RGSI was significantly associated with higher TBBMD levels. Collectively,
this study highlights the importance of RGSI in assessing TBBMD.

INTRODUCTION crostructure. This condition increases bone fragility and
the risk of fractures.! The current global prevalence of os-
teoporosis is approximately 19.7%, with a prevalence of os-

Osteoporosis (OP) is a chronic metabolic bone disease
teopenia around 40.4%,2 affecting about 23.1% of women

marked by low bone mass and damage to bone tissue’s mi-
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and 11.7% of men; there is a trend of increasing incidence
year by year.3 Osteoporotic fractures from this disease can
lead to a reduced quality of life for patients, accompanied
by high rates of disability and mortality. The economic bur-
den is substantial, costing approximately $1.79 billion in
the United States and £4 billion in the United Kingdom
each year.4

Osteoporotic fractures primarily consist of compression
fractures of the vertebral body, which account for approxi-
mately 50% of cases.’> The most frequently injured level is
the T12 vertebra, representing 25.7% of these fractures.®
Bone mineral density (BMD) testing is the gold standard for
diagnosing osteoporosis; therefore, monitoring trunk bone
BMD(TBBMD) is beneficial for preventing osteoporotic ver-
tebral fractures.”

In recent years, many studies have explored the corre-
lation between BMD and grip strength. Sousa-Santos and
Amaral suggest that low grip strength is an indicator of
osteoporosis and subsequent fractures, which may collec-
tively increase the risk of mortality.8 Some studies have
found a significant positive correlation between dominant
hand grip strength(HGS) and the adjacent radial bone min-
eral density (BMD),? but grip strength has no predictive
value for lumbar and femoral neck BMD.!0 Na Wu and
Yingying Luo found that grip strength may be related to
the BMD of non-adjacent bones in the NHANES database
survey,!! and dominant HGS can be an indicator of BMD
across different genders and menopausal status in the gen-
eral U.S. population.!2 This appears contradictory to the
earlier findings regarding lumbar and femoral neck BMD,
and some scholars question the relationship between max-
imum grip strength and proximal femoral BMD. They argue
that the accompanying effects of body weight on BMD and
muscle strength cannot be ignored.13

The author of this article also believes that the dominant
hand does not fully reflect the bilateral limb strength, and
therefore cannot objectively represent the BMD of areas
such as the trunk, lumbar vertebrae, and femur. To control
for weight factors, some researchers have calculated rela-
tive hand grip strength by dividing absolute HGS by body
mass index (BMI).!4 Moreover, some researchs from Min
Jin Lee and Yoo Mee Kim confirmed the association be-
tween relative grip strength and chronic cardiometabolic
conditions, diabetes, impaired fasting glucose, and muscu-
loskeletal diseases.1516

Therefore, the author believes that the algorithm for rel-
ative grip strength—calculated as the sum of the maxi-
mum grip strength of both sides divided by BMI—may be
more balanced and scientifically valid. It may also have a
more stable relationship with BMD, potentially enabling
the development of a better predictive model.this study
uses the algorithm that divides the sum of the maximum
grip strength of both sides by BMI to control for obesity-
related weight effects. Using NHANES data from 2011 to
2014, the study investigates the association between Rela-
tive Grip Strength Index (RGSI) and TBBMD. The goal is to
identify a more convenient and reliable indicator to mon-
itor trunk bone health and aid in preventing and treating
vertebral compression fractures.

MATERIALS AND METHODS

ETHICAL APPROVAL

The ethic review board of the National Center for Health
Statistics approved all NHANES protocols.

DATA SOURCE AND STUDY POPULATION

The National Health and Nutrition Examination Survey
(NHANES) is a critical ongoing cross-sectional survey in
the United States, designed to provide objective statistical
data on health trends and address emerging public health
challenges. This study utilized NHANES data from 2011
to 2014, obtained through the official NHANES website
(https://www.cdc.gov/nchs/nhanes/). All survey procedures
were approved by the Institutional Review Board of the Na-
tional Center for Health Statistics, and written informed
consent was obtained from each participant for research
use of their data.

Among 19,931 initially eligible participants, we excluded
subjects through a stepwise process:

10,014 individuals with missing TBBMD data;

397 with missing combined grip strength measurements;

17 with unavailable BMI records;

3,739 aged below 20 years.

Consequently, 5,764 participants were included in the fi-
nal analysis.

Data integration followed the standard NHANES weight-
ing protocol, merging datasets according to the complex
survey design. Additionally, 5,786 missing covariate values
were imputed based on NHANES guidelines. The RGSI was
calculated as a key exposure variable. The research flow is
shown in Figure 1.

STUDY VARIABLES

Trained and certified radiologic technologists performed
dual-energy X-ray absorptiometry (DXA) using the Hologic
Discovery A device (Hologic, Inc., Bedford, Massachusetts).
Software versions Apex 3.2 and Hologic APEX 4.0 were
used for analysis to assess trunk bone BMD (TBBMD). The
Relative Grip Strength Index (RGSI) is a weight-adjusted
variable to control for weight influence, calculated as the
sum of maximum grip strength from both limbs divided
by BMI. Combined grip strength (kg) refers to the sum of
the highest grip strength readings from both hands. Muscle
strength was measured using a dynamometer under profes-
sional guidance. Each hand was tested three times. BMI was
calculated as weight (kg) divided by height (m) squared and
rounded to one decimal place. Body measurements were
collected by trained health technicians at the Mobile Exam-
ination Center (MEC).

COVARIATES

Covariates need to be included to test the stability of RGSI
and TBBMD in a multivariable model. These covariates in-
clude gender, age, weight, height, BMI, marital status, fam-
ily income to poverty ratio (FIR), education level, alco-
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Total participants from
NHANES 2011-2014
(N=19,931)

Excluded:

Subjects without Trunk Bone
BMD data
(N=10,014),

Subjects without Combined grip
strength data
(N=397),

Subjects without BMI data
(N=17),

Subjects who < 20 years old
(N=3,739)

\ 4

Y

The remaining participants
(N=5,764)

Imputation of missing data for
covariates
L7 (n=5,786)

Y

Complete data of participants
(N=5,764)

Calculate the relative grip
strength index
\ (Combined grip strength/BMI)

Y

Final data of participants
(N=5,764)
Analysis and discussion

Figure 1. Research flowchart

NHANES, National Health and Nutrition Examination Survey; BMD, bone mineral den-
sity;BMI:Body Mass Index.

holthow many cups of alcohol consumed daily in the past
year), activity(minutes of moderate activity per day), total
cholesterol, vitamin D, hypertension (whether diagnosed
with hypertension by a doctor), diabetes (whether diag-
nosed with diabetes by a doctor), cancer (whether diag-
nosed with cancer by a doctor), smoke (having smoked at
least 100 cigarettes in a lifetime up to the data collection),
and sleep status (how many hours slept each night). The
NHANES website (https://www.cdc.gov/nchs/nhanes/) pro-
vides a detailed explanation of how these variables are cal-
culated.

The definition of covariates explains that alcohol refers
to the number of drinks consumed daily over the past year,
that is a continuous variable. Smoke was classified as a bi-
nary variable. An individual is considered a smoker if he or
she has smoked at least 100 cigarettes in their lifetime up
to the time of data collection; otherwise, he or she is clas-
sified as a non-smoker.

STATISTICAL ANALYSIS

Stratified multivariate regression analysis was adopted. We
used the Chi-square test for categorical variables and a
weighted linear regression model to calculate the differ-
ences between groups for continuous variables. Subgroup
analysis was conducted through stratified multivariate re-
gression analysis. The nonlinear relationship between RGSI
and TBBMD was also addressed using smooth curve fits and
generalized additive models. Upon identifying nonlinear-
ity, we applied a recursive method to compute the inflec-
tion point in the relationship between RGSI and TBBMD.
Subsequently, two-piecewise linear regression models were

applied on both sides of the inflection point. R4.4.3
(http://www.r-project.org) and EmpowerStats
(http://www.empowerstats.com) were used for all analyses;
a Pvalue of 0.05 was deemed statistically significant.

RESULTS

As shown in Table 1, this study included a total of 5,764
participants aged between 20 and 59 years; male individ-
uals accounted for 52.186% and female individuals for
47.814%. The average age of the participants was 39.006 =
11.545 years. Based on the participants’ RGSI levels (Q1:
0.505 - 2.065; Q2: 2.067 - 2.696; Q3: 2.696 - 3.428; and
Q4: 3.428 - 7.019), the average TBBMD of all participants
is 0.900 + 0.114. Notably, the TBBMD increased with the
rise in RGSI quartiles (Q1: 0.864 + 0.102; Q2: 0.880 * 0.104;
03:0.913 £ 0.113; Q4: 0.941 = 0.122; P<0.001), suggesting
a positive association between RGSI levels and TBBMD.

Between the RGSI quartiles, there are statistically signif-
icant differences in age, gender, weight, height, BMI, FIR,
activity, total cholesterol, vitamin D, TBBMD, sleep sta-
tus, marital status, diabetes, hypertension, education level,
cancer, and smoke (all P<0.05). Compared to the lowest
RGSI group, participants in the RGSI increase group are
more likely to be male, taller, have a higher FIR, engage in
more activity minutes, be unmarried or living with a part-
ner, have higher vitamin D levels, and have a higher preva-
lence of smokers. In contrast, they have lower weight, con-
sume less alcohol, have lower total cholesterol, and include
fewer widowed, divorced, or separated individuals, as well
as fewer people with hypertension, diabetes, and cancer (all
P<0.05).

The results of the multiple regression analysis are shown
in Table 2. In the unadjusted model, RGSI and TBBMD
were positively correlated (S =0.033, 95%CI[0.029, 0.036],
P<0.00001). After adjusting for Gender and Age in Model
2 (B =0.013, 95%CI[0.009, 0.017], P<0.00001) and adjusting
for all covariates Model 3 (f=0.035, 95%CI[0.030, 0.041],
P<0.00001), this significant correlation remained evident.
When RGSI was converted from a continuous variable to a
categorical variable (quartiles), participants in the highest
RGSI quartile (Q4) in Model 1 had TBBMD values 0.077 g/
cm? higher than those in the lowest quartile (Q1). Similarly,
in Model 2, the difference was 0.028 g/cm?2, and in Model
3, it was 0.070 g/cm? higher. The P for trend was < 0.00001
across all models.

The RGSI and TBBMD were positively correlated in
women (f=0.050, 95%CI[0.040, 0.059], P<0.0001) and in
men (B=0.032, 95%CI[0.026, 0.038], P<0.0001), with a
higher correlation in women, and the difference between
them was statistically significant (P=0.0004; <0.05). A pos-
itive correlation was maintained across all age groups, and
the differences between subgroups were statistically signif-
icant (P=0.0184; <0.05), while the P for trend was 0.3661.
Vitamin D was divided into four dosage subgroups, all of
which maintained a positive correlation, and the differ-
ences between them were statistically significant
(P=0.0210; <0.05), but the P for trend was 0.0651. The two
subgroups of the four variables—Smoke, Cancer, Diabetes,
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Table 1. Weighted characteristics of the study population based on RGSI quartiles

Total Q1 Q2 Q3 Q4
RGSI P-value
0.505-7.019 0.505 - 2.065 2,067 -2.696 2.696-3.428 3.428-7.019
N 5764 1441 1441 1441 1441
g/“cr::z?me BMD 0900£0114  0864+0102  0880+0104  0913+0113  0941£0122  <0.001
Gender (%) <0.001
3008 . 447 1028 1408
Male (52.186%) 125(8.675%) (31.020%) (71.339%) (97.710%)
2756 1316 994 413 N
Female (47.814%) (91.325%) (68.980%) (28.661%) 33(2.290%)
39.006 + 41886+ 39.045 + 39.095 + 35.997 +
Age (Years) 11.545 11.465 11.444 11.460 11.060 <0.001
. 82.348 + 91.161+ 78.889 + 81.132+ 78.208 +
Weight (kg) 21719 24.622 23.079 20.608 14.694 <0.001
) 168.788 + 160.954 + 165.800 + 171.674 + 176723 +
Height (cm) 9.859 7.645 8.348 8.248 7.152 <0.001
28.834+ 34.889 + 28.087 + 27217+ 24.945 +
2
BMI(ke/m?) 6.955 7.724 6.064 5243 3861 <0.001
FIR 2496+ 1.657 2192+ 1570 2,569+ 1.660 2,631+ 1.692 2593+ 1.667 <0.001
4161+ 5670+ 35231+ 3.953+
Alcohol ( Cups/Day) 5,629 32148 10709 6563 3.500 + 4.839 <0.001
. . 67.562 + 58.860 + 63.205 + 69.710+ 78.473 %
Activity (Minutes) 45295 34568 42.705 48.894 50.825 <0.001
TE’;‘T?:“COT/OL";“HO' 4.942£1.041 5068+ 1.094 4.930+1.019 4.940 £1.042 4.830+0.996 <0.001
_ 60411+ 57.232+ 61.294 + 61.908 + 61.208 +
Vitamin D(nmol/L) 24911 25.330 26.130 25.580 22.156 <0.001
Sleep Status 6.816+2.499 6.936+ 4.438 6.745+1.352 6.809 + 1.287 6.773+1.336 0.175
(Hours/Day )
Marital Status (%) <0.001
Married 2766 662 714 719 671
(47.988%) (45.940%) (49.549%) (49.896%) (46.565%)
Widowed 71(1.232%) 31(2.151%) 18 (1.249%) 11(0.763%) 11(0.763%)
) 190
0, [ () 0,
Divorced 553 (9.594%) (13.185%) 143(9.924%) 123 (8.536%) 97 (6.731%)
Separated 200 (3.470%) 66 (4.580%) 54 (3.747%) 44.(3.053%) 36 (2.498%)
Never married 1599 364 382 399 454
(27.741%) (25.260%) (26.509%) (27.689%) (31.506%)
Living with partner 575(9.976%) 128 (8.883%) 130 (9.022%) 145 172
: - : (10.062%) (11.936%)
Education Level (%) <0.001
Less than Sth grade 277 (4.806%) 89 (6.176%) 61(4.233%) 70 (4.858%) 57 (3.956%)
9-11th erade 737 206 161 169 201
8 (12.786%) (14.296%) (11.173%) (11.728%) (13.949%)
High school graduate/ 1242 335 275 300 332
GED or equivalent (21.548%) (23.248%) (19.084%) (20.819%) (23.040%)
Some college or AA 1910 528 498 437 447
degree (33.137%) (36.641%) (34.559%) (30.326%) (31.020%)
College graduate or 1598 283 446 465 404
above (27.724%) (19.639%) (30.951%) (32.269%) (28.036%)
Hypertension (%) <0.001
No 4388 944 1125 1130 1189
(76.128%) (65.510%) (78.071%) (78.418%) (82.512%)
Ves 1376 497 316 311 252
(23.872%) (34.490%) (21.929%) (21.582%) (17.488%)
Diabetes (%) <0.001
No 5351 1246 1338 1362 1405
(92.835%) (86.468%) (92.852%) (94.518%) (97.502%)
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195
0,
Yes 413(7.165%) (13.532%)
Cancer (%)
No 5551 1363
(96.305%) (94.587%)
Yes 213(3.695%) 78 (5.413%)
Smoke (%)
No 3419 933
(59.316%) (64.747%)
Yes 2345 508
(40.684%) (35.253%)

103(7.148%) 79 (5.482%) 36(2.498%)
<0.001
1391 1396 1401
(96.530%) (96.877%) (97.224%)
50(3.470%) 45 (3.123%) 40(2.776%)
<0.001
909 840 737
(63.081%) (58.293%) (51.145%)
532 601 704
(36.919%) (41.707%) (48.855%)

Mean # SD for continuous variables: The P value for Alcohol was obtained using the Kruskal-Wallis rank-sum test, while the P values for other continuous variables were calculated

using one-way ANOVA.
(%) for categorical variables: the P value was calculated by the weighted chi-square test.

RGSI: Relative Grip Strength Index = Combined grip strength/BMI

BMD: bone mineral density
GED: general educational development;
BMI: body mass index.

Table 2. Associations between RGSI and TBBMD

Model 1 Model 2 Model 3
Exposed variable B(95% Cl) B(95% Cl) B(95% Cl)
Pvalue Pvalue Pvalue
RGSI 0.033(0.029,0.036) 0.013(0.009,0.017) 0.035(0.030, 0.041)
<0.00001 <0.00001 <0.00001
Quintiles of RGSI
Q1 0.505-2.065 Reference Reference Reference
) 0.016 (0.008, 0.024) 0.001 (-0.007,0.009) 0.025(0.016,0.034)
Q2 2067-2.696 0.00015 0.76101 <0.00001
) 0.049(0.041,0.057) 0.016 (0.007,0.026) 0.050(0.039,0.061)
Q3 2:696-3428 <0.00001 0.00064 <0.00001
) 0.077 (0.069,0.085) 0.028 (0.017,0.038) 0.070(0.057,0.084)
Q4 3:428-7.019 <0.00001 <0.00001 <0.00001
P for trend <0.00001 <0.00001 <0.00001

Model 1: no covariates were adjusted.
Model 2 adjust for: Gender; Age.

Model 3 adjust for: Gender; Age; Weight; Height; BMI; Marital Status; FIR; Education Level; Alcohol; Activity; Total Cholesterol;Vitamin D; Hypertension; Diabetes; Cancer; Smoke;

Sleep Status.

and Hypertension—are positively correlated in both cases,
but there is no statistically significant difference between
their subgroups. Alcohol was divided into four dosage sub-
groups, all of which maintained a positive correlation, but
the differences between them were not statistically signif-
icant (P=0.1519; >0.05), with the P for trend being 0.0694.
In the marital status subgroups, widowed showed no corre-
lation, while the others were positively correlated, and the
differences between subgroups were not statistically signif-
icant (P=0.3003; >0.05), with the P for trend at 0.9999. See
Table 3.

The curves A, B, C, D in Figure 2 and Table 4 respectively
show the generalized additive models and threshold effects
of the total variable group and the various subgroups strat-
ified by age, gender, and vitamin D levels, which are used to
describe nonlinear associations between RGSI and TBBMD
in each group. The total variable group, subgroup by age <
30 years, male subgroup, female subgroup, and vitamin D
Q4 subgroup all show an inverted U-shaped curve in the re-

lationship between RGSI and TBBMD. The inflection point
for the total variable group is at 4.935. The inflection points
for the subgroups by age < 30 years, male, female, and vi-
tamin D Q4 are at 4.975, 4.999, 3.088, and 4.458, respec-
tively. The correlation before each inflection point is posi-
tive but negative thereafter. The P values were all less than
0.05. This suggests statistical significance.However, in the
population over 30 years old, RGSI is not negatively corre-
lated with TBBMD, showing an approximately linear rela-
tionship.

DISCUSSION

Multiple regression analyses in this study indicate that for
the vast majority of subjects, the participants with higher
RGSI in the total group and various subgroups may have
higher TBBMD, except for the widowed population. In the
total group, Age<30, Male, Female, and Vitamin D Q4,
TBBMD is negatively correlated with RGSI after reaching
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B(95%Cl) P value P for interaction Pfor trend

Gender 0.0004 -
Male 0.032(0.026,0.038) <0.0001

Female 0.050(0.040,0.059) <0.0001

Age 0.0184 0.3661
<30 0.036(0.027,0.045) <0.0001

>30, <40 0.037(0.026,0.048) <0.0001

>40, <50 0.049(0.037,0.061) <0.0001

>50 0.020 (0.007,0.034) 0.0028

Vitamin D 0.0210 0.0651
Q1 0.040(0.032,0.049) <0.0001

Q2 0.032(0.024,0.041) <0.0001

Q3 0.042(0.033,0.051) <0.0001

Q4 0.027(0.018,0.035) <0.0001

Smoke 0.3881 -
No 0.037(0.030,0.043) <0.0001

Yes 0.034(0.028,0.041) <0.0001

Cancer 0.4624 -
No 0.036(0.030,0.041) <0.0001

Yes 0.027(0.005,0.050) 0.0165

Diabetes 0.0863 -
No 0.035(0.029,0.041) <0.0001

Yes 0.055(0.033,0.077) <0.0001

Hypertension 0.7250 -
No 0.036 (0.030,0.042) <0.0001

Yes 0.038(0.029,0.046) <0.0001

Alcohol 0.1519 0.0694
Q1 0.038(0.029,0.048) <0.0001

Q2 0.039 (0.030,0.048) <0.0001

Q3 0.038(0.030,0.047) <0.0001

Q4 0.029(0.022,0.037) <0.0001

Marital Status 0.3003 0.9999
Married 0.038(0.029,0.046) <0.0001

Widowed -0.015(-0.080, 0.050) 0.6496

Divorced 0.030(0.010,0.049) 0.0028

Separated 0.036(0.007,0.066) 0.0159

Never married

Living with partner

0.032(0.022,0.041) <0.0001
0.049 (0.032,0.066) <0.0001

P for trend: Trend test among multiple subgroups.
All variables except for their own in the above groups have been adjusted.

a certain value. However, in the population over 30 years
old, the relationship between RGSI and TBBMD is approx-
imately linear. The results of this study suggest that RGSI
may be suitable for predicting TBBMD, especially in popu-
lations over 30 years old.

It is well known that lower BMD indicates a more severe
degree of osteoporosis.l” Relevant studies have shown a
positive correlation between BMD and sarcopenia.l8 A bi-
directional Mendelian randomization study conducted by
Chao Liu and Colleagues indicates that OP and sarcopenia

might mutually have a significant causal effect on each
other.!? Muscle strength is one of the indicators for mea-
suring sarcopenia.20 Sarcopenia often implies a decrease in
muscle strength, and numerous studies have shown that
muscle strength is closely related to BMD. Hanmei Qi et
al. found in a study involving 318 Chinese men and 203
Chinese women that the reduction in muscle mass and
strength is significantly associated with decreased bone
mass and deterioration of bone microstructure.2! Mehmet
Selman Ontan et al. found that muscle weakness or sar-
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Figure 2. The nonlinear relationship of the total variable group (A) and subgroups: age (B), gender (C), and

vitamin D (D) respectively

A: Generalized additive models of the total variable group, with the red solid line representing non-linear relationships and the blue dashed line representing the 95% confidence in-
terval, adjusted for Gender, Age, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol, Vitamin D, Hypertension, Diabetes, Cancer, Smoke,

and Sleep Status.

B: Generalized additive models of the subgroup stratified by Age, adjusted for Gender, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol,

Vitamin D, Hypertension, Diabetes, Cancer, Smoke, and Sleep Status.

C: Generalized additive models of the subgroup stratified by Gender, adjusted for Age, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol,

Vitamin D, Hypertension, Diabetes, Cancer, Smoke, and Sleep Status.

D: Generalized additive models of the subgroup stratified by Gender, adjusted for Age, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol,

Hypertension, Diabetes, Cancer, Smoke, and Sleep Status.
The measurement unit of Trunk Bone BMD is g/cm?2.

copenia is related to reduced BMD and osteoporosis of the
femoral neck.22 Huawei Han et al. found in a NHANES
research that lower limb strength and muscle mass were
positively associated with BMD in American adults.23 In a
study conducted in Lebanon aimed at analyzing the rela-
tionship between limb muscle strength and BMD in 55 sub-
jects (35 females and 20 males), it was found that limb mus-
cle strength was positively correlated with hip BMD.24

The strength of the muscles that attached to the ver-
tebrae plays a key role in vertebral BMD. Chun-Han Hou

et al. found that the size of the erector spinae and multi-
fidus muscles in the osteoporosis group was significantly
positively correlated with lumbar and femoral neck BMD.25
Satoshi Kato et al. found that abdominal trunk muscle
weakness in middle-aged and elderly women was positively
correlated with osteoporotic vertebral fractures.2é Some
studies have also shown that muscle strength training or
resistance exercise can increase femoral/hip mineral den-
sity and alleviate sarcopenia and bone loss/osteoporo-
sis.27In addition, reduced grip strength is closely related to
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Table 4. Analyze the threshold effect of the RGSI and TBBMD in the Total, Age<30, Male, Female, and Vitamin D

Q4 samples respectively.

Variable B(95%Cl) P value P for Log-likelihood ratio
Total <0.001
Alinear effect 0.035(0.030,0.041) <0.0001

<4.935 0.040(0.034, 0.046) <0.0001

>4.935 -0.054 (-0.091,-0.016) 0.0052

Age (=<30) <0.001
Alinear effect 0.035(0.026,0.045) <0.0001

<4.975 0.045(0.034,0.055) <0.0001

>4.975 -0.063(-0.110,-0.016) 0.0082

Male <0.001
Alinear effect 0.033(0.025,0.040) <0.0001

<4.999 0.038(0.030,0.045) <0.0001

>4.999 -0.058(-0.102,-0.014) 0.0103

Female <0.001
Alinear effect 0.050 (0.040,0.061) <0.0001

<3.088 0.059 (0.048,0.070) <0.0001

>3.088 -0.064 (-0.116,-0.011) 0.0169

Vitamin D Q4 <0.001
Alinear effect 0.025(0.013,0.037) <0.0001

<4.458 0.039(0.026,0.053) <0.0001

>4.458 -0.055(-0.091,-0.018) 0.0034

Total is adjusted for: Gender, Age, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol, Vitamin D, Hypertension, Diabetes, Cancer, Smoke,

and Sleep Status.

Age < 30 is adjusted for: Gender, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol, Vitamin D, Hypertension, Diabetes, Cancer, Smoke,

and Sleep Status.

Gender is adjusted for: Age, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol, Vitamin D, Hypertension, Diabetes, Cancer, Smoke, and

Sleep Status.

Vitamin D Q4 is adjusted for: Age, Weight, Height, BMI, Marital Status, FIR, Education Level, Alcohol, Activity, Total Cholesterol, Hypertension, Diabetes, Cancer, Smoke, and Sleep

Status.

lumbar BMD and spinal compression fractures.2® A study
conducted in 2005 that recruited 1,265 men and 1,380
women aged 50 and older further found that low grip
strength is associated with low BMD in the spine and hip,
as well as an increased risk of vertebral fractures.2® A
Mendelian randomization study conducted by Yingying
Zhu et al. indicates a causal relationship between grip
strength decline and the risk of osteoporosis in the popula-
tion aged 45-60, while more evidence is needed to confirm
this causal relationship.30

In summary, osteoporosis and sarcopenia are common
comorbidities, and BMD is positively correlated with mus-
cle strength. Some studies have explored the mechanisms
of their interaction from multiple aspects. Ken-Ichiro
Tanaka’s research found that mouse bones and muscles
may be involved in mutual regulation through the
FAM210A gene.3! Bing-Na Zhou and others found that grip
strength in castrated rats is positively correlated with
femoral trabecular and bone volume/total volume. Serum
sclerostin levels are negatively correlated with femoral tra-
becular BMD and grip strength, while serum irisin levels are
positively correlated with femoral trabecular BMD.32 Al-
though the above studies have made efforts, there is still no
consensus on the interaction mechanism between BMD and

muscle strength, and more in-depth research is needed to
clarify this.

This study uses RGSI as a substitute for simple grip
strength, its mechanism is not different from grip strength;
however, the RGSI algorithm controls for body weight fac-
tors, which may be more balanced and scientifically valid.14
According to the results of this study, it is also more stable.
Some studies suggest that BMI is positively correlated with
BMD33; higher BMI may indicate greater muscle mass,
which could lead to increased muscle strength.34 However,
high BMI does not exclude the possibility of high fat and
low muscle mass, and fat is negatively correlated with
BMD.3> These findings indicate that research focusing
solely on the association between grip strength and BMD
lacks sufficient rigor.

The obese population has strong grip strength, but their
body size is large. Although they have a lot of muscle mass,
it may not necessarily account for a large proportion of
their body, and thus does not necessarily indicate high
BMD. If muscle strength is high and BMI is low, it indicates
that muscle mass accounts for a large proportion of body.
If muscle strength increases with BMI, their muscle mass
proportion in body remains stable. Conversely, if muscle
strength is low and BMI is high, it indicates that the muscle
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proportion may be very low. Therefore, the RGSI algorithm
( Combined grip strength/ BMI ) appears to be a more com-
prehensive and stable measure. Considering the theory that
sarcopenia negatively correlates with BMD, using RGSI to
assess BMD may be more scientific and objective.

This study shows that RGSI positively correlates with
TBBMD and remains stable across the three models. In in-
dividuals under 30, RGSI and TBBMD negatively correlate
after the inflection point (4.975). This may be due to their
youthful energy and active lifestyles, which lead to stronger
muscles, while BMD has not yet peaked.3¢ In the Vitamin
D Q4 with the highest content interval, RGSI and TBBMD
negatively correlate after the inflection point (4.458). Some
studies have found that high doses of Vitamin D can reduce
BMD,37 which aligns with the findings of this study. How-
ever, further research is essential to fully understand these
findings.

In the future, the results of this study may help predict
TBBMD, particularly in individuals over 30 years old. After
optimization, it could become a convenient tool for mea-
suring TBBMD, enabling early intervention for potential
spinal compression fractures.

As far as we know, this is the first application of the
NHANES database to explore the association between RGSI
and TBBMD. This study has a large sample size, selecting
a nationally representative sample based on the NHANES
database and made weight adjustments. This approach
guarantees high applicability for the entire adult popula-
tion. Additionally, we performed multiple subgroup analy-
ses and threshold effect analyses while adjusting for nu-
merous covariates, enhancing the depth and reliability of
this study. However, this research on the association be-
tween RGSI and TBBMD is cross-sectional, which cannot
determine a causal relationship. At the same time, due to
the lack of BMD reports for the population over 59 years old
and the application of glucocorticoids in the NHANES, we
were unable to include this data in the study. We hope that
future research can address this regret.

CONCLUSION

An elevated RGSI was significantly associated with higher
TBBMD levels in the population aged 20 to 59 in the
USA.These findings suggest that RGSI could serve as a po-
tential predictor for TBBMD in future clinical practice. Col-
lectively, this study highlights the importance of RGSI in
assessing TBBMD; however, more comprehensive investi-
gations are required to validate these observations and elu-
cidate their causal relationships.

ABBREVIATIONS

OP:osteoporosis; RGSI: relative grip strength in-
dex;TBBMD: trunk bone BMD ; NHANES, National Health
and Nutrition Examination Survey; BMD: bone mineral

density;BMI:body mass index;HGS: hand grip strength;
GED: general educational development.
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