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Aging, an inevitable and extremely complex, multifactorial
process, is characterised by the progressive degeneration
of organ systems and tissues. It is largely determined by
genetics, and influenced by a wide range of environmental
factors, such as diet, exercise, exposure to microorganisms,
pollutants, and ionising radiation. This explains why two
people of the same age may differ markedly in terms of
both physical appearance and physiological state. Gender
also plays a part and, in most developed countries, women
typically outlive men by 7–10 years [1]. Recent research has
also demonstrated that distant experiences such as childhood
personality and education, as well as behavioural factors, also
contribute to longevity [2].

It is generally accepted that the aging process falls phys-
iologically into three groups of changes that occur with
advancing age [3]. The first group encompass changes in
cellular homeostatic mechanisms, for example, body tem-
perature, blood, and extracellular fluid volumes; the second
group are related to a decrease in organ mass; the third and
possibly the most important group of changes, in terms of
their impact, involve a decline in and loss of the functional
reserve of the body’s systems. Loss of these functional
reserves may impair an individual’s ability to cope with
external challenges such as surgery or trauma. Maintaining
physiological function (health) in an aging population is of
prime importance not only to the well-being of the aging
individual, but also from a social perspective, helping to
reduce the burden on medical services and systems [4].

It has also been long established that the physiological
changes associated with normal aging are mirrored during
periods of immobility, such as prolonged hospital bed rest,
or after a fractured limb or a fall.

It was with the above in mind and with the hope of
collating research and knowledge examining the effects of
normal aging and immobility that we developed the call for
this special issue.

Three of the seven papers in the Issue discuss physiologi-
cal changes in muscle tissue:

(i) age-related loss of muscle strength is considered by
G. Goldspink, who pays special consideration to
declining levels of Mechano Growth Factor (MGF)
with age and the positive effects seen on muscle cells
when this factor is externally administered;

(ii) J. Alwood et al. describe how their study in mice
shows changes to the skeletal musculature follow-
ing low dose ionising gamma radiation changes
which are normally seen in elderly patients prior to
the onset of age-related osteoporosis;

(iii) a quantitative review of age-related changes in
strength/power and balance and the consequence of
falls risk assessment is presented by U. Granacher
et al.

Two papers in this special issue consider age-related
cardiac function:

(i) G. A. Maranhao Neto et al. discuss how low levels
of cardiorespiratory fitness (CRF) can be associated
with health problems in elderly patients; the authors
present a unique model of assessing levels of CRF,
negating the use of aerobic exercise which often
presents severe limitations as a test method;

(ii) the study by S. Moodithaya and S. T. Avadhany high-
lights the findings that there are gender differences
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in age-related changes in cardiac autonomic control,
suggesting that female sex hormones may play a part
in cardiac autonomic modulation.

Our penultimate paper by C. N. Ross et al. explores the
potential for using translational research (using a popula-
tion of nonhuman primates) to determine if certain body
measurements and phenotypes are associated with age or
increased mortality.

Finally, R. Semprini et al. suggest a look at impaired
cognition and apathy as markers for unsuccessful aging and
frailty.

The papers we present here certainly, in our minds,
contribute to the further understanding of the physiological
changes associated with aging and highlight the continued
need to develop and expand our knowledge in this important
field of research.

Yamni Nigam
John Knight

Sharmila Bhattacharya
Antony Bayer
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Osteoporosis can profoundly affect the aged as a consequence of progressive bone loss; high-dose ionizing radiation can cause
similar changes, although less is known about lower doses (≤100 cGy). We hypothesized that exposure to relatively low doses of
gamma radiation accelerates structural changes characteristic of skeletal aging. Mice (C57BL/6J-10 wk old, male) were irradiated
(total body; 0-sham, 1, 10 or 100 cGy 137Cs) and tissues harvested on the day of irradiation, 1 or 4 months later. Microcomputed
tomography was used to quantify microarchitecture of high turnover, cancellous bone. Irradiation at 100 cGy caused transient
microarchitectural changes over one month that were only evident at longer times in controls (4 months). Ex vivo bone cell
differentiation from the marrow was unaffected by gamma radiation. In conclusion, acute ionizing gamma irradiation at 100 cGy
(but not at 1 cGy or 10 cGy) exacerbated microarchitectural changes normally found during progressive, postpubertal aging prior
to the onset of age-related osteoporosis.

1. Introduction

Osteoporosis can lead to devastating health consequences
and poses a substantial health care burden currently affecting
an estimated 44 million Americans (NIH). In women, estro-
gen deficiency is primarily responsible for the rapid postme-
nopausal loss of bone mass and resulting structural fragility
(type I osteoporosis) while a slower bone loss (type II or se-
nile osteoporosis) affects both men and women late in life
[1]. Bone structure begins to decline early [2]; peak bone
mass is achieved in early adulthood and progressively dec-
lines in both high turnover, cancellous tissue and in the
surrounding hard cortical shell. The compartments of bone
affected by osteoporosis can include both the dense tissue
that forms an outer structural shell (cortical bone) and the
spongy tissue (cancellous bone) within the marrow cavity;
the microarchitecture of cancellous bone is profoundly
affected in osteoporosis and renders sites that are rich in can-
cellous tissue, such as the spine and proximal femur, prone to
fracture. An age-related decline in cancellous tissue structure

occurs in rodents over a matter of months, rather than years,
as in humans. C57BL/6J mice provide a well-established ani-
mal model with relatively rapid postpubertal loss of cancel-
lous tissue [3, 4], characteristic of that which precedes the
development of senile, type II osteoporosis in humans.

Bone turnover is regulated by a balance between the ac-
tivities of bone-forming osteoblasts and bone-resorbing os-
teoclasts. Osteoblasts progressively differentiate from pro-
genitors and mesenchymal stem cells whereas osteoclasts are
haematopoietic derivatives of the monocyte/macrophage lin-
eage. Stem cells, progenitors, and precursors of both lineages
reside within the bone marrow. Bone marrow cells cultured
ex vivo retain behavioral characteristics of in vivo function;
thus bone marrow-derived cells cultured under conditions
tailored either to stimulate osteoblast differentiation (osteo-
blastogenesis) or osteoclast differentiation (osteoclastogene-
sis) are useful tools to dissect cellular and molecular bases of
physiological challenges such as skeletal aging and exposure
to radiation [5–8].
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Ionizing radiation generates reactive oxygen/nitrogen
species (ROS/RNS) both by the ionization of target mol-
ecules and by perturbations to the cellular redox state, also
implicated in the development of osteoporosis [9–12]. The
production of ROS/RNS causes oxidative damage to DNA,
lipids, and protein influencing key cell functions, including
proliferation, differentiation, and apoptosis. Low Linear En-
ergy Transfer (LET) ionizing radiation (e.g., gamma rays,
X-rays) at high cumulative doses (>200 cGy) can damage
vascular supply (osteoradionecrosis), leading to loss of cor-
tical and cancellous tissue and leading to skeletal fragility
[13], while adverse effects of lower doses (100–200 cGy) ap-
pear to be confined to cancellous tissue in animal models
[12, 14–16]. Much less is known about how low doses in-
fluence skeletal health.

Here we hypothesized that low-to-moderate doses of ion-
izing radiation accelerate postpubertal and progressive loss
of microarchitectural integrity over time. Ionizing radiation
at 100 cGy (but not at 1 cGy or 10 cGy) caused structural
changes in cancellous tissue within one month that occurred
over 4 months in controls, with no further decrements fol-
lowing 1 month. The capability of marrow-derived cell pop-
ulations to differentiate into osteoblasts or osteoclasts was
unaffected.

2. Materials and Methods

2.1. Experiment Design. A total of 96 C57BL/6J 10-week old
male mice (The Jackson Laboratory, Bar Harbor, ME) were
housed 2/cage for up to 4 months. This age and duration of
the experiment were selected on the basis of results reported
by others, showing that this encompasses a period of micro-
architectural changes that are associated with osteopenia (re-
duced bone density) over time [3, 4]. Mice were provided
food (LabDiet 5001, Purina Mills, Gray Summit, MO) and
water ad libitum. After three days of cage acclimation, un-
anesthetized mice (4 per exposure) were irradiated (IR; JL
Shepherd Mark I, 137Cs gamma ray source, San Gabriel, CA)
with 1, 10, or 100 cGy at 0.96, 0.96, or 88 cGy/min (±10%),
respectively, or were sham-irradiated (0 cGy-controls). The
exposure field was 26.5× 19.5 cm2. To expose samples evenly,
mice were placed in container (10 cm radius), centered 18 cm
from the source, and rotated at 6 rpm. Radiation dose and
uniformity was calibrated in air by JL Shepherd & Asso-
ciates using an X-ray Monitor (no. 2025, MDH Industries,
Monrovia, CA) with a 0.18 cm3 probe (National Institutes of
Standards and Technology traceable). Tissues were harvested
on the day of IR (basal) or 1 or 4 months later (n = 8/group),
with cell culture being performed at the latter two endpoints.
As an indicator of health, total body mass was measured
(E0D120 scale, Ohaus Corporation, Parsippany, NJ) at least
once per week until tissue harvest. The Institutional Animal
Care and Use Committee of NASA Ames Research Center
approved all procedures.

2.2. Cancellous Microarchitecture. Skeletal microarchitecture
broadly characterizes the 3D network of cancellous (or
spongy) bone. Microcomputed tomography (vivaCT 40,

SCANCO Medical AG, Brüttisellen, Switzerland) allows
direct quantification of the microarchitecture of mineralized
tissue (10.5 μm voxel size) within the proximal tibia meta-
physis [17]. Standard indices [18] were generated within the
excised right tibia in a region 0.2 to 1.2 mm distal to the
proximal growth plate via semiautonomous contouring of
cross-sectional slices, as reported in detail previously [15].
The relative amount of bone to total volume (BV/TV, bone
volume fraction) quantifies the amount of bone present. The
thickness of the bony struts, the thickness (or spacing) of the
marrow voids, and trabecular number characterize trabecu-
lar morphologys on average [19]. Connectivity density quan-
tifies the number of trabecular struts per volume in the bony
network [20]. The structure model index measures the ratio
of rod-like (=3) to plate-like (=0) trabeculae within the tissue
[19]. The fabric tensor quantifies the anisotropic orientation
of the structure, relating to mechanical properties [21, 22],
with three eigenvalues describing the axial lengths of the
anisotropy ellipsoid and the degree of anisotropy equaling
the ratio of the maximum to minimum eigenvalues.

2.3. Primary Bone Marrow Culture. Marrow cells from the
hindlimbs (femora and tibiae) were grown as previously de-
scribed [7]. In brief, cells were flushed from the bone mar-
row and plated in α-MEM supplemented with 15% fetal
calf serum with osteoblastogenic supplements (ascorbate
50 μg/mL, Sigma-Aldrich, St. Louis, MO) and β-glycero-
phosphate (10 mM, Sigma-Aldrich, St. Louis, MO). For os-
teoclastogenesis, cells were plated overnight in macrophage
colony stimulating factor (MCSF, 30 ng/mL, R&D Systems
Inc, Minneapolis, MN) and nonadherent cells collected, re-
plated, and grown in α-MEM supplemented with 15% fetal
calf serum with MCSF (30 ng/mL) and soluble receptor acti-
vator of nuclear factor κB ligand (sRANKL, 60 ng/mL, Pepro-
tech, Rocky Hill, NJ). Osteoclastogenesis was assessed 4-5
days after euthanasia by counting the number of multinu-
cleated, tartrate resistant acid phosphatase-positive (TRAP+,
Sigma Aldrich) cells in a defined area by microscopy (be-
tween 18 and 45 mm2) to count a minimum of 200 cells. Os-
teoblastogenesis was assessed one month after irradiation by
quantifying the surface area covered by alizarin red-stained,
mineralized nodules.

2.4. Statistics. Statistical analyses were performed using JMP
8 (SAS Institute Inc, Cary, NC). To address aging, three
groups of sham controls were collected at different time
points for analysis. Least squares linear regressions were per-
formed with time as regressor and the null hypothesis of the
slope being zero to assess changes over time. The coefficient
of determination (R2) and the probability (P) of the slope
being zero are reported, with P = 0.05 the threshold for re-
jecting the null hypothesis.

For each time point after-irradiation, comparisons were
made between the sham-irradiated and irradiated mice. An-
alyses proceeded using one-factor ANOVA with the Tukey-
Kramer Honestly Significant Difference post hoc test, and
P = 0.05 considered the threshold for significance. All figures
report mean ± standard deviation (SD).
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Figure 1: Mouse body mass as a function of age and radiation
exposure. Experiment to determine whether a single dose of 137Cs
gamma rays causes age-related changes in skeletal structure and
bone cell differentiation. Male C57BL/6 mice (10 weeks of age,
n = 8/group) were irradiated at 1, 10, and 100 cGy or were sham-
irradiated (0 cGy) on day 0 and tissues harvested 1 month (inset)
or 4 months after irradiation. Mean ± SD. #Denotes P < 0.05 for
changes with age (linear regression) for the respective cohorts (1
and 4 months after irradiation).

3. Results and Discussion

3.1. Body Mass. Body weights were measured weekly during
the experiment. Sham-irradiated mice gained 10% body
mass from 10–14 wk of age (Figure 1. inset, R2 = 0.96, P <
0.05 for slope) and 30% body mass from 10–27 wk of age
(R2 = 0.99, P < 0.05 for slope). Compared to the age-
matched controls, irradiation at any dose did not affect the
mass accrual (Figure 1). These data are consistent with pre-
vious studies that monitored radiation and aging effects
[3, 4] and show that normal accrual of body mass, as a broad
measure of health over time at this age, was unimpeded by
exposure to gamma irradiation with these doses.

3.2. Cancellous Microarchitecture: Temporal Changes. Can-
cellous microarchitecture was evaluated using 3D microcom-
puted tomography. In sham-control mice, the cancellous
bone volume fraction remained constant (Figure 2(a)), bone
density increased, and most microarchitectural parameters
declined as the mice aged over the 4-month period of this
study. Trabecular number (−21%, R2 = 0.79, P < 0.05) and
connectivity density (−49%, R2 = 0.75, P < 0.05) declined
over 4 months (Figures 2(d) and 2(e)). Structure model in-
dex was unchanged within 4 months (Figure 2(f)). Each eig-
envalue of the anisotropy tensor increased (all P < 0.05)
within 4 months. The maximum eigenvalue increased 15%,
R2 = 0.30 (Figure 2(g)). The minimum eigenvalue increased
24%, R2 = 0.49 (data not shown). The remaining eigenvalue
increased 23%, R2 = 0.59 (data not shown). The degree of
anisotropy remained constant at 2.0 indicating a persistent
longitudinal orientation of the structure (Figure 2(h)). In
contrast to these indicators of increasing structural fragility

with aging, trabecular thickness (+22%, R2 = 0.35, P < 0.05)
as in [3], and tissue density (+9%, R2 = 0.59, P < 0.05) rose
over 4 months (Figures 2(b) and 2(c)).

We observed age-related changes in the cancellous mi-
croarchitecture of the tibia within the 4-month timeframe.
In our study, declines in trabecular number and connectivity
density ensued, while relative bone volume, rod-like mor-
phology and degree of anisotropy remained constant. Con-
currently, the cancellous tissue consolidated gains into thick-
er and denser, though fewer, trabecular struts. Trabeculae
were spaced farther apart with age (data not shown) and may
increase the propensity for strut buckling [23, 24]. These cha-
nges are consistent with normal aging of male C57BL/6 mice,
including declines of trabecular number and connectivity de-
nsity, which appeared to start sooner and fall more rapidly
with aging than the bone volume fraction [3, 4]. In sum,
these data suggest that age-related alterations of microarchi-
tecture within the mouse tibia may precede overt declines in
cancellous bone volume.

3.3. Cancellous Microarchitecture: Ionizing Radiation-Induced
Changes. Radiation doses of 1 cGy or 10 cGy had no dis-
cernible effect on skeletal microarchitecture at either 1 or 4
months after-IR. In 100 cGy-IR mice, trabecular number and
connectivity density declined (−20% and −36%, resp.; P <
0.05) and trabecular spacing and the maximum eigenvalues
of the fabric tensor increased (+28% and +21%, resp.;
P < 0.05) at one month after-IR compared to age-matched
controls (Figure 2). There were no additional decrements
in microarchitecture compared to age-matched controls be-
tween 1 and 4 months after-IR (Figure 2). These results in-
dicate that 100 cGy irradiation caused rapid removal of
trabecular, which resembled the normal microarchitectural
changes expected to occur during 4 months of aging.

Irradiation with 100 cGy caused reductions in trabecular
number and connectivity density and increases in the major
axis of the anisotropy ellipsoid within 1 month—changes
that take 4 months to appear in sham-irradiated controls. In
previous studies that used older mice (16 weeks of age),
100 cGy caused bone loss in the tibia via reduced trabecular
thickness, but not trabecular number, with the onset of
osteopenia appearing 10 days after-irradiation [15]. The 16-
week-old mice are past peak cancellous bone volume in the
tibia, whereas the 10-week-old mice in this study have not
yet begun to decline. Microarchitectural changes following
irradiation observed in this study resembled the effects of
a larger dose in older, male mice (16 weeks, 200 cGy) with-
in the lumbar spine (a denser, plate-like cancellous tissue)
[15] and in the tibia (unpublished results), where gamma
irradiation at 200 cGy caused vertebral and tibial bone loss
via trabecular number and connectivity density decrements
appearing within 3 days and persisting at least until 30 days
after-irradiation. This supports trabecular thinning preced-
ing strut removal during bone resorption. Furthermore, in
young female mice (9 weeks), osteopenia and trabecular
number and connectivity density decrements persist in the
tibia at 120 days after-irradiation [14]. Taken together, the
data indicate that bone resorption is a time-dependent proc-
ess contingent on initial bone volume and morphology (i.e.,
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Figure 2: Cancellous microarchitecture of the proximal tibial metaphysis as a function of age and radiation exposure at the time of
irradiation (basal, 0 months) and 1 and 4 months after irradiation. During aging, sham-irradiated controls show relative bone volume
(BV/TV) remaining constant (a), increases in tissue density (b) and trabecular thickness (Tb.Th∗) (c), and declines in trabecular number
(Tb.N∗) (d) and connectivity density (Conn.D) (e). The ratio of trabecular rods to plates, the structure model index (SMI), remains constant
with age (f). The maximum eigenvalue (|H2|) of the fabric tensor increases with age (g), with the degree of anisotropy (h) remaining
constant. At 1 month after irradiation, 100 cGy reduced Tb.N∗ by 20% (d), Conn.D by 36% (e) compared to age-matched controls.
Irradiation at 100 cGy, but not at 1 cGy or 10 cGy, altered cancellous structure within 1 month in a direction and magnitude similar to 4
months of normal aging, with no further modulation between 1 and 4 months after irradiation. Mean ± SD. ∗Denotes P < 0.05 for changes
with IR dose (ANOVA and Tukey-Kramer posthoc compared to age-matched sham controls). #Denotes P < 0.05 for changes with age (linear
regression).
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Figure 3: Bone-cell differentiation potential as a function of age and radiation exposure. Hindlimb bone marrow was flushed and cultured
under osteoblastogenic or osteoclastogenic conditions to assess differentiation potential of the marrow. Between 1 and 4 months of aging
(white columns), osteoblastogenesis (a), measured as the area of calcified matrix per well, and osteoclastogenesis (b), measured as number
of TRAP-positive, multinuclear (≥3/cell) cells per area, remained constant in sham-control mice. Irradiation, at any dose (gray or black
columns), did not affect the differentiation potential of bone cells in the marrow at 1 (not shown) or 4 months post-IR (a, b). Images of
alizarin red-stained mineralized nodules (c) and TRAP-stained osteoclasts (d).

structure model index) and that skeletal outcome is a func-
tion of age.

In this study, microarchitectural differences between
irradiated and age-matched controls were not evident 4
months after exposure to 100 cGy radiation. This result con-
trasts to the persistence of osteopenia in the tibia after low
LET irradiation at higher doses (≥200 cGy X-ray or gamma
rays) or with particulate irradiation at doses of 100 cGy (pro-
ton) [25] and 200 cGy (56Fe) [14] which present at 120 days
after-irradiation in female mice (9 weeks). These findings
highlight the importance of age at the time of irradiation; ge-
nder also may influence skeletal radioresponses and further
study is needed in this area.

3.4. Bone Cell Differentiation Potential. To assess differentia-
tion of osteoblast lineage progenitors and precursors in the
mesenchymal stem cell lineage, adherent cells from bone

marrow were cultured in osteogenic medium up to one
month and then stained for mineralized nodules (Figure 3).
Irradiation did not affect the area covered by mineralized
nodules (Figure 3(a)). These data suggest the osteoblast pro-
geny of irradiated cells are not affected by a single, acute dose
of low LET, ionizing radiation.

Bone marrow cells were cultured after tissue harvest in
osteoclastogenic media and then osteoclast number counted.
In sham-irradiated controls, between 1 and 4 months after-
IR, the density of osteoclasts remained constant (Figure 3(b))
and indicates the number of precursors did not vary with
age. Furthermore, irradiation at any dose did not affect the
differentiation potential of osteoclasts compared to controls.
Per animal, the ratio of nodule area fraction to osteoclast de-
nsity was calculated as a measure of the balance between
formation and resorption potential; this was unchanged in
controls between 1 and 4 months and unchanged after ir-
radiation at any dose (data not shown).
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Thus, neither osteoblastogenesis nor osteoclastogenesis
by bone marrow cells was affected by gamma irradiation,
consistent with our previous findings. These results suggest
the ability of marrow-derived progenitors to contribute to
skeletal remodeling is preserved, despite exposure to ionizing
radiation. Gamma rays or X-rays (200 cGy) can cause a ra-
pid (within 3 days) increase in the numbers of osteoclasts
lining the surfaces of trabeculae [15, 16], and a decrement in
actively mineralizing surfaces, an index of the activity of ma-
ture, active osteoblasts [12]. Taken together, our results sug-
gest that mature cells of the osteoblast and osteoclast lin-
eage, rather than progenitors, are responsible for the near-
term microarchitectural changes triggered by gamma radia-
tion.

A limitation of this study design is that bones were an-
alyzed at only two time points after exposure to radiation.
Additional timepoints would be useful to further charac-
terize the influence of radiation on age-related changes in
skeletal health.

4. Conclusions

A moderate dose (100 cGy) of gamma radiation accelerated
changes in the trabecular microarchitecture of postpubertal,
growing (10 wk old) male C57BL/6 mice at a rate comparable
to later skeletal aging in controls, whereas no effects were
observed at even lower doses (1 or 10 cGy). Together with the
finding that BV/TV did not differ over this time, these results
suggest age-related microarchitectural changes precede
bone loss. Bone marrow-derived osteoblast progenitors and
osteoclast precursors did not appear to be affected by the
low-to-moderate doses of low LET gamma radiation used
here, suggesting stem and progenitor cells that reside in the
marrow will retain the ability to contribute to skeletal re-
modeling during subsequent aging following the low-to-
moderate doses employed. In contrast, exposure to high dos-
es of gamma radiation [6] or to high LET irradiation such
as 56Fe can inflict acute and persistent damage to osteo-
progenitors ([7], unpublished observations). In conclusion,
ionizing gamma irradiation at 100 cGy (but not at 1 cGy or
10 cGy) appeared to accelerate structural changes in the mur-
ine skeleton, expected also to occur during progressive, post-
pubertal aging in humans prior to the onset of type II os-
teoporosis.
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Age-related muscle wasting and increased frailty are major socioeconomic as well as medical problems. In the quest to extend
quality of life it is important to increase the strength of elderly people sufficiently so they can carry out everyday tasks and to prevent
them falling and breaking bones that are brittle due to osteoporosis. Muscles generate the mechanical strain that contributes to the
maintenance of other musculoskeletal tissues, and a vicious circle is established as muscle loss results in bone loss and weakening of
tendons. Molecular and proteomic approaches now provide strategies for preventing age-related muscle wasting. Here, attention
is paid to the role of the GH/IGF-1 axis and the special role of the IGFI-Ec (mechano growth factor/MGF) which is derived from
the IGF-I gene by alternative splicing. During aging MGF levels decline but when administered MGF activates the muscle satellite
(stem) cells that “kick start” local muscle repair and induces hypertrophy.

1. Introduction

When our hominid species evolved from several millions
of years ago, ancient man was a hunter-gatherer, and
survival required covering long distances. As well as stamina,
homosapiens had to have sufficient strength to kill large
animals for food. Ancient man would have sustained muscle
injuries during hunting and tribal confrontations, and, from
a Darwinian viewpoint, natural selection would have resulted
in generations of offspring with strong and adaptable
musculature; this includes rapid and effective tissue repair as
this was also a requisite for survival and the continuation of
the species. However, over most of this time the average life
expectancy for most homosapiens was only about 25 years,
that is to say a little beyond the age of reproduction. For
example, in ancient Egypt the average life span was 24 years
but now with developments in science and medicine this has
increased by over 3-fold which presents problems for human
society. In the more affluence society of today there are
other factors such as overconsumption of food and alcohol
and the failure to maintain an active, healthy life style. In
Scandinavian countries family doctors prescribe exercise to
improve the general fitness which enables individuals to
maintain an active life style and to live longer. Longevity

and the increasing percentage of elderly in the populations
in many developed countries including the USA, Europe,
and Japan present its own major socioeconomic as well as
medical care problems. Therefore maintaining independence
has now to be very much focused on the aging processes of
the musculoskeletal system.

Mechanical tissues are designed to respond to mechanical
forces, and it is important to determine why there is a
decreasing sensitivity of the transduction of mechanical
signals that maintain muscles and to what extent this is
due to inactivity or intrinsic tissue changes as we get older.
These are not simple questions to answer as such factors
as neurological input, blood flow, and fatigue resistance
that include tissues other than muscle may become limiting
factors. From the prospective of the author the information
in this paper concentrates on that acquired over the last
decade on changes at the cellular and molecular levels
in aging muscle tissue as present day molecular genetics
and proteomics methods have provided us with tools for
studying the age-related muscle growth, adaptation, and
repair. Sarcopenia is the term that is often used to describe
the syndrome of age-related muscle loss which is somewhat
unfortunate as this implies that it is a disease rather than an
attenuation of processes that develop and maintain muscle
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in young healthy people. Postnatal growth of muscle is very
much influenced by hormones which include growth factors
and androgens, the circulating levels of which decrease with
age. This decrease in hormone levels in the elderly has
sometimes been referred to as the “somatopause” as this
occurs in males and females. Supplementing the levels of
these hormones has been found to be beneficial, for example,
oestrogen and progesterone replacement therapy in women
and administration of testosterone in elderly men to improve
muscle strength.

The insulin-like growth factor (IGF-I) system is begin-
ning to receive considerable attention as it is involved in
tissue growth, maintenance, and repair. Interestingly, an IGF
gene is present in invertebrate animals. This and its receptor
gene have been studied in the nematode worm C. elegans [1]
as it is involved in determining the life span of the worm by
suppressing cell death (apoptosis). Experiments have shown
that the IGF gene and its receptor gene represent a primitive
system involved in maintaining terminally differentiated
cells. In this way these determine lifespan in the nematode
worm [2] and have become a model for studying aging at the
very basic level. The lifespan of vertebrates including man is
of course much longer than the nematode worm. In higher
animals the IGF-I system is similar but more sophisticated
in that the family of genes and the alternate splicing of
genes in vertebrates result in a number of gene products.
In vertebrates during aging, muscles decline in strength
and adaptability [3]. Coincidentally, levels of insulin-like
factors decline. These are controlled by growth hormone
(GH) produced by the pituitary gland and referred to as
the GH/IGF-I axis which controls body mass particularly
muscle mass. However, space does not permit a discussion
of the combined effects of growth hormone and androgens
on muscle during aging although this topic is still receiving
much attention and not reviewed here except where they
might be involved in GH/IGF-I axis [4].

However, this paper will concentrate mainly on the
adaptation mechanism(s) that are linked to the repair
processes via which myofibers adapt and/or are repaired after
being subjected to mechanical strain. As skeletal muscle is
a “postmitotic tissue” and cell replacement is not a means
of repairing damage as it is in most tissues and there has to
be a somewhat different but effective mechanism, otherwise
the cellular units would undergo cell death and not be
replaced. This does happen to some extent in advanced old
age when the maintenance and reinnervation of the muscle
fibers begins to fail. In normal muscle events associated with
local damage and repair result in adaptation whereby the
muscles increase in strength but this decreases with age. In
diseases such as the muscular dystrophies muscle repair is not
initiated in the normal way as certain cytoskeletal assemblies
are defective or missing as in Duchenne muscular dystrophy
that is the most severe type. In the mdx dystrophic mouse
that is an animal model for human Duchenne muscular
dystrophy, the muscles are unable to respond to mechanical
stimuli by initiating the repair signalling including splic-
ing the IGF-I gene towards the IGF-IEc. Because of the
original confusion of what was called IGF-IEb which has
almost the same sequence of IGF-IEc in the human and

because its expression increased in response to mechanical
signals, the latter was called mechano growth factor (MGF)
[5]. In experiments in which the dystrophin complex has
been restored by cell transfer, the appropriate signalling
including the production of MGF is restored [6]. During
normal ageing this mechanotransduction system apparently
becomes increasingly less sensitive as the fibers become less
compliance due to increased amount and stiffness of the
fibrous connective tissue in the muscles. In addition to
muscle stiffness, another factor is the drop in circulating
levels of some hormones which influence the expression of
the genes that result in the local signals that are produced
in response to physical activity. Studies of cellular changes
associated with age-related muscle atrophy indicated that
there is a considerable loss of muscle fibers, motoneurons,
and motor units [7]. In a more recent project studied in older
men aged just over 70, with a follow-up study on the cohort
when they approached 80 years of age, the muscle cross-
sectional area and specific strength of the knee extensors
had significant decreased [8]. Interestingly, there was some
increase in the size of the type IIA fibers indicating that the
recruitment pattern of the myofiber types changed, and this
tended to compensate for the loss of fatigue resistance and
strength. This paper will, however, concentrate on molecular
biology and proteomic studies. By using these approaches
we can begin to understand the atrophy processes associated
with aging and the possibility of intervening in these
processes of loss of muscle mass and strength, as we age.

2. Approaches to Treating Age-Related
Muscle Loss

2.1. Treating the Somatopause. One of the changes during
aging is that the circulating levels of GH drop markedly
with age and one approach to counteract the effects of aging
might have been to administer human GH as a recombi-
nant peptide. In experiments with the author’s group in
collaboration with Professor Kjaer’s group in Copenhagen,
it was found that strength improved with the administration
of growth hormone which apparently increases the level of
the primary IGF-I transcript and there was a correlation
between increased MGF levels and muscle mass measured
by MRI scanning [9, 10]. More recently our group has
been involved in detecting the misuse of GH by athletes
but it should be appreciated that young healthy individuals
are not GH deficient. Therefore, the response is likely to
be different to that in older muscle tissue, particularly in
those individuals in whom the circulating levels are well
below that of their age group. A study by Yamaguchi et al.
[11] showed that in hypophysectomized rat muscle the
expression of IGF-I splice variants was more influenced by
mechanical factors than endocrine status. This reaffirmed
a earlier study carried out a good number of years ago
by Goldberg [12] who used hypophysectomized rats and
showed when muscles are under mechanical strain they
still underwent hypertrophy indicating that regulation of
muscle mass and strength are regulated at the muscle cellular
level. Systemic administration has associated problems as GH
is produced episodically, and there is a negative feedback



Journal of Aging Research 3

so that administration of a large bolus of recombinant
human growth hormone (rhGH) shuts down its endogenous
secretion by the pituitary which produces the opposite result.
Also elevated GH levels are associated with an increased
in IGF-I and increased cancer risk as IGF-I is carcinogenic
at abnormally high levels although it has been reported as
repressing protein breakdown [13]. A higher risk of cancer
is seen in acromegalic patients whose pituitary gland is
overactive. These people are invariably tall and well muscled
but have a high risk of cancer resulting from the higher
circulating levels IGF-1. It is now becoming apparent that
this may be a problem in young athletes and bodybuilders
and the antidoping agencies are becoming concerned about
this form of abuse. Hence there are considerable risks
associated with elevating the serum GH levels beyond that
which is normal for a particular age group artificial elevation
of GH or IGF. The levels of several hormones are known to
drop markedly with age including testosterone as well as GH
that are involved in the maintenance of muscle mass. It is
not likely that these would be used as a general treatment for
age-related muscle loss although it may be indicated for some
elderly individuals but this has to be combined with exercise
to obtain an increase in strength [10]. As the endocrine
system is complex and the chances of inducing unwanted
side effects are reasons why the pharmaceutical industry is
attempting to develop SARMS, these compounds stimulate
specific androgen receptors, in particular the testosterone
receptor, and already they have found their way into doping
in certain sporting events.

2.2. Manipulation of the Balance between Protein Synthe-
sis/Breakdown. The size of tissues in the body is determined
mainly by a balance between the rate at which proteins are
synthesised and the rate they are broken down. This is a way
cells adapt to change in local environmental conditions and
for removing nonfunctional, damaged proteins. Every few
days approximately half the enzyme molecules within our
body will be broken down and replaced. The turnover of the
contractile proteins of muscle such as actin and myosin takes
a little longer with about half of being replaced every two
weeks or so.

Using nonradioactive isotope methods it was found that
as we get older our muscle proteins are degraded and
rebuilt at less frequent intervals but still the process is very
dynamic. Protein degradation requires energy as does the
synthesis of muscle proteins, and it appears that the balance
is more towards decreased protein synthesis except in some
disease states, for example, endotoxin poisoning, in which
muscle protein breakdown can be very rapid. Any proposal
for increasing muscle mass during aging by slowing the
degradation process during healthy aging would seem to be
physiologically undesirable as continual replacement of pro-
teins is particularly important in a mechanical tissue as this
is the way of ensuring there is no build-up of nonfunctional
proteins. Also in tissues such as muscle there would probably
be a reduction in specific strength as increased mass does
not necessarily mean an increased ability to generate muscle
force, and there is no rationale for increasing body mass
without commensurate increases in strength.

2.3. Blocking Negative Regulation of Muscle Mass. There has
been a lot of interest in a negative muscle regulatory factor
that has been named myostatin. As the name implies this
factor reduces muscle growth, and knocking this out ther-
apeutically offered prospects of increasing muscle mass and
strength. The myostatin gene, when mutated, is responsible
for “double muscling” in certain breeds of cattle, such as
the Belgian Blue, which exhibit very considerable muscle
hypertrophy [14] and also in a few human subjects in which
the gene is mutated [15]. However, McMahon et al. [16]
reported that in the myostatin knockout mouse, the lack of
myostatin did not ameliorate disuse atrophy. As discussed
below skeletal muscle is a postmitotic tissue and in order
to increase in size or to repair the myofibers have to obtain
extra nuclei. Postnatal inactivation of the myostatin by gene
targeting results in myostatin “knock out” with an increased
number of satellite cells [17], and an increase in muscle
mass reverses the quiescence state of these muscle progenitor
cells [18]. However, it was shown in these mice [19] that
the increased muscle mass resulted in decreased specific
contractile force as there was apparently an accumulation of
nonfunctional protein. The suggested therapy for muscle loss
that entails partially knocking out/knocking down myostatin
is also probably not a good strategy as this is associated with
a loss of oxidative capacity of the muscles as well as impaired
respiratory and cardiovascular function [20]. In one young
boy who has a myostatin double allele knockout, he has
increased muscle mass and strength and this would obviously
be an advantage in certain sports, but to be “muscle bound”
is not necessarily an advantage in many activities that require
power rather than maximum force nor would it be desirable
for older people. Interestingly, a study on aging weight lifters
did show that myostatin levels decrease when they resume
exercise so this subject needs further investigation. Clearly
if the use of an antimyostatin strategy results in an increase
of mass without a commensurate increase in strength this
would handicap rather than help elderly individuals.

2.4. Augmenting the GH/IGF-I System for Maintaining Muscle
Mass and Strength. Even in individuals who exercise reg-
ularly, the ability to maintain muscle mass and strength
diminishes with age, and this is associated with the marked
drop in the circulating serum levels of IGF-I. Muscle
hypertrophy and wasting have been studied at the gene level
based on the realisation that there must be local as well
as systemic regulators of muscle growth. Approximately 15
years ago the author’s group cloned a factor that proved to
be involved in local regulation of muscle mass and which is
derived from the splicing of the IGF-I gene. To do this we
used an animal model in which we could make muscle grow
rapidly. Previous work had shown that the tibialis anterior
in the mature rabbit whilst held in the stretched position
by a plaster cast and when electrically stimulated using an
implanted microcircuit increased in mass by 35% in just over
7 days [21]. It was known that muscles adapt to an increased
functional length by adding sarcomeres in series at the ends
of the existing myofibrils, and if they are also subjected to
electrical stimulation they also increased in girth and also
added more sarcomeres in parallel as well as in series. RNA
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Figure 1: Schematic representation of the splicing of the human IGF-I gene in human muscle to produce human MGF (IGF-1Ec) as well
as IGF-IEa and IGF-IEb. The IGF-I gene has two start sites located in or near exons 1 and 2. In response to a exercise/damage the IGF-I
gene is first spliced to produce MGF. This involves a reading frame shift that results in the unique carboxy terminal sequence (E domain)
of MGF (IGF-I Ec). The expression of the IGF-I gene is initiated by certain hormones, and this becomes a problem as during aging GH
and testosterone levels decrease resulting in decreasing levels of the primary transcript so less can be spliced to MGF when the muscle is
mechanically challenged. Also it appears that the mechanotransduction and signalling system that is upstream of the activation of the IGF-I
gene also become less sensitive, and less MGF is produced.

was extracted from these muscles that were undergoing rapid
growth and using differential display, and we detected a RNA
transcript that is expressed in stretched/exercised but not
in resting muscles. This mRNA was converted to cDNA,
sequenced, and referred to the genome data base which
showed it to be derived from the insulin-like growth factor
(IGF-I) gene. However, its 3′ sequence was different to the
liver or systemic type of IGF-I (IGF-IEa) [22].

Later work showed that in human muscle 3 main types
of IGF-I can be spliced from the IGF-I gene (Figure 1), a
systemic (liver) type of IGF-I (IGF-IEa), IGF-I Eb, that is
not the same as IGF-IEb in rodents and the newly discovered
splice variant IGF-IEc. As the terminology of the IGF-Is is a
problem when attempting to apply it to nonhepatic tissues
and different species we called this newly discovered splice
variant mechano growth factor (MGF) as it is expressed in
response to mechanical stimuli and muscle damage.

As well as MGF expression was mechano sensitive its 3′

sequence was unique and encoded a different E domain at the
carboxy end (Figure 1) that presumably has several distinct
actions. The reason the C terminal end of MGF is different to
the other IGF-I splice variants is because during the splicing
of the IGF-I gene at exon 5 has 52 bases in the human (49
bases in rabbit and rat) and this introduces “a reading frame
shift” at the 3′ end. Following the initial splicing to MGF

(human IGF-IEc) which has been found to initiate muscle
growth and repair, the IGF-I gene is later switched to IGF-IEa
which is a main anabolic agent and some studies suggest that
it initiates the fusion of satellite cells with the myofibers and
the expression of myogenic genes [22–24]. MGF, however,
appears to have a special role in muscle repair that involves
its unique E domain sequence that arises from this reading
frame shift [25]. As well as activating and replenishing the
muscle stem/precursor cell pool (see Figure 1) this unique
E domain peptide has also been found to have several roles
in limiting tissue damage but space does not permit these
to be reviewed here. There is good evidence that the age-
related changes in muscle mass and strength result from a
decreasing ability to produce MGF [26–28], and this seems
likely to be the case in other tissues. From a physiological
point of view this is interesting as the age-related decline in
the ability to respond to physical signals by producing MGF is
presumably related to a dulling of the mechanotransduction
system which is still not understood.

2.5. Exercise and Decreasing Ability to Respond to Active
Muscle Stretch during Aging. As shown in the rat (Figure 2)
and human subjects a major intrinsic effect is increased
load, but this response becomes dulled during aging [26].
Also in studies on elderly human subjects [27] this was
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Figure 2: The ability to express MGF in response to mechanical
strain with age. Animal experiments overloading the rat soleus
and plantaris muscles by cutting the gastrocnemius muscle of
rats from 3 age groups. In the young rat the overloaded muscles
produced high levels of MGF but in the older rats the induced
levels were much lower even though these rats were much heavier.
The middle-age rats the MGF levels were intermediate between the
young and the old in response to mechanical overload, according to
Owino et al. [27].

found to be related to decreased MGF and IGF-1Ea which
could be improved by administration of GH which increases
the expression of the IGF-I gene. (see Figures 3(a)–3(c)).
As mentioned above in Section 2.4 we understand more
about the endocrine aspects than the physical signalling and
signalling molecules involved in muscle adaptation involved
in maintaining and repairing our muscles as we age.

The detection of mechanical strain is thought to involve
focal adhesion kinases (FAKs) [30] which are activated by
mechanotransducers systems that link the very long titin
molecules that run through the myofibrils to the tendons.
These also connect in 3 dimensions as the myofibrillar system
is linked to the surrounding basal lamina and response ele-
ments, and when these are missing, for example, dystrophin
or defective is responsible for the muscle wasting conditions.
The connective tissue of the tendons and ligaments also
transmits the forces generated by sarcomeres of the muscles
to tendons, bones, and ligaments. These mechanical forces
generated by skeletal musculature are thus also involved
in maintaining the whole of the musculoskeletal system.
It seems that as we grow older this mechanotransduction
system becomes less sensitive because of the decreased
compliance of the connective tissue due to cross-linking of
the collagen which seems to occur in all tissues. In some
experiments on mice subjected to repeated exercise the

author’s group found that regular exercise improved muscle
compliance during aging but it was still not as good as in
young mouse muscles [30]. These experiments preceded the
discovery of MGF which now offers good prospects for its use
as a therapeutic compound for treating age-related muscle
loss as well as muscle cachexia in a range of diseases although
there seems to be more interest in its use as a doping agent as
it is available over the internet and it is now being produced
using recombinant E. coli methods, and therefore it will
become relatively inexpensive. Unfortunately, during aging
the muscles become less compliant and become less able to
produce MGF [26–28, 31]. As with other tissues muscles
become less compliant which apparently occurs due to cross-
linking in the connective tissues and possibly other factors,
and in some long running mouse experiments we showed
that regular exercise improved muscle compliance during
aging but it was still not as good as in young mouse muscles
[30]. Also in diseases such as the muscular dystrophies, the
impairment is often the absence or incorrect conformation
of the certain linking molecules such as dystrophin that
apparently results from an inability to produce MGF. From
a physiological point of view this is of considerable interest
as the initiation of the activation of the IGF-I gene and the
switch in splicing to produce MGF must involve a mechan-
otransduction system. The detection of mechanical strain
is thought to involve focal adhesion kinases (FAKs) which
change conformation when stretched which phosphorylate
other signal molecules [32]. The impairment of mechanosig-
nalling appears to be defective in diseases such as the
muscular dystrophies in which splicing of the IGF-I gene is
deficient but transfer of normal mesenchymal stem cells into
the dystrophic mouse restored its ability to produce MGF
[33]. Therefore, there are probably good prospects for use of
therapeutic compounds such as MGF for treating age-related
muscle loss as well as muscle cachexia in a range of diseases.
Unfortunately, at the present there seems to be more interest
in its use as a doping agent as it is available over the internet
and it is now being produced using recombinant E. coli
methods, and therefore it can become relatively inexpensive.

2.6. Muscle Progenitor/Satellite Cells in Muscle Repair, Adap-
tation, and Maintenance. Skeletal muscle and most neu-
rological tissues are postmitotic tissues, and age-related
deficits require a somewhat different understanding to that
of other tissues. The term “postmitotic tissue” is used as after
embryonic tissue is complete, the myofibers have residual
myoblasts in the space between the plasma membrane and
the basal lamina. Because of their position these mononu-
cleated cells were originally called satellite cells. These upon
the appropriate signal undergo proliferation and one of
the progeny fuses with the muscle fibres, and the other
mononucleated muscle stem cell enters quiescence.

It has been realized for some time that these cells provide
the extra nuclei for postnatal growth and regeneration [32]
and in response to mechanical strain and local injury [32–
38]. Growing up mononucleated myoblasts for injection into
muscles of patients has been the goal for several groups but as
most of these die after injection, this does not seem preferable
to introducing MGF as a stabilized peptide or gene construct
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Figure 3: (a) Exercise data in which muscle MGF levels were determined in elderly men; some receiving exercise only and another group
exercise with GH and in which biopsies were taken and MGF levels were measured and compared with muscle cross-sectional area and
strength. (b) shows the relationship between the induced levels of MGF and the increased strength in the experiments presented in (a). (c)
presents on the left side the change in muscle cross-sectional area after exercise combined with GH treatment and increased MGF expression
in elderly men. On the right are two scans showing the difference when exercise is combined (top right) or not combined with GH treatment
(bottom left). See Hameed et al. [28].

as one injection provides many additional myofiber nuclei.
The initial splicing of the IGF-I gene to produce MGF is
within the first few days after the mechanical challenge and
coincides with the activation of the muscle stem cell pool

[36–38]. Indeed, the initiation of muscle stem cells resulting
from exercise has been shown in human muscle after a single
bout [37]. Bamman’s group [38] found that after resistance
exercise there was a correlation between cyclin D1 activity
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with MGF expression demonstrating cell replication in this
postmitotic tissue. In another study it was shown that a
decrease in myostatin levels results in an increase in specific
strength so it is assumed that muscle satellite (stem) cell
activation is positively regulated by MGF and not by removal
of myostatin, the negative regulator [18]. Following the
expression of the IGF-I gene the satellite cell pool undergoes
periods of replenishment lasting just a few days [34], and
the initial splicing to MGF expression following a mechanical
challenge fits with the timing of the expansion of the muscle
stem (satellite) numbers [30, 39]. Both MGF and IGF-IEa are
apparently involved during muscle hypertrophy and repair
as this involves replenishing the muscle satellite (stem) cell
pool which “kick starts” the growth, and repair processes the
anabolic response to IGF-I Ea. Stem cell therapy has been
proposed for extending the life and the quality of life but
in the case of muscle loss and frailty and in muscle cachexia
in a range of diseases. However, transplanting muscle cells
would not seem to be necessary if the existing stem cells can
be induced to multiply by merely administering MGF as a
stabilised peptide or by gene therapy.

2.7. Activation of Muscle Progenitor Cells in Muscle Wasting
and during Aging. It has been shown that age-related sar-
copenia is related to IGF-I signaling [34, 35] and in particular
reduced ability of muscle to express MGF, a splice variant of
the IGF-I gene and also IGF-IEa which is the main anabolic
agent or increased muscle protein content [34, 36]. This
has been associated with muscle aging in animals [22, 26]
and humans [27, 28], and because of this, the need to
activate the muscle stem/progenitor cells to increase muscle
mass has been highlighted in a number of publications [35–
41]. For this purpose the unique E peptide sequence of
MGF (MGF-24aa-E) was used to study the activation of
the human satellite cells (mononucleated myoblasts) taken
from patients with muscle wasting diseases including two
muscular dystrophies and ALS [41]. If IGF-I was added
together with the MGF peptide then it became apparent
that the mononucleated cells went through the next stage
of activation and fused with the muscle myofibers in the
cultures. Therefore, it seems that both the unique MGF E
domain peptide and IGF-I are required for the repair process.
Work with Dr. Gillian Butler-Browne’s group [42] shed more
light on the repair process in relation to aging. With this
group we investigated the actions of the MGF E-24aa peptide
using differentiated cultures and analyzed to estimate (1)
the fusion index, (2) the percentage of unfused (desmin
positive) reserve cells, and (3) the mean number of nuclei
per myotube. A fusion index was determined by counting the
number of nuclei in the differentiated myotubes with more
than two myonuclei as a percentage of the total number of
nuclei (mononucleated and multinucleated). The percentage
of unfused positive cells was calculated, by counting the
number of unfused, desmin-positive-single-nucleus cells as
a percentage of the total number of nuclei (1000 nuclei
per dish in triplicate). To measure the extent of cellular
proliferation within a culture, the incorporation of 5-bromo-
2′-deoxyuridine (BrdU) was used. During the replicative
life span, proliferating cells were incubated for 72 h in the

presence of 10 µg/mL of BrdU. To identify the cells that had
incorporated BrdU, using a monoclonal antibody directed
against BrdU, and the nuclei were counterstained with DAPI.
It was found that this MGF peptide significantly increases the
proliferative life span of satellite cells isolated from neonatal
and young adult but not from old adult muscle. However,
it was noted that the mean number of nuclei per myotube
and the fusion index were higher in cultures from older
subjects. Interestingly, hypertrophy was observed in satellite
cell cultures from all three age groups. This was associated
with a significant decrease in the percentage of “reserve”
cells correlated with an increase in the number of nuclei in
the myotubes that occurred when MGF-24aa-E peptide was
added to cultures. It is concluded that only 24aa of the MGF
isoform of IGF-1 has a marked ability to initiate and enhance
satellite (progenitor) cell replication and fusion for muscle
repair and maintenance. Aging muscle has a declining ability
to produce MGF but it was found that administration of
the MGF peptide prevents satellite cells entering senescent
and by activating these reserve progenitor cells to fuse,
and this provides the extra nuclei required for continued
tissue maintenance. Unfortunately as mentioned above as
we become older our ability to produce MGF declines along
with GH and IGF-I. Although the older myoblasts cultures
showed a dramatic decrease in the number of cycling cells
following the addition of MGF-24aa-E, their ability to induce
hypertrophy was assessed following a single dose of MGF-
24aa-E which was given immediately or just after 3 days
of establishing which resulted in the cultures developing
myofibers and producing additional myosin heavy chain
protein [42]. Also it appears that MGF-24aa-E significantly
delays the entry of cells into senescence and increases
moderately the proliferative life span of satellite cells isolated
from neonatal and young but not from old adult skeletal
muscle. These experiments allow the distinction between
two specific roles of MGF E-24aa peptide and its effects on
proliferation and differentiation that are required for the
maintenance and then repair of the musculature throughout
life (see Figures 4 and 5).

3. Conclusions

It has been known for some time that during aging there is
a marked decline in muscle mass and strength which can be
only partly ameliorated by continuing with resistance type
of training. Exercise is to be encouraged as it has health
benefits and a feeling of well-being during the aging process.
However, in old age many individuals will become partially
or only partially immobile. In the aging population day- to-
day care will increase as a percentage of the elderly, and this
will result in an ever-increasing financial commitment par-
ticularly in the advanced nations. For this and other reasons
the large pharmaceutical companies have recently taken a
serious interest in possible ways to increase muscle mass and
strength in the elderly and in the many disease states that are
accompanied by muscle loss. Much of their recent research is
kept confidential for obvious reasons but can be appreciated
somewhat from filed patents some of which had been filed
by academic institutions before the present financial crisis.
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Figure 4: Illustrates role of the MGF C terminal peptide in activating the replication of the mononucleated myoblasts (otherwise termed as
satellite cells or muscle progenitor/stem cells). These are the source of the extra nuclei required for local muscle repair. MGF in young normal
muscle replenishes the pool of stem cells, and myostatin acts as a negative regulator and pushes then into a quiescent mode. Following the
activation of the mononucleated myoblasts to undergo mitosis one of the pair will fuse with the myofiber and switch into myogenic gene
expression for the production of contractile such as actin and myosin and other muscle proteins.

However, it seems that in the reasonably near future, when
we understand better the signaling and the role of IGF-I
growth factors, it should be possible to strengthen the mus-
culature in the infirm so they can continue to carry out rou-
tine physical tasks. It has been known for some time that GH
levels markedly decrease during aging and GH supplementa-
tion increases muscle mass in the elderly [28]. Serum IGF-I
levels also decrease during aging but administration of IGF-I
is problematic because of its insulin-like effect on blood sugar
levels, and the main consensus in a point:counterpoint dis-
cussion was that IGF is not a major regulator of muscle mass
[43]. Over the past decade or so, studies have demonstrated
alternative splicing events occur in the IGF-1 gene in skeletal
muscle in response to mechanical strain. This splicing results
in the production of different 3′ mRNA and a different
terminal amino acid sequence in main splice variants and
isoforms. Initially there was confusion as the splice variants
previously named IGF-IEb in the rat but IGF-IEc in the
human are essentially the same although shift in the reading
frame shift occurs at a slightly different place and the C
terminal peptides (E domain) have just a few amino acids
difference. In animals and humans this unique E domain has
special functions. Because of this confusion the IGF-I splice
variants were named mechano growth factor (MGF) as the
splicing of the IGF-I gene responses to mechanical signals
[21–28]. Experiments using a synthetic peptide of just 24
amino acids increased murine myoblast C2C12 cell cultures,
and using myoblasts transfected with MGF cDNA showed
proliferation in these mouse muscle cell cultures [24]. Some
groups found the experiments with the E peptide difficult

to repeat as unfortunately they used commercially available
murine C2C12 cells which had been grown up so many
times and very few, if any of these transformed and mutated
cells behaved as muscle progenitor cells. Heinemeier et al.
cloned the few progenitor cells by separating them from the
transformed cells that continually multiplied whether or not
they were exposed to MGF or IGF-I [44]. There was a lesson
to be learnt from this, and the author’s group concentrated
on using human muscle mononucleated myoblasts obtained
by biopsies from patients with muscle wasting diseases. It was
that a 24 h treatment with this peptide increased the number
of progenitor cells observed in primary cultures from healthy,
ALS, and dystrophic human cells in vitro [41]. As far as aging
is concerned our studies have shown that older muscles are
less able to produce MGF, and this seemingly results in an
age-related loss in both muscle mass and strength. Recent
studies by Gillian Butler-Browne’s group in Paris and our
group in London who used primary cultures found that
human mononucleated/desmin-expressing myoblasts [42]
from young muscle biopsies reacted somewhat differently to
those from elderly muscle when cultured. Muscle progenitor
cells like other diploid somatic cells have a finite potential
to divide before they become senescent but it was found
that the myoblasts from older individuals still responded to
the unique 24aa MGF peptide but in a somewhat different
way. Treatment with the MGF-24aa-E peptide increased
the proliferative capacity of the human myoblasts isolated
from neonatal and young adult muscle. Those cultured
from old adult muscle showed a marked increase in nuclei
per myotube (see Figure 5). In the old muscle there are
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Figure 5: In elderly muscle MGF treatment activates “resting” cells
to proliferate and fuse to donate nuclei. Cultures from neonatal,
young adult, and old adult muscle were treated with the unique
MGF peptide (MGF E) 24aa at a concentration of 100 ng/mL at day
0 or day 3 of differentiation. Immunofluorescence was performed
on cultures with an antibody directed against Desmin (a marker of
progenitor cell status). In elderly muscle there are still some muscle
satellite/stem cells in a quiescent state but these are not normally
activated because older muscle does not normally produce much
MGF. However when the unique E peptide of the MGF was added
to cultures from elderly muscle these cells replicated. The prospects
of “awakening” of these resting progenitor cells appear to offer a
means of enhancing muscle maintenance and repair in the elderly
offers and in certain diseases such as muscular dystrophy and ALS
(Kandalla et al. [29]).

considerable numbers of quiescent “reserve” cells, and their
activation by the unique E domain peptide increased in the
number of nuclei in the myotubes. The primary action of
the MGF E-24aa peptide on elderly muscle was to push
reserve myoblasts through the next step of fusion to start the
hypertrophy process.

It seems that as we grow older the system becomes
less sensitive for detecting mechanical strain because of
the decreased compliance of the tissue due to cross-linking
in the connective tissues. There is some evidence that the
compliance of the muscle connective tissue is increased more
than in sedentary individuals and this helps to maintain
power output as well as fatigability. Recent research has
shown that there are mechanosensor molecules such as
focal adhesion kinase systems. These signalling molecules are
wishbone in structure and open out when stretched. As their
name denotes these FAKs are believed to involve activation
of phosphatases which are possible part of the upstream
activation of the splicing of the IGF-I gene to produce MGF.
It has been shown that the signalling associated with MGF is
different to other splice variants of the IGF-I gene from the
human exercise studies carried out at McMaster University in
Canada. The temporal response of MGF to acute damaging
exercise results in Myf5 and MyoD expression and the later

response to IGF-IEa and IGF-I Eb to MRF-4 to the acute
damaging repair phase [45] which occurs after the increase
in the number of extra nuclei triggered by MGF (human
IGF-1Ec). Confusion has arisen in this field of study because
of the temptation to use murine myoblast cell lines such as
C2C12 cells. These transformed, mutated cells that readily
multiply are no longer suitable for this kind of study, and
this message has not yet been appreciated by pharmaceutical
companies or academic research groups.

The question remains, why does not exercise produce
as much MGF and the same muscle gain in the elderly as
in young individuals? We do need to understand the age-
related amelioration in the upstream signalling at the cellular
and molecular levels as this apparently holds the clues as to
why loss of muscle mass and strength and to put this in the
context of the musculoskeletal system as a whole. Eccentric
exercise has been found to be associated with Akt/mTor/p70
signalling [46] but we still do not know why there is no
apparent relationship in young individuals and rate of stretch
in eccentric contractions, and at present this is presumed to
be the case in older individuals. Second messengers relating
to MGF expression have also been studied by the team in
the Bach Institute of the Russian Academy of Sciences, and
protein kinases A and C and cAMP appear to be involved
in MGF upregulation [47] and the specific type of exercise
that should be more beneficial for maintaining musculature
in the elderly [48]. MGF is expressed in other tissues
following mechanical strain and tissue damage [49] and
enhances myogenic precursor cell transplantation success
[50]. It is expressed in tendons following mechanical stress
and increased osteoblasts in bone after damage [44]. There
are also beneficial effects on the repair of the myocardium
[51–54]. MGF has been found to be very neuroprotective
[55], and this includes protection against oxygen-free radical
damage [53], and on this basis other aspects continuing to
exercise as we get older can be recommended. Therefore, it
seems that the splicing and expression of the IGF-I gene and
its isoforms is central to our understanding of the progressive
inability of tissue repair, and there are broader aspects then
just decline in skeletal muscle function [54, 56]. Although
the stabilized MGF E 244aa peptide can be purchased over
the internet it is expensive, and apart from research it is
apparently being used by body builders and doping for
improved athletic performance. It is predicted that its use will
be more widespread as it can be produced using recombinant
methods in the same way as human insulin. A group of Rus-
sian scientists [57, 58] are producing a MGF peptide in this
way and using it for bona fide reasons that include alcoholic
myopathy and muscle atrophy resulting from space travel.
There is also much interest in China where recombinant
MGF is also being produced [59] but less is known about its
uses in these countries but it is clear that they appreciate its
potential for treating in tissue atrophy and repair.
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Characterizing the phenotypic changes associated with aging in a short-lived primate is necessary in order to develop better
translational models for human health, aging, and disease research. A population of conventionally housed marmoset monkeys
was assessed to determine if phenotypes of body composition, hematology, and morphometrical measures were associated with age
or risk of death. We found that the cause of mortality in older marmosets was more likely to be due to cardiac and chronic kidney
disease than in younger marmosets. Older marmosets have decreased fat mass, morphometric measures, and serum albumin.
Older marmosets are more likely to show a modified posture while at rest and this modified posture was significantly associated
with an increased risk of imminent death. These assessments provide an initial definition of aged health in marmosets and a base
for future translational aging research with this species.

1. Introduction

The relationships between health, aging, tissue function, and
disease in primates and humans is often not well-modeled by
rodent studies [1]. Nonhuman primates are our closest evo-
lutionary relatives and as such are more similar to humans in
terms of anatomy, embryology, fetal development, immunol-
ogy, biochemistry, gene interactions, sensory apparatus, and
overall physiological and psychological function than any
other animal group. As a consequence, research with nonhu-
man primates is particularly relevant for the understanding
of human health, disease, and therapeutics. The characteri-
zation of aging in a short-lived primate will open new possi-
bilities for the assessment of health in the context of aging.

Marmosets are small new world primates that offer a
valuable resource as an animal model to examine adult
disease risk, aging, and functional decline because they have
the shortest average lifespan and fastest reproduction of any
anthropoid primate [2]. Additionally, the long-standing use
of marmosets as a model for family interactions, hormonal
development, reproductive output, and medical research has
resulted in a large base of average values for growth, body
weight, and hematological measures. Marmosets are sexually
monomorphic, and adults weigh an average of 300–500

grams in captivity [2]. They typically produce litters consist-
ing of fraternal twins, with a gestational length of 143 days.
Marmosets reach sexual maturity at approximately eighteen
months, and the average lifespan in captivity for Callithrix
jacchus is 4 to 6 years [2–4]. Marmosets are often considered
“aged” at 8 years of age at which point studies have noted
fibrous cartilaginous changes in intra-articular disks, β-
amyloid deposition in the cerebral cortex, and reduced
neurogenesis in the hippocampus [5–8]. The maximum
lifespan reported for marmosets in captivity is 16 years;
however, the population of animals aged 13–16 in any captive
colony is very sparse, and the oldest animal in the Southwest
National Primate Research Center (SNPRC) colony history
was 13.7 [4]. The short lifespan of these primates along with
the fast reproduction and recent improvements in husbandry
results in the ability to form large populations of aged adults.
Marmosets are also easily handled and do not carry many
of the infectious zoonotic agents common to other primates
currently used in biomedical research. Additionally, there is
no evidence of density-dependent deaths for group-housed
individuals related to increased aggression or competition
as is commonly seen in many other primate species such
as macaques and baboons. All of these factors contribute
to making the marmoset an ideal model for the studies
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of biological aging and in particular the development of
an animal model of functional decline and health span
[9].

Studies of health and physical condition in humans
have often focused on a core group of characters including
body weight, body composition (fat and lean mass), activity
patterns, inflammation, adiposity, gait, overall strength,
muscle size, muscle strength, appetite, social function, and
cognitive function [10, 11]. In order to examine functional
decline associated with aging in marmosets we examined a
broad spectrum of phenotypes relative to locomotion, body
composition, and hematological markers. In particular we
were interested in whether body composition is associated
with age in marmosets. If marmosets exhibit functional
decline with age that is similar to human decline then we
predict significant losses in lean mass associated with age
as is seen with sarcopenia for humans. Secondly, we were
interested in whether morphometric measures, hematology,
and behavioral activity were associated with age in mar-
mosets. We predicted significant increases in inflammatory
status, loss of muscle mass, and increased rates of resting
and adjusted posture as a function of age. Lastly, we were
interested in whether any of these biological markers were
predictive of forthcoming death in marmosets.

2. Methods

2.1. Characterization of the Colony. The study population
was chosen from the conventional breeding colony of
Callithrix jacchus housed at the Southwest National Primate
Research Center (SNPRC) in San Antonio, TX. All animal
studies were reviewed and approved by the Institutional
Animal Care and Use Committee at the Southwest Foun-
dation for Biomedical Research, the host institution of
SNPRC. The colony was established in 1994 by SDT with
founding animals from a variety of established marmoset
breeding colonies, none of the founding animals or animals
imported into the colony at any time point were wildly
caught. The SNPRC colony was a closed colony from 2000–
2005 and no animals were imported from other colonies.
The colony underwent significant growth during 2006–2010,
with importation from a number of breeding colonies [9].
All animals in the colony are typically maintained on a
diet which includes a purified gel-based diet (Teklad) [12].
Animals are group-housed as breeders and their offspring
until juveniles become sexually mature (around two years
of age) at which point they are removed from their natal
group to become breeders themselves or are singly housed
for experimental studies. An analysis of mortality patterns
for breeding animals found that adult death was significantly
reduced during the time the colony as closed (2000–2005)
[9]. The median lifespan for animals surviving to at least
the age of six months in this colony is 5.76 years and 6.48
for animals surviving to age of 2 [9]. Marmosets in this
conventional colony are not specific pathogen free (SPF)
and are not regularly screened for any infectious agents.
Veterinary intervention is rare in the colony but most
frequently animals are treated as necessary for symptoms of
gastrointestinal disease with agents such as probiotics, and

if they culture positively for Giardia they are treated with
Tinidazole. Necropsy reports were analyzed to determine
causes of mortality for deaths occurring between 2002 and
2011. Subjects were limited to those that had survived to at
least six months of age and were not euthanized under an
experimental or colony management protocol, n = 150; of
these 99 were under 6 years of age and 51 were over 6 years.

2.2. Body Composition. Seventy-nine male marmosets rang-
ing in age from young adulthood (2 years) to 13.7 years,
the maximum lifespan in the SNPRC colony, and 39
nonpregnant females ranging in age from 2 to 10.7 years of
age were examined for body composition (body mass, fat
mass, and lean mass). In order to assess body composition
animals were fasted overnight, weighed, and removed from
the home cage via capture in a nest box. Body composition
was analyzed using a qualitative magnetic resonance machine
(EchoQMR) which has previously been validated for use in
the marmoset to assess lean and fat mass [13]. The age class
of the subjects were split into under 4 (young adult), 4–
7 years of age (middle age adult), and over 8 years of age
(older adult). An analysis of variance was used to evaluate the
relationship between body composition measures, age, and
gender of the subjects.

Additionally, for 46 animals in the colony multiple body
composition measurements were made between 1 and 3 years
following the first assessment. The average time between
assessments was 2.3 years. For this data set there were 19
females ranging in age from 2.2 to 7.3 years of age and 27
males ranging in age from 2.6–8.3 years of age. For this data
the change in age and the change in body mass variables were
analyzed using correlations in SPSS.

2.3. Aging Phenotype. A subset of fifty males was further
assessed for morphometrics, basic hematology, CRP concen-
tration, and activity (scored during behavioral observations).
For this data collection 2 mL of blood was gathered via the
femoral vein from fasted animals. The blood was then sent to
the SNPRC clinical pathology laboratory for basic hematol-
ogy and CRP measurement. Morphological measures were
taken using calipers including thigh-knee length and knee-
heel length. A measuring tape was used to measure proximal
thigh, medial thigh, distal thigh, proximal calf, medial calf,
distal calf, and abdominal circumference. All measurements
were made in triplicate and then averaged. Home cage
behavior data was collected over two thirty-minute periods
randomly scheduled over the course of the study using the
observer software (Noldus). Males were observed using all
occurrences methods and were scored as active (leaping,
or quadrupedal motion) or inactive (sleeping, sitting, or
stretching). Stretching was defined as a stationary adjusted
posture in which the animal supports its weight with two
limbs, typically the forelimbs, and the rest of the body is
extended. The durations for all behaviors were averaged
across observations. These data were then analyzed in SPSS
to assess the correlations between the variables and the age,
weight, fat, and lean mass of the subjects. In order to evaluate
whether the variables measured were associated with a risk
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Figure 1: Causes of mortality for marmosets at SNPRC 2002–2011 under the age of 6 years (a), and over the age of 6 years (b). IBD:
inflammatory bowel disease, iatrogenic: death from a complication associated with anesthesia.

of death, the time from measurement to death for each
individual was entered into a Cox regression model in SPSS.
None of the subjects took part in other experimental or
terminal protocols following the measures, and the data were
censored at 2.7 years following the initial measure.

3. Results and Discussion

3.1. Characterization of the Colony. The New England Pri-
mate Center reported that pathologies and causes of mortal-
ity differ by age for marmosets. In animals less than 6 years
of age principal causes of death were trauma, inflammatory
bowel disease, sepsis, and bacterial infection. In aged animals
common causes of death included neoplasia, chronic renal
disease, amyloidosis, and diabetes [9]. A previous report
from the SNPRC marmoset colony noted predominant
causes of death to be colitis, lymphosarcoma, amyloidosis,
nephritis, and enteritis [14]. Analyzing the pathologies and
causes of death noted for the SNPRC colony between 2002
and 2011 we find that the most noted causes of death for
animals under the age of 6 are irritable bowel disease (enteri-
tis, colitis), amyloidosis, and necrotizing colitis (Figure 1(a)).
For animals over six years of age the most common causes
of death in the SNPRC colony were irritable bowel disease,
nephritis, cardiomyopathy, and amyloidosis (Figure 1(b)).
The increased prevalence of cardiac and chronic kidney
disease in the aged marmoset population may be particularly
important for future modeling of cardiovascular and renal
health in aging.

3.2. Body Composition. For male marmosets, age was pos-
itively associated with the absolute lean mass (r = 0.235,

P = 0.037, n = 79), but was not associated with fat mass (r =
−0.109, n.s.). For females, age was positively associated with
absolute lean mass (r = 0.471, P = 0.002, n = 39) and was
negatively associated with the absolute fat mass (r = −3.93,
P = 0.013). Analysis of variance revealed that marmosets dif-
fer due to their gender for absolute fat (F(1,117) = 6.961, P =
0.01) and fat-lean mass ration (F(1,117) = 12.148, P = 0.00),
but not weight. Differences also existed in association with
the age class of the subjects for absolute fat mass (F(2,117) =
3.341, P = 0.039) and fat-lean mass ration (F(2,117) = 5.393,
P = 0.006); all age classes differ from each other in posthoc
analysis P < 0.05 (Figure 2). The subjects that were assessed
multiple times using QMR were found to have a significant
negative relationship between the change in age and the
change in fat mass (r = −0.355, P = 0.016, n = 46), but there
were no longitudinal effects on lean mass in these subjects.

3.3. Aging Phenotype. While age and fat mass were not
found to be significantly correlated for males, many human
population studies find that morphometric and hemato-
logical values can be associated with both age and obesity
status [10, 11, 15]. In order to examine the relationship
between the variables measured and age partial correlations
controlling either age or fat mass were done to examine
the variables: proximal thigh circumference, abdomen cir-
cumference; albumin, red blood cell count, hemoglobin,
hematocrit, and CRP concentrations; resting and stretching
behaviors (Table 1). Of interest age was negatively related to
albumin concentration (r = −0.323, P = 0.02) (Figure 3(a)).
CRP was found to not be related to age, but was related
to fat mass (r = 0.563, P = 0.00) with higher median
fat mass being associated with higher CRP concentrations
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Figure 2: Mass varies in marmosets by both age and gender.

(Figure 3(b)). Average proximal thigh circumference was
not surprisingly associated with measures of both body
mass and age, but interestingly a relationship between thigh
circumference and albumin concentrations remained even
when controlled for both age and fat mass (r = 0.451, P =
0.007) (Figure 3(c)). The behavioral measure of an adjusted
posture, stretching, was positively associated with age (r =
0.341, P = 0.013) and remained positively associated with
CRP concentrations when age and fat mass were controlled
(r = 0.622, P = 0.000). Impaired mobility, and low serum
albumin concentrations are highly correlated with increased
risk for sarcopenia, disability and morbidity in humans [16].

In order to determine whether any of the aging pheno-
type variables were predictive of death within 24 months
following the study, data from 47 of the 50 animals that
were originally assessed were entered into a Cox regression
survival analysis. Three of the original animals were culled
and were excluded from the hazards analysis. Twenty-five
animals died naturally in the defined time frame, five died
within 6 months of the study, 11 more had died within 12
months of the study, and a further 9 animals had died within
24 months following the study; the remaining 22 animals
were censored for the analysis. The Cox regression survival
analysis was done with the entry method, specifically looking
at the variables defined above while controlling for age
(Table 2). The only significant factor was the behavioral mea-
sure, stretch, suggesting that animals displaying this adjusted
posture that may be indicative of pain or discomfort, have
a higher risk of death. Interestingly, previous work with
a mouse model of arthritis found that the posture of the
mouse when stationary significantly predicted and predated

Table 1: Correlations for aging phenotype variables and age, or fat
and lean mass (∗partial correlation controlling for age) for 50 male
marmosets.

Variable Age Fat∗ Lean∗

Proximal thigh
r = −0.311,
P = 0.026

r = 0.598,
P = 0.000

r = 0.773,
P = 0.000

Abdominal circ
r = −0.075,

n.s.
r = 0.308,
P = 0.04

r = 0.398,
P = 0.007

Albumin
r = −0.323,
P = 0.022

r = 0.488,
P = 0.003

r = 0.636,
P = 0.000

Red blood cell
r = −0.18,

n.s.
r = 0.424,
P = 0.004

r = 0.399,
P = 0.007

Hemoglobin
r = −0.24,

n.s.
r = 0.386,
P = 0.022

r = 0.424,
P = 0.011

Hematocrit
r = −0.181,

n.s.
r = 0.371,
P = 0.028

r = 0.458,
P = 0.006

CRP
r = 0.101,

n.s.
r = 0.562,
P = 0.000

r = 0.515,
P = 0.002

Behavior: Rest
r = 0.036,

n.s.
r = 0.064,

n.s.
r = −0.033,

n.s.

Behavior: Stretch
r = 0.341,
P = 0.013

r = 0.119,
n.s.

r = 0.265,
n.s.

the onset of arthritis and morbidity [17]. The derivation
of biomarkers that are highly associated with the increased
risk of death is extremely important for the development of
models of health and future intervention testing.
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Figure 3: For male marmosets albumin concentrations are found to be negatively correlated with age (a), CRP is correlated with fat mass
(b), and albumin is positively correlated with proximal thigh circumference (c).

Table 2: Cox regression survival analysis for aging phenotypes in
marmosets, ∗all variables added to the model by entry controlling
for age.

Variable B Sig (P) Hazard

Age 0.293 0.000 1.341

Proximal thigh∗ −0.252 n.s. 0.777

Albumin∗ −0.794 n.s. 0.452

Red blood cell∗ 0.248 n.s. 1.282

Hemoglobin∗ −0.461 n.s. 0.63

Hematocrit∗ 0.117 n.s. 1.125

Fat∗ −0.002 n.s. 0.998

Lean∗ −0.015 n.s. 0.985

Behavior-Stretch∗ 0.208 0.012 1.231

4. Conclusions

The ability to rapidly and easily measure a large number
of hematological, morphological and body compositional
variables in a small nonhuman primate makes the marmoset
an ideal model for future studies of aging and health
span. In this study we identified a number of markers that

are associated not only with aging but also with risk of
death. We found that aged marmosets were more likely to
suffer from cardiac and renal failure than were younger
marmosets. Rather than lean mass declining with age as
would be predicted for sarcopenia-associated changes, in
fact the marmosets’ lean mass increases with age while fat
mass is lost. Serum albumin was found to be significantly
lower in aged marmosets than in young marmosets and
was also associated with morphological measures of thigh
circumference; this is analogous to results described for
elderly humans. While CRP concentrations were not asso-
ciated with age, they were positively associated with the
modified posture noted as stretching, which was the only
factor to significantly predict the risk of death when age
was removed from the model. Perhaps animals displaying
this adjusted posture are suffering from increased discomfort
and inflammation. Frailty in humans is often associated with
increased inflammatory status and decreased motor abilities;
in fact one of the behavioral phenotypes used to evaluate
frailty is the ability of the patient to rise from a seated
position without modifying their posture [10, 11, 15].

This paper was the first examination of phenotypes
specifically to examine the relationship with age and health
status in marmosets. This initial descriptive data is necessary
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for the further model development and initiation of aging
research in marmosets. The results regarding body compo-
sition and hematological values and their relation to age
closely resemble those previously reported in aging rodents
and human populations. Analyses of the relationships among
these variables provide operational definitions of “health” in
this species that can be related back to human studies and
provide a future bridge to examine preventatives, interven-
tions or therapeutics. It will also provide a firm base to which
additional phenotypic domains, such as cognitive function
or cardiac function, can easily be added in the future.
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Frailty is a complex and dynamic condition associated with aging. This condition is characterised by the difficult adaptation of
an old subject to new challenges occurring during life. Frailty is supposed to be due to the progressive decrease of physiological
reserves and multiorgan and multisystem change. It coincides with a reduced or absent resilience. In general comorbidities like
hypertension, heart disease, inflammation and infectious diseases are potential risk factors for and psychophysical decline. The
aim of this work is to highlight the importance of impaired cognition as factor predisposing to frailty. The authors are convinced
and suggest that the presence of neurobehavioral disturbance like apathy associated to impaired executive function could be the
major predisposing factor for frailty and unsuccessful aging. Unfortunately available literature largely underestimates the presence
of these factors. Thus to better identify markers of frailty, a good neuropsychological assessment and the evaluation of behavioural
disturbances are suggested.

1. Introduction

Aging is a complex phenomenon which features have re-
cently gained interest. In general aging is characterised by the
progressive accumulation of deficits taking place in different
individuals and in different pathways (molecular, cellular,
psychological, and psychosocial, etc.), and with a variety of
rates proper of each individual, that may depend on the
interplay between intrinsic and extrinsic factors [1, 2].

Associated to aging we recognise a nonspecific condition
defined “frail-old” or “frailty syndrome”. This is a condition
that has long been considered synonymous of disability and
comorbidity since it is prevalent in old age. Frailty is a con-
dition that expose an old subject to be vulnerable to many
non threatening-illness conditions, although they are not
recognised as precipitating factors [3, 4].

A good definition of normal aging, even in general terms
[5], may be useful to better understand the concept of frailty
and its features.

Normal aging is widely considered a physiological con-
dition during which natural reserves progressively decrease,
while still supporting an acceptable functioning of essential
organs, in a steady state. Thus aging is considered a dynamic

event in which a progressive dysregulation of homeostatic
conditions makes the organs and systems less or nonresilient
[6, 7].

Many variables (biologic, metabolic, psychosocial, etc.)
may play a significant role in the evolution of aging process.
The association of these variables, which are different among
individuals, with comorbidities (hypertension, heart disease,
diabetes, bone fractures, infectious diseases) are considered
responsible for the quality and rate of aging. Thus, the
absence of disabilities and unimpaired cognition might be
considered the features of successful aging [8]. Conversely,
unsuccessful aging could be the result of the association bet-
ween disabilities and cognitive decline. Considerable evi-
dence points to impairment of executive function as a key
contributor to age-related declines in a range of cognitive
tasks [9].

Therefore, frailty could be considered a dynamic condi-
tion set between successful and unsuccessful aging.

Following the “Frailty Task Force” of the American Geri-
atric Society frailty has been considered a clinical syndrome
defined by the presence of 3 or more of the following symp-
toms: unintentional weight loss, self-reported exhaustion,
weakness, slow walking speed, and low physical activity.
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Clinical signs are represented by undernutrition, sarcopenia,
balance and gait disorders, and osteopenia. These features
are expected to hesitate in increased risk of falls, worsening
mobility or reducing it.

Several conditions have been identified as possibly related
to a frail status and thus responsible almost in part for decline
of old person.

Aging itself is generally accepted to be accompanied by
altered metabolic processes like increased free radicals pro-
duction, telomere shortening, and mitochondrial dysfunc-
tion; changes associated to extrinsic conditions like inflam-
matory status (IL-6, TNF; CRP) and common comorbidities
(chronic illness like diabetes, hypertension, coronary heart
disease, obesity, malignancies) may be responsible for frailty
and life-shortening [10–14]. In this view, frailty may be
considered as a condition which precedes in a subclinical
manner, such that when resilience is overwhelmed it becomes
manifest concomitantly with the appearance of chronic
illness. At the same time altered resilience could be the
result of altered volition and motor planning, thus the
result of impaired executive functions. This in turn could be
responsible for hypomobility and reduced autonomy and as
a consequence might render someone frail that successfully
aged. In this view impaired cognition may be a precipitating
factor that shifts a subject from the prefrail to the frail status
[15].

The aim of this work is to discuss the role of altered
cognitive conditions of aged person and in particular we will
focus on executive functions and apathy in aging.

2. Executive Functions

Cognitive impairment is the primary determinant of disabi-
lity in late life, and at all ages, cognitive function is the
foundation of individual capacity to meet the challenges of
any disabling condition [16].

Executive functions refer to a variety of higher cognitive
processes that are related to the function of frontal lobes.
In general this area of the brain is able to integrate the
formation flow arising from many sensory systems set in
both anterior and posterior brain, necessary for goal-directed
action and also for the control of attentional resources which
are considered basic for daily living activities [17]. In general
anterior parts of frontal lobes are involved in aspects of
self-regulation (inhibition or self-awareness) while posterior
parts are involved in reasoning process [18].

PFC and striatum are the main regions of the frontal
lobe involved in the control of executive functions [19, 20].
In both regions dopaminergic system plays an essential role
as a modulator of cortico-striatal functions, acting through
its receptors, namely, D1-like and D2-like [21–23]. Changes
of the dorsolateral prefrontal-caudate circuits are considered
responsible for disexecutive function, which lead mainly
to a subcortical dysfunction. Frontal lobes are involved in
the pathophysiology of many neurological and psychiatric
disorders and are also highly susceptible to changes of aging
[15, 24, 25].

During normal aging synaptic changes of frontal cortex
and associated to changes of the striatum (like altered

dendritic pruning, decrease of neurotransmitters efficiency,
in particular of dopaminergic system, and also the presence
of diffuse white matter lesions) [26] are considered re-
sponsible for poor performance on executive tasks in healthy
old subjects, as demonstrated in neuropsychological studies.
Moreover executive functions contribute also to motor
planning and therefore to maintain gait stability. As a con-
sequence an impairment of pre-frontal-striatal circuit could
be also responsible of gait instability and slow walking speed
observed in healthy old subjects.

Gait instability and slow speed during walking are con-
sidered risk factors for falls and disability.

Thus it is conceivable to suggest that, as depicted previ-
ously about the features of frail patient, impairment of ex-
ecutive functions during normal aging could represent the
marker to distinguish a successful aging from a prefrail sta-
tus, however not sufficient to determine frailty of a subject.

Our suggestion is that, more importantly, the presence of
apathetic behavior could represent reasonably a precipitating
factor for frailty.

3. Apathy and Aging

Apathy is a behavioural syndrome common in normal phys-
iological aging and is also part of the psychiatric spectrum
of mental illness, and of many neurodegenerative disorders
like Alzheimer’s disease Apathy is an observable behavioural
syndrome consisting in a quantitative reduction of voluntary
(or goal-directed) behaviours [27]. Therefore, apathy occurs
when the systems that generate and control voluntary
actions are altered. In this view apathy can be defined
as the quantitative reduction of self-generated voluntary
and purposeful behaviour and necessarily has not to be
considered a clinical aspect of depression (see [28, 29]).

In general the basal ganglia and their connection with the
prefrontal cortex are deputed to decision making. Hence, any
dysfunction of this frontostriatal circuit may be responsible
for apathetic behaviour.

Anatomical circuits of apathy are represented by cortical
areas like the prefrontal cortex (neo-, paleo-, and archeo-
cortex, amygdala, and hippocampus) and the ventral basal
ganglia (limbic striatum or better the nucleus accumbens,
midbrain ventral tegmental area, medial tip of subthalamic
nucleus, centromedian, and parafascicular nuclei of the
thalamus) [19, 30–32]. The roles played by prefrontal cortex
(PFC) and by nucleus accumbens (NAcc) render these
structures as the most involved in the appearance of apathy
[33, 34].

PFC has an essential role in cognitive and executive
processes that involve motivation, emotion learning, and
memory. PFC integrates sensory and limbic information and
promotes goal-directed behavior through efferent projec-
tions to the NAcc. In addition, PFC sends outputs to other
limbic areas such as the hippocampus and amygdale, which
in turn modulate the activity of the NAcc through excitatory-
glutamatergic projections.

NAcc receives inputs from cortical areas (neocortex,
hippocampus, amygdala) and envy inputs to the ventral pal-
lidum, which represents the output nuclei of the ventral basal
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Figure 1: Schematic representation of basal ganglia circuit. In this scheme the nucleus accumbens (NAcc) is an interface through which
limbic (glutamatergic) structures influence motor activity, in a way that limbic structures can influence behavior, under control of meso-
limbic (dopaminergic structures) system (Ventral Tegmental Area neurons).

ganglia system. This is a region that through its connection
with the thalamic nuclei transfers information back to the
cortex. This arrangement is made to select relevant signals
from background noise arising from multiple inputs and to
transfer it back to the cortex in order to generate output
signal to target nuclei. Put in this frame NAcc has been
proposed to play a role in emotion, and more generally
in limbic-motor integration (see Figure 1). This hypothesis
has been based on the anatomical organization of the NAcc
which suggests that this nucleus is an interface through which
limbic (glutamatergic) structures influence motor activity,
and that these limbic influences on behavior could in part be
controlled by mesolimbic (dopaminergic structures) system.
Ideally any morphologic alteration in these brain regions can
potentially induce apathetic symptoms.

Following Levy and Dubois’s work [27], apathy has to
be considered heterogeneous disorder that may be ascribed
at least to three different phenomena, each related to a
specific topography in basal ganglia. The first involves
the affective-emotional processing, thus the medial PFC
connection with amygdala and NAcc, the second involves
the cognitive processing, thus the lateral PFC and caudate
nucleus connection, and the third involves the so-called
“auto-activation” processing, which is observed in the severe
cases of apathy. In these cases a link with pallidal dysfunction
o extensive cortical lesions was supposed.

During normal aging it is conceivable to suppose that due
to morphological and metabolic changes of cortical neurons
as well as of subcortical nuclei, disorder of emotional-
affective processing may appear. PFC and hippocampus
have been demonstrated to show particular vulnerability

during normal aging. Subtle regional changes of dendritic
branching or altered mechanisms of neural plasticity have
been experimentally demonstrated in lab animals and also
in humans [35–39]. These changes are also associated
with reduced levels of neurotransmitters like acetylcholine,
glutamate, GABA, and dopamine decrease with age (Chen
et al. [40]). Such alterations may reasonably be responsible
for appearance of apathetic behavior in old subject. In this
view, several reports showed that dopamine transmission
is particularly vulnerable with age, in particular reduction
of the accumbal dopamine transporter and of cortical
dopamine receptors (both D1-like and D2-like, where D2-
like seems to be prevalent) in aged subjects ([41], Volkow
et al. [42]; Ishibashi et al. [43]; and Bäckman et al. [44]).
These changes were related to PFC cognitive deficits and
in particular were related to executive function impairment
[45]. Even reward processing which has been demonstrated
to be tuned by dopamine is altered in aged subjects [44, 46,
47]. Thus, dopamine appears particularly as vulnerable to
aging. Given the particular deficits of dopamine transmission
and the role played by this transmitter in the control of PFC-
basal ganglia circuit, it is conceivable to suppose that such
changes could be responsible for apathetic behavior in old
subject. Moreover, apathy increases with age in healthy old
population [48], and its presence is considered an early sign
of cognitive decline [49].

4. The Apathy as Marker of Frail Status

Prefrail or frailty syndrome is considered dynamic conditions
where the reduced resilience of a subject might induce
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changes responsible for disability, hypomobility, and even
death.

Certainly the absence of disabilities and also preserved
cognition, as mentioned previously, represent the target for
a good aging.

Population-based studies performed in old healthy adults
demonstrated that only 30% of population examined can
be defined as successfully aged [8]. About 70% of sub-
jects unfortunately suffer from several disabilities that may
shorten their life.

Certainly disabilities like diabetes, hypertension, and
heart disease of infections are easily identified and often
patient’s history shows how these were able to interfere
with aging compromising the possible recovery. Sarcopenia,
undernutrition, and inflammatory status are conditions that
may be easily measured [3, 4].

Conversely cognition and neuropsychiatric disturbances
in healthy old subjects are infrequently evaluated among
old healthy subjects [50–52]. They are considered typical
disturbances of patients with frank cognitive decline and
thus evaluated among cognitively impaired patients, and
rarely among normally aged subjects [53]. Such condition
renders the weight of impaired cognition and of apathy on
nondemented healthy subjects underestimated.

Recently few studies [25, 54, 55] outlined the necessity
for measures of cognitive abilities and of neuropsychiatric
inventory among aged subject. Indeed, the presence of apathy
during aging might be responsible for hypomobility and
reduced volition on one hand; on the other hand it may be
the principal cause of carelessness and as a consequence of
progressive worsening of comorbidities.

In this view, the presence of apathy, which we are strongly
convinced that it is underestimated among aged adults, could
represent the marker of a prefrail status predisposing a sub-
ject to become frail.

From our consideration emerges the need for further
studies to better identify the real impact of apathy and im-
paired executive functions on frailty syndrome.

Conflict of Interests

The authors have no conflict of interests to disclosure.

References

[1] A. B. Mitnitski, A. J. Mogilner, and K. Rockwood, “Accumu-
lation of deficits as a proxy measure of aging,” The Scientific
World Journal, vol. 1, pp. 323–336, 2001.

[2] T. B. L. Kirkwood, “Time of our lives. What controls the length
of life?” EMBO Reports, vol. 6, supplement 1, pp. S4–S8, 2005.

[3] T. Fulop, A. Larbi, J. M. Witkowski et al., “Aging, frailty and
age-related diseases,” Biogerontology, vol. 11, no. 5, pp. 547–
563, 2010.

[4] P. O. Lang, J. P. Michel, and D. Zekry, “Frailty syndrome: a
transitional state in a dynamic process,” Gerontology, vol. 55,
no. 5, pp. 539–549, 2009.

[5] H. Bergman, L. Ferrucci, J. Guralnik et al., “Frailty: an emerg-
ing research and clinical paradigm—issues and controversies,”
Journals of Gerontology A, vol. 62, no. 7, pp. 731–737, 2007.

[6] F. E. Yates, “Complexity of a human being: changes with age,”
Neurobiology of Aging, vol. 23, no. 1, pp. 17–19, 2002.

[7] L. A. Lipsitz, “Physiological complexity, aging, and the path to
frailty,” Science of Aging Knowledge Environment, vol. 2004, no.
16, article pe16, 2004.

[8] C. A. Depp and D. V. Jeste, “Definitions and predictors of suc-
cessful aging: A comprehensive review of larger quantitative
studies,” American Journal of Geriatric Psychiatry, vol. 14, no.
1, pp. 6–20, 2006.

[9] E. L. Glisky, “Changes in cognitive function in human aging,”
in Brain Aging: Models, Methods, and Mechanisms, D. R.
Riddle, Ed., Frontiers in Neuroscience, chapter 1, CRC Press,
Boca Raton, Fla, USA, 2007.

[10] D. J. Gunnell, M. Okasha, G. D. Smith, S. E. Oliver, J. Sandhu,
and J. M. P. Holly, “Gender gap in longevity and disability in
older persons,” Epidemiologic Reviews, vol. 23, no. 2, pp. 343–
350, 2001.

[11] L. P. Fried, “Establishing benchmarks for quality care for an
aging population: caring for vulnerable older adults,” Annals
of Internal Medicine, vol. 139, no. 9, pp. 784–786, 2003.

[12] R. Klein, B. E. K. Klein, and M. D. Knudtson, “Frailty and
age-related macular degeneration: the beaver dam eye study,”
American Journal of Ophthalmology, vol. 140, no. 1, pp. 129–
131, 2005.

[13] K. Bandeen-Roche, Q. L. Xue, L. Ferrucci et al., “Phenotype
of frailty: characterization in the Women’s Health and Aging
Studies,” Journals of Gerontology A, vol. 61, no. 3, pp. 262–266,
2006.

[14] M. D. Rothman, L. Leo-Summers, and T. M. Gill, “Prognostic
significance of potential frailty criteria,” Journal of the Ameri-
can Geriatrics Society, vol. 56, no. 12, pp. 2211–2216, 2008.

[15] J. K. Johnson, L. Y. Lui, and K. Yaffe, “Executive function,
more than global cognition, predicts functional decline and
mortality in elderly women,” Journals of Gerontology A, vol.
62, no. 10, pp. 1134–1141, 2007.

[16] F. Malouin, C. L. Richards, and A. Durand, “Normal aging
and motor imagery vividness: implications for mental practice
training in rehabilitation,” Archives of Physical Medicine and
Rehabilitation, vol. 91, no. 7, pp. 1122–1127, 2010.

[17] J. R. Hollerman, L. Tremblay, and W. Schultz, “Involvement
of basal ganglia and orbitofrontal cortex in goal-directed
behavior,” Progress in Brain Research, vol. 126, pp. 193–215,
2000.

[18] V. Elderkin-Thompson, G. Hellemann, D. Pham, and A.
Kumar, “Prefrontal brain morphology and executive function
in healthy and depressed elderly,” International Journal of
Geriatric Psychiatry, vol. 24, no. 5, pp. 459–468, 2009.

[19] S. N. Haber and J. L. Fudge, “The primate substantia nigra
and VTA: integrative circuitry and function,” Critical Reviews
in Neurobiology, vol. 11, no. 4, pp. 323–342, 1997.

[20] S. Tekin and J. L. Cummings, “Frontal-subcortical neuronal
circuits and clinical neuropsychiatry: an update,” Journal of
Psychosomatic Research, vol. 53, no. 2, pp. 647–654, 2002.

[21] D. M. Haluk and S. B. Floresco, “Ventral striatal dopamine
modulation of different forms of behavioral flexibility,” Neu-
ropsychopharmacology, vol. 34, no. 8, pp. 2041–2052, 2009.

[22] S. B. Floresco and O. Magyar, “Mesocortical dopamine
modulation of executive functions: beyond working memory,”
Psychopharmacology, vol. 188, no. 4, pp. 567–585, 2006.

[23] S. B. Floresco, O. Magyar, S. Ghods-Sharifi, C. Vexelman,
and M. T. L. Tse, “Multiple dopamine receptor subtypes in
the medial prefrontal cortex of the rat regulate set-shifting,”
Neuropsychopharmacology, vol. 31, no. 2, pp. 297–309, 2006.



Journal of Aging Research 5

[24] Y. Braw, S. Aviram, Y. Bloch, and Y. Levkovitz, “The effect of
age on frontal lobe related cognitive functions of unmedicated
depressed patients,” Journal of Affective Disorders, vol. 129, no.
1–3, pp. 342–347, 2011.

[25] G. Allali, F. Assal, R. W. Kressig, V. Dubost, F. R. Herrmann,
and O. Beauchet, “Impact of impaired executive function on
gait stability,” Dementia and Geriatric Cognitive Disorders, vol.
26, no. 4, pp. 364–369, 2008.

[26] E. C. Klostermann, M. N. Braskie, S. M. Landau, J. P. O’Neil,
and W. J. Jagust, “Dopamine and frontostriatal networks in
cognitive aging,” Neurobiology of Aging. In press.

[27] R. Levy and B. Dubois, “Apathy and the functional anatomy of
the prefrontal cortex-basal ganglia circuits,” Cerebral Cortex,
vol. 16, no. 7, pp. 916–928, 2006.

[28] R. S. Marin, S. Firinciogullari, and R. C. Biedrzycki, “The
sources of convergence between measures of apathy and
depression,” Journal of Affective Disorders, vol. 28, no. 2, pp.
117–124, 1993.

[29] R. S. Marin, S. Firinciogullari, and R. C. Biedrzycki, “Group
differences in the relationship between apathy and depres-
sion,” Journal of Nervous and Mental Disease, vol. 182, no. 4,
pp. 235–239, 1994.

[30] M. Amalric and G. F. Koob, “Functionally selective neuro-
chemical afferents and efferents of the mesocorticolimbic and
nigrostriatal dopamine system,” Progress in Brain Research, vol.
99, pp. 209–226, 1993.

[31] S. N. Haber, K. Kunishio, M. Mizobuchi, and E. Lynd-Balta,
“The orbital and medial prefrontal circuit through the primate
basal ganglia,” Journal of Neuroscience, vol. 15, no. 7, pp. 4851–
4867, 1995.

[32] S. N. Haber and B. Knutson, “The reward circuit: Linking
primate anatomy and human imaging,” Neuropsychopharma-
cology, vol. 35, no. 1, pp. 4–26, 2010.

[33] J. L. Cummings, “Frontal-subcortical circuits and human
behavior,” Archives of Neurology, vol. 50, no. 8, pp. 873–880,
1993.

[34] R. S. Marin, B. S. Fogel, J. Hawkins, J. Duffy, and B. Krupp,
“Apathy: a treatable syndrome,” Journal of Neuropsychiatry and
Clinical Neurosciences, vol. 7, no. 1, pp. 23–30, 1995.

[35] P. R. Hof and J. H. Morrison, “The aging brain: morphomolec-
ular senescence of cortical circuits,” Trends in Neurosciences,
vol. 27, no. 10, pp. 607–613, 2004.
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[44] L. Bäckman, U. Lindenberger, S. C. Li, and L. Nyberg, “Linking
cognitive aging to alterations in dopamine neurotransmitter
functioning: recent data and future avenues,” Neuroscience and
Biobehavioral Reviews, vol. 34, no. 5, pp. 670–677, 2010.

[45] K. Mizoguchi, H. Shoji, Y. Tanaka, W. Maruyama, and T.
Tabira, “Age-related spatial working memory impairment is
caused by prefrontal cortical dopaminergic dysfunction in
rats,” Neuroscience, vol. 162, no. 4, pp. 1192–1201, 2009.

[46] J. C. Dreher, A. Meyer-Lindenberg, P. Kohn, and K. F. Berman,
“Age-related changes in midbrain dopaminergic regulation
of the human reward system,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 105,
no. 39, pp. 15106–15111, 2008.

[47] T. M. Gill, P. J. Castaneda, and P. H. Janak, “Dissociable roles
of the medial prefrontal cortex and nucleus accumbens core
in goal-directed actions for differential reward magnitude,”
Cerebral Cortex, vol. 20, no. 12, pp. 2884–2899, 2010.

[48] H. Brodaty, A. Altendorf, A. Withall, and P. Sachdev, “Do peo-
ple become more apathetic as they grow older? A longitudinal
study in healthy individuals,” International Psychogeriatrics,
vol. 22, no. 3, pp. 426–436, 2010.

[49] C. U. Onyike, J. M. E. Sheppard, J. T. Tschanz et al.,
“Epidemiology of apathy in older adults: the cache county
study,” American Journal of Geriatric Psychiatry, vol. 15, no. 5,
pp. 365–375, 2007.

[50] Y. E. Geda, R. O. Roberts, D. S. Knopman et al., “Prevalence
of neuropsychiatric symptoms in mild cognitive impairment
and normal cognitive aging: population-based study,” Archives
of General Psychiatry, vol. 65, no. 10, pp. 1193–1198, 2008.

[51] D. Seitz, N. Purandare, and D. Conn, “Prevalence of psychi-
atric disorders among older adults in long-term care homes:
a systematic review,” International Psychogeriatrics, vol. 22, no.
7, pp. 1025–1039, 2010.

[52] T. Okura, B. L. Plassman, D. C. Steffens, D. J. Llewellyn, G.
G. Potter, and K. M. Langa, “Prevalence of neuropsychiatric
symptoms and their association with functional limitations in
older adults in the United States: The aging, demographics,
and memory study,” Journal of the American Geriatrics Society,
vol. 58, no. 2, pp. 330–337, 2010.

[53] C. De Jager, A. D. Blackwell, M. M. Budge, and B. J. Sahakian,
“Predicting cognitive decline in healthy older adults,” Ameri-
can Journal of Geriatric Psychiatry, vol. 13, no. 8, pp. 735–740,
2005.

[54] D. A. Cahn-Weiner, P. F. Malloy, P. A. Boyle, M. Marran, and
S. Salloway, “Prediction of functional status from neuropsy-
chological tests in community-dwelling elderly individuals,”
Clinical Neuropsychologist, vol. 14, no. 2, pp. 187–195, 2000.

[55] S. Borson, “Cognition, aging, and disabilities: conceptual
issues,” Physical Medicine and Rehabilitation Clinics of North
America, vol. 21, no. 2, pp. 375–382, 2010.



Hindawi Publishing Corporation
Journal of Aging Research
Volume 2012, Article ID 708905, 16 pages
doi:10.1155/2012/708905

Review Article

A Qualitative Review of Balance and Strength Performance in
Healthy Older Adults: Impact for Testing and Training

Urs Granacher,1 Thomas Muehlbauer,1 and Markus Gruber2

1 Institute of Sport Science, Friedrich Schiller University Jena, Seidelstraβe 20, 07749 Jena, Germany
2 Department of Sports Science, University of Konstanz, 78434 Konstanz, Germany

Correspondence should be addressed to Urs Granacher, urs.granacher@uni-jena.de

Received 24 July 2011; Revised 22 September 2011; Accepted 6 October 2011

Academic Editor: Yamni Nigam

Copyright © 2012 Urs Granacher et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A continuously greying society is confronted with specific age-related health problems (e.g., increased fall incidence/injury rate)
that threaten both the quality of life of fall-prone individuals as well as the long-term sustainability of the public health care
system due to high treatment costs of fall-related injuries (e.g., femoral neck fracture). Thus, intense research efforts are needed
from interdisciplinary fields (e.g., geriatrics, neurology, and exercise science) to (a) elucidate neuromuscular fall-risk factors, (b)
develop and apply adequate fall-risk assessment tools that can be administered in clinical practice, and (c) develop and design
effective intervention programs that have the potential to counteract a large number of fall-risk factors by ultimately reducing the
number of falls in the healthy elderly. This paper makes an effort to present the above-raised research topics in order to provide
clinicians, therapists, and practitioners with the current state-of-the-art information.

1. Introduction

Demographic change affects western industrialized countries
in terms of large increases in the number of senior citizens
[1]. One serious concern of industrialized countries is that
a greying society will undermine the sustainability of the
public health care system since per capita health expenditures
are approximately 5.5 times higher for people older than
75 years of age than for those aged 25 to 34 years [2].
A major reason for high medical treatment costs in the
elderly is an increased incidence rate for falls and fall-
related injuries [3, 4]. Prospective studies indicate that
30% to 60% of community-dwelling older adults fall each
year [5–9]. Age, functional impairment, and disability are
important factors that contribute to an even increased risk
of falling [10]. Approximately 5% to 10% of falls result
in serious injuries such as fractures (e.g., femoral neck
fractures), head traumata, or joint dislocations requiring
hospitalization [10]. Fall-related injuries cause restricted
mobility and functional decline in elderly individuals. In fact,
25% to 75% of elderly fallers who sustained a femoral neck
fracture do not regain their prefracture level of functional
mobility [11]. Further, the medical treatment of fall-related

injuries lays a high financial burden on public health care
systems. In Germany, total annual costs related to femoral
neck fractures amounted to 2.77 billion Euros in 2004. Due
to population aging, costs of femoral neck fractures may
increase to 3.85 billion Euros in 2030 [4].

The aetiology of falls is generally considered to be
multifactorial including extrinsic (e.g., loose rugs, lighting,
obstructed walkways) and intrinsic (e.g., muscle weakness,
gait and balance disorders) circumstances [12]. In a sys-
tematic literature review, Rubenstein and Josephson [12]
reported that the above mentioned intrinsic circumstances
(i.e., muscle weakness, gait and balance disorders) are the
second most common cause for falls in older adults. Muscle
weakness induces reduced levels of strength, particularly
of the lower extremities [13], and is thus responsible for
a performance decrement in activities of daily living (e.g.,
climbing stairs) [14]. Further, the ability to generate force
rapidly declines more precipitously in advancing age than
maximal strength [13, 15] and is, in a fall-threatening situ-
ation, more relevant for preventing a fall than the capacity
to produce maximal strength [16, 17]. Gait and balance
disorders in older adults are specifically manifested in an
impaired ability to compensate for stance/gait perturbations
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(i.e., reactive balance) as well as in a compromised capacity
to stand/walk (i.e., steady-state balance) particularly while
concurrently performing cognitive/motor interference tasks
[15, 18]. These so-called multitask situations occur fre-
quently during everyday life. For example, an elderly woman
carries a tray with a filled cup from the kitchen to the living
room while talking to somebody. It was frequently reported
that deficits in reactive and steady-state balance performance
put older adults at an increased risk of falling [19, 20].

From a fall-preventive point of view, it is important to
know whether there is a relationship between variables of
strength and balance. Given the high prevalence of falls in
older adults, findings on potential associations between vari-
ables of muscle strength and balance could provide scientific
rationales to fall-risk assessment and to the development
of specifically tailored fall-prevention programs in seniors.
Thus, the objectives of this paper are to describe and discuss

(a) age-related effects on strength/power and balance
performance,

(b) potential associations between measures of muscle
strength/power and balance performance,

(c) the resulting consequences for fall-risk assessment
and for fall-preventive intervention programs.

2. Age-Related Effects on Strength/Power and
Balance Performance

2.1. Age-Related Effects on Measures of Strength/Power. Bio-
logic aging as well as physical inactivity results in decreases
in maximal isometric, concentric, and eccentric force, rate of
force development (RFD) as well as muscle power [13, 15,
21]. More specifically, the capacity to generate force rapidly
(i.e., RFD, muscle power) declines at a faster rate than the
ability to produce maximal strength [13, 15].

2.1.1. One Repetition Maximum (1RM). Petrella et al. [21]
investigated 1RM strength of the knee and leg extensors in a
cohort of young (age 20 to 35 years) and elderly healthy men
and women (age 60 to 75 years). The authors observed that
the older adults showed significantly lower knee (men: 41%;
women: 29%) and leg extensor strength (men: 29%; women:
17%) compared to their younger counterparts. Further, knee
and leg extensor strength declined more rapidly in men
compared to women.

In another study, Häkkinen et al. [22] found that
maximal bilateral concentric leg extensor strength (1RM)
already differed significantly between middle-aged (age 35
to 45 years) and older healthy men and women (age 62 to
78 years). This result was confirmed by Izquierdo et al. [23]
who provided percentage rates of differences in concentric
1RM strength between middle-aged (mean age 42 years)
and older healthy men (mean age 65 years). Elderly men
exhibited significantly lower 1RM half squat (14%), 1RM
knee extension (27%), and 1RM bench press (21%) strength.
These results came along with higher antagonist muscle
activations during dynamic knee extension actions in the
older as compared to the middle-aged men. In addition,

using the ultrasound technique, significantly greater muscle
cross-sectional area of the m. quadriceps femoris was found
in the middle-aged adults [23].

Age-related differences in 1RM strength are not only
present between young/middle-aged and older adults but
also between old and older adults. In fact, Lamoureux et
al. [24] reported significant differences between old (mean
age 63 years) and older healthy adults (mean age 76 years)
in concentric 1RM of the leg extensors (46%), the leg curls
(42%), the hip extensors (52%), the hip flexors (42%), the
hip adductors (56%), the hip abductors (59%), and the
plantar flexors (65%).

In summary, these findings indicate that maximal con-
centric lower extremity strength is reduced in old compared
to middle-aged and young healthy adults and that the most
severe losses occur in adults above the age of 75 years. Lower
muscle volume as well as increased antagonist muscle activity
appears to be responsible for the reduced levels of maximal
concentric strength in older adults.

2.1.2. Maximal Isometric Strength (MIS) and Rate of Force
Development (RFD). In two early studies, Asmussen and
Heeboll-Nielsen [25] and Larsson et al. [26] observed that
isometric muscle strength developed in an inverted U-shaped
curve across the lifespan. More specifically, maximal strength
of the quadriceps increased up to the third decade, remained
almost constant to the fifth decade, and then decreased with
increasing age [26].

Recently, Granacher et al. [15] investigated MIS and
RFD in young (mean age 27 years) and elderly healthy men
(mean age 67 years) with special emphasis on the early part
of the force-time curve. The authors found that MIS and
RFD was significantly lower in old compared to young men
(MIS: 45%; RFD: 50%) (Figure 1(a)). Age-related differences
were even more prevalent in the early part of the force
time curve. In fact, mean slope of the force-time curve over
the time intervals 0–30 ms (RFD30) and 0–100 ms (RFD100)
was significantly lower in elderly compared to young men
(RFD30: 76%; RFD100: 59%) (Figure 1(b)). This finding was
accompanied by significant reductions in activities of lower
extremity muscles (i.e., m. soleus, m. vastus medialis) in the
elderly subjects.

Macaluso et al. [27] found similar results for MIS of
the knee extensors/flexors in young (mean age 23 years)
and elderly healthy women (mean age 69 years). The older
women were on average 43% weaker than the young women
in MIS of the knee extensors and 47% weaker in MIS
of the knee flexors. Further, activity of the knee extensors
and flexors was significantly lower in the old compared to
the young women. In addition, muscle contractile volume
measured by magnetic resonance imaging was significantly
reduced in the older women, both in the knee extensors and
flexors.

Thelen et al. [28] investigated MIS and RFD of the
plantar and dorsiflexors in young (age 19 to 29 years) and
elderly (age 65 to 86 years) healthy men and women. The
older adults were significantly weaker than the younger
adults in MIS and RFD of the dorsiflexors (MIS: men
14%, women 21%; RFD: men 25%, women 32%) and the
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Figure 1: Age-related differences in strength. (a) Maximal isometric strength and rate of force development. (b) Rate of force development
over time intervals of 0–30 ms and 0–100 ms. Young different from old: ∗∗P < 0.01. Adapted from Granacher et al. [15].

plantarflexors (MIS: men 24%, women 32%; RFD: men 29%,
women 36%).

Samuel and Rowe [29] analysed MIS of the knee and
hip joints at 3 positions through the joint range in 3 age
groups of healthy older adults (i.e., 60–69 years, 70–79 years,
≥80 years). MIS of the knee and hip joints decreased with
increasing age at all the three joint positions. The overall
moments at knee and hip joints were approximately 20%
lower when comparing those in the 80s with the 60s age
group. The overall moments at knee and hip joints decreased
by approximately 20% when muscle strength of those in the
80s was compared with the 60s age group.

In summary, maximal and particularly explosive force
production under isometric conditions is significantly lower
in old and especially the oldest old adults (≥80 years)
compared to young adults. Muscular (i.e., loss in muscle
contractile volume) as well as neural factors (i.e., reduced
neural drive to activate muscles) account for the age-related
reductions in MIS and RFD.

2.1.3. Muscle Power. In an early study, Bosco and Komi [30]
analysed the average mechanical power output during SJs in
a population ranging in age from 4 to 73 years. The authors
observed that peak power increased from childhood to reach
peak values between 20 and 30 years. The age-related decline
in SJ performance already starts between the ages of 29 to 40
years and it accelerates above 71 years of age [30].

In a more recent study, McNeil et al. [31] found a 25%
decrease in power of the dorsiflexors (isotonic contractions)
between the third and seventh decade of life. This reduction
was doubled in the next two decades, so that men in their
ninth decade of life produced 60% less power than young
men (mean age 26 years). Similar findings were reported
by Skelton et al. [13] who investigated maximal isometric
knee extensor strength and leg extensor power in a cohort
of 65- to 89-year old men and women. The averaged cross-
sectional data across the age range of 65 to 89 years indicate

that maximal strength declines at an annual rate of 1.5% and
power at a rate of 3.5% [13].

In a sophisticated approach, Petrella et al. [21] deter-
mined peak concentric knee extensor power across a load
spectrum that included 5 submaximal loads relative to
maximum isometric voluntary contraction force (i.e., 20,
30, 40, 50, 60% of maximum isometric force) in a cohort
of young (age 20 to 35 years) and elderly healthy men
and women (age 60 to 75 years). During the tests, the
concentric phase was performed as rapidly as possible while
the eccentric phase was controlled. For all loads, main effects
of age and gender were noted with greater peak power in
young participants and in men. Further, there was trend
for older men to decline in maximum concentric power at
a faster rate than the other groups when working against
loads greater than 40% of maximum isometric contraction
force. In terms of peak velocity during the knee extension
power test, a significant main effect of age but not of gender
was observed at each load with the shortening velocity being
higher in young participants at all loads. This indicates that
age-related losses of muscle power are primarily driven by
impairments in explosive contractile velocity [21].

In order to elucidate the influence of muscle mass on
the age-related loss in muscle power, Thom et al. [32]
measured triceps surae power and volume using an isokinetic
dynamometer and a magnetic resonance imaging scanner
in young (age 19 to 35 years) and older healthy men
(age 69 to 82 years). Peak power was markedly reduced
in the older as compared to the younger men (45%).
In addition, older subjects exhibited 81% of the younger
subjects muscle volume. Further, when muscle power was
normalized to muscle volume, the so-called specific power
(i.e., power/volume) was 55% lower in old compared to
young men. This result illustrates that only approximately
half of the loss in triceps surae peak power in old age is due
to decreases in muscle volume. Thus, other neuromuscular
factors have to be taken in account. In fact, Häkkinen et al.
[22] observed significantly lower activities of the m. vastus
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lateralis/medialis during two concentric power-related test
conditions (i.e., standing long jump, high-velocity leg-
extensor contraction at 50% of the individual 1RM) in old
(age 62 to 78 years) versus middle-aged men and women
(age 35 to 45 years) using surface electromyography. In
addition, antagonist muscle activities (i.e., m. biceps femoris)
during power performances were significantly greater than
the corresponding antagonist activation recorded during
isometric action [22].

In summary, muscle power peaks between the ages of 20
to 30 years and declines after the age of 65 years at a fast rate.
The loss in muscle power is specifically pronounced in the
ninth decade of life. Men appear to be equally or even more
affected by power loss than women. Lower muscle volume
and an impaired ability to activate muscles appear to be
responsible for the age-related decline in muscle power.

2.2. Age-Related Effects on Measures of Balance. Balance can
be described as the ability to control the body’s position
in space for the purpose of balance and orientation [33].
Under static conditions, the base of support (i.e., feet)
and the ground (i.e., surface in treadmill walking) remain
stationary and only the centre of mass moves, whereas under
dynamic conditions, both, the base of support and the
centre of mass shift [34]. Different balance strategies have
been identified that help keeping the centre of mass over
the base of support. Shumway-Cook and Woollacott [33]
differ between a proactive (i.e., anticipation of a predicted
disturbance), a reactive (i.e., compensation of a disturbance),
and a static/dynamic steady-state (i.e., maintaining a steady
position in sitting, standing, and walking) balance strategy.
Given that a large number of falls occur during ambulation
(i.e., steady-state balance) in the elderly [35] or during
slipping and tripping events (i.e., reactive balance) [36], the
focus will be laid on the age-related effects affecting dynamic
steady-state and reactive balance.

2.2.1. Steady-State Balance. The ability to control posture is
a dynamic process across the life span. There is evidence that
young children and older adults show the largest magnitudes
of postural sway and the slowest gait speeds. Therefore, a U-
shaped dependency between variables of static steady-state
balance and age (i.e., sway velocity) [37] and an inverted
U-shaped dependency between measures of dynamic steady-
state balance and age (i.e., gait speed) [38] can be postulated.

Era et al. [39] assessed performance in normal, semi-
tandem, and tandem stance on a force platform in a
randomly selected sample of subjects aged 30 years and over.
They observed that deterioration of the postural control
mechanisms starts relatively early in life. Differences in
balance performance were already apparent among young
(30 to 39 years old) and middle-aged adults (40 to 49 years
old) and became even more pronounced after the age of 60
years.

In another study, Colledge et al. [41] investigated pos-
tural sway under 4 test conditions (i.e., on firm surface with
eyes open, on firm surface with eyes closed, on a foam surface
with eyes open, and on a foam surface with eyes closed) in 4

different age groups (i.e., 20 to 40 years, 40 to 60 years, 60 to
70 years, and >70 years). Sway increased linearly with age but
was not affected by gender. Further, it was found that subjects
in all age groups relied more on proprioceptive than on visual
input. Of note, dependence on vision and proprioception did
not alter with advancing age [41].

When investigating young (mean age 20 years) and older
healthy adults’ (mean age 70 years) ability to control posture
under conditions of increasing task complexity (i.e., normal
quiet bipedal stance, sharpened or tandem Romberg stance,
one-legged stance on the dominant leg), Amiridis et al. [42]
observed an increase in postural sway as a result of narrowing
the base of support in both groups. However, greater
centre of pressure excursions, muscle activities, and joint
displacements was found in old compared to younger adults.
Further, older adults displayed increased hip movement
accompanied by higher hip muscle activity, whereas no
similar increase was noted in the younger group. The authors
concluded that the older adults rely more on a hip strategy
as posture is challenged by increased task constraints during
quiet standing [42].

In terms of the dynamic component of steady-state
balance, Callisaya et al. [43] recently studied the effects of
aging on temporal and spatial gait variability measures (i.e.,
step time, step length, step width) in healthy adults aged 60
to 86 years. Older age was associated with greater variability
in all gait measures. All relationships were linear, except that
between age and step time variability, which was curvilinear
in women.

For many years, the control of posture was solely
attributed to automatic or reflex controlled muscle activa-
tions [44]. However, today it is well-known that attentional
resources are necessary to effectively stabilize the body’s
centre of gravity over the base of support [45]. One
form of investigating the attentional demands in postural
control has been the application of dual-task paradigms.
Granacher et al. [18, 40] recently examined the effects of a
cognitive (i.e., serial subtractions by three) and/or a motor
interference (i.e., holding two interlocked sticks steady in
front of the body) task on postural sway (i.e., standing on a
balance platform), gait velocity/variability (i.e., walking on
an instrumented walkway) in young (mean age 22 years)
and elderly healthy subjects (mean age 73 years). Irrespective
of the task condition, that is, single or multitask, elderly
participants showed larger displacement of the centre of
pressure, slower gait velocity, and greater stride-to-stride
variability than younger participants (Figures 2(a) and 2(b)).
Further, in both age groups, postural sway and stride-
to-stride variability increased and gait velocity decreased
with progression in task complexity [18, 40]. The authors
speculated that greater postural sway/gait decrements during
the concurrent performance of attention demanding tasks
are probably due to age-related deteriorations in the postural
control system and the inability to allocate attention properly
between steady-state balance and a cognitive and/or motor
interference task [18, 40].

A number of theories have been proposed to explain
dual-task interference effects [46, 47]. First, according to
capacity theories, task performance suffers because both
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Figure 2: Age-related differences in normal and multitask balance performance. (a) CoP displacement during standing. (b) Gait velocity
during walking. Young different from old: ∗∗∗P < 0.001. CoP: center of pressure, CI: cognitive interference task, MI: motor interference task.
Adapted from Granacher et al. [18, 40].

tasks have to compete for, or somehow share, a finite pool
of cognitive resources. Second, bottle-neck theories propose
that performance suffers because both tasks have to queue
up to use a single critical information-processing channel.
Third, cross-talk theories propose that the processing of
one task creates noise that interferes with performance of
the second task. Finally, neural structure theories propose
that dual-task interference effects occur because there are
competing demands for specific neural pathways within the
brain.

Further evidence for the involvement of supraspinal
structures in the control of stance and gait comes from
studies using magnetic resonance imaging. In an attempt
to investigate supraspinal mechanisms responsible for age-
related changes in gait characteristics, Rosano et al. [48]
assessed gray matter volume of 5 different brain regions and
spatiotemporal gait parameters in older adults with a mean
age of 78 years. Shorter steps and longer double support
times were associated with smaller sensorimotor regions
within the motor, visuospatial, and cognitive speed domains.
These findings suggest that measures of gait in older adults
living in the community are not only the consequence of
underlying age-related changes in peripheral systems (i.e.,
neuropathology) [49], but that they also indicate underlying
focal, selective changes in brain structure [48].

In summary, older adults show larger postural sway,
slower gait velocity, and increased stride-to-stride variability
under single and particularly multi-task conditions com-
pared to young adults. During quiet standing, older adults
appear to compensate for greater instability by applying dif-
ferent balance strategies (i.e., hip strategy) and by increasing
muscle activity. Age-related changes in the gait pattern are
most likely caused by degenerative processes in the peripheral
and the central nervous system.

2.2.2. Reactive Balance. Slips and trips account for 30%
to 50% of falls in community-dwelling older adults [50].

Therefore, many researchers investigated age-related changes
in balance recovery mechanisms. In fact, Lin and Woollacott
[51] determined postural muscle response characteristics
following various sizes of support surface perturbations in
young (mean age 25 years), stable older (mean age 73 years),
and unstable older adults (mean age 76 years). Slower onset
latencies, smaller magnitudes of postural responses, and
longer maintenance of postural muscle activation were found
in response to platform perturbations in both stable and
unstable older subjects compared to young adults. Whereas
delays in onset times and smaller amplitudes of muscle
responses can be classified as age-related deteriorations in
postural control, the prolonged muscle activation might
be a compensatory mechanism to help preserve postural
stability [51]. Notably, unstable older adults were not able to
show this compensatory mechanism in all test conditions in
contrast to stable older adults.

In a more functional approach, Tang and Woollacott [52]
investigated postural responses to unexpected forward slips
during walking in young adults (mean age 25 years) and
active older adults (mean age 74 years). A similar activation
sequence of postural muscles in response to accelerating
perturbation impulses in young and elderly subjects was
observed. However, postural responses of older adults were
of longer onset latencies, smaller magnitudes, and longer
burst durations compared to young subjects.

Recently, Granacher et al. [15] investigated postural
responses to unexpected decelerating gait perturbations
during walking on a treadmill in young (mean age 27 years)
and elderly healthy men (mean age 67 years). The authors
observed significantly smaller magnitudes in reflex activity
of the prime mover compensating for the perturbation
impulse and a tendency towards a higher level of coactivation
in muscles encompassing the ankle joint (Figure 3). These
inefficient balance strategies seem to make older adults more
prone to falling compared to young adults. In accordance
with this hypothesis, Pavol et al. [53] identified delayed
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Figure 3: Age-related differences in reactive balance performance
(i.e., perturbed walking). FRA: functional reflex activity, SO: m.
soleus, TA: m. tibialis anterior. Young different from old: ∗P < 0.05.
Adapted from Granacher et al. [15].

support limb loading (>145 ms) in response to an external
perturbation as a deficit that increases the risk of falling.

In summary, older adults show deficits in the compensa-
tion of perturbation impulses during standing and walking.
Slower onset latencies, reduced reflex activities, increased
antagonist coactivations, and longer burst durations of
muscles compensating for stance/gait perturbations were
reported for old compared to young adults.

3. Associations between Measures of Muscle
Strength/Power and Balance Performance

From a therapists’ or practitioners’ point of view, knowledge
about the relationship within the different dimensions of
postural control (e.g., steady-state balance, reactive balance)
and muscle strength (i.e., isometric and dynamic muscle
strength) as well as between postural control and muscle
strength/power is important for both the identification of
persons with an increased fall risk and the development of
fall-preventive training programs. More specifically, given
the high incidence rate of fall-related injuries in older
adults [11], findings on potential associations within the
different dimensions of balance and strength as well as
between these two neuromuscular capacities could provide
scientific rationales to fall-risk assessment as well as to
the development of specifically tailored fall prevention and
rehabilitation programs in older adults.

3.1. Associations between Measures of Isometric and Dynamic
Muscle Strength. In terms of isometric and dynamic muscle
strength, Knapik et al. [54] investigated in an early study
the relationships among isokinetic, isometric, and isotonic
(i.e., 1RM) strength measurements in knee and elbow
flexion/extension in young healthy men with a mean age
of 26 years. Correlations among the 3 testing modes at
joint angles of peak isometric torque were generally high

(mean: r = 0.78; range: r = 0.97 to 0.47) for all tested
muscle groups. The amounts of common variance suggested
that the 3 strength testing modes were measuring a similar
phenomenon which they consequently termed maximal
voluntary strength [54].

Izquierdo et al. [23] followed a similar approach in
healthy older adults with a mean age of 65 years. For
this purpose, participants performed maximal isometric
knee extensions, 1RM knee extensions, 1RM half squats,
squat jumps (SJ), and countermovement jumps (CMJ).
The authors observed statistically significant correlations
between variables of isometric strength (i.e., MIS, RFD)
and measures of dynamic strength (i.e., 1RM tests) ranging
between r = 0.47 and r = 0.66 (all P < .05). However, no
significant associations were found between MIS/RFD and
measures of lower extremity power (i.e., jump performance).

In summary, there is an association between selected
variables of isometric and dynamic muscle strength in older
adults.

3.2. Associations between Measures of Steady-State and Reac-
tive Balance. Hsiao-Wecksler et al. [55] studied potential
association between measures of steady-state and reactive
balance in healthy young (mean age 25 years) and older
adults (mean age 69 years). In both groups, significant associ-
ations were found between centre of pressure displacements
during quiet stance and during mild perturbation. Based on
their results, Hsiao-Wecksler et al. [55] concluded that it is
possible to predict the dynamic postural control response
from quiet stance behaviour in young and older adults.
Therefore, the authors suggested that the postural control
system may use the same control mechanisms during quiet
stance and mild perturbation conditions.

Shimada et al. [56] investigated steady-state (i.e., sensory
organization test) and reactive balance (i.e., decelerating
perturbation impulse while walking on a treadmill) in
healthy young (age 20 to 32 years) and older adults (age
65 to 79 years). Only weak but nonsignificant correlations
were found in the elderly subjects for measures of standing
balance and balance recovery during the compensation of
the perturbation impulse. The reason for the discrepancy
between the results of Shimada et al. [56] and the findings
of Hsiao-Wecksler et al. [55] is most likely related to the
different methods applied in these studies. In the study
of Shimada et al. [56], associations between quiet stance
measures and measures of gait perturbation were inves-
tigated, whereas Hsiao-Wecksler et al. [55] examined the
relationship between measures of quiet stance and measures
of mild perturbation during standing. Hsiao-Wecksler et al.
[55] reported that the compensation of these perturbation
impulses did not even force subjects to take a step for
the maintenance of balance. Thus, it can be speculated
that in fact different neuromuscular mechanisms might be
responsible for the regulation of a primarily static/steady-
state postural control task (e.g., quiet stance, mild stance
perturbation) and a dynamic/reactive postural control task
(e.g., gait perturbation). This hypothesis is strengthened by
findings from Kang and Dingwell [57] who examined the
relationship between postural stability during quiet stance
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and locomotor stability during walking on a treadmill in
healthy adults with an age range of 18 to 73 years. The
authors found that standing and walking exhibited local
dynamic stability properties that were significantly different
and not correlated [57].

In another study, Granacher et al. [18] assessed the
relationship between quiet stance and walking under multi-
task conditions in a cohort of young (mean age 22 years)
and elderly healthy subjects (mean age 73 years). No
significant associations were detected between measures of
quiet stance and walking under multi-task conditions. Thus,
it appears that the mechanisms governing standing and
walking stability under single and multi-task conditions are
significantly different [18, 57].

In summary, measures of steady-state and reactive bal-
ance as well as variables of static and dynamic steady-state
balance under single and multi-task conditions appear to be
unrelated.

3.3. Associations between Measures of Strength/Power and
Balance Performance. In a recent study, Granacher et al. [15]
examined whether there is a relationship between measures
of isometric strength of the leg extensors and variables of
reactive balance in young (mean age 27 years) and elderly
healthy men (mean age 67 years). No significant correlations
were found between MIS/RFD of the leg extensors and
functional reflex activity during the compensation of a gait
perturbation impulse indicating that different mechanisms
regulate these neuromuscular capacities.

Ringsberg et al. [58] scrutinized the relationship between
measures of steady-state balance (e.g., one leg standing
balance, gait speed) and maximal isometric knee exten-
sor/flexor and ankle dorsiflexor strength in 75-year-old
women. Neither of the muscular strength tests was related
to the one-leg standing test. However, all muscular strength
tests were highly associated with gait speed.

In another study, Buchner et al. [59] measured peak
torque of the knee (i.e., extension/flexion) and the ankle (i.e.,
plantar/dorsiflexion) as well as gait speed (i.e., steady-state
balance) in a sample of healthy adults aged 60 to 96 years.
Notably, the authors found significant associations between
lower extremity strength and gait speed in frail/weak subjects
whereas there was no association in nonfrail/strong subjects
[59].

In a more functional approach, Bean et al. [60] assessed
the influence of leg power and leg strength on physi-
cal performance (i.e., tandem gait, stair time, chair-stand
time, gait velocity, short physical performance battery) in
community-dwelling mobility-limited older people aged 65
to 83. Although leg power and leg strength were strongly
correlated (r = 0.89); leg power was recognized as a
separate attribute that exerted a greater influence on physical
performance. In fact, leg power modelled up to 8% more of
the variance of the physical performance measures.

In summary, there is a relationship between gait speed
(i.e., dynamic steady-state balance) and measures of iso-
metric/dynamic strength and power particularly in frail
older adults. However, one-leg standing balance (i.e., static
steady-state balance) and the ability to recover from gait

perturbations (i.e., reactive balance) are not associated with
measures of isometric strength.

4. Resulting Consequences for the Assessment of
Strength and Power

The reported associations between variables of isometric
strength, muscle power, and jump performance [23, 54]
indicate that these strength-testing modes are measuring a
similar phenomenon [54]. Based on these findings, it can
be argued that it is sufficient to either test MIS or muscle
power. However, given that the age-related loss of muscle
power occurs at a faster rate than muscle strength [13]
and that power producing capabilities are more strongly
associated with functional performance than muscle strength
[60], it is recommended to particularly include the analysis of
lower extremity muscle power in a standard strength/power
assessment protocol for older adults. However, as of now,
this is not supported by predictive data. A sophisticated but
still easy-to-administer time efficient and at the same time
a rather cost effective test for the assessment of leg extensor
power is the application of the SJ and/or CMJ on a force plate.
Over the last years, the analysis of plyometric tests using
force plates became user friendly and the parameter power
is usually integrated as a default measure in the data report
which makes this test even suitable for a clinical setting.

In summary, the analysis of muscle power should be
incorporated in a standard fall-risk assessment protocol due
to its functional relevance. Plyometric tests on force plates
(i.e., SJ, CMJ) are feasible, safe, time efficient, and valid test
instruments.

4.1. Tests for the Assessment of Strength and Power. Strength/
power performance can be assessed using a variety of
contraction modalities (i.e., isometric, concentric/eccentric,
isokinetic) and methods (i.e., weight machines/free weights,
force plates, isokinetic dynamometers, etc.).

4.1.1. One or Multiple Repetition Maximum. A well-accepted
and easy-to-administer test is the so-called one repetition
maximum (1RM) test [61]. The 1RM is defined as the heav-
iest load an individual is able to lift only once through a full
range of motion on a weight machine or with free weights.
Ideally, it is determined within 3 to 5 attempts. The American
College of Sports Medicine (ACSM) provides guidelines for
1RM tests [61]. Alternatively, multiple RM tests are often
applied in a geriatric context to avoid test-induced injuries
due to maximal contractions. Using multiple regression
analyses, 1RM strength can be predicted from multiple RM
testing, anthropometry, gender, age, and training history.
Reynolds et al. [62] provided exercise-specific prediction
equations for the 1RM. The authors concluded that the most
accurate prediction of strength occurred from a 5RM test,
with the accuracy of prediction worsening with increasing
repetitions to failure (10RM, 20RM).

4.1.2. Maximal Isometric Strength (MIS) and Rate of Force
Development (RFD). Strength can be defined as the ability
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Figure 4: Assessment of maximal isometric strength and rate of
force development using a leg press (i.e., force signals will be
recorded by a separate force plates underneath the feet).

to produce force [63]. Isometric strength testing is char-
acterized by maximal contractions against an immovable
resistance. Thus, the measurement of MIS is simplified
because variables like velocity and muscle length are kept
constant. Given that leg-extensor strength is associated with
functional performance (e.g., maximal gait velocity) in older
adults [60], it is of interest to analyse MIS and RFD of the
leg extensors. For testing purposes, custom-built force plates
(e.g., AMTI, KISTLER, etc.) are often integrated in weight
machines to determine MIS and RFD of the leg extensors
(Figure 4). MIS is defined as the maximal voluntary force
value of the force-time curve, determined under isometric
condition. RFD is defined as the maximal slope at deflection
of the force-time curve (Δforce/Δtime) [15] or as the mean
slope of the force-time curve between 20% and 80% of the
individual maximal force under isometric condition [64].
The latter procedure appears to be more robust regarding
movement artefacts (i.e., kicking of the heel at the onset
of contraction) than the calculation of maximal slope RFD.
Further, it was recommended to additionally determine the
mean slope of the force-time curve over the time intervals 0–
30 ms (RFD30) and 0–100 ms (RFD100) after onset of force
[15]. Of note, age-related deficits in force production can
particularly be observed in these early intervals of the force-
time curve [15].

4.1.3. Muscle Power. Power production is defined either as
work divided by the time over which it is completed or as
the force/torque of a muscular contraction multiplied by its
velocity [65]. In general, isokinetic dynamometers and/or
vertical jumping protocols on force plates (e.g., CMJ) are
usually used to assess muscle power.

Isokinetic Tests. Isokinetic tests are characterized by a con-
stant angular velocity over the full range of motion which
is independent of the contraction intensity. As a function of

the tested muscle, angular velocities usually range between
30◦/s and 240◦/s. Isokinetic power is calculated as a product
of the peak torque (Nm) at a specific velocity and the
respective angular velocity (◦/s). However, a disadvantage of
isokinetic testing protocols is that isokinetic movement does
not adequately reflect natural human movement behaviour
as demanded in actual human performance tasks.

Tests on a Force Plate. The application of plyometric tests
on a force plate mainly comprises SJs and/or CMJs in a
geriatric context. An SJ is characterized by a semisquatted
start position with no countermovement that is followed by
an explosive concentric vertical upward movement, resulting
in a maximal vertical jump. During the CMJ, subjects stand
in an upright position on the force plate and are instructed
to begin the jump with a downward movement, which is
immediately followed by a concentric upward movement,
resulting in a maximal vertical jump. Peak power is analysed
during the push-off phase of the SJ/CMJ by integrating
the force-time record. If force plates are not available,
equations reported in the literature can be used to calculate
power from jump height, body mass, and/or body height
[66].

A more functional test for the assessment of leg extensor
muscle power is the sit-to-stand transfer test. This test
requires participants to sit on the front part of a chair
with arms crossed in front of the chest, with the gaze fixed
straight ahead, and with both feet placed on a force plate.
The participants are then asked to rise as fast as possible into
the standing position and to stand quietly for 5 s. According
to Lindemann et al. [67], power is calculated using the
changes in vertical ground reaction force during the rising
phase, vertical ground reaction force during quiet standing,
and the difference in body height during the sitting and
standing position. Recently, Bohannon [68] conducted a
systematic literature review regarding test-retest reliability
of the sit-to-stand test and found moderate to excellent
intraclass correlation coefficients ranging from 0.64 to 0.96.
In addition, Zech et al. [69] observed that the assessment of
leg extensor power during the sit-to-stand test is a sensitive
marker to distinguish between community-dwelling nonfrail
and prefrail older adults.

In summary, one or multiple RM tests are safe and
easy to administer. They are particularly suitable for the
determination of training intensity during a conditioning
program. The assessment of MIS, RFD, and muscle power
requires sophisticated testing equipment (i.e., force plate,
isokinetic dynamometer, etc.) but provides detailed informa-
tion on force and power production in laboratory (i.e., CMJ)
and more functional situations (i.e., sit-to-stand test) which
could be helpful to identify older adults being at risk of future
functional limitations [13].

5. Resulting Consequences for the
Assessment of Balance

Given that falls primarily occur during ambulation and not
during quiet standing in the elderly [70] and that standing
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Figure 5: Assessment of steady-state balance performance. (a) 10 m walk test with concurrent cognitive interference task (i.e., counting
backwards by three). (b) 10 m walk test with concurrent motor interference task (i.e., holding two interlocked sticks steady in front of the
body).

balance (i.e., static steady-state balance), walking balance
(i.e., dynamic steady-state balance), and balance recovery
(i.e., reactive balance) were reported to be unrelated [18,
56, 57], fall-risk assessment should particularly be carried
out under dynamic steady-state balance (e.g., analysis of
gait variability under single and particularly multi-task
conditions) and reactive balance conditions (e.g., exposure
to balance threats via the postural stress test or platform
translations during sit-to-stand tasks) to identify older adults
at risk of falling.

For a clinical setting, the “stops-walking-when-talking
test” [71] as well as the postural stress test [72] appears to
be well-suited for the identification of older adults at risk
of falling because they are easy to administer and provide
immediate test results. More sophisticated monitoring of
older adults’ fall risk is usually conducted with the help
of instrumented and pressure-sensitive gait mats (e.g.,
GAITRITE) or corridors of photoelectric cells (e.g., OPTO-
GAIT). Irrespective of the test system, standard gait analysis
parameters (e.g., gait speed, cadence, step/stride length/time,
step/stride length/time variability, percent stance phase,
percent swing phase, percent single support phase, etc.)
are immediately available after the tests are completed.
Guidelines for instrumented gait analysis in older adults were
presented by Kressig et al. [70].

In summary, tests for the analysis of steady-state and
reactive balance should be incorporated into a standard fall-
risk assessment protocol for older adults. Easy-to-administer
clinical tests are the “stops-walking-when-talking test” and
the postural stress test. The inclusion of a gait analysis using
instrumented walkways is highly recommended to obtain
important gait parameters (i.e., gait variability particularly
under multi-task conditions) that are strongly associated
with fall risk in older adults.

5.1. Tests for the Assessment of Balance. In general, balance
can be tested using a variety of clinical (e.g., gait speed),
biomechanical (e.g., pressure-sensitive walkway), and elec-
trophysiological tests (e.g., electromyography). Kapteyn et al.
[73] provided recommendations for posturographic testing.
Briefly, different factors (e.g., room illumination, tempera-
ture, noise, defined test positions, test instructions, etc.) have
to be considered to obtain standardized test circumstances.
Due to the journal’s space limitations, only a small selection
of clinical and laboratory tests will be presented in the
following. For a comprehensive review on this topic, the
reader is referred to the work of Yim-Chiplis and Talbot [74].

5.1.1. Steady-State Balance. Steady-state balance can be
assessed during standing and/or walking under single-task
conditions (i.e., standing/walking only) and/or dual/multi-
task conditions (i.e., standing/walking while concurrently
performing a motor/cognitive interference task) (Figures
5(a) and 5(b)).

Clinical Tests. One-leg standing balance (i.e., ability to stand
unassisted for 5 seconds on one leg) is an easy-to-administer
and inexpensive clinical test for the assessment of the
functional level and the frailty status of older community-
living persons [75]. Notably, Vellas et al. [76] reported that
this test can be used as a predictor of injurious falls.

The “Timed Up and Go Test” (TUG) is a test of
dynamic steady-state balance that is commonly used to
assess functional mobility and risk of falling in community-
dwelling, frail older adults (aged 70 to 84 years) [77]. The test
requires subjects to stand up from a 44 to 47 cm high chair
without using the arms, walk 3 m, turn, walk back, and sit
down. Excellent interrater reliability (r = .99) and moderate
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test-retest reliability (r = .56) were reported for the TUG
[77, 78]. Further, a time >14 s to complete the test differed
between older fallers and nonfallers [79]. Recently, Beauchet
et al. [80] found that the imagined TUG or iTUG (i.e., time
needed to imagine performing the TUG) is clinically feasible
among frail older adults and that it proved to be a useful tool
as a marker of balance and gait disorders in older adults with
a mean age of 85 years.

The measurement of gait velocity (e.g., time required
to walk) is a simple and inexpensive test that can be used
in a clinical setting to detect mobility problems [81] and
to predict adverse outcomes (i.e., hospitalizations, new falls,
and requirement for a caregiver) in healthy seniors aged 75
and older [82]. The functional implications of gait velocity
have frequently been described and discussed in terms of the
time that is needed to cross a street safely. In fact, Hoxie et al.
[83] found out that a mean gait speed of 122 cm/s is required
to cross a street during a green light period. The same study
revealed that 96% of pedestrians aged 65 and over walk with
a gait velocity slower than 122 cm/s.

In addition, Guimaraes and Isaacs [84] found slower
gait speeds in elderly people aged 65 and over who were
admitted to hospital shortly after suffering a fall compared
with patients of similar age admitted to the same hospital
who had not suffered a recent fall. In addition, with the
help of an easy-to-administer test, Lundin-Olsson et al. [71]
observed that elderly subjects who stopped walking when
talking had a significantly increased risk of sustaining a fall
within the next six months.

Biomechanical Tests. Using biomechanical testing equip-
ment (e.g., force plates), postural sway (i.e., centre of
pressure displacements) can be analysed during bipedal
stance, step stance, tandem stance, or one-legged stance, with
eyes opened or closed, on stable or unstable (e.g., balance
pad) ground, under single or multi-task conditions. Fernie et
al. [85] investigated healthy subjects aged over 63 years and
observed that postural sway during bipedal stance with eyes
opened and closed (i.e., mean sway speed) was significantly
greater for those who fell one or more times in a year than
for those who did not fall. Using different postural sway
measures, Tucker et al. [86] were recently able to identify
community-dwelling older adults with a fall history.

Hausdorff et al. [87] were among the first to inves-
tigate that gait unsteadiness in terms of greater temporal
and spatial stride-to-stride variability significantly differed
between healthy older community-dwelling fallers (mean
age 82 ± 5 years) and nonfallers (76 ± 4 years). For
this purpose, coefficients of variation (CV) were calculated
for stride and swing time, stride length, and stride width
according to the following formula: [(SD/Mean)∗100] [70].
The smaller the CV value, the better the walking pattern.
Besser et al. [88] reported that 5 to 8 strides are necessary
for 90% of individuals tested with a pressure-sensitive
walkway (i.e., GAITRITE) to have reliable mean estimates of
spatiotemporal gait parameters. Recently, Hollman et al. [89]
presented normative spatiotemporal gait parameters (e.g.,
stride time/length, stride time/length variability, gait speed,
cadence, etc.) in older men and women that can be used

Figure 6: Assessment of reactive balance performance using a
motorized treadmill (i.e., unexpected decelerating gait perturba-
tions during walking will be applied).

to identify subjects with gait disorders. Moreover, Kressig
et al. [90] were able to identify critical thresholds for stride
time CV under single- (i.e., walking only, >4%) and dual-
task conditions (i.e., walking while concurrently counting
backwards, >10%) that were strongly associated with fall
events in older inpatients. In addition, a recent systematic
review on dual task performance and the prediction of falls
indicated that changes in performance whilst dual-tasking
were significantly associated with an increased risk for falling
amongst older adults [20].

5.1.2. Reactive Balance. Reactive balance can be tested with a
wide variety of easy-to-administer clinical tests (e.g., postural
stress test, nudge test) or more sophisticated biomechanical
(e.g., stance/gait perturbations on force platforms or tread-
mills, Figure 6) and electrophysiological testing equipment
(e.g., electromyography, h-reflex).

Clinical Tests. The sternal shove test or nudge test is a simple
test of balance recovery [91]. Subjects stand with feet close
together. The examiner pushes with light even pressure over
the sternum three times. The response is graded using a
0 to 2 scale with 0 meaning that the subjects start to fall
and need assistance; 1 indicates that the subject maintains
balance with feet movement; 2 means that the subject’s stance
remains stable. However, reliability and validity have not
been established for this test [92]. This might be due to the
fact that the intensity of the applied perturbation impulse as
well as the rating of the balance recovery reaction is examiner
dependent.

A more sophisticated but still easy-to-administer test for
the assessment of balance recovery reactions is the so-called
postural stress test which was introduced by Wolfson et al.
[72]. In this test, balance recovery reactions to postural per-
turbations of varying degrees are measured during normal
standing using a simple pulley weight system that displaces
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the centre of gravity behind the base of support. More
specifically, subjects have to withstand a series of posterior
perturbation impulses that are applied at the level of the
subject’s waist using three different perturbation intensities
(i.e., 1.5%, 3%, and 4% of the body mass). Scoring of the
postural responses is based on a nine-point ordinal scale,
where a score of 9 represents the most efficient postural
response and a score of 0 represents a complete failure to
remain upright [93]. Chandler et al. [93] observed that
elderly community-dwelling fallers score significantly lower
on the postural stress test than either young adults or
nonfalling elderly individuals.

Biomechanical Tests. Biomechanical tests are usually charac-
terized by high criterion validity. However, laboratory tests
are generally expensive, complex, and time consuming which
is why they are primarily suitable for research purposes and
not for clinical practice.

In an earlier study, Maki et al. [9] compared the ability
of different measures of postural balance to predict risk
of falling prospectively in an ambulatory and independent
elderly population aged between 62 and 96 years. Different
balance tests including tests of spontaneous sway, induced
sway, and one-legged tests were conducted. A force plate
moving back and forth and side to side was used during
the induced sway conditions. A number of measures showed
evidence of significant differences between fallers and non-
fallers. The differences were most pronounced for measures
related to the control of both spontaneous and sway-induced
lateral stability. The authors suggested that this rather simple
and safe force-plate measure of postural sway can be used in
a clinical setting as a preliminary screening tool for risk of
falling [9].

In a more recent study, Pavol et al. [94] investigated fall
incidence in old compared to young healthy subjects when
confronted with unexpected slips during a sit-to-stand task.
Trials began with subjects sitting on a stool in a standardized
position with their feet resting on horizontally moveable
force platforms. Subjects’ task was to stand up as quickly as
possible without using their arms and to remain standing
still. After four normal sit-to-stand trials, a slip was induced
without warning when the stool supported less than 10%
of the subjects’ body mass. The authors observed that older
adults with a mean age of 73 years were more likely to fall
upon initial, unexpected perturbation exposure. In fact, 73%
of the older adults fell upon the first slip whereas only 28%
of the young adults fell [94].

Pijnappels et al. [19] induced trips through obstacles that
unexpectedly appeared from the ground while subjects were
walking at a self-selected speed over a platform. Tripping
reactions were applied at midswing, corresponding to 40% of
the normal swing phase duration for all subjects. Kinematic
data, ground reaction forces, and centre of pressure of the
support limb were analysed in this study. It was found
that particularly older subjects who fell in this tripping
experiment showed insufficient reduction of the angular
momentum during push-off and less proper placement of
the recovery limb compared to older nonfallers and young
subjects [19].

A limitation of a large number of reactive balance studies
is that they usually investigate postural responses during
standing or walking in young versus older adults. However,
studies using a retrospective (i.e., fallers versus non-fallers)
or even prospective design (i.e., identification of fallers with
the help of laboratory-based balance recovery reactions)
are rare. For instance, Smith et al. [95] investigated long
latency ankle responses to dynamic perturbation in older
adults and could not find significant differences between
fallers and non-fallers in latencies or magnitudes of reactive
lower extremity muscle responses. Recently, Pai et al. [96]
examined older community-dwelling adults’ (>64 years)
future fall risk and their reactive responses and adaptations
to repeated slips. Experimental slips were induced at seat-off
during a sit-to-stand task by a computer-controlled release
of two sliding platforms. Each slip outcome was scored as
0 (successful recovery), 1 (loss of balance), and 2 (fall).
The slip outcome scores for 7 trials were summed for each
participant and identified as the slip score, ranging from 0
to 14. Approximately 30 months after the initial laboratory
investigation, self-reported falls data were collected for the
preceding year. The authors found that a higher overall
slip score or having lost balance during the second reslip
trial was associated with greater likelihood of future falls.
However, the findings of this study have to be interpreted
as preliminary due to the small sample size applied in this
investigation (N = 13). A post-hoc power analysis revealed
that 200 participants would have been needed to provide
adequate statistical power for the prediction of healthy older
adults’ annual fall risk. Therefore, further studies have to be
conducted to fill the gap between findings from laboratory-
based reactive balance studies and the epidemiology of falls.

In summary, the assessment of steady-state and reactive
balance is easy to administer with the help of clinical tests.
Large populations of older adults can be monitored in
terms of mobility limitations and risk of falling. However,
sensitivity (i.e., the proportion of true positives that are
correctly identified by the test) and specificity (i.e., the
proportion of true negatives that are correctly identified by
the test) of clinical tests are limited which is why, especially in
research settings, more sophisticated biomechanical testing
equipment is applied for monitoring older adults’ balance
performance. Given that falls often occur during ambulation,
it was proposed that particularly dynamic steady-state and
reactive balance measures are useful for screening purposes.
During the last years, gait variability especially under dual-
task conditions was recognized as a sensitive marker for the
identification of older adults with a risk of falling.

6. Resulting Consequences for Strength and
Power Training

The above reported findings on the relationships between the
different strength modes [23, 54] together with the results on
the associations between leg extensor strength/power with
functional performance [60] have meaningful implications
for the application of adequate and effective resistance
training programs.
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The implementation of traditional heavy-resistance
training protocols can still be recommended, particularly if
the goal is to improve strength performance and to induce
muscle hypertrophy. In fact, a systematic review of well-
designed studies substantiated that resistance training is
effective in increasing strength and muscle mass in older
adults, with high-intensity training (i.e., 80% of the 1RM)
and longer training periods (>12 weeks) being more effective
than low-intensity training and shorter training periods [97].
Recently, detailed guidelines for heavy-resistance strength
training with older adults were reported in terms of training
volume and intensity [98]. A duration of at least 12 weeks, a
frequency of 3 times per week, 3 to 4 sets, 8 to 12 repetitions,
and an intensity equal to 80% of the 1RM were suggested
[98].

However, the literature indicates that heavy-resistance
strength training increases strength but has less clear effects
on balance abilities [97]. In fact, it was shown that 13 weeks
of heavy-resistance strength training with 3 training sessions
per week had an impact on MIS and RFD in elderly men
[99] but not on the ability to compensate for platform
[99] or gait perturbations [100]. In addition, a systematic
review of randomized controlled trials on the efficacy of
resistance training on balance performance could not detect
a clear effect of resistance training on various measures of
standing balance in older adults (effect size = 0.11) [97]. This
rather limited adaptive potential of traditional resistance
training restricted to variables of strength could be the reason
why no strong effects on functional performance and fall
prevention were shown for resistance training alone [101].
Therefore, other resistance training modalities had to be
taken into consideration that may have an impact on both,
strength and functional performance in older adults. A recent
systematic review indicates that resistance training combined
with modified power type of exercises or even high-speed
power training/ballistic strength training seems to have a
greater impact on explosive force production and functional
performance in old age than traditional heavy-resistance
strength training [102].

However, given that the effects of power training on
strength and functional performance in older adults are still
an emerging field in geriatric research, clear dose-response
relationships are lacking. In this regard, de Vos [103]
reported that 8 to 12 weeks of power training with high loads
(i.e., 80% of the 1RM) induced larger gains in muscle power,
strength, and endurance than power training with medium
(i.e., 50% of the 1RM) and low loads (i.e., 20% of the 1RM).
However, Orr et al. [104] observed that power training at
low intensities (i.e., 20% of the 1RM) induced significantly
larger improvements in balance performance than power
training with medium (i.e., 50% of the 1RM) and high
(i.e., 80% of the 1RM) intensities. Significant improvements
in peak power, strength, and endurance of lower extremity
muscles were observed irrespective of the training intensity
[104]. Despite the rather divergent findings, Granacher [98]
recommended in a preliminary effort that healthy older
adults should perform power training for at least 4 to 6 weeks
with 2 to 3 training sessions per week, 1 to 3 sets, and 6 to 12
repetitions using light to moderate resistance (i.e., 40 to 60%

of 1RM) with high concentric movement velocities in order
to specifically address power capacity.

In summary, the effects of heavy-resistance strength in
older adults are restricted to improvements in measures
of strength and muscle mass. However, power training or
high-velocity strength training has the potential to improve
both strength and functional performance. Preliminary data
indicates that high-velocity strength training with high loads
specifically increases muscle power whereas power training
with low to moderate loads improves balance and functional
performance.

7. Resulting Consequences for Balance
Training (BT)

During the last years, numerous studies proved the effective-
ness of balance training (BT) on measures of postural control
[100], strength [105] and physical performance [106], as well
as on fall-incidence rate in older adults [106]. Recently, new
trends in BT emerged which produced even larger effects
on various measures of balance and physical performance
than traditional BT (for a systematic review see Granacher
et al. [102]). This is in fact in accordance with the previously
reported findings on the nonsignificant associations between
different components of balance (static/dynamic steady-state
balance versus reactive balance). Based on these results, it
appears that the different balance strategies are independent
of each other and need to specifically be addressed during
intervention programs. In other words, balance exercises
comprising steady-state (i.e., static and particularly dynamic
exercises under single and especially multi-task conditions)
and reactive components (i.e., application of perturbation
impulses) should be included in a balance program with the
goal to prevent elderly people from falling. It is hypothesized
that this new and multifaceted BT program counteracts a
larger number of intrinsic fall-risk factors than traditional BT
programs. Thus, it may have greater potential to effectively
reduce the fall-incidence rate in older adults. However, as of
now, there is only preliminary data available that supports
this idea. Therefore, future epidemiologic studies need to
address this issue in a comparative design to find out whether
multifaceted BT regimens are indeed more effective in the
prevention of falls than traditional BT programs.

Even though numerous studies investigated the effects
of BT in older adults on various measures of balance and
functional performance as well as fall rate, clear dose-
response relationships are still lacking. Therefore, further
research is needed to establish effective training loads and
volume for BT. In a preliminary attempt, the ACSM [65]
provided in a recent position stand on exercise and physical
activity for older adults exercise prescription guidelines for
BT:

(1) include progressively difficult postures that gradually
reduce the base of support (e.g., two-legged stand,
semitandem stand, tandem stand, one-legged stand),

(2) include dynamic movements that perturb the center
of gravity (e.g., tandem walk, circle turns),
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(3) stress postural muscle groups (e.g., heel stands, toe
stands), or

(4) reduce sensory input (e.g., standing with eyes closed).

In addition, Granacher [98] presented more detailed
information on training load and volume during BT with
older adults. According to these guidelines, older adults are
advised to perform BT for at least 12 to 13 weeks with 2
to 3 training sessions per week, 3 to 8 sets, and an exercise
duration of 20 to 40 s to induce improvements in balance
and functional performance [98]. In a recent meta-analysis
on exercise to prevent falls in older adults, Sherrington et al.
[107] found that BT has the greatest effect on reducing falls
as compared to other single interventions. Based on their
results, the authors recommended that training intensity
during BT should be moderate to high with a training
duration of at least 2 hours per week on a permanent basis.
They further propose that exercise may be undertaken in a
group or home-based setting and that strength and walking
training can be included in BT.

In summary, recent but still preliminary evidence indi-
cates that specific steady-state (i.e., walking while concur-
rently performing a cognitive and/or motor interference
task) and reactive balance exercises (i.e., application of
perturbation impulses during standing/walking) should be
incorporated in BT for older adults to counteract important
intrinsic fall-risk factors. However, clear evidence-based
dose-response relationships are lacking. It appears that
training intensity during BT should be moderate to high
with a training duration of at least 2 hours per week on a
permanent basis.

8. Conclusions

Age-related deficits in maximal and explosive force produc-
tion as well as in dynamic steady-state balance particularly
under multi-task conditions and in reactive balance rep-
resent important intrinsic fall-risk factors in older adults.
Correlative analyses indicate that variables of static and
dynamic steady-state balance, reactive balance, and muscle
strength are unrelated and may thus represent independent
neuromuscular capacities. This finding has important impli-
cations for fall-risk assessment and for the development of
adequate and effective fall-prevention programs. In terms of
fall-risk assessment, we therefore strongly suggest to include
the analysis of (a) muscle power (e.g., sit-to-stand test
on a force plate), (b) dynamic steady-state balance under
multi-task conditions (e.g., analysis of gait variability on
an instrumented walkway), and (c) reactive balance (e.g.,
postural stress test with a pulley weight system) into a
standard test protocol.

In terms of fall prevention, we suggest to perform
a combination of power training/high velocity strength
training with multifaceted BT including multi-task and
perturbation-based BT because this combinatory training
regimen counteracts a large number of intrinsic fall-risk
factors.
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Correspondence should be addressed to Paulo T. V. Farinatti, pfarinatti@gmail.com

Received 11 July 2011; Revised 19 September 2011; Accepted 20 September 2011

Academic Editor: Antony Bayer

Copyright © 2012 Geraldo A. Maranhão Neto et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Low cardiorespiratory (CRF) is associated with health problems in elderly people, especially cardiovascular and metabolic disease.
However, physical limitations in this population frequently preclude the application of aerobic tests. We developed a model to
estimate CRF without aerobic testing in older men with chronic cardiovascular and metabolic diseases. Subjects aged from 60 to
91 years were randomly assigned into validation (n = 67) and cross-validation (n = 29) groups. A hierarchical linear regression
model included age, self-reported fitness, and handgrip strength normalized to body weight (R2 = 0.79; SEE= 1.1 METs). The
PRESS (predicted residual sum of squares) statistics revealed minimal shrinkage in relation to the original model and that predicted
by the model and actual CRF correlated well in the cross-validation group (r = 0.85). The area under curve (AUC) values suggested
a good accuracy of the model to detect disability in the validation (0.876, 95% CI: 0.793–0.959) and cross-validation groups (0.826,
95% CI: 0.677–0.975). Our findings suggest that CRF can be reliably estimated without exercise test in unhealthy elderly men.

1. Introduction

Cardiorespiratory fitness (CRF) maintenance is important
for functional independence and physical capacity through-
out aging [1, 2]. Substantial declines in the ability to tolerate
physical exertion generally predict mobility problems and
cardiovascular morbidity and mortality, particularly in the
sedentary elderly [3, 4]. Despite the importance of CRF as-
sessment, very low functional capacity and frailty may hinder
the use of exercise tests in this population [5, 6]. In this con-
text, nonexercise prediction models become practical alter-
natives to estimate CRF [7] and may have important appli-
cations both in clinical and epidemiological settings. These
models are developed by means of regression-based equa-
tions that usually include variables of simple and fast assess-
ment, such as anthropometric measures, demographic char-
acteristics, and daily habits [8].

Recently, Mailey et al. [7] cross-validated an equation
developed primarily in middle-aged adults by Jurca et al. [9]
and suggested that nonexercise models could be used to es-
timate the CRF of older adults. The sample studied was
mainly composed by healthy old women (∼60%). However,
the prevalence of chronic diseases such as cardiovascular
disease and diabetes increases dramatically with age [10], and
is associated to lower physical capacity, inactivity, and limi-
tations in the ability to exercise [2]. It would be therefore
important to take into account that elderly populations are
not always healthy and free of cardiovascular and metabolic
diseases, which on the contrary, are common in the later life.
Notwithstanding to date nonexercise models to assess the
CRF in elderly subjects with chronic diseases have not been
proposed. Hence the present study aimed to develop a CRF
nonexercise prediction linear model of cardiorespiratory
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fitness and test its validity in elderly men presenting chronic
cardiovascular and metabolic diseases.

2. Materials and Methods

2.1. Subjects. The sample consisted initially of 108 subjects
admitted to the Elderly Care Center of the Open University
of the Third Age (UNATI) of the Rio de Janeiro State
University (UERJ). These subjects went through clinical
exams in order to detail their medical history and completed
a brief questionnaire providing demographic information,
which was used to determine whether they could perform
maximal aerobic exercise testing.

The inclusion criteria were asymptomatic patients, stable
disease, and no abnormalities in rest electrocardiogram for
at least six months. Tests interrupted due to clinical reasons
were not considered as maximal and therefore have been
excluded from the study. Twelve participants did not com-
plete the exercise testing (five were not allowed by the physi-
cians to perform the test, four asked to stop before achieving
maximal effort, and three exhibited high blood pressure).

From the initial sample, a total of 96 subjects remained
in the study (60–91 years), being randomly assigned into
two groups: validation (70%) and cross-validation (30%).
The command “sample 70” from STATA statistical package
version 10.1 (Stata, College Station, TX) was used with this
purpose. The validation group was used to develop the
statistical model while the cross-validation group was used to
confirm the generalization potential of the obtained model.

The experimental protocol was approved by institutional
Ethical Committee and participants provided a written
informed consent for the use of their data for research
prior to the commencement of the study, as stated in the
Declaration of Helsinki.

2.2. Procedures. Individual data on anthropometry, self-
reported physical fitness, and physiological measurements
were assessed. Anthropometric measurements included
weight and height [11] from which the body mass index
(BMI) was calculated. The physical activity history was
assessed by the Self-Reported Physical Activity Index (SRPA)
[9]. The subjects were asked to choose one of five activity
categories that best described their usual pattern of daily
physical activities. Self-rated fitness was evaluated by means
of the Rating of Perceived Capacity scale (RPC), a 1-20-
scale previously adapted and translated to the Brazilian
Portuguese language [12], in which the subject chooses the
most strenuous activity that can be sustained for at least
30 min [13]. The RPC score is expressed in METs and
the listed activities include walking, jogging, running, and
cycling at different paces. Instead of asking of the physical
activity history, the scale focuses on which activity the subject
is able to perform.

The blood pressure at rest and during exercise was mea-
sured by auscultation with a sphygmomanometer WelchAlln
(Tycos, Arden, MN, USA). A 12-lead electrocardiogram
was used to assess the resting heart rate (RHR) and max-
imal heart rate (Micromed, Brasilia, DF, Brazil). Handgrip

strength (HG) was measured with subjects keeping their
shoulder adducted and neutrally rotated, with the arm fully
extended and being encouraged to exert maximal grip force
on a Lafayette dynamometer 78010 (Lafayette, IN, USA).
The highest value in kilograms (kg) was determined after
four trials in the dominant and nondominant hands and
the relative handgrip strength (i.e., handgrip strength nor-
malized to body weight and represented as the ratio hand-
grip/weight) was then used for further analyses.

All subjects performed a clinically supervised maximal
exercise test in an electromagnetically braked cycloergometer
(Cateye EC-1600, Osaka, Japan) using an individualized
ramp protocol. Subjects were submitted to a familiarization
trial to get used to the cycloergometer and mouthpiece on the
day prior to the exercise test. The Wasserman et al. [14] pre-
diction equation was used to estimate the test incremental
workload in watts in order to achieve maximal exertion in
approximately 10 minutes. The metabolic analyzer VO2000
(Medical Graphics, St. Paul, MN, USA) was used for gas
exchange measures, using a medium flow pneumotachome-
ter (10–120 L·min−1).

Peak oxygen uptake (VO2 peak) was determined as the
maximal oxygen uptake at the point of test termination due
to volitional exhaustion. A MET value of 3.5 mL·kg·min
was considered for further calculations. The Borg CR-10
perceived exertion scale was used to estimate the degree of
exertion [15] and standard clinical criteria for terminating
exercise testing have been applied [16]. Before each test,
the equipment was calibrated as recommended by the
manufacturer, using standard reference gases. The test was
considered maximal when at least two of the following
criteria were observed: (a) respiratory exchange ratio (RER)
> 1.1, (b) VO2 plateau despite an increase in workload
(increase <2.0 mL·kg−1·min−1 between the last two loads),
and (c) maximum volitional exhaustion.

2.3. Statistical Analyses. Data normality was confirmed by
univariate analysis. Differences between the validation and
cross-validation groups were analyzed by t-test Student’s
and chi-square tests. Age, relative strength index (handgrip
strength/body weight), an anthropometric measure (BMI),
self-related fitness (RPC scale), self-related physical activity
(SRPA index), and resting heart rate (RHR) were entered,
respectively, into the first, second, third, fourth, fifth, and
sixth blocks of the hierarchical linear regression procedure
to develop a model to predict METpeak (i.e., the number of
METs achieved at VO2 peak).

The coefficient of determination (R2) and the standard
error of estimate (SEE) were calculated and the prediction
equation generated was then cross-validated using the PRESS
method (predicted residual sum of squares), a statistical jack-
knife procedure that consists of refitting the proposed model
many times, leaving each observation out of the model fit
in turn, so as to predict and then calculate the residual for
that observation [17]. The second series of cross-validation
analyses based on the independent sample was performed
using the Pearson correlation between the METpeak predicted
by the model and the METpeak measured, as well as the
difference between the CRF estimated by the prediction
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Table 1: Subjects’ characteristics (validation and cross-validation
groups).

Validation
(n = 67)

Cross-validation
(n = 29)

Age (years) 69.1± 7.4 68.7± 6.6

Height (cm) 172.4± 6.8 172.9± 6.1

Weight (kg) 82.7± 16.0 83.9± 11.7

BMI (kg/m2) 27.7± 4.6 28.3± 4.1

Handgrip/weight 0.39± 0.09 0.40± 0.08

RPC∗ 4.8± 1.5 4.7± 1.5

Resting heart rate (bpm) 70.3± 15.2 69.7± 13.0

VO2 peak (mL/kg/min) 20.8± 8.0 20.9± 6.8

METpeak 5.9± 2.3 6.0± 1.9

Peak heart rate (bpm) 131.7± 27.3 134.1± 30.3

Peak watts 106.9± 46.1 112.5± 42.4

Clinical history (%)

Cardiovascular disease 39 38

Obesity 22 27

Smoking 7 2

Hypertension 63 52

Diabetes 10 7

Cholesterol level >220 21 21

History of myocardial
infarction

15 17

Arrhythmia 7 14

History of
revascularization

24 24

History of coronary
angioplasty

13 10

Musculoskeletal
problems

6 4

β-blocker usage 36 35
∗

Rating of perceived capacity scale.

model and measured CRF (defined in the maximal exercise
testing) was analyzed by the t-test. A Bland-Altman analysis
of measurement differences plotted versus mean values was
used to assess the degree of agreement [18].

In order to evaluate the accuracy of the model in
screening individuals that present very low cardiorespiratory
fitness, and therefore are at higher risk for mortality and
morbidity, a disability index was used to dichotomize CRF.
Basically, the CRF level below which successful independent
living is significantly compromised (i.e., 5 METs) [19], was
used as a cutoff to calculate the model sensitivity, specificity,
and the area under the receiver operation curve (AUC). A
95% confidence interval (95%) was also calculated. The AUC
is a measure of diagnostic power of the model and describes
the probability that the model will correctly identify subjects
with low CRF. The predicted and measured CRF categories
from the validation and cross-validation groups were cross-
tabulated to detect classification accuracy.

Validation

0
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10

METs achieved

METs estimated

M
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Ts

P = 0.997 P = 0.972

Cross-validation

Figure 1: Predicted and actual CRF (METpeak; mean ± SD) in both
validation and cross-validation groups.

3. Results

Table 1 presents the descriptive statistics, as well as values
for cardiorespiratory variables at rest and in response to
maximal exercise for subjects in both validation and cross-
validation groups. These groups did not significantly differ
in any of the variables studied (P > 0.05). All subjects
attended at least two of the criteria adopted to consider
the cardiopulmonary exercise testing as maximal: respiratory
exchange ratio (RER) > 1.1 (87% of the sample), VO2 plateau
despite an increase in workload (75%), and (c) maximum
volitional exhaustion (100%).

Three levels of physical activity were detected by the
SRPA index: inactivity or little activity other than usual
daily activities (58% of the whole sample), participation in
physical activities requiring low levels of exertion that result
in slight increases in breathing and heart rate for at least
10 minutes at a time (38%), and participation in aerobic
exercises such as brisk walking, jogging or running, cycling,
swimming, or vigorous sports at a comfortable pace or other
activities requiring similar levels of exertion for 20 to 60
minutes per week (4%).

Only three of four variables were significantly associated
(P < 0.01) with CRF after the linear regression procedure
(Table 2). Age, relative handgrip strength, and RPC explained
44%, 22%, and 13% of CRF variance, respectively. The
BMI (R2 = 0.003, P = 0.44), SRPA index (R2 = 0.003,
P = 0.37), and RHR (R2 = 0.001, P = 0.53) were not
significant predictors. Based on the R2 value, the obtained
model explained 79% of the variability in VO2 peak. The low
shrinkage of adjusted R2 and the R2-PRESS conferred a good
generalization to the model. The SEEp was essentially equal
to the corresponding SEE value. The following prediction
equation was generated from the coefficients presented in
Table 2: METpeak = 6.095 − 0.096 (Age) + 8.84 (Handgrip
strength/Weight) + 0.67 (RPC).
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Table 2: Prediction model after stepwise multiple regression (validation group).

Predictor variables

Constant Age Handgrip
strength/weight

RPC R2 SEE R2 adjusted R2
p SEEP

6.095 (1.851) −0.096∗∗ (0.020) 8.840∗∗ (1.601) 0.670∗∗ (0.104) 0.79 1.1 0.78 0.76 1.1
∗∗

P < 0.001; RPC: rating of perceived capacity; SEE: standard error of estimate (values in METs). Numbers within parentheses are the standard regression
coefficients.
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Figure 2: Bland Altman plot for predicted and actual CRF in both validation and cross-validation groups.

Once the statistical model was established it was then
further tested in an independent sample for cross-validation.
There were no significant differences between predicted
CRF mean and actual CRF mean in both validation and
cross-validation groups (Figure 1). The Pearson correlation
coefficient between predicted and actual CRF in the cross-
validation group was 0.85 (P < 0.01), ratifying that the
model was appropriate to estimate CRF in elderly subjects
with cardiovascular and metabolic diseases. The Bland
Altman analysis (Figure 2) showed that few values fell outside
the ranges established by the ±2 SDs, which suggests a good
agreement between the values estimated by the statistical
model and the actual MET values.

Table 3 exhibits the model accuracy from the validation
and cross-validation groups after diagnostic tests. The results
demonstrated that the model presents very good sensitivity
and specificity. The model was almost equally efficient in
identifying subjects with CRF ≤ 5 METs and with CRF > 5
METs. The AUC further confirmed the high accuracy of the
model in screening subjects presenting CRF either below or
above 5 METs.

4. Discussion

The negative effect of aging on CRF as well as the use of self-
reported fitness are both well documented in the literature
and are frequently included in prediction models [8, 20].
Although not previously used in other models, the relative
handgrip strength was a very significant predictor of CRF
in the present study. One could argue that the inclusion
of handgrip strength may limit the widespread applicability

of this equation, given that it requires equipment that may
not be routinely used in epidemiological studies. In fact,
the handgrip dynamometry has been a very important tool
to assess the functional status of elderly samples, and the
inclusion of this measurement in epidemiological settings
should be reconsidered. The handgrip strength test is very
simple and inexpensive, and has been previously related
to mortality, mobility, functional capacity, and correlated
with walking speed and overall strength, which are variables
strongly related to the functional independence and health in
older persons [1, 21, 22].

Despite of the fact that 79% (R2) of variance in the
prediction of CRF was explained by the obtained statistical
model, the SEE (Table 2) suggests that more precise methods
as maximal tests are recommended if the exactly CRF value
is needed. On the other hand, the AUC values (Table 3)
suggested that the model has good accuracy to stratify
elderly men with very low (i.e., CRF ≤ 5 METs) and higher
cardiorespiratory capacity (i.e., CRF > 5 METs). In other
words, the model was capable to identify elder subjects
whose functional and exercise capacity are compromised.
Based on this finding, the proposed model can be useful for
population-based investigations or epidemiological studies,
especially those searching for associations between CRF and
other physical and mental health outcomes, such as cognitive
function and wellbeing. In clinical studies our model could
be used to screen elderly individuals before maximal exercise
testing.

Mailey et al. [7] tested the validity of the nonexercise
model proposed by Jurca et al. [9] in old adults, and reported
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Table 3: Diagnostic accuracy to detect low cardiorespiratory fitness (CRF ≤ 5 METs).

Group Sensitivity Specificity AUC

Validation 0.852 (0.663–0.958) 0.90 (0.763–0.972) 0.876 (0.793–0.959)

Cross-validation 0.818 (0.482–0.977) 0.833 (0.586–0.964) 0.826 (0.677–0.975)

95% CI in parentheses; AUC: area under the curve.

a multiple R of 0.72 (P < 0.001) for the regression in a sample
composed mainly of old women, which were somewhat more
physically active than our subjects. Our model was developed
in a sample of elderly men with cardiovascular and metabolic
diseases and produced a multiple R of 0.89 (P < 0.001).
It is also worthy to note that metabolic and cardiovascular
diseases in the elderly are highly prevalent [10], reinforcing
the relevance of the present model for this population.

Although comparisons between the two models are dif-
ficult because they were developed in different populations,
we have included variables from Mailey’s model in our
regression model, and they were not significant. We have also
compared the CRF estimation accuracy of the models, and
the results were favorable to the present equation (Mailey’s
model in the validation group: R2 = 0.47; EPE = 1.7 METs,
and in the cross-validation group: R2 = 0.33; EPE = 1.6
METs).

The adoption of a cycloergometer maximal exercise
testing protocol to assess the METpeak must be justified.
Although treadmill tests are known to engage larger muscle
mass and therefore may elicit higher peak VO2 [16, 23], some
authors have proposed that cycloergometer tests would be
more appropriate to assess the cardiorespiratory fitness in
older subjects, mainly for safety reasons. For instance, it has
been suggested that high-intensity treadmill exercise should
be avoided in older subjects with balance restrictions or joint
problems [24]. Moreover, the poor mechanical efficiency
while running seems to reduce the performance of older
compared to younger subjects during treadmill exercise [25],
which would very likely limit the peak VO2 in maximal
cardiopulmonary tests. Such limitation has been considered
by previous research that adopted cycloergometer protocols
to assess the cardiorespiratory fitness in older populations
[4, 26].

The main finding of this study was that CRF of elderly
men with cardiovascular and metabolic diseases and low
physical capacity can be classified without aerobic tests using
a combination of information on the subject’s daily activity
levels, relative handgrip strength, and a self-report of physical
fitness level. Maximal aerobic tests have a higher cost,
demand familiarization with ergometers, and are frequently
difficult to perform in old adults due to poor balance and
coordination, gait problems, and fear of exercising [27].
It is also worthy to mention that the accuracy of some
submaximal exercise testing models to estimate CRF [28,
29] could be comparable to the accuracy of the present
prediction model. It also represents an alternative to some
walking tests because it does not require encouragement,
which can be a source of disparity across trials, and does not
require fatigue and dyspnea measurements.

This study has some limitations, namely, the rela-
tively small sample size, the prediction model restricted to

unhealthy men. It is worthy to mention that since running
tests may potentially produce higher METpeak values, the
reproducibility of our findings in treadmill exercise testing
should also be addressed, despite the fact that cycloergometer
tests are frequently indicated due to safety and mechanical
efficiency reasons. Another issue refers to whether the model
is capable to show changes in fitness. Probably, changes
in age, handgrip strength, and self-related fitness would
influence the functional capacity and the METs levels, but
only longitudinal studies could confirm this possibility.
Additionally, the main objective of the present study was
similar to other studies that developed nonexercise models,
which were not conceived to detect slight longitudinal
variations. In brief, the model aims to classify and compare
individuals within a given population, and does not intend to
replace cardiopulmonary exercise testing to precisely assess
the CRF. Therefore, it is possible that small changes in CRF
due to training cannot be detected by our equation.

5. Conclusion

CRF level is an important indicator of morbidity and
mortality in elderly men. However, the CRF assessment
is usually limited due the mobility issues and the risk of
cardiovascular events especially in older people with chronic
conditions. The present study presented an accurate fitness
prediction model for elderly men with cardiovascular and
metabolic diseases. The model provides a very fast and safe
assessment of fitness, without any chance for cardiovascular
events during assessment, which could be very feasible in
many healthcare settings to estimate CRF and stratify elderly
subjects accordingly, and very attractive for epidemiological
studies.
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Ageing is associated with changes in cardiac autonomic control as measured by Heart Rate Variability (HRV). Not many studies
have explored the influence of gender on age-related changes in cardiac autonomic regulation. This study evaluated the gender
differences in age-associated changes in cardiac autonomic nervous activity by assessing HRV using frequency domain analysis of
short-term stationary R-R intervals. HRV was studied in healthy males and females ranging in age from 6 to 55 years. Total power
and absolute power in High-Frequency (HF) and Low-Frequency (LF) components as well as HF in normalized unit declined
significantly with ageing. The HF/LF ratio was significantly higher in the adolescent and adult females compared to male of these
age groups. This study suggests that gender differences exist in age-related changes in HRV. The finding that gender differences are
limited to adolescent and adult age groups may indicate a role for female sex hormones in cardiac autonomic modulation.

1. Introduction

The autonomic nervous system plays a major role in the
regulation of the cardiovascular system under both physio-
logical and pathological conditions [1]. Analysis of the beat
to beat variability of cardiac R-R intervals has been used to
quantify alteration in cardiac autonomic regulation and also
to predict adverse clinical events [2]. Periodic fluctuations
of heart rate are indicative of the relative contributions of
sympathetic and parasympathetic components of autonomic
nervous system to heart. Spectral analysis of HRV studies the
frequency-specific oscillations of heart rate fluctuation and
decomposes series of sequential R-R intervals into a sum of
sinusoidal functions of different amplitudes and frequencies.
The power spectrum has shown at least two frequency
bands: low frequency (LF) from 0.04 to 0.15 Hz and High
frequency (HF) from 0.15 to 0.4 Hz. The HF fluctuation
of R-R intervals mainly reflects the cardiovagal modulation
and the inspiratory inhibition of vagal tone, whereas the LF
bands influenced baroreceptor-mediated regulation of blood
pressure and reflect predominantly sympathetic activity. The

ratio of LF/HF has been used to reflect the sympathovagal
balance [3, 4].

Normal human ageing is associated with changes in the
autonomic control of several biological functions. Ortho-
static maneuver such as going from supine to standing may
trigger dizziness more frequently with ageing, reflecting the
diminished cardiovascular sympathetic modulation. Simi-
larly, the recovery of heart rate after exercise becomes blunted
with age as a result of sluggish cardiac vagal response to
adjust the cardiac activity. The two subsystems sympathetic
and parasympathetic of autonomic nervous system mature
with time, but degree of the changes due to ageing is dif-
ferent because of their divergent neural pathways. Therefore
symaptho-vagal balance also fluctuates with ageing [5].
Autonomic nervous activity in relation to ageing was studied
using conventional cardiac autonomic function tests. Age-
related reductions in overall heart rate variation in response
to deep breathing and Valsalva maneuver suggest that ageing
is associated with impaired vagal control of heart rate [6].
Most of the currently available data on the effect of age on
autonomic nervous function is derived from studies of HRV,
reporting that increasing age is associated with a reduction
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in overall HRV [7, 8]. A study on confounding variables of
cardiovascular autonomic function had revealed that age is
one of the important confounders for cardiac autonomic
function [9].

There are a few reports on gender-related differences in
cardiac autonomic tone. In a population of normal subjects,
using short-term and long-term recordings, there was found
predominance of parasympathetic over sympathetic tone in
women and vice versa in men. It was also demonstrated that
the gender-related difference in parasympathetic regulation
diminishes after the age of 50, while sympathetic dominance
in men disappears significantly later [10]. Yukishita et al.
reported that in general autonomic activities attenuate with
age in both genders [11]. However, the influence of gender
on age-related changes in cardiac autonomic activity is not
well established. Therefore this study evaluated the gender
differences in age-associated changes in cardiac autonomic
nervous activity by assessing HRV.

2. Materials and Methods

A total of 267 healthy volunteers of which 126 males and
141 females between the age group of 6–55 years were
recruited. The subjects were from wide range of social
and economic classes. The participants were students and
faculty of the Institute in Bangalore, South India. Study
population was classified into eight groups based on age
and gender. That is, men and women are in four age
groups: children (6–11 yrs), adolescents (12–19 yrs), Young
adults (20–40 yrs), and middle aged (41–55 yrs). Subjects
belonging to all the study groups were well nourished based
on their body mass Index. The female subjects included
in children and middle-aged group were prepubertal and
postmenopausal respectively. Menstruating female subjects
participated were controlled for menstrual cycle and they
were recruited during mid-follicular phase of their menstrual
cycle. Subjects were screened after taking detailed medical
history and measuring basal blood pressure. Subjects with
hypertension and history of diabetes mellitus and any other
chronic illness were excluded from the study. Subjects on oral
contraceptive pill, hormonal replacement therapy, and drugs
that alter the cardiovascular functions were also excluded
from the study. Informed written consent was obtained from
all participants and in case of children the parental consent
was also obtained. The experiment protocol was approved by
Ethics committee of the Institute.

All the experiments were conducted in the morning
after overnight fasting. Subjects refrained from smoking, caf-
feinated beverages for at least 12 hours prior to the experi-
ment, and also instructed to avoid strenuous physical activity
from the previous evening.

2.1. Assessment of HRV. To quantify heart rate, the analog
ECG signal was obtained using lead II to obtain a QRS
complex of sufficient amplitude and stable base line. ECG
signals were conveyed through an A/D converter (Biopac MP
30, Biopac system INC. Santa Barbara, CA) at a sampling
frequency of 500 Hz to PC and were analyzed offline after

visual checking of abnormal ECG. Heart rate variation
during normal breathing for a period of 5 minutes was
recorded, with subject supine, awake, and resting. The data
gathered was subjected to frequency domain analysis of HRV.

Frequency domain analysis was performed using non-
parametric method of Fast Fourier Transformation. Data
was edited manually for artifacts and ectopic beats. HRV
software used a peak detection algorithm to find the “R”
wave, which was done at a resampling rate of “4 Hz”. A
minimum of 256 data points was required to perform a
spectral analysis. To attain 256 data points a duration of 5
minutes of ECG recording was required. The linear trend
was removed from each data set to avoid its contribution
to low-frequency power. The power frequency spectrum was
subsequently quantified into standard frequency-domain
measurements including total variance, HF (0.15–0.4 Hz), LF
(0.04–0.15 Hz), and HF/LF ratio.

Following the ECG recording, and daily physical activity
level was estimated using a validated physical activity ques-
tionnaire which assessed physical activity pattern over the
preceding month [12]. A composite index of the level of
activity was computed as the physical activity level, which
is the 24-hour energy expenditure divided by the estimated
basal metabolic rate. Physical activity level cutoff values for
grades of physical activity have been defined previously: <1.4
sedentary; 1.55–1.6 moderately active; and >1.75 very active
[13].

Statistical analysis was performed with an SPSS package
(version 10.5). Normality of the distribution was assessed
with the Kolmogorov-Smirnov goodness of fit test. Because
of skewed distribution of absolute values of spectral powers,
they were also analyzed after logarithmic transformation.
Data is expressed as mean ± SEM with 95% confidence
interval. All the variables were compared between age and
gender groups using Two-Way ANOVA, with the test for age
and gender effects as well as their interaction. Looking for
the overlap of the confidence interval, the study assessed the
differences between specific groups. Variables for which age-
gender interaction exists and the effect of age amongst the
specific groups were compared independently for males and
females. For the remaining variables, comparison was done
using combined values. In all instances null hypothesis was
rejected at P < 0.05.

3. Results

Of the 267 healthy volunteers (126 males and 141 females)
originally enrolled in the study, 15 were excluded due to
reasons like presence of frequent premature ventricular beats,
experience of syncope during ECG recording, and inability of
the software to analyse the HRV.

Table 1 shows subject characteristics of the study pop-
ulation. Analysis using two-way ANOVA has shown that
Resting Heart Rate (RHR) declined significantly with ageing
(P < 0.01). Females had higher RHR than males in all the
age groups except for the middle-aged subjects; however,
difference in HR between males and females did not show
any statistical significance. Systolic BP and Diastolic BP
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Table 1: Subject characteristics.

Parameter
Children Adolescents Young adults Middle-aged

Males Females Males Females Males Females Males Females

(n = 30) (n = 30) (n = 29) (n = 37) (n = 30) (n = 40) (n = 29) (n = 27)

Age (yrs) 9.4± 0.32 9.4± 0.3 17.0± 0.38 16.4± 0.38 29± 0.8 30.1± 0.86 48.3± 0.6 48.5± 0.64

Height (cm) 131± 1.98 130± 1.9 159± 5.1 154± 0.78 166± 1 156± 0.8 167± 3.8 155± 0.78

Weight (kg)∗ 27± 1.2 26.4± 1.9 55.5± 1.9 49.0± 1.1 59.4± 1.3 53.1± 0.95 58.9± 1.3 56.1± 0.9

SBP∗# 112± 1.6 108± 1.3 114± 2.3 109± 1.1 116± 1.1 111± 6.8 120± 1.66 118± 1.73

DBP∗# 74± 1.4 74± 0.76 76± 0.8 75± 0.7 78± 0.8 76± 0.7 84± 1.1 81± 1.2

RHR∗ 78± 1.8 82± 1.7 67± 1.96 69± 1.1 64± 1.7 67± 1.1 69± 1.96 66± 1.3

BMI∗ 15.5± 0.24 15.6± 0.22 20.5± 0.36 20.5± 0.37 21.6± 0.33 21.7± 0.33 22.1± 0.3 23.1± 0.3

PAL N.A@ N.A@ 1.64± 0.02 1.59± 0.02 1.6± 0.02 1.65± 0.02 1.65± 0.02 1.69± 0.02

(i) Data expressed as mean ± SE.
(ii) ∗significantly different across the age group.
(iii) #significantly different between males and females.
(iv) SBP: Systolic blood pressure (mm of Hg).
(v) DBP: Diastolic blood pressure (mm of Hg).
(vi) RHR: Resting heart rate (Beats per minute).
(vii) BMI: Body Mass Index (kg/m2).
(viii) PAL: Physical activity level.
(ix) @Not applicable since standard procedure was not available.

Table 2: Comparison of heart rate variability spectral power (absolute power) in males and females of different age groups (n = 252).

Children Adolescent Young adults Middle-aged

Total power (0–0.4 Hz) (ms2)

Males
2694± 336 2072± 306 1171± 212 563± 121

(2006–3381) (1446–2697) (736–1606) (313–814)

Females
2433± 331 1612± 246 1148± 149 478± 82

(1756–3110) (1112–2112) (846–1456) (308–448)

Total
2564 ± 234 1822 ± 194 1158 ± 124∗† 520 ± 72∗†‡

(2094–3033) (1434–2209) (909–1407) (375–665)

Two-way ANOVA: P < 0.001 between age groups, P = 0.420 between genders, and P = 0.379 for interaction between age and gender.

High-frequency power (0.15–0.4 Hz) (ms2)

Males
1645 ± 209 1057 ± 165 533 ± 98 238 ± 56

(1215–2074) (720–1394) (331–734) (121–355)

Females
1561 ± 254 999 ± 155 628 ± 98 209 ± 56

(1040–2082) (683–1314) (427–825) (128–289)

Total
1603 ± 163 1025 ± 112 585 ± 69∗† 223 ± 34∗†‡

(1250–1931) (801–1275) (446–724) (155–291)

Two-way ANOVA: P < 0.001 between age groups, P = 0.995 between genders, and P = 0.592 for interaction between age and gender.

Low-frequency power (0.04–0.15 Hz) (ms2)

Males
1049 ± 148 1001 ± 187 638 ± 118 325 ± 66

(745–1352) (619–1384) (396–879) (188–461)

Females
872 ± 108 584 ± 111 522 ± 71 269 ± 45

(650–1093) (357–812) (377–666) (175–363)

Total
960 ± 92 760 ± 103 573 ± 65∗† 296 ± 39∗†‡

(776–1144) (583–997) (442–703) (217–376)

Two-way ANOVA: P < 0.001 between age groups, P = 0.034 between genders, and P = 0.234 for interaction between age and gender.

Data expressed as mean ± SEM and 95% Confidence Intervals.
∗Significantly different from children group.
†Significantly different from adolescent age group.
‡Significantly different from adult group.
#Significantly different from females of same age group.
/=Age × Gender = age and gender interaction.
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showed increasing trend with ageing (P < 0.01). SBP and
DBP were significantly lower in females than males across all
the age groups (P < 0.01). Physical activity level did not show
any difference between the study groups.

Table 2 shows HRV spectral power in males and females
of different age groups.

Total power and absolute power in HF and LF com-
ponents HF in normalized unit as well as HF/LF declined
significantly with ageing (P < 0.001). Normalized power
in LF showed significant increase with ageing (P < 0.001).
Absolute power in LF band (P = 0.034) and the HF/LF ratio
(P < 0.001) were significantly higher in the adolescent and
adult females compared to male of these age groups. There
were no such gender differences in children and middle-aged
subjects. HF/LF also exhibited a significant age and gender
interaction (P = 0.035).

4. Discussion

The present study examined the effect of gender on age
associated changes in cardiac autonomic activity. Autonomic
regulation of heart rate was assessed by frequency domain
analysis of short-term HRV at supine resting condition.

The findings of this study indicate that healthy ageing is
associated with gradual reduction of overall fluctuation in
autonomic input to the heart as well as vagal index of HRV
which are reflected by significant decline in total power and
HF in absolute power (Table 2). The higher relative power
of LF and lower ratio of HF to LF from children age group
to middle age suggest that ageing is associated with shifting
cardiac autonomic tone towards sympathetic dominance.
The decline in HRV indices was not significant from children
age group to adolescent age groups for both females and
males. An accelerated decline of HF was observed from
adolescent to adult age (20–40 yrs) group and from adult to
middle age (41–55 yrs).

Reduction in HF nu and the ratio of HF/LF with ageing
exhibited a different pattern in males and females (Figures
1 and 2). These indices were relatively stable from children
group to adult age group, and prominent decline was
observed from adult to middle-aged group in females. But
among males, the reduction in these indices followed similar
pattern like absolute power HF.

The analysis of gender-related difference in HRV study
indicates that HF in relative value (nu) and HF/LF ratio
were significantly higher in women. However, HF com-
ponent of HRV, denoting vagal modulation to heart, was
not significantly different between men and women, when
expressed in absolute value. Total power of HRV also did not
differ between males and females; further LF in normalized
and absolute values was significantly lower in females. The
data also shows that the gender differences for these indices
are age dependent, since differences exist for HF nu, only
in adolescent group subjects, and for HF/LF ratio only in
adolescent and adult age groups.

The higher HF (nu) and HF/LF ratio observed in the
female subjects of this study can be attributed to lower LF in
absolute and relative values in females. It has been suggested

HF nu across different age groups in males and females
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Figure 1: The figure shows that age-related decline of HF nu across
four age groups in both males and females as well as gender-
related difference in adolescent age group. ∗Significantly different
from children group; #Significantly different from adult group.
$Significantly different from males using two-way ANOVA.
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Figure 2: The figure shows ratio of HF to LF ratio across four
age groups in males and females. It depicts the age-related decline
in HF/LF ratio in males and females. Females have significantly
higher HF/LF ratio as compared to males in the adolescent and
adult groups. In the two extreme of ages the ratio is almost similar;
∗significantly different from children group; #significantly different
from adult group; $Significantly different from males of similar age
group using two-way ANOVA.

that normalized powers were superior at detecting the effect
of gender and these indices describe a balance, rather than a
modulation of individual limbs of ANS [10]. All the HRV
indices in this study did not show significant differences
between males and females in children as well as middle-
aged subjects, indicating that female sex hormones might
influence autonomic balance, which is reflected by presence
of gender difference in HF nu and HF/LF ratio in adolescent
and adult age strata, in which subjects were of postpubertal
and premenopausal females, respectively.

In this study for the first time the gender differences in
cardiac autonomic nervous function in a population of wide
age range were studied. Gonadal hormones play an impor-
tant role in mediating gender differences observed in many



Journal of Aging Research 5

physiological parameters. It is assumed that menopause con-
stitutes a significant mile stone in terms of changes in cardio-
vascular physiology and risk for developing cardiovascular
diseases. A gender difference in risk of developing cardiovas-
cular disease tends to diminish in the postmenopausal age
groups. Therefore, we chose the postmenopausal age as the
upper cut-off for subject recruitment into this study. Further,
as this study focused on healthy volunteers, recruitment of
subjects above 55 years would have resulted in interference
of many altered physiological conditions associated with
ageing. It has been reported that autonomic function is mod-
ified in altered nutritional status [14]. All the subjects who
participated in this study were well nourished, based on their
BMI [15]. Since, the daily physical activity level is considered
as one of the potential confounders in the measurement of
autonomic nerve activity [16], the study groups were con-
trolled for the physical activity levels in this study. Further,
menstruating female subjects participated in this study were
controlled for menstrual cycle, and they were studied during
the mid-follicular of the menstrual cycle to observe the gen-
der effect. The female subjects in children and middle-aged
group were prepubertal and postmenopausal, respectively.

Measurements of HRV components, namely, HF in
absolute power represent parasympathetic control and the
LF represents both sympathetic and parasympathetic mod-
ulation to heart. Relative measurements (HF nu, LF nu)
provide quantitative evaluation of graded changes in the state
of parasympathetic and sympathetic modulation [3]. The
HF/LF ratio provides an index of parasympathetic relative to
sympathetic nervous system tone [17]. Microneurographic
recordings of muscle sympathetic nerve activity (MSNA)
offer a direct measurement of efferent postganglionic sym-
pathetic nerve activity, which is considered as gold standard
measurement of global sympathetic outflow to skeletal
muscle, whereas HRV provides indirect indices of autonomic
modulation. However, because of the invasive and complex-
ity associated with the technique microneurography is not
practical for studies involving large sample. Further, studies
have shown that MSNA and cardiac sympathetic marker
of HRV may change parallel in response to an autonomic
challenge [18].

The gender-related differences in autonomic nervous
system have been studied earlier. Most of the existing data
on gender-related differences for power spectral variables
belong to the subjects of age group above 40 years [19].
Umetani et al. defined the effect of gender, on normal range
of HRV, over nine decades (9–100 yrs) in healthy subjects;
however this study was based on time domain analysis. In
this study authors reported that HRV for all time-domain
measurements is lower in women especially below the age
of 50 years and level of parasympathetic activity is lower in
young women [20]. Kuo et al. demonstrated that the gender-
related difference in parasympathetic regulation diminishes
after age 50 yrs, based on the study of normal humans
between 40 and 79 yrs of age. The same study also reported
that women had a higher HF in the age strata of 40–49 yrs
[10]. Results on HRV in the children group in this study are
in agreement with the report of Galeev et al. in which they
observed similar HRV for both males and females among

children [21]. Higher HF nu and HF/LF ratio as well as
lower absolute and normalized LF observed for females of
adolescent and adult group in this study was comparable
with the findings of Ramaekers et al., which showed that car-
diac autonomic modulation is significantly lower in healthy
women compared to men because of lower sympathetic
activity [22]. The HF/LF ratio observed for middle-aged
subjects for both males and females was similar in this study,
which does not match with the findings of Liao et al. and
Bigger et al. [7, 23]. The reason for this could be explained as
a result of noncategorising the middle aged females, in their
study into pre- and postmenopausal subjects.

The mechanism for gender differences in age-associated
changes in cardiac autonomic function is obscure. Differ-
ences in the autonomic system may be due to differences in
afferent receptor stimulation, in central reflex transmission,
in the efferent nervous system, and in postsynaptic signaling.
At each of these potential sites of difference, there may be
effects due to different size or number of neurons, variations
in receptors, differences in neurotransmitter content or
metabolism, as well as functional differences in the various
components of the reflex arc.

Ageing is associated with an increased dependency on
sympathetic control of cardiac responses and reduced vagal
responsiveness. The blunted vagal modulation of the heart
may be related to altered neural vagal discharge to sino-
atrial node or to a change in the ability of the cardiac
pacemaker itself. Cardiac electrophysiological studies have
demonstrated a progressive decline in sino-atrial conduction
and sinus node recovery time with age. Studies have revealed
an increase in empty Schwan cell bands or reduced number
of fibers in the vagus nerve among old subjects [24]. Altered
autonomic modulation with ageing also can be explained
by dysfunction of baroreceptor mechanism. Increase in
circulating levels of norepinephrine and thereby sympathetic
over activity might account for reduced vagal efferent drive
in advancing age [25].

A few studies have indicated that female sex hormones
influence autonomic modulation and estrogen has a facili-
tating effect on cardiac vagal function [26]. The higher HF
nu and HF/LF ratio observed in the female subjects can be
attributed to lower sympathetic activity in females which
is reflected by lower LF in absolute and relative values in
females. This finding is in agreement with the findings of
Ramaekers et al., where the authors postulated that lower
sympathetic activity in females compared to men might pro-
vide an explanation for the protection against cardiovascular
disease observed in females [22]. The current study results
show a disappearance of gender differences in all HRV com-
ponents among middle-aged subjects. Because all the women
participated were postmenopausal in this age range, it is
speculated that protective factor may be the female hormone
estrogen. Potential mechanism possibly may include direct
or indirect hormonal effects on electrical properties of sinus
node or chronic developmental differences in sinus node.

Strength of the Study. For assessing gender differences in age-
related changes in autonomic modulation, the current study
included large sample size subjects from children to middle
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age, where stratified agewise classification is continuous.
As altered nutrition, physical activity level, and phases of
menstrual cycle are important confounding variables in
measurement of heart rate variability, in the current study,
the various study groups were controlled for the above-
mentioned factors.

Limitations of the Study. Estimation of gonadal hormones
and correlation of its levels with HRV indices would have
provided better understanding of influence of hormones on
gender differences in age-related changes cardiac autonomic
activity. The current study has not estimated the gonadal
hormonal levels of the participants. Though menopause is
significant mile stone in cardiovascular research, recruitment
of subjects above 55 years would better explain age-related
changes in autonomic function.

Implication of the Study. Outcome of this study reveals that
the assessment of sympathetic and parasympathetic nervous
activity for risk stratification of autonomic related disorder
should control for variables like age and gender. Consid-
ering physiological differences in evaluation of autonomic
dysfunction would be useful for diagnosis and treatment of
autonomic-related diseases.

Future Research. The outcomes of the study indicate that
there is scope for further studies on investigation of auto-
nomic nervous activity using sensitive techniques like MSNA
and also evaluation of autonomic function in multiple organ
systems to provide an index of age-related global autonomic
nervous modulation.

Conclusion. This study concludes that gender differences
exist in age-related changes in HRV. The finding that
gender differences are limited to adolescent and adult age
groups may indicate a role for female sex hormones in
cardiac autonomic mod-ulation. The exact impact of the
neurohormonal axis on the age-related changes in cardiac
autonomic nervous system remains to be elucidated.
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