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Abstract
Skeletal muscle and bone form highly-integrated systems that undergo significant age-related
changes, but the relationships between muscle mass and trabecular versus cortical bone or
trabecular microarchitecture have not been systematically investigated. Thus, we examined the
association between appendicular skeletal muscle mass relative to height2 (relative ASM) and
bone parameters at several sites assessed by conventional as well as high-resolution peripheral
QCT in a cohort of 272 women and 317 men aged 20 to 97 years. In women, relative ASM was
associated with cortical thickness (CtTh) at the femoral neck, lumbar spine, radius and tibia (age-
and physical activity adjusted r = 0.19 to 0.32; all p < 0.01). Relative ASM was also associated
with trabecular volumetric bone mineral density (vBMD) at the femoral neck and spine (all p <
0.05), and trabecular bone volume to tissue volume (BV/TV), number (TbN), thickness (TbTh)
and separation (TbSp) at the radius (all p ≤ 0.05). In all men, relative ASM was associated with
CtTh at all sites (age- and physical activity adjusted r = 0.17 to 0.28; all p < 0.01). Associations
between relative ASM and trabecular vBMD at the spine in men were lost after adjusting for age;
however, relative ASM was associated with trabecular vBMD at the femoral neck and TbN and
TbSp at the radius (all p < 0.01). We also investigated circulating factors associated with bone
health that may be indicative of relative ASM and found that serum IGFBP-2 levels were the most
robust negative predictors of relative ASM in both sexes. Collectively, these data add to the
growing body of evidence supporting the highly-integrated nature of skeletal muscle and bone,
and provide new insights into potential biomarkers that reflect the health of the musculoskeletal
system.
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INTRODUCTION
Skeletal muscle and bone share a common embryonic origin, form an integrated system that
provides form and physical function, and exhibit remarkable changes across the lifespan. In
older persons, excessive deterioration of skeletal muscle (sarcopenia) and bone (osteopenia)
are prevalent, pose a significant risk for adverse health outcomes, and account for greater
than $18.5 and $16.9 billion in annual healthcare costs, respectively (1–4). Developing a
better understanding of the complex relationship between these fundamental components of
the musculoskeletal system may reveal new strategies for early identification, prevention
and treatment of sarcopenia and osteopenia, as well as their consequences.

Humans achieve peak skeletal muscle mass and bone density in young adulthood. After age
~45 years, skeletal muscle mass progressively declines in men and women, particularly, in
the lower body (5). Alterations in skeletal muscle quantity and quality are highly associated
with weakness and functional decline; these, in turn, are leading risk factors for falls (6),
loss of independence (7), institutionalization (8), and even death (9–11). The loss of skeletal
muscle, a recognized mechanical mediator of bone health, is also a plausible contributor to
age-related changes in bone mass and strength. In fact, very recent data indicate that
secreted factors may mediate cross-talk between bone cells (osteocytes) and muscle cells
(12,13).

Multiple studies have demonstrated positive associations between skeletal muscle mass and
bone mineral density (BMD) as assessed by dual-energy X-ray absorptiometry (DXA) at
various skeletal sites (e.g., (14,15)), and the lower skeletal muscle mass in women has been
implicated in their increased prevalence of osteoporosis (5). However, the advent of higher-
resolution imaging technologies that perform measures of cortical and trabecular geometry
and microstructure allows for much more detailed analyses of bone compartments and
microstructure separately (16). To our knowledge, how these more discriminating measures
of bone health relate to skeletal muscle mass in men and women across the lifespan has not
been carefully examined.

Moreover, multiple biological factors have been causally implicated in the regulation of the
musculoskeletal system. In particular, skeletal muscle and bone are highly responsive to
estrogens and androgens. The age-associated decline in testosterone production has long
been associated with sarcopenia (17), while the decrease in estradiol is linked to bone loss
and osteoporotic fractures in men and women (18,19). Components of the insulin-like
growth factor (IGF) system also play a role in muscle and bone health (20–23). IGF-I and –
II mediate anabolic effects on constituent skeletal muscle and bone cells (24,25); and,
recently, IGF binding protein-2 (IGFBP-2), an inhibitor of the trophic effects of IGFs, has
emerged as a negative regulator of BMD in men and women (26,27). These factors, along
with circulating concentrations of bone turnover markers, serve as reasonable biological
indicators, or biomarkers, of bone health. Whether or not their concentrations are also
associated with skeletal muscle mass has not been assessed.

Thus, in the present study we examined the relationship between skeletal muscle mass
relative to body size and cortical and trabecular geometry and microstructure at multiple
skeletal sites in a relatively large, population-based sample of men and women aged 20 to 97
years. We also assessed the relationship between relative skeletal muscle mass and
biomarkers of bone health, sex steroids, and components of the IGF system.
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MATERIALS AND METHODS
Study Subjects

Subjects were recruited from an age-stratified, random sample of Rochester, MN residents
as described in detail previously (28). This population is highly characteristic of the United
States White population, but Blacks and Asians are underrepresented (29). The sample
spanned ages from 21 to 97 years and included 375 women and 325 men. Ninety-four
women and 2 men were on some form of estrogen therapy (defined as oral or transdermal
preparations with or without a progestin) and were excluded from the present study.
Moreover, 4 women and 2 men were on bisphosphonates and their data were excluded from
this study. An additional 5 women and 4 men did not have lean mass data from DXA and
were also excluded from the analyses. All studies were approved by the Mayo Clinic
Institutional Review Board, and written informed consent was obtained from all subjects
prior to evaluation. Data was collected between November 2000 and May 2006.

Study protocol
Subjects were evaluated at the outpatient Clinical Research Unit following an overnight fast.
They consumed their habitual diet the day prior to study without any dietary restrictions.
Following a blood draw, the subjects underwent the various imaging procedures described
below.

Total body DXA and Determination of Lean Mass
A total body DXA was performed (Prodigy, GE Medical Systems, Madison, WI) using
software version 6.10.029. The lean mass of the arms and legs (appendicular skeletal muscle
mass, ASM) was normalized to body size by dividing it by height (m2), herein referred to as
relative ASM, as previously described (30).

Lumbar Spine and Femoral Neck Quantitative Computed Tomography (QCT)
Single energy CT scans were made at the proximal femur and lumbar spine with a multi-
detector Light Speed QX-I scanner (GE Medical Systems, Wakesha, WI) (28,31).
Calibration standards scanned with the subject were used to convert CT numbers directly to
equivalent volumetric BMD (vBMD) in mg/cm3 (32). To study age- and sex-specific
structural changes in bone mineral distribution and structure, we developed software for the
analysis of bone structure, geometry and volumetric density from the CT images, specific
details of which have been previously published (31,33). These images were also used in
finite element (FE) models to estimate the strength of the proximal femur, as described in
detail previously (34).

Radius and tibia cortical parameters by pQCT
We used standard pQCT imaging to obtain cortical parameters at the distal radius and tibia.
Details regarding the scanning protocol in this cohort using the Densiscan 1000 instrument
(Scanco, Bassersdorf, Switzerland) have been described previously (16,28). While we used
high-resolution pQCT (HRpQCT) to assess trabecular parameters (see below), the more
proximal scanning sites at the distal radius and tibia by standard pQCT provided more
robust measures and correlations of cortical bone parameters with relative ASM and are the
data presented. In addition, in the prototype HRpQCT device used in the initial
characterization of this cohort, scans of the tibia were not possible, and standard pQCT
provided the cortical parameters at the tibia.
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Radius trabecular parameters by HRpQCT
Details regarding the high resolution HRpQCT imaging used in this cohort have previously
been reported (35) and are summarized briefly here. Due to the lack of availability of this
new instrument initially, the HRpQCT measurements were done ~2 years after the other
measurements. The HRpQCT scans were obtained in 233 (86%) of the 272 women used in
the present study (105 premenopausal and 128 postmenopausal women) and in 281 (89%) of
the 317 men. The non-dominant wrist (or in the case of a prior wrist fracture, the non-
fractured wrist) was scanned using a prototype of the XtremeCT (Scanco Medical AG,
Bassersdorf, Switzerland). The in vivo measurement protocol included the acquisition of a
three-dimensional stack of 116 high-resolution QCT slices at the distal end of the radius,
using an effective energy of 40 keV, slice thickness of 89 μm, field of view of 90 mm,
image matrix of 1024 × 1024 pixels, and pixel size of 89 μm.

The processing and analysis of the images has also been extensively described and validated
(36–39). Briefly, bone volume/total volume (BV/TV) is first derived from the trabecular
vBMD. Recognizing that individual trabeculae will not be resolved at their correct thickness
due to partial volume effects, a thickness-independent structure extraction is employed to
assess trabecular microarchitecture. To this end, the 3D ridges (the center points of the
trabeculae) are detected in the gray-level images (37) and trabecular number ( TbN, 1/mm)
is then taken as the inverse of the mean spacing of the ridges (38). Trabecular thickness
(TbTh, mm) is then derived as BV/TV ÷ TbN, and trabecular separation (TbSp, mm) is
derived as (1-BV/TV) ÷ TbN, as is done in standard histomorphometry (40). The validity of
this approach has been rigorously tested by comparing the HRpQCT methodology with 28
μm resolution μCT (39), with very high correlation (correlation coefficients of 0.96–0.99)
between the μCT and HRpQCT measurements. The key point is that HRpQCT resolution
has to be sufficient to adequately resolve the distance between the trabecular ridges (1/ TbN,
or ~ 300–500 μm), not necessarily to resolve individual trabeculae (~100 μm or less).

Serum measurements
Serum osteocalcin (OC) was measured using a two site immunoradiometric assay (CIS-US,
Bedford, MA; interassay CV, 8%). Serum amino-terminal propeptide of type I collagen
(PINP) was measured by radioimmunoassay (DiaSorin, Stillwater, MN; interassay CV <
9%). Both serum cross-linked C-telopeptide of type I collagen (CTX) (Nordic Biosciences,
Herlev, Denmark; interassay CV < 10%) and serum tartrate-resistant acid phosphatase
isoform type 5b (TRAP 5b) were measured by ELISA (Immunodiagnostic Systems,
Fountain Hills, AZ; interassay CV < 14%). Serum estradiol (E2), estrone (E1), and
testosterone (T) were measured using LC-MS/MS (API 5000, Applied Biosystems-MDS
Sciex, Foster City, CA), as previously described (41). Values as low as 1.25 pg/mL for E2
and E1 and 1 ng/dL for T were detectable by this method, with interassay CVs of 8%, 8%,
and 6% for E2, E1, and T, respectively. The non-sex hormone binding globulin bound
(SHBG), biologically-active (Bio) fraction of E2 and T was measured as previously
described (42); interassay CVs for each were each < 12%. SHBG was measured by
radioimmunoassay (RIA) (Wien Laboratories, Succasunna, NJ, USA; interassay CV, 7%).
Total IGF-I and IGF-II were each measured by a two-site immunoradiometric assay
(IRMA), after separation from their binding proteins with a simple organic solvent
extraction (Diagnostic Systems Laboratories, Webster, TX, USA; interassay CVs, 6% for
each. IGFBP-3 was also measured by a two-site IRMA (Diagnostic Systems Laboratories;
interassay CV, 14%). IGFBP-2 was measured by a double antibody RIA (Diagnostic
Systems Laboratories; interassay CV, 16%).
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Self-reported Physical Activity
Habitual physical activity levels over the preceding 12 months were estimated by assessing
the frequency (average times per week/year), duration (hours/day), and intensity (light,
moderate, vigorous) of various daily activities, including recreation and sports, as well as
stair climbing, walking and the number of sweat-producing activities per week as described
previously (43). Caloric expenditure estimates (kcal) were then generated for individual
subjects based on body weight, the intensity and duration of activity, and published
metabolic equivalent task (MET) and used for analyses (44).

Statistical Analyses
Unadjusted, age-adjusted, and age- and physical activity-adjusted Pearson correlation
coefficients were used to assess relationships between relative ASM and the various bone
density variables, microstructural parameters, and biochemical markers. Linear regression
models were used to test for interactions with gender. Sex steroids in women were log-
transformed to approximate the normal distribution. A p-value < 0.05 was considered
significant. All analyses were performed using SAS version 9 (SAS Institute, Cary, NC) and
Splus (TIBCO Corporation, Palo Alto, CA).

RESULTS
The study population for our analyses consisted of 272 women, of whom 122 were
premenopausal and 150 were postmenopausal, and 317 men, of whom 124 were < 50 years
of age and 193 were ≥ 50 years old. Subject characteristics are outlined in Table 1. Since the
fundamental relationships between relative ASM and most of the variables did not differ by
menopausal status in women or age < 50 years versus > 50 years in men, they are reported
for all women and all men combined. Relative ASM was greater among the men than the
women and was significantly inversely associated with advancing age in women and men (r
= −0.27 and −0.50, respectively; both p < 0.001) (Figures 1A and 1B). Relative ASM was
also significantly associated with estimates of physical activity after adjusting for age in
women and men (r = 0.44 and 0.34, respectively; both p < 0.001).

Relative ASM is associated with bone density and architecture of the central skeleton
In women, relative ASM exhibited significant unadjusted and age-adjusted associations with
femoral neck vBMD and both femoral neck and lumbar spine trabecular vBMD (Table 2).
Cortical vBMD of the femoral neck and FE-derived proximal femur strength were also
associated with relative ASM. Moreover, there were significant age-adjusted associations
between relative ASM and bone area of the lumbar spine. A significant but less impressive
association was found with bone area of the femoral neck. Relative ASM was also
associated with endocortical area of lumbar spine, but not the femoral neck. Femoral neck
CtTh (Figure 2A) and lumbar spine CtTh (Figure 2B) showed significant unadjusted and
age-adjusted associations with relative ASM. As reported in Table 2, after further adjusting
the above associations for age and physical activity levels, only the relationship between
relative ASM and bone area of femoral neck and endocortical area of the lumbar spine were
no longer significant.

In the men, total vBMD of the femoral neck and proximal femur strength were positively
associated with relative ASM, both before and after adjusting for age (Table 2). Relative
ASM was also associated with trabecular vBMD of the femoral neck, but not of the lumbar
spine. While the age-adjusted relationships between relative ASM and femoral neck vBMD
and trabecular vBMD were significant in women and men, additional analyses revealed a
significant interaction with gender (p = 0.020 and 0.002, respectively) and a steeper slope in
men compared to women. Bone area and endocortical area of the femoral neck exhibited
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positive associations with relative ASM in men following adjustment for age. Relative ASM
was also associated with these parameters at the lumbar spine. Similar to women, relative
ASM demonstrated a positive unadjusted and age-adjusted association with CtTh of the
femoral neck and lumbar spine (Figures 2E and F); however, the analysis to assess the
interaction with gender at the lumbar spine was significant (p = 0.032) and revealed a
steeper slope in men compared to women. In the men, relative ASM was no longer
associated with total vBMD or endocortical area at the femoral neck after further adjusting
for both age and physical activity (Table 2).

Relative ASM is associated with cortical parameters of the peripheral skeleton
Relative ASM was not positively associated with cortical vBMD at the tibia after adjusting
for age in the women (age-adjusted p = 0.054), but was at the radius. However, this
association was no longer significant after adjusting for physical activity. Relative ASM
showed significant unadjusted and age-adjusted associations with bone area but not
endocortical area of the tibia and radius in the women, and the associations with bone area
remained significant following further adjustment for physical activity (Table 3). As was
observed in the central skeleton, relative ASM was strongly associated with CtTh at both the
tibia and radius in the women (Figures 2C and D).

Similar to women, relative ASM was associated with bone area but not endocortical area of
the tibia and radius in the men prior to and following adjustment for age (Table 3). Relative
ASM also showed a significant unadjusted and age-adjusted association with CtTh at the
tibia and radius (Figures 2G and H). However, no significant age-adjusted relationships
were observed between relative ASM and cortical vBMD at the tibia or radius in men. Of
note, all significant age-adjusted relationships between relative ASM and bone parameters at
the tibia and radius in men remained significant after further adjusting for physical activity
(Table 3).

Relative ASM is associated with trabecular microarchitecture in men and women
Assessment of bone microarchitecture at the radius using HRpQCT revealed strong positive
unadjusted and age-adjusted relationships between relative ASM and BV/TV and TbN in
women (Table 3 and Figures 3A and B). Significant relationships were also observed
between relative ASM and TbTh (Figure 3 C). Correspondingly, strong inverse unadjusted
and age-adjusted correlations were observed with TbSp (Figures 3A and B). The significant
age-adjusted relationships between relative ASM and the parameters of bone
microarchitecture at the radius remained after further adjusting for physical activity in the
women (Table 3).

In men, the relationships between relative ASM and trabecular microarchitecture were not as
consistent as those observed in women (Table 3). Following age-adjustment, there were
significant relationships between relative ASM and TbN, but not BV/TV. After adjusting for
age, relative ASM surprisingly showed a negative association with TbTh. Additional
analyses of the association between relative ASM and TbTh in all subjects revealed a
significant interaction with gender (p = 0.021) and showed that women had a steeper slope
than men. As in the women, relative ASM had a significant inverse association with TbSp in
the men. All of the age-adjusted correlations between relative ASM and the bone
microarchitectural parameters in the men remained significant following adjustment for
physical activity.

Relative ASM is associated with circulating biomarkers
To further assess the interaction between skeletal muscle and bone, we examined the
association between relative ASM and mediators of skeletal homeostasis. Significant inverse

LeBrasseur et al. Page 6

J Bone Miner Res. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



unadjusted and age-associated associations were observed in women between relative ASM
and the bone turnover markers, osteocalcin, CTX and TRAP (Table 4). The associations
between relative ASM and the latter two markers were no longer significant after adjusting
for both age and physical activity levels. In the men, OC was associated with relative ASM
after adjusting for age, but not age and physical activity (Table 4). PINP and TRAP were
also associated with relative ASM; however, no relationships were observed with these or
the other bone turnover markers after adjusting for age.

In the women, relative ASM was significantly associated with E2 and Bio E2 before and
after adjusting for age (Table 4). E1 and SHBG also demonstrated positive and negative
associations with relative ASM, respectively. Relative ASM exhibited unadjusted and age-
adjusted associations with Bio T. After adjusting for age and physical activity, the
relationships between relative ASM and E2 and E1 were no longer significant. In men,
relative ASM was positively associated with Bio E2 and inversely associated with T (Table
4). Correspondingly, relative ASM was also associated with SHBG; however, no age-
adjusted associations were observed with Bio T in men. After further adjusting for physical
activity, the relationships between relative ASM and Bio E2 were no longer significant.

In women, IGFBP-2 was inversely associated with relative ASM before and after adjusting
for age (Figure 4A) and physical activity (Table 4). No other significant relationships
between relative ASM and components of the IGF system in women were observed after
adjusting for age (Table 4). Among the panel of circulating biomarkers, IGFBP-2
demonstrated the strongest unadjusted, age-adjusted, and age- and physical activity-adjusted
inverse association with relative ASM in the men (Table 4, Figure 4B). Relative ASM was
also positively associated with IGF-1 and IGF-2 in the men. These age-adjusted associations
also remained significant even after further adjusting for physical activity.

DISCUSSION
The major finding of the present study is that skeletal muscle mass relative to body size is
significantly associated with cortical and trabecular bone geometry and microstructure at
multiple skeletal sites in adult women and men. In addition, we observed that IGFBP-2, a
factor whose circulating concentrations we previously reported to be associated with low
BMD and high bone resorption markers (26,45), was associated with low relative ASM in
both sexes. These data add to the growing body of evidence supporting the highly integrated
nature of skeletal muscle and bone, and they provide new insights into potential biomarkers
that reflect the health of the musculoskeletal system.

Relative ASM was predictive of cortical bone parameters, and in particular, CtTh, in women
and men. The mechanical influence of skeletal muscle on bone has long been recognized,
and may in part mediate the relationships we observed between it and cortical bone,
particularly at load-bearing sites such as the femoral neck, lumbar spine and tibia. However,
we observed that the age-adjusted relationships between relative ASM and CtTh (in the
women and men), cortical vBMD (in the women), and, importantly, proximal femur strength
(in women and men) remained significant even after adjusting for physical activity. Indeed,
recent studies have challenged the prevailing notion that skeletal loading is a major
determinant of BMD. Thus, in adult men aged 20 to 72 years, Blain et al. reported that
relative ASM was the strongest factor associated with DXA-derived BMD at the femoral
neck, but independent of habitual skeletal loads assessed by measures of physical activity
and muscle strength (46). Similarly, Melton and colleagues concluded that age-related
changes in parameters of bone strength at multiple skeletal sites were not determined by
indices of skeletal loading in women or men ranging in age from 20 to 90 years (43). In line
with these studies, we found that the relationship between relative ASM and CtTh at the
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radius, a non-load-bearing skeletal site, was also quite strong. These findings raise new
questions regarding the underlying biological mechanisms that, in addition to
mechanotransduction, regulate parameters of skeletal muscle and bone health in what
appears to be a coordinated fashion.

The strong relationship between relative ASM and trabecular microstructure at the radius is
of particular interest. The advent of HRpQCT (“non-invasive bone biopsy”) has permitted
more sensitive assessments of bone quality not encompassed by either DXA BMD
measurements or pQCT trabecular and cortical vBMD measurements, and revealed that
trabecular bone loss starts in young adulthood in both sexes and continues throughout life
(16). In the present study, we observed that relative ASM was highly correlated with
trabecular number and equally, but inversely, associated with trabecular separation at the
radius in women and to a slightly lesser extent in men. A number of studies have now
associated fewer and more separated trabeculae with the incidence of distal forearm
(Colles’) fracture in postmenopausal women (47,48). Whether or not the higher relative
ASM of men contributes to their greater TbN and TbTh that cooperatively increase their
bone strength and fracture resilience is unknown (16). Moreover, whether or not
interventions that increase relative ASM, such as resistance training, confer benefit upon
trabecular microarchitecture in women at an elevated risk for fracture is an important area
for future investigation.

It should be noted that following adjustment for age and physical activity, relative ASM was
not associated with trabecular BV/TV at the radius in the men, but was positively associated
with trabecular number. It seems this apparently paradoxical result was due to the
concomitant inverse association of relative ASM with trabecular thickness. Thus, higher
relative ASM was associated with an increased number of thinner trabeculae, resulting in no
net association with BV/TV. This was not the case in women, where relative ASM as
positively associated with TbN, TbTh, and BV/TV. The underlying reasons for these
discrepant findings regarding the relationship of relative ASM with trabecular
microstructure in men versus women are unclear.

The mechanisms that may underlie the coordinated regulation of relative ASM and bone
geometry and microstructure remain poorly defined, but at least three distinct possibilities
are noteworthy. First, similar regulatory factors and associated pathways may mediate both
skeletal muscle and bone health. As noted earlier, several endocrine hormones play a key
role in each tissue, and these are thought to contribute to changes across the lifespan.
Clearly, sex steroid deficiency is an important factor in cortical and trabecular bone loss in
postmenopausal women (16,19,49), and we observed modest associations between relative
ASM and serum E1, Bio E2 and, in particular, SHBG levels in women even after adjusting
for age. In the men, relative ASM was positively associated with Bio E2, but inversely
associated with both T, and more impressively, SHBG levels, and unassociated with Bio T
after adjusting for age. T has long been recognized for its anabolic effects on skeletal muscle
(50); however, it is not evident that the age-related declines in muscle mass or in bone
parameters are causally related to the parallel decrease in Bio T levels. Serum Bio E2 has
been shown to fall below the threshold that accelerates bone loss in men in the seventh and
eight decades; however, how low levels of Bio E2 may impact skeletal muscle health in
older men, or even younger men, is unknown. Second, physical activity encompasses
mechanical, metabolic, hormonal and neural stimuli that have the potential to impact both
skeletal muscle and bone. The extent to which the effects of physical activity on bone are
mediated by skeletal muscle remains unclear. The use of more objective and discriminating
metrics of physical activity than self-report such as accelerometry may provide greater
insight. Third, there is strong evidence that a communication network exists between
skeletal muscle and bone, which includes muscle- and bone-derived secreted factors now
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commonly referred to as myokines and osteokines, respectively (12). For example IGF-1
and fibroblast growth factor-2 (FGF-2) represent potent myokines that promote bone
formation. While both are produced in and secreted by skeletal muscle, their receptors are
localized to periosteum at the muscle-bone interface (51). In addition, very recent evidence
suggests that osteocyte-derived Wnt3a, one component of the Wnt signaling axis that is
critical for bone development and function, augments myogenesis and myofiber size in
culture (13). Identifying myokines and osteokines and understanding their regulation in the
context of aging, injury, physical activity and disease are promising areas for future
investigation.

Of particular interest in the context of coordinated regulation of skeletal muscle and bone
health was the significant inverse relationship between relative ASM and serum IGFBP-2
levels. Components of the IGF signaling axis have attracted considerable attention in studies
of aging, cardiovascular disease, diabetes, and osteoporosis (e.g., (26,52–54)). Serum
concentrations of IGF-1 and IGFBP-3 decrease with advancing age, while IGFBP-2 levels
increase. The regulation of IGFBP-2 is not well understood. It has been reported to be a
component of the senescence-associated secretory phenotype, or SASP (55), that has been
strongly supported to be a fundamental driver of age-related tissue dysfunction (56). In
addition to being a product of senescent cells, IGFBP-2 levels have also been reported to be
inversely associated with those of insulin in women and men (though not acutely regulated
by either glucose or insulin administration) (57), and levels of growth hormone in men (58).
Previously, we reported that high IGFBP-2 levels were the strongest predictor of low BMD
by DXA, particularly among men and postmenopausal women, independent of age and
bioavailable sex steroids (26). We also observed that high serum IGFBP-2 concentrations
were associated with bone resorption markers, including urine and serum cross-linked N-
telopeptides (NTX) in these same cohorts, as well as serum CTX levels that were only
assessed in women (45). In the present study, we discovered that circulating concentrations
of IGFBP-2 were inversely associated with relative ASM in both women and men. High
IGFBP-2 levels have been linked to osteoporotic fractures in men (59); and, intriguingly,
they have also been associated with poor physical performance and disability in older men
(60). Additional work is warranted to determine whether or not elevated levels of IGFBP-2
mediate and/or serve as a biomarker of deleterious changes in skeletal muscle that lead to
impairments in strength and functional decline in later life. To date, a circulating biomarker
of skeletal muscle health has remained elusive.

In summary, using state-of-the-art imaging technologies, we observed that relative ASM is
associated with parameters of cortical and trabecular bone geometry, strength and
microarchitecture in women and men. In part, these observations raise new questions
regarding the apparently coordinated regulation of skeletal muscle and bone. In line with
this query, we identified IGFBP-2, a factor we previously associated with lower BMD and
increased bone resorption, as a biomarker of lower relative ASM in both sexes. How
IGFBP-2 directly, or indirectly through modulation of the IGF signaling axis, contributes to
the maintenance and/or degradation of the musculoskeletal system and/or accurately reflects
its health, requires further study.
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Figure 1.
Relation of relative appendicular skeletal muscle mass (ASM) to age in women (A) and men
(B).
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Figure 2.
Relation of relative appendicular skeletal muscle mass (ASM) to CtTh at the femoral neck,
lumbar spine vertebrae, tibia and radius in women (A–D) and men (E–H).
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Figure 3.
Relation of relative appendicular skeletal muscle mass (ASM) to trabecular
microarchitecture of the ultradistal radius in women (A–D) and men (E–H).
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Figure 4.
Relation of IGFBP-2 to relative appendicular skeletal muscle mass (ASM) in women (A)
and men (B).
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