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High-Intensity Strength
Training in Nonagenarians
Effects

on

Skeletal Muscle

Maria A. Fiatarone, MD; Elizabeth C. Marks, MS; Nancy D. Ryan, DT;
Carol N. Meredith, PhD; Lewis A. Lipsitz, MD; William J. Evans, PhD

Muscle dysfunction and associated mobility impairment, common among the
frail elderly, increase the risk of falls, fractures, and functional dependency. We
sought to characterize the muscle weakness of the very old and its reversibility
through strength training. Ten frail, institutionalized volunteers aged 90 \m=+-\1 years
undertook 8 weeks of high-intensity resistance training. Initially, quadriceps
strength was correlated negatively with walking time (r= .745). Fat-free mass
(r=.732) and regional muscle mass (r=.752) were correlated positively with
muscle strength. Strength gains averaged 174% \m=+-\31%(mean \m=+-\SEM) in the 9
subjects who completed training. Midthigh muscle area increased 9.0%\m=+-\4.5%.
Mean tandem gait speed improved 48% after training. We conclude that high\x=req-\
resistance weight training leads to significant gains in muscle strength, size, and
functional mobility among frail residents of nursing homes up to 96 years of age.
-

(JAMA. 1990;263:3029-3034)

A DECLINE in muscle

strength is one
predictable features of ag¬
ing.1 However, the contributions of bioof the

more
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logic aging, cumulative diseases, a
sedentary life-style, and nutritional in¬
adequacies to the pathogenesis of this
syndrome are unclear. The controversy
rests in part on the observation that
type II fiber atrophy in skeletal muscle
is common to disuse syndromes,2 undernutrition,3 and aging itself Theoreti¬
cally, it should be possible to intervene

in the

atrophy of disuse with strength
training, thereby reversing some por¬
tion of the "age-related" decline in mus¬
cle function. Although the safety and
efficacy of high-resistance strength
training has been demonstrated in
healthy older men,5 a similar interven¬
tion in frail, institutionalized elderly

has not been studied.
Because muscle weakness in the frail
elderly has been linked to recurrent
falls6,7 (a major cause of morbidity and
mortality8), the clinical relevance of
such an intervention is clear. Therefore,
men or women

this study was undertaken to determine
the feasibility and the physiological con¬
sequences of high-resistance strength
training in the frail elderly.

SUBJECTS AND METHODS
Subject Selection
Subjects were recruited from among
the residents of the Hebrew Rehabilita¬
tion Center for Aged, Boston, Mass,
a 725-bed, multilevel academic longterm care facility. The protocol was ap¬
proved by the Human Investigations
Review Committees of Tufts Universi¬
ty and Hebrew Rehabilitation Center
for Aged. Eligible residents were am¬
bulatory, not acutely ill, able to follow

simple commands, and

not

suffering

from unstable cardiovascular disease or
other uncontrolled chronic conditions
that would interfere with the safety and
conduct of the training protocol.

Subject Characteristics
A chart review was used to obtain
medical history and functional status.
Fasting weight was measured to the
nearest 0.1 kg using a balance beam
scale. Height was measured to the near¬
est 1.0 mm using a wall-mounted ruler.
Skin folds were measured by a single
investigator (E.C.M.) at seven sites to
the nearest 0.5 mm using a standard

technique.9
Body composition

was further as¬
sessed using the dilution space of the
stable isotope H2'80 to calculate total
body water, with analysis by isotope
ratio mass spectrometry (Sira 10, VG-

Isogas, Cambridge, England).1011
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Tab4« 1 .—Clinical Characteristics of the 10

STATISTICAL ANALYSIS

Subjects

Mean ± SEM
Characteristic
Range*
Ag«, y_90.2±1.1_86-96

Sex, No.

F_6_NA

*4_NA

M

Length of stay, y_3.4 ±0.8_0.7-8.3

subjects with pattern of care
Lavel
Lavel
No. of subjects with a history of falls
No. of subjects with habitual use of an ambulatory
aasistive device
No. of chronic diseases/person
No. of

No. of

1_4_NA
2_6_NA
8

daily medications/person

NA

7

NA

4.5 ± 0.6

2-7

4.4 ± 0.8

0-9

All data are reported as mean ± SEM.
Differences before and after training

analyzed by repeated measures
analysis of variance using the Neuman-

were

Keuls Test for differences between
group means or paired t tests as appro¬
priate. All f tests were two tailed, un¬
less otherwise specified in the text.

Relationships between variables

of in¬

terest were determined using leastsquares linear regression. Significance
was assumed at the 5% level. All statis¬
tical analyses were carried out using the

SAS16 statistical package on a computer.

"NA Indicates not applicable.

A 3-day diet record was obtained by
weighing all food and beverage portions
before and after consumption. Food rec¬
ords were then coded and analyzed by

the Human Nutrition Research Center
Division of Scientific Computing using
the US Department of Agriculture Nu¬
trient Data Base (GRAND, release
YYM 879, US Department of Agricul¬
ture-Agricultural Research Service
Grand Forks Human Nutrition Re¬
search Center) and the 1980 recom¬
mended daily allowance for adults aged
51 years or older.12
Muscle strength of the knee exten¬
sors (quadriceps femoris) was measured
using a standard weight-and-pulley sys¬
tem (NK 665, G. E. Miller, New York,
NY). The one repetition maximum was
defined as the highest weight the seated
subject could lift one time only from 90°
of knee flexion to maximal knee exten¬
sion.13 After familiarization with the
equipment, right and left legs were test¬
ed sequentially with continuous-moni¬
toring electrocardiograms and blood
pressure monitoring every 3 to 4 min¬
utes during initial sessions. Weights
were added in small increments (0.5 to
1.0 kg), resting 30 seconds between
lifts, until the subject could no longer
fully extend the knee. The coefficient of
variation of this technique in this popu¬
lation is 13%.
Functional mobility was tested by the
chair stand maneuver and gait observa¬
tions. For these tests, the best of two or
three trials was reported. The subject
was timed to the nearest 0.1 second
while attempting to rise without using
his or her arms from a hard, straightbacked chair with a seat height of 43 cm.
Habitual and tandem gait speed were
assessed during a 6-m walk.
Regional body composition was de¬

termined using computed tomography
(CT) scans of the nondominant thigh
with the subject supine and the leg re¬
laxed. A CT scanner (Siemens DR3 CT

Scanner, Somatom-Siemens, Erlangen,

Federal Republic of Germany) was used

to obtain a 4-second scan with a width of
8 mm at the midpoint between the ingui¬

nal crease and the proximal pole of the
patella. The CT images were digitized
by optical density and analyzed as previ¬
ously described.5 The areas calculated
to the nearest 0.01 cm2 were total leg,

total fat, subcutaneous fat, intramuscu¬
lar fat, total muscle, quadriceps, ham¬
strings and adductors, and bone. All
scans were analyzed in "blinded" fash¬
ion by a single investigator (M.A.F.),
with the mean of triplicate calculations
reported. The coefficient of variation of
this technique in our laboratory is 0.5%
to 1.5%.

Training Protocol
training protocol used
adaptation of standard rehabili¬
tation principles of progressive-resis¬
tance training, employing concentric
(lifting) and eccentric (lowering) muscle
contraction.15 The initial one repetition
The 8-week

was an

maximum was used to set the load for
the first week at 50% of the one repeti¬
tion maximum. Three times per week
the subjects performed three sets of
eight repetitions with each leg in 6 to 9
seconds per repetition, with a 1- to 2minute rest period between sets. By the

second week, or as tolerated, the load
increased to 80% of the one repeti¬
tion maximum. The one repetition max¬
imum was remeasured every 2 weeks
and the training stimulus adjusted to
keep the load at 80% of the new one
was

repetition maximum. Training was con¬

ducted under constant individual super¬
vision by one of the study investigators,
with intermittent monitoring of pulse
rate and blood pressure.

All physiological measurements were
obtained at baseline and repeated with¬
in 1 week of completion of training. One
repetition maximum measurements ad¬
ditionally were repeated after 2 and 4
weeks of detraining.

RESULTS
Baseline Characteristics
Medical and Functional Status.—
At the time of the study, the long-term
care facility housed 712 residents with
an average age of 87.9 years. Seventyfive percent of the residents were wom¬
en; all residents were divided into three
levels of care: level 1, independent or
minimal assistance with activities of
daily living (21.5%); level 2, moderate
assistance (29.9%); and level 3, maximal
assistance (48.6%). Among the first 36
residents screened, 22 (61%) qualified
for the study, of whom 10 (45%) gave
informed consent and were enrolled in
the study. Reasons for exclusion includ¬
ed recent myocardial infarction or frac¬
ture, behavioral disturbance, and se¬
vere arthritis.
The clinical characteristics of the 10
subjects enrolled in the protocol are giv¬
en in Table 1. The most common medical
diagnoses were osteoarthritis (7 sub¬
jects), coronary artery disease (6 sub¬
jects), osteoporotic fracture (6 sub¬
jects), and hypertension (4 subjects).
Medications were prescribed primarily
for gastrointestinal tract (31%), cardio¬
vascular (25%), neuropsychiatrie (14%),
or analgesic (8%) indications.
Nutritional Status.—Four of 10 sub¬
jects had anthropométrie evidence of
undernutrition, as they were between
72% and 88% of ideal body weight ac¬
cording to the Gerontology Research
Center tables." Fat-free mass, as esti¬
mated by the dilution space of H2180,
was higher in men than women
(41.6±2.2 kg vs 35.4± 1.7 kg, P= .05).
The sum of seven skin-fold measure¬
ments was correlated highly with per¬
cent body fat calculated from the differ¬
ence between body mass and fat-free

mass(r=.89, P<.001).
Dietary intake of energy was ade¬
quate at 29.1 ±2.2 kcal/kg per day, and
protein intake averaged 1.3 ±0.1 g/kg
per day. However, substantial propor¬
tions of the group did not obtain the
recommended daily allowance for im-
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Table 2.—Baseline

Midthlgh Composition by Computed Tomography Among Eight Subjects*
Area, cm2

Relative Area, %

162.55 + 19.75
51.16±2.93

100

Component
Total leg
Total muscle

Quadriceps
Hamstrings and adductors
Total fat

32.49 ±2.21

20

106.07±18.01

65

97.60 ±17.62

60

Subcutaneous
Intramuscular

•Computed tomographic scans could
expressed as means ± SEMs.
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Fig 1.—Computed tomographic scans of the midthigh digitized by optical density. Top, A 90-year-old
woman who is ambulatory with a wheelchair. Bot¬
tom, An 87-year-old man who is independently am¬
bulatory. Red indicates fat; yellow, muscle; and
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Fig 2. Initial muscle strength and functional mobility. One repetition maximum vs the time taken to walk 6 m
(r= -.745, P<.01).

at baseline
—

portant micronutrients from their diet.

Digitized CT scan images of two rep¬
resentative subjects (one man and one
woman), shown in Fig 1, are notable for
the large amounts of subcutaneous and
intramuscular fat. Midthigh composi¬
tion before training is displayed in Table
2. Muscle accounted for only 31% of the
total cross-sectional area of the thigh.
Regional muscle area by CT scan was
related directly to total body fat-free
mass

(r=.98, P<.0001).

Baseline Muscle Function

Dynamic quadriceps (knee-extensor)
strength of the 10 subjects was 9.0 ± 1.4
kg on the right and 8.9 ± 1.7 kg on the
left. No significant effect of sex, length

of institutionalization, or level of care
was seen. The one repetition maximum
was correlated positively with fat-free
mass (r=.732, P<.01) and midthigh
muscle area (r=.752, P<.01). Simple
linear regression showed a significant
relationship (P<.01) between muscle
strength at baseline and dietary intakes
of vitamin B6 (r=.745), magnesium

(r=.792), and potassium (r=.745), but

not total calories.

The time taken to stand from

a

chair

averaged 2.2 ±0.5 seconds and was re¬
lated inversely to dominant quadriceps
strength (r= -.630, P<.05). The 6-m
walk time ranged from 7.4 to 48.3 sec¬

onds, with an average of 22.2 ±4.6 sec¬
onds, and also was related inversely to
the dominant leg one repetition maxi¬
mum^ -.745, P<.01)(Fig2). Asimi¬
lar pattern was seen for the number of
steps in the 6-m walk (r= .717,
—

P<.01).

Seven subjects were able to tandem
walk (heel-to-toe) the 6-m distance in an
average of 42.7 ± 10.3 seconds. Tandem
walking time was related inverse¬
ly to dominant quadriceps strength

(r=-.786,P<.05).
Response to Training

Tolerance of Training Regimen.—
Nine of 10 subjects completed the train-

ing protocol. One man aged 86 years
stopped at 4 weeks at our suggestion
because of a straining sensation during
training at the site of a previously re¬
paired inguinal hernia. The attendance

was 98.8% for the 8-week program
in the 9 subjects who completed the
study. No cardiovascular complications
were seen. Blood pressure and pulse
rate varied little (systolic blood pres¬
sure, <10 mm Hg; pulse rate, <5 beats/
min) during the training sessions. Four
subjects infrequently experienced mi¬
nor hip or knee discomfort during exer¬
cise, but no one required analgesic med¬
ications or missed training sessions
because of this. All participants were
able to perform the exercises as
planned, averaging a load of 79.5% of
their one repetition maximum.
Muscle Strength.—Gains in muscle
strength were highly significant and
clinically meaningful in all subjects. The
average strength gain at 8 weeks was

rate
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in five of them. As shown in Fig 4,
total midthigh muscle area increased
9.0% ± 4.7% (P .05, one-tailed paired t
test), reflecting an increased quad¬
riceps area of 10.9% ±7.0% (P .09)
and hamstring and adductor area of
8.4% ±3.9% (P<.05). One subject who
had been losing weight prior to the
study continued to lose a total of 3.2 kg
during the 8 weeks, accompanied by a
decline in midthigh muscle area of
4.3%. If only those with stable body
weight are analyzed, the mean muscle
increases are significant at
area
P<.05: 11.7%±5.0% (total), 14.5% ±
7.8% (quadriceps), and 10.6% ±9.1%
(hamstrings and adductors). Subcuta¬
neous or intramuscular fat areas did not
change significantly. Strength gains did
not correlate with these changes in mus¬
cle size by CT scan. Thigh girth and
skin-fold measurements did not change
significantly after training.
Clinical Outcomes.—Changes in
functional mobility accompanied the im¬
provements in muscle strength and
size. Although habitual gait speed did
not change significantly with training,
in the five subjects who completed the
tandem gait assessment at both time
points, there was a decrease in walking
time, from 43.4 ± 25.7 to 29.6 ± 22.4 sec¬
onds (P=.05, one-tailed paired t test).
This represents a 48% improvement in
tandem gait speed, from 13.8 cm per
second to 20.4 cm per second. Two sub¬
jects no longer used canes to walk at the
end of the study. One of three subjects
who could not initially rise from a chair
without use of the arms became able to
=

=
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19.3
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s

7.6
5

1
—1Week 8

-1-
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Fig 3. Effects of weight training on knee extensor strength. Maximum left knee extensor strength before and
after 8 weeks of high-intensity progressive-resistance training in nine subjects aged 87 to 96 years (P<0001
compared with baseline). Similar strength gains were seen in the right leg (see text). Symbols represent
individual subjects.
—
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do so.

No significant changes were noted af¬
ter training in overall nutritional status,

8

<
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body composition,

or

functional

status. None of the participants experi¬
enced any falls during the protocol.

-1Total Muscle

Hamstrings

Quadriceps
Muscle Group

Fig 4.—Muscle hypertrophy due to strength training. Percent change in muscle area of the nondominant
midthigh by computed tomographic scan after 8 weeks of strength training in seven subjects. Total muscle
area increased 9.0% ±4.7% (P .05); quadriceps area, 10.9% ±7.0% (P .09); and hamstring and adduc¬
tors area, 8.4% ± 3.9% (P<.05). Symbols represent individual subjects.
=

=

174% ±31% (167% ±28% on the right
and 180% ±33% on the left, P<.0001).
Absolute weight lifted increased from
8.02 ±1.0 kg to 20.6 ±2.4 kg with the
right leg and from 7.6 ±1.3 kg to
19.3 ± 2.2 kg with the left leg. Individual
strength gains are shown in Fig 3.

Strength gain was progressive through¬
out the protocol and had not plateaued
at 8 weeks. Responsiveness to training

not different in men vs women.
Muscle Size.—Seven subjects had
CT scans digitized before and after
training, and muscle area increased
was

Detraining Effects
All subjects resumed their sedentary
life-style after the experimental inter¬
vention ended. In seven of nine subjects
who completed the study, one repeti¬
tion maximum testing was repeated af¬
ter 2 and 4 weeks of detraining. In these
subjects, dominant quadriceps strength
declined from a peak of 136% ±16%
above baseline at week 8, to 115% ± 23%
at week 10, to 92% ±23% at week 12
(P<.05). Thus, a significant 32% loss of
maximum strength was seen after only
4 weeks of detraining.
COMMENT
The major finding of the study is that

a high-intensity weight-training pro¬
gram is capable of inducing dramatic
increases in muscle strength in frail men
and women up to 96 years of age. The
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Table

3.—Strength Training Trials in the Elderly
Mean

Age,

15/F

73.6_Static_High_

_Source_Sex
Perkins and Kaiser»
Liemohn2'

_

Aniansson and Gustafsson22

Mean

No. of

Subjects/

y

5/M
6/M
12/M

Type of
Training*

Resistance

Duration,
wkf

Muscle
Knee extensors

Dynamic

Moderate

61-70

Static

High

6
6
6

71

Static and

Low

12

Group
Knee extensors
Knee extensors
and flexors
Knee extensors

Strength

Increase, %
57
64
17 and 24,

respectively
9-22

dynamic
None

12/M

0

(controls)
Moritani and deVries23

70

5/M
5/M

Larsson"_18/M
10/F

69

_10/F
Frontera et als

High

Static

High

23_
60-72

12/M

_8_Elbow flexors_23_
30

22-65_Dynamic_Low

_

Kauffman25

Dynamic

22

15
6

Knee extensors
Abductor
digitl minimi
Knee extensors

High

12
26

23/M, F

70-79

Dynamic

Low-moderate

Current study

10/M, F

90

Dynamic

High

72
95

Dynamic

Hagberg et al26

2.9-7.5t

8

and flexors
Upper and
lower body
Knee extensors

107 and 227,

respectively
18 and 9,

respectively
174

'Static indicates isometric; dynamic, isotonic.
tAII training sessions were conducted 3 days per week except for those by Larsson,24 which were 2 days per week.
tNot

significant.

increase in lower-extremity strength
ranged from 61% to 374% over baseline,
with subjects demonstrating a threefold
to fourfold increase on average in as
little as 8 weeks. Because muscle
strength decreases by perhaps 30% to
40% during the course of the adult life
span,1,18 it is likely that at the end of
training these subjects were stronger
than they had been many years

previously.
This potential

for reversal of "agerelated" muscle weakness has been unexploited. Despite the evidence from
studies of younger individuals that mus¬
cle will only hypertrophy and show

large gains in strength in response to
high loads (>40% of maximum),1519

there has been reluctance to apply this
principle to the training of older

individuals.
The published studies of weight train¬
ing in the elderly are listed in Table 3.
Except for the current study, all trials
have involved healthy, communitydwelling individuals younger than 80
years. Six weeks of exclusively static

has been reported to
produce increments of 17% to 72% over
baseline maximal isometric strength in
elderly subjects.20,21'26 The number of
repetitions performed seems to have a
major influence on strength gains
achieved.
muscle

training

The remaining strength training tri¬
als have utilized dynamic training
(weight-lifting) techniques and are,
thus, more directly comparable with
our study. Low-to-moderate resistance
training has produced little or no in¬
crease in strength in older subjects, as

seen

in the

reports of Aniansson and

Gustafsson,22 Larsson,24 and Hagberg et
al.26 Moritani and deVries23 used highintensity training (66% of the one repe¬
tition maximum) and reported similar

improvements in isometric strength of
the elbow flexors of young and older
men (30% vs 23%). This modest re¬
sponse may be attributed to the fact
that strength gains are specific to the
type of training employed, and dynamic
training will not result in large gains in
isometric strength, or vice versa.27
Only one previous report of dynamic
strength gains in older subjects after
high-intensity weight lifting has been
published. In this study by Frontera et
al,5 also from our laboratory, strength
increased by an average of 107% in the
knee extensors and 227% in the knee
flexors after 12 weeks of training in a
group of healthy men aged 60 to 72

years.
The favorable response to strength
training in our subjects is remarkable in
light of their very advanced age, ex¬

tremely sedentary habits, multiple
chronic diseases and functional disabil¬

ities, and nutritional inadequacies. The
relationship we observed between mus¬
cle strength and fat-free mass suggests
that preservation of fat-free mass,
whether through activity or nutritional
intake, is an important determinant of
muscle strength in very old age. We
hypothesized that disuse atrophy was
the major contributor to the muscle dys¬
function in these nursing home resi¬
dents and that without altering any of
the other factors, some reversal of the
muscle weakness and atrophy would be

possible. Our findings suggest that a
portion of the muscle weakness attrib¬
uted to aging may be modifiable through

exercise.
The mechanism of strength gain de¬
serves comment. The magnitude of the
response precludes "familiarization"
with the equipment as an important fac¬
tor. We have found that repeated one
repetition maximum testing in this pop¬
ulation without intervention produces a
change of only 8.4% from initial testing

(M.A.F., unpublished observations,
1989).

It has been a widely held view that
strength gains in older subjects are due
to improved neural recruitment pat¬
terns rather than hypertrophy of the

muscle fibers. This is based primarily on
animal studies that show an age-related
decrement in exercise-induced hyper¬
trophy in the rat,28 as well as the finding

that no muscle hypertrophy (as estimat¬
ed by anthropométrie measurements)
accompanied the strength gains in the
older men studied by Moritani and deVries.28 However, when more sensitive
techniques are used, such as fiber area
by muscle biopsy5,22,24 or cross-sectional
area by CT scan,5 muscle hypertrophy
seems to account for a portion of the
strength gains observed in the elderly.
Similarly, we have shown that even in
individuals in their 10th decade of life,
muscle hypertrophy can be induced
with standard progressive-resistance
training techniques. Although we did
not train the muscles of the posterior
thigh directly, these muscles also are
active in stabilizing the knee during the

quadriceps training protocol, particu-
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larly as the weight is lowered slowly
against gravity. Thus, some augmenta¬
tion of strength and size is expected in

this muscle group as well. As the CT
scan images demonstrate (Fig 1), the
large amount of subcutaneous and intra¬
muscular fat precludes the use of an¬
thropometry to detect changes of this
nature. The augmentation of muscle
size is of similar magnitude as that re¬
ported by others using CT imaging5,29"32
after training in younger subj ects (3% to

22%).

The strength gains we observed also
may be attributed to improved neural
recruitment patterns. As has been not¬
ed in previous studies,5,23 no direct cor¬
relation was noted between the de¬
gree of hypertrophy and the relative
strength gains in our subjects. Addi¬

tionally,

some

within 2

strength gains occurred

weeks, before hypertrophy

would have been a factor.
The training regimen employed was
well tolerated despite the underlying
medical conditions of the subjects. Car¬
diovascular complications were not
seen, and because ofthe slow pace of the
exercise, insignificant variation in pulse
rate and blood pressure was observed.
No exacerbations of underlying degen¬
erative joint disease occurred in seven
subjects with this diagnosis.
Because we trained only one muscle
group, we did not anticipate or observe
changes in total body muscle mass or
activities of daily living. Habitual gait
speed is a function of endurance ca¬
pacity, joint mobility, balance, and low¬
er-extremity muscle strength.33SJ We
found a strong inverse relationship be¬

tween quadriceps strength and walking
time at baseline. It is likely that to im¬
prove habitual gait speed, exercises to

improve endurance

as well as strength
required. However, tandem
gait speed, a task that requires primari¬
ly muscle strength and balance, im¬
proved 48% after training.
Muscle weakness in the frail elderly is
a multifactorial phenomenon that has
been linked to the high prevalence of
falls and immobility in this population.35
We have demonstrated that high-inten¬
sity strength training is feasible and is
associated with significant gains in
strength and muscle hypertrophy in in¬

would be

dividuals up to 96 years of age. Howev¬

just as in younger individuals,36
these changes in muscle function are not
maintained in the absence of continued
training. Therefore, sustained improve¬
ments in clinical function requires an
ongoing program of muscle recondition¬
ing. Our observations regarding the
safety of strength training, even among
frail elderly with underlying cardiovas¬
cular disease, should be emphasized beer,

the known hazards of immobility
and falls6,8 seem to outweigh the poten¬
tial risks of muscle strengthening inter¬
ventions in this population. Future re¬
search will explore further the physio¬
logical mechanisms and clinical conse¬
quences of this reversal of muscle dys¬
function in elderly individuals.
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