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Dysfunction of the muscles of ambulation contributes to exercise
intolerance in chronic obstructive pulmonary disease (COPD). Men
with COPD have high prevalence of low testosterone levels, which
may contribute to muscle weakness. We determined effects of tes-
tosterone supplementation (100 mg of testosterone enanthate in-
jected weekly) with or without resistance training (45 minutes three
times weekly) on body composition and muscle function in 47 men
with COPD (mean FEV; = 40% predicted) and low testosterone
levels (mean = 320 ng/dl). Subjects were randomized to 10 weeks
of placebo injections + no training, testosterone injections + no
training, placebo injections + resistance training, or testosterone
injections + resistance training. Testosterone injections yielded a
mean increase of 271 ng/dl in the nadir serum testosterone concen-
tration (to the middle of the normal range for young men). The
lean body mass (by dual-energy X-ray absorptiometry) increase
averaged 2.3 kg with testosterone alone and 3.3 kg with combined
testosterone and resistance training (p < 0.001). Increase in one-
repetition maximum leg press strength averaged 17.2% with testos-
terone alone, 17.4% with resistance training alone, and 26.8% with
testosterone + resistance training (p < 0.001). Interventions were
well tolerated with no abnormalities in safety measures. Further
studies are required to determine long-term benefits of adding
testosterone supplementation and resistance training to rehabilita-
tive programs for carefully screened men with COPD and low testos-
terone levels.

Keywords: androgenic steroid; inflammation; muscle mass; strength

Patients with chronic obstructive pulmonary disease (COPD)
often have exercise intolerance as their chief complaint (1). In
recent years, it has become clear that dysfunction of the muscles
of ambulation contributes to exercise intolerance in these pa-
tients (2). This is of great importance, as muscle dysfunction is
potentially remediable. In particular, rehabilitative programs of
exercise training have been shown to increase exercise tolerance
substantially (3). Endurance training and resistance training (em-
ploying maneuvers in which muscles exert or resist force to
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improve strength) have both been found to be effective. How-
ever, the benefits of these two types of programs are distinct:
endurance training increases endurance (e.g., walking, climbing
stairs), whereas resistance training increases strength (e.g., stand-
ing from a sitting position, maintaining balance), although mod-
est crossover effects can be seen in some measures of strength
and endurance (4). This difference is related to the distinctly
different effects of these two interventions on muscle structure
and biochemistry: for example, endurance training increases
muscle capillarity and aerobic enzyme concentrations without
much hypertrophy, and resistance training increases muscle fiber
cross-sectional area without much increase in capillarity or aero-
bic enzyme concentration.

There has been a search for pharmacologic approaches to
improving muscle strength and endurance that might be of bene-
fit to patients with chronic disease. To date, no drugs clearly
capable of increasing muscular endurance have been identified.
However, the androgenic steroids have been shown to induce
changes in the muscles of ambulation at least superficially similar
to those seen with resistance training (5). Both in hypogonadal
and healthy young men, testosterone supplementation increases
muscle mass and improves maximal voluntary muscle strength
(6-8). A few clinical studies of androgen supplementation in
COPD have been published and have generally shown modest
improvements in muscle mass, but without unequivocal improve-
ments in either muscle strength or endurance (9-11).

It was our aim to determine whether testosterone supplemen-
tation might have the potential to be an appropriate adjunctive
treatment during a program of pulmonary rehabilitation specifi-
cally directed at improving muscle mass and muscle function.
Because the appropriate replacement dose for women has not
been defined, we restricted our study to men with COPD. We
therefore conducted a randomized, placebo-controlled, 10-week
trial of replacement doses of testosterone enanthate. We com-
pared the effects of this intervention with those of a standardized
rigorous program of resistance training of the lower extremities
and determined whether testosterone amplified the benefits of
resistance training. Principal outcome measures included a
change from baseline in body composition and muscle strength.
In addition, the hormonal responses, changes in the levels of
circulating indices of inflammation, and a number of safety mea-
sures were evaluated. Some of the results of this study have
been previously reported in the form of an abstract (12).

METHODS

Additional method detail is provided in the online supplement.

Subjects

We enrolled 53 men with stable COPD. Entry criteria included age 55
to 80 years, FEV, of 60% predicted or less (13), and FEV; to vital capacity
ratio of 60% or less. Screening serum testosterone was 400 ng/dl or less
(in the lower range for healthy older men). Exclusion criteria included
significant cardiovascular or orthopedic impairments, body weight of less
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than 75% or more than 130% of ideal, symptomatic benign prostatic
hypertrophy, prostate cancer history, serum prostate specific antigen of
more than 4 pg/L, or hemoglobin of more than 16 g/dl. The institutional
review board approved the study, and written informed consent was
obtained.

Study Design

Subjects were randomized to (/) placebo injections and no training,
(2) testosterone injections and no training, (3) placebo injections and
resistance exercise training, or (4 ) testosterone injections and resistance
exercise training. Study personnel were blinded to whether subjects
received testosterone or placebo. Subjects underwent a testing battery
before and after a 10-week intervention.

Interventions

Testosterone supplementation. Subjects received 100 mg/week of testos-
terone enanthate in sesame oil (Delatestryl) or placebo (sesame oil)
intramuscularly for 10 weeks. This testosterone dose was intended to
raise nadir serum testosterone to the middle of the normal range for
healthy young men (450-850 ng/dl). Testosterone levels were measured
immediately before the second injection, and dosage alterations were
made by an unblinded investigator.

Resistance training focused on muscles of ambulation. An exercise
trainer supervised three sessions per week. Training consisted of seated
leg press, seated leg curl, seated leg extension, standing calf raise, and
seated ankle dorsiflexion. Subjects performed three sets of each exercise
per session. For the first 4 weeks, the training target was 3 sets of 12
repetitions at 60% of pretraining one-repetition maximum. Intensity
was increased when subjects completed all 36 repetitions of a given
exercise. When 3 sets of 12 repetitions were again achieved, loads were
increased. After 4 weeks of training, one repetition maximum values
were reassessed and used for the remaining 6 weeks. Subjects performed
four sets of 8-10 repetitions, using 80% of the new one-repetition
maximum for each training exercise; the intensity was subsequently
advanced as tolerated.

Dietary intake. Subjects were instructed to consume a eumetabolic
diet. Based on three 3-day food diaries, dietitians reinforced caloric
goal advice.

Outcome Measures

Body composition analysis. Dual-energy X-ray absorptiometry (Hologic
4500) provided regional assessment of bone, fat, nonfat nonbone (i.e.,
lean), and total body mass (14).

Muscle strength and local muscle fatigability. The seated leg press
was chosen because it is a closed kinematic chain exercise predomi-
nantly testing the quadriceps muscle (although minor contributions of
the hamstrings and gluteus maximus are also involved). The quadriceps
were studied because dysfunction is associated with impaired gait speed,
balance, stair climbing, and rising from a chair in the elderly (15).
Muscle strength was evaluated by a one-repetition maximum (16) for
bilateral seated leg press (Keiser Sport, Fresno, CA), a pneumatic
device that provides increasing resistance through the range of motion;
the value assigned for a maneuver is the peak force. Subjects underwent
increasing lifts leading to the one-repetition maximum. To assess quad-
riceps fatigability (17), subjects performed as many seated leg press
repetitions as possible using 80% of the preintervention one-repetition
maximum. Subjects repeated both strength and local muscle fatigability
tests 2 to 7 days later; the higher of the two values was used.

Whole-body exercise endurance. Cardiopulmonary exercise testing
was performed on an electronically braked cycle ergometer (Ergoline
800; SensorMedics, Yorba Linda, CA) using a standard method (Vmax;
SensorMedics) (18). In incremental testing, the work rate increased at
S or 10 watts per minute. After 45 minutes of rest, patients performed
constant work rate testing at 80% of peak work rate achieved in prein-
tervention incremental testing. Both tests terminated when the subject
was unable to maintain pedaling rate, despite encouragement.

Pulmonary function testinglarterial blood gas analysis. Testing was
conducted 10 minutes or more after albuterol inhalation. Spirometry,
maximum voluntary ventilation, functional residual capacity (by ple-
thysmography), and diffusing capacity were measured by standard tech-
niques (19-21). Respiratory muscle strength was assessed (in triplicate)
by a maximal inspiratory effort from residual volume (22). Resting
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arterial blood gas analysis was performed using radial artery blood
(model 1640; Instrumentation Laboratories, Lexington, MA).

Blood assays. Serum testosterone, free testosterone, estradiol, insu-
lin-like growth factor-1, and insulin-like growth factor binding protein-3
levels were measured by previously validated immunoassays (23-26).
Serum luteinizing hormone and follicle-stimulating hormone were mea-
sured by immunometric assays (23). Serum prostate specific antigen
was measured using the Tandem-R monoclonal immunoradiometric
assay (Hybritech, San Diego, CA). Inflammatory mediators interleukin-6
and tumor necrosis factor-a were measured by solid phase enzyme-linked
immunosorbent assay (R&D Systems, Minneapolis, MN). C-reactive
protein, produced by the liver in response to inflammation, was mea-
sured by turbidimetric immunoassay (Wako Chemicals, Richmond,
VA) (27). Complete blood counts, blood chemistry panels, liver func-
tion tests, and lipid panels were performed by standard techniques.

Safety measures. Serum prostate specific antigen levels were mea-
sured at entry, Week 5, and intervention end; values of more than
0.75 pg/L above baseline on two consecutive measurements prompted
treatment discontinuation. Digital prostate examinations were per-
formed at entry, Week 5, and intervention end. Hemoglobin levels were
measured at entry and five times during the intervention; values of
more than 18 g/dl led to injection discontinuation.

Data Analysis

Descriptive statistics for each group for pretraining and post-training
responses were generated in Excel spread sheets (Microsoft, Redmond,
WA). Pretreatment values and the difference between pretreatment and
post-treatment responses were analyzed by analysis of variance (Sigma-
Stat 2.0; Jandel, San Rafael, CA). The Student-Newman-Keuls method
was used if overall analysis of variance was significant. Linear regression
and Pearson correlation analyses defined relationships among variables.
The type I error was 0.05. Variation about the mean is expressed as
standard deviation in text and tables and standard error in figures.

RESULTS

Eighty-five men with COPD were screened for this study. The
distribution of their testosterone levels at screening is presented
in Figure El in the online supplement. Forty percent of these
men had serum testosterone levels below the lower limit of the
normal range for healthy young men (300 ng/dl); an additional
16% had low normal testosterone levels (300-400 ng/dl). Eighty-
six percent had testosterone levels below the mean level for
healthy young men (585 ng/dl).

Of the 53 patients randomized, 47 completed the protocol:
11 in the testosterone + strength training group and 12 in each
of the other three groups. Of the noncompleters, one (in the
testosterone + training group) was discontinued because of non-
compliance with the protocol and five because of non—protocol-
related health problems (two in the testosterone + training
group and one each in the other three groups). None of these
subjects received chronic oral corticosteroid treatment during
the intervention. Patients in the training groups completed at
least 25 of the scheduled 30 sessions; those receiving testosterone
averaged 27.5 sessions, and those receiving placebo averaged
28.1 sessions. Patients tolerated the interventions well, and no
adverse events related to either training or testosterone supple-
mentation were recorded.

Demographics and Lung Function

Table 1 lists subject characteristics, pulmonary function, and
blood gas results on study entry. There were no significant differ-
ences in any of these variables among study groups. Patients
averaged 67 years of age and were mildly above ideal body
weight. FEV, averaged 40% predicted, indicating severe COPD.
On average, patients were hyperinflated with reduced diffusing
capacity. Blood gas analysis showed that, on average, arterial Po,
was mildly reduced, and there was mild carbon dioxide retention.
As anticipated, the interventions did not yield significant changes
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TABLE 1. DEMOGRAPHICS, PULMONARY FUNCTION, AND ARTERIAL BLOOD GAS RESULTS

AT STUDY ENTRY (MEAN = SD)

Placebo + No Testosterone + No Placebo + Testosterone +

Training Training Resistance Training Resistance Training

(n=12) (n=12) (n=12) (n=11)
Age, yr 67.7 + 8.7 66.6 = 7.5 68.9 = 9.8 66.4 = 7.2
Height, cm 1759 + 6.8 178.0 = 8.1 173.4 =+ 5.4 175.7 = 6.7
Weight, kg 81.4 = 14.0 85.0 =175 829 + 20.4 89.3 + 24.2
FEV,, L 1.25 = 0.42 1.50 = 0.66 1.14 = 0.32 1.39 = 0.46
FEV;, % predicted 38.6 = 12.1 43.0 =154 359 +9.2 424 £11.9
FEV,/VC 41.4 =10.3 42.3 = 14.5 358 +7.2 45.9 = 12.7
TLC, L 7.88 = 1.83 8.25 = 1.02 8.33 £ 1.43 7.64 = 1.45
Dico, ml/min/mm Hg 13.6 = 4.5 13.1 6.0 11953 13.1 £ 7.4
Pao,, mm Hg 69.6 = 7.9 68.9 = 10.4 73.0 £ 16.6 65.6 = 17.3
Paco, mm Hg 44.8 + 4.5 45.0 = 8.6 44.0 + 6.7 46.2 = 6.1
pHa 7.43 = 0.02 7.42 = 0.04 7.42 = 0.03 7.41 = 0.03

Definition of abbreviations: DLco = single-breath diffusing capacity for carbon monoxide; pHa = arterial negative logarithm of

hydrogen ion concentration; TLC = total lung capacity.

in pulmonary function and blood gas variables (see Table E1 in
the online supplement). Average differences between preinter-
vention and postintervention values did not differ significantly
among groups with the sole exception of a mild decrease in
Pay, (averaging 9.4 + 11.4 mm Hg) in the placebo + resistance
training group.

Endocrine Responses

Table 2 presents the hormonal responses and also the responses
of three circulating indicators of inflammation at study entry.
At entry, there were no significant differences among groups for
any of these variables. Per protocol design, average testosterone
(and free testosterone) values were low. (Because the values in
Table 2 record the values just before initiation of the intervention
rather than at screening, some subjects who had lower serum
testosterone levels at screening had testosterone values ex-
ceeding 400 ng/dl just before treatment initiation.) Both luteiniz-
ing hormone and follicle-stimulating hormone were, on average,
low. Figure E2 in the online supplement demonstrates that four
subjects (8% ) with low testosterone levels manifested elevated
luteinizing hormone and follicle-stimulating hormone concentra-
tions; these men with hypergonadotropic hypogonadism likely
had primary testicular dysfunction. The remaining 92% of men
with low testosterone concentrations had low or inappropriately
normal luteinizing hormone concentrations; these men with hy-
pogonadotropic hypogonadism likely had a defect at the hypo-
thalamic—pituitary level, although an additional defect at the
testicular level cannot be excluded. Insulin-like growth factor-1
is the predominant mediator of growth hormone’s anabolic ef-
fects on muscle, and insulin-like growth factor binding protein-3
is the predominant plasma binding protein for this hormone. In

the subjects studied, serum insulin-like growth factor-1 levels
were low, but insulin-like growth factor binding protein-3 con-
centrations were within the normal range.

Figure 1 shows the hormonal responses to the interventions
in the four groups (preintervention and postintervention values
are presented in tabular form in Table E2 of the online supple-
ment). Each panel shows the nadir levels (obtained just before
the next injection) during the intervention. In the two groups
receiving placebo injections, there were no significant changes in
total or free testosterone or in luteinizing or follicle-stimulating
hormone from preintervention values. In the two groups receiv-
ing testosterone enanthate, both total and free testosterone lev-
els were increased significantly above preintervention values;
the increase in testosterone level averaged 293 ng/dl in the testoster-
one + no training group and 248 ng/dl in the testosterone +
resistance training group. However, average nadir testosterone lev-
els remained well within the normal range seen in healthy young
men. In the two groups receiving testosterone injections, Figure 1
shows that both luteinizing and follicle-stimulating hormones were
suppressed to very low levels. This reflects the inhibitory effects of
the elevated testosterone levels on pituitary secretion; presumably,
these low circulating luteinizing and follicle-stimulating hormone
levels inhibited endogenous testosterone secretion by the testes.
Changes in insulin-like growth factor-1 and insulin-like growth
factor binding protein-3 did not differ among the four groups
(Table E2).

Table 2 lists the study entry levels of three indicators of
inflammatory state. Interleukin-6 is a cytokine that contributes
to the systemic effects of inflammation. Average circulating
interleukin-6 levels (Table 2) were mildly above those of healthy
normal subjects (mean = 1.8 pg/ml) with this assay; 5 of the 47

TABLE 2. CIRCULATING HORMONAL AND INFLAMMATORY MEDIATOR LEVELS AT STUDY ENTRY (MEAN = SD)

Placebo + No

Testosterone + No Placebo + Testosterone +

Training Training Resistance Training Resistance Training
Testosterone, ng/dL 302 = 154 302 + 89 277 =106 408 = 139
Free testosterone, pg/ml 39.2 * 20.6 39.6 = 13.8 29.1 = 13.0 41.5+123
Luteinizing hormone, 1U/L 5.50 = 6.99 4.25 = 291 7.71 = 11.41 4.79 = 2.11
Follicle-stimulating hormone, 1U/L 13.02 = 24.45 7.27 =9.17 14.01 = 22.18 7.63 = 8.83
Insulin-like growth factor-1, ng/ml 170 = 89 239 + 97 173 =93 224 =191
Insulin-like growth factor binding protein-3, ng/ml 2.71 = 0.56 3.19 £ 1.15 2.70 = 1.02 2.48 = 1.00
Interleukin-6, pg/ml 4.00 = 1.87 5.38 + 4.89 492 + 510 9.30 = 11.88
Tumor necrosis factor-o, pg/ml 3.15 + 2.52 3.98 = 3.27 2.99 + 1.64 4.96 + 3.30
C-reactive protein, mg/L 7.89 * 8.34 5.23 =518 3.96 + 4.51 6.53 + 6.67
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subjects’ levels were above the upper limit of normal (10 pg/ml).
Tumor necrosis factor-a is a cytokine that is a nonspecific inflam-
matory mediator and is responsible for many of the systemic conse-
quences of severe infection. The circulating levels of tumor necrosis
factor-a were mildly elevated with respect to healthy normal sub-
jects (mean = 2.1 pg/ml) with this assay; 17 of the 47 subject’s
levels were above the upper limit of normal (4.7 pg/ml). C-reactive
protein is an acute-phase protein produced by the liver in response
to inflammation and infection. Again, average circulating levels in
the study subjects were mildly above the upper limit of the normal
range for the assay (3 mg/L), with 17 subjects’ levels above this
value. Therefore, the subjects in this study manifested signs of a
mild inflammatory state. None of the study groups demonstrated
significant changes in any of these three markers of inflammation
(see Table E2 in the online supplement), indicating that neither
resistance training nor testosterone supplementation appreciably
modulated the state of inflammation.

Body Composition Responses

Subjects were weighed weekly during the intervention; the time
course of body weight change from the preintervention level is
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Figure 1. Hormonal levels from venous blood samples drawn immedi-
ately before weekly injections (nadir levels) for the four study groups
(from left to right: placebo + no training, n = 12; testosterone + no
training, n = 12; placebo + resistance training, n = 12; testosterone +
resistance training, n = 11). Testosterone and free testosterone levels are
increased in the groups receiving testosterone but not placebo. Testoster-
one supplementation results in near complete suppression of circulating
levels of luteinizing and follicle-stimulating hormone. *Response to inter-
vention significantly different from nontestosterone groups. ‘Response to
intervention significantly different from testosterone + no training group.
fResponse to intervention significantly different from placebo + resistance
training group.
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shown in Figure 2 for each of the four groups. Both groups
receiving placebo injections had little weight change during the
intervention. In contrast, both groups receiving testosterone had
steady (and similar) weight gain, averaging roughly 2 kg by
the end of the study period. Whole-body dual-energy X-ray
absorptiometry allows determination of the nature and the re-
gional distribution (arms, trunk, legs) of body composition
changes. Table 3 presents the regional as well as total fat and
lean mass before and after the intervention in each of the four
study groups. Figure 3 plots selected body composition changes
from baseline. Both groups receiving testosterone supplementa-
tion experienced significant lean mass increases in the arms (aver-
aging approximately 6.5%), the trunk (averaging approximately
4%), and the legs (averaging approximately 7%), yielding a total
lean mass increase averaging approximately 5.5%. Changes in
lean mass tended to be greater in the testosterone + training
group than in the testosterone + no training group, but these
differences failed to achieve statistical significance. In the two
groups receiving testosterone, fat mass tended to decrease in all
regions, but this achieved statistical significance for only the
legs (averaging approximately 5%); total fat mass decreased by
approximately 5%. Thus, the increase in body weight in the groups
receiving testosterone was the net result of an increase in lean
body mass coupled with a decrease in fat. There was a significant
correlation between the change in testosterone levels and the
change in lean body mass for the individuals in the nontraining
groups (placebo + no training and testosterone + no training)
(r = 0.52, p < 0.01) (Figure E3 in the online supplement).

In the two groups receiving placebo, the only significant body
composition change was an average 3% increase in leg lean
mass in the placebo + resistance training group. Thus, the leg
resistance training program was associated with a modest local
increase in muscle mass.

Local Muscle Strength and Whole-body Exercise Endurance

Table 4 presents the preintervention and postintervention values
for each study group for measures of quadriceps strength and

Weight Change (kg)

-2 T T T T T T T T T T T T

pre 1 2 3 4 5 6 7 8 9
Weeks

10 post

Figure 2. Time course of average body weight change with respect to pre-
intervention values in the four study groups. Closed circles = placebo +
no training. Open circles = testosterone + no training. Closed triangles =
placebo + resistance training. Open triangles = testosterone + resistance
training. Groups receiving testosterone supplementation but not groups
receiving placebo experienced a steady gain of weight over the course
of the intervention.
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TABLE 3. BODY COMPOSITION (IN KG) RESPONSES TO THE INTERVENTIONS (MEAN = SD)

Placebo + No Training

Testosterone + No Training

Placebo + Resistance Training

Testosterone + Resistance Training

Before After Before After Before After Before After
Arm fat 2.88 = 1.00 2.62 = 0.92 273 £ 1.11 2.63 = 1.04 3.33 £ 2.20 3.01 = 2.13 3.40 = 2.32 3.11 = 215
Arm lean 6.32 = 0.92 6.19 = 1.05 6.96 = 1.23 7.36* £ 1.27 6.66 = 1.37 6.51 = 1.43 6.73 = 1.25 7.23* £ 1.72
Trunk fat 12.78 = 4.41 13.12 = 4.51 13.27 = 5.33 12.72 = 5.24 13.47 = 6.98 13.58 = 7.76 15.92 = 9.61 15.25 +10.24
Trunk lean  26.38 + 3.23 26.49 + 2.54 27.68 * 4.04 28.50" + 4.15 27.82 + 4.48 27.67 * 4.54 28.12 + 518 29.50* = 5.12
Leg fat 7.48 + 2.99 7.32 + 2.87 7.76 £ 2.77 7.39* £ 2.76 6.76 = 2.71 6.83 = 2.78 8.04 = 3.90 7.59* + 4.07
Leg lean 16.31 = 2.97 16.12 = 2.93 17.40 = 3.35 18.47+ + 3.47 16.46 = 2.59 16.95 + 2.88 17.48 = 3.48 18.89* + 3.80
Total fat 23.14 + 7.86 23.06 + 7.71 23.76 + 8.97 22.75* + 8.69 23.56 = 11.43 2343 £1218 2736 = 1548 2595**+16.14
Total lean 49.01 + 6.88 48.80 * 6.27 52.04 + 8.26 54.34* + 8.47 50.94 = 8.24 51.14 = 8.53 52.33 +£9.48 55.62* £10.10
% Fat 30.60 = 7.41 30.58 = 6.94 29.53 + 6.68 27.76" = 6.07 29.48 + 6.95 28.83 £7.78 31.35 = 10.08  28.39* =10.36

* Response to intervention significantly different from nontestosterone groups.

 Response to intervention significantly different from placebo + strength training group.

# Response to intervention significantly different from placebo + no training group.

fatigability, respiratory muscle strength, and whole-body exer-
cise endurance in cardiopulmonary exercise testing. There were
no significant differences among groups for any of these variables
at initial testing. Maximum inspiratory pressure was reduced,
averaging approximately 62% of predicted (22), indicating inspi-
ratory muscle weakness. Peak oxygen uptake in the incremental
exercise test averaged 56% of predicted (18), indicating substan-
tial endurance exercise intolerance.

Figure 4 plots the change in response to the interventions of
two measures of quadriceps function. One repetition maximum
did not increase significantly in the control (placebo + no train-
ing group) but increased in the testosterone + no training, pla-
cebo + resistance training, and testosterone + resistance training
groups by an average of 17%, 17%, and 27 %, respectively. Simi-
larly, leg press repetitions to failure at 80 % of the preintervention
one-repetition maximum, a measure of quadriceps fatigability,
increased significantly with respect to the control group in the
three groups receiving active treatment by an average of 17%,
45%, and 81%, respectively. Thus, leg press strength and fatiga-
bility increased significantly with each of the two interventions.
In the group receiving the combined intervention, the increase
in both measures was significantly greater than in the testoster-
one + no training group and tended to be greater than seen in
the placebo + strength training group. Among all subjects stud-
ied, there was a significant correlation between the change in
lean leg mass and the percentage increase in one repetition
maximum leg press (r = 0.46, p < 0.005) (Figure E4 in the online
supplement). In contrast to the measures of leg strength, peak
inspiratory pressure, a measure of inspiratory muscle strength,
did not increase in any of the study groups.

Measurements obtained during cardiopulmonary exercise
testing derived from preintervention and postintervention incre-
mental and constant work rate cardiopulmonary exercise testing
are presented in Table 4. No significant changes with respect to
the control group were seen in any of these measures in the
testosterone + no training or the placebo + resistance training
groups, with the exception of a mild decrease in peak work
rate in the testosterone + no training group. In the combined
intervention group, however, small but statistically significant
increases were seen in peak oxygen uptake, peak work rate, and
lactic acidosis threshold (averaging 6%, 6%, and 4%, respectively)
in the incremental exercise test; the increase in the duration of
the constant work rate test just failed to achieve significance (over-
all analysis of variance, p = 0.064).

Safety Measures

Table E3 in the online supplement presents the average preinter-
vention and postintervention values for each of the four study

groups for hemoglobin, serum creatinine, liver enzymes (alanine
aminotransferase, aspartate aminotransferase, and -y-glutamyl-
transpeptidase), alkaline phosphatase, prostate specific antigen,
cholesterol, and high-density lipoprotein cholesterol. There were
no significant differences among groups for any of these mea-
sures at baseline. With the exception of hemoglobin, the in-
terventions engendered no significant changes in any of these
variables in any of the study groups. In the testosterone + no
training and the testosterone + resistance training groups, the
average hemoglobin level increased by 0.98 = 0.96 and 0.97 =
0.88 g/dl (i.e., roughly 7%). In only one subject did hemoglobin
exceed 18 g/dl (this occurred at the end of the intervention
period; the hemoglobin level decreased during postintervention
observation).

DISCUSSION

Our results show that replacement doses of testosterone increase
lean body mass and strength in men with severe COPD and
low testosterone levels; strength improvement is amplified by
concomitant resistance training. This is the first demonstration
that strength increases accompany androgenic steroid supple-
mentation in COPD and raises the possibility that testosterone
supplementation may be appropriate therapy in conjunction with
rehabilitative programs for patients with muscle weakness. How-
ever, further research is needed to assess long-term benefits and
to search for adverse effects in a larger patient sample before
firm recommendations can be made.

Muscle weakness is common in patients with advanced COPD
(28-30). Muscle mass is reduced not only in underweight, but
in normal or overweight patients, as well. Weakness and reduced
muscle mass correlate with decreased functionality and quality of
life (29, 31). Leg muscle biopsy has shown marked abnormalities
compared with age-matched healthy control subjects, including
low aerobic enzyme levels (32, 33), capillary density, type I fiber
fraction, and fiber cross-sectional area (34). The mechanism of
COPD muscle dysfunction is likely multifactorial (2, 35, 36).
Deconditioning, malnutrition, corticosteroid myopathy (37, 38),
muscle inflammation (39), and perhaps a COPD-specific myopa-
thy may be involved.

An additional mechanism of poor muscle function in COPD
relates to circulating levels of hormones anabolic to skeletal
muscle. Both growth hormone and the androgenic steroids stim-
ulate muscle growth. In men, testosterone levels decline with
age (40, 41). This decline has been linked to sexual dysfunction
(42), osteopenia (43), memory loss (44), as well as muscle weak-
ness and atrophy (45). Evidence is accumulating that testoster-
one levels are low in men with COPD (46, 47); hypothesized



Casaburi, Bhasin, Cosentino, et al.: Testosterone and Resistance Training

*

B2

S
wn

Mass (kg)

1

A Lean Arm

A Lean Trunk
Mass (kg)
i

*

A Lean Leg
Mass (ka)

A Lean Body
Mass (kg)
0 = N oW

)
2 * l

Placebo

A Fat Mass (kg)
L o

|
'__|:

Testosterone Placebo Testosterone

No Training Strength Training

Figure 3. Regional and total body composition changes resulting from
the interventions in the four study groups determined by dual-emission
X-ray absorptiometry. Study groups are presented as in Figure 1. The
regional (arm, trunk, lean, and total) lean mass increases in the groups
receiving testosterone supplementation. In the group undergoing a
resistance training program targeting the legs, but not receiving testos-
terone supplementation, lean mass increases only in the legs. Total fat
mass decreases in both groups receiving testosterone. *Response to
intervention significantly different from nontestosterone groups. 'Re-
sponse to intervention significantly different from placebo + resistance
training group. *Response to intervention significantly different from
placebo + no training group.

mechanisms include chronic hypoxia (48, 49), corticosteroid ther-
apy (50), and chronic illness (51).

That testosterone supplementation increases muscle mass
and strength in healthy men was firmly established by a study
with a design similar to this study. Supraphysiologic testosterone
supplementation for 10 weeks yielded 5% muscle mass and 13%
one-repetition maximum squat exercise increase; these gains
were additive to those of resistance training (7). More recently,
61 men were randomized to receive one of five testosterone
doses for 20 weeks (8). Both lean body mass and muscle strength
increased in proportion to the testosterone dose. The group
receiving the highest dose (600 mg/week) experienced a 7.9-kg
increase in lean mass and a 76.5-kg increase in one-repetition
maximum leg press strength.

Hypogonadal men increase muscle mass and strength when
testosterone replacement returns testosterone levels to the nor-
mal range (6). Accumulating evidence indicates that older men
with mildly low testosterone levels respond to testosterone sup-
plementation with increased muscle mass and strength (52, 53).
Recent studies demonstrate that replacement testosterone doses
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increase muscle mass and strength in men with human immuno-
deficiency virus wasting syndrome (54, 55).

Three studies of androgenic steroid supplementation in
COPD have been reported. Schols and colleagues (9) adminis-
tered nutritional supplementation with and without nandrolone
decanoate for 8 weeks to male and female patients with COPD.
Weight gain was approximately 1.5 kg in both groups, but weight
gain was mostly fat mass in the nutrition-alone group and mostly
lean mass in the nandrolone + nutrition group. No differences
were detected in maximum inspiratory pressure and 12-minute
walking distance between treatment groups. Ferreira and col-
leagues (10) studied underweight patients with COPD for 27
weeks; half received oral stanozolol and half placebo. The stano-
zolol group increased lean mass by 2.5 kg. Neither the stanozolol
group nor the placebo group increased maximum inspiratory
pressure, 6-minute walk distance, or peak oxygen uptake. Yeh
and colleagues (11) administered 4 months of oral oxandrolone
to underweight COPD men and women. Weight gain averaged
2.1 kg (predominately lean tissue). Neither maximum inspiratory
pressure nor 6-minute walk distance increased significantly.

The lack of improvement in functionality has tended to
temper enthusiasm for anabolic hormone supplementation in
COPD. However, previous studies used testosterone analogues
rather than testosterone itself. Doses of these analogues may
have been too low; testosterone supplementation allows di-
rect assessment of increase in circulating levels. These can be
compared with levels seen in healthy individuals. Furthermore,
functional outcomes chosen in previous studies were likely sub-
optimal. Maximum inspiratory pressure, an index of respira-
tory muscle strength, is very effort and motivation dependent.
Walking distance and peak oxygen uptake are measures of
whole-body exercise endurance. Testosterone supplementation
has repeatedly failed to improve whole-body endurance exer-
cise performance in healthy young subjects (56). We recently
reported responses of vastus lateralis muscle structure and bio-
chemistry (assessed by needle biopsy) to testosterone supple-
mentation in young men (5). Testosterone induced increases in
muscle fiber size, but not capillarity density. These features are
similar to resistance training, but markedly different from endur-
ance training where increased capillarity enhances muscle oxy-
gen delivery (1).

In this study, we compared the effects of testosterone given
in replacement doses to a rigorous program of resistance training.
We chose to include normal as well as underweight subjects,
as low muscle strength is seen in both groups. Leg press one-
repetition maximum values averaged 46% of values obtained in
healthy young men using an identical apparatus (57). Participants
manifested low testosterone levels that, in most cases, were likely
a result of both inadequate testicular function and inadequate
pituitary gonadotropin secretion (Figure E1). Testosterone sup-
plementation yielded nadir circulating levels in the normal range
for healthy young men (Figure 1). Pituitary secretion of luteiniz-
ing hormone and follicle-stimulating hormone was inhibited at
this dose. Circulating levels of insulin-like growth factor-1 were
not altered, although it has been demonstrated that testosterone
supplementation upregulates intramuscular insulin-like growth
factor-1 gene expression (52, 58). Although the range of inflam-
matory mediators that we assayed does not constitute a compre-
hensive battery, as a group, these subjects manifested evidence
of amild inflammatory state consistent with the findings of Schols
and colleagues (59) and Takabatake and colleagues (60), but
not with the findings of DiFrancia and colleagues (61) who found
dramatically elevated tumor necrosis factor-a levels in under-
weight patients with COPD.

Testosterone supplementation produced lean body mass in-
creases detectable in all body regions. The 2.3-kg lean mass
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TABLE 4. QUADRICEPS STRENGTH AND FATIGABILITY, RESPIRATORY MUSCLE STRENGTH, AND CARDIOPULMONARY EXERCISE

TEST RESPONSES BEFORE AND AFTER THE INTERVENTIONS (MEAN =

SD)

Placebo + No Training

Testosterone + No Training

Placebo + Resistance Training Testosterone + Resistance Training

Before After Before After Before After Before After

Leg press one-repetition maximum, kg 268 * 62 274 + 66 264 = 89 296* = 73 296 = 96 344* £ 98 270 = 141 329t + 167
Leg press fatigue, repetitions 147 36 14475 142=*63 16.5* + 7.2 155119 225* 6.4 12.6 = 3.6 23.6" = 10.8
Maximum inspiratory pressure, cm H,O 68.5 = 19.0 68.5 = 16.7 76.4 +24.0 834 *+20.5 758 +30.3 80.8*358 69.5*194 67.7 = 24.4
Peak oxygen uptake, L/min 110 =040 1.04 £0.35 1.15*x0.38 1.05*0.37 113x039 1.14*036 1.10=0.32 1.16" = 0.39
Peak work rate, W 66.8 + 346 70.0*328 772 *268 709*+ 284 828 +420 825+ 38.1 73.4 = 30.2 77.6* = 30.8
Lactic acidosis threshold, L/min 1.00 = 0.19 0.96 +0.28 0.87 £0.25 0.88+0.32 1.03*+027 098*0.28 0.82=*0.25 0.85* + 0.25
Constant work rate duration, min 49 +20 48 1.9 5.0+ 0.9 53+24 8.0 +49 6.8 + 4.1 6.3 +20 8.7 +54

* Response to intervention significantly different from placebo + no training group.

T Response to intervention significantly different from nontraining groups.

# Response to intervention significantly different from testosterone + no training group.

increase in the testosterone + no training group and 3.3 kg in
the testosterone + resistance training group is greater than seen
in previous androgenic steroid studies in COPD (9-11). This
increase is somewhat smaller than seen in a study of similar
design performed in healthy young subjects (3.2 and 6.1 kg,
respectively), but testosterone dose was sixfold higher (7). Mus-
cle dysfunction in COPD apparently does not render muscle
unresponsive to the hypertrophic effects of testosterone supple-
mentation. Because the dose-response curve for testosterone
supplementation is essentially linear through doses much higher
than used in this study (9), doses of testosterone enanthate higher
than 100 mg/week might yield larger increases in lean body mass
(albeit at increased adverse effect risk). Body fat mass decreased
by approximately 5% (1.2 kg) in subjects receiving testosterone
supplementation, consistent with testosterone’s known lipolytic
effects (62).

+ .
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Figure 4. Percentage changes in one-repetition maximum (1RM) of the
leg press (a measure of leg extension strength) and in the number of
repetitions of the leg press exercise tolerated at a weight equal to 80%
of the subject’s preintervention one-repetition maximum (a measure
of the fatigability of the leg extensors) in the four study groups. Study
groups are presented as in Figure 1. Both resistance training and testos-
terone supplementation increase both leg strength and repetitions to
fatigue; the combined intervention tends to yield increases greater than
either intervention alone. *Response to intervention significantly differ-
ent from nontraining groups. * Response to intervention significantly
different from placebo + no training group.

Testosterone supplementation produced increased leg exten-
sor strength, muscles important for everyday functional activities
(e.g., rising from a chair, maintaining balance). Resistance to
fatigue of this muscle group was also enhanced. However, as
anticipated (mentioned previously here), whole-body exercise
endurance was not enhanced (Table 4). Furthermore, maximum
inspiratory pressure was not significantly increased. It is conceiv-
able that variability in this measurement caused us to miss a
modest effect; alternately, the respiratory muscles may be rela-
tively “well trained” in COPD and have limited potential for
further strengthening.

Adverse effects of testosterone supplementation at this dose
and for this duration were not detected, suggesting that replace-
ment doses can be safely administered in carefully screened and
monitored patients. At substantially higher doses, reductions in
high-density lipoprotein cholesterol (7, 8) are seen. Personality
changes (“steroid rage”) are only seen at very high doses (63).
Liver function test abnormalities have been observed almost
exclusively with high doses of orally administered 17-alkylated
steroids (11). There is agreement that testosterone does not
cause prostate cancer; however, many older men harbor micro-
scopic foci of cancer that remain subclinical. We do not know
whether testosterone replacement causes these subclinical can-
cer foci to become clinically overt, although a long duration
failed to show this (64). Testosterone replacement of healthy,
hypogonadal men is associated with a small increase in serum
prostate-specific antigen level. As seen in this study, modest
hematocrit increases (mediated by stimulation of erythropoietin
secretion) are seen with testosterone supplementation (7, 8),
although overt polycythemia is rare (65).

There is growing appreciation that resistance training has an
important role in rehabilitative COPD therapy. Several studies
have demonstrated that muscle strength can be improved by
resistance training (66). In the placebo + resistance training
group in this study, muscle mass increase was limited to the
trained limbs (the legs) and tended to be lower than seen in the
testosterone + no training group (Figure 3). In contrast, strength
increase was similar in the group receiving resistance training
and the group receiving testosterone (Figure 4). These findings
are consistent with our study in healthy young men demonstra-
ting that specific tension (strength per muscle cross-sectional
area) was increased by resistance training but not testosterone
administration (57).

The combined intervention (testosterone + resistance train-
ing) tended to yield superior muscle mass and strength gains
than either intervention alone. A statistically significant in-
crease in whole-body exercise endurance in the incremental ex-
ercise test was detected (Table 4), but it is doubtful whether the
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magnitude was clinically important. Clearly, endurance exercise
programs yield superior endurance benefits (67, 68) and are the
preferred way to induce whole-body exercise endurance gains.

In summary, administering replacement testosterone doses
for 10 weeks increased lean body mass and leg muscle strength
in men with moderate to severe COPD and low testosterone
levels. Resistance training of the legs yielded similar benefits
and the combination tended to be additive. These interventions
may be appropriate for inclusion in rehabilitative programs for
carefully screened men with COPD. Because low muscle mass
is a predictor of mortality in COPD (69), effects of these anabolic
interventions on survival should be investigated. Further re-
search is needed to confirm the safety of testosterone supplemen-
tation in COPD and to see whether higher doses or long-term
treatment can be recommended. Another priority will be to
conduct studies in women with COPD to determine whether
gains in muscle mass and strength can be realized at testosterone
doses not yielding unacceptable virilizing side effects.
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