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Abstract Muscle and bone are in constant interaction.
With aging, there is a progressive decline in muscle mass,
known as sarcopenia, as well as in bone mass, which is
known as osteopenia/osteoporosis. Sarcopenia and osteo-
porosis increase the risk of suffering falls and fractures,
respectively. In fact, the simultaneous occurrence of oste-
oporosis and sarcopenia has been observed in a subset of
frailer individuals at higher risk of disability, falls and
fractures. However, the particular clinical outcomes that
are unique to the sarco-osteoporotic patients remain
unknown. In this review, we propose a common mecha-
nism of sarco-osteoporosis and summarize those clinical
and biochemical features that are prevalent in sarco-oste-
oporotic subjects. We expect that by describing a set of
biological, clinical and functional characteristics that are
associated with sarco-osteoporosis, this information could
be used to inform the design of future trials and to develop
interventions for this particular syndrome.
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Introduction

Falls and fractures affect older adults around the world and
are associated with devastating complications that impair
their well-being and quality of life. Falls have been asso-
ciated with multiple risk factors including sarcopenia [1,
2], which is defined as the “age-associated loss of skeletal
muscle mass and function” [3] and is considered as one of
the most important determinants of fall risk in older per-
sons. In contrast, among the risk factors for fractures, age
and low bone mineral density (BMD) are considered the
major determinants of fracture risk in older persons [4].
Interestingly, both falls and fractures share several risk
factors (Table 1), thus indicating that these two entities are
not only age-related but also share similar pathophysiology
and possibly related diagnostic and therapeutic approach.

In fact, analysis of the pathophysiological pathways of
sarcopenia and osteoporosis reveals several similarities [1, 5,
6]. Both conditions are age-related, are multifactorial and are
characterized by progressive loss of tissue mass. Addition-
ally, physical inactivity and poor nutrition accelerate the
progression of both conditions [1, 3]. Despite these simi-
larities, most diagnostic and therapeutic interventions to date
target these conditions separately.

In this review, we will summarize the current state of
knowledge about common pathophysiology and clinical
outcomes in sarcopenia and osteoporosis. Additionally, we
will discuss the benefits and limitations of potential diag-
nostic methods for both conditions. Finally, we will discuss
diagnostic and therapeutic interventions that pose promis-
ing opportunities to improve clinical outcomes for both
conditions. We expect that by linking osteoporosis and
sarcopenia, the clinicians will be able to effectively iden-
tify patients at high risk and thus prevent both falls and
fractures in our increasingly aging population.
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Sarcopenia, Osteoporosis and Sarco-osteoporosis:
Different entities or Just a Continuum?

Sarcopenia

Although sarcopenia was originally defined as an age-
related reduction in muscle mass, strength and power [7]-
specific clinical criteria for sarcopenia remained undefined.
Recently, the European Working Group on Sarcopenia in
Older People (EWGSOP) defined it as “a syndrome char-
acterized by progressive and generalized loss of skeletal
muscle mass and strength with a risk of adverse outcomes”
[3]. This clinical definition involves not only the assess-
ment of muscle mass but also the assessment of strength
and functional performance, which are described in Fig. 1.

In terms of its pathophysiology, sarcopenia has been
associated with accelerated loss of fast motor units, loss

Table 1 Shared risk factors for falls and fractures in older persons

Age

Gender: Female
Sarcopenia

Vitamin D insufficiency
Hyperparathyroidism
Hypogonadism in men
High alcohol intake
Cognitive impairment
Menopause

Rheumatoid arthritis

Fig. 1 Suggested algorithm for
the diagnosis of sarcopenia
(adapted from Cruz-Jentoff

et al. [3])
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and atrophy of type II fibers and adaptive conversion of
fiber II into fiber I [8]. In addition, sarcopenic patients
show a significant amount of inter- and intra-fiber fat
infiltration [6, 9] and high levels of circulating inflamma-
tory cytokines [10].

Osteopenia/Osteoporosis

Osteopenia and osteoporosis are skeletal conditions associ-
ated with progressive bone loss induced by high levels of
bone resorption by the osteoclasts and/or low levels of bone
formation by the osteoblasts [11]. The differentiation
between osteopenia and osteoporosis was established by the
World Health Organization (WHO) densitometry criteria
[12] in which a BMD between —1.0 and —2.5 SD is con-
sidered as osteopenia, whereas a bone density <—2.5 SD is
diagnostic of osteoporosis.

Although BMD by dual-energy X-ray absorptiometry
(DXA) is still considered as the gold standard for the
diagnosis of osteopenia and osteoporosis, its predictive
value for fracture risk in normal BMD and osteopenic
patients is less accurate than in osteoporotic patients.
Therefore, it has been proposed that in order to identify
fracture risk, fracture risk assessment tools such as the
fracture risk assessment tool (FRAX) [13] and the Garvan
fracture risk assessment tool [14] could have a better
accuracy in predicting fractures than an isolated BMD by
DXA [15].

In terms of its pathophysiology, increasing levels of bone
resorption could be induced by several risk factors including
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menopause, use of corticosteroids, hyperparathyroidism or
inflammatory arthritis [11]. In contrast, although low bone
formation could also be induced by corticosteroids, other
factors that affect bone formation include vitamin D defi-
ciency and increasing fat infiltration within the bone marrow
[16]. As in sarcopenia, osteoporotic patients have increasing
serum concentrations of inflammatory cytokines, predomi-
nantly interleukin-6 (IL-6) and tumor necrosis factor alpha
(TNFo) [17].

Sarco-Osteoporosis

Recently, it has been proposed that there is a subgroup of older
persons presenting with the concurrent clinical criteria for
both sarcopenia and osteopenia/osteoporosis. These patients
could be at a higher risk for poor outcomes such as falls,
fractures, hospitalization, frailty and death [18]. Although the
clinical and biological characteristics of these patients remain
unknown, there is enough evidence to suggest that patients
presenting with both entities would have a combination of risk
factors, pathophysiology and clinical outcomes that predis-
pose them to higher risk of falls and fractures.

In terms of a common pathophysiology, apart from age,
there are risk factors associated with both sarcopenia and
osteoporosis including fat infiltration of muscle and bone,
which was demonstrated in an animal model of sarco-osteo-
penia [6]. Other risk factors include low levels of vitamin D
associated with high levels of parathyroid hormone (PTH),
low levels of anabolic hormones in men and menopause in
women, use of corticosteroids, malnutrition, disuse and frailty
[19]. In addition, from the biological point of view, both
entities are associated with high levels of circulating inflam-
matory cytokines, which are most likely secreted by both
marrow and body fat in a process known as lipotoxicity [17].

In fact, sarco-osteoporotic patients could be classified as
a subgroup of high-risk patients that share risk factors and
biological features for both sarcopenia and osteoporosis
(Table 2). Whether patients start their decline as sarcope-
nic and then become osteoporotic or vice versa still
remains unknown. In addition, since it is expected that poor
outcomes are more frequent in this subgroup, appropriate
identification of clinical outcomes and development of
reliable and robust biomarkers are highly needed in this
particular population.

Assessment for Sarco-Osteoporosis and Sarco-
Osteopenia: A Proposed Framework (Table 3)
Image Analysis of Muscle and Bone Mass

According to EWGSOP (Fig. 1) [3], sarcopenia could be
diagnosed based on three measures: (1) loss of muscle

@ Springer

Table 2 Common biological features in sarco-osteoporotic patients

Decrease structural strength
Decrease tissue mass
Increased fat infiltration

High levels of inflammatory cytokines (i.e., TNFo, IL-6)

Table 3 Proposed diagnostic framework for sarco-osteoporosis

Risk identification

Garvan assessment tool (which includes previous history of falls)
Clinical parameters

Grip strength: <20 kg in women and <30 kg in men

Gait velocity: <0.8 m/sec
Imaging

BMD and muscle mass by DXA

Fat tissue infiltration quantified by analysis of CT images (mid-
thigh)

Biomarkers
Serum vitamin D
Serum PTH
Circulating inflammatory cytokines: IL-6, TNFo

mass combined with, (2) decreased strength and/or (3) poor
physical performance. Since muscle strength and physical
performance are variables that only relate to muscle and
not to bone mass, we will focus this section on the quan-
tification of tissue mass by image analysis as the most
feasible and reliable methods of diagnosing sarco-
0steoporosis.

Muscle mass could be indirectly measured by DXA,
bioelectrical impedance, magnetic resonance imaging
(MRI) and CT scan [20]. Each of these methods has its
strengths and limitations, which have been reviewed else-
where [21] and are also described in detail in another
chapter of this special issue. In terms of practicality, DXA
seems to be the most widely accepted due to its low cost,
low radiation levels and easy interpretation of the results.
However, body composition analysis by DXA has major
limitations since it remains unclear what would be the best
region of interest (ROI) that should be used when assessing
patients for sarcopenia and also because the results could
vary according to body water content and positioning
issues [21].

When comparing these indirect methods to measure
muscle mass, and in the context of sarco-osteoporosis and
sarco-osteopenia, the optimal method should allow us to
accurately measure muscle and bone mass together with
the quantification of fat infiltration within these tissues. In
the case of DXA, it measures fat and lean mass and bone
mineral content but is unable to accurately calculate the
levels of fat infiltration within. Other methods have similar
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Fig. 2 Noninvasive quantification of fat infiltration in muscle and
bone in a mouse model of sarco-osteopenia. Muscle, bone, marrow fat
and inter-myofiber fat volumes were highlighted (upper panels) and
quantified (lower panels) in micro-CT sections of the contralateral
mid-thigh using Slice-O-Matic image analysis software. In Lmna ™"~
mice, there is progressive thinning of cortical bone (blue), muscle

limitations; For instance, although CT scan measures bone
mass, its accuracy to measure fat infiltration is limited and
requires the use of some complex algorithms [22]. MRI
measures bone density and is considered the gold standard
to quantify marrow fat composition but has multiple con-
traindications and is less accurate when measuring fat
infiltration within the muscle fibers [23]. Overall, although
all these imaging methods have been validated to measure
bone mass, their reliability and validity to measure marrow
and muscle fat remain unexplored in well-designed human
studies; therefore, their use in the diagnosis of sarco-oste-
oporosis is expected to be limited by cost, radiation and
particular methodological issues.

Recently, we reported a new reliable method to quantify
levels of fat infiltration in muscle and bone. This method,
which was initially validated in rats [24], could be used to
measure bone and fat volumes in small ROI of CT scan images
of proximal femur and mid-thigh [6, 24] (Fig. 2). Although
further human studies are still required, our evidence suggests
that this is a reliable and safe method to perform image ana-
lysis of muscle and bone including quantification of their fat
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atrophy (red) and “marbling” of the muscle, with significant
infiltration of inter-myofiber fat (yellow). Note the comparable red
bone marrow volume (green) in the three groups. (¥p < 0.001,
Lmna™’~ vs. Lmna™" mice; *p < 0.001, Lmna™ " vs. Lmna™~ mice)
(adapted from Tong et al. [6]) (Color figure online)

volumes, which is expected to have some importance in
clinical practice.

Serological Assessment of Sarco-Osteopenic Patients

In the absence of a robust biomarker for sarco-osteoporo-
sis, we propose using a set of indirect serum parameters to
predict poor outcomes and to identify therapeutic response
in both muscle and bone (Table 3). However, evidence
supporting the use of these biochemical markers in sarco-
osteoporosis is restricted to the research settings with their
applicability in clinical settings still untested.

Since vitamin D deficiency is associated with both sar-
copenia and osteoporosis and with high levels of serum
PTH being associated with higher risk of falls and fractures
[25], it would be expected that poor outcomes in sarco-
osteopenic patients could be prevented after normalization
of their serum concentrations of vitamin D. Studies have
shown that falls and fractures could be prevented by nor-
malization of serum vitamin D in older patients. This effect
has been explained by an increase in calcium absorption
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and improvement in muscle function. In terms of PTH,
although high levels of this hormone are associated with
low bone and muscle mass, no studies have looked at the
effect of normalizing PTH on falls and fractures. Further
studies looking at the role of PTH in the pathogenesis of
sarco-osteoporosis are still pending.

In addition, considering that high levels of inflammatory
cytokines such as IL-6 and TNFa are associated with both
osteoporosis and sarcopenia [25], it would be expected that
patients suffering from both entities should show much
higher levels of these inflammatory cytokines in their
serum. In fact, very few studies have looked at serum levels
of inflammatory cytokines in the particular subset of sarco-
osteoporotic patients, and thus, the evidence is still scarce.
Finally, other biomarkers of sarcopenia (alpha chymo-
trypsin, C-creatine dilution, etc.) [26], although are mostly
related to muscle biology, still deserve some exploration in
the osteoporosis field and could constitute the missing
biomarker that is so highly needed.

Identification of Therapeutic Response in Sarco-
Osteoporotic Patients

Therapeutic response in sarcopenic patients is demonstrated
by either an improvement in muscle strength with better
grip strength and leg extension or an increase in muscle
mass demonstrated by DXA. As the main outcomes, this
improvement is expected to correlate with higher gait
velocity and with a reduction in falls risk in the treated
patient. In contrast, patients treated for osteopenia or oste-
oporosis are expected to increase their BMD and/or show a
reduction in the incidence of minimal trauma fractures.

Based on these expected outcomes, therapeutic response
to interventions targeting both osteoporosis and sarcopenia
should show improvement in both muscle and bone mass
together with a better muscle strength and a significant
reduction in the incidence of falls and fractures. Other
secondary outcomes should include a lower incidence of
disability and frailty and lower mortality. Although several
studies have demonstrated the effect of vitamin D on these
parameters, no studies have been performed treating a
particular subpopulation of sarco-osteoporotic patients with
vitamin D.

In contrast, exercise has demonstrated to improve both
muscle and bone mass while increasing muscle strength,
power and mass [25, 27]. Although the evidence is vari-
able, there is some consensus that a regular strength and
balance exercise—at least three times a week for at least
20 min in duration—could significantly improve both
muscle and bone parameters and prevent falls and fractures
in older persons [27]. The mechanisms that explain this
concurrent muscle and bone response to exercise remain
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unclear, but it has been suggested that both tissues improve
due to the mechanical loading exerted by the muscle on the
bone tissue and by stimulating the differentiation of mes-
enchymal stem cells into osteoblasts at the expense of
adipocytes [28].

Increased protein intake is another intervention that
could have a potential therapeutic effect on both sarcopenic
and osteoporotic patients [29]. This effect on muscle and
bone is associated not only with the quantity but also with
the quality of the protein intake. For instance, a large
cohort of elderly women and men were exposed to several
protein regimes and were prospectively followed over
4 years as part of the Framingham Osteoporosis Study
[30]. It was observed that the highest levels of protein
intake (84-152 g/day) were correlated with protection
against spinal and femoral bone loss in both genders when
compared to the lowest quartile (17-51 g/day). In terms of
the quality of protein intake and its effect on bone mass,
studies have observed that animal protein intake (meat and
dairy products) is associated with higher BMD and also a
better effect on bone and calcium metabolism, while veg-
etable protein intake (soy food) has not been linked with an
effect on BMD.

In addition, the beneficial effect of protein intake on
muscle mass and function has been already demonstrated
with general agreement that protein intake beyond 0.8 mg/
Kg/d of animal proteins rich in essential amino acids
enhances muscle protein anabolism and protects against
age-related muscle loss [29]. Taken together, there is suf-
ficient evidence to suggest that increased protein intake—at
levels > 0.8 mg/Kg/d—is expected to increase muscle and
bone mass. However, the effect of protein supplementation
on falls and fractures prevention in a subset of sarco-os-
teopenic patients remains to be elucidated.

Finally, myostatin antibodies have been proposed as a
new therapeutic approach to both osteoporosis and sarco-
penia [31]. Although myostatin antibodies are still in their
experimental phase, evidence obtained from animal models
suggests that treatment with these antibodies induces a gain
in both muscle and bone mass in the treated groups [32];
however, the significance of these findings and the impact
of this treatment on the prevention of falls and fractures
will only be determined after the completion of several
ongoing clinical trials.

Conclusion

We have focused this review on the clinical outcomes of
impaired bone and muscle interaction in older persons,
which could be defined as sarco-osteoporosis. Although a
clear definition of sarco-osteoporosis is still lacking, there is
solid evidence demonstrating that this syndrome may exist
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as a single entity, and as such, it should have its own path-
ophysiology, clinical features and therapeutic approach. In
terms of clinical outcomes, a combination of clinical criteria
for sarcopenia and the identification of risk factors for sar-
copenia and osteoporosis together with imaging analysis of
bone and muscle mass—including the quantification of
levels of fat infiltration within these tissues—seems to be the
most reasonable approach to identify and treat sarco-osteo-
porotic patients in the future (Table 3).

In conclusion, sarco-osteoporosis is a new syndrome
that should be diagnosed using clinical outcomes and
image analysis. These clinical outcomes should be clearly
defined in order to identify those patients at higher risk of
falls, fractures, frailty and disability and to determine
whether interventions that simultaneously improve muscle
and bone mass have a significant effect in reducing these
poor outcomes, which are highly prevalent in our aging
population.
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