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ABSTRACT
Exercise training increases exercise capacity of maintenance hemodialysis patients, but the cellular
mechanisms responsible for this effect are unclear. We studied the effects of different forms of exercise
training (endurance, strength, or a combination where patients underwent about one-half each of the
endurance and strength training of the first two groups) on mRNA levels of genes in muscle that may
contribute to increased exercise capacity. Before exercise training, muscle mRNA of insulin-like growth
factor (IGF)-IEa, IGF-I receptor, IGF-II, IGF-binding protein (IGFBP)-2, and IGFBP-3 were lower in
hemodialysis patients than normal controls. After approximately 21 weeks of exercise training, muscle
mRNA increased significantly for all of these genes, as well as for IGF-IEc. Muscle mRNA for myostatin,
a protein that inhibits skeletal muscle protein synthesis and muscle hypertrophy, decreased. The
responses of mRNA to the different types of exercise training generally showed similar significant
changes or trends. Muscle IGF-I protein also increased with exercise. Anthropometry, but not dual
energy x-ray absorptiometry or bioelectrical impedance, showed a decrease in body fat and an increase
in fat-free mass. In conclusion, exercise training in hemodialysis patients induces changes in skeletal
muscle mRNA and increases muscle IGF-I protein, which may promote protein anabolism.
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Maintenance hemodialysis (MHD) patients fre-
quently describe malaise and display muscle weak-
ness, sarcopenia, and intolerance to all but the
mildest forms of exercise.1– 6 These factors can con-
tribute to the impaired rehabilitation and con-
stricted lifestyle and quality of life of these individ-
uals.1,3–5 Many studies indicate that exercise
training by MHD patients improves their exercise
capacity.1– 6 In healthy humans and mammals, im-
provement in exercise capacity is associated with
the expression in skeletal muscle of many proteins,
including those involved with increased enzyme ac-
tivity and myosin heavy chains.7–10 There are in-
creased quantities of growth factor proteins that
promote synthesis or suppress degradation of pro-
teins. There are almost no studies concerning the

cellular mechanisms that are responsible for im-
proved exercise capacity in exercising MHD pa-
tients.

This study was undertaken in MHD patients to
examine, in right vastus lateralis muscle, the effects
of various types of exercise training on mRNA levels
for various growth factors that stimulate or sup-
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press protein synthesis or inhibit protein degradation. Normal
sedentary adults served as control subjects.

RESULTS

Eighty MHD patients completed baseline testing, including a
muscle biopsy, and then underwent randomization to one of
the four groups: Endurance training (ET), strength training
(ST), endurance plus strength training (EST) or no training
(NT). Seventeen patients (six ET, two ST, five EST, and four
NT) dropped out because of illness, noncompliance, moving
away, or possibly reluctance to undergo another muscle bi-
opsy. Of these, two ET, one ST, and three EST patients dropped
out before (five patients) or only after 1 wk of exercise training.
As a result of a laboratory accident, one or more of the muscle
biopsy specimens from 12 patients were destroyed. This left
data from 51 patients who completed the study.

Characteristics of the 51 MHD patients and 20 normal con-
trol subjects are shown in Tables 1 and 2. MHD patients exer-
cised for 21.5 � 0.7 wk. No patient had insulin-dependent
diabetes. The normal individuals had normal serum creatinine
levels, and none had a history of kidney disease or hyperten-
sion. Mean age and serum albumin were similar in the two
groups; hemoglobin and hematocrit were only slightly lower in
the MHD patients, which probably reflects the effects of eryth-
ropoietin treatment.

During the course of exercise training, the ET patients in-
creased the duration of their ET exercises from 18 � 1 to 35 �
3 min, an increase of 96%. Mean change in work rate was 16 �
9 W (35% increase). The product of these data provides a mea-
sure of the total work completed. At baseline (week 1 of train-
ing), these individuals completed 155 � 28 kJ of work. At the
end of training, defined as the last week completed, these indi-
viduals completed 330 � 73 kJ work, an improvement of 113%
in leg-cycling work. The ST patients increased the total weight
lifted per week from 4001 � 660 kg at week 1 to 15,463 � 2073
kg during the last week of training for a 286% increase in total
training volume (kg lifted per repetition � repetitions � sets).
By comparison, the EST patients, between the first and last
week of training, increased the duration of their ET exercises
from 10 � 0 to 18 � 2 min (80%), the work rate from 42 � 12
to 72 � 16 watts (71%), and the total work from 103 � 53 to
245 � 63 kJ (138%). These individuals also increased the total
weight lifted from 2976 � 1069 kg during week 1 to 7423 �
1607 kg during the final week, a 149% rise. It should be noted
that these data are based on sample sizes of six, seven, and five
individuals for the ET, ST, and EST groups, respectively. Re-
gretfully, training data files of other patients are not available.

Serum C-reactive protein (CRP), TNF-�, and IL-6 concen-
trations in the MHD patients did not change with exercise
training or in the NT group (Table 2). Serum CRP and IL-6,
obtained from all four pre-exercise MHD groups combined,
did not differ from the initially obtained normal values. Pre-
exercise serum TNF-� was significantly greater than normal Ta
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(P � 0.001). Dietary energy and protein intakes, before exer-
cise, expressed in kcal/d or g/d or kcal/kg per d or g/kg per d,
were significantly lower for the four groups combined (P �
0.05 to 0.01; Table 2) except for protein intake, expressed in
g/kg per d. Dietary energy or protein intakes did not change
with exercise training in any group or in the three exercising
groups combined.

Skeletal muscle IGF-IEa mRNA in the four groups of MHD
patients, before the onset of exercise training, was significantly
lower than in the normal control subjects (Table 3). With ex-
ercise training, muscle IGF-IEa mRNA tended to increase in all
groups of MHD patients, and this increase was significant in
the ST and EST groups and in all three exercising MHD groups
combined (Table 3). Skeletal muscle IGF-IEc mRNA also
tended to be lower than normal in the MHD groups, although
these values were not significantly different (Table 3). With
exercise training, IGF- IEc tended to increase in all three
groups, and this increase was significant in the EST group and
in all three exercising groups combined (Table 3). The IGF-I
receptor (IGF-IR) mRNA before exercise training in the four
MHD groups combined was significantly lower than in the
normal group. By the end of exercising, IGF-IR mRNA in-
creased significantly in the three exercising groups combined.

IGF-II mRNA in the MHD patients before exercise training
was significantly lower than the normal values (Table 3). By the
end of exercise training, IGF-II mRNA had risen significantly
in the EST group as well as in the three exercising groups com-
bined. Before starting exercise training, IGF-IIR mRNA was
not different from normal in the combined four groups of
MHD patients. IGF-IIR mRNA did not change significantly
with exercise training in any group. At the end of training,
IGF-IIR levels were not different from normal in any group.

IGF binding protein-2 (IGFBP-2) mRNA in the MHD pa-
tients, before commencing exercising, was lower than normal
(Table 3). With exercise training, IGFBP-2 mRNA increased
significantly only in the ET group and in all exercising groups
combined. IGFBP-3 mRNA in the MHD patients, before exer-
cising, was not significantly lower than normal values. With
exercise training, IGFBP-3 mRNA rose significantly in the
three groups of exercising patients combined.

Before commencement of exercise training, there were no
significant differences in the myostatin mRNA levels between
the four groups of MHD patients combined and the normal
control subjects (Table 3). After exercise training, there was
some decrease in myostatin mRNA in each of the three exer-
cising groups (ET 22%; ST 23%; EST 39%) and some increase
in the NT group (29%). This decrease was statistically signifi-
cant (P � 0.05) for all three groups combined. The fall in
myostatin mRNA in the ET, ST, and EST groups combined was
also significantly different from the change in the NT group
(P � 0.05).

In the 29 MHD patients who had mid-training muscle bi-
opsies, mRNA was also assayed for IGF-IEa, IGF-IEc, IGF-IR,
IGF-II, IGF-IIR, IGFBP-2, IGFBP-3, and myostatin. In gen-
eral, the same changes in mRNA levels present in the finalTa
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muscle specimens were already present as trends in the mid-
training biopsies (data shown only in Figure 1). By coinci-
dence, the mean IGF-IEc values in the patients who underwent
three muscle biopsies tended to be greater than in the patients
who underwent two biopsies. We are unable to identify a cause
for this discrepancy (e.g., there were no differences between the
two groups with regard to age, gender, presence or absence of
diabetes, or proportions of patients undergoing each type of
exercise intervention).

Serum IGF-I concentrations before exercise training were
not different than in the normal group (Table 4). Serum IGF-I
did not change significantly during exercise in any of the exer-
cise training groups. Before exercise training, serum IGF-II was

significantly greater than normal values in all four groups of
MHD patients combined. Serum IGF-II levels did not change
in any group after exercise training. Muscle IGF-I was greater
than normal in the four groups of MHD patients combined
(Table 4). Muscle IGF-I rose significantly with exercise train-
ing in the ET and ST groups and in the three exercising groups
combined and by a borderline level of significance (P � 0.07)
in the EST group (Table 4). Muscle IGF-II did not differ from
the normal values in the MHD patients, before training, and
did not change in any group of MHD patients during the study.

Possible gender differences in the response of the gene tran-
scripts to exercise were examined. When all three groups of
exercising MHD patients combined were analyzed together,

Table 3. Effect of various of exercise regimens on mRNA levels of various growth factors at baseline and at the end of
exercise traininga

mRNA
ET

(n � 10)
ST

(n � 15)
EST

(n � 12)
NT

(n � 14)
ET � ST � EST

(n � 37)

Normal Control
Subjects
(n � 20)

Before IGF-IEa �104 16.4 � 3.3 17.5 � 2.4 14.9 � 2.9 18.5 � 3.1 16.3 � 1.6 23.2 � 2.0b

End IGF-IEa 23.6 � 4.7 28.1 � 4.7c 30.1 � 5.5d 20.8 � 3.4 27.6 � 2.8e 27.9 � 2.6
Before IGF-IEc �105f 3.3 (1.7, 8.4) 5.0 (2.8, 10.0) 3.8 (2.2, 4.8) 5.6 (3.3, 10.7) 4.2 (1.9, 6.9) 5.7 (3.6, 13.4)
End IGF-IEc 8.5 (5.3, 26.4) 8.4 (3.8, 20.4) 9.9 (6.8, 25.0)d 6.5 (3.0, 18.0) 8.6 (4.5, 22.4)e 9.2 (5.1, 19.3)
Before IGF-IR �104 8.3 � 1.4 10.8 � 1.1 9.7 � 1.4 12.4 � 1.3 9.8 � 0.7 14.4 � 1.4g

End IGF-IR 8.9 � 1.4 12.5 � 1.5 13.8 � 1.3 11.0 � 1.6 11.9 � 0.9c 14.8 � 0.8
Before IGF-II �103 6.7 � 1.8 8.3 � 1.4 7.5 � 1.5 8.9 � 1.9 7.6 � 0.9 12.9 � 1.6g

End IGF-II 13.9 � 4.7 13.9 � 3.2 16.0 � 3.1c 10.4 � 1.8 14.6 � 2.0e 13.8 � 1.6
Before IGF-IIR �102 2.0 � 0.2 2.8 � 0.3 2.5 � 0.5 2.8 � 0.3 2.5 � 0.2 3.0 � 0.3
End IGF-IIR 2.5 � 0.4 3.0 � 0.3 3.5 � 0.5 3.0 � 0.3 3.0 � 0.2 3.1 � 0.3
Before IGFBP-2 �102 2.2 � 0.6 3.1 � 0.6 3.2 � 0.7 3.0 � 0.5 2.9 � 0.4 4.4 � 0.5b

End IGFBP-2 5.1 � 1.8c 4.8 � 1.0 5.3 � 1.1 2.9 � 0.5 5.1 � 0.7d 4.4 � 0.5
Before IGFBP-3 �104 13.9 � 2.5 16.8 � 2.1 20.2 � 3.8 19.7 � 2.7 17.1 � 1.6 21.6 � 2.1
End IGFBP-3 18.4 � 2.1 23.8 � 3.7 25.1 � 3.9 18.1 � 2.2 22.7 � 2.0c 24.3 � 2.8
Before myostatin �104 22.3 � 4.4 19.4 � 4.7 18.8 � 3.7 15.0 � 3.6 19.1 � 2.3 18.4 � 1.5
End myostatin 17.4 � 4.4 15.0 � 3.3 11.5 � 2.4 19.4 � 3.6 13.8 � 1.7c 20.9 � 1.7
aData are means � SEM unless otherwise stated. ET, ST, and EST patients had muscle biopsies before commencing exercise training and the day after the last
exercise training day. NT patients had biopsies separated by the same interval of time but with no exercise training carried out between the initial and final
biopsies. Normal control subjects did not undergo exercise training and had two biopsies separated by an interval of 9.6 � 0.2 wk.
Significantly different from the corresponding pre-exercise (before) values: cP � 0.05, dP � 0.01, eP � 0.001.
Significantly different from the corresponding pre-exercise values in the four groups of MHD patients combined: bP � 0.05, gP � 0.01.
fOnly the distribution of IGF-IEc values was not parametric. This was observed before exercise training in the ET and normal groups and at end of training in
the ET, EST, and NT groups. Hence, the median values and 25th and 75th percentiles for IGF-IEc are shown for all groups.

Figure 1. Time course of IGF-IEc mRNA levels (A) and IGF-II mRNA levels (B) in right vastus lateralis muscle of MHD patients
undergoing various types of exercise training or no exercise training. Lines indicate mean values for each group of MHD patients.
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the men, as compared with women, displayed a significantly
greater increase in muscle mRNA for IGF-IEc and IGFBP-3
(P � 0.05 for each comparison) during exercise training. The
changes in the muscle gene transcripts for IGF-IEa, IGF-IR,
IGF-II, and IGFBP-2, although not statistically significant in
the men versus the women, tended to be greater in the men,
whereas the fall in mRNA for the antigrowth factor myostatin,
which again was not statistically significant in men versus
women, tended to be substantially greater in women. There
was a trend in the NT female MHD patients for the mRNA
levels to increase more between the first and last muscle biop-
sies for IGF-IEa, IGF-II, and myostatin. IGF-IR mRNA in-
creased to a statistically significantly greater degree (P � 0.05)
in the NT female versus male MHD patients. IGFBP-3 mRNA
tended to fall more in these NT women.

No MHD patient or normal individual manifested edema.
There were no significant differences in the pre-exercise an-
thropometric measurements in the four MHD patients com-
bined versus the normal control subjects when the two genders
were considered together. In the male patients considered sep-
arately, the same anthropometric similarities and differences
were found except for a lower proximal thigh muscle area in
the four MHD groups combined at baseline (187.7 � 7.5 cm2)
as compared with the normal men (215.3 � 11.2 cm2; P �
0.044). The number of female patients studied was considered
to be too small for separate statistical comparisons. After exer-
cise training, there was a significant decrease in triceps and
subscapular skinfold thicknesses in all three exercise groups
combined (Table 5). Most striking, after exercise, anthropom-
etry-derived percentage of body fat and total body fat de-
creased and fat-free mass (FFM) increased significantly in all
exercising patients combined.

The dual-energy x-ray absorptiometry (DEXA) measure-

ments showed that in the total group of MHD patients at base-
line, there was a decrease in FFM and total mass in the left leg,
right leg, and both legs combined and in bone mineral concen-
tration as compared with the normal control subjects (Table
6). With exercise training in the three exercising MHD groups
combined, there was a significant decrease in bone mineral
concentration (Table 6). Bioelectrical impedance measure-
ments showed no difference in total body FFM or fat mass in
the combined four groups of MHD patients, before exercise, as
compared with the normal values (Table 7). There also was no
change in total body FFM or fat mass, expressed as kilograms of
weight or as percentage of total body mass, between the pre-
and end of study measurements in the ET, ST, EST, or NT
groups or in the three exercising groups combined (Table 7).

When the 43 MHD patients who did not have diabetes were
analyzed separately, the identical muscle mRNA, before exer-
cise training, were found to be significantly different from the
control subjects, as was observed for the entire group of 51
MHD patients with and without diabetes. Eight MHD patients
had non–insulin-dependent diabetes; they all were assigned to
one of the three exercising groups. In general, they showed the
same trends in mRNA levels as the MHD patients without
diabetes, except that the patients with diabetes, in comparison
with normal individuals (none of whom had diabetes), had
significantly lower pre-exercise IGF-IIR and myostatin mRNA
and higher postexercise IGF-IEc mRNA. In the MHD patients
with diabetes as compared with the MHD patients without
diabetes, muscle IGF-II mRNA before exercise training was
higher (13.4 � 1.7 versus 6.9 � 0.8; P � 0.003) and myostatin
mRNA was lower (median [25th and 75th percentiles] 8.2 [4.2,
12.2] versus 16.4 [7.5, 33.7]; P � 0.049). Muscle IGF-I peptide
concentrations in the MHD patients without and with diabe-
tes, before exercising, were 131.6 � 8.7 and 110.7 � 12.4 pg/mg

Table 4. Effect of various exercise regimens on serum and skeletal muscle protein levels of IGF-I and IGF-II at baseline and
at the end of exercise traininga

Protein
ET

(n � 10)
ST

(n � 15)
EST

(n � 12)
NT

(n � 14)
ET � ST � EST

(n � 37)

Normal
Control
Subjects
(n � 20)

Serum (ng/ml)
before IGF-I 197.7 � 39.8 248.6 � 25.5 251.9 � 26.3 233.4 � 23.8 235.9 � 17.1 198.4 � 14.4
end IGF-I 191.7 � 30.0 196.2 � 25.5 242.8 � 42.1 231.4 � 25.4 210.6 � 19.0 228.7 � 23.1
before IGF-II 912 � 98 1070 � 73 1192 � 93 1149 � 64 1067.1 � 51.5 812.7 � 47.2b

end IGF-II 987 � 91 1039 � 103 1073 � 92 1133 � 78 1036.9 � 57.5 708 � 42
Skeletal muscle

before IGF-I (pg/mg
wt wet wt)

117.9 � 24.7 115.1 � 14.0 125.8 � 9.7 152.0 � 17.1 119.3 � 8.0 95.1 � 6.5c

end IGF-I (pg/mg wt
wet wt)

167.6 � 17.1d 161.5 � 12.5d 166.2 � 15.2 145.4 � 17.4 164.7 � 8.0e 110.5 � 14.9

before IGF-II (ng/mg
wt wet wt)

8.0 � 0.4 7.4 � 0.4 8.0 � 0.5 8.2 � 0.4 7.8 � 0.2 7.7 � 0.3

end IGF-II (ng/mg wt
wet wt)

6.7 � 0.7 7.9 � 0.3 7.8 � 0.5 8.2 � 0.4 7.5 � 0.3 7.4 � 0.3

aData are means � SEM.
Significantly different from the corresponding pre-exercise values in the four groups of MHD patients combined: cP � 0.05, bP � 0.001.
Significantly different from the corresponding pre-exercise (before) values: dP � 0.05, eP � 0.001.
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wet muscle tissue, respectively (NS). There was no clear asso-
ciation between the results of the postexercise testing and the
frequency or duration of hospitalization, possibly because pa-
tients were required to continue to exercise train for a mini-
mum of 2 wk after their last hospitalization before undergoing
their final exercise testing.

DISCUSSION

This study indicates that in right vastus lateralis muscle of sed-
entary MHD patients, there were decreased mRNA levels for a
number of factors that may stimulate protein anabolism, sup-
press protein degradation, and promote accrual of protein. In
particular, the mRNA for IGF-IEa, IGF-IR, IGF-II, and
IGFBP-2 were decreased. Exercise training was associated with
an increase in muscle mRNA for many of these growth factors,
namely, IGF-IEa, IGF-IEc, IGF-IR, IGF-II, IGFBP-2, and
IGFBP-3. Moreover, myostatin mRNA fell significantly. As
might be expected, there was no change in the mRNA for any

growth factor in the NT patients. As a result of these gene
transcription changes, most of the mRNA levels were closer to
normal at the end of exercise training. The only exceptions
were IGFBP-2 mRNA, which after exercise training tended to
be greater than normal, and myostatin mRNA, which tended
to be less than normal. These findings indicate that in clinically
stable, sedentary MHD patients, long-term exercise training
induces a pattern of changes in gene transcription that would
be likely to promote protein synthesis and reduce protein deg-
radation.

Muscle IGF-I peptide was significantly increased whereas
muscle IGF-II protein was normal in the MHD patients before
they exercised. The significant further increase in muscle IGF-I
protein with exercise in the ET and ST groups and in the three
exercising groups combined (Table 4) is consistent with the
rise in the skeletal muscle mRNA levels for IGF-IEa and IGF-
IEc. These results provide further evidence that exercise train-
ing engenders an anabolic response in sedentary MHD pa-
tients. The absence of a rise in muscle IGF-II despite the rise in
IGF-II mRNA with exercising may reflect posttranscriptional

Table 5. Effect of various exercise regimens on anthropometry of MHD patients at baseline and at the end of exercise
traininga

Parameter
ET

(n � 10)
ST

(n � 15)
EST

(n � 12)
NT

(n � 14)
ET � ST � EST

(n � 37)

Normal Control
Subjects
(n � 20)

Before weight (kg) 76.2 � 5.0 75.2 � 7.8 71.4 � 4.8 66.1 � 3.8 74.2 � 3.7 72.5 � 2.7
End weight (kg) 74.8 � 4.3 75.8 � 7.8 71.0 � 4.9 67.7 � 4.0 74.0 � 3.6
Before relative body weight (%) 103.8 � 5.1 107.0 � 8.6 103.5 � 4.9 96.1 � 4.5 105.0 � 4.0 98.6 � 2.6
End relative body weight (%) 102.3 � 4.9 108.8 � 8.5 103.6 � 5.3 97.3 � 4.6 105.4 � 4.0
Before FFM (kg) 52.5 � 3.5 52.0 � 4.0 49.6 � 2.5 47.7 � 2.3 51.4 � 2.0 53.6 � 2.3
End FFM (kg) 53.1 � 2.9 52.7 � 3.8 51.6 � 3.1 48.6 � 2.2 52.4 � 1.9b

Before body fat (%) 30.8 � 2.3 28.5 � 2.5 29.4 � 2.7 27.0 � 2.2 29.4 � 1.4 26.2 � 1.4
End body fat (%) 28.4 � 2.8 28.0 � 2.4 26.6 � 2.5 27.0 � 2.3 27.7 � 1.4c

Before total body fat (kg) 23.7 � 2.5 23.1 � 4.3 21.8 � 3.2 18.4 � 2.1 22.8 � 2.1 18.9 � 1.2
End total body fat (kg) 21.7 � 2.8 23.1 � 4.7 19.4 � 2.9 19.1 � 2.4 21.5 � 2.1b

Before BMI (kg/m2) 26.9 � 1.9 28.7 � 2.5 26.2 � 1.5 24.9 � 1.1 27.4 � 1.2 24.9 � 0.6
End BMI (kg/m2) 26.6 � 1.8 27.7 � 2.5 26.0 � 1.5 25.1 � 1.2 26.9 � 1.2
Before waist-to-hip ratio 0.89 � 0.02 0.92 � 0.02 0.89 � 0.03 0.90 � 0.02 0.90 � 0.01 0.88 � 0.02
End waist-to-hip ratio 0.88 � 0.02 0.95 � 0.02 0.90 � 0.03 0.89 � 0.02 0.92 � 0.01
Before TSF (mm) 16.1 � 2.5 15.2 � 2.5 18.2 � 2.8 15.7 � 2.4 16.4 � 1.5 14.0 � 1.3
End TSF (mm) 15.6 � 3.2 13.7 � 2.5 14.5 � 2.7 15.1 � 2.3 14.5 � 1.6b

Before BSF (mm) 9.6 � 1.9 8.5 � 1.5 11.5 � 2.7 8.8 � 1.6 9.8 � 1.2 7.7 � 0.9
End BSF (mm) 8.3 � 1.8 9.4 � 2.2 9.0 � 1.7 8.5 � 1.7 8.9 � 1.1
Before SSSF (mm) 20.5 � 1.8 20.5 � 3.4 18.1 � 3.3 17.0 � 2.3 19.7 � 1.8 18.2 � 1.4
End SSSF (mm) 17.9 � 2.1 19.9 � 3.3 16.1 � 2.5 18.1 � 2.8 18.1 � 1.6b

Before mid-calf area (cm2) 81.8 � 5.6 81.1 � 7.8 83.1 � 4.2 79.5 � 4.4 81.9 � 3.7 87.4 � 3.3
End mid-calf area (cm2) 80.4 � 5.4 85.5 � 8.1 84.0 � 4.4 78.0 � 5.0 83.7 � 3.8
Before mid-arm MA (cm2) 67.2 � 6.3 58.5 � 7.2 53.9 � 4.9 52.4 � 3.1 59.4 � 3.7 59.2 � 3.3
End mid-arm MA (cm2) 66.7 � 4.8 60.9 � 7.0 59.8 � 5.6 56.3 � 3.5 62.1 � 3.6
Before proximal thigh MA (cm2) 200.9 � 18.5 182.2 � 11.5 207.7 � 20.9 183.1 � 8.8 195.9 � 9.6 206.2 � 10.0
End proximal thigh MA (cm2) 198.2 � 11.4 179.7 � 12.8 196.6 � 15.8 182.5 � 9.9 190.5 � 7.8
Before mid-thigh MA (cm2) 158.6 � 14.4 144.0 � 11.9 149.0 � 8.7 143.1 � 7.5 149.7 � 6.6 159.9 � 6.5
End mid-thigh MA (cm2) 157.6 � 11.0 148.7 � 14.5 158.3 � 10.1 144.5 � 8.1 154.4 � 7.1
aData are means � SEM. There were no significant differences for any outcome measure between the normal values and the pre-exercise measurements in the
four groups of MHD patients combined. BMI, body mass index; BSF, biceps skinfold thickness; MA, muscle area; SSSF, subscapular skinfold thickness; TSF,
triceps skinfold thickness.
Significantly different from the corresponding pre-exercise (Pre-Ex) values: bP � 0.05, cP � 0.01.
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or posttranslational factors. It is also possible that the IGF-II
protein levels rose transiently during exercise training and then
fell back to normal by the time of the biopsy.

Skeletal muscle IGF-I promotes skeletal muscle protein
synthesis and hypertrophy, preserves architecture, and sup-
presses protein degradation.11 It seems that circulating IGF-I
has little effect on muscle hypertrophy,12 and most skeletal

muscle IGF-I is synthesized in situ.13 In this regard, Nindl et
al.14 described a decrease in serum total IGF-I, ternary IGF-I
(IGF-I, IGFBP-3, and the acid labile substance), and the IGF-
I/IGFBP-3 ratio during resistance training in 10 maintenance
dialysis patients. In this study, serum IGF-I was normal and
serum IGF-II was elevated before exercising, and neither pep-
tide changed with exercise in our MHD patients (Table 4).

Table 6. Effect of various exercise regimens on DEXA of MHD patients at baseline and at the end of exercise traininga

Parameter
ET

(n � 10)
ST

(n � 13)b
EST

(n � 12)
NT

(n � 14)
ET � ST � EST

(n � 37)

Normal Control
Subjects
(n � 20)

Before BMC (kg) 2.37 � 0.12 2.12 � 0.10 2.07 � 0.17 2.14 � 0.09 2.17 � 0.08 2.46 � 0.16d

End BMC (kg) 2.33 � 0.11 2.09 � 0.10 2.06 � 0.17 2.12 � 0.08 2.15 � 0.08c

Before total fat (kg) 21.5 � 0.34 16.2 � 0.25 20.0 � 0.28 16.6 � 0.22 19.0 � 0.16 16.7 � 0.12
End total fat (kg) 20.7 � 0.34 16.4 � 0.26 19.3 � 0.32 17.8 � 0.24 18.6 � 0.17
Before total fat (%) 27.3 � 3.0 23.5 � 2.6 28.3 � 2.6 24.3 � 2.5 26.2 � 1.6 23.8 � 1.6
End total fat (%) 26.8 � 3.4 23.7 � 2.6 27.1 � 2.8 25.1 � 2.6 25.7 � 1.6
Before FFM (kg) 52.1 � 0.28 47.3 � 0.26 48.0 � 0.33 47.7 � 0.27 48.9 � 0.17 52.8 � 0.22
End FFM (kg) 51.4 � 0.27 47.7 � 0.27 48.5 � 0.32 48.4 � 0.26 49.1 � 0.16
Before left leg fat (kg) 3.42 � 0.7 2.30 � 0.3 3.07 � 0.4 2.55 � 0.3 2.88 � 0.3 2.69 � 0.2
End left leg fat (kg) 3.30 � 0.7 2.36 � 0.3 2.84 � 0.4 2.70 � 0.4 2.79 � 0.3
Before left leg FFM (kg) 7.96 � 0.4 6.96 � 0.5 7.45 � 0.5 7.17 � 0.4 7.41 � 0.3 8.34 � 0.4d

End left leg FFM (kg) 7.77 � 0.4 7.07 � 0.4 7.68 � 0.5 7.29 � 0.4 7.48 � 0.3
Before left leg total mass (kg) 11.82 � 0.9 9.62 � 0.6 10.88 � 0.7 10.10 � 0.6 10.68 � 0.4 11.50 � 0.5d

End left leg total mass (kg) 11.49 � 0.8 9.80 � 0.6 10.88 � 0.7 10.36 � 0.7 10.65 � 0.4
Before right leg fat (kg) 3.65 � 0.8 2.39 � 0.3 3.15 � 0.4 2.70 � 0.3 3.01 � 0.3 2.92 � 0.2
End right leg fat (kg) 3.43 � 0.7 2.48 � 0.3 3.0 � 0.5 2.81 � 0.4 2.93 � 0.3
Before right leg FFM (kg) 8.12 � 0.4 7.08 � 0.5d 7.64 � 0.5 7.38 � 0.5 7.57 � 0.3 8.53 � 0.4d

End right leg FFM (kg) 8.01 � 0.4 7.18 � 0.5 7.82 � 0.5 7.44 � 0.4 7.64 � 0.3
Before right leg total mass (kg) 12.22 � 1.0 9.84 � 0.6 11.16 � 0.7 10.43 � 0.7 10.97 � 0.5 11.92 � 0.5d

End right leg total mass (kg) 11.88 � 0.9 10.03 � 0.7 11.20 � 0.8 10.62 � 0.7 10.96 � 0.4
Before both legs fat (kg) 7.08 � 1.4 4.69 � 0.6 6.21 � 0.8 5.22 � 0.6 5.89 � 0.6 5.62 � 0.4
End both legs fat (kg) 6.73 � 1.4 4.85 � 0.6 5.85 � 0.9 5.51 � 0.8 5.73 � 0.6
Before both legs FFM (kg) 16.08 � 0.8 14.03 � 0.9 15.09 � 1.0 14.55 � 0.9 14.98 � 0.3 16.86 � 0.9d

End both legs FFM (kg) 15.78 � 0.8 14.25 � 0.9 15.49 � 1.0 14.72 � 0.9 15.11 � 0.5
Before both legs total mass (kg) 24.04 � 1.9 19.46 � 1.2 22.05 � 1.5 20.53 � 1.3 22.07 � 1.0 23.42 � 1.0d

End both legs total mass (kg) 23.37 � 1.7 19.83 � 1.2 22.07 � 1.5 20.98 � 1.4 21.61 � 0.8
aData are means � SEM. BMC, bone mineral concentration.
bData from two obese people are not available.
cSignificantly different from the corresponding pre-exercise (before) values: P � 0.05.
dSignificantly different from the corresponding pre-exercise values in the four groups of MHD patients combined: P � 0.05.

Table 7. Effect of various exercise regimens on bioelectrical impedance of MHD patients at baseline and at the end of
exercise traininga

Parameter
ET

(n � 10)
ST

(n � 15)
EST

(n � 12)
NT

(n � 14)
ET � ST �

EST(n � 37)

Normal Control
Subjects
(n � 20)

Before FFM (kg) 55.1 � 3.4 53.0 � 3.3 51.9 � 2.9 51.1 � 3.2 53.3 � 1.9 56.1 � 2.5
End FFM (kg) 53.3 � 3.2 53.1 � 3.5 52.1 � 3.0 51.7 � 3.2 52.8 � 1.9
Before FFM (%) 73.3 � 4.2 74.5 � 3.9 73.8 � 3.3 77.9 � 3.1 74.0 � 2.2 77.2 � 1.8
End FFM (%) 72.6 � 4.5 74.1 � 4.1 74.4 � 3.5 77.1 � 2.8 73.8 � 2.3
Before fat (kg) 21.2 � 4.3 22.2 � 6.2 19.5 � 3.9 15.0 � 2.5 21.0 � 3.0 16.4 � 1.2
End fat (kg) 21.2 � 4.4 22.7 � 6.1 19.0 � 4.2 16.0 � 2.4 21.1 � 3.0
Before fat (%) 26.7 � 4.2 25.5 � 3.9 26.2 � 3.3 22.1 � 3.1 26.0 � 2.2 22.8 � 1.8
End fat (%) 27.4 � 4.5 25.9 � 4.1 25.6 � 3.5 23.1 � 2.9 26.2 � 2.3
aData are means � SEM. There are no significant differences for any outcome measure between normal values and the corresponding baseline (before)
measurements in all four groups of MHD patients combined. There are no significant differences for any outcome measure between the pre- and postexercise
values in any group of exercising MHD patients or in the three groups of MHD patients combined.
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Similar to our findings, MacDonald et al.15 described normal
serum IGF-I and IGFBP-3 in 17 MHD patients; however, mus-
cle IGF-I was low in their patients, whereas we observed in-
creased muscle IGF-I that rose further with exercise (Table 4).
The low muscle IGF-I may have been due to the wasted state of
their patients, as indicated by anthropometry and body com-
position measurements, whereas our patients did not seem
wasted. This discrepancy might be explained by the fact that
our MHD patients were a more selected group of healthier
individuals because they were required to undergo exercise
training in our study.

Three isoforms of IGF-I are recognized in humans: IGF-
IEa, IGF-IEb, and IGF-IEc. These isoforms are generated by
splice variants of the IGF-I gene.16 IGF-IEa and IGF-IEc are
present in skeletal muscle, whereas IGF-IEb is found primarily
in liver and is also detected in muscle. These reductions in
mRNA for IGF-IEa, IGF-IR, and IGF-II may predispose to the
myofiber atrophy and sarcopenia that are described in MHD
patients17–19 and reduce their ability to remodel muscle pro-
tein. Although IGF-IEc mRNA was not significantly reduced in
the MHD patients, the same trend toward lower mRNA values
was observed for this growth factor as for IGF-IEa mRNA (Ta-
ble 3). IGF-IEc, also called mechanogrowth factor, is of special
interest for exercise training, because it may play a particularly
important role in promoting skeletal muscle physical capacity
and hypertrophy.20

Myostatin is inhibitory to skeletal muscle protein synthesis
and muscle hypertrophy.21 The finding that myostatin fell with
exercise training is again consistent with a protein synthetic
response to exercise training. These results are consistent with
the findings of Sun et al.,22 who described an increase in IGF-I
mRNA and a decrease in myostatin mRNA in plantaris muscle
of rats with chronic renal failure after the rats were subjected to
a chronically increased workload on that muscle.

The dietitian-performed anthropometry indicated that the
MHD patients who underwent exercise training experienced a
decrease in triceps and subscapular skinfold thicknesses, percent-
age of body fat, and total body fat mass and an increase in FFM
(Table 5). The DEXA and bioelectrical impedance studies showed
no changes in body composition, except for reduced bone min-
eral density with exercise training observed by DEXA. The reason
for this discrepancy is not known. Because DEXA is often consid-
ered a more reliable measure of body composition and because
the DEXA and bioelectrical impedance measurements were in
agreement, we conclude that there probably were no changes in
FFM or fat mass in these patients. Although no patient or normal
individual had evidence of edema, MHD patients cannot regulate
their water balance well; therefore, it is possible that undetected
increases or reductions in total body water may have obscured our
ability to detect the effects of exercise on muscle mass by DEXA or
bioelectrical impedance measurements.

The increase in skeletal muscle mRNA levels for growth
factors in our exercising MHD patients is similar to those
reported with exercising normal humans and various ani-
mals7–10; however, in normal humans and animals, the type of

training that they undergo (e.g., endurance versus strength)
influences the specific muscle mRNA levels that increase with
exercise,7–10 and skeletal muscle hypertrophy tends to occur
only with resistance training.7–10

These distinctions were not observed in our MHD patients.
After exercise training, there was a significant increase in
mRNA levels for one growth factor each with ET and ST and
with three growth factors for EST (Table 3). The mRNA that
increased with ET was for IGFBP-2, which might not be con-
sidered a growth factor. Moreover, in groups for which the
mRNA levels did not change significantly, the mean values for
mRNA usually moved in the same direction, as was found for
the significant changes in mRNA.

There are several possible explanations for the similar re-
sponses in all three groups of exercising MHD patients. First,
because of the severe degree of deconditioning and comorbid-
ity of the MHD patients, most patients were not able to exercise
vigorously; this may have obscured the ability of the various
exercise groups to develop different responses to exercising.
Second, the patients undergoing ST or EST might have shown
more muscle hypertrophy if their training had been based on a
high percentage of the maximum weight exertion performed
one time (1-RM) rather than the 5-RM, which reduced their
resistance load. We chose this lower resistance technique as a
safety measure to reduce the risk for tendon rupture and bone
fractures that have been reported in MHD patients who were
subjected to high-resistance loads.6,23,24 Also, for this latter rea-
son and because they were deconditioned and our focus was on
developing exercise capacity rather than muscle hypertrophy,
the ST and EST patients generally spent their first 8 wk per-
forming less intensive exercise training and increased the in-
tensity of their resistance training slowly. Our objective was
more focused on improving strength than muscle hypertrophy
per se; therefore, we did not use such techniques as multiple
sets of multiple exercises with a relatively short rest interval and
eight to 12 repetitions to muscle failure, which are more effec-
tive at recruiting type IIx fibers (previously identified as type
IIb or fast-twitch glycolytic fibers) in human skeletal muscle
(see Sale25 for motor unit recruitment patterns). Similarly, the
ET patients, in general, did not exercise very vigorously (see
also the Concise Methods section).

Third, many MHD patients seem to have a myopathy that
might impair the response to exercise training.2,26 –28 Fourth,
there may be metabolic factors in advanced renal failure that
inhibit or facilitate certain mRNA responses so that the effects
of different types of exercise training are obscured.29 In this
regard, all exercising groups manifested evidence of chronic
inflammation as indicated by the significantly elevated serum
TNF-� and the NS trend toward raised serum CRP and IL-6.

Finally, because the sample sizes in the various exercising
groups were small, there is the possibility of a type B statistical
error (see the Concise Methods section). Against this possibil-
ity is the finding that the trends toward changes in mRNA
levels with exercising were virtually the same in all groups.
Indeed, when the responses of all three exercising groups were
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pooled, a significantly increased mRNA was observed for every
growth factor measured, except for myostatin, a growth inhib-
itor that decreased significantly, and for the IGF-II receptor,
which did not change.

Our results indicated a greater increase in muscle gene tran-
scripts for IGF-IEc and IGFBP-3 in men versus women in all
three exercise training groups combined. Bamman et al.30 de-
scribed a greater increase in strength and in myofiber hyper-
trophy in older men versus older women who where undergo-
ing similar resistance (strength) training. These differences
could not be attributed to different expressions of IGF-I or
myogenin mRNA, to serum IGF-I or dehydroepiandrosterone
sulfate concentrations, or to changes in serum testosterone
levels.

A limitation of this study is the relatively small numbers of
patients in each group, which prevented a rigorous compari-
son of possible differences in responses to exercise training in
the three exercising groups. Also, the uneven number of drop-
outs in the various groups could reflect a treatment bias; that
most of the people who dropped out did so before commenc-
ing exercise training or were in the NT group makes this a less
likely possibility. Finally, all muscle mRNA and peptide mea-
surements were from the right vastus lateralis muscle, which
may not reflect the growth factor mRNA or peptide responses
in other skeletal muscles.

The exercise training regimens in this study may have also
reduced muscle protein degradation. Muscle mRNA increased
for some growth factors that suppress protein degradation as
well as stimulate protein synthesis. Such growth factors include
IGF-I and IGF-II.31 In addition, the increased mRNA for the
IGF-I receptor or IGFBP might have inhibited protein degra-
dation. In this regard, we have observed a significant reduction
in the 14-kD fragment of actomyosin in our patients undergo-
ing ET and EST but not ST or NT.32 Du et al.33 described this
14-kD fragment as an indicator of the degradation rate of ac-
tomyosin protein in skeletal muscle via the caspase-3 system.

It is somewhat puzzling that our body composition mea-
surements did not show clear evidence for increased muscle
mass with exercise training; however, a rise in muscle mRNA
levels and growth factor proteins with exercise training may
increase protein synthesis and reduce degradation of selected
proteins without engendering muscle hypertrophy. In normal
mammals, ET or ST increases the synthesis of many skeletal
muscle proteins that are associated with enhanced physical ca-
pacity.9 These changes include increased mitochondria num-
ber, particularly of the subsarcolemmal type; vascular endo-
thelial growth factor; capillary density; fibronectin; carnitine
palmitoyltransferase; and GLUT4, among others.7,8,10,34,35

There is a redistribution of myosin heavy-chain isoforms and
of the activities of many other enzymes involved with energy
generation.7,8,10 Many of these changes are associated with an
increase in skeletal muscle mRNA levels for the respective pro-
teins and also for a number of growth factors, including IGF-I
and IGF-II.7,8,10,34,35 These structural and biochemical changes
in skeletal muscle are thought to contribute to the increased

physical exercise capacity that occurs with ET or ST. To our
knowledge, this study is the first to show that similar changes in
skeletal muscle mRNA in MHD patients for certain growth
factors can occur in response to ET and/or ST. It is possible that
these changes in skeletal muscle mRNA observed with exercise
training in this study may contribute to structural and bio-
chemical changes in muscle that might improve the exercise
capacity of MHD patients.

CONCISE METHODS

Patients
Inclusion criteria were clinically stable MHD patients who were aged

25 to 65 yr and had been undergoing MHD thrice weekly for at least 6

mo. Exclusion criteria were no history of hospitalization or systemic

infection for at least 3 mo; active cancer other than basal cell carci-

noma; severe heart, lung, or liver disease; poorly controlled hyperten-

sion; acute or chronic inflammatory disease including tuberculosis or

acquired immunodeficiency disease; insulin-dependent diabetes; se-

vere osteoporosis, neuropathy, or musculoskeletal disease; amputa-

tions involving the lower extremities; or a joint infirmity that would

prevent participants from exercising. Healthy adults who were not

disqualified by these exclusionary criteria and who were of similar age

range, gender distribution, and racial/ethnic mix as the MHD patients

served as control subjects.

Only MHD patients and normal control subjects who gave a his-

tory of a sedentary lifestyle and no recent regular manual labor, sports

activity, or exercise training were studied. The dorsal pedal artery:

brachial artery BP ratio was �0.90 in all MHD patients and normal

subjects. This study was approved by the Human Subjects Committee

at Harbor-UCLA Medical Center; informed written consent was ob-

tained from each participant.

Exercise Training Regimens
Patients first underwent exercise testing, including an exercise elec-

trocardiogram and a muscle biopsy. They were then randomly as-

signed to one of four treatment arms: ET, ST, EST, or NT. Exercise

training was performed thrice weekly immediately before the onset of

a hemodialysis treatment for ST and during the first 60 min of each

hemodialysis session for ET. Exercise training was always performed

under the direct supervision of an experienced exercise trainer, who

operated under the direction of one of the authors (T.W.S.). The

planned term of exercise training was 18 wk; exercise was sometimes

extended as a result of scheduling problems or because occasionally

patients who became ill had their exercise training period extended to

allow several weeks of continuous exercise before their postexercise

tests were conducted. Normal control subjects underwent baseline

testing but did not undergo exercise training. All study participants

were strongly encouraged not to perform sports activity or exercise

training, other than what was assigned by their treatment arm, and

not to increase their physical activity at work.

Exercise was preceded by 5 to 10 min of warmup and stretching.

ET was performed with a SCIFIT PRO II Recumbent Cycle Ergometer

(Sci-Fit Pro, Tulsa, OK), which maintains a constant work rate even
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when pedaling rate changes. During weeks 1 through 4, patients ex-

ercised at approximately 50% of their peak oxygen consumption.

Some patients exercised only in 4:1 work/rest intervals because of

debility. Initial exercise duration, including interval training, was 20

min, which was extended to 30 min as tolerated. Attempts were made

to convert interval training to continuous training. During weeks 5

through 8, duration of exercise was advanced to 40 min with the same

intensity. During the remainder of training, exercise duration was

kept at or progressively increased to 40 min, and work intensity was

increased as tolerated.

ST was performed with a Life Fitness leg extension/leg curl com-

bination and a Life Fitness leg press/calf extension combination ap-

paratus (Life Fitness, Schiller Park, IL). During weeks 1 through 4,

patients performed one set of each exercise at 12 to 15 repetitions at

70% of the 5-RM,6 resting 1 min between sets. During weeks 5

through 8, patients performed two sets of this exercise, with resistance

increasing as tolerated. During the remaining weeks, patients in-

creased their exercise, as tolerated, to three sets of six to eight repeti-

tions and resistance to 80% of a newly determined 5-RM score. With

EST, ET and ST were each conducted for approximately one half of

the time but with the same intensity expended by patients undergoing

ET or ST and with the same progression of training (i.e., EST patients

performed a combination of approximately one half of the ET work

effort and also one half of the ST work effort).

Randomization Procedure
Patients who completed baseline testing were assigned in random

order to one of the four exercise groups: ET, ST, EST, or NT. Ran-

domization was performed using a computer-generated set of ran-

dom numbers stratified by exercise training center and gender and

blocked in sets of four.

Skeletal Muscle Biopsy
Biopsies of the right vastus lateralis muscle were performed as described

previously36 on MHD patients at baseline, before commencing exercise

training, and at the end of the study before cessation of exercise training

and on nonexercising MHD patients at the same time intervals. After the

study began, the protocol was revised so that the last 29 MHD patients

underwent an additional muscle biopsy 13.0 � 1.1 wk after the first bi-

opsy. Muscle biopsies were always performed between 9:00 a.m. and

11:00 a.m. on the day after a hemodialysis treatment in patients who were

fasted from 10:00 p.m. the previous night.36 For the mid- and end-exer-

cise biopsies, patients continued exercise training up through the day

before the muscle biopsy was performed. Normal control subjects under-

went biopsy twice under identical conditions to the patients, except that

they were not receiving hemodialysis or exercising. Individuals were

fasted from 10:00 p.m. the night before the biopsy until the end of the

procedure.36

Real-Time PCR Amplification of mRNA for IGF-I (the
Splice Variants IGF-IEa and IGF-IEc), IGF-II, IGF-IR,
IGF-IIR, IGFBP-2, IGFBP-3, and Myostatin
Total RNA was extracted from skeletal muscle and quantified, and

first-strand cDNA was synthesized as described previously with Ran-

dom Primer p[dN]6 and AMV Reverse Transcriptase.36 Real-time

PCR was performed with the ABI Prism Sequence Detection System

7000, as described previously,36 to facilitate SYBR-green fluorescence

quantification (Applied Biosystems, Foster City, CA). Glyceralde-

hyde-3-phosphate dehydrogenase mRNA levels were assayed as inter-

nal controls. Primers with the following oligonucleotides were devel-

oped for IGF-I, IGF-IR, IGF-II, IGF-IIR, IGFBP-2, IGFBP-3, and

myostatin as described previously36 or as follows: IGFBP-2, forward

5�-AGCAGGTTGCAGACAATG-3� and reverse 5�-AGCTCCT-

TCATACCCGACT-3�; IGFBP-3, forward 5�-GAACTTCTCCTC-

CGAGTCC-3� and reverse 5�-CTTGTCACAGTTGGGAATGT-3�.

Protein Assay for Muscle IGF-I and IGF-II
Acid/ethanol extraction was used to separate IGF-I and IGF-II

from muscle samples as described previously.37 The DSL-5600

IRMA and DSL-2600 kits (Diagnostic System Laboratories, Web-

ster, TX) and accompanying protocols were used, respectively, for

the IGF-I and IGF-II assays.36

Protein Assay for Serum IGF-I and IGF-II
Acid/ethanol solution (12.5%/87.5% vol/vol) was used to extract se-

rum IGF-I and IGF-II.37 A Nichols Institute Diagnostics IGF-I 100T

kit (San Clemente, CA) was used for the serum IGF-I assay. The serum

IGF-II assay followed the same procedure as specified in the DSL-

2600 kit.36

CRP, IL-6, and TNF-� Assays
CRP, IL-6, and TNF-� were measured as described previously.36 The

Wako Diagnostics (Richmond, VA) CRP-UL kit was used for the CRP

assay. The R&D Systems (Minneapolis, MN) IL-6 and TNF-� kits

were used for the IL-6 and TNF-� assays, respectively.

Nutrient Intake, Clinical Laboratory Measurements,
and Anthropometry
Nutrient intake was determined and serum for IGF-I, IGF-II, CRP,

IL-6, and TNF-� measurements were obtained at the time of the first

and last muscle biopsies. Blood obtained immediately before a mid-

week hemodialysis was measured for serum creatinine, bicarbonate,

and albumin and for blood hemoglobin and hematocrit in the Davita

Central Laboratory. Harbor-UCLA General Clinical Research Center

research nutritionists assessed nutrient intake by 3-d dietary diaries

and dietary interviews and performed anthropometry as described

previously, except that mid-arm muscle circumference was calculated

without adjustment for bone mass.38 – 40 Proximal-thigh and mid-

thigh muscle areas were measured as follows38,39:

Thigh muscle circumference � thigh circumference � (3.1416 �

thigh skinfold)

Thigh muscle area

�
[thigh circumference � (3.1416 � thigh skinfold)]

4 � 3.1416

Mid-calf muscle areas were assessed as described previously.40 Skin-

fold thicknesses were measured in the biceps, triceps, and subscapular

area, and total body fat was calculated as described previously.38 – 41

Lean body mass or FFM was calculated from anthropometry as the
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difference between body weight and total body fat. DEXA measure-

ments for assessment of body composition were performed with Dual

Energy X-Ray Absorptiometry (Model QDR; Hologic, Bedford, MA).

Bioelectrical impedance was measured with a RJL BIA Quantum in-

strument (model 101Q; RJL Systems, Mt. Clemens, MI), which applies

an 800-�A current at a frequency of 50 KHz. Patients reclined on an

examination table, with limbs not touching each other. Measurements

were made on the side of the body that did not contain a hemodialysis

access. The measurements were performed according to the National

Institutes of Health.42 Electrodes were placed between the distal promi-

nences of the radius and ulna, the distal end of the third metacarpal,

between the median and lateral malleoli at the ankle, and at the distal end

of the third metatarsal. FFM was calculated from the measurements of

resistance made at 50 kHz by using previously validated predictive equa-

tions as supplied by the manufacturer.43

Power Analysis
The a priori power analysis for this clinical trial was based on the

heterogenicity of changes in muscle myostatin mRNA in our previous

study in MHD patients after they had undergone a mean of 8.9 wk of

ET.28 On the basis of these data, we estimated that in this study there

would be at least an 80% power to detect a significant decrease in

myostatin mRNA between the NT group and an exercise group if

there were at least 17 individuals in each group and if the NT patients

have no change in myostatin mRNA and the exercise group has at

least a 50% change,

Statistical Analyses
Statistical analyses to assess differences between pre- and postexercise

testing values were performed with repeated measures two-way

ANOVA (using groups and time) with the Sigma STAT software (ver-

sion 3.0; SPSS, Chicago, IL). When statistically significant differences

(P � 0.05) were detected among all four groups of patients, significant

differences for pre- versus postexercise values within individual

groups were tested with Tukey test. Significant differences for pre-

versus postexercise values for all three groups of exercising MHD pa-

tients combined were tested using the paired t test. The pre-exercise

values in all four groups of patients combined were compared with

the measurements in the normal control subjects with a nonpaired t

test. Data are expressed as the means � SE or, for nonparametric sets,

as the median and interquartile (25th and 75th percentiles) range of

values. Statistical significance was taken as P � 0.05.
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