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Abstract Strength training (ST) is considered a promising intervention for reversing the
loss of muscle function and the deterioration of muscle structure that is associated
with advanced age. This reversal is thought to result in improvements in func-
tional abilities and health status in the elderly by increasing muscle mass, strength
and power and by increasing bone mineral density (BMD). In the past couple of
decades, many studies have examined the effects of ST on risk factors for age-
related diseases or disabilities. Collectively, these studies indicate that ST in the
elderly: (i) is an effective intervention against sarcopenia because it produces
substantial increases in the strength, mass, power and quality of skeletal muscle;
(ii) can increase endurance performance; (iii) normalises blood pressure in those
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with high normal values; (iv) reduces insulin resistance; (v) decreases both total
and intra-abdominal fat; (vi) increases resting metabolic rate in older men; (vii)
prevents the loss of BMD with age; (viii) reduces risk factors for falls; and (ix)
may reduce pain and improve function in those with osteoarthritis in the knee
region. However, contrary to popular belief, ST does not increase maximal oxy-
gen uptake beyond normal variations, improve lipoprotein or lipid profiles, or
improve flexibility in the elderly.

The well documented losses of muscular strength
and muscle mass with age,[1-3] known as sarco-
penia,[4] have important health consequences[5] be-
cause they are associated with an increased sus-
ceptibility to disability among the elderly,[6-9] an
increased risk of falls[10] and hip fractures,[11] a de-
crease in bone mineral density (BMD)[12] and an in-
crease in glucose intolerance.[13] These changes
can predispose the elderly to an increased risk for
a variety of diseases and disabilities.[7,8] Whether this
results directly from losses of muscle mass or sec-
ondary to low strength levels, which then leads to
disability and functional limitations, is unknown.
Nevertheless, there has been an increasing body of
evidence, in recent years, indicating that sarco-
penia is associated with adverse public health and
economic consequences and that strength training
(ST) can delay or reverse some of these effects.
Therefore, this review will discuss and critically
evaluate the research literature on the effects of ST
on risk factors for age-related diseases and disabil-
ities that have been most commonly studied. For the
purpose of this review, the topics will be limited to
include the effects of ST on risk factors for sarco-
penia, coronary heart disease (CHD), hypertension,
diabetes mellitus, metabolic syndrome, obesity, os-
teoporosis and osteoarthritis. In addition, the pre-
vention of disability will be discussed by focusing
on the research literature that pertains to the effects
of ST on the loss of flexibility with age and fall
prevention.

1. Sarcopenia

1.1 Strength, Muscle Mass and 
Strength Training

The loss of strength with advanced age is asso-

ciated with a deterioration of health status.[5,7,8]

Whether the objective is to improve functional abili-
ties or health status in the elderly, interventions should
focus on preventing disability and progression of
disease through modification of risk factors.[6] In
addition to the more common goals of improving
cardiovascular and metabolic function, these in-
terventions should positively affect muscle mass,
strength, power, flexibility and BMD.[6,14] Muscu-
lar strength alone is independently associated with
functional ability in the elderly.[15,16] Because aer-
obic exercise training does not improve muscular
force production in the elderly[17,18] and muscular
strength may become more limiting for activities
of daily living than cardiovascular function in frail
elderly individuals,[19] ST may be the training mo-
dality of choice for some segments of the elderly
population. The loss of muscle function is at least
partially responsible for many functional limitations
and disabilities in the elderly.[19]

There is a remarkable similarity between the
losses in strength and body composition with aging
and those resulting from physical inactivity.[20] There
is also a comparable counteraction of these age-
associated losses following a period of muscular
activity.[20] Early reports that increases in strength
levels following ST in the elderly were due entirely
to neurological factors[21] were later refuted when
direct assessments of muscle tissue were made from
imaging techniques and/or muscle biopsies, show-
ing that ST increases muscle mass in older men and
women.[22-32]

We now have suggestive evidence for how much
of the age-associated losses in strength and muscle
mass can be reversed with ST. Strength losses as-
sessed from isokinetic peak torque values occur at
the rate of about 12 to 14% per decade after the age
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of about 50 years,[2,3,33] and strength gains, assessed
from 1 repetition maximum (1RM) values, of >30%
occur within the first couple of months of heavy
resistance ST in 65- to 75-year-old men and wo-
men.[34] Thus, about 2 months of ST essentially re-
verses at least 2 decades of strength loss with ad-
vanced aging. Similar reversals can be observed
with muscle mass, which is lost at a rate of about
6% per decade after the age of 50 years[3] and in-
creased by about 12% within the first couple of
months of ST.[35] Thus, 2 decades of age-induced
muscle mass loss can be reversed with only about
2 months of ST.

1.2 Mechanisms for Increases in Strength

The mechanisms responsible for ST-induced in-
creases in strength in the elderly are not entirely un-
derstood, but increases in motor unit firing fre-
quency and maximal motor unit recruitment rates[36-38]

are likely contributors to the substantial increases
in strength after short term ST. In addition, an im-
proved efficiency of motor unit firing rates is a
probable mechanism explaining the improved abil-
ity to maintain steady submaximal contractions with
ST in older individuals.[39,40]

There is some evidence that the local insulin-
like growth factor (IGF; somatomedin) system may
be involved in the mechanism for ST-induced mus-
cle hypertrophy in the elderly.[32,41] However, this
does not appear to result in an increase in baseline
serum levels of growth hormone or IGF-1.[42] Al-
though it has been reported that specific training
regimens may determine how blood levels of these
anabolic factors respond,[43,44] there is no evidence
that these responses are indicative of muscle IGF-1
levels (either mRNA levels for IGF-1, IGF-1 re-
ceptors, or IGF-1 binding proteins) or that they are
related to muscle hypertrophy. Although investiga-
tors have often shown little or no effect of increased
circulating IGF-1 on muscle hypertrophy,[45,46] Ad-
ams and McCue[47] and others[48-51] have demon-
strated that local production or infusion of IGF-1
is directly related to muscle hypertrophy. Specific
mechanisms for this relationship have been inves-
tigated recently.[51-53] Increased circulating IGF-1

appears to stimulate general increases in fat free
mass (FFM), rather than increases in muscle mass
specifically.[46,54] These data indicate the impor-
tance of assessing local IGF-1 production when
assessing the effects of ST interventions on muscle
hypertrophy. In this regard, a recent study demon-
strated for the first time an increase in local (mus-
cle) IGF-1 levels with ST.[32]

ST can stimulate muscle fibre hypertrophy in all
fibre types in older individuals[55-57] and fibre type
transitions have also been reported.[58] These re-
sults suggest that the muscles of older individuals
can adapt to a ST stimulus, such that age-related
muscle fibre atrophy may be completely reversed
in some individuals.[55] Several investigations have
demonstrated that satellite cell proportions in-
crease following muscle stimulation or exercise in
young[59,60] and older animals.[61,62] As satellite cells
appear necessary for the hypertrophic response to
muscle overload,[63,64] assessing the role of ST on
satellite cell activation in humans is important. For
a more detailed overview of potential mechanisms
for increased strength and muscle hypertrophy with
ST among the elderly, the reader is referred to our
recent review on this topic.[65]

Regardless of what mechanisms are responsible
for training-induced muscle hypertrophy in the el-
derly, it is clear that when older people maintain
muscular activity, the losses in strength with age
are reduced substantially.[66]

2. Coronary Heart Disease

2.1 Low Cardiovascular Fitness Levels

Cardiovascular fitness, as assessed by time to
exhaustion on a treadmill test, is an important risk
factor for all-cause mortality as well as mortality
and morbidity associated with CHD in both men
and women.[67,68] The relative risk (RR) of death
associated with a lack of cardiovascular fitness (3.44
for men, 4.65 for women) is greater than or similar
to the RR associated with cigarette smoking (2.60
for men, 2.08 for women), high cholesterol levels
(2.21 for men, 2.69 for women), hypertension (1.74
for men, 3.24 for women), a family history of car-
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diovascular disease (1.60 for men, 1.50 for women)
and elevated fasting glucose levels (2.74 for men,
3.73 for women).[67] Furthermore, the RR of devel-
oping CHD from being physically inactive (RR = 1.9)
is similar to the RR associated with cigarette smok-
ing (2.5), hypertension (2.3) and hypercholesterol-
aemia (2.1).[68] Aging is associated with a marked
decrease in cardiovascular fitness as indicated by
a decline in maximal oxygen uptake (V

.
O2max).[69]

However, it appears that as much as half of this
reduction may be caused by secondary factors, such
as increased body fat and decreased physical activ-
ity.[69]

2.2 Strength Training and 
Cardiovascular Fitness

It is well established and obvious that aerobic
exercise training leads to substantial improvements
in cardiovascular fitness, but the effects of ST have
been more controversial. It is thought by many in-
vestigators in the field that ST can improve cardio-
vascular fitness in elderly people, but whether this
conclusion is actually supported by evidence de-
pends on how cardiovascular fitness is defined and
what magnitude of change constitutes a real im-
provement. For example, Frontera and co-workers[70]

reported an increase of 5% in V
.
O2max measured on

a cycle ergometer after 12 weeks of ST in healthy
60- to 72-year-old men. Although this change was
statistically significant, it is substantially below the
magnitude of changes reported with aerobic exer-
cise training, and it is within the range of normal
biological and/or methodological drifts reported
from inactive control groups during similar time
periods.[71,72] Furthermore, because noncyclists are
usually unable to achieve true V

.
O2max on a cycle

ergometer, it is unlikely that a true V
.
O2max was mea-

sured on these individuals. This is an important dis-
tinction because, in contrast to V

.
O2max measured

on a treadmill using an appropriate protocol, cycle
ergometer performance among noncyclists appears
to be limited by noncardiovascular factors, such as
leg strength or power and lactate threshold.[73,74]

A more recent report by Hagerman et al.[75]

showed a 9% increase in a Bruce protocol treadmill

peak V
.
O2 test with ST. This was reduced to a 5.7%

increase when peak V
.
O2 values were corrected for

gains in fat free mass.
Evidence supporting the conclusion that true

V
.
O2max does not change appreciably with ST, even

when there is an increase in peak V
.
O2, are the data

of Hickson et al.[73] who found that 10 weeks of ST
in young men resulted in a significant increase in
peak V

.
O2 tested on a cycle ergometer, but did not

change true V
.
O2max measured during a maximal

treadmill exercise test.[73] Similar conclusions were
made from a study by Marcinik et al.[74] performed
in our laboratory, in which time to exhaustion on
a cycle ergometer was increased by 33% with cir-
cuit ST, despite no significant change in treadmill
V
.
O2max. Furthermore, most evidence indicates that

ST, even when performed with short rest intervals,
does not increase V

.
O2max much beyond normal bi-

ological or methodological variation.[71,72]

A mechanism has been reported that explains
why ST fails to produce substantial improvements
in aerobic capacity, even when training heart rates
are maintained to the same level as high intensity
aerobic exercise training.[72] The explanation is that
ST stimulates a catecholamine surge approximately
7-fold higher than aerobic training in the same in-
dividual at the same oxygen cost. This results in
heart rate elevations that are disproportionate to the
low aerobic demands of the muscle during training,
leading to an oxygen pulse during exercise below
the threshold necessary to elicit the kind of cardio-
vascular adaptations observed with aerobic exer-
cise training.[72]

ST may, however, elicit other more generalised
adaptations that might benefit the cardiovascular
systems of older men and women. Ades et al.[76]

found that 12 weeks of ST increased treadmill walk-
ing endurance at 80% V

.
O2max by 38% in 65- to

79-year-old women, even though their V
.
O2max did

not change.[76] Improvements in treadmill endur-
ance time were significantly related to increased
leg strength. Parker and co-workers[77] reported that
16 weeks of ST decreased heart rate, blood pressure
(BP) and rate pressure product, as an index of myo-
cardial oxygen uptake, significantly during a weight-
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loaded submaximal treadmill walking test in 60- to
77-year-old women. Heart rate, BP and rate pres-
sure product during short term resistive exercise
are also lower after ST.[78] Thus, endurance perfor-
mance may increase with ST despite little or no
changes in V

.
O2max. The specific mechanisms for

these submaximal cardiovascular adaptations are
not well understood, but possible explanations in-
clude changes in fibre type recruitment (i.e. greater
rate of type I and a reduced rate of type II muscle
fibre recruitment), less occlusion of blood flow and
increased lactate threshold.[73,74]

2.3 Abnormal Plasma 
Lipoprotein-Lipid Profiles

Studies on the relationship of age, lipoprotein-
lipid profiles, morbidity and mortality from cardio-
vascular disease in the elderly have produced con-
flicting results. For example, Wilson et al.,[79] in an
8-year follow-up of some 4900 men and women 20
to 79 years of age, found that total blood choles-
terol levels actually declined with age. Others have
suggested that this may be caused by disease rather
than age,[80] although individuals with cardiovas-
cular disease and cancer were excluded from the
study of Wilson et al.[79] Nevertheless, declines in
high-density-lipoprotein cholesterol (HDL-C) lev-
els with age were still observed. The total choles-
terol to HDL-C ratios increased slightly from young
to middle-aged and stayed about the same in mid-
dle-aged to elderly men, whereas this ratio contin-
ued to increase from young to middle-aged and
from middle-aged to the oldest women.

Studies investigating the predictive value of lipid
profiles in the elderly have also produced mixed
results. Krumholz et al.[81] concluded that neither
high total cholesterol nor low HDL-C levels pre-
dict all-cause mortality, mortality caused by car-
diovascular disease, or cardiovascular events in
people >70 years of age. In contrast, Frost et al.[82]

reported that lipid profiles do predict cardiovas-
cular events for people over the age of 60 years,
and Schaefer et al.[83] found that both low density
lipoprotein-cholesterol (LDL-C) and HDL-C are
important predictors of longevity. Thus, it appears

that abnormal lipoprotein-lipid profiles confer in-
creased cardiovascular disease risk in individuals
at least until the age of 70 years.

2.4 Strength, Strength Training and
Lipoprotein-Lipid Profiles

Two epidemiological studies have addressed
the relationships among muscular strength, ST and
plasma lipoprotein-lipid profiles. Kohl et al.[84] ex-
amined the association between muscular strength
and serum lipoprotein-lipid levels in 1193 women
and 5460 men. They found no association between
strength and total or LDL-C for either men or women.
However, there was a direct association between
both upper and lower body strength and triglycer-
ide levels in men, and an inverse relationship be-
tween muscular strength and HDL-C. In contrast,
Tucker and Silvester[85] studied 8499 male employ-
ees of more than 50 companies, and observed a
reduced risk of hypercholesterolaemia among in-
dividuals undergoing ST. However, only those who
participated in ST 4 to 7 hours per week maintained
this reduced risk when other potentially confound-
ing variables were controlled.

Published reports on the effects of ST on plasma
lipoprotein-lipid profiles have been limited prepon-
derantly to adolescent, young and middle-aged in-
dividuals. Some of these studies have shown im-
provements in lipid profiles with ST in young[86,87]

and middle-aged[71,88] individuals, but most of these
studies either did not control for normal variations
in lipoproteins, used individuals who were not at
risk for cardiovascular disease, lacked proper di-
etary controls, or did not control for other factors
that influence lipid profiles. When an attempt is
made to control for at least some of these factors,
most studies show no improvements in lipid pro-
files with ST.[89-94] This may be because of the meth-
odological differences[95,96] or because bodyweight
loss is needed to improve lipid profiles.[97]

To address the bodyweight loss issue, we re-
cently studied the effects of 16 weeks of heavy
resistance ST with or without bodyweight loss and
found that ST does not elicit beneficial changes in
lipoprotein-lipid levels in obese postmenopausal
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women (ages 50 to 69 years) regardless of whether
bodyweight loss is involved.[92] Similar findings of
no improvements in lipid profiles in older women
with ST have been reported by others.[91,94] Thus,
we are not aware of any studies using elderly indi-
viduals that have demonstrated improvements in
lipid profiles with ST.

2.5 Aerobic Training Versus Strength Training

Considering there are many more studies show-
ing improved lipid profiles with aerobic exercise
training than with ST in middle-aged and older in-
dividuals, it is quite surprising that out of the 5
published studies we could find that compared these
2 training modalities, none of them showed any dif-
ferences in the effectiveness of aerobic exercise train-
ing compared with ST for improving lipoprotein-
lipid profiles. In fact, all of these studies showed
that neither training modality improved plasma
lipoprotein-lipid profiles significantly.[89,93,98-100]

However, recent work by Hagberg et al.[101] sug-
gests that genotype, particularly ApoE genotype,
may be an important determinant as to whether aer-
obic exercise training improves lipoprotein-lipid
profiles. It is conceivable that the same is true for
lipoprotein-lipid responses to ST, but at the time of
writing evidence for this is unavailable.

3. Hypertension

Resting BP increases with age, and elevated
resting BP is a major cardiovascular disease risk
factor in the elderly.[102] By age 60 to 70 years,
approximately 50% of men and women are hyper-
tensive.[102] Elevated BP remains a major cardio-
vascular disease risk factor in the elderly, except
for those over 85 years of age.[102]

The limited information that is available on the
effects of ST on resting BP in middle-aged and older
individuals is conflicting. For example, while there
is some evidence of a possible lowering effect of
ST on BP,[71,103] not all studies have supported this
finding. In the only previous study we could find
addressing the effects of ST on BP in elderly men
and women, Cononie and Graves[104] investigated
the effects of 6 months of moderate resistance ST

on resting BP in a group of 70- to 79-year-old men
and women. There were no changes following ST
in either systolic blood pressure (SBP) or diastolic
blood pressure (DBP) in individuals characterised
as having normal or elevated BP. A similar group of
individuals performing 6 months of aerobic train-
ing in the same study showed significant BP reduc-
tions, but no significant differences in SBP when
compared with the ST or control groups following
training. Until recently this was the only study we
were aware of that investigated the effects of ST on
resting BP in older adults and reported no improve-
ments.[104] Consequently, the conclusion from the
American College of Sports Medicine Position Stand
is that ST by itself does not consistently elicit sig-
nificant reductions in BP in hypertensive individu-
als.[105]

However, the results from a recent study from
our laboratory shows that heavy resistance, high
volume ST can reduce resting BP in 65- to 73-year-
old men and women whose average values are in
the high normal range for resting BP.[106] The re-
ductions were maintained for up to 48 hours fol-
lowing a ST session and were sufficient to shift
mean values from the high normal to the normal
category, as defined by the Joint National Commit-
tee on the Detection, Evaluation and Treatment of
High Blood Pressure.[107] When the BP responses
to ST were analysed by gender, men showed reduc-
tions in BP that were not observed in the women
(i.e. 48 and 72 hours after a ST session for SBP and
at 24 hours after a ST session for DBP). Because a
large proportion of cardiovascular disease occurs
in people with high normal BP,[108] this category
shift has important implications, especially if cor-
roborated by others, because overall cardiovascu-
lar morbidity and mortality is reduced in individu-
als who shift from the high normal to the normal
BP category.[109]

Although most studies show significant reduc-
tions in resting BP as a result of aerobic exercise
training, other studies comparing the effects of ST
and aerobic training on resting BP have also shown
no differences between aerobic and ST for the ef-
fectiveness in reducing resting BP.[93,110] Smutok
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et al.[93] compared 20 weeks of moderate to heavy
resistance ST to aerobic training and no exercise in
37 previously sedentary middle-aged men. No sig-
nificant changes in resting BP were detected fol-
lowing training in any of the groups. Blumenthal
et al.[110] studied 99 men and women with untreated
mild hypertension (SBP 140 to 180mm Hg, DBP
90 to 105mm Hg) randomly assigned to 4 months
of either aerobic exercise training, strength and flex-
ibility training, or a control group. Despite signif-
icant within-group reductions of 7 to 9mm Hg in
resting SBP and 5 to 6mm Hg in resting DBP fol-
lowing ST, there were no significant differences
between any of the groups. There were also no sig-
nificant group differences when comparing ambu-
latory BP readings before and after the training pe-
riod. No studies could be found that independently
assessed the effect of ST on the BP of older adults
with essential hypertension.

4. Diabetes Mellitus

4.1 Glucose Intolerance and 
Insulin Resistance

Aging is associated with impaired glucose meta-
bolism,[111,112] predisposing older men and women to
the development of insulin resistance syndrome,[113]

diabetes mellitus,[112] and CHD.[114] Since age-
associated reductions in muscle mass are thought
to be related to a deterioration in glucose metabo-
lism,[13] it has been hypothesised that ST and sub-
sequent increases in FFM may improve glucose
and insulin responses to a glucose load in older
populations.[93,115] However, ST does not usually
change glucose tolerance,[71,115-117] or glycaemic
control regardless of age, unless baseline glucose
tolerance is abnormal.[93,118-122] Nevertheless, ST
reduces insulin responses during an oral glucose
tolerance test (OGTT) in young, middle-aged and
older men in many,[71,115-117] but not all,[98] stud-
ies. In addition, ST studies have shown improve-
ments in insulin sensitivity during hyperglycaemic
and hyperinsulinaemic-euglycaemic clamps in
healthy and diabetic middle-aged men[115,123,124] and
women.[125]

In addition to being important in the aetiology
of diabetes mellitus, glucose intolerance and in-
sulin resistance are independent risk factors for
CHD[114,126,127] and are also associated with hy-
pertension,[128] elevated blood levels of LDL and
reduced levels of HDL-C.[129] The prevalence of
glucose intolerance increases with age,[13,130-133]

because of insulin resistance.[132] This leads to hyper-
insulinaemia[111,131] and may be caused by increased
adiposity and/or decreased physical activity.[134-136]

Evidence for this comes from Pacini et al.,[136] who
found no independent association between age and
glucose tolerance when the effects of obesity and
physical activity were eliminated from consider-
ation. Broughton and Taylor[134] reached a similar
conclusion based on their analysis of previous stud-
ies. Glucose intolerance has also been found to be
associated with age-related losses of muscle mass.[13]

However, the age-associated deterioration in glu-
cose tolerance and increase in hyperinsulinaemia
are not observed in older athletes who do not par-
ticipate in the type of exercise that leads to muscu-
lar hypertrophy,[137] whereas such deterioration is
observed in older athletes who have substantially
greater muscle mass.[138] Moreover, aerobic exer-
cise training reduces plasma insulin responses to
an oral glucose challenge in older individuals even
though it does not increase muscle mass.[139] Thus,
the evidence does not support the hypothesis that
a reduced muscle mass with age is responsible for
a deterioration in glucose tolerance.

It has commonly been believed, based on the
notion that improvements in glucose metabolism
were dependent on reductions in body fat[140] and
increases in V

.
O2max,[141] that only aerobic exercise

training should be recommended for improving glu-
cose homeostasis.[142] However, ST has been ob-
served to improve glucose metabolism in individ-
uals with normal[71,93] and abnormal[122] glucose
metabolism, even when body fat or V

.
O2max is not

changed. Some individuals with impaired glucose
tolerance become normalised following ST.[93] Glu-
cose metabolism is improved in both young[117,118]

and older[116,143] individuals with ST, most often in
the form of blunted plasma insulin responses to an
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OGTT, but a blunted glucose response has also been
demonstrated in middle-aged individuals.[93,122]

Improvements in glucose tolerance[144,145] or
glycaemic control[146-148] have been shown prepon-
derantly in ST studies involving middle-aged indi-
viduals with impaired glucose tolerance and/or type
2 diabetes mellitus, but most other studies show no
change in glucose tolerance with ST in young,[23,149]

middle-aged[86,150] and older[149,151] men, as well as
older women.[153] Similarly to these findings, Her-
sey et al.[98] found that ST did not improve glucose
responses to an OGTT in healthy 70- to 79-year-old
men and women, but in contrast to others who found
improved insulin responses, they also found no im-
provement in insulin responses. Other ST studies
using hyperinsulinaemic-euglycaemic clamps and
intravenous insulin tolerance tests have shown im-
provements in glucose uptake and insulin sensitiv-
ity in normally glucose-tolerant middle-aged[115] and
elderly[153] men, middle-aged women,[125] as well
as individuals with type 2 diabetes mellitus.[124]

Heavy resistance ST increased insulin action
and reduced hyperinsulinaemia in postmenopausal
women with or without bodyweight loss,[125] and
increased glucose uptake by 23% in middle-aged
and older (50 to 70 years) men.[115] Apotential mech-
anism that explains how ST might improve glucose
tolerance and/or insulin sensitivity has not yet been
reported. However, the reduced plasma insulin re-
sponse to an OGTT with ST appears to result from
an increase in insulin clearance, not a decrease in
insulin secretion.[143]

4.2 Aerobic Training Versus Strength Training

We could only find 3 studies that compared the
effects of aerobic exercise training to ST on glu-
cose homeostasis in middle-aged to older men and
women.[93,98,122] Hersey et al.[98] found that only
aerobic training lowered plasma insulin responses
to an OGTT, whereas Smutok et al.[93,122] observed
from our laboratory that both aerobic and moderate
to heavy resistance ST reduced glucose and insulin
responses to an OGTT. There are a number of po-
tentially important differences among these stud-
ies. Hersey and co-workers[98] studied older per-

sons than Smutok and co-workers[93,122] (70- to 79-
vs 50- to 70-year-olds). Hersey and co-workers[98]

also studied both men and women, whereas Smutok
et al.[93,122] studied only men. The resistance used
and the relative increases in both upper and lower
body muscular strength were also much greater in
the Smutok et al.[93,122] study compared with those
in the Hersey et al.[98] study. Thus, it is possible that
older individuals may require heavy resistance ST
to improve their glucose and insulin responses to
an OGTT.

To further address these issues, we recently stud-
ied the effects of a heavy resistance ST programme
on glucose and insulin responses to an OGTT and
compared these responses in young (20 to 30 years)
and older (65 to 75 years) men and women who re-
ceived the same relative training stimulus.[152] Until
this investigation, no other studies had compared
glucose-stimulated glucose and insulin responses
with ST between older men and older women using
the same relative training protocol. This compari-
son has potentially important health implications
for elderly people, because elevated blood glucose
levels are associated with a higher RR of mortality
in women than in men.[67] The results demonstrate
that the effects of ST on insulin response to an OGTT
may be different for older men than for older women.
In response to ST, men had reduced insulin responses
at several time points with no changes in glucose
responses to an OGTT, whereas women showed
nonsignificant trends for increases in glucose and
insulin responses at the same time points during the
OGTT.[152]

Thus, substantial evidence exists to support the
conclusion that ST can improve glucose homeosta-
sis in men, and that ST may be just as effective as
aerobic exercise training as an intervention against
insulin resistance in men, but this does not appear
to be the case in women.

5. Metabolic Syndrome

Abdominal obesity is thought to be the first step
in a series of events that leads to insulin resistance,
glucose intolerance, abnormal lipoprotein-lipid pro-
files and hypertension.[131,154,155] This constella-
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tion of risk factors for cardiovascular disease, dia-
betes mellitus and hypertension has been called many
names, including syndrome X, the deadly quartet,
the Reaven syndrome, the insulin resistance syn-
drome, the atherothrombogenic syndrome,[149] the
plurimetabolic syndrome,[97] the abdominal obesity
syndrome and the metabolic syndrome.[131,154,155]

Although there may be a genetic predisposition for
abdominal obesity, increasing age, high fat diets
and a sedentary lifestyle are also thought to be im-
portant determinants.[154,155]

5.1 Intra-Abdominal Fat

ST can reduce total body fat stores in older men
and women, even when individuals are not under-
going restriction of energy intake.[31] However, since
abdominal obesity is more consistently related to
a metabolic profile predictive of cardiovascular dis-
ease risk than is general obesity,[97] a more impor-
tant issue may be the effects of ST on abdominal
visceral fat depots. Aging is associated with a pref-
erential deposition of fat in the abdominal region,
especially in men.[156] Abdominal obesity may
increase the risk for cardiovascular disease inde-
pendent of other cardiovascular disease risk fac-
tors,[157] but it is also closely associated with other
risk factors.[154,155]

There is very little information available on the
effects of ST on visceral fat in older individuals.
Using dual energy x-ray absorptiometry, Treuth et
al.[31] observed reductions in truncal fat mass of
middle-aged and older (50 to 70 years) men after 16
weeks of total body ST. In a follow-up study using
computed tomography, Treuth et al.[94] found sig-
nificant ST-induced reductions in intra-abdominal
fat in older women. However, diet cannot be ruled
out as a factor that could have affected the results
from ST studies addressing intra-abdominal fat.

Although no studies measuring abdominal fat
have controlled diet adequately throughout the en-
tire training programme, Ross and co-workers[158,159]

have performed some of the best controlled studies
assessing the effects of diet and exercise training.
They used magnetic resonance imaging to provide
a direct measurement of fat tissue in studies com-

paring regional fat losses with diet combined with
either aerobic exercise training or ST. In their first
study,[158] there were no differences between the 2
groups (i.e. diet and aerobic exercise training vs
diet and ST) for losses in either whole body subcu-
taneous fat or visceral fat, but within each group
there was a significantly greater visceral fat loss
compared with subcutaneous fat loss. In a follow-
up study[106] they isolated the effects of aerobic ex-
ercise training and ST by comparing the responses
to diet alone and diet combined with each training
modality in 33 middle-aged obese men. All 3 groups
lost a substantial amount of whole body subcuta-
neous and visceral fat, and all 3 groups experienced
a significantly greater visceral fat loss compared
with whole body subcutaneous fat loss. The changes
amounted to a 39% reduction in visceral fat in the
diet and aerobic training group, a 40% reduction in
the diet and ST group and a 32% reduction in the
diet only group. These differences among the groups
were not significant. We estimated that the low vol-
ume ST programme required less than a third of
the energy required for the aerobic training pro-
gramme. When comparing losses from the abdom-
inal subcutaneous fat depot to those from the gluteal-
femoral (leg) region, there was a preferential loss
from the abdominal region in the 2 training and
diet groups, but no preferential losses in the diet-
only group. Both training and diet groups had the
advantage of maintaining whole body skeletal mus-
cle tissue, whereas the diet only group lost muscle
tissue.

It is somewhat surprising that the aerobic train-
ing programme did not result in significantly greater
fat losses compared with ST because the caloric
expenditure associated with ST sessions is substan-
tially less than generally occurs during aerobic train-
ing sessions. It is unclear exactly what accounts for
this discrepancy in energy balance, but one possi-
ble explanation could be increases in resting meta-
bolic rate (RMR) with ST.

5.2 Resting Metabolic Rate

Aging is associated with a loss of FFM and an
increase in fat mass.[156] FFM loss is accompanied
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by a decline in RMR, which can lead to obesity.[160]

Although FFM is by far the major determinant of
RMR, explaining approximately 60 to 70% of the
interindividual variability,[161] the age-related re-
duction in Na+-K+ pump activity[162] also contrib-
utes to the decline in RMR with age.

In a cross-sectional study, Poehlman et al.[163]

found higher RMR values in ST athletes compared
with untrained controls. Investigators who have
examined the effect of ST on RMR have shown
mixed results, whether men[164-167] and women[168-171]

were studied separately or combined.[144,172,173]

Most,[144,165,169,171,172] but not all,[170,173] studies
have demonstrated an increase in RMR in older
individuals in response to ST. In contrast, investi-
gations in young individuals have found a consis-
tent lack of change in RMR with ST.[164,166-168,173]

One study that compared age responses of RMR to
ST showed no change in RMR for either young
(age 26 years) or older (age 70 years) individu-
als.[173] This finding could be related to the fact that
neither group increased FFM in response to ST.
Pratley et al.,[165] from our group, studied 50- to 65-
year-old men before and after 16 weeks of heavy
resistance ST and observed a 2.6% increase in FFM,
a 7.7% increase in RMR and a 36% increase in
resting plasma noradrenaline levels. We concluded
that the increases in FFM and the increased activity
of the sympathetic nervous system may be respon-
sible for the training-induced increase in RMR.[165]

Campbell et al.[144] also found increases in FFM
and RMR in older men and women with heavy re-
sistance ST. However, they concluded that the in-
crease in RMR was caused by an increase in the
metabolic activity of lean tissue and not an increase
in FFM, since the increase in FFM was reported to
be caused by an increase in body water. Ryan et
al.[169] observed a significant rise in RMR in post-
menopausal women aged 50 to 69 years as a result
of heavy resistance ST with and without bodyweight
loss. In another study, during bodyweight loss from
a very low energy diet, lean body mass and RMR
were preserved by the addition of a high volume
ST programme.[174]

However, other studies failed to show increases
in RMR with ST. Taaffe et al.,[170] for example,
reported that neither low- nor high-intensity ST al-
tered RMR significantly. In addition, Treuth et al.[171]

found that increases in RMR as a result of ST in
postmenopausal women were not significant when
increases in FFM were taken into account. Similar
findings were reported by Van Etten et al.,[166] who
observed no significant increases in metabolic rate
with ST during sleep. Differences in training re-
gimens and testing conditions may explain some of
the discrepancies on this issue. As has been pre-
viously well established for aerobic training, both
Van Etten et al.[166] and Treuth et al.[171] reported
that ST significantly increased fat oxidation.

It has been suggested that increases in RMR and
energy expenditure from physical activity outside
of training[22,175] could explain fat losses that some-
times occur with ST[31,94,158,171,176] by increasing
the total energy expenditure[144] outside of training.
However, we recently observed no changes in en-
ergy expenditure from physical activity outside of
training following a 6-month ST programme in 65-
to 75-year-old men and women.[177] In addition, we
found that changes in RMR in response to ST were
affected by gender, but not by age. When young (20
to 30 years) and older (65 to 75 years) men were
pooled as a group, there was a significant increase
in RMR with training, whereas young (20 to 30
years) and older (65 to 75 years) women showed
no change. When all groups were combined, there
was again an increase in RMR. Furthermore, when
RMR was corrected for FFM there was still a sig-
nificant gender effect, with the men showing a sig-
nificant increase in RMR, while women still showed
no change, despite having similar increases in total
body FFM. Others have observed increases in RMR
with ST when older men and women are pooled
together,[144,165,169,171,172] but the finding that this
change is not significantly different from young
men and women had not been reported previously.
The finding of a lack of change in RMR in women
is consistent with some previous studies in both
young[168] and older[170] women and may be related
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to differences in sympathetic nervous system ac-
tivity.[165]

6. Osteoporosis

6.1 Fracture Risk Increases with Age

Osteoporosis is one of the most prevalent con-
ditions in postmenopausal women and the preva-
lence of osteoporosis also increases with age in
men, though it is a greater public health concern in
women. The morbid events associated with osteo-
porosis are fractures that primarily occur in the neck
of the femur, the vertebrae and the forearm in older
men and women. The loss of BMD after meno-
pause in women results in a doubling of hip frac-
ture risk for every 5 years of age past the age of 50
years.[178] A third of 80-year-old women will have
had a hip fracture and a third of those affected will
have had 2 hip fractures.[178] The end result is that
osteoporosis affects 25 million people, with most
of them women, and osteoporosis is the primary
cause of 1.5 million fractures annually.[179]

6.2 Bone Mineral Density

One major risk factor for hip fracture is low
BMD. BMD decreases markedly in women in the
2 to 5 years immediately after menopause and con-
tinues to decline at a slower rate thereafter.[179] As
a result, maintenance or enhancement of BMD in
older persons, especially older women, is a major
public health concern. Determining whether vari-
ous forms of physical activity enhance BMD at
critical skeletal sites in postmenopausal women has
been a major area of research in recent years.

Because BMD is related to the strength of the
proximal muscle groups[12,180] and because posi-
tive associations have been reported between BMD
and muscle strength[181-183] and between bone mass
and FFM,[184] ST has been hypothesised as an ex-
ercise intervention of choice for preserving age-
associated losses in BMD. In this regard, Bevier et
al.[185] in a cross-sectional study reported that mus-
cular strength was a better predictor of BMD in
older men and women than V

.
O2max. Similarly, a

number of studies have documented that those who

participate in ST have markedly enhanced BMD
compared with their sedentary peers.[186,187]

In 50- to 70-year-old women, Nelson and co-
workers[175] found that heavy resistance ST essen-
tially maintained BMD (0.9 and 1.0% increases
at femoral neck and lumbar spine, respectively),
whereas BMD decreased by 2.5% at the femoral
neck and 1.8% in the lumbar spine in the control
group. The elevated values for both femoral neck
and the lumbar spine BMD were significantly dif-
ferent in the ST intervention group compared with
the losses in the control group. Notelovitz and co-
workers[188] found that 1 year of ST combined with
estrogen replacement therapy increased spine, ra-
dial midshaft and total body BMD more in surgi-
cally postmenopausal women than did estrogen re-
placement therapy alone. Pruitt and colleagues[189]

reported that 9 months of ST increased BMD at the
lumbar spine, but not the femoral neck and distal
wrist, in women with an average age of 54 years.

There appears to be a great deal of conflicting
results in the literature on the effects of age and
gender on BMD in response to ST, even from our
own laboratory. For example, we reported that 50-
to 70-year-old men increase femoral neck BMD
and tend to increase lumbar spine BMD with 16
weeks of heavy resistance ST.[190,191] However, in
a more recent study (Ryan AS, Ivey FM, Hurlbut
DE, et al., unpublished data), we observed signifi-
cant increases in BMD in several regions in young
men and young women (20- to 30-year-olds), but
no significant changes were observed in any re-
gions in older men or in older women. Other stud-
ies have indicated that ST increased,[192,193] did not
change[194] or decreased[195] BMD in premenopau-
sal women and increased[175] or maintained[181,189]

BMD in postmenopausal women. Ward’s triangle
BMD increased after 16 weeks of ST in elderly
men,[196] but lumbar spine and femoral neck BMD
have shown inconsistent responses in middle-aged
and older men, with some studies showing in-
creases[190,191] and other studies showing no signif-
icant changes in these regions.[196]

Because of the many conflicting reports it is dif-
ficult to make any definitive conclusions about the
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effects of ST on specific regions of BMD. How-
ever, there does seem to be evidence from the best
controlled studies that ST can at least prevent some
of the losses in BMD that occur over time in older
persons. Even among the studies that show signif-
icant increases in BMD with ST, the magnitude of
these changes are not usually substantial enough to
markedly reduce an older person’s risk of bone frac-
ture once a fall occurs.[197] It has been estimated
that increases in BMD of >20% would be required
to provide adequate protection against bone frac-
tures resulting from falls.[197] Given the fact that
most studies report <5% increase in BMD from any
exercise training modality, it is more likely that
exercise training could play a role in the prevention
of falls rather than the prevention of fractures once
a fall occurs.

7. Osteoarthritis

Osteoarthritis, the most common form of arthri-
tis, is characterised by a progressive loss of articu-
lar cartilage around the affected joint leading to
pain and functional disability.[198] The prevalence
of osteoarthritis increases with age and is seen most
often in older women.[199] Muscle atrophy and weak-
ness have been hypothesised to contribute to the dis-
ability and pain of patients with osteoarthritis.[200-202]

Thus, ST is thought to reduce functional instability
and pain in older osteoarthritis patients by prevent-
ing sarcopenia and by improving the strength and
function of the surrounding connective tissue, which
is often damaged by the disease.[203] Early research
indicated that both moderate[204,205] and heavy[206,207]

resistance training resulted in improvements in pain
and disability; however, possible methodological
and research design flaws may have affected the
results in these studies.[208]

Recent evidence, however, provides similar sup-
port for a role for ST in osteoarthritis therapy pro-
grammes. Schilke et al.[209] demonstrated that an
8-week ST programme improved strength and mo-
bility and decreased joint pain and stiffness in pa-
tients with knee osteoarthritis. Further, improve-
ments in both the Osteoarthritis Screening Index
and the Arthritis Impact Measurement Scale indi-

cated a significant decrease in arthritis activity in
patients who underwent ST. Ettinger et al.[210] as-
sessed 365 community-dwelling adults with knee
osteoarthritis and self-reported physical disability.
The individuals underwent either an aerobic exer-
cise training programme, a ST programme or a health
education programme. Significant but modest im-
provements were reported for self-reported disabil-
ity, knee pain and other indices of physical function
and strength in individuals from both the aerobic
and ST programmes. The researchers concluded that
both moderate-intensity aerobic and ST were gen-
erally well tolerated and effective therapies for older
individuals with knee osteoarthritis.[210] Most re-
cently, Rogind et al.[211] examined the role of a gen-
eral physical activity programme that included pro-
gressive ST exercises in patients with severe knee
osteoarthritis, and reported improved quadriceps
strength, decreased pain, improved walking speed
and decreased Algofunctional Index scores (an in-
dicator of pain, discomfort and dysfunction). The
researchers concluded that including strengthening
exercises in a physical activity programme was ben-
eficial for patients with severe knee osteoarthritis,
although possible adverse effects such as knee joint
effusions were discussed.[211]

In summary, research provides evidence for the
benefits of ST in patients with knee osteoarthritis,
although the appropriate level of resistance and pos-
sible long term consequences of ST in these pa-
tients are unclear. Further work is necessary to de-
termine the most appropriate ST programme for
osteoarthritis patients. Nevertheless, specific guide-
lines for the use of exercise in the treatment of os-
teoarthritis have been discussed recently.[212]

8. Prevention of Disability

8.1 Loss of Flexibility

The loss of flexibility or joint range of motion
(ROM) with age is well documented[146,213,214] and
is related to physical dysfunction and a decline in
health status.[215,216] This loss in flexibility may be
associated with difficulty in climbing stairs, get-
ting up from a chair or bed and the need for walking
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aids.[215] Much of this loss is thought to be caused
by inactivity, suggesting that increasing muscu-
lar activity might at least delay losses in flexibil-
ity.[217,218] Kligman and Pepin[219] concluded that
older adults who maintain high levels of muscular
strength and flexibility are rarely candidates for
long term healthcare.

It has often been concluded that as long as ST
exercises are performed through the full ROM and
both the agonist and antagonist muscle groups are
exercised, ST will improve flexibility;[220,221] how-
ever, we were unable to find any published data to
support this conclusion. Despite this potential link
between muscular strength and flexibility, little in-
formation is available from well controlled pub-
lished studies concerning the impact of ST on flex-
ibility in older adults. Furthermore, most studies
that have investigated the effects of ST on flexibil-
ity have included stretching exercises in the train-
ing programme, and thus the independent effects
of ST on flexibility have not been studied appro-
priately. In a study from our laboratory,[222] joint
ROM was assessed in older individuals (mean 61
years) before and after they performed either strength
and flexibility training, flexibility-only training, or
no training for 10 weeks. Despite performing all
exercises through the full ROM, training both the
agonist and antagonist muscle groups, and perform-
ing stretching exercises before and after every ST
session, as is recommended for improving flexibil-
ity,[220,221] no significant improvements in flexi-
bility were demonstrated in the individuals who
performed both strength and flexibility training
compared with the inactive control group. More-
over, there was significantly greater improvement
in shoulder abduction in the individuals who per-
formed the flexibility-only training compared with
the strength and flexibility training and to the in-
active control groups.[222]

Other investigations that have assessed whether
ST can improve flexibility either used only young
individuals,[223,224] did not indicate if stretching ex-
ercises were incorporated,[225] included aerobic ex-
ercise in the training programme,[226-228] used only
low-resistance exercise,[228] or did not control for

other factors that can affect flexibility.[225,228] These
methodological differences may explain why in-
vestigators have reported increases,[217,224,227] no
change[223,225] or losses[225] in flexibility with ST.
Thus, there is no definitive evidence that a total
body ST programme in itself improves flexibility
in older adults. To the contrary, based on our work
on this topic,[222] it is more likely that ST inhibits
flexibility. However, because of the limitations of
this and other previous studies, well-designed studies
on the effects of heavy resistance ST on flexibility
in older adults are needed. Nevertheless, based on
the evidence available currently, it does not appear
that ST alone should be used for the purpose of
improving flexibility, even when training of the
agonist and antagonist muscle groups and when
exercises are performed through the full ROM.
Brief warm-up and cool-down stretching may not
be enough to improve flexibility significantly, par-
ticularly in the shoulder region.[214,222,225,228] There-
fore, prolonged stretching should be an integral part
of any properly designed ST programme.[229]

8.2 Fall Prevention

Cognitive impairment, visual deficits, environ-
mental conditions and medication use may combine
with physical activity–related risk factors such as neu-
romuscular, gait and balance impairments to increase
the risk of falls.[230] Although many authors have
emphasised the importance of regular exercise for
prevention of falls in the elderly, only very limited
data are available on this topic[7] and the informa-
tion available is not conclusive. Nevertheless, ST
can improve strength,[26] muscular power,[231] walk-
ing mechanics[22]and walking speed[22] in the el-
derly, all important risk factors for falls.

9. Conclusion

Table 1 provides an overview comparing the ef-
fects of aging to the effects of ST on indicators of
muscle function and health status. The following
conclusions can be made about the effects of ST on
risk factors for age-related diseases or disabilities:

(i) Approximately 2 decades worth of age-
associated losses in strength and muscle mass can
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be regained within the first couple of months of
heavy resistance ST.

(ii) ST fails to produce substantial changes in
V
.
O2max, but can improve endurance performance.
(iii) There is little or no evidence that ST can

improve mean values of lipoprotein-lipid profiles.
It is possible that people with certain genotypes
may be able to improve their profiles with ST, but
no evidence for this exists at the present time.

(iv) There is no evidence that ST can reduce BP
in elderly hypertensives, but there is now evidence
for normalising BP in the high normal category.

(v) Some studies show no changes in glucose
tolerance with ST and others show reductions in
plasma glucose in response to oral glucose toler-
ance tests. However, most studies show that ST can
improve insulin action either through reductions in

insulin responses from oral glucose tolerance tests
or increased glucose uptake from glycaemic clamp
studies.

(vi) There is evidence for reductions in total body
fat and intra-abdominal fat with ST. However, no
studies that have reported this have been able to
completely rule out the effects of diet.

(vii) There is some evidence that ST can increase
RMR in older men, but there is little evidence for
this effect in women. An explanation for this gen-
der difference has not been determined, but differ-
ences in sympathetic neural activity in response to
ST has been suggested.

(viii) The evidence for increases in BMD with
ST is mixed, but there is good evidence for the
effectiveness of ST in preventing age-associated
losses in BMD.

Table I. Effects of aging and strength training on risk factors for age-related diseases

Disease/risk factors Effects of
aging

Reference Effects of strength
training

Reference

Sarcopenia

muscular strength ↓↓↓ 2, 3 ↑↑↑ 34

muscle mass ↓↓ 156 ↑↑ 22-32

muscle power ↓↓ 33 ↑ 231

muscle quality ↓ 2, 3 ↑ 35

Coronary heart disease

V
.
O2max ↓↓ 69 ↔ 71-74

endurance performance ↓↓ 69 ↑ 76-78

plasma lipoprotein-lipid profile ↓ or ↔ 79-83 ↔ 89-94

Hypertension ↑ 102 ↓ or ↔ 71, 93, 104, 108, 110

Diabetes

glucose intolerance ↑ 13, 130-133 ↓ or ↔ 71, 93, 98, 116, 122, 143, 149, 151, 152

insulin resistance ↑ 132 ↓ men, ↔ women 67, 98, 115, 124, 125, 152, 153

Abdominal obesity syndrome

total body fat ↑↑ 156 ↓ 31

intra-abdominal fat ↑ 154, 155 ↓ or ? 31, 94, 158, 159

resting metabolic rate ↓ 161, 162 ↑ men, ↔ women 144, 165, 169-173, 177

Osteoporosis

bone mineral density ↓ 12, 179 ↑ or ↔ 175, 181, 186-191, 196 (unpublished data)a

risk of falls ↑ 10 ↓ 22, 175

Loss of flexibility ↑ 146, 213,
214

↔ or ↑ 217, 220-225, 227, 228

Osteoarthritis ↑ 199 ↓ 203, 208-211

a Ryan AS, Ivey FM, Hurlbut DE, et al., unpublished data.

V
.
O2max = maximal oxygen uptake; ↓↓↓↓ = decrease; ↓↓↓↓↓↓↓↓ = moderate to large decrease; ↓↓↓↓↓↓↓↓↓↓↓↓ = very large decrease; ↑↑↑↑ = increase; ↑↑↑↑↑↑↑↑ = moderate

to large increase; ↑↑↑↑↑↑↑↑↑↑↑↑ = very large increase; ↔↔↔↔ = little or no change or conflicting evidence; ? = unknown or too little data available to conclude.
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(ix) Although there is little or no evidence for
ST preventing falls, there is strong evidence for
reduction in several risk factors for falls.

(x) There is no evidence from properly control-
led studies that ST improves flexibility, even when
both the agonist and antagonist muscle groups are
trained through the full ROM. There is suggestive
evidence that ST in itself may even worsen flexi-
bility. Therefore, prolonged stretching should be a
part of any well designed ST programme.

(xi) There is some evidence that ST may reduce
symptoms of osteoarthritis in the knee, but better
controlled studies are needed.
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