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ABSTRACT
GH deficiency in adults is associated with reduced muscle mass

and muscle strength. The objective of this trial was to follow the effect
of 2 yr of GH treatment in GH-deficient adults on muscle performance
in relation to a reference population. Knee extensor and flexor
strengths for isometric and isokinetic concentric muscle strength
were measured using a Kin-Com dynamometer. Hand-grip strength
was measured in both hands. The fatigue index was calculated as the
percent reduction in peak torque at 50 repeated isokinetic knee ex-
tensions. Superimposed, single twitch electrical stimulation was per-
formed. The GH-deficient subjects had lower isometric knee extensor,
knee flexor, and hand-grip strength than the reference population.
Two years of GH treatment increased and normalized the mean iso-
metric knee extensor and flexor strengths. The concentric knee flexor

and extensor strength at an angular velocity of p rad/s increased, as
did the concentric knee flexor strength at an angular velocity of p/3
rad/s. The increase in muscle strength was more marked in younger
patients and in patients with lower initial muscle strength than
predicted. Quadriceps endurance decreased, whereas the effect of
superimposing single twitches on isometric contraction and hand-grip
strength was unaffected by the GH treatment. Two years of GH
therapy in GH-deficient adults increased and normalized isokinetic
and isometric muscle strength studied in proximal muscle groups.
Hand-grip strength and the degree of lack of maximal motor unit
activation on voluntary isometric knee extensor force did not change.
The dynamic local muscle fatigue index decreased. (J Clin Endocrinol
Metab 82: 2877–2884, 1997)

THE SYNDROME of GH deficiency in adults is associated
with reduced muscle mass and muscle strength (1). In

addition, the discontinuation of GH treatment in young
adults with GH deficiency reduced maximal voluntary iso-
metric muscle strength, muscle size, and muscle fiber area
(2), thereby indicating the importance of GH in adults for the
maintenance of muscle mass and strength. Furthermore, the
contractile properties of the muscle in GH-deficient adults
could be disrupted in a manner suggesting a higher propor-
tion of fast twitch, type 2 muscle fibers (3).

The administration of GH to GH-deficient adults for 6–18
months has been shown to increase the lean body mass,
muscle volume, and maximal voluntary isometric muscle
strength (2–6). In hypophysectomized rats, the administra-
tion of GH increased and restored the proportion of slow
twitch, fatigue-resistant, type 1 muscle fibers (7), but this
effect has not been demonstrated in two small studies of
GH-deficient adults (8, 9). The contractile properties of the
muscle in GH-deficient adults may, however, change in re-
sponse to GH in a manner that suggests an increase in the
proportion of type 1 muscle fibers (3).

The anabolic action of GH is not only restricted to GH
deficiency, as GH treatment increased fat-free mass in ath-
letes (10), healthy young untrained men (11), and elderly
men (12, 13). Combined with resistance exercise training in
young men, GH enhanced the increase in fat-free mass, total
body water, and positive whole body protein balance com-
pared with the effect of exercise alone. However, the frac-
tional quadriceps muscle protein synthesis and isometric and
concentric knee flexor and knee extensor muscle strength
were not enhanced by combining GH treatment and training
(11). This indicates that the additional lean tissue in response
to GH was not skeletal muscle and that factors other than
anabolic ones, stimulated by exercise, may be of more im-
portance to muscle strength in GH-sufficient adults.

Muscle endurance is rarely studied in GH deficiency.
Cuneo et al. demonstrated that the shoulder abduction fa-
tigue index, calculated from 10 maximal voluntary shoulder
abductions performed within 1 min, was lower than ex-
pected in GH-deficient adults and was not affected by 6
months of GH treatment (6). In contrast, general endurance
measured by bicycle ergonometry increased in response to
GH treatment (14, 15).

Knowledge of the long term effects of GH treatment on
muscle function in GH-deficient adults is limited. This in-
formation is important, as patients with acromegaly have
muscles that appear to be hypertrophied but may be func-
tionally impaired (16), indicating that exposure to overly
high levels of GH for a long period of time may have a
deleterious effect on muscle function.

The primary objective of this trial was to study the effects
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of long term GH treatment in GH-deficient adults on iso-
metric and isokinetic muscle strength and local muscle en-
durance. This was achieved by performing repeated mea-
surements of muscle function for the quadriceps, hamstrings,
and hand-grip for a period of 2 yr in a large heterogeneous
cohort of GH-deficient adults in terms of age and sex. Results
from the GH-deficient patients were compared with muscle
function in a reference population. The secondary objective
of this trial was to explore possible predictive background
factors for the treatment response.

Subjects and Methods
Patients

Fifty-six adults with known pituitary deficiency and with a mean age
of 45 yr (range, 19–74 yr) participated (Table 1). The diagnosis of GH
deficiency was based on a maximum peak GH response of less than 1.7
mg/L (5 mIU/L) during insulin-induced hypoglycemia (blood glucose,
#2.2 mmol/L). When required, patients received adequate and stable
replacement therapy with glucocorticoids, thyroid hormone, gonadal
steroids, and desmopressin. The replacement therapy was kept constant
during the entire study period. The patients were not receiving any other
medication that could affect muscle performance.

Reference population

In 1994 and 1995, 144 men and women, aged 40–79 yr, selected at
random from the population census of the city of Goteborg, were invited
to participate in a study measuring muscle function. A physical exam-
ination was performed to exclude any orthopedic problems, neurolog-
ical deficits, and hypertension. At least 1 person of each age was tested.
The subjects formed 10-yr cohorts; 40–49, 50–59, 60–69, and 70–79 yr
for each sex. The numbers of men/women tested were 16/19, 20/15,
18/27, and 15/14 in increasing age.

Comparisons with the reference population were made by applying
a predicted value for muscle function to each GH-deficient patient. The
predicted value was obtained by calculating a mean value for each
muscle test in each 10-yr cohort of men and women in the reference
population. Patients younger than 40 yr of age (13 men and 4 women)
were given a predicted value from the cohort of healthy controls aged
40–49 yr, assuming no major change in muscle strength in previous
adult age periods (17). This assumption might, however, overestimate
the muscle strength in relation to normal in the young GH-deficient men
(18). The predicted/observed percentages for each patient were then
calculated. The patients and the reference population were matched in
terms of mean body height (1.74 6 0.01 vs. 1.74 6 0.09 m) and mean body
weight (81.5 6 2.5 vs. 78.3 6 1.1 kg).

Study protocol

This study is an ongoing, open label treatment trial of the adminis-
tration of recombinant human GH in GH-deficient adults. This report
has analyzed the effects on consecutive patients treated with recombi-
nant human GH for 2 yr.

During the first 4 weeks of treatment, the daily GH dose was 4.8
mg/kg (0.1 U/kg BWzweek), and the target dose thereafter was 12
mg/kgzday (0.25 U/kg BWzweek). The dose was reduced in the event of
side-effects and on an individual basis if the serum IGF-I concentration
was higher than age- and sex-adjusted, population-based reference val-
ues (19). As a result, after 2 yr of treatment, the average daily GH dose
was reduced from 0.76 6 0.04 to 0.62 6 0.03 mg.

The patients were studied as out-patients. At the start and after 6, 12,
and 24 months of GH treatment, physical and laboratory examinations
were performed, including measurements of muscle function. Body
weight was measured in the morning to the nearest 0.1 kg, and body
height was measured barefoot to the nearest 0.01 m. No effort was made
to influence the patients’ activity level during the study period.

Informed consent was obtained from all patients. The study was
approved by the ethics committee at the University of Goteborg and the
Swedish Medical Products Agency (Uppsala, Sweden).

Measurements of muscle function

Knee extensor and flexor strengths for isometric contraction at a knee
angle of p/3 rad (60°) and for isokinetic concentric muscle action at
angular velocities of p/3 rad/s and p rad/s (180°/s) were measured
using a Kin-Com dynamometer (Chattecx Co., Chattanooga, TN). The
subjects were positioned sitting in the test chair with a hip angle of p/2
rad (90°). The knee joint axis was approximated to the Kin-Com mea-
suring axis. The lower leg was secured to the Kin-Com shin pad 3 cm
proximal to the insertion of the anterior tibialis muscle with the ankle
joint at p/2 rad. The trunk, hip, and thigh were strapped down to avoid
involuntary movements. Warming-up submaximal exercise was per-
formed on a bicycle ergometer for 5 min before the muscle tests. The
torque values were recorded with a computerized system using com-
pensation for the weight of the lower leg and the lever arm. After
submaximal isometric knee extension for further warm-up and famil-
iarization, three curves were recorded, and the highest peak torque
values are reported. The methodological errors in duplicate measure-
ments for isometric muscle strength and isokinetic muscle strength at an
angular velocity of p/3 rad/s and p rad/s were 9%, 8%, and 8%,
respectively (20). Right and left hand-grip strengths were measured
using an electronic grip force measurement instrument that measures
the maximum momentary force and the mean force over a set period of
10 s in Newtons (N). The methodological error between duplicate de-
terminations was 4.4–9.1% (21). Verbal instructions were given to en-
courage maximal force production.

Local muscle endurance in the quadriceps was measured as the
percent reduction (fatigue index) in peak torque between the first and
the last 3 knee extensions in a series of 50 maximal voluntary concentric
contractions with an angle of velocity of p rad/s. The subjects were
instructed to perform repeated extensions with maximal effort and to
resume the starting position passively between each contraction. The
methodological error was 1.4% from duplicate determinations (22).

During isometric muscle contractions (the technique was not avail-
able for dynamic activity), superimposed single twitch electrical stim-
ulation was given through the percutaneous stimulation of the quad-
riceps muscle, as described by Rutherford et al. (23) and previously used
in our laboratory by Thomeé et al. (24), to estimate the degree of acti-
vation of motor units at maximal voluntary contraction. A specially
developed electrical stimulator monitored by a PC software program
(AB Detektor, Goteborg, Sweden) was used, connected to 5 3 10-cm
electrodes placed over the vastus medialis and rectus femoris muscles.
Two stimuli, square wave pulses, 0.1 s in duration, were used, with 1 s
between each twitch. With the muscles relaxed, the stimuli were first
given at increasing voltages up to the maximal stimulation effect, usually
obtained at around 150 volts. The maximal level of stimulation was then
used by superimposing twitches on approximately 30%, 50%, 70%, and
100% of maximal voluntary isometric activation for 4 s, with an interval
of about 1 min between each level. The subjects were asked to keep to
the various activation levels as closely as possibly by matching the effect

TABLE 1. Clinical characteristics of the cohort of 56 men and
women with GH deficiency treated with GH for 2 yr

Patient characteristics All

No. of patients; men/women 56; 35/21
Mean age 6 SEM [yr (range)] 45 6 2 (19–74)
Known duration of pituitary deficiency 6 SEM

[yr (range)]
9 6 1 (1–39)a

Causes of pituitary deficiency
Nonsecreting pituitary adenoma 28
Prolactinoma 2
Craniopharyngioma 7
Idiopathic 5
Other 14

Hormone replacement therapy
Cortisone acetate 37
Levothyroxine 47
Sex steroids 46
Isolated GH deficiency 7
a Five patients had childhood-onset GH deficiency.
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according to the level indicated on the screen. Extrapolations from linear
regression analyses were made using the additional torque from the
superimposed twitches as a dependent variable to calculate any possible
additional torque at true maximal isometric contraction (24).

Body composition

Total body potassium was measured by counting the emission of 1.46
MeV g-radiation from the naturally occurring 40K isotope in a high
sensitive 3p whole body counter with a coefficient of variation of 2.2%
(25). Body cell mass was calculated on the assumption that there is a
constant intracellular potassium/nitrogen ratio of 3 mmol potassium/g
nitrogen and a protein content equal to 25% of the body cell mass (26).

Total body nitrogen was measured by in vivo neutron activation. This
method is based on the capture of low energy (thermal) neutrons by N
nuclei. A Cf source was used to produce the neutrons. The patients were
irradiated from below by a 15 3 50-cm rectangular neutron field. The
measurement error was approximately 6 4%.

Biochemical assays

Blood samples were drawn in the morning after an overnight fast. The
serum concentration of insulin-like growth factor I (IGF-I) was deter-
mined by a hydrochloric acid-ethanol extraction assay using authentic
IGF-I for labeling (Nichols Institute Diagnostics, San Juan Capistrano,
CA), with interassay coefficients of variation of 2.5% and 4.2% at serum
concentrations of 125 and 345 mg/L, respectively. The detection limit of
the assay was 13.5 mg/L.

Statistical methods

All the descriptive statistical results are presented as the mean and
sem or the mean and a 95% confidence interval (CI). A two-stage method
was used for statistical analysis (27), which means that the repeated
measurements from each patient were reduced to one summary vari-
able, reflecting the individual response to the 2-yr course of GH treat-
ment. The average of the summary variable then reflects the mean
change over time for the whole cohort. In the present study, the coef-
ficient of the slope (bi) for the estimated individual regression line was
chosen as the summary variable, using each effect variable as a depen-
dent variable and time as an independent variable. bi thus reflects the
change over time for the ith individual, and the mean bi reflects the
estimated average change over time for the whole study population.
Student’s t test was used to test the effect of treatment and differences
between subgroups of patients. Correlations were sought by calculating
Pearson’s linear correlation coefficient. Significance was obtained if the
two-tailed P , 0.05.

Results

The mean serum IGF-I concentration increased from 109 6
9 to 322 6 16 mg/L (P , 0.001), and body cell mass and total
body nitrogen increased by 8.4 6 1.4% and 11.8 6 2.7%,
respectively, in response to the 2 yr of GH treatment (Table
2). The increment in total body nitrogen was, therefore, more
marked than the increase in body cell mass (P , 0.01).

Muscle strength (Table 3)

The average maximal voluntary isometric knee extensor
and maximal voluntary isometric knee flexor torque at a knee

angle of p/3 rad increased by 7.4 6 4.6% and 9.8 6 1.8%,
respectively, during the 2 yr of GH treatment. Concentric
knee extensor strength at an angular velocity of p rad/s
increased by 6.5 6 2.0%, and concentric knee-flexor strength
at angular velocities of p/3 rad/s and p rad/s increased by
16.2 6 3.1% and 12.6 6 3.3%, respectively. Peak hand-grip
strength demonstrated a tendency to increase, whereas con-
centric knee extensor strength at an angular velocity of p/3
rad/s and average hand-grip strength during 10 s did not
increase in response to the 2 yr of GH treatment.

Concentric knee extensor strength at an angular velocity of
p/3 rad/s and left hand-grip (peak and average over 10 s)
tended to decrease transiently from 157, 362, and 310 N,
respectively, at baseline to 150 (CI, 146–164), 335 (CI, 293–
372), and 288 (CI, 255–321) N, respectively, at 6 months.

At baseline, correlations between individual tests of iso-
metric and isokinetic muscle strength demonstrated regres-
sion coefficients of between 0.70–0.92. However, the re-
sponse to GH treatment varied between tests and muscle
groups, demonstrating regression coefficients of between
0.19–0.87.

At baseline, positive correlations were found between iso-
metric knee flexor strength and lean body mass (r 5 0.82; P ,
0.001) and serum IGF-I concentration (r 5 0.39; P , 0.01), and
inverse correlations were found between isometric knee
flexor strength and age (r 5 20.31; P , 0.05) and the duration
of pituitary deficiency (r 5 20.37; P , 0.01). In a standard
multiple regression analysis using isometric knee flexor
strength as a dependent variable and body cell mass, age,
serum IGF-I concentration, and duration of pituitary defi-
ciency as independent variables (r 5 0.83; P , 0.001), body
cell mass (b 5 0.83; P , 0.001) eliminated the influence of the
other factors. During the 2 yr of GH treatment, an inverse
correlation was found between the increment in isometric
knee flexor strength and age (r 5 20.28; P , 0.05), whereas
no significant correlations were found between the incre-
ment in isometric knee flexor strength and the change in
serum IGF-I concentration (r 5 0.23; P 5 0.1) or the change
in body cell mass (r 5 0.04; P 5 0.8). Both at baseline and
during GH treatment, isometric knee extensor strength dem-
onstrated a similar correlation with age, duration of treat-
ment, and serum IGF-I as isometric knee flexor strength (data
not shown). However, in contrast with isometric knee flexor
strength, a positive correlation was found between the in-
crement in isometric knee extensor strength and the incre-
ment in body cell mass (r 5 0.31; P , 0.05).

As estimated from the superimposition of single twitches
on isometric contractions in 30 patients, the 2-yr course of GH
treatment did not alter the estimated torque at maximal
motor unit activation, which was 113–120% of the torque at

TABLE 2. Measurement of serum IGF-I concentration and body cell mass from total body potassium and total body nitrogen from in vivo
neutron activation in 56 adults with GH deficiency receiving GH treatment for 2 yr

Variable Baseline 6 months 12 months 24 months Mean of the bi (CI)a P value

Serum IGF-I (mg/L) 109 6 9 386 6 21 359 6 19 322 6 16 6.576 (5.278–7.874) ,0.001
Body cell mass (kg) 30.2 6 1.3 32.0 6 1.4 31.5 6 1.4 32.4 6 1.3 0.090 (0.036–0.144) 0.002
Total body nitrogen (kg) 1.84 6 0.07 1.92 6 0.07 1.99 6 0.08 2.04 6 0.08 0.011 (0.007–0.014) ,0.001

All values are expressed as the mean 6 SEM.
a bi is the estimated coefficient of the slope for the individual regression line reflecting the individual response to treatment. CI represents

the 95% confidence interval of the mean response to treatment.

GH THERAPY AND MUSCLE FUNCTION 2879



maximal voluntary contraction, representing the absence of
maximal muscle activation both before and after GH treat-
ment (Table 3).

Quadriceps muscle endurance

At baseline, muscle strength values before and after 50
concentric knee extensions were 113 (CI, 101–125) and 71 (CI,
63–79) Nm, respectively, whereas the corresponding values
after 2 yr of GH treatment were 122 (CI, 110–134) and 69 (CI,
61–77) Nm, respectively. The fatigue index, expressed as the
percent reduction in torque at 50 repeated isokinetic knee
extensions, thus increased from 37 6 2% to 43 6 2% in
response to the 2 yr of GH treatment (Table 3).

At baseline, a positive correlation was found between the
fatigue index and age (r 5 0.53; P , 0.001), whereas no
significant correlation was found between muscle endurance
and body cell mass (r 5 20.22; P 5 0.2). During treatment,
however, an inverse correlation was obtained between the
change in fatigue index and body cell mass (r 5 20.31; P ,
0.05).

Gender differences

The women were older (50.6 6 3.0 vs. 41.8 6 2.4 yr; P ,
0.05) and had a longer duration of pituitary deficiency (16 6
3 vs. 5 6 1 yr; P , 0.001) than the men. Moreover, the body
cell mass (22.4 6 1.5 vs. 34.7 6 1.0 kg; P , 0.001), total body
nitrogen (1.48 6 0.14 vs. 2.50 6 0.14 kg; P , 0.001), and serum
IGF-I concentration (74 6 13 vs. 131 6 12 mg/L; P , 0.001)
were lower in women than in men. As the dose of GH was
based on body weight, women received a lower total daily
dose of GH than men at the start. However, after 2 yr of
treatment and after the adjustment of doses due to side-
effects and high serum IGF-I concentrations, the daily dose
of GH was similar in women and men (0.65 6 0.06 vs. 0.60 6
0.04 mg/day), but the serum IGF-I concentration was still

lower in women than in men (262 6 22 vs. 359 6 19 mg/kg;
P , 0.01).

The baseline isometric and isokinetic muscle strength in all
measured muscle groups was lower in women than in men
(P , 0.001), whereas the fatigue index was similar (data not
shown). During treatment, the men responded with a more
marked increment in total body nitrogen (P , 0.05), whereas
changes in muscle strength, quadriceps endurance, and mea-
surements from the superimposed electrical stimulation
were similar in women and men (data not shown).

Muscle function in comparison with reference population

Before treatment, isometric muscle strength in both the
quadriceps and hamstring muscle groups was lower than
that in the reference population (Fig. 1). The concentric mus-
cle strength in the knee extensor and knee flexor at an angular
velocity of p/3 rad/s and the concentric muscle strength in
the knee flexor at an angular velocity of p rad/s was in the
lower normal range, whereas the concentric knee extensor
strength at an angular velocity of p rad/s was within the high
normal range (Fig. 2). The right peak hand-grip strength was
83% (CI, 78–87), and the right average 10-s hand-grip
strength was 81% (CI, 75–86) of the healthy control values.
The corresponding values for the left hand-grip were similar.

After 2 yr of GH treatment, muscle function was within the
normal range in all tests performed, except for the hand-grip,
where muscle strength was still lower than normal [for the
right hand; peak strength, 86% (CI, 80–91) and average 10-s
strength, 81% (CI, 76–87), respectively].

There was an inverse correlation between the ratio of ob-
served/predicted muscle strength at baseline and the change
in muscle strength in terms of isometric knee extension,
isometric knee flexor, concentric knee flexor at an angular
velocity of p/3 rad/s, and concentric knee extensor at an
angular velocity of p rad/s (r 5 20.41, P , 0.01; r 5 20.36,
P , 0.01; r 5 20.40, P , 0.01; and r 5 20.44, P , 0.001,

TABLE 3. Measurements of isometric [knee angle of p/3 rad (60°)], isokinetic [an angular velocity of p/3 rad/s and p rad/s (180°/s)]
muscle strength (Newton-meters; Nm) in knee extension and flexion, fatigue index expressed as the percent reduction in peak torque at 50
repeated isokinetic knee extensions, hand-grip strength (Newton; N), and estimated torque at maximal motor unit activation using the
single twitch superimposition (% of maximal voluntary isometric torque) in 56 adults with GH deficiency receiving GH treatment for 2 yr

Variable Baseline 6 months 12 months 24 months Mean of the bi (CI)a P value

Knee extension
Isometric 195 6 10 190 6 9 199 6 9 202 6 9 0.393 (0.036–0.750) 0.035
Concentric p/3 rad/s 157 6 8 150 6 7 153 6 8 156 6 7 0.097 (20.181–0.375) 0.5
Concentric p rad/s 117 6 6 118 6 5 122 6 6 123 6 6 0.291 (0.101–0.481) 0.004

Knee flexion
Isometric 73 6 4 76 6 4 82 6 4 83 6 4 0.412 (0.255–0.569) P , 0.001
Concentric p/3 rad/s 77 6 4 79 6 4 79 6 4 84 6 4 0.251 (0.100–0.402) 0.002
Concentric p rad/s 60 6 3 61 6 4 63 6 3 65 6 3 0.201 (0.074–0.328) 0.003

Fatigue index 37 6 2 39 6 2 41 6 2 43 6 2 0.256 (0.109–0.403) 0.001
Hand-grip strength, right

Peak 375 6 18 368 6 19 385 6 19 391 6 20 0.656 (20.038–1.350) 0.07
Average 10 s 329 6 18 314 6 17 329 6 18 335 6 18 0.390 (20.295–1.075) 0.3

Hand-grip strength, left
Peak 362 6 20 335 6 19 354 6 20 366 6 20 0.552 (20.002–1.106) 0.09
Average 10 s 310 6 19 288 6 17 298 6 17 310 6 17 0.428 (20.138–0.994) 0.1

Estimated torque at maximal motor unit activation
Knee extension 113 6 3 117 6 4 117 6 5 120 6 5 0.123 (20.237–0.483) 0.5

All values are expressed as the mean 6 SEM.
a bi is the estimated coefficient of the slope for the individual regression line reflecting the individual response to treatment. CI represents

the 95% confidence interval of the mean response to treatment.
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respectively), indicating a more marked increase in muscle
strength in patients with lower than predicted muscle func-
tion at baseline (Fig. 3).

The fatigue index in the control population was 39% (CI,
37–41). The fatigue index in the GH-deficient adults was in
the low normal range, i.e. 37% (CI, 33–41) at baseline. After
2 yr of GH treatment, however, the fatigue index was 43%
(CI, 39–47), i.e. in the high normal range.

Discussion

We have shown that 2 yr of GH treatment in GH-deficient
adults increased maximal voluntary isometric and isokinetic
muscle torque and that this increment was more marked in
younger patients and in patients with lower initial muscle
strength than predicted for current age and sex. The dynamic
local muscle endurance, however, was found to decrease in
response to GH treatment.

There is convincing evidence that GH and IGF-I have a
regulatory effect on muscle morphology, function, and me-
tabolism (28). The IGF-I content of the skeletal muscle at both
the protein and messenger ribonucleic acid levels is depen-
dent on GH as well as on other stimuli (29). In rats, high
intensity exercise or GH alone has a minimal effect on the
mass of unloaded muscle, whereas a combination of the two
produces a strong interactive effect (30), implying that the
endocrine action of GH/IGF-I and the paracrine/autocrine
action of IGF-I, possibly stimulated by the neuromuscular
activity loading, are both important for muscle size and
function.

In agreement with previous reports (3, 5, 6, 31, 32), this
group of GH-deficient adults had reduced isometric muscle
strength compared with a group of healthy controls. It has
been suggested that this is an effect of reduced muscle cross-
sectional area in GH-deficient adults (32). However, Cuneo
et al. also found that the peak torque per muscle area in the
quadriceps was reduced (1), suggesting that contractile prop-
erties and neural activation are responsible for the reduction
in muscle strength. Compared with the reference population,
the ability of GH-deficient subjects to perform a maximum

FIG. 2. Mean individual ratio of ob-
served/predicted values for current age
and sex (expressed as a percentage of
the predicted value) for concentric
(conc.) knee extensor and knee flexor
strengths at an angular velocity of p/3
rad/s (60°/s) and p rad/s (180°/s) in 56
GH-deficient adults during 2 yr of treat-
ment with GH. The horizontal bars in-
dicate the 95% CI for the mean values
shown.

FIG. 1. Mean individual ratio of observed/predicted values for cur-
rent age and sex (expressed as a percentage of the predicted value) for
isometric muscle strength during knee extension (A) and knee flexion
(B) at an angle of p/3 rad (60°) in 56 GH-deficient adults during 2 yr
of treatment with GH. The horizontal bars indicate the 95% CI for the
mean values shown.
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voluntary isokinetic muscle torque was somewhat better
than the isometric performance. Furthermore, in the present
study, the distal muscles in the arm in particular displayed
low muscle strength compared with controls, whereas an-
other study found that the reduction in hand-grip strength
and quadriceps strength was proportional (32). These dis-
crepancies between the studies could be an effect of large
individual variations in muscle strength and the small cohort
of patients in the previous study.

Like other researchers (4–6, 31), we found that GH treat-
ment increased the isometric quadriceps strength. The in-
crement in isometric knee-flexor strength was, however,
more homogeneous and more marked. The transient de-
crease in isometric knee extensor strength demonstrated af-
ter 6 months of treatment and the absence of a significant
increment in hand-grip strength could be an effect of the
occurrence of arthralgia, peripheral edema, and carpal tun-
nel affection in the initial phase of GH treatment using the
present initial doses of GH (33).

Two previous studies measuring dynamic muscle strength
in GH-deficient adults were unable to demonstrate changes
in isokinetic muscle strength in the quadriceps and ham-
strings after 12 weeks (34) and 6 months (35) of GH treatment,
respectively. We studied the isokinetic muscle strength at
different speeds of movement in both the quadriceps and
hamstring muscles during more prolonged GH treatment.
Both concentric knee extensor and knee flexor strengths at an
angular velocity of p rad/s increased in response to GH
treatment, whereas concentric knee extensor muscle strength
at an angular velocity of p/3 rad/s did not.

Muscle strength can be assumed to be closely associated
with the muscle cross-sectional area (36), although there
are large individual variations (37), which can probably be
explained by factors such as variations in neural activation
and differences in contractile properties and force trans-
mission. In our study, the increment in body cell mass,
which is highly correlated to the thigh muscle cross-sec-
tional area (6), demonstrated a different pattern of change
in response to GH than the increment in muscle strength.

This could be an effect of changes in the intracellular
potassium concentration and/or hydration of body cell
mass (38) or could be a true disproportional change in
muscle mass and strength. Moreover, the more marked
increase in total body nitrogen compared with total body
potassium suggests that the anabolic effects are not merely
skeletal, but are also an effect of increased extracellular
proteins. Our results from superimposed single twitch
electrical stimulation do not indicate that the level of ac-
tivation of motor units at voluntary maximal muscle effort
was altered during the period of GH treatment. The fairly
slight lack of maximal activation at baseline did not change
during GH treatment and would, therefore, not contribute
to the recorded change in isometric strength. However, we
have not studied motor unit activation at maximal vol-
untary effort in the dynamic activity. In the present study,
a linear regression was used. As recently reported (39),
however, the use of a shallow hyperbolic curve for the
relationship between the extra force generated by the su-
perimposed twitch and the voluntary muscle force in-
creases the accuracy of the estimation of maximal quad-
riceps muscle strength, but only slightly. However, any
such change in the estimation would not alter the conclu-
sion of no effect of GH treatment on maximal muscle
activation.

We have previously demonstrated large individual vari-
ations in the response to GH in terms of changes in body
composition (40). In the same way as in that study, the young
responded best. Those patients who obtained the best ana-
bolic effect demonstrated the most pronounced increase in
muscle strength and the smallest reduction in local muscle
endurance. Furthermore, the most pronounced effect was
obtained in patients with lower baseline muscle strength
than that predicted for current age and sex, whereas the effect
obtained in subjects with normal baseline muscle strength
was less marked. This observation is of importance because
the doses used in this cohort of GH-deficient patients did not
result in any short term supraphysiological effect on muscle
strength. This indicates that GH administration for a short

FIG. 3. Isometric and concentric (conc.)
knee extensor and flexor strengths at
an angular velocity of p rad/s (180°/s) in
response to 2 yr of GH treatment in two
subgroups of patients. One group com-
prises patients with lower than pre-
dicted baseline muscle strength (solid
line), and the second group comprises
patients with higher than predicted
baseline muscle strength (broken line).
The horizontal bars indicate 6SE for the
mean percent change from baseline
(D%), and the P values denote differ-
ences in the treatment response be-
tween the two groups.
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period in healthy adults with normal muscle strength will
not result in any further gain in muscle strength (11, 12, 41,
42).

Although muscle mass and peak voluntary muscle torque
increased in response to GH treatment, the ability to sustain
muscle strength during repeated contraction of the quadri-
ceps muscle decreased. It thus appears that the increase in
maximal muscle force production during GH treatment does
not result in the maintenance of the capacity to produce force
at repeated contractions. This is probably best explained by
local changes in the muscle (22, 43) during the 2 yr of GH
treatment. A lack of parallel metabolic adaptation in the
muscle in terms of muscle glucose storage and utilization,
oxidative enzyme activity, and capillarization are all con-
ceivable explanations. If a change in fiber composition had
occurred in the direction of a larger proportion of slow
twitch, fatigue-resistant, type 1 fibers, as has previously been
suggested (3, 7), this might have resulted in improved local
muscle endurance (22). The adult patient with previously
untreated GH deficiency has adapted to a sedentary lifestyle
(44) that might contribute to their low muscle mass and
muscle strength. The daily activity was not significantly af-
fected by GH treatment in a 6-month placebo-controlled trial
(14), although a self-perceived improvement in energy and
general well-being was obtained in response to treatment
(45). Reduced local muscle endurance in response to GH
treatment contrasts with the increased exercise performance
noted in response to GH treatment (15), thereby suggesting
that this effect might be the result of increased cardiac per-
formance. The optimal regimen for increasing muscle func-
tion in the GH-deficient adult would be GH replacement in
combination with exercise, including endurance training,
which would improve neural activation and also activate the
autocrine/paracrine action of IGF-I in the muscle (30, 46),
which might be of more importance than the circulating
levels of serum IGF-I for the metabolic adaptation of the
muscle.

Two years of GH treatment increased both isometric and
isokinetic muscle strength studied in proximal muscle
groups in GH-deficient adults. The effect first appeared after
12–24 months of treatment, but was sustained over time. The
discordance between the increment in body cell mass and
muscle strength and the deterioration in quadriceps endur-
ance suggests that factors other than merely anabolic ones are
involved in the mechanisms through which GH acts on mus-
cle function. These factors are still unclear, but metabolic
studies of the effect of GH on muscle may elucidate the
underlying mechanisms. Furthermore, the long term results
in terms of the reaction of muscle function in response to GH
are of importance in view of the uncertainty relating to GH
doses in GH-deficient adults and the known myopathy ob-
served in long-standing acromegaly.
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