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Abstract

Introduction

Older women are at increased risk of spinal misalignment and its associated complications.

This study investigated the influence of age, grip strength, and various sagittal spinal param-

eters on spinal alignment. The results indicate the need for comprehensive management

strategies.

Methods

This cross-sectional study included 200 older women who underwent bone health evalua-

tions at the orthopedic department of a hospital. The study participants underwent dual-

energy X-ray absorptiometry, grip strength measurement, and full-length spine radiography.

Clinical and radiographic parameters were analyzed through Pearson correlation and linear

regression analyses.

Results

Significant correlations were identified between grip strength and spinal parameters such as

C7 slope and global tilt, indicating that muscle strength affects spinal alignment. Advanced

age was associated with changes in sagittal spinal parameters, indicating that changes

occur in body compensation over time. Furthermore, pelvic parameters such as pelvic tilt

and sacral slope were significantly correlated with spinal curvature, indicating their critical

roles in maintaining spinal stability.
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Conclusions

This study revealed the critical roles of muscle strength and pelvic alignment in the manage-

ment of spinal health in older women with low bone mass. Targeted interventions for

increasing muscle strength, correcting posture, and achieving hormonal balance can nota-

bly improve spinal stability and reduce the risk of associated complications. Longitudinal

studies should be conducted to validate and refine the intervention strategies and to extend

the study findings.

Introduction

Due to their association with increased risks of fracture and related complications, osteoporo-

sis and osteopenia are major public health concerns globally, particularly among older women.

Globally, osteoporosis affects approximately 10% of women aged� 60 years and 40% of

women aged� 80 years [1]. A recent study reported that in Taiwan specifically, the prevalence

of osteoporosis in women aged>50 years is approximately 25%, and an additional 45% of

these women may have osteopenia [2]. These conditions are characterized by significant

decreases in bone mineral density (BMD) after menopause, which contribute to an increased

risk of fractures [3]. However, the risk of fractures is not solely determined by bone density;

changes in spinal alignment also play a crucial role in the risk of fractures, and these changes

may influence balance, gait, and overall fall risk [4]. Spinal alignment in older adults should be

assessed to determine the biomechanical changes accompanying aging and bone mass reduc-

tion [5]. Global sagittal balance parameters, such as sagittal vertical axis (SVA) and global tilt

(GT), are strongly correlated with clinical outcomes in older patients [6]. These parameters

reflect overall posture and are crucial predictors of mechanical efficiency and mobility limita-

tions in older patients. A multicenter study reported that SVA increases by an average of 3 mm

per year in individuals aged> 50 years, with more rapid progression in those with osteoporo-

sis [7]. Cervical lordosis (CL) plays a critical role in balancing the head and maintaining its

alignment with respect to the rest of the spine. Alterations in cervical angles can lead to signifi-

cant biomechanical stress and major compensatory changes in other spinal regions [8]. Fur-

thermore, thoracic kyphosis (TK) and lumbar lordosis (LL) determine the overall curvature

and posture of the spine [9]. Moreover, pelvic parameters such as pelvic incidence (PI), sacral

slope (SS), and pelvic tilt (PT) are integral to maintaining sagittal balance and are correlated

with spinal health and mobility [10]. Recent international studies have highlighted the complex

interplay between these spinal and pelvic parameters in different populations. A large-scale

study found that decreased LL was associated with a 1.5-fold increase in the risk of osteopo-

rotic vertebral fractures in women aged> 65 years [11]. Another study similarly demonstrated

that for every 10˚ increase in TK, the risk of injurious falls increases by 22% among older

adults [12]. Despite these findings at the global scale, comprehensive data on spinal alignment

patterns specific to Taiwanese older adults, particularly in relation to bone density, are lacking.

These relationships should be determined for older adults in Taiwan for developing targeted

interventions and preventive strategies to reduce the risk of fall-related injuries and to improve

quality of life for older adults with low bone mass.

To address the aforementioned knowledge gap, the current study explored the correlations

between clinical and radiographic parameters, including BMD, grip strength, and various spi-

nal alignment measures, in older women with low bone mass. Analysis of the associations

between these parameters can provide comprehensive insights into the influence of spinal
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alignment on bone health and may be useful for clinicians aiming to increase functional inde-

pendence in this demographic.

We hypothesize that changes occur in spinal alignment with age, with potential implica-

tions for developing clinical management strategies and for improving quality of life. Our

research objectives are to characterize spinal alignment parameters across different age groups;

investigate correlations between spinal alignment, bone density, and muscle strength; and

identify age-related changes in spinal alignment and their potential clinical implications.

Methods

This study was conducted with the approval of the Institutional Review Board. All ethical con-

siderations were appropriately addressed (IRB 107-255-B; date of approval, August 1, 2019).

Written informed consent was obtained from all participants, and the process was thoroughly

documented and witnessed to ensure compliance with ethical standards.

Patient selection

Women aged 60 years or older undergoing bone health evaluations between August 1, 2019,

and July 31, 2020, at the orthopedic department of our hospital were recruited. Women were

recruited if they had no obvious neck or back pain, had a normal walking status, and had a

Barthel index functional score of> 80. Women were excluded if they had a history of spinal or

hip surgery, spinal tumors, or spinal infections, inflammatory arthritis, congenital spinal

deformities, or neuromuscular disorders affecting the spine. Additionally, women were

excluded if they were unable to stand independently for the required imaging procedures or

had any cognitive impairment that interfered with their ability to follow instructions, indicat-

ing significant dependency in activities of daily living. In addition, to minimize the effects of

potential confounding factors on spinal alignment, we excluded participants with a leg length

discrepancy of> 2 cm. These exclusion criteria were implemented to ensure that the study

population represented independent older women without major spinal pathologies, lower

limb discrepancies, or other conditions that could significantly alter natural spinal alignment.

By applying these criteria, we aimed to enhance the validity and reliability of our findings

regarding the relationships between spinal alignment and musculoskeletal health in this spe-

cific population. All the recruited women participated voluntarily and provided informed

consent.

Radiographic measurement

Upon enrollment into this study, participants underwent dual-energy X-ray absorptiometry

for BMD measurement. Full-length standing anteroposterior and lateral radiographs were

obtained for the measurement of various spinal alignment parameters. These parameters

included global sagittal spinal parameters (GT and SVA) and regional parameters [upper cer-

vical lordosis (UCL), middle cervical lordosis (MCL), lower cervical lordosis (LCL), C7 slope,

upper thoracic kyphosis (UTK), lower thoracic kyphosis (LTK), upper lumbar lordosis (ULL),

lower lumbar lordosis (LLL), PI, SS, and PT].

In this study, the sagittal spinal parameters were precisely defined and measured using stan-

dardized techniques. GT is the angle between a line extending from C7 to the center of the

sacrum and another line connecting the center of the sacrum to the center of the femoral

heads. SVA is the horizontal distance from the posterior superior sacral end plate to a plumb

line dropped vertically from the centroid of the C7 vertebral body. For detailed measurement,

CL is segmented into three areas: UCL, MCL, and LCL. UCL is the angle formed between the

cranial line (C0) and the lower end plate of C2. MCL is the angle formed between the lower
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end plate of C2 and the lower end plate of C5. LCL is the angle formed between the lower end

plate of C5 and the lower end plate of C7. The C7 slope is measured as the angle between a hor-

izontal reference line and a line parallel to the upper end plate of C7. TK is divided into UTK

and LTK, which are measured as the angles between the end plates of T5 and T9 and between

the end plates of T9 and T12, respectively. For LL, ULL is the angle formed between the lower

end plates of L1 and L4, and LLL is the angle between the lower end plate of L4 and the upper

end plate of S1. SS is the angle between the upper end plate of S1 and a horizontal line. PT is

the angle formed between a vertical line and a line from the midpoint of the sacral end plate to

the femoral rotational axis; it captures the pelvic orientation relative to the lower extremities.

Obtaining precise measurements is critical for evaluating spinal alignment and determining its

biomechanical implications. Three physicians independently obtained the measurements,

with intraclass correlation coefficients of 0.86 and 0.80 for intraobserver and interobserver reli-

ability, respectively.

Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows (version 23.0; IBM,

Armonk, NY, USA). The Kolmogorov–Smirnov test was used to determine whether the data

followed a normal distribution. An independent t test or Wilcoxon rank-sum test was used to

identify the significant differences in the means of clinical and radiographic parameters

between two age groups (i.e.,< 70 vs.� 70 years) depending on the normality of the data. The

chi-squared test was used to evaluate the association between categorical variables. Pearson

correlation and linear regression (simple and multiple) analyses were employed to assess the

relationships between clinical and radiographic parameters. Participants with missing data

were excluded from the analysis. All tests were two-sided, with significance set at p< 0.05.

Sample size estimation

We used G*Power 3.1.9.2 to calculate the required sample size for this study. In the multiple

linear regression analysis of the association between cervical spine sagittal alignment and clini-

cal or radiographic parameters, we set the effect size as 0.12, α as 0.05, power (1 − β) as 0.80,

and number of predictors as 22. With these values, the minimum sample size was estimated to

be 199.

Results

Table 1 presents the demographics of the 200 older women with low bone mass who were

recruited into this study. The participants were categorized into two age groups: those

aged< 70 years and those aged� 70 years. The younger group (age < 70 years) comprised

115 participants, with an average age of 64.10 (± 4.26) years, and the older group (age� 70

years) comprised 85 participants, with an average age of 76.32 (± 4.80) years. For the entire

cohort, the overall mean age was 69.29 (± 7.54) years (Table 1). The menopausal period was

significantly longer in the older group than in the younger group, with average durations of

26.26 (± 6.84) years and 14.61 (± 6.08) years, respectively. Slight differences were noted in

body mass index (BMI) and grip strength between the groups. The younger group had a

slightly higher average grip strength (20.52 ± 4.24) than did the older group (19.02 ± 4.60). Sig-

nificant differences are also observed in average T-scores between the younger group

(−1.55 ± 0.71) and the older group (−1.92 ± 0.86; Table 1). Mean values and standard devia-

tions were calculated for several spinal alignment parameters, including CL, TK, and LL, and

related measures, such as SS, PI, and PT. These parameters reflect variations in spinal health

PLOS ONE Spinal alignment and musculoskeletal health of older women

PLOS ONE | https://doi.org/10.1371/journal.pone.0312082 October 31, 2024 4 / 14

https://doi.org/10.1371/journal.pone.0312082


across different age groups. Notably, significant age-related changes were found in SVA, GT,

and LTK, indicating that aging affects spinal alignment and posture (Table 1).

Table 2 presents the results of the Pearson correlation analysis of various parameters. This

study investigated the correlations between the menopausal period, BMI, grip strength, aver-

age T-score, and various spinal alignment parameters, including CL (UCL, MCL, and LCL),

TK (UTK and LTK), LL (ULL and LLL), and related measures (C7 slope, PT, and SVA). The

Pearson correlation analysis revealed a significant negative correlation between menopausal

period and grip strength (r = −0.188, p = 0.008); this finding indicates that a lower muscle

strength is observed in patients with a longer menopausal period. Additionally, menopausal

period was negatively correlated with LTK (r = −0.236, p = 0.001) and positively correlated

with MCL (r = 0.215, p = 0.002); this finding suggests that menopausal period differently influ-

ences the segment of CL (Table 2). BMI was significantly positively correlated with C7 slope

(r = 0.221, p = 0.002) and significantly negatively correlated with LTK (r = −0.263, p< 0.001);

this finding indicates that body mass affects the spinal curvature and alignment. Grip strength

Table 1. Demographics of older women with low bone mass (n = 200).

Item Age Group p value

< 70 y/o ≧ 70 y/o Total

N 115 85 200

Age‡ 64.10 ± 4.26 76.32 ± 4.80 69.29 ± 7.54 < 0.001*
Menopause period‡ 14.61 ± 6.08 26.26 ± 6.84 19.56 ± 8.61 < 0.001*
BMI‡ 24.15 ± 3.45 24.25 ± 3.80 24.19 ± 3.59 0.843

Grip strength‡ 20.52 ± 4.24 19.02 ± 4.60 19.88 ± 4.45 0.018*
Average T score† -1.55 ± 0.71 -1.92 ± 0.86 -1.70 ± 0.80 0.001*
Barthel index‡ 87.06 ± 3.67 85.42 ± 4.06 86.37 ± 3.92 0.003*
Coronal malalignment (%)※ 29 (25.2%) 22 (25.9%) 51 (25.5%) 0.915

GT‡ 18.62 ± 7.47 21.83 ± 10.38 19.99 ± 8.94 0.012*
SVA‡ 32.05 ± 23.22 40.98 ± 27.97 35.85 ± 25.66 0.015*
PT‡ 16.76 ± 5.83 19.19 ± 8.54 17.79 ± 7.19 0.018*
UCL‡ 36.50 ± 8.73 35.78 ± 8.08 36.20 ± 8.45 0.553

MCL‡ 2.84 ± 7.01 5.66 ± 7.52 4.04 ± 7.34 0.007*
LCL‡ 6.24 ± 7.39 5.64 ± 7.31 5.98 ± 7.34 0.566

CL‡ 45.59 ± 10.20 47.08 ± 11.50 46.22 ± 10.77 0.334

UTK‡ -17.51 ± 8.33 -18.20 ± 7.18 -17.80 ± 7.85 0.543

LTK‡ -4.19 ± 6.15 -8.12 ± 6.99 -5.86 ± 6.79 < 0.001*
TK† -21.70 ± 10.25 -26.32 ± 8.92 -23.66 ± 9.95 0.001*
ULL‡ 15.18 ± 13.37 17.02 ± 12.02 15.96 ± 12.82 0.316

LLL† 29.26 ± 7.98 28.30 ± 10.77 28.85 ± 9.26 0.470

LL‡ 44.43 ± 13.82 45.32 ± 12.44 44.81 ± 13.22 0.641

SS‡ 34.14 ± 9.83 32.92 ± 9.04 33.62 ± 9.50 0.368

PI ‡ 50.91 ± 12.18 52.10 ± 12.10 51.41 ± 12.13 0.492

Data are presented as n or mean ± standard deviation.

*p-value < 0.05 was considered statistically significant after test.

†: independent t test

‡: Wilcoxon rank-sum test;※: chi-squared test.

Abbreviations: UCL, upper cervical lordosis; MCL, middle cervical lordosis; LCL, lower cervical lordosis; CL, cervical lordosis; MP, menopausal period; BMI, body mass

index; GT, Global tilt; SVA, sagittal vertical axis; UTK, upper thoracic kyphosis; LTK, lower thoracic kyphosis; ULL, upper lumbar lordosis; LLL, lower lumbar lordosis;

SS, sacral slope; PI, pelvic incidence; PT, pelvic tilt.

https://doi.org/10.1371/journal.pone.0312082.t001
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was notably correlated with several spinal parameters. Specifically, grip strength exhibited a

strong negative correlation with C7 slope (r = −0.325, p< 0.001) and a positive correlation

with ULL (r = 0.195, p = 0.006); these results indicate that higher muscle strength is associated

with greater lumbar or cervical spinal alignment. Furthermore, the average T-score, which

reflects bone density, was negatively correlated with LCL (r = −0.190, p = 0.007) and positively

correlated with UTK (r = 0.256, p< 0.001); this finding suggests that low bone density might

contribute to adverse changes in specific spinal regions, potentially affecting the overall pos-

ture and stability (Table 2).

Table 3 presents the results of the regression analysis of the association of various clinical

and radiographic parameters with CL. Crude and adjusted models were employed for this

analysis, and the strength of the association of each parameter with CL was determined on the

basis of regression coefficients (β), 95% confidence intervals, and p values. In the regression

analysis, menopausal period exhibited a positive association with CL in both the crude model

(β = 0.28, p = 0.001) and adjusted models (β = 0.34, p< 0.001). This result indicates that a lon-

ger menopausal period is correlated with higher CL (Table 3). BMI also exerted a substantial

positive effect on CL, with β values of 0.67 (p = 0.001) in the crude model and 0.53 (p = 0.003)

in the adjusted model. This finding indicates that higher BMI is associated with greater CL. By

contrast, grip strength initially exhibited a negative association with CL in the crude model (β
= −0.46, p = 0.007). However, this association became nonsignificant in the adjusted model (β
= 0.06, p = 0.665). These findings of the adjusted model reflect the complex interplay of muscle

strength with spinal alignment (Table 3). The significant associations between both GT and

Table 3. Clinical or radiographic factors associated with CL (n = 200).

Item Crude Adjusted

β (95% CI) p value β (95% CI) p value

Menopause period 0.28 (0.11, 0.45) 0.001* 0.34 (0.20, 0.48) < 0.001*
BMI 0.67 (0.26, 1.08) 0.001* 0.53 (0.18, 0.88) 0.003*
Grip strength -0.46 (-0.79, -0.12) 0.007* 0.06 (-0.22, 0.34) 0.665

Average T score -0.38 (-2.27, 1.50) 0.690 -0.44 (-1.97, 1.09) 0.569

Barthel index 0.13 (-0.25, 0.52) 0.501 -0.003 (-0.31, 0.31) 0.997

Coronal malalignment

(Yes vs. No)

1.74 (-1.70, 5.19) 0.319 -1.10 (-3.84, 1.63) 0.428

GT 0.18 (0.01, 0.35) 0.034* 1.26 (0.52, 2.01) 0.001*
SVA 0.04 (-0.02, 0.10) 0.162 -0.15 (-0.26, -0.04) 0.007*
C7 slope 0.84 (0.69, 0.99) < 0.001* 0.96 (0.77, 1.15) < 0.001*
UTK -0.35 (-0.54, -0.17) < 0.001* 0.41 (0.21, 0.61) < 0.001*
LTK -0.12 (-0.34, 0.10) 0.274 0.74 (0.43, 1.05) < 0.001*
ULL 0.16 (0.04, 0.27) 0.007* 0.56 (0.29, 0.83) < 0.001*
LLL -0.10 (-0.26, 0.07) 0.239 0.46 (0.16, 0.77) 0.003*
SS 0.04 (-0.11, 0.20) 0.583 0.88 (0.18, 1.57) 0.013*
PI 0.08 (-0.05, 0.20) 0.219 -1.21 (-1.98, -0.45) 0.002*

Adjusted R2 square: 0.53

Data are presented as β (95% CI).

*p-value < 0.05 was considered statistically significant after test.

Abbreviations: UCL, upper cervical lordosis; MCL, middle cervical lordosis; LCL, lower cervical lordosis; CL, cervical

lordosis; MP, menopausal period; BMI, body mass index; GT, Global tilt; SVA, sagittal vertical axis; UTK, upper

thoracic kyphosis; LTK, lower thoracic kyphosis; ULL, upper lumbar lordosis; LLL, lower lumbar lordosis; SS, sacral

slope; PI, pelvic incidence; PT, pelvic tilt.

https://doi.org/10.1371/journal.pone.0312082.t003
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UTK with CL in the adjusted models underscore their crucial roles in the compensatory mech-

anisms that maintain cervical alignment. Furthermore, both SVA and LLL were significantly

correlated with CL in the adjusted model. SVA exhibited a negative association (β = −0.15,

p = 0.007), whereas LLL exhibited a positive association (β = 0.46, p = 0.003). These findings

indicate their influence on cervical spinal posture. PI was negatively correlated with CL in the

adjusted model (β = −1.21, p = 0.002). This result suggests that the pelvis–spine relationship

plays a crucial role in maintaining functionally acceptable sagittal alignment (Table 3).

Table 4 presents the results of crude and adjusted regression analyses for the associations

between various clinical and radiographic factors and C7 slope. Notably, the menopausal

period initially exhibited a slight positive correlation with C7 slope in the crude model (β =

0.12, p = 0.067). However, in the adjusted model, the menopausal period had a significant neg-

ative influence on C7 slope (β = −0.13, p = 0.005). These results suggest the complex interac-

tions of the menopausal period with other factors. BMI exhibited a positive effect on C7 slope

in the crude model (β = 0.48, p = 0.002), but its influence became nonsignificant in the

adjusted model (β = −0.04, p = 0.708). This result indicates that the influence of BMI may be

moderated by additional variables (Table 4). Grip strength had a strong negative association

with C7 slope in both models, with more pronounced effects noted in the crude model (β =

−0.57, p< 0.001) than in the adjusted model (β = −0.27, p = 0.001). These results indicate that

grip strength has a significant influence on spinal curvature. Other notable findings include

Table 4. Clinical or radiographic parameters associated with C7 slope (n = 200).

Item Crude Adjusted

β (95% CI) p value β (95% CI) p value

Menopause period 0.12 (-0.01, 0.25) 0.067 -0.13 (-0.22, -0.04) 0.005*
BMI 0.48 (0.18, 0.78) 0.002* -0.04 (-0.26, 0.18) 0.708

Grip strength -0.57 (-0.81, -0.34) < 0.001* -0.27 (-0.44, -0.11) 0.001*
Average T score -0.80 (-2.17, 0.58) 0.254 0.75 (-0.18, 1.68) 0.114

Barthel index 0.25 (-0.03, 0.53) 0.082 0.20 (0.01, 0.38) 0.038*
Coronal malalignment

(Yes vs. No)

3.29 (0.82, 5.77) 0.009* 1.02 (-0.64, 2.68) 0.225

GT 0.09 (-0.03, 0.21) 0.148 -0.3 (-0.77, 0.17) 0.207

SVA 0.06 (0.01, 0.10) 0.009* 0.08 (0.02, 0.15) 0.015*
UCL 0.05 (-0.09, 0.18) 0.495 0.28 (0.19, 0.37) < 0.001*
MCL 0.37 (0.23, 0.51) < 0.001* 0.43 (0.33, 0.54) < 0.001*
LCL 0.53 (0.40, 0.66) < 0.001* 0.44 (0.33, 0.54) < 0.001*
UTK -0.47 (-0.59, -0.34) < 0.001* -0.42 (-0.53, -0.31) < 0.001*
LTK -0.25 (-0.41, -0.09) 0.002 -0.29 (-0.49, -0.09) 0.005*
ULL 0.03 (-0.06, 0.12) 0.495 -0.11 (-0.28, 0.06) 0.221

LLL -0.03 (-0.15, 0.09) 0.590 -0.01 (-0.21, 0.18) 0.894

SS -0.13 (-0.24, -0.01) 0.030* -0.42 (-0.84, 0.01) 0.055

PI -0.07 (-0.16, 0.02) 0.121 0.29 (-0.19, 0.77) 0.233

Adjusted R2 square: 0.68.

Data are presented as β (95% CI).

*p-value < 0.05 was considered statistically significant after test.

Abbreviations: UCL, upper cervical lordosis; MCL, middle cervical lordosis; LCL, lower cervical lordosis; CL, cervical

lordosis; MP, menopausal period; BMI, body mass index; GT, Global tilt; SVA, sagittal vertical axis; UTK, upper

thoracic kyphosis; LTK, lower thoracic kyphosis; ULL, upper lumbar lordosis; LLL, lower lumbar lordosis; SS, sacral

slope; PI, pelvic incidence; PT, pelvic tilt.

https://doi.org/10.1371/journal.pone.0312082.t004
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the strong correlations of SVA, UCL, MCL, and LCL with C7 slope in the adjusted model,

highlighting the interconnectedness of cervical and spinal alignment (Table 4). Additionally,

UTK and LTK were negatively correlated with C7 slope in both the models, emphasizing the

compensatory role of spinal curvature in maintaining the overall posture. SS also exhibited a

negative effect in the adjusted model. This result suggests that pelvic alignment plays a crucial

role in the overall spinal profile (Table 4).

Discussion

Our analysis of demographics and clinical parameters among older women with low bone

mass revealed significant age-related differences in grip strength, T-scores, and spinal align-

ment (Table 1). This study also observed negative correlations between age, grip strength, and

T-scores, consistent with findings in other studies that advanced age is associated with reduced

musculoskeletal function and decreased bone density [13, 14]. The results indicate the com-

plexity of interactions between spinal alignment and clinical parameters (Table 2). The analysis

revealed notable correlations between the menopausal period, grip strength, and spinal param-

eters, such as C7 slope and GT. These findings underscore the multifaceted influence of aging

on spinal health [4, 15]. Interestingly, we observed statistically significant differences in global

alignment parameters (SVA and GT) between the groups, although no significant differences

were found in lumbar sagittal parameters. This discrepancy highlights the complex influence

of spinal and pelvic parameters on spinal balance in older women; the spine functions as an

integrated unit. Relative to local lumbar parameters, global parameters such as SVA and GT,

which are comprehensive measures of overall sagittal balance, may be more sensitive to subtle,

cumulative changes in all segments of the spine and pelvis [16]. Furthermore, our study specif-

ically revealed a notable change in MCL for both groups—the other cervical parameters

remained relatively stable. This selective alteration in MCL may be attributed to its unique bio-

mechanical role as a transitional zone between the more-mobile upper cervical spine and the

relatively stable lower cervical spine. The susceptibility of MCL to change may indicate that it

serves as a compensatory mechanism for maintaining the horizontal gaze and the overall sagit-

tal balance in response to age-related changes at other locations in the spine [17]. Collectively,

these findings emphasize that when assessing spinal balance in older adults, both global and

local alignment parameters, including regional cervical changes, should be considered. These

parameters provide complementary information on the overall posture and spinal health,

which can be used for developing comprehensive management strategies for older adults [18–

21]. Longitudinal studies should be conducted to elucidate the mechanisms underlying these

selective changes and their clinical implications.

The results presented in Tables 3 and 4 provide insights into the clinical and radiographic

parameters influencing CL and C7 slope in our cohort of older women. This study demon-

strated a significant positive association between the menopausal period and CL adjustment,

as indicated by the adjusted β values. This finding suggests complex interactions between men-

opause and CL adjustment, highlighting the influence of hormonal changes on spinal curva-

ture over time. It aligns with previous research showing similar associations in

postmenopausal women and underscores the role of estrogen deficiency in altering spinal bio-

mechanics [21]. Furthermore, this study revealed a negative association between grip strength

and C7 slope in both the crude and adjusted models. This finding indicates the correlation

between muscle strength and spinal alignment, which is supported by previous findings indi-

cating that decreased muscle strength can lead to detrimental postural changes and increased

spinal curvature. Additionally, alterations in spinal alignment parameters, such as GT and

SVA, in response to changing biomechanical loads are indicative of the body’s compensatory
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mechanisms for maintaining balance and function; these mechanisms are crucial for preventing

falls [5, 22]. Our findings of changes in the lumbar and thoracic regions, particularly in terms of

the relationships of ULL, LLL, UTK, and LTK with C7 slope, are consistent with those in the lit-

erature. These results suggest that cervical alignment in these regions is altered to maintain

overall spinal integrity [23]. The finding of the current study that pelvic parameters, such as PI

and PT, influence spinal curvature is consistent with previous research showing that PT adjust-

ments are crucial for managing lumbar spine load and maintaining sagittal balance [24]. The

significant adjustments observed in these parameters, along with the influence of other spine-

related factors identified in this study, underscore their role in the dynamics of spinal align-

ment. These findings suggest that targeted interventions aimed at improving muscle strength,

correcting posture, and enhancing pelvic stability could improve spinal health and reduce the

risk of fall-related injuries in older adults [25]. Longitudinal studies should be conducted to

examine the causal relationships between spinal and pelvic parameters and the effectiveness of

targeted interventions for maintaining or improving spinal health in aging populations.

This study provides notable findings regarding the interactions of spinal and pelvic parameters

with clinical outcomes. Thus, our findings have key implications for clinical practice and future

research. The findings of a positive correlation of the menopausal period with CL and the multi-

faceted influence of grip strength on spinal alignment indicate that a multidisciplinary approach

should be applied for managing spinal health in older women with low bone mass. Studies have

indicated that hormonal imbalance is linked to degenerative changes in spinal alignment; thus,

hormone replacement therapy may mitigate some of the adverse effects of estrogen deficiency on

the structure of the spine [26, 27]. Moreover, the current study discovered strong associations

between muscle strength, spinal curvature, and overall posture. Therefore, comprehensive physi-

cal therapy including strength training, flexibility exercises, and posture correction strategies

should be implemented for improving spinal health. Such therapy can significantly improve bal-

ance, reduce the risk of falls, and enhance the quality of life in this vulnerable population [28].

Additionally, integrating nutritional counseling into these interventions can improve bone health,

muscle mass, and overall wellbeing, thus enhancing their effectiveness [29]. Future studies should

determine whether such interventions can alter the course of spinal degeneration and improve

clinical outcomes in older populations. Moreover, studies should investigate the genetic and envi-

ronmental factors that contribute to variations in spinal and pelvic alignment among older

women; such investigations would enable the development of personalized approaches to geriat-

ric care [30]. Targeted therapies based on individual risk profiles can be developed for addressing

specific needs. Such precision health-care strategies can help in maintaining mobility and inde-

pendence in older adults. With an improved understanding of the complex interactions between

biomechanical, hormonal, and muscle parameters in the aging population, innovative treatments

and preventive measures can be developed for holistically addressing the challenges faced by

older women with low bone mass. A holistic approach should be employed for enhancing skeletal

health and overall health outcomes in the geriatric population [31, 32].

Although our study provides valuable insights into the relationship between spinal align-

ment parameters and BMD in older Taiwanese women, several limitations should be acknowl-

edged. First, this study was conducted at a single center, namely Hualien Tzu Chi Hospital in

Taiwan. This limitation may affect the generalizability of our findings to broader populations,

both within Taiwan and in other countries. The demographic and clinical characteristics of

our study sample may not fully represent the diverse characteristics of older women with low

bone mass across different regions or health-care settings. Future multicenter studies should

include patients from various hospitals and regions for ensuring a more comprehensive repre-

sentation of the population, thus enhancing the external validity of our findings. Second, the

influence of potential instrument and measurement biases on the study results should be
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considered. The accuracy and precision of the imaging techniques used, particularly for mea-

suring spinal alignment parameters, may have introduced some variability in our data.

Although we employed standardized protocols for image acquisition and analysis, inherent

limitations may exist in the resolution and clarity of the images, especially when using these

images for assessing subtle changes in spinal curvature. Additionally, despite our efforts to

maintain consistency, interobserver variability in measurements cannot be entirely ruled out,

particularly for parameters requiring the manual identification of anatomical landmarks.

Third, given the cross-sectional nature of our study, causal relationships between spinal align-

ment parameters and BMD could not be established. Longitudinal studies should be per-

formed to determine how spinal alignment parameters change over time and the long-term

effects of spinal misalignment on bone health and fracture risk. Furthermore, although we

controlled for several confounding factors, other unmeasured variables may influence the rela-

tionship between spinal alignment and bone density. For instance, lifestyle factors, nutritional

status, or genetic predispositions, which were not accounted for in our analysis, may play roles

in both spinal alignment and bone health. Last, our study recruited only women—the findings

cannot be applied to men. Given that osteoporosis and spinal alignment issues affect both gen-

ders, future studies should include male participants to provide a more comprehensive under-

standing of these relationships for both genders in the older adult population.

Despite the aforementioned limitations, this study still provides a comprehensive analysis

of the relationships of spinal alignment parameters with BMD in older Taiwanese women with

low bone mass, an under-represented population in the literature. Our findings corroborate

and extend the literature on spinal sagittal balance and osteoporosis [33, 34]. The observed

correlations between CL, TK, and bone mineral density as well as the strong associations

between global sagittal balance parameters (SVA and GT) and BMD emphasize that these fac-

tors should be included in clinical assessments of osteoporosis risk in older women. For deter-

mining their clinical implications, the biomechanical principles underlying our findings

should be considered. Spinal alignment, particularly in the sagittal plane, is vital for maintain-

ing an efficient posture and minimizing energy expenditure. The interplay between CL, TK,

LL, and global sagittal balance reflects the complexity of spinal biomechanics. With disruptions

in global sagittal balance, which are often observed in older adults with decreased BMD, com-

pensatory mechanisms are implemented, which can exacerbate postural problems. For

instance, increased TK shifts the center of gravity anteriorly, increasing the muscular demand

and potentially leading to fatigue, pain, and further postural deterioration. Moreover, sagittal

imbalance alters the distribution of compressive and shear forces along the vertebral column,

which may contribute to accelerated disc degeneration and increased vertebral fracture risk.

These results suggest that spinal alignment evaluation should be incorporated into osteoporo-

sis risk assessment and management for older women. The relationships between specific spi-

nal parameters and BMD identified in this study can inform the development of targeted

interventions, such as personalized physical therapy programs or postural training. These

interventions, aimed at improving spinal alignment, can mitigate the risk of osteoporotic frac-

tures and can improve overall function. By bridging the research gap between spinal biome-

chanics and bone health, the study results can guide clinical decision-making and future

research in orthopedics, geriatrics, and rehabilitation medicine, underscoring the need for a

holistic approach to geriatric care and spinal health.

Conclusions

This study revealed the effects of the complex interplay between age, menopausal duration,

grip strength, and sagittal spinal parameters on spinal alignment in older women with low
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bone mass. This study also revealed the significant correlations of clinical parameters, such as

BMI and grip strength, with sagittal spinal parameters, including C7 slope and GT; these find-

ings reflect the effects of biomechanical changes on spinal alignment. Multifaceted interven-

tions combining hormone therapy, physical therapy, and postural management should be

employed to enhance spinal alignment and overall patient wellbeing. A holistic approach con-

sidering these factors should be applied for the development of strategies for maintaining

spine health and preventing related complications in older adults.
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12. Koelé MC, Willems HC, Swart KMA, van Dijk SC, Lips P, de Groot LCPGM, et al. The association

between hyperkyphosis and fall incidence among community-dwelling older adults. Osteoporos Int.

2022; 33(2): 403–411. https://doi.org/10.1007/s00198-021-06136-6 PMID: 34495374

13. Westbury LD, Syddall HE, Fuggle NR, Dennison EM, Cauley JA, Shiroma EJ, et al. Long-term rates of

change in musculoskeletal aging and body composition: findings from the Health, Aging and Body Com-

position Study. Calcif Tissue Int. 2020; 106(6): 616–624. https://doi.org/10.1007/s00223-020-00679-2

PMID: 32125471

14. Larsson L, Degens H, Li M, Salviati L, Lee YI, Thompson W, et al. Sarcopenia: Aging-Related Loss of

Muscle Mass and Function. Physiol Rev. 2019; 99(1): 427–511. https://doi.org/10.1152/physrev.

00061.2017 PMID: 30427277

15. Hu L, Lv Y, Lin Y. Correlations and Age-Related Changes of Cervical Sagittal Parameters in Adults

Without Symptoms of Cervical Spinal Disease. Spine (Phila Pa 1976). 2020; 45(23): E1542–E1548.

https://doi.org/10.1097/BRS.0000000000003680 PMID: 32890305

16. Cirillo Totera JI, Fleiderman Valenzuela JG, Garrido Arancibia JA, Pantoja Contreras ST, Beaulieu

Lalanne L, Alvarez-Lemos FL. Sagittal balance: from theory to clinical practice. EFORT Open Rev.

2021; 6(12): 1193–1202. https://doi.org/10.1302/2058-5241.6.210062 PMID: 35839102

17. Lee SH, Kim TH, Kim SW, Rim HT, Lee HS, Kim JH, et al. The Sagittal Balance of Cervical Spine: Com-

prehensive Review of Recent Update. J Korean Neurosurg Soc. 2023; 66(6): 611–617. https://doi.org/

10.3340/jkns.2023.0146 PMID: 37583244

18. Kook M, Kim I, Seo J, Kim H, Nam H, Han N. The Relationship Between Low Back Pain and Sagittal

Spinal Alignment and Back Muscle Mass in Korean Fishery Workers. Ann Rehabil Med. 2023; 47(6):

459–467. https://doi.org/10.5535/arm.23075 PMID: 37990502

19. Imagama S, Ito Z, Wakao N, Seki T, Hirano K, Muramoto A, et al. Influence of spinal sagittal alignment,

body balance, muscle strength, and physical ability on falling of middle-aged and elderly males. Eur

Spine J. 2013; 22(6): 1346–1353. https://doi.org/10.1007/s00586-013-2721-9 PMID: 23443680

20. Wang DF, Lu SB, Li XY, Shi B, Liu CX, Kong C. The ratio of cervical lordosis to C7 slope represents the

reciprocal change between cervical sagittal alignment and global spinal alignment. J Orthop Surg Res.

2023; 18(1): 138. https://doi.org/10.1186/s13018-023-03602-1 PMID: 36829197

21. Lippa L, Lippa L, Cacciola F. Loss of cervical lordosis: What is the prognosis? J Craniovertebr Junction

Spine. 2017; 8(1): 9–14. https://doi.org/10.4103/0974-8237.199877 PMID: 28250631

22. Wang Y, Meng T, Yang W, Yan M, Su X, Wang X, et al. Association of grip strength and comorbidities

with all-cause mortality in the older hypertensive adults. Front Public Health. 2023; 11: 1162425.

https://doi.org/10.3389/fpubh.2023.1162425 PMID: 37457245

23. Iyer S, Lenke LG, Nemani VM, Albert TJ, Sides BA, Metz LN, et al. Variations in Sagittal Alignment

Parameters Based on Age: A Prospective Study of Asymptomatic Volunteers Using Full-Body Radio-

graphs. Spine (Phila Pa 1976). 2016; 41(23): 1826–1836. https://doi.org/10.1097/BRS.

0000000000001642 PMID: 27111763

PLOS ONE Spinal alignment and musculoskeletal health of older women

PLOS ONE | https://doi.org/10.1371/journal.pone.0312082 October 31, 2024 13 / 14

https://doi.org/10.7150/jbm.23390
http://www.ncbi.nlm.nih.gov/pubmed/30505650
https://doi.org/10.3390/bioengineering11050493
http://www.ncbi.nlm.nih.gov/pubmed/38790360
https://doi.org/10.3389/fendo.2022.1010102
https://doi.org/10.3389/fendo.2022.1010102
http://www.ncbi.nlm.nih.gov/pubmed/36452328
https://doi.org/10.1515/med-2021-0219
http://www.ncbi.nlm.nih.gov/pubmed/33585691
https://doi.org/10.1002/jbmr.1658
https://doi.org/10.1002/jbmr.1658
http://www.ncbi.nlm.nih.gov/pubmed/22589006
https://doi.org/10.1007/s00586-019-06083-1
http://www.ncbi.nlm.nih.gov/pubmed/31332569
https://doi.org/10.1007/s00198-018-4704-5
http://www.ncbi.nlm.nih.gov/pubmed/30324412
https://doi.org/10.1007/s00198-021-06136-6
http://www.ncbi.nlm.nih.gov/pubmed/34495374
https://doi.org/10.1007/s00223-020-00679-2
http://www.ncbi.nlm.nih.gov/pubmed/32125471
https://doi.org/10.1152/physrev.00061.2017
https://doi.org/10.1152/physrev.00061.2017
http://www.ncbi.nlm.nih.gov/pubmed/30427277
https://doi.org/10.1097/BRS.0000000000003680
http://www.ncbi.nlm.nih.gov/pubmed/32890305
https://doi.org/10.1302/2058-5241.6.210062
http://www.ncbi.nlm.nih.gov/pubmed/35839102
https://doi.org/10.3340/jkns.2023.0146
https://doi.org/10.3340/jkns.2023.0146
http://www.ncbi.nlm.nih.gov/pubmed/37583244
https://doi.org/10.5535/arm.23075
http://www.ncbi.nlm.nih.gov/pubmed/37990502
https://doi.org/10.1007/s00586-013-2721-9
http://www.ncbi.nlm.nih.gov/pubmed/23443680
https://doi.org/10.1186/s13018-023-03602-1
http://www.ncbi.nlm.nih.gov/pubmed/36829197
https://doi.org/10.4103/0974-8237.199877
http://www.ncbi.nlm.nih.gov/pubmed/28250631
https://doi.org/10.3389/fpubh.2023.1162425
http://www.ncbi.nlm.nih.gov/pubmed/37457245
https://doi.org/10.1097/BRS.0000000000001642
https://doi.org/10.1097/BRS.0000000000001642
http://www.ncbi.nlm.nih.gov/pubmed/27111763
https://doi.org/10.1371/journal.pone.0312082


24. Cho Y, Jo DJ, Hyun SJ, Park JH, Yang NR. From the Spinopelvic Parameters to Global Alignment and

Proportion Scores in Adult Spinal Deformity. Neurospine. 2023; 20(2): 467–477. https://doi.org/10.

14245/ns.2346374.187 PMID: 37401065

25. Sadaqa M, Németh Z, Makai A, Prémusz V, Hock M. Effectiveness of exercise interventions on fall pre-

vention in ambulatory community-dwelling older adults: a systematic review with narrative synthesis.

Front Public Health. 2023; 11: 1209319. https://doi.org/10.3389/fpubh.2023.1209319 PMID: 37601180

26. Park JH, Hong JY, Han K, Han SW, Chun EM. Relationship between hormone replacement therapy

and spinal osteoarthritis: a nationwide health survey analysis of the elderly Korean population. BMJ

Open. 2017; 7(11): e018063. https://doi.org/10.1136/bmjopen-2017-018063 PMID: 29127229

27. Shelby T, Mills ES, Ton A, Wang JC, Hah RJ, Qureshi SA, et al. The Role of Sex Hormones in Degener-

ative Disc Disease. Global Spine J. 2023; 13(7): 2096–2099. https://doi.org/10.1177/

21925682231152826 PMID: 36654475

28. Sherrington C, Fairhall NJ, Wallbank GK, Tiedemann A, Michaleff ZA, Howard K, et al. Exercise for pre-

venting falls in older people living in the community. Cochrane Database Syst Rev. 2019; 1(1):

CD012424. https://doi.org/10.1002/14651858.CD012424.pub2 PMID: 30703272

29. Rondanelli M, Faliva MA, Barrile GC, Cavioni A, Mansueto F, Mazzola G, et al. Nutrition, Physical Activ-

ity, and Dietary Supplementation to Prevent Bone Mineral Density Loss: A Food Pyramid. Nutrients.

2021; 14(1): 74. https://doi.org/10.3390/nu14010074 PMID: 35010952

30. Biczo A, Bereczki F, Koch K, Varga PP, Genodisc Consortium, Lazary A. Genetic variants of interleukin

1B and 6 are associated with clinical outcome of surgically treated lumbar degenerative disc disease.

BMC Musculoskelet Disord. 2022; 23(1): 774. https://doi.org/10.1186/s12891-022-05711-0 PMID:

35964023

31. Nonaka K, Murata S, Nakano H, Anami K, Shiraiwa K, Abiko T, et al. Association of Low Bone Mass

with Decreased Skeletal Muscle Mass: A Cross-Sectional Study of Community-Dwelling Older Women.

Healthcare (Basel). 2020; 8(3): 343. https://doi.org/10.3390/healthcare8030343 PMID: 32947889

32. Hung ST, Cheng YC, Wu CC, Su CH. Examining Physical Wellness as the Fundamental Element for

Achieving Holistic Well-Being in Older Persons: Review of Literature and Practical Application in Daily

Life. J Multidiscip Healthc. 2023; 16: 1889–1904. https://doi.org/10.2147/JMDH.S419306 PMID:

37435298

33. Pavlovic A, Nichols DL, Sanborn CF, Dimarco NM. Relationship of thoracic kyphosis and lumbar lordo-

sis to bone mineral density in women. Osteoporos Int. 2013; 24(8): 2269–2273. https://doi.org/10.

1007/s00198-013-2296-7 PMID: 23400251

34. Lee KY, Lee JH, Im SK, Lim HS, Han G. Transiency of postoperative cervical kyphosis seen after surgi-

cal correction of sagittal malalignment in adult spinal deformity patients. PLoS One. 2021; 16(7):

e0254381. https://doi.org/10.1371/journal.pone.0254381 PMID: 34280198

PLOS ONE Spinal alignment and musculoskeletal health of older women

PLOS ONE | https://doi.org/10.1371/journal.pone.0312082 October 31, 2024 14 / 14

https://doi.org/10.14245/ns.2346374.187
https://doi.org/10.14245/ns.2346374.187
http://www.ncbi.nlm.nih.gov/pubmed/37401065
https://doi.org/10.3389/fpubh.2023.1209319
http://www.ncbi.nlm.nih.gov/pubmed/37601180
https://doi.org/10.1136/bmjopen-2017-018063
http://www.ncbi.nlm.nih.gov/pubmed/29127229
https://doi.org/10.1177/21925682231152826
https://doi.org/10.1177/21925682231152826
http://www.ncbi.nlm.nih.gov/pubmed/36654475
https://doi.org/10.1002/14651858.CD012424.pub2
http://www.ncbi.nlm.nih.gov/pubmed/30703272
https://doi.org/10.3390/nu14010074
http://www.ncbi.nlm.nih.gov/pubmed/35010952
https://doi.org/10.1186/s12891-022-05711-0
http://www.ncbi.nlm.nih.gov/pubmed/35964023
https://doi.org/10.3390/healthcare8030343
http://www.ncbi.nlm.nih.gov/pubmed/32947889
https://doi.org/10.2147/JMDH.S419306
http://www.ncbi.nlm.nih.gov/pubmed/37435298
https://doi.org/10.1007/s00198-013-2296-7
https://doi.org/10.1007/s00198-013-2296-7
http://www.ncbi.nlm.nih.gov/pubmed/23400251
https://doi.org/10.1371/journal.pone.0254381
http://www.ncbi.nlm.nih.gov/pubmed/34280198
https://doi.org/10.1371/journal.pone.0312082

