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Purpose: Sarcopenia (SP) and osteoporosis (OP) both pose higher risks for adverse health outcomes. This study explored the
relationship among sarcopenia, osteoporosis and all-cause mortality.

Patients and Methods: This retrospective cohort utilized a tertiary-hospital-based cohort during the years from 2018 to 2024.
Patients received dual-energy X-ray absorptiometry scans. Osteoporosis was diagnosed when T-scores of <-2.5 were determined at the
L-spine or femoral neck. Sarcopenia was defined using the Asian Working Group for Sarcopenia 2019 criteria: low muscle strength,
low physical performance, and a low appendicular skeletal mass index. We utilized the Cox proportional hazard model and Kaplan-
Meier curves to depict observed time to mortality. Post-hoc analysis was applied for subgroup comparison and statistical power
calculation. Interaction terms sensitivity analysis was used for analyzing mutually exclusive groups.

Results: A total of 545 patients (median age [interquartile range] 68.7 [52.8-80.7] years; 72.3% women) were analyzed. At baseline,
15.6% had SP alone, 23.1% had OP alone, and 14.3% had both conditions. Over median 0.7 (interquartile range = 0.2—1.4) years of
follow-up, 24 deaths occurred. Older age, multimorbidity, sarcopenia, and osteoporosis were significantly associated with higher
mortality. In multivariable analysis adjusting for age and multimorbidity, sarcopenia alone was a stronger predictor of mortality
compared to osteoporosis alone (hazard ratio [HR] 7.34 vs 3.99), and the mortality HR was 7.34 for sarcopenia with or without
osteoporosis higher than 3.99 for osteoporosis with/without sarcopenia. Interaction analysis was not feasible in the four-group
comparison, as the interaction term overlapped with the ‘both sarcopenia and osteoporosis’ group; in the other three groups, the
SPxOP interaction was not significant. SP patients were more likely to be older, male, and have lower body mass index, total tissue,
and lean mass.

Conclusion: These findings suggest that sarcopenia may be a more important predictor of mortality than osteoporosis in patients,
highlighting the need for muscle health assessment.
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Introduction

Sarcopenia (SP) is an aging-related loss of muscle mass and physical performance with a prevalence of 1.5% in men and
1.2% in women as determined by a T-score < —2.5 in community-dwelling adults,' while its prevalence is 14-33% for
those in a long-term care facility and 10-23.2% in an acute hospital or rehabilitation inpatient center, possibly caused by
a low examination rate.” Osteoporosis (OP) and it’s complications is a progressively devastating bone disease which

offers a competing risk of mortality as well.* SP and OP are centered upon a primarily age-related and/or cumulative
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chronic disease-deteriorating pathophysiological process that involves a deprivation of nutrition and vitamin D, as well as
the dysregulation of biochemical factors (estrogen, testosterone, growth hormone, insulin-like growth factor 1, osteo-
calcin and muscle-derived myokines), iatrogenesis and a sedentary lifestyle.” There is a direct mutual communication
between muscle and bone, and both diseases, no matter whether due to primary or secondary reasons, share a common
pathway leading to muscle catabolism and accumulation of intramuscular and bone marrow fat. Similarly, both
conditions are strongly associated with frailty, disability, fragility fractures, hospitalization and mortality.’

Although bioimpedance analysis (BIA) of muscle and quantitative ultrasound (QUS) for bone have each been widely
and separately used to evaluate SP and OP in community screenings, it should be noted that when using BIA, skeletal
muscle mass is obtained through a specific equation, which in turn may limit its reliability thus requiring validation and
cut-off points in both clinical practice and research.® QUS measurements across the calcaneus bone cannot substitute for
dual-energy X-ray absorptiometry due to its use in a single location.” Individually, SP and OP often remain undetected
and undertreated in acute hospital and hospital-based institutes.>> Geriatric patients with SP diagnosed through BIA in
a rehabilitation inpatient unit experienced unfavorable outcomes, including 3-month readmission, institutionalization, and
3-month and 1-year mortality.® In addition to prevention and management of hip fractures, vertebral fractures, osteo-
porosis and falls in multiple Fracture Liaison Service programs,® physical performance and sarcopenia emerged as
important issues.” Furthermore, SP and OP coexist concurrently in patients diagnosed with multi-morbidity who
experience more functional impairment and poor synergistic outcomes. To address this knowledge gap, we identified
SP and OP through a gold standard measurement, dual-energy X-ray absorptiometry (DXA), in tertiary hospital-based
stable outpatient and inpatient individuals to determine if there is single or combined effect between SP and OP on all-
cause mortality.

Methods
Study Design and Participants

This retrospective study was conducted in a Fracture Liaison Service (FLS) program at a medical center in central
Taiwan during the period from March 31, 2018 to February 05, 2024. A total of 553 patients were included, with eight
patients being excluded due to having no appendicular skeletal muscle index (ASMI) data. Through information system
referrals (Figure S1), both inpatients and outpatients aged 18 years and older, including new fragility hip fracture from
low-energy trauma, vertebral compression fracture, other common osteoporotic fractures, or high-risk osteoporosis
associated with conditions such as kidney transplantation, chronic obstructive pulmonary disease, or autoimmune
disease, are identified simultaneously. In those patients without fracture, but receiving osteoporosis medication are
referred to a case manager for osteoporosis education. The case manager will also monitor the patient’s follow-up clinic
appointments. In those patients’ fracture, they will receive simultaneous care from a geriatrician, rehabilitation specialist
and dietitian, as well as a comprehensive geriatric assessment (Figure S2), and later concrete FLS optimization strategies
are proposed (eg, incorporating grip strength and gait speed into routine screening), along with practical guidance on
sarcopenia interventions—such as tailored nutritional support and structured exercise programs—to enhance patient
outcomes.

The exclusion criteria consisted of those diagnosed with severe cognitive impairment or dementia; those with multiple
fractures or fractures from more than 3 days past, atypical femoral shaft fractures; those fractures related to trauma; those
with pathological fractures; and those participating in other fracture or osteoporosis intervention trials.

Ultimately, 545 subjects who concurrently had an ASMI and complete baseline data of their muscle strength and
physical performance (Figure 1) were included. These physical function data, collected by trained research nurses, must
have been obtained within three months of the baseline ASMI assessment. Handgrip strength was measured using
a dynamometer (Smedley’s Dynamometer, TTM, Tokyo, Japan) three times in their dominant hand, with the strongest
grip being recorded.'® The 6-meter walking test measures the time it takes an individual to walk a distance of 6 meters
and is commonly used to assess mobility and functional capacity.'® In the Timed up-and-go (TUG) test, patients were
instructed to rise from a chair, walk a distance of three meters, turn around, return to the chair, and sit down, with the
resultant time taken measured to assess mobility and functional ability. Dual-energy X-ray absorptiometry (Lunar iDXA
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Service Program from March 31
2018 to February 05 2024 (N = 553)

suspect cases

v v
Muscle strength Physical performance
- Handgrip strength lowest 20% - 6-meter walking lowest 20%
M < 21 kg, F < 13.6 kg M&F >8.2sec
I |
I
ASM index
DXA (M < 7.0 kg/m?, F < 5.4 kg/m?)
8 subjects excluded: |
no ASMI data
382 subjects with normal | ,| 163 subjects with low
muscle mass muscle mass
382 subjects without | 4 163 subjects with
Sarcopenia Sarcopenia
Y

Physical performance
- Timed up-and-go test lowest 20%

M&F > 9 sec
I
v v v L
10 probable Sarcopenia 153 confirmed 10 severe Sarcopenia
(normal ASMI + [low Sarcopenia (low ASMI + (low ASMI + low muscle
372 normal .
muscle strength or low [low muscle strength or strength + low physical
physical performance]) low physical performance]) performance)
| | | | |
L] v L] L
256 helther Sarcop_enla 85 Sarcopenia alone 126 Osteoporosis alone f&botl Sarcopema and
nor Osteoporosis Osteoporosis

Figure | Flowchart of patient selection for the study cohort.
Abbreviations: DXA, dual-energy X-ray absorptiometry; ASMI, appendicular skeletal muscle index.

GE Healthcare) scans were performed for body composition and bone mineral density (BMD) in the Department of
Radiology, Bone Health Center, with the date of those patients receiving the DXA examination registered as their index
date. The ASMI was calculated as the ratio of appendicular skeletal muscle mass and square of body height (kg/m?).
Demographic information and anthropometric data, such as age, gender and body mass index (BMI), were all collected.
Multimorbidity, represented by an age-adjusted Charlson comorbidity index (ACCI) was determined by twelve common
diseases (osteoarthritis, rheumatoid arthritis, diabetes mellitus, hypertension, stroke, cataract, chronic kidney disease,
coronary artery disease, peripheral artery disease, congestive heart failure, liver cirrhosis and cancer) based upon self-
reporting or patient medical records. Osteoporosis-related medications were also recorded, including Denosumab,

Evenity, Fosamax, Raloxifene, Teriparatide, Zoledronic and Ibandronate. The study was approved by the Institutional
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Review Board of the medical center (IRB NOs.: CE20293A and CE22474A). All methods were carried out in accordance
with the approved study protocol under standard regulations as well as the Declaration of Helsinki.

Definitions of Sarcopenia and Osteoporosis

Low muscle strength was considered to be the lowest 20% of handgrip strength (<13.6 kg in women and <21 kg in
men). Low physical performance was identified as the lowest 20% of the 6-meter walking speed test (>8.2 seconds in
both women and men) and lowest 20% of TUG (>9 seconds both in women and men). These criteria were used
because the cases were from a tertiary hospital, where patients typically have more severe conditions, making it
inappropriate to apply the Asian Working Group for Sarcopenia (AWGS) 2019 definitions developed for community-
dwelling individuals. Low muscle mass was defined as an appendicular skeletal mass index (ASMI) <7.0 kg/m? for
men and <5.4 kg/m? for women. According to the AWGS 2019 criteria,'’ low muscle strength or low physical
performance was termed as probable SP (n = 10), low muscle mass with low muscle strength or low physical
performance was characterized as confirmed SP (n = 153), and low muscle mass with low muscle strength and low
physical performance was described as severe SP (n =10) (Figure 1). Osteoporosis (OP) was delineated as a T-score <
—2.5 standard deviation (SD) at the L-spine, femoral neck, and trabecular bone as measured by DXA scans according
to the World Health Organization (WHO) classification. Then all 545 patients were classified into neither SP nor OP (n
= 256), SP alone (n = 85), OP alone (n = 126), and both SP and OP (n = 78) groups (Figure 1).

Sensitivity Analyses

Combining SP with/without OP versus OP alone, or OP with/without SP versus SP alone, may introduce bias. Therefore,
four-group comparisons (neither sarcopenia nor osteoporosis, sarcopenia alone, osteoporosis alone, and both sarcopenia
and osteoporosis) and interaction terms were applied in sensitivity analyses to account for the unclear SP-OP interaction.

Outcomes

The primary outcome was all-cause mortality. The patients were followed up from the index date until death or
February 29, 2024. Information on incident deaths were retrieved from the Clinical Information Research and
Development Center, Taichung Veterans General Hospital, with the accuracy of death being validated by Taiwan’s
National Death Registry, according to either ICD-9 (ICD9 001.x-999.x) or ICD10 (A00.x—Z99.x) during a follow-up
period lasting a median of 0.7 (interquartile range = 0.2—1.4) years.

Statistical Analysis

For the continuous variables (baseline characteristics), we used the Kolmogorov—Smirnov test to determine the normality
of sample distributions. We utilized Mann—Whitney U-tests to compare the distributions of continuous variables across
groups of independent variables, and Chi-square tests or Fisher’s exact tests for categorical variables. Due to the
relatively small sample size in our analysis, individuals with sarcopenia alone and those with both sarcopenia and
osteoporosis were combined into a single category, referred to as “sarcopenia with or without osteoporosis”. If the
sarcopenia-only group exhibits a higher mortality rate compared to the group with osteoporosis (with or without
sarcopenia), the results would support the conclusion suggested by the title of this paper. To explore the opposite
possibility, namely, that the mortality rate is higher in those with osteoporosis (with or without sarcopenia) than in those
with sarcopenia alone, we applied various permutations and combinations to further examine the role and importance of
sarcopenia.

To assess the association between SP, OP, and the risk of all-cause mortality, Cox proportional hazards models were
employed, adjusting for potential confounding variables. Kaplan-Meier survival curves were generated to illustrate time
to mortality, and the Log-Rank (Mantel-Cox) test was used to compare cumulative survival rates across subgroups.
Pairwise comparisons were conducted to evaluate the effects of SP, OP, and their combined status on long-term mortality.
For subgroup comparisons, the Dunn—Bonferroni post-hoc test was performed. Statistical power was evaluated using
Fisher’s exact test. Sensitivity analysis with interaction terms was conducted to assess mutually exclusive groups. When
contingency tables exceed the 2x2 format (eg, 2x3, 3%3) and the sample size is relatively small, the Fisher—Freeman—
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Halton exact test serves as a generalized extension of Fisher’s exact test, enabling exact inference for larger tables and
more complex hypotheses. All statistical tests were two-sided, with a significance level set at p < 0.05. Analyses were
performed using SPSS for Windows, version 22.0 (SPSS Institute Inc., Chicago, USA).

Results

At baseline, 545 patients having a median age (interquartile range) of 68.7 (52.8-80.7) years were 72.3% female. The
prevalence of SP alone was 15.6%, OP alone 23.1%, and both SP and OP 14.3%. Baseline characteristics of the
participants by SP and OP status are shown in Table 1. The mean age, gender, body mass index (BMI), body composition
with android to gynoid fat ratio, total tissue, total fat, total lean tissue, bone density, albumin, medications, ASMI, and

T-score significantly differed across all characteristics by SP and OP status.

Table | Characteristics of the Study Population by the Status of Sarcopenia and Osteoporosis at Baseline

Neither Sarcopenia nor Sarcopenia Alone Osteoporosis Both Sarcopenia and p value
Osteoporosis (n = 256) (n = 85) Alone (n = 126) Osteoporosis (n = 78)
Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Age (yrs) 63.7 (54.1-74.3) 69.5 (55.4-81.9) 74.5 (65.9-81.3) 76.1 (64.8-83.8) <0.001
<65, n (%) 139 (54.3) 39 (45.9) 29 (23.0) 20 (25.6)
65-74, n (%) 57 (22.3) 8 (9.4) 38 (30.2) 16 (20.5)
75-84, n (%) 54 (21.1) 28 (32.9) 51 (40.5) 27 (34.6)
> 85, n (%) 6 (2.3) 10 (11.8) 8 (6.3) 15 (19.2)
Gender, n (%) <0.001
Female 178 (69.5) 42 (49.4) 117 (92.9) 57 (73.1)
Male 78 (30.5) 43 (50.6) 9 (7.1) 21 (26.9)
ACCI 2.0 (1.0-4.0) 2.0 (0.5-4.0) 3.0 (1.04.0) 2.5 (1.0-5.0) 0.119
BMI (kg/m?) 25.0 (22.9-27.6) 20.6 (19.2-23.5) 23.8 (22.5-26.5) 204 (18.6-22.2) <0.001
Body composition
Android fat/Gynoid fat (A/G) ratio 1.1 (1.0-1.3) 1.0 (0.8-1.2) 1.1 (1.0-1.2) 1.0 (0.9-1.3) 0.002
Total tissue (kg) 62.7 (55.3-69.9) 50.8 (46.1-59.0) 52.9 (50.5-59.7) 48.2 (42.9-54.0) <0.001
Total fat (kg) 22.3 (18.3-27.1) 16.4 (14.2-20.7) 20.1 (16.8-23.9) 16.3 (13.1-19.9) <0.001
Total lean tissue (kg) 38.3 (34.6-44.6) 34.5 (30.3-40.8) 33.6 31.1-36.1) 30.7 (28.3-36.2) <0.001
ASMI (kg/m?) 6.8 (6.0-7.6) 5.3 (5.1-6.4) 6.1 (5.7-6.6) 5.3 (4.9-54) <0.001
Bone density
BMD, L-spine 1.113 (0.997-1.249) 1.118 (0.970-1.238) 0.864 (0.813-0.979) 0.905 (0.762-1.005) <0.001
BMD, left femoral neck 0.830 (0.754-0.912) 0.817 (0.760-0.918) 0.659 (0.602-0.696) 0.606 (0.552-0.675) <0.001
BMD, right femoral neck 0.831 (0.767-0.918) 0.840 (0.764-0.916) 0.651 (0.605-0.689) 0.634 (0.558-0.669) <0.001
T-score —1.5 (-2.1- -0.4) -1.3 (-2.0--0.5) -3.0 (-3.5--27) -3.3(-3.8--298) <0.001
Fracture, n (%) 26 (10.2) 782 30 (23.8) 17 (21.8) <0.001
Femur 19 (73.1) 6 (85.7) 13 (43.3) 10 (58.8) 0.072
Radius 2(7.7) 1(143) 3 (10.0) 1(5.9) 0.887
Spine 11 (42.3) 1(143) 26 (86.7) 9 (52.9) <0.001
Laboratory data
Vitamin D (ng/mL) 259 (21.7-323) 31.4 (21.2-49.5) 29.8 (20.7-34.4) 35.4 (24.3-52.0) 0.278
Creatinine (mg/dL) 0.8 (0.7-1.0) 0.9 (0.7-1.2) 0.9 (0.7-1.1) 0.8 (0.7-1.0) 0.180
i-PTH (pg/mL) 69.5 (38.6—117.4) 46.2 (25.3-136.5) 57.6 (39.0-107.0) 60.7 (41.3-96.8) 0.740
Albumin (g/dL) 4.3 (4.1-4.5) 4.2 (3.84.5) 4.2 (3.945) 4.3 (3.94.5) 0.015
ALP (u/L) 81.0 (66.0-106.0) 93.0 (62.0-113.0) 95.0 (73.5-119.5) 94.0 (67.0-108.0) 0218
Medication, n (%) 26 (10.2) 7 (82) 60 (47.6) 34 (43.6) <0.001
Number of medications 1.0 (1.0-1.3) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.565
Denosumab, n (%) 10 (38.5) 1 (143) 41 (68.3) 19 (55.9) 0.007
Romosozumab, n (%) 0 (0) 0(0) 2(33) 1(2.9) 1.000
Fosamax, n (%) 7 (26.9) 4 (57.1) 5(83) 4(11.8) 0.005
Raloxifene, n (%) 9 (34.6) I (14.3) 13 (21.7) 5(14.7) 0.295
Teriparatide, n (%) 4 (15.4) I (14.3) 10 (16.7) 8 (23.5) 0.860
(Continued)
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Table | (Continued).

Neither Sarcopenia nor Sarcopenia Alone Osteoporosis Both Sarcopenia and p value
Osteoporosis (n = 256) (n = 85) Alone (n = 126) Osteoporosis (n = 78)
Median (IQR) Median (IQR) Median (IQR) Median (IQR)
Zoledronic, n (%) 2(7.7) 0(0) 1 (1.7) 5(14.7) 0.067
Ibandronate, n (%) 0 (0) 0(0) 1 (1.7) 1(2.9) 1.000

Abbreviations: ACCI, age-adjusted Charlson comorbidity index; BMI, body mass index; ASMI, appendicular skeletal muscle index; BMD, bone mineral density; i-PTH, intact
parathyroid hormone; ALP, alkaline phosphatase.

When combining patients with sarcopenia, with or without osteoporosis, they were found to be older, predominantly
male (39.3%), and exhibited significantly lower BMI (20.5 kg/m?), total tissue, total fat, and total lean tissue compared to
the other groups. The appendicular skeletal muscle mass index (ASMI) was significantly lower in this group than in those
with osteoporosis alone or with neither condition (p <0.001).

In contrast, the osteoporosis-alone group had a significantly higher proportion of females (92.9%) compared to the
other groups (p <0.001). Medication use was also more prevalent in the osteoporosis-alone group (47.6%) (p <0.001).
Moreover, bone mineral density (BMD) of the lumbar spine and femoral neck (both left and right) was significantly
lower in the osteoporosis-alone group than in the sarcopenia with/without osteoporosis group (p <0.001). T-scores were
significantly reduced in both the osteoporosis-alone and sarcopenia with/without osteoporosis groups (p <0.001; Table 2).

When combining patients with osteoporosis, with or without sarcopenia, they were also older, predominantly female
(85.3%), and had significantly lower BMD of the lumbar spine and both femoral necks compared to the other groups.

ASMI was significantly lower in the sarcopenia-alone group than in the osteoporosis with/without sarcopenia and control

Table 2 Comparative Analysis of Clinical Parameters and Data From Dual-Energy X-Ray Absorptiometry Across Different Sarcopenia
and Osteoporosis Groups

Neither Sarcopenia nor Osteoporosis Alone Sarcopenia With/ p value Dunn-Bonferroni post-
Osteoporosis (n = 126)? Without Osteoporosis hoc Test
(n = 256)' (n=163)°
Median (IQR) Median (IQR) Median (IQR) lvs2 lvs3 2vs3
Age (yrs) 63.7 (54.1-74.3) 74.5 (65.9-81.3) 73.9 (60.3-82.7) <0.001 <0.001 <0.001 1.000
<65, n (%) 139 (54.3) 29 (23.0) 59 (36.2) <0.001 <0.001 <0.001 | <0.00I
65-74, n (%) 57 (22.3) 38 (30.2) 24 (14.7)
75-84, n (%) 54 Q1.1) 51 (40.5) 55 (33.7)
> 85, n (%) 6 (2.3) 8 (6.3) 25 (15.3)
Gender, n (%) <0.001 <0.001 0.072 <0.001
Female 178 (69.5) 17 (92.9) 99 (60.7)
Male 78 (30.5) 9 7.1) 64 (39.3)
ACCI 2.0 (1.0-4.0) 3.0 (1.0-4.0) 2.0 (1.0-4.0) 0.104
BMI (kg/m?) 25.0 (22.9-27.6) 238 (22.5-26.5) 20.5 (19.0-22.9) <0.001 0.124 <0.001 | <0.00I
Body composition
Android fat/Gynoid fat (A/G) ratio 1.1 (1.0-1.3) 1.1 (1.0-1.2) 1.0 (0.8-1.2) 0.001 0.114 0.001 0.68I1
Total tissue (kg) 62.7 (55.3-69.9) 52.9 (50.5-59.7) 49.9 (44.0-57.8) <0.001 <0.001 <0.001 0.004
Total fat (kg) 22.3 (18.3-27.1) 20.1 (16.8-23.9) 16.3 (14.0-20.5) <0.001 0.012 <0.001 | <0.00I
Total lean tissue (kg) 383 (34.6-44.6) 336 31.1-36.1) 319 (29.4-38.9) <0.001 <0.001 <0.001 1.000
ASMI (kg/m?) 6.8 (6.0-7.6) 6.1 (5.7-6.6) 53 (5.0-6.1) <0.001 <0.001 <0.001 | <0.00I
BMD, L-spine 1113 (0.997-1.249) 0.864 (0.813-0.979) 0.982 (0.887-1.14) <0.001 <0.001 | <0.001 | <0.00I
BMD, left femoral neck 0.830 (0.754-0.912) 0.659 (0.602-0.696) 0713 (0.606-0.819) <0.001 <0.001 | <0.001 | <0.00I
BMD, right femoral neck 0.831 (0.767-0.918) 0.651 (0.605-0.689) 0.711 (0.634-0.855) <0.001 <0.001 | <0.001 | <0.00I
(Continued)
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Table 2 (Continued).

Neither Sarcopenia nor Osteoporosis Alone Sarcopenia With/ p value Dunn-Bonferroni post-
Osteoporosis (n = 126)? Without Osteoporosis hoc Test
(n = 256)' (n = 163)°
Median (IQR) Median (IQR) Median (IQR) lvs2 lvs3 2vs3
T-score -1.5 (-2.1--04) -3.0 (-35--27) -2.5 (-33--12) <0.001 <0.001 | <0.001 | <0.00I
Fracture, n (%) 26 (10.2) 30 (23.8) 24 (14.7) 0.002 0.002 0.167 o.101
Femur 19 (73.1) 13 (43.3) 16 (66.7) 0.056
Radius 2 (7.7) 3 (10.0) 2 83) 1.000
Spine il (42.3) 26 (86.7) 10 41.7) <0.001 0.002 1.000 0.002
Laboratory data
Vitamin D (ng/mL) 25.9 (21.7-323) 29.8 (20.7-34.4) 33.1 (23.4-49.5) 0.196
Creatinine (mg/dL) 0.8 (0.7-1.0) 0.9 0.7-1.1) 0.9 0.7-1.1) 0.703
i-PTH (pg/mL) 69.5 (38.6-117.4) 57.6 (39.0-107.0) 523 (30.0-113.8) 0613
Albumin (g/dL) 43 (4.1-4.5) 42 (3.9-4.5) 42 (3.84.5) 0.006 0.062 0.013 1.000
ALP (u/L) 81.0 (66.0—106.0) 95.0 (73.5-119.5) 93.0 (63.8-119.0) 0.114
Medication, n (%) 26 (10.2) 60 (47.6) 41 (25.2) <0.001 <0.001 | <0.001 | <0.00I
Number of medications 1.0 (1.0-1.3) 1.0 (1.0-1.0) 1.0 (1.0-1.0) 0.835
Denosumab, n (%) 10 (38.5) 41 (68.3) 20 (48.8) 0.020 0.048 0.458 0.094
Romosozumab, n (%) 0 0) 2 (3.3) | 2.4) 1.000
Fosamax, n (%) 7 (26.9) 5 (8.3) 8 (19.5) 0.068
Raloxifene, n (%) 9 (34.6) 13 (21.7) 6 (14.6) 0.157
Teriparatide, n (%) 4 (15.4) 10 (16.7) 9 (22.0) 0.733
Zoledronic, n (%) 2 @7 I (1.7) 5 (122) 0.069
Ibandronate, n (%) 0 0) | (1.7) | 2.4) 1.000

Abbreviations: ACCI, age-adjusted Charlson comorbidity index; BMI, body mass index; ASMI, appendicular skeletal muscle index; BMD, bone mineral density; i-PTH, intact
parathyroid hormone; ALP, Alkaline phosphatase.

groups (p <0.001). A higher proportion of individuals in the osteoporosis with/without sarcopenia group were on
medication (46.1%) compared to other groups (p <0.001). T-scores were significantly lower in this group as well
(p <0.001; Table S1).

After median 0.7 (interquartile range = 0.2—1.4) years of follow-up, 24 patients had died. The mortality of the group
“neither SP nor OP” was 8.3%, compared with 29.2% for the group with SP alone, 37.5% for the group with OP alone,
and 25.0% for both SP and OP (p <0.001). Comparisons between survivors and deceased participants with different SP
and OP statuses are shown in Table S2. Given the lower mortality number in a short follow up time, we further used
Fisher’s exact test to conduct a post-hoc power calculation for survival status in relation to the sarcopenia. The estimated
power (1-f error probability) was 0.6787769 (68%). Second, for osteoporosis, the post-hoc power for survival status was
0.7076415 (71%) (Table S3). Overall, our findings suggest that the number of deaths (events) was insufficient to achieve
adequate statistical power, although true associations may exist. In addition, from the results of Table S2, it can be seen
that the 24 deceased patients were older and had poorer bone and muscle status. According to the medication data, all of
the deceased had received denosumab treatment for osteoporosis, indicating that they belonged to a high-risk group. The
relatively short observation period (median follow-up of only 0.7 years) was mainly due to the fact that 382 of the 545
patients (about 70%) were enrolled later and therefore had less than one year of follow-up. Although patient enrollment
began in 2018 and ended on February 29, 2024, the majority of cases (71%) were recruited after 2023, resulting in an
overall short observation period that limited the ability to capture long-term outcomes. Besides, denosumab was analyzed
separately (regardless of concomitant use of other medications). Whether adjusting for denosumab alone or additionally
for age and ACCI, the mortality risk remained higher in patients with sarcopenia. This pattern was more evident in the
group without denosumab use, as reflected in the data distribution (Table S4).

In the unadjusted Cox proportional hazards regression model, older age, higher age-adjusted Charlson Comorbidity
Index (ACCI), sarcopenia, and osteoporosis were all significantly associated with increased risk of all-cause mortality.
Specifically, the crude hazard ratio (HR) for mortality was 10.72 for sarcopenia alone (95% CI: 2.23-51.64, p = 0.003),
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7.52 for osteoporosis alone (95% CI: 1.62-34.91, p = 0.010), and 8.74 for the combination of sarcopenia and
osteoporosis (95% CI: 1.76-43.36, p = 0.008), when compared to individuals without either condition (Table 3).

After adjusting for age and ACCI, sarcopenia with or without osteoporosis (SP+OP) remained significantly associated
with the highest risk of mortality (HR: 7.34; 95% CI: 1.47-36.75; p = 0.015), followed by osteoporosis alone (HR: 3.99;
95% CI: 0.83—19.30), relative to the reference group without sarcopenia and osteoporosis (Table 3).

In an alternative grouping approach, after similar adjustments, sarcopenia alone was associated with the highest HR
for mortality (HR: 7.34; 95% CI: 1.47-36.75), followed by osteoporosis with or without sarcopenia (HR: 3.99; 95% CI:
0.83-19.30), compared to those without either condition (Table 3). Moreover, since the patients in Table 3 were already
divided into four categories—neither sarcopenia nor osteoporosis, sarcopenia alone, osteoporosis alone, and both
sarcopenia and osteoporosis—the interaction term analysis did not yield meaningful results. In addition, the interaction
terms for groups 2 and 3 in Table 3 were not statistically significant.

Kaplan-Meier survival curves demonstrate that, within the first 36 months, individuals without sarcopenia or
osteoporosis exhibit the highest survival rates, followed by those with osteoporosis alone. The lowest survival is
observed among individuals with sarcopenia, irrespective of concurrent osteoporosis (p <0.001; Figure 2a). In an
alternative grouping approach, individuals with sarcopenia alone show the poorest survival outcomes when compared
to those without either condition and those with osteoporosis, with or without sarcopenia (Figure 2b). Although the “SP
+OP” group had the lowest survival rate (92.4%), post-hoc pairwise comparisons showed no significant difference
between “SP+OP” (92.4%) and the next lowest group, “OP alone” (96.8%). A similar pattern was observed in Figure 2b:
while overall survival differed among the three groups, the difference was mainly driven by the highest-survival group
compared with the other two, as no significant difference was found between the second and lowest groups (Table S5).

Table 3 Cox Regression Analysis for All-Cause Mortality in Patients With or Without Sarcopenia and Osteoporosis

Simple Model Multiple Model | Multiple Model 2 Multiple Model 3
HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value HR (95% CI) p Value

Group |

Neither SP nor OP 1.00 1.00

SP alone 10.72 (2.23-51.64) 0.003 7.34 (1.47-36.75) 0.015

OP alone 7.52 (1.62-34.91) 0.010 3.99 (0.83-19.30) 0.085

Both SP and OP 8.74 (1.76-43.36) 0.008 3.94 (0.74-20.88) 0.107
Group 2

Neither SP nor OP 1.00 1.00

OP alone 7.53 (1.62-34.95) 0.010 3.99 (0.83-19.30) 0.085

SP with/without OP 9.71 (2.19-43.04) 0.003 7.34 (1.47-36.75) 0.015
Group 3

Neither SP nor OP 1.00 1.00

SP alone 10.72 (2.23-51.63) 0.003 7.34 (1.47-36.75) 0.015

OP with/without SP 7.97 (1.82-34.92) 0.006 3.99 (0.83-19.30) 0.085
Age 1.08 (1.04-1.13) <0.001 1.06 (1.01-1.10) 0.011 1.06 (1.01-1.10) 0.011 1.06 (1.01-1.10) 0.011
Male vs Female 1.69 (0.72-3.99) 0.228
BMI (kg/m?) 1.02 (0.93-1.12) 0.661
ACCI 1.28 (1.08-1.50) 0.003 1.21 (1.03-1.42) 0.020 1.21 (1.03-1.42) 0.020 1.21 (1.03-1.42) 0.020
With medication 1.73 (0.76-3.93) 0.194
Sarcopenia 2.83 (1.26-6.32) 0.011
Osteoporosis 2.35 (1.03-5.40) 0.043
Fracture 1.07 (0.32-3.62) 0912
Interaction terms (SPXOP) 0.54 (0.18-1.62) 0.271 0.99 (0.35-2.81) 0.981
Denosumab 3.46 (1.51-7.91) 0.003

Abbreviations: SP, sarcopenia; OP, osteoporosis; HR, hazard ratio; Cl, confidence interval; BMI, body mass index; ACCI, age-adjusted Charlson comorbidity index; ASMI,

appendicular skeletal muscle index.
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Figure 2 (a) Kaplan-Meier Plot based on categorization as neither sarcopenia nor osteoporosis, osteoporosis alone, and sarcopenia with/without osteoporosis at baseline.
Pairwise Comparisons: osteoporosis alone versus neither sarcopenia nor osteoporosis p <0.001, sarcopenia with/without osteoporosis versus osteoporosis alone p = 0.199,
and sarcopenia with/without osteoporosis versus neither sarcopenia nor osteoporosis p = 0.013. (b) Kaplan-Meier Plot based on categorization as neither sarcopenia nor
osteoporosis, sarcopenia alone, and osteoporosis with/without sarcopenia at baseline. Pairwise Comparisons: sarcopenia alone versus neither sarcopenia nor osteoporosis
p <0.001, osteoporosis with/without sarcopenia versus sarcopenia alone p = 0.199, and osteoporosis with/without sarcopenia versus neither sarcopenia nor osteoporosis
p =0.013.

Discussion

Advanced age, a high Charlson comorbidity index (ACCI), sarcopenia, and osteoporosis are all associated with increased
mortality risks in older adults. Research shows that sarcopenia poses the highest risk for all-cause mortality, even more so
than osteoporosis. Our analysis has confirmed that individuals with sarcopenia, regardless of whether they have
osteoporosis, experience the highest risk. Factors such as older age, male gender, and low body mass index (BMI)
further increase this vulnerability. Post-hoc analysis of our cohort revealed that these individuals often had low total
tissue, fat and lean mass, highlighting the complex nature of their mortality risk.

A meta-analysis performed by Shu et al revealed that individuals with sarcopenia had a significantly higher mortality
risk (HR: 1.82) when compared to those without.'? This finding underscores the importance of addressing sarcopenia as
a primary target in the health management of aging populations. Our study further reinforces this, demonstrating that
even when adjusted for the presence of osteoporosis, sarcopenia continues to exhibit the highest HR for mortality risk.
This indicates that muscle strength and mass may play a more critical role in predicting outcomes than bone density
alone.
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In our multivariable regression analysis, individuals with sarcopenia, regardless of the presence of osteoporosis,
displayed the highest HR for all-cause mortality. This aligns with findings from the available literature which emphasizes
that sarcopenic individuals often exhibit additional vulnerabilities, such as reduced functional capacity and increased
comorbidity, leading to higher mortality rates."?

Furthermore, our post-hoc analysis of this specific cohort identified additional risk factors: older age, male gender, low
body mass index (BMI), and low levels of total tissue, total fat and total lean tissue which were prevalent among those with
the highest mortality risk. These factors not only exacerbate the effects of sarcopenia and osteoporosis but also signal
a multifactorial risk profile. The interaction of low BMI and low muscle mass, particularly in older males, is noteworthy;
a cross-sectional study via the Korea National Health and Nutrition Examination survey highlighted that men are more
susceptible to sarcopenic obesity, which further complicates the clinical picture and increases mortality risk.'*

Additionally, the low total tissue and lean tissue measurements in our cohort may reflect not only the impact of
sarcopenia but also an underlying state of malnutrition or inadequate physical activity, both of which are prevalent in the
elderly. According to the Framingham Study Offspring Cohort, higher abdominal adiposity is associated with higher lean
muscle mass but lower muscle quality in middle to old age men and women.'® In turn, muscle-secreted inflammatory
cytokines may exacerbate adipose tissue atrophy, support chronic low-grade inflammation, and lead to irreversible
sarcopenia and even cachexia, known as the so called Metabaging Cycle.'® Additional evidence has suggested that
adequate nutrition and regular exercise were vital for both maintaining muscle mass and reducing mortality risk in older
populations. These findings suggest that healthcare providers must consider comprehensive assessments that include
muscle mass, nutritional status, and physical activity levels when evaluating older adults for potential interventions.

This study has some limitations. First, our study participants were recruited from a tertiary-hospital and thus tended to
have a multimorbid physical status with a high comorbidity burden (eg, ACCI > 2) at baseline, which may not be
generalized to healthier community-dwelling older adults. Second, this study had a relatively short follow-up period, so
future studies are still warranted in order to capture the trajectory of long-term outcomes. Nevertheless, despite the
limited statistical power, our findings suggest that sarcopenia is associated with a higher risk of mortality compared with
osteoporosis alone, osteoporosis with or without sarcopenia, and neither condition. With a longer follow-up and a greater
number of accumulated events, sarcopenia is likely to be confirmed as a significant independent risk factor for mortality.
Third, osteoporosis alone patients received significantly more treatment (47.6%) than sarcopenia with/without osteo-
porosis (25.2%) or controls (10.2%) (Table 2). This may bias mortality outcomes if medications reduce osteoporosis-
related deaths. However, stratified analyses by medication use showed that, in the non-medication group, patients with
sarcopenia with/without osteoporosis had a higher risk of mortality compared with controls (Table S6A), whereas
osteoporosis-alone patients did not show an increased risk compared with controls. In the medication group, osteoporosis
(OP)-alone patients did not have a higher risk of mortality compared with sarcopenia with/without osteoporosis patients
(HR: 2.05; 95% CI, 0.54-7.76) (Table S6C). Fourth, nutrition (albumin), mobility, and rehabilitation were important
covariates among patients with sarcopenia; however, these factors were not adjusted for in the multivariable models due
to missing data, which may have led to the omission of critical confounders. Fifth, only all-cause mortality was reported.
Differentiating specific causes of death (eg, infections, cardiovascular events, or re-fractures) would provide greater
clarity on the mechanisms linking sarcopenia to adverse outcomes.

In conclusion, our findings emphasize the critical role which sarcopenia may play in being a primary risk factor for
all-cause mortality in older individuals with a high ACCI. The multifactorial nature of mortality risk in this population
necessitates a holistic approach to care, encompassing physical, nutritional and medical management strategies. As the
global population ages, understanding these dynamics will be essential in developing effective interventions which can
enhance longevity and the quality of life in older adults.
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