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Abstract
Summary This study examined the effects of denosumab compared to bisphosphonates and vitamin D alone on muscle 
performance in patients with low BMD. While grip force improved in both the denosumab and bisphosphonate group, a 
superior increase in chair rising test force was observed in the denosumab group.
Introduction The aim of this study was to investigate the effect of the anti-resorptive agent denosumab (Dmab) on upper 
and lower limb muscle performance compared to bisphosphonate (BP) treatment and vitamin D supplementation alone (i.e., 
basic therapy) in patients with low BMD.
Methods This retrospective, propensity score-matched (sex, age, BMI, follow-up time) cohort study included 150 osteopenic 
or osteoporotic patients receiving basic (n = 60), BP (n = 30) or Dmab (n = 60) therapy. All patients underwent a musculo-
skeletal assessment at baseline and follow-up, including DXA, laboratory bone metabolism parameters, grip force, and chair 
rising test mechanography. Mean annual percentage changes were calculated and compared between study groups.
Results After a mean follow-up period of 17.6 ± 9.0 months, a significantly higher increase in grip force in both the 
Dmab (p < 0.001) and BP group (p = 0.001) compared to the vitamin D group was observed (vitamin D =  − 6.1 ± 10.2%; 
BP =  + 0.8 ± 8.2%; Dmab =  + 5.1 ± 25.5%). The Dmab group showed a significantly higher increase in chair rising test force 
compared to the BP group (vitamin D =  + 5.8 ± 12.7%; BP =  + 0.9 ± 8.6%; Dmab =  + 8.2 ± 14.4%; Dmab vs. BP p = 0.03). 
Neither the changes in BMD nor in bone metabolic parameters were associated with changes in muscle performance.
Conclusion Dmab resulted in increased muscle strength in the upper and lower limbs, indicating systemic rather than site-
specific effects as compared to BP. Based on these findings, Dmab might be favored over other osteoporosis treatments in 
patients with low BMD and poor muscle strength.
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Introduction

The demographic trend is shifting towards an aging society, 
with musculoskeletal disorders contributing significantly to 
the global burden of disease [1–3]. Age-related processes 
comprise musculoskeletal deterioration leading to quanti-
tative and qualitative decline of both skeletal muscle and 
bone, defined by the terms sarcopenia and osteoporosis, 
respectively [4]. In line with the intrinsic coupling effects 
of muscle and bone tissue, the term osteosarcopenia has 
been proposed, mainly to improve identification of patients 
at high risk of fracture [5–7]. Both phenomena synergisti-
cally increase the risk of falls, fractures, frailty, and ulti-
mately mortality with advancing age [8]. While numerous 
pharmacological agents have been approved for osteoporo-
sis, sarcopenia is currently treated exclusively by lifestyle 
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modification. The treatment of elderly patients with multi-
factorial and progressive osteosarcopenia primarily includes 
preventive measures, using the synergistic effects of ade-
quate nutrition (i.e., calcium, vitamin D, creatine, and pro-
tein), physical exercise and balance training [9, 10].

The coupling between skeletal muscle and bone has long 
been considered to be primarily mechanical, but recent 
research suggests that muscle and bone tissues function as 
interacting secretory endocrine organs. By now, complex 
reciprocal interactions via myokines (e.g., myostatin [11], 
irisin [12]) and osteokines (e.g., osteocalcin [13], scle-
rostin[14]) have been discovered in the context of an exist-
ing muscle-bone crosstalk. In particular, the identification 
of the osteoprotegerin (OPG)/Receptor Activator of NF-κB 
Ligand (RANKL)/RANK pathway has been of major impor-
tance in this context [15]. RANK, the receptor for RANKL, 
is located on the surface of osteoclasts and their precursors, 
promotes osteoclast differentiation, function, and survival, 
and is antagonized by OPG, a competing soluble receptor. 
Pharmacological inhibition of RANK/RANKL signaling 
leads to impaired osteoclast precursor differentiation and 
impaired osteoclast function (i.e., bone resorption) [16]. 
Interestingly, RANK is also expressed in skeletal muscle and 
is involved in skeletal muscle function via the regulation of 
calcium storage [17]. In a mouse model of Duchenne mus-
cular dystrophy, inhibition of RANKL was shown to reduce 
muscle fiber damage and to preserve muscle integrity [18].

Regarding treatment effects, there is increasing evidence 
of potential beneficial effects on muscle strength by deno-
sumab (Dmab), a RANKL inhibitor approved as a first line 
treatment of osteoporosis [19–21]. However, the power of 
previous studies was limited to small cohorts, impeding dif-
ferentiation of specific effects. Therefore, the aim of this 
study was to investigate the effects of Dmab on muscle per-
formance in patients with low BMD, to compare potential 
changes with a cohort of patients treated with vitamin D 
alone (i.e., basic therapy) and with bisphosphonates (BP), 
and to outline skeletal and metabolic factors that may medi-
ate these effects.

Methods

Study design

Patients presenting to our outpatient clinic between January 
2010 and June 2021 were retrospectively reviewed. Inclusion 
criteria comprised at least two available appointments, 
each documenting a continuous treatment regimen (basic, 
BP, Dmab), dual energy X-ray absorptiometry (DXA) 
measurements, muscle function assessments of hand 
grip force and chair rising test force and time as well as 
laboratory parameters of bone. Propensity score-matching 

was applied for the basic and the Dmab group regarding sex 
distribution, age, BMI and follow-up time, thus enabling 
comparability and eliminating possible selection bias. 
This way, n = 60 patients each were included in the Dmab 
and basic therapy group. Subsequently, a third group of 
BP-treated patients was also included and matched to 
the basic therapy and Dmab group, resulting in a cohort 
auf n = 30 patients (total n = 150). Patients with both pre-
existing and newly initiated anti-resorptive medication were 
included. Vitamin D supplementation was provided in all 
patients prior to initiation of anti-resorptive treatment, which 
consisted of 1000–3000 IU daily or 20,000 IU weekly to 
normalize 25(OH)D3 levels (≥ 30 µg/L). The BP group 
consisted of patients treated with oral alendronate 70 mg 
weekly or i.v. ibandronate 3 mg every 3 months. Outcome 
variables were calculated as the annual percentage changes 
of DXA values, laboratory bone metabolism markers and 
muscle performance tests. Results are presented according to 
the STROBE guidelines for reporting observational studies 
[22].

DXA

Bone mineral density (BMD) was measured at the lumbar 
spine (L1–L4) and on both total hips using DXA (Lunar 
iDXA, GE Healthcare, Madison, WI, USA). T-scores 
expressing BMD standard deviations for young, sex-matched 
healthy adults were generated using the manufacturer’s 
software. DXA quality assurance was performed according 
to institutional standard operating procedures (SOPs) and 
through daily calibration scans with a specific phantom as 
recommended by the manufacturer.

Hand grip force

Hand grip force was measured during isotonic muscle con-
tractions using a Leonardo Mechanograph® GF (Leonardo 
software version 4.4, Novotec Medical GmbH, Pforzheim, 
Germany). Patients were instructed to sit on a chair and 
place the examination arm flat on the thigh. Six measure-
ments were taken, three with each arm, and the highest value 
of the six measurements was reported as hand grip force in 
kg.

Chair rising test

Chair rising test was performed using a ground reaction 
force platform (Leonardo Mechanograph® Ground Reaction 
Force Platform STD, Novotec Medical GmbH, Pforzheim, 
Germany) in conjunction with the supplied software (Leon-
ardo v4.4, Novotec Medical GmbH, Pforzheim, Germany) 
[23]. Patients were instructed to sit on a bench (45 cm), place 
their feet shoulder-width apart on the platform and cross 
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their arms over their bodies in front of their chests. From the 
seated position, patients were then asked to stand up and sit 
down again as quickly as possible for five repetitions. The 
time per stand-up cycle and the maximum stand-up force of 
both legs were calculated using the device.

Biochemical analysis

Serum laboratory parameters of bone metabolism including 
calcium, phosphate, alkaline phosphatase (ALP), bone-spe-
cific alkaline phosphatase (b-ALP), osteocalcin, parathyroid 
hormone (PTH) and 25-hydroxyvitamin D3 (25(OH)D3) as 
well as urinary deoxypyridinoline per creatinine (DPD/Crea) 
were measured at both baseline and follow-up.

Statistical analysis

Statistical analyses were performed using SPSS software 
version 27.0 (IBM Corp., Armonk, NY, USA). Quantitative 
characteristics are expressed as mean ± standard deviation 
(SD). The Kolmogorov–Smirnov test was applied to test 
normal distribution. To ensure comparability of the therapy 
groups, propensity score-matching was performed between 

the Dmab and the basic therapy group with respect to the 
parameters of sex, age, BMI, and follow-up time. Data were 
analyzed by analysis of variance (ANOVA) with post hoc 
analysis (Scheffé test). Paired t-tests were used to investi-
gate the differences in mean laboratory values between the 
appointments at baseline and follow-up measurements. Cor-
relation analyses were conducted using Pearson’s correlation 
to evaluate associations of changes in laboratory parameters, 
DXA measurements and changes in physical performance 
parameters. The significance level was set at p < 0.05.

Results

An overview of the baseline characteristics of the study pop-
ulation (n = 150 patients, 130 women, 20 men) is presented 
in Table 1. The study cohort consisted of postmenopausal 
women and men over 50 years of age who had DXA values 
in the range of osteoporosis or osteopenia. The mean fol-
low-up period was 17.6 ± 9.0 months (minimum 8 months, 
maximum 59 months). Propensity score-matching ensured 
that the basic therapy group and the Dmab group did not 
differ in sex, age, BMI, and follow-up time (all p > 0.05). 

Table 1  Baseline characteristics 
of the study population 
comparing the three treatment 
groups

Parameters from 150 osteopenic or osteoporotic patients (130 women, 20 men) include demographics as 
well as musculoskeletal assessment parameters comprising laboratory values, bone densitometry via DXA 
and muscle function tests via mechanography. All values were normally distributed. Bold indicates statisti-
cal significance (p < 0.05)

Parameter Basic  
(n = 60)

Bisphosphonate  
(n = 30)

Denosumab  
(n = 60)

p

Demographics
  Sex (f/m) 52/8 26/4 52/8 1
  Age (years) 68.0 (± 7.6) 66.0 (± 10.7) 68.9 (± 9.2) 0.359
  BMI (kg/m2) 24.7 (± 4.3) 24.8 (± 3.7) 24.8 (± 4.2) 0.983
  Follow-up time (months) 17.3 (± 7.6) 20.8 (± 8.9) 16.2 (± 10.1) 0.078

Laboratory values
  Calcium (mmol/L) 2.29 (± 0.11) 2.29 (± 0.14) 2.29 (± 0.09) 0.961
  Phosphate (mmol/L) 0.96 (± 0.16) 0.97 (± 0.18) 1.00 (± 0.18) 0.289
  25(OH)D3 (mg/L) 33.6 (± 11.4) 35.3 (± 10.9) 37.6 (± 10.3) 0.157
  PTH (ng/L) 77.5 (± 41.1) 80.0 (± 41.9) 63.3 (± 21.5) 0.038
  ALP (U/L) 82.1 (± 21.7) 88.3 (± 37.2) 69.3 (± 22.5) 0.002
  b-ALP (mg/L) 13.9 (± 6.1) 13.5 (± 8.8) 10.3 (± 4.7) 0.006
  Osteocalcin (mg/L) 21.2 (± 5.2) 21.2 (± 16.4) 14.7 (± 8.0) 0.001
  DPD/Crea (nmol/mmol) 6.5 (± 2.13) 8.7 (± 9.7) 6.5 (± 2.6) 0.126

DXA
  Femoral BMD (g/cm2) 0.819 (± 0.102) 0.781 (± 0.121) 0.788 (± 0.088) 0.143
  Femoral T-score -1.6 (± 0.8) -1.8 (± 0.9) -1.8 (± 0.7) 0.432
  Spinal BMD (g/cm2) 1.007 (± 0.174) 0.903 (± 0.130) 0.986 (± 0.185) 0.028
  Spinal T-score -1.6 (± 1.2) -2.3 (± 1.0) -1.7 (± 1.5) 0.070

Mechanography
  Grip force (kg) 27.4 (± 8.0) 25.7 (± 7.9) 24.8 (± 6.8) 0.268
  CRT time/cycle (s) 2.02 (± 0.69) 2.22 (± 0.86) 2.08 (± 0.72) 0.498
  CRT force max (kN) 1.21 (± 0.25) 1.01 (± 0.24) 1.09 (± 0.25) 0.001
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The BP group also did not differ in these parameters from 
both the basic therapy and Dmab group (all p > 0.05). Bio-
chemical mean values of serum calcium, phosphate, 25(OH)
D3 and DPD showed no significant differences between the 
treatment groups at baseline. Mean values of serum PTH 
(p = 0.038), ALP (p = 0.002), b-ALP (p = 0.006), and osteo-
calcin (p < 0.001) were different between the three groups. 
Post hoc analysis showed that these parameters were lower 
in the Dmab group compared to the basic group, whereas 
no differences were evident between the BP and the basic 
group. In all treatment groups, DXA measurements revealed 
low mean BMD values indicated by T-scores. While no sig-
nificant differences existed in femoral BMD or T-score, spi-
nal BMD but not T-score was slightly lower in the BP group 
(Table 1). Regarding muscle performance tests, mean hand 
grip force and CRT time/cycle were not significantly differ-
ent in all treatment groups. Mean CRT force was slightly 
higher in the basic group compared to both anti-resorptive 
treatment groups (basic vs. BP: p = 0.002; basic vs. Dmab: 
p = 0.025).

At follow-up, 25(OH)D3 levels increased signifi-
cantly in both the baseline group (p = 0.001) and the 
Dmab group (p < 0.001), whereas they remained con-
stant in the BP group (Fig. 1A). The mean annual per-
centage changes in both femoral and spinal BMD were 
higher in the Dmab and BP group and were signifi-
cantly higher compared to the basic group (mean femo-
ral BMD in %change/year: basic =  − 0.78% ± 2.12%; 
BP =  + 0.68% ± 2.54%; Dmab =  + 1.83% ± 2.66% and mean 
spinal BMD in %change/year: basic =  − 0.04% ± 2.70%; 
BP =  + 2.33% ± 4.79%; Dmab =  + 3.30% ± 4.36%) (Fig. 1B, 
C).

The mean annual percentage change in hand grip force 
demonstrated an increase in both anti-resorptive treatment 

groups and a decrease in the basic group (mean hand 
grip force in %change/year: basic =  − 6.05% ± 10.22%; 
BP =  + 0.78% ± 8.23%; Dmab =  + 5.14% ± 25.49%) 
(Fig. 2A). These changes were significantly higher in both 
the Dmab and BP groups compared to the basic group. The 
mean annual percentage change in CRT force was higher 
in the Dmab group compared to the BP group, with no 
significant differences between the other groups (mean 
CRT force in %change/year: basic =  + 5.82 ± 12.74%; 
BP =  + 0.95 ± 8.61%; Dmab =  + 8.20 ± 14.38%) (Fig. 2B). 
The mean annual percentage changes in CRT time showed 
no differences between the three study groups. (Fig. 2C).

To identify possible influencing factors of altered muscle per-
formance, the annual percentage changes in hand grip force and 
CRT force were correlated with the annual percentage changes 
in femoral and spinal BMD as well as the annual percentage 
changes in various bone metabolism markers. No significant 
correlations between the annual percentage changes in hand 
grip force/CRT force and femoral/spinal BMD could be detected 
(Fig. 3A, B), which also accounted for the individual treatment 
groups (Supplementary Fig. 1A–F). We also correlated the 
annual percentage changes in hand grip force and CRT force 
with bone metabolism markers, finding only one significant 
negative correlation between the annual percentage change in 
calcium levels and the annual percentage change in CRT force 
(r = -0.243; p = 0.006) (Fig. 3C–F, Supplementary Fig. 2).

Discussion

In addition to the established benefits of RANKL inhibition 
on bone mass and fracture risk in the context of osteoporo-
sis treatment, there is emerging evidence of its beneficial 
effects on skeletal muscle. Mechanistic aspects of RANKL 

Fig. 1  Serum 25-hydroxyvitamin D3 (25(OH)D3) levels and annual 
percentage changes in DXA results comparing the three treatment 
groups (basic vs. bisphosphonates (BP) vs. denosumab (Dmab)). 
(A) Mean serum 25(OH)D3 values at baseline (BL) and follow-up 

(FU). (B) Comparison of mean annual percentage changes in femoral 
BMD (in %change/year). (C) Comparison of mean annual percent-
age changes in spinal BMD (in %change/year). P-values are indicated 
above the boxplots
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inhibition and skeletal muscle function have previously been 
demonstrated in osteoporotic mice, in which improved mus-
cle performance was revealed following OPG and Dmab 
treatment [19]. However, detailed data in patients in larger 
cohorts with differentiation of site-specific effects and influ-
encing factors were hitherto not available. Therefore, the aim 
of our study was to investigate the effect of Dmab on upper 
and lower extremity muscle performance in elderly patients 
with low BMD in comparison to BP and basic therapy. We 
demonstrated in a cohort of 150 patients with low BMD 
that Dmab results in increased muscle strength in the upper 
and lower limbs, indicating systemic rather than site-specific 
effects as compared to BP. This improvement in muscle per-
formance did not appear to be associated with changes in 
bone mass or laboratory markers of bone metabolism.

To date, few animal and human studies have examined 
the relationship between Dmab and muscle function. Bon-
net et al. showed improvement in muscle function associ-
ated with increased muscle mass and decreased antimyo-
genic and inflammatory gene expression in mice as well 
as improved grip force in postmenopausal women treated 
with Dmab (n = 18) [19]. Phu et al. compared strength, bal-
ance, and physical performance in elderly patients receiv-
ing anti-resorptive therapy during a six-month observation 
period and found a significant increase in multidirectional 
mobility and a significant decrease in fear of falling with 
Dmab (n = 51) versus zoledronic acid (n = 28) [24]. Fur-
ther clinical results confirmed the positive effects of both 
Dmab (n = 15) and BP (n = 25) on skeletal muscle mass 
and function in elderly patients with hip fractures, with 
no significant differences between treatment groups [25]. 
More recently, Miedany et al. demonstrated a significantly 
lowered fall risk associated with improvement in physical 
performance and muscle strength under Dmab compared 

to BP treatment [21]. Importantly, Dmab discontinuation 
resulted in worsening of fall risk and muscle performance 
measures, supporting the hypothesis that Dmab affects 
bone and muscle tissue reciprocally, even concerning phar-
macotherapeutic rebound effects. Finally, a pooled analysis 
from five studies including postmenopausal women, men 
with osteoporosis as well as breast and prostate cancer 
patients, detected a significant decrease in falls compared 
to placebo, indicating a possible benefit on muscle strength 
and balance [26]. These collective data provide increasing 
evidence of potential beneficial effects of anti-resorptive 
agents on general muscle strength, but studies have largely 
been limited to small cohorts or are limited to observa-
tional aspects of fall risk.

To further investigate the potential beneficial effect of 
denosumab on muscle performance, we here assessed upper 
and lower limb muscle performance in 150 osteopenic or 
osteoporotic patients receiving basic therapy, bisphospho-
nates, or denosumab. In general, the results of our study are 
consistent with the literature. Interestingly however, both 
Dmab and BP were associated with improved hand grip 
force. Dmab additionally resulted in a significant increase 
in CRT force compared to BP, implying a systemic effect 
on both upper and lower limbs. Specifically, the positive 
effect of Dmab on CRT force (i.e., lower limb muscle per-
formance) may explain the decreased risk of falls reported 
in previous studies [26]. As a potential confounding factor, 
25(OH)D3 levels increased in the basic and Dmab group at 
follow-up, whereas they remained constant in the BP group. 
In this context, it is important to note that two meta-analyses 
revealed a modest positive effect of vitamin D supplemen-
tation on global muscle strength [27] and a positive effect 
on lower limb muscle strength alone [28]. Nonetheless, we 

Fig. 2  Annual percentage changes of upper and lower limb muscle 
performance comparing the three treatment groups (basic vs. bispho-
sphonates (BP) vs. denosumab (Dmab)). (A) Mean annual percentage 
changes in hand grip force (GF in %change/year). (B) Mean annual 

percentage changes in chair rising test (CRT) force in %change/year. 
(C) Mean annual percentage changes in CRT time in %change/year. 
P-values are indicated above the boxplots
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could not find an association between the changes of 25(OH)
D3 and muscle strength.

We additionally examined the relationship between 
changes in muscle performance and changes in BMD and 
laboratory markers of bone metabolism to further investigate 
possible influencing factors. We did not find associations 
regarding changes in femoral or spinal BMD, 25(OH)D3, 
or bone remodeling parameters. Notably, while a potential 
impact of excessive bone resorption on muscle function was 
previously discussed [29], a negative association between 
serum bone resorption marker C-terminal telopeptide 
(CTX) and lower limb muscle strength has been reported 
[30]. Here, we evaluated treatment-related changes rather 
than cross-sectional data, which could explain these poten-
tially conflicting results. Furthermore, we assessed urinary 
DPD instead of serum CTX. The relevance of the detected 

negative linear association between changes in serum cal-
cium levels and CRT force remains questionable, but it is 
possible that lower serum calcium as a result of the anti-
resorptive treatment may affect muscle function. While nei-
ther marked hypo- nor hypercalcemia were observed in our 
patients, both conditions are associated with loss of muscle 
function (muscle tetany and muscle atony, respectively) [31].

There are limitations of our study that need to be mentioned. 
The retrospective and observational study design exposes poten-
tial weaknesses regarding comparability of treatment groups, as 
denosumab is generally used in patients at higher risk of fracture. 
Propensity score-matching was one way to minimize this source 
of error. In addition, some of the patients were already on anti-
resorptive treatment prior to the baseline assessment, which may 
mask the validity on possible time-specific effects. Finally, the 
small sample must be acknowledged as a clear limitation of our 

Fig. 3  Associations between mean annual percentage changes in 
muscle performance measures and DXA/laboratory results for the 
entire study cohort. (A) Correlation between mean annual percentage 
changes in chair rising test (CRT) force/grip force (GF) and femoral 
BMD. (B) Correlation between mean annual percentage changes in 
chair rising test (CRT) force/grip force (GF) and spinal BMD. (C) 
Correlation between mean annual percentage changes in chair ris-
ing test (CRT) force/grip force (GF) and serum calcium. (D) Corre-
lation between mean annual percentage changes in chair rising test 

(CRT) force/grip force (GF) and vitamin D (25(OH)D3). (E) Cor-
relation between mean annual percentage changes in chair rising test 
(CRT) force/grip force (GF) and bone-specific alkaline phosphatase 
(b-ALP). (F) Correlation between mean annual percentage changes in 
chair rising test (CRT) force/grip force (GF) and urinary deoxypyri-
dinoline per creatinine (DPD/Crea). Linear correlation analysis 
was performed in all panels. Bold indicates statistical significance 
(p < 0.05)
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study. Nonetheless, our results may provide further motivation 
to investigate the effect of RANKL inhibition by denosumab on 
muscle performance by means of randomized-controlled trials. 
Of note, there are other examples in musculoskeletal research in 
which randomized controlled trials have confirmed the results 
of smaller observational studies related to repurposing of bone-
specific drugs, including the finding that bisphosphonates are 
effective for painful bone marrow lesions [32, 33].

In conclusion, our results suggest that Dmab has a supe-
rior effect on muscle strength compared to BP, likely not 
directly related to its effects on the skeleton. Therefore, 
Dmab might be preferred in patients with osteosarcopenia to 
improve muscle performance and to limit fall risk. Prospec-
tive studies are now needed to validate our results. Further 
investigation of muscle-bone crosstalk and, in particular, the 
OPG/RANKL/RANK pathway is needed to elucidate how 
Dmab affects skeletal muscle tissue.
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tary material available at https:// doi. org/ 10. 1007/ s00198- 022- 06470-3.
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