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Introduction

Sarcopenia (loss of muscle mass and strength) and 
osteoporosis (bone loss) are two of the most prevalent 
chronic diseases in old age. When occurring simultaneously, 
a syndrome known as osteosarcopenia (1,2), the incidence of 
negative outcomes such as falls, fractures, loss of function, 
frailty, and mortality increases (3-5).

The diagnosis of osteosarcopenia is challenging. Lack of 
unified diagnostic criteria for sarcopenia (6), considerable 
disagreement between sarcopenia diagnostic algorithms (7),  
and the limitations of bone mineral density (BMD) 
as the gold standard for the diagnosis of osteopenia 
and osteoporosis (8,9) have limited the capacity of the 
clinician to appropriately identify and treat this syndrome. 
Therefore, more accurate and valid diagnostic methods 
that either complement or replace current clinical and 
paraclinical methods are in demand.

Fat infiltration is one of the hallmarks of sarcopenia and 
osteoporosis (10,11), thus of osteosarcopenia (3). High levels 
of marrow adipose tissue (MAT) are associated with bone 

loss and osteoporosis (11). MAT secretes adipocytokines 
and fatty acids, which are toxic to the cells in the vicinity of 
adipocytes, decreasing bone formation and increasing bone 
resorption (12,13). Similarly, fat infiltration in muscle fibers 
is associated with cell dysfunction (14).

In this review, we will discuss and summarize the salient 
developments in the current understanding of the role of fat 
infiltration in osteosarcopenia, and the potential use of fat 
as a biomarker for this syndrome.

Osteosarcopenia as a fat-related disease

The progressive and synchronic infiltration of fat in 
muscle and bone marrow in sarcopenia and osteoporosis, 
respectively, is suggestive of a shared mechanism (3). 
Bone, muscle and fat are all derived from the embryonic 
mesoderm. In addition, marrow and muscle adipocytes 
share the same type of mesenchymal stem cell (MSC) 
precursors. However, the distribution of those MSC differ 
for bone and muscle. In the bone marrow milieu, MSC 
develop perivascular niches, which act as an epicentre of 
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cross-talk between cell lines and as a supplier of MSC 
for osteogenesis (15). Under the appropriate conditions, 
perivascular cells possess the ability to differentiate into 
MSC lineages, including chondrocytes, multilocular 
adipocytes, and osteoblasts (15). With aging, the capacity of 
MSC to differentiate into chondrocytes and osteoblasts is 
reduced and followed by an increase in their differentiation 
into adipocytes, thus affecting bone formation (16). This is 
associated with other age-related changes in the MSC niche 
such as oxidative stress, changes in hormones and growth 
factors, and “chaotic” cell-cell cross-talking (16).

Increasing number and size of marrow adipocytes are 
associated with the secretion of higher concentrations 
of adipocytokines and fatty acids within the marrow  
milieu (12). Our previous experiments using co-cultures 
of adipocytes and osteoblasts demonstrated that the fatty 
acids (predominantly palmitic acid) produced by marrow 
adipocytes hinder osteoblastogenesis, bone formation 
and cell survival in vitro (17). When exposed to palmitate 
in concentrations similar to those observed in bone  
marrow (18), human osteoblasts reduce their capacity to 
differentiate from pre-osteoblast stage, show dysfunctional 
osteogenic pathways (19), and undergo apoptosis and 
dysfunctional autophagy (20). Overall, although the 
lipotoxic effects of marrow adipocytes have been well 
documented in vitro (17,19-21), this direct association is yet 
to be documented in vivo. Nevertheless, human studies have 
reported a clear inverse correlation between MAT and bone 
mass (13,22), which is independent of BMI, suggesting that 
the bone loss observed in these subjects was associated with 
local, rather than systemic factors. Also, in a dog model, 
it has been shown that, compared to the bone facing red 
marrow, bone apposition rate and formation surface ratio 
are reduced in trabecular bone adjacent to fatty marrow (23). 

In the muscle, intermuscular adipose tissue (IMAT) (24),  
which is a depot of adipocytes located between muscle 
bundles, and lipid infiltration within myofibers, known 
as intramuscular fat or intramyocellular (IMC) lipid, are 
increased in aging and sarcopenia. Increased IMAT and IMC 
are both associated with insulin insensitivity, inflammation, 
and functional deficits in skeletal muscle (25-28).  
This infiltration is explained by several mechanisms, 
including de-differentiation of muscle-derived stem cells or 
other mesenchymal progenitors into cells with adipocyte 
phenotype. Amongst those stem cells, muscle satellite 
cells—a heterogeneous stem cell population characterized 
by plasticity and self-renewal that allow muscular growth 
and regeneration—can acquire features of adipocytes. 

Similar to bone marrow MSC failure to express the 
transcription factors that direct mesenchymal precursors 
into fully differentiated functionally specialized cells, with 
increasing lipotoxicity, satellite cells may also be driven to 
switch their phenotype into the adipogenic lineage. Similar 
to MAT, IMAT and IMC adipocytes secrete lipotoxic 
adipocytokines and fatty acids that affect myocyte function 
by: (I) decreasing insulin sensitivity and impairing the 
capacity for normal protein synthesis in skeletal muscle; 
(II) supporting a transition of type II fibers to a type I 
phenotype; and (III) inducing loss of muscle fibers and 
replacement with fatty and fibrous tissues (3,24-28). As with 
MAT, increasing levels of IMAT and IMC in muscle are 
also independent of BMI; suggesting an age-related local 
mechanism, which could be aggravated by systemic factors 
such as corticosteroids, vitamin D levels, leptin and sex 
steroid deficiency (29). 

Interestingly, the pathways that have been implicated 
in marrow and muscle adipogenesis are almost identical. 
Pathways and factors such as Peroxisome proliferator-
activated receptors (PPARs), WNTs, growth factors, 
myokines, osteokines, guanine nucleotide exchange factors 
(GEF)-GAP-Rho, p66, mitochondrial ROS production, 
and protein kinase C beta (PKCβ) are common to bone 
and muscle and could be implicated in the adipogenic 
conversion of MSC and satellite cells (3,25,27). Targeting 
these factors to prevent accumulation of fat in these tissues 
is a subject of intensive research.

Indeed, the potential effect of lipotoxicity is increasingly 
identified in various other aging-associated conditions. 
Decline in lymphopoiesis coincides with fat infiltration 
into marrow and lymphoid organs (30,31). Recently, 
MAT accumulation in lymph nodes, mammary glands and 
intestine was shown to be associated with the occurrence 
of leukemias (32), postmenopausal breast cancer risk (33)  
and colorectal adenoma (34), respectively. Local lipotoxicity 
and inflammation due to production of high concentrations 
of inflammatory mediators and fatty acids (of which 
minimal amounts are secreted into the circulation) (35) do 
induce malignancies (36). Therefore, the reported atrophy 
of red marrow with age-associated MAT expansion (37)  
is potentially capable of inducing both anaplasia and 
immunodeficiency. Some possible molecular pathogenesis 
mechanisms by which ectopic fat infiltration causes 
inflammation and anaplasia have been described (38). 

In addition, high dietary inflammatory index (39) is 
associated with the development of sarcopenia (40) as well 
as osteoporosis and risk of fractures (41). It has also been 
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theoretically linked to osteosarcopenia, particularly in obese 
people (42). Nevertheless, considering the close associations 
of the index with risk factors for obesity and ectopic fat 
infiltration and lipotoxicity, it is likely that an inflammatory 
diet [high in carbohydrates, meat and trans fatty acids and 
low in fibre and vegetables (43)] can predispose subjects to a 
variety of fat-related conditions including osteosarcopenia.

Fat quantification as a diagnostic method for 
osteosarcopenia

Bone and muscle fat: a systemic role

In bone, fat infiltration is observed since early age. Bone 
accrual in the appendicular skeleton of healthy young adults 
is inversely related to changes in marrow adiposity (44,45). 
Regarding muscle, IMAT and IMC infiltration is accelerated 
after the 5th decade; however, younger individuals—
especially those sedentary or with risk factors such as 
diabetes—show some levels of fat infiltration as well (46). 

The pathophysiological significance of bone and muscle 
fat infiltration goes beyond the local bone marrow and 
muscle milieu. However, marrow and muscle adipose tissue 
behave somewhat differently than other types of fat such as 
visceral (VAT) and subcutaneous adipose tissue (SAT). In 
a study in 131 healthy young adults (60 females, 71 males; 
16–25 years of age), Di Giorgi et al. (47) reported that 
marrow adiposity in young men and women is independent 
of VAT and SAT and is not associated with cardiovascular 
risk; therefore, supporting the concept that marrow 
adiposity is not involved in the comorbidities related to fat 
accumulation in other compartments. We compared VAT, 
SAT and MAT in healthy older men (mean age 67±5.5) and 
investigated their serum biochemistry, and inflammatory 
panel (37). Our results confirmed strong inverse associations 
between MAT and bone mass and volume and red marrow 
volume. However, MAT volume in all regions of interest 
was correlated, and unlike reports in women (48-50), 
mainly independent of VAT or SAT volumes. Overall, the 
discordant associations of MAT with circulating metabolic 
and inflammatory indices provided additional indication on 
MAT's distinct attributes compared to VAT and SAT.

Due to the major metabolic role of muscle, fat infiltration 
is expected to induce metabolic abnormalities, which are 
partly dissimilar to MAT. Accumulation of muscle fat 
decreases insulin sensitivity, and as muscles are one of the 
major consumers of glucose, such insensitivity could lead 
to increased blood glucose and diabetes (51). In addition, 

we recently reported that muscle loss and high levels of fat 
infiltration and atrophy of certain lower limb muscles in 
levator ani in older men receiving androgen deprivation 
therapy may contribute to both sarcopenia and sexual 
dysfunction in these subjects (52).

Overall, very few studies have looked at the systemic 
effect of IMAT and IMC, probably due to the technical 
challenges to accurately quantify these types of fat, most 
particularly IMC.

Fat products as biomarkers for osteosarcopenia

MAT and muscle fat (IMAT and IMC) have not been fully 
characterised. All express characteristics of brown and white 
fat—a phenotype that has been denominated as “beige” by 
some teams (53-56). Having a beige phenotype means that 
MAT, IMAT and IMC adipocytes have a combination of 
the thermogenic and anabolic function of brown adipocytes 
combined with the metabolic and potential lipotoxic 
function of white adipocytes (12,53-56). In addition, by 
having this very specific phenotype, it would be expected 
that MAT, IMAT, and IMC adipocytes secrete a particular 
set of adipokines and other factors that could reach the 
circulation, and then they could be used as biomarkers for 
osteoporosis and sarcopenia.

We tested this hypothesis by characterizing the age-
related changes in cytokine expression by MAT as compared 
with SAT (57). MAT and SAT adipocytes were isolated from 
young (4 months) and old (24 months) males C57BL/6J, 
and proteomic analysis of 96 cytokines was performed 
using a cytokine antibody array. Proteins that were grouped 
according with their known function in bone showed a 
substantial change. We found a significant age-induced 
difference in the expression of 53 cytokines. As compared 
with SAT adipocytes, aging MAT adipocytes showed a 
more pro-adipogenic, anti-osteoblastogenic and pro-
apoptotic phenotype. Overall, our data suggested that, with 
aging, MAT adipocytes become significantly more toxic 
than SAT adipocytes. We concluded that these cytokines, 
if secreted into the intercellular space, could play a role 
in the pathogenesis of age-related bone loss by affecting 
other cells within the marrow milieu. Interestingly, several 
cytokines were highly expressed in aged MAT, particularly 
matrix metalloproteinase-2 (MMP-2) and resistin. Although 
these cytokines are not exclusive to MAT, increasing levels 
could be used as an indicator of high levels of marrow fat 
and possibly a predictor of osteoporotic fractures in older 
persons. However, further studies are still required. 
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In muscle, adipocytokines have usually been associated 
with systemic regulators of muscle formation and 
metabolism predominantly adiponectin and leptin (58). 
However, the association between adipocytokines and 
sarcopenia has focused on the concept of sarcopenic obesity, 
which is associated with high levels of adipokines usually 
observed in obese individuals (58,59). Regarding specific 
analyses of adipocyte-secreted products of IMAT and IMC, 
Zoico et al. (60) performed biopsies of paraspinatus muscle 
of 16 older men undergoing elective vertebral surgery 
and histologically determined IMAT and quantified gene 
expression in IMAT and in SAT for IL-6, C-reactive protein 
(CRP), vascular endothelial growth factor (VEGF) and 
adiponectin. As expected, leptin was positively associated 
with both types of fat, whereas CRP was only associated 
with IMAT. As per our knowledge, no other studies have 
investigated the specific characteristics and secretory profile 
of IMAT or IMC.

In summary, further studies aimed to identify a particular 
(and maybe concurrent) secretory profile of MAT, IMAT 
and IMC, which seems to be independent of other types 
of fat and/or obesity, are still required. Identification of 
a common adipocyte-secreted adipocytokine(s) for these 
three types of fat would have a strong potential to become 
robust biomarkers for osteosarcopenia in the future.

Fat imaging in osteosarcopenia

In order to advance our understanding of the role of fat 
infiltration in osteosarcopenia, it will be necessary to 
develop, test, and validate novel and accurate imaging 
methods capable of quantifying adiposity within bone 
marrow and muscle fibers and ultimately assess its 
functionality. In addition, newer techniques capable of 
imaging fat in muscle and bone may provide additional 
diagnostic and prognostic utility and may be useful in 
guiding therapeutic interventions. 

Dual-energy X-ray Absorptiometry (DXA) uses low level 
X-rays providing estimates of fat mass, fat-free mass, and 
bone density (61). However, DXA has major limitations to 
be considered as the optimal imaging diagnostic method 
for osteosarcopenia. It is unable to identify and quantify 
MAT, IMAT and IMC and it only quantifies lean mass, 
which considering that no one technique subserves all 
requirements to accurately quantify muscle mass, has been 
proposed as a reference standard (but not a gold standard) 
for measuring muscle lean body mass (62). 

Computed tomography (CT) is another non-invasive 

method that determines the cross-sectional distribution of 
the X-ray absorption coefficient, which after normalization 
to the absorption of air and water is called CT value 
and measured in Hounsfield units (HU). CT slices of 
predefined width can be analysed for different tissues, using 
manual segmentation or automated software. For example, 
muscle area, or in case of the analysis of a stack of images, 
volume of individual muscles, or a group of muscles can be 
determined. By definition, the HU value of air is −1,000 
and of water 0. Bone, skeletal muscle, adipose tissue, 
and visceral organs have specific Hounsfield unit ranges, 
allowing for their quantification in the images. Our team 
has validated the use of a CT image analysis software to 
quantify MAT and IMAT (37,52,63). Using this innovative 
method, we quantified fat infiltration of muscle and bone 
of lamin A/C knock out mice (Figure 1), allowing us to 
propose this as a mouse model of osteosarcopenia (64). 
However, compared to DXA, CT has several limitations 
including a higher cost and radiation dose, which limit the 
regular use of CT in clinical practice. In addition, due to its 
low resolution, CT cannot be used to quantify IMC, and 
possibly underestimates marrow fat due to beam hardening 
artefacts.

Peripheral quantitative CT (pQCT) and high resolution 
pQCT are an alternative to CT with capacity to quantify 
muscle, bone, MAT and IMAT. We used this technique 
to determine the characteristics of sarcopenic obese older 
individuals that are independently associated with bone 
health and balance (65). Using this technique, we also 
reported that calf muscle density (which is inversely related 
to infiltrated fat volume) is independently associated with 
physical function in overweight and obese older adults (66).  
pQCT benefits from its portability, unrestricted gantry 
depth and therefore ability to scan sites as proximal as 
the thigh. While high resolution pQCT is in the early 
development stages of making muscle measurement 
possible, it already excels in quantifying bone architecture 
by virtue of its ability to image using smaller voxel sizes and 
a larger image stack compared to pQCT (67). However, 
limitations of these methods include cost, sensitivity to 
patient motion, and lack of reference values and standards. 
In addition, their ability in quantifying marrow fat is yet to 
be validated.

Magnetic resonance imaging (MRI) is also a useful 
imaging method in osteosarcopenia because, by measuring 
differences in spin relaxation properties of protons in 
different chemical environments, MRI can generate images 
with higher contrast between soft tissues and bone than 
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QCT (67), generating much higher contrast between 
muscle and inter/intramuscular fat and MAT than CT-
based modalities. Another major advantage is the fact that 
MRI confers no ionizing radiation exposure. Disadvantages 
of this method include cost, lack of portability, and limited 
ability to quantify bone mineral density.

As an alternative to MRI, peripheral MRI (pMRI) 
has advantages similar to MRI in terms of capacity to 
differentiate and quantify bone, muscle and fat (including 
IMAT), occupying a small footprint compared to full body 
scanners. Although the sensitivity of this technique to 
quantify MAT and IMAT has improved in recent years, no 
study has used pMRI to diagnose osteosarcopenia in human 
subjects. Development of affordable systems that can carry 
out nuclear magnetic resonance spectroscopy, which can 
provide detailed composition data on infiltrated fatty tissue 
and its volume in bone and muscle, would be of great 
diagnostic value for osteosarcopenia in both clinical and 
research settings.

Overall, imaging techniques could play an important role 
in the diagnosis of osteosarcopenia and in the prediction 

of its adverse outcomes and response to current and future 
treatments. A major limitation of these methods is their 
lack of capacity to quantify IMC fat, which presently can 
only be quantified by staining muscle biopsies with oil red 
O. However, with improving resolution of MRI and QCT 
images, quantifying IMC with these methods could be a 
feasible possibility in the near future.

Conclusions

Osteosarcopenia is a new geriatric syndrome that increases 
the risk for falls, fractures, disability, frailty and early 
mortality in our older population (68). Therefore, early 
identification of this syndrome and accurate prediction 
of poor outcomes and response to treatment are crucial. 
Sarcopenia and osteoporosis are two sides of the same coin 
sharing similar risk factors and pathophysiology (69) in 
which fat is a major player (3). Apart of synchronic bone 
and muscle loss in osteosarcopenia, fat infiltration is the 
most constant finding in both diseases, therefore it is the 
most natural diagnostic and therapeutic target. As secretory 
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Figure 1 Quantification of fat infiltration in muscle and bone of Lmna−/− mice using histology and µCT image analysis. (A) Sagittal 
cryosections of left mid-thigh were obtained from lamin A/C mutants (Lmna+/−) and their haploinsufficient (Lmna+/−) and WT controls. 
Sections were stained for inter-myofiber fat (Oil Red+) and counterstained with toluidine blue (upper panels, 1× magnification; lower right 
panels, 40× magnification). For bone volume analysis, sagittal plastic sections of the femur were stained with von Kossa and hematopoietic 
tissue was counterstained with toluidine blue (lower left panels, 10× magnification); (B) muscle, bone, marrow fat, and inter-myofiber fat 
volumes were highlighted (upper panels) and quantified (lower panels) in microCT sections of the contra lateral mid-thigh using Slice-O-
Matic image analysis software. In Lmna−/− mice, there is progressive thinning of cortical bone (blue), muscle atrophy (red), and “marbling” 
of the muscle, with significant infiltration of inter-myofiber fat (yellow), which closely correlates (r2=0.92) with the levels of fat infiltration 
identified by histology (A, lower panels). 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) (64). 
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tissues, MAT, IMAT and IMC release adipocytokines 
that could be quantified in the circulation, however, 
identification of these specific markers is still in a very 
early phase. On the other hand, imaging methods offer 
a promissory approach by increasing their resolution to 
identify muscle, bone, MAT and IMAT thus increasing their 
potential to be used in the diagnosis of osteosarcopenia, 
once the appropriate standards have been determined.
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