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Most resistance training studies of older subjects have emphasized low-intensity, short-term training programs that
have concentrated on strength measurements. The purpose of this study was, in addition to the determination of
strength, to assess intramuscular and transport factors that may be associated with strength increments. Eighteen
untrained men ages 60-75 years volunteered for the study; 9 were randomly placed in the resistance-training group
(RT), and the other half served as untrained (UT) or control subjects. RT subjects performed a 16-week high-inten-
sity (85-90% 1 repetition maximum (RT]) resistance training program (2 X/wk) consisting of 3 sets each to failure
(6-8 repetitions based on 1 RM of 3 exercises): leg press (LP), half squat (HS), and leg extension (LE) with 1-2 minutes
rest between sets. Pre- and post- training strength was measured for the 3 training exercises using a 1 RM protocol.
Body fat was calculated using a 3-site skinfold method. Biopsies from the vastus lateralis m. were obtained for fiber
type composition, cross-sectional area, and capillarization measurements. Exercise metabolism, electrocardiography,
and arterial blood pressure were observed continuously during a progressive treadmill test, and resting echocardio-
graphic data were recorded for all subjects. Pre- and post-training venous blood samples were analyzed for serum
lipids. Resistance training caused significant changes in the following comparisons: % fat decreased in the RT group
by almost 3%, strength improved for all exercises: LE = + 50.4%, LP = + 72.3%, HS = + 83.5%; type IIB fibers
decreased and IIA fibers increased; cross-sectional areas of all fiber types (I, IIA, IIB) increased significantly, and
capillary to fiber ratio increased but not significantly. No differences were noted for ECG and echocardiographic
data. The RT group significantly improved treadmill performance and VO,max. Pre- and post-training serum lipids
improved but not significantly. No significant changes occurred in any pre- to post-tests for the UT group. The results
show that skeletal muscle in older, untrained men will respond with significant strength gains accompanied by con-
siderable increases in fiber size and capillary density. Maximal working capacity, VO,max, and serum lipid profiles
also benefited from high-intensity resistance training, but no changes were observed for HR max, or maximal re-
sponses of arterial blood pressure. Older men may not only tolerate very high intensity work leads but will exhibit in-
tramuscular, cardiovascular, and metabolic changes similar to younger subjects.

ETHODS to improve the quality of life for older indi-

viduals become more important as the aging popula-
tion continues to grow. Loss of strength, including muscle
atrophy, and decreasing aerobic capacity are well known re-
sponses associated with the aging process (1-6).

Declines in muscle strength and mass have been associ-
ated with mammalian aging (7), and the atrophy of muscle
fibers with age has repeatedly been shown to be more pro-
nounced in the fast, type II fibers than in the slow, type I fibers
(8-10). Several studies have also demonstrated a decrease in fi-
ber number with increasing age, and it has been shown that
hypoplasia is more pronounced in type II (especially type
IIB fibers) than in type I fibers (11,12).

As activity levels typically decline with increasing age, it
is useful to distinguish between changes in skeletal muscle
brought about by the aging process itself and those caused
by disuse. Studies of unloading, whether utilizing immobili-
zation (13), limb suspension (14), or microgravity (15,16)
have reported decreases in muscle fiber cross-sectional areas
and strength (17) that are similar to changes seen in aging.

Physical working capacity as measured by VO,max de-
clines by about 1%/yr after the third decade of life (18), and
muscle strength and cross-sectional area decrease signifi-
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cantly between the second and seventh decades (5,12). Both
aerobic and resistance training seem to improve skeletal
muscle capillarization in elderly men. Hepple and col-
leagues (19) reported an improvement in capillarization and
aerobic capacity after both aerobic and resistance training,
and Chilibeck and associates (20) demonstrated a strong
correlation between capillarization of skeletal muscle and
VO, kinetics during exercise. Schantz (21) seems to support
these studies. However, resistance-trained athletes failed to
show similar changes (22). A study of master athletes, how-
ever, has shown that strength, oxidative capacity, and mus-
cle capillarization can be maintained to some degree with
exercise training (23,24). There is a decline in each of these
functions with aging, even among older athletes who are
training on a regular basis; thus, some loss of functional ca-
pacity may be due to the aging process itself rather than a
more sedentary existence (25,26). Exercise, however, can
apparently slow the decline in functional capacity even
among previously sedentary older subjects (27,28).

Several studies have observed large increases in strength
and muscle fiber diameter in older subjects with resistance
training (29-33), and there is the possibility that weight
training may slow or reverse muscle atrophy and strength
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decrements (2,34,35). It appears that resistance training can
maintain muscle mass of older subjects which may, in turn,
also prove valuable in maintaining the functional capacity
of muscle. This functional capacity is reflected in signifi-
cant increases in aerobic capacity of skeletal muscle (29,30)
following resistance training.

Maximal heart rate decreases with aging, whereas sub-
maximal heart rate increases for a standard level of exercise
intensity (26,36,37). A decrease in left ventricular contrac-
tile force and increases in total peripheral resistance (TPR)
limit stroke volume and elevate systolic and diastolic arte-
rial pressures in elderly people (38—40). Echocardiographic
analysis of endurance-trained elderly men has revealed vol-
ume-overload left ventricular hypertrophy and enhanced
stroke volume (38, 41-43).

Older aduits are quite susceptible to dyslipidemia, and
this condition is most likely related to diet and inactivity.
However, such factors as obesity, diabetes, and other meta-
bolic diseases may also be involved. Fat-free mass (FFM)
generally decreases and fat mass (FM) increases with age
(44.45), but it is difficult to determine whether inactivity, the
aging process, or both are responsible for these changes. Resis-
tance training studies involving older subjects have shown de-
creases in FM following training (35,46,47). Although some
studies have indicated that increased total cholesterol
(TC) and high levels of low-density lipoprotein-bound
cholesterol (LDL-C) are more compatible with obesity than
with physical activity, Tamai and colleagues (48) have shown
that high-density lipoprotein-bound cholesterol (HDL-C) is
higher and total cholesterol/HDL-C ratio is lower in endur-
ance-trained elderly men than in untrained men. Other studies
(49,50) suggest that HDL-C in healthy elderly men is more
closely related to fitness, body fat, and fat distribution than
to age. Low-intensity endurance training appears to exert no
beneficial effect on lipoprotein profiles of elderly adults.
However, Pavlou (51) and Schwartz (52) and colleagues
have shown that older subjects respond in a similar fashion
as younger subjects to high-intensity aerobic training. Tri-
glycerides (TG) decreased and HDL-C increased, but no
changes occurred in total cholesterol or LDL-C. Lipid pro-
files of resistance-trained elderly subjects have not been re-
ported. However, increases in the oxidative properties of
skeletal muscle fibers of younger subjects as a result of
high-intensity resistance training (53,54) may also benefit
lipoprotein/cholesterol ratios.
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Past and current research of aging skeletal muscle and its
response to exercise seems to have focused primarily on
evaluation of strength with minimal references to intramus-
cular changes, and most of this research has used low-inten-
sity or short-duration weight training. The purpose of this
study was to examine the responses of skeletal muscle and
its transport mechanisms of aged subjects to a high-inten-
sity, progressive weight training regimen of relatively long
duration.

METHODS

Subjects.—Of the 28 male subjects who responded to our
advertisements, 22 were determined fit for resistance train-
ing based on a definitive medical examination and treadmill
stress test. Although most exhibited some form of either a
musculoskeletal or cardiovascular problem or a combina-
tion thereof, these did not contraindicate participation in a
resistance training program. All subjects were physically
active but none had previously engaged in heavy resistance
training. Both verbal and written consent were obtained
from each subject prior to testing and training, and the study
was approved by the Ohio University Institutional Review
Board for Human Subjects. Subjects were randomly as-
signed to either the control, untrained (UT) group (10 sub-
Jects) or to the experimental, resistance-trained (RT) group
(12 subjects). Three RT and one UT subject(s) withdrew
from the study because of minor injuries or previous medi-
cal problems exacerbated by testing or training. Average
age of the RT was 63.7 £ 5.0 (mean *= $SD) years and that
of the UT was 66.2 * 6.5 years. Anthropometric measure-
ments, including a three-site skinfold analysis for estimation
of body density (55) and calculation of percent body fat (56)
were determined before and after training. Pertinent physi-
cal characteristics appear in Table 1.

Maximal strength testing.—Strength testing was per-
formed at the beginning and completion of the study. For
the measurement of one repetition maximum (1 RM), subjects
completed 2 sets of 10 repetitions (at approximately 40—
60% of 1 RM) followed by 3 repetitions at approximately
75% of 1 RM and 1 repetition at 90% of 1 RM. Weight was
then gradually increased for subsequent sets until failure
was reached. One RM, defined to be the heaviest weight
that a subject could lift while maintaining acceptable exercise

Table 1. Anthropometric Measurements for Resistance-Trained and Untrained Groups

Body Fat
Age (yrs) Height (cm) Weight (kg) (%) Fat-Free Mass (kg)

Resistance-trained (n = 9)

Pre 63.7%5.0 1782 £ 8.5 83.8 + 17.6 24.5 £ 5.4* 63.3 +4.3

Post 63.9 £ 52 1782 £ 8.5 82.2 + 18.2 216 5.0 644 +5.1
Untrained (n = 9)

Pre 66.2 + 6.5 1785 = 5.8 80.2 =45 216 52 629 438

Post 66.4 = 6.5 178.5 +59 80.6 = 4.7 228 +6.0 622+ 46

Note: Values represent means * standard deviation.

*There was a significant interaction between groups and time effect for percent body fat. Preresistance-trained value was significantly different than postresistance-

trained and pre- and postuntrained values (p < .01).
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technique, was achieved within 5-6 sets. One RM testing
began with the leg extension exercise followed by the double
leg press and half-squat in that order. A 20-30 minute re-
covery period was allotted between each of the three exercise
tests. Heart rate was monitored continuously by Polar Vantage
XL (Polar CIC, Port Washington, NY) during testing, and
blood pressure was checked periodically by auscultation.

Muscle biopsies.—Percutaneous muscle biopsies were
taken from the vastus lateralis m. before and after 16 weeks
of resistance training following the procedures described in
the companion article by Hikida and colleagues (57).

Capillary analysis was begun with serial sectioning and
mounting on coverslips of the same biopsy samples used for
fiber typing and cross-sectional area determination (57).
Capillaries were identified using a biotinylated-lectin procedure
[Ulex europaeus agglutinin 1; Vector Laboratories, Burlingame,
CA (58)]. After drying the samples, the capillaries were dis-
tinguished by their black stain from muscle fibers that stained
blue-green. Capillaries were counted directly under the micro-
scope, whereas corresponding fiber types were determined
by referring to the photomontages of mATPase-stained muscle
samples corresponding to those samples serially stained for the
capillaries. Fifty muscle fibers of each major fiber type
(types I, IIA, and 1IB) were analyzed.

Capillary density and capillary-to-fiber ratio were deter-
mined via an NIH imaging program (Macintosh computer)
described previously in measurement of fiber cross-sec-
tional area (57). For capillary density, the number of capil-
laries visible on the screen was determined, and this was di-
vided by the area of the region under study (0.54 mm?). This
calculation was made for three different areas of each mus-
cle sample, and results were pooled to give a single capil-
lary density measurement. For capillary-to-fiber ratio, a
similar analysis was utilized. All capillaries surrounding
muscle fibers on the screen (again, 0.54 mm? area) were
counted and divided by the number of fibers visible. This
calculation was also made on 3 areas for each muscle sam-
ple, and results were pooled to yield a single value for capil-
lary-to-fiber ratio. Capillary sharing was not taken into ac-
count, as these calculations reflect absolute numbers of
capillaries surrounding each fiber.

Peak aerobic capacity.—Oxygen consumption was mea-
sured by computerized open-circuit spirometry, TEEM100
(AeroSport, Ann Arbor, MI), and heart rate and rhythm were
monitored via 12-lead ECG during a standard Bruce treadmill
protocol. Exercise blood pressure was measured every 3 min-
utes by auscultation.

Echocardiography.—Lett ventricular structure was eval-
uated at rest using a Vingmed (Horten, Norway) CFM 750
echocardiographic unit with a 2.5 MHz mechanical trans-
ducer. Measurements were obtained using a 2-D guided
m-mode evaluation of the left ventricle according to the crite-
ria of the American Society of Echocardiography (59). Dur-
ing each evaluation a minimum of three sets of data were ob-
tained and measured on-screen with electronic calipers. Each
evaluation was recorded on videotape. The sets of data were
examined at the end of the study, and the data set with the
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best echocardiographic quality was used for statistical evalua-
tion. In this data set three consecutive beats were evaluated,
analyzed for reproducibility (no significant differences were
found), and averaged values were used for statistical evalua-
tion. The following end diastolic measurements were used to
determine changes in left ventricular structure: interventricu-
lar septum thickness (IVST), left ventricular internal dimen-
sion (LVID), posterior left ventricular wall thickness
(PLVWT). Left ventricular mass (LVM) was calculated us-
ing the Penn convention equation: LVM = 1.04 (IVST +
LVID + PWT)>-14. Mean wall thickness (MWT) and rela-
tive wall thickness (RWT) were calculated as follows: (MWT
= (IVST + PWT)/2), RWT = (IVST + PWT)/LVID).

Hematology.—Following a 12-hour fast, pre- and post-
training venous blood samples were drawn from the antecubital
vein and were analyzed spectrophotometrically for serum lipids.

Statistical analysis.—A Student’s 7 test was used to com-
pare baseline values for the study groups. Two-way re-
peated measures analysis of variance (ANOVA), with time
as a within-subject factor and treatment (resistance training)
as a between-subjects factor, was used to compare the ex-
perimental and control groups over time. Super ANOVA
version 1.1 and Instat 2.0 were used for the analyses; results
were deemed statistically significant if the p value was <.05.

Training protocol.—Subjects in the experimental (RT)
group trained twice a week for 16 weeks, and training ses-
sions were separated by at least 48 hours. The training pro-
gram used the same exercises as those involved with the 1
RM testing (double leg extension, double leg press, and half
squat); all were designed to increase strength in the m. quad-
riceps femoris. These exercises were performed in the order
listed above for each training session. Subjects with systolic
blood pressure greater than 140 mmHg or a diastolic reading
greater than 90 mmHg before exercise were monitored be-
tween exercise sets throughout each training session. Heart
rate monitors were also worn by all subjects while exercising
to compare cardiac responses among the specific exercises
and accumulative effects of each exercise session and to as-
sist in controlling training intensity. No cardiovascular prob-
lems or unusual episodes occurred during training. Each
workout session consisted of 5 minutes of stretching and low-
intensity (less than 50 Watts) warm-up on either a stationary
cycle or rowing ergometer. The warm-up period was fol-
lowed by one set of 10 repetitions of 50% of each subject’s
workout or training load (85-90% of 1 RM). This initial set
was followed by 3 sets to failure of 6-8 repetitions at 85-90%
of 1 RM with approximately 2 min rest between sets. Resis-
tance (weights) was progressively increased to maintain a
range of 6-8 repetitions per set for each exercise. This lifting
procedure was followed for each of the 3 exercises in order.
A 5 minute period of stretching and low-intensity cool-down on
the cycle or rowing ergometer ended each exercise session.
Although exercise intensity was higher than usually recom-
mended for this age group, all subjects successfully tolerated
the workload. However, the subjects were closely monitored
and motivated by training assistants. With the exception of
some early attrition by a few subjects because of injury, there
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was 100% compliance among the subjects and no complaints
of excess or intolerable muscle soreness or fatigue.

RESULTS

Physical characteristics of subjects.—Baseline values for
age, height, weight, and percent body fat did not differ between
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Figure 1. A, leg extension strength. B, leg press strength; C, half
squat strength. Sample size 9 for resistance-trained, 9 for untrained.
*Significant interaction between treatment and time effect; signifi-
cant from preresistance training group and pre- and postuntrained
group (p < .0001).
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the resistance trained (RT) and untrained (UT) groups; how-
ever, for percent body fat, the interaction between group and
time was significant (p = .01); this indicates that percent body
fat decreased significantly in the RT group (p < .01), while in-
creasing (nonsignificantly) in the UT subjects. There was nei-
ther a significant main effect for group nor time (Table 1).

Muscle strength.—Baseline or pretraining values of
maximal dynamic strength, as measured by 1RM testing,
did not differ significantly between the RT and UT groups
(see Figure 1). Sixteen weeks of progressive resistance
training produced a significant increase in strength for all
three lower limb exercises in the RT group. These increases
of 1 RM strength from pretraining values were observed as
50.4% for leg extension, 72.3% for leg press, and 83.5% for
half squat, and all were significant increases (p << .0001).
There were no changes in strength for any of the exercises
in the UT group.

Muscle biopsies.—There was an observable hierarchy of
capillarization specific to each muscle fiber type. Although
the differences in capillarization between fiber types were
not statistically significant, type I fibers had more capillar-
ies surrounding them than either the ITA or IIB fibers. The
ITA fibers, however, were surrounded by an intermediate
number of capillaries, and the IIB fibers had fewer capillar-
ies than either of the other fiber types (Table 2). An increase
in the number of capillaries per muscle fiber was seen with
resistance training, indicating formation of new capillaries
within the muscle. However, the 19% increase in capillar-
ization in the RT group was not statistically significant. This
relationship occurred in both experimental and control
groups. This increase was not specific to any fiber type, as
the number of capillaries surrounding muscle fibers of types
I, IIA, and IIB did not change significantly over time be-
tween the two groups. Capillary density (measured as capil-
laries per mm?) was also unchanged with training.

Peak aerobic capacity.—Results of pre- and post-train-
ing treadmill tests (Bruce protocol) are shown in Table 3.
Mean pretraining treadmill time to exhaustion, VO,peak,
absolute and relative (body weight and FFM), were not sig-
nificantly different between the two groups. However, there
was a significant interaction effect between group and time
for all four variables: treadmill, time to exhaustion, peak
VO, abs, and peak VO, rel to body weight (p < .01), and
peak VO, rel to FFM (p < .05). This indicates that all aero-
bic responses improved significantly for the trained group,
whereas no significant changes in these variables were
noted in the untrained group. Pre- and post-training average
peak heart rates recorded during the Bruce protocol did not
differ in either group, and neither did they differ between
groups for either the pre- or post-training tests. The most
significant difference in heart rate (HR) occurred during
minute 4 of the Bruce protocol. During the pretraining
treadmill test, the groups exhibited a similar response for
min 4: RT = 121 b/min, and UT = 120 b/min, whereas the
post-training test HR comparison for this same exercise in-
tensity revealed a significantly lower HR response for RT
group: 102 b/min vs 124 b/min for the UT group. Peak sys-
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Table 2. Muscle Capillarization (Caps) for Resistance-Trained and Untrained Groups

No. Caps/Type I

No. Caps/Type 1A

No. Caps/Type 11B No. Caps/Total fiber No. Caps/mm?

Resistance-trained (n = 9)

Pre 42*04 3.8:£03

Post 44+ 0.6 4.1 £ 0.5
Untrained (n = 9)

Pre 43 = 0.7 3904

Post 43*+04 3:8-£10.3

2.7 £ 01 15302 256 = 30
3.0*04 8+04 262 £ 48
3007 1.7+ 04 205153
3.1 £ 0:5 1603 296 = 56

Notes: Values represent means = standard deviation; n = number of subjects from whom adequate biopsy material was obtained; no significant group, time, or in-

teraction effects were found.

tolic pressures did not differ within or between groups fol-
lowing training.

Echocardiography.—There were no significant changes
in cardiac structure or dimensions as indicated by absolute
echocardiography values (Table 4), and there were no sig-
nificant differences between groups over time. IVST, LVID,
posterior left ventricular wall thickness, LVM, MWT, and
RWT, did not change for either group. Because there were
no appreciable pre- to post-training changes in body surface
area or significant changes in absolute echocardiographic data
for either group of subjects, relative data were not reported.

Hematology.—Most serum lipid markers improved for the
RT group following resistance training, but these changes
were not statistically significant. The UT group showed no
significant changes in any of these markers (Table 5).

Training.—Although repeated 1 RM measurements were
not made throughout the study, the time course of strength
gains can be demonstrated by examination of the increases
in 8 RM strength that occurred with each exercise over time.
This measure of strength was known because it corre-
sponded to the workout loads of the subjects and had to be
regularly increased throughout the study to maintain the de-
sired 6-8 RM range for each exercise. A weakness of many
previous training studies has been the failure to adequately
maintain the desired intensity of exercise as training pro-
gressed. While a brief plateau was observed after 5 weeks
(10 training sessions), strength gains were observed
throughout the duration of the study for each of the exer-
cises and were continuing to increase even as training ended
(Figure 2). Desired intensity (85-90% 1 RM) for all three

exercises was maintained throughout the study by ensuring
progressive resistance training.

DiscussioN

Body composition—The RT group significantly de-
creased percent body fat following 16 weeks of resistance
training, and the UT group showed slight but nonsignificant
percent body fat changes pre- to post-training (Table 1).
Previous resistance training studies (60-62), including those
involving elderly men and women (35,46,47), have reported
that resistance training increased FFM as well as signifi-
cantly decreasing percent body fat in the exercising sub-
jects. Although our trained subjects showed an increase in
FFM, it was not significant. An earlier resistance training
study of elderly subjects by Chilibeck and colleagues (20)
also reported a decrease in percent body fat without a con-
comitant change in FFM or FM. The relative loss in percent
body fat in our older subjects did not differ from responses
found in younger resistance-trained subjects (60-62).

Muscular strength.—Significant gains in maximal dy-
namic strength (1 RM) were observed for each of the three
exercises in the RT group: +50.4% for leg extension; +72.3
for double leg press; and +83.5% for half squat. These strength
gains were larger than in many of the previous studies in-
volving this age group, where subjects trained at a lower in-
tensity; less than 75% 1 RM as opposed to 85-90% | RM
that was used in our study, or for shorter duration; less than
12 weeks (35,63-66). Other protocols in which aging sub-
jects trained at higher intensities (80% 1 RM) and for rela-
tively long duration (>12 weeks) demonstrated strength
gains nearly equal to those observed in this study (29-33,

Table 3. Treadmill Data for Resistance-Trained and Untrained Groups, Bruce Treadmill Protocol

Treadmill Time (min) VO, (L/min) VO, (ml/kg/min) VO,/FFM (ml/kg/min)
Resistance-trained (n = 9)
Pre 7.83 + 1.98 2.67 * 0.39 31.9 + 355 422+5.1
Post 8.53 + 2.23** 2.87 * 0.48** 34.9 = 4.77%* 446+ 4.8
Untrained (n = 9)
Pre 8.83 + 2.41 2.65 + 0.49 33.1 £ 6.18 42.1 +6.0
Post 8.17 *+ 2.06 2.58 = 0.62 32.0 + 7.42 415+ 49

Notes: Values represent means = standard deviation. There was a significant interaction between group and time effect for all four variables. *p < .05; postresistance

trained value was significantly different from preresistance and pre- and postuntrained values. **p < .01; postresistance trained values were significantly different

from preresistance and pre- and postuntrained values.
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Table 4. Absolute Echocardiographic Data for Resistance-Trained and Untrained Groups

IVST (cm) LVID (¢cm) PLVWT (cm) LVM (g) MWT (cm) RWT (cm/cm)
Resistance-trained (n = 9)
Pre 1.28 = 0.30 5.01 =£0.65 1.00 £ 0.21 268 = 109 1.14 £ 0.23 0.46 = 0.09
Post 1.20 = 0.24 5.22 = 0.69 0.94 = 0.17 258 * 81 1.07 = 0.13 0.41 = 0.06
Untrained (n = 9)
Pre 1.27 +0.22 491 £ 0.29 1.04 = 0.18 265 * 40 1.16 = 0.14 0.47 £ 0.08
Post 1.36 + 0.23 4.95 + 0.36 1.01 = 0.24 274 £ 45 1.18 = 0.10 0.47 = 0.06

Notes: Values represent means *+ standard deviation. IVST = Interventricular septum thickness; LVID = Left ventricular internal dimension; PLVWT = Posterior
left ventricular wall thickness; LVM = Left ventricular mass; MWT = Mean wall thickness; RWT = Relative wall thickness.

67-71). The amount that strength increases may depend
upon the initial level of conditioning, as subjects of extreme
age showed the greatest improvement in strength after train-
ing (32). 1t is therefore possible for elderly men to perform
supervised resistance training at very high intensities and at
the same time tolerate absolute workloads comparable to
younger subjects. Excessive strength gains resulted.

Muscle biopsies.—It appears that skeletal muscle of
older untrained subjects, if introduced to a highly specific
and localized resistance training regimen of sufficient inten-
sity (85-90% 1| RM), minimal frequency (2 days/week), and
of relatively long duration (16 weeks), will respond with
relative strength gains comparable to or even surpassing
those of younger subjects following a similar training proto-
col (62). The strength gains were accompanied by transi-
tions in the fast fiber population (57). The percentage of IIA
fibers showed a strong tendency to increase, whereas the
percentage of 11B fibers decreased significantly (p < .05).
Significant increases in cross-sectional areas were observed
for all major fiber types. These intramuscular responses are
consistent with significant increases in strength, and these
findings were similar to previous data reported for younger
subjects (61,62). It is not possible to determine the specific
roles of neural and hypertrophic influences on the strength
gains in this study, but it is evident that hypertrophy contributes
significantly to strength improvement in older subjects just
as it does in their younger counterparts. It is therefore possible
that high-intensity resistance training may prevent atrophy
and loss of muscle fibers and motor units (10,62,72,73) that
are often associated with aging and inactivity.

Muscle capillarization increases with endurance training
in both young and old populations as well as with resistance
training in young subjects (20,25,74-77). However, very lit-
tle is known about the effects of high-intensity progressive
resistance training on capillary supply in aging muscle. Re-

sistance training studies with young subjects have produced
conflicting results; Luthi and associates (78) showed no
change in capillary supply, whereas Tesch and colleagues
(22) reported a decreased capillary density after resistance
training. Results of our study suggested that a hierarchy ex-
isted for muscle capillarization that was fiber-type specific;
more capillaries surrounding type I fibers than the other fi-
ber types (see Table 2). This hierarchy was unaffected by
training and agrees with the results of other studies (79, 80),
which demonstrated that muscle fiber capillarization is re-
lated to the quantity of mitochondria and, thus, the oxidative
capacity of the fiber (I > IIA > IIB). Nonsignificant changes
were observed for post-training capillary density (# cap/mm?)
for the RT group. This is not surprising because significant
hypertrophy was observed in all fiber types (57), and capil-
lary growth could have been masked by the increased area
occupied by the muscle fibers. The number of capillaries per
muscle fiber (pooled for all fiber types) tended to increase
(19% with training, although not statistically significant),
which seemed to indicate a physiological change. This rela-
tionship is thought to be a sensitive indicator of capillary
proliferation as it is unaffected by changes in muscle fiber
cross-sectional area (81). Our results agree with muscle cap-
illary data previously reported for elderly subjects who had
resistance training. Frontera and colleagues (68) found that
capillary-to-fiber ratio increased 15% after 12 weeks of
high-intensity resistance training, whereas Hepple and asso-
ciates (70) reported similar changes following 9 weeks of re-
sistance training. Subjects in the Frontera study trained 3
times a week, so that the total number of training sessions,
36, was similar to the total 32 training sessions in our study.
Since capillary-to-fiber ratio is directly proportional to a
muscle fiber’s oxidative capacity (82), there is strong evi-
dence, when combined with the possible fast fiber type
conversions to more oxidative fiber types (IIA or [IAB), for
an increased oxidative response to high-intensity resistance

Table 5. Hematology—Lipid Profile for Resistance-Trained and Untrained Groups

Cholesterol (mg/dl) Triglycerides (mg/dl) HDL-C (mg/dl) LDL-C (mg/dl) VLDL-C (mg/dl) C/HDL ratio
Resistance-trained (n = 7)
Pre 229.9 * 46.81 121.7 = 3941 38.8 = 8.30 166.8 = 41.62 242 + 6.88 593 +210
Post 2139 £ 44.22 99.8 + 32.14 46.9 *+ 7.62 144.4 + 35.56 19.9 + 7.84 4.56 + 1.86
Untrained (n = 7)
Pre 2049 * 24.47 142.2 * 42.65 369 £ 1.77 139.5 = 28.60 28.4 = 8.59 555+ 1.52
Post 209.3 + 32.84 141.9 * 46.54 40.7 £ 9.31 1397 = 32.51 284 +9.22 5.14 = 1.31

Notes: Values represent means = standard deviation.
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Figure 2. A, mean total weight lifted for leg extension per workout
per subject; B, mean total weight lifted for leg press per workout per sub-
ject: C, mean total weight lifted for half squat per workout per subject.

training in the elderly population. Both Hepple and
Chilibeck and colleagues (19,20) suggest a strong relation-
ship between increased capillarization and improved VO,
kinetics. The mechanism of angiogenesis in skeletal muscle

HAGERMAN ET AL.

is not known with certainty, but it is believed to involve rate
of blood flow to muscle fibers (83), ischemia (84), or muscle
damage (85). Any of these responses could occur with high-
intensity resistance training and account for the increased
capillarization. It has also been suggested that capillary pro-
liferation lags behind mammalian muscle hypertrophy (86)
and may explain why the capillary changes were of a lower
magnitude than the increases observed in muscle cross-sec-
tional area. However, in a more recent study (87), it was re-
ported that there was a strong relationship between angiogen-
esis and hypertrophy. It is clear that the relationship between
these two factors needs further study.

Peak aerobic capacity.—Several studies have reported
that resistance training has little or no effect on cardiorespi-
ratory endurance (88). However, a significant increase was
observed for absolute and relative values of VO,peak for
our RT subjects. A significant increase was also observed
for pre- to post-treadmill time for the resistance-trained
group. Although no difference was noted for peak treadmill
test heart rates between the RT group and UT group, it was
interesting to note that there was no difference between
heart rates for the two groups at the fourth min of the pre-
training Bruce protocol; however, a significant difference
was recorded for this same time period in the Bruce post-
training test: 102 b/min for RT group and 124 b/min for UT
group. The RT group was able to achieve a steady state at a
lower heart rate for a given exercise intensity, responses not
observed for the UT group. Our cardiorespiratory data sug-
gest that high-intensity resistance training in older subjects
may, indeed, act as an aerobic stimulus and agree with previ-
ous findings (19,30,68). Inclusion of an aerobic component
is further substantiated by the significant conversion of I1IB
to IIA or 1IAB fibers and increased capillarization (57). It
may be that the initial sedentary state of the subjects in com-
bination with the accumulative effects of repeated resis-
tance training exercises served to improve the capacity of
the muscle to use oxygen. Intramuscular peripheral changes
affecting oxygen uptake and aerobic metabolism have been
discussed previously and appear similar to our findings
(68). It is also possible that the significant strength increases
exhibited by the RT group may have, at least in part, ac-
counted for the increased time to exhaustion on the tread-
mill following training. Peak HR and blood pressure during
the treadmill test did not differ between or within groups
from pre- to post-training. There were also no differences
between or within groups for post-training HR and blood
pressure during lifting at 60, 80, and 100% of the post-train-
ing 1 RM. Therefore, post-training HR and blood pressure
responses were the same as the pretraining values when the
same relative work loads were used, and these findings
agree with those of McCartney and colleagues (89). Heart
rate and blood pressure were not measured for pre- to post-
comparison at absolute work loads. It has been suggested
that cardiovascular control mechanisms are more closely as-
sociated with relative intensity rather than to the absolute
effects of the resistance (89). Heart rate and blood pressure
responses to an isometric exercise did differ between young
and older men, as the older subjects had a lower heart rate
and a higher blood pressure response than their younger
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counterparts, and the differences were exaggerated as muscle
tension increased (90). However, these responses may not
apply during isotonic loading used in our study.

Echocardiography.—The aging process is associated
with a number of cardiac changes. Several studies have re-
ported increasing left ventricular hypertrophy; although left
ventricular systolic function seems little affected by aging,
left ventricular diastolic filling appears to be compromised
(91). Recent studies have indicated that endurance exercise
training of older subjects can reverse ventricular diastolic
dysfunction (92,93). However, there have been only a few
references to the effects of resistance training on cardiac
functions of elderly people. Sagvi and associates (94) re-
cently examined the effects of sustained static muscle con-
traction on left ventricular systolic function via Doppler
echocardiography and reported that elderly weight lifters
showed greater left ventricular systolic improvement than
those of three younger groups of subjects. Because the resis-
tance exercise in this study was isometric, it is not possible
to make accurate comparisons with cardiac responses ob-
served for our subjects. Resistance training is usually asso-
ciated with increased cardiac wall thickness and left ventric-
ular, mass which are thought to occur because of the
transient elevation in blood pressure during training (95).

Echocardiographic and magnetic resonance imaging
(MRI) data indicate that resistance-trained athletes have en-
larged posterior left ventricular and interventricular septum
wall diameters (95-97), and these results suggest a training
afterload effect. However, other studies have reported that
resistance training improves both ventricular and atrial vol-
umes (96,98), and that absolute values for left ventricular
mass and volumes did not differ between bodybuilders and
endurance-trained athletes; when these data were expressed
relative to body weight, however, the endurance athletes
had significantly greater values for mass and volumes. In
fact, when ventricular mass and volumes of resistance-
trained athletes are expressed relative to body weight or
FFM, they do not differ from normal untrained subjects.

There were no indications from the resting echocardio-
graphic evaluation of our elderly subjects to suggest the devel-
opment of left ventricular hypertrophy as the resuit of resis-
tance training. The occurrence of concentric left ventricular
hypertrophy has been suggested to be a normal adaptation to
the pressure load produced by resistance training or sports that
contain a high static demand (99), but this was not observed in
our subjects and may be due to the limited duration of this
study. However, the nonsignificant changes in wall thick-
ness, left ventricular chamber size, and the relative wall
thickness tend to suggest some eccentric left ventricular hy-
pertrophy. Although high-intensity resistance training has
often been contraindicated for older subjects, none of the
echocardiographic, electrocardiographic, or blood pressure
data indicated pathologies resulting from this study. To our
knowledge, no other studies have examined the effects of
resistance training on cardiac structure in this population.

Hematology.—No statistically significant changes were
noted for any specific blood lipid-related tests for either of
the two groups of subjects; however, each of the lipid mark-
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ers for the RT group showed appreciable improvement fol-
lowing training. The reduction of total cholesterol (TC) and
very low-density lipoproteins (VLDL-C) and, more impor-
tantly, a decrease in total cholesterol/high density lipopro-
tein (HDL-C) ratio, indicate a possible physiological effect
of resistance training on our elderly subjects and a very pos-
itive trend. TC/HDL-C ratio for the RT group was lowered
from a high risk value (>5.2) for developing coronary ar-
tery disease to a moderate risk value (<4.5). Resistance-
trained younger male athletes have exhibited wide variabil-
ity in serum lipid profiles (53,54). The lipid profiles of body
builders are similar to those of distance runners, but power
lifters exhibited lower HDL-C and higher LDL-C values
than runners; these comparisons were relative to age, body
density, and anabolic—androgenic steroid use; synthetic tes-
tosterone tends to lower HDL-C values (100,101). Although
it appears that high-volume resistance training programs
(low resistance-high repetitions) and aerobic endurance
training programs probably have had the most effect on
lipid profiles, similar responses were observed for our older
male subjects following a very high-intensity resistance
training program (high resistance—low repetitions) of rela-
tively long duration. This change represents a meaningful
health benefit and is similar to observations following
strictly endurance training (27). Despite exercising only two
sessions per week, the intensity of the work was of a suffi-
cient stimulus to cause improvement in serum lipids, and
this response may be unique to aging subjects who had pre-
viously experienced a very sedentary existence.

Training.—Although recommendations of exercise train-
ing intensity and duration for aging subjects have been, for
the most part, quite conservative, it is clear that not only is it
possible for elderly people to tolerate resistance training of
high-intensity (85-90%) and long duration (16 weeks), but
that a regimen of this type may be necessary to elicit optimal
physiological responses in this age group.

Furthermore, this study demonstrated that although a
brief plateau was observed at about 5 weeks (10 training
sessions), muscular strength continued to increase through-
out the training period for each of the three exercises. No
plateau of strength responses was shown in a study where
exercise intensity was low (70). Other studies of longer du-
ration and higher intensity resistance training involving an
elderly population also produced no strength plateaus
(29,69.89). Our data suggest that healthy older male sub-
jects can safely tolerate high-intensity resistance training on
a progressive basis, and there seems to be no limit to maxi-
mal strength increases that these subjects can achieve with
this type of training, provided it is of sufficient duration.

Conclusions

Based on our findings, several important points can be
made. First, it is clear that skeletal muscle in elderly, previ-
ously untrained men will respond with significant strength
gains accompanied by considerable hypertrophy if suffi-
ciently stressed at a high enough intensity for a relatively
long period of time. Furthermore, significant hypertrophic
and fiber conversion responses were also accompanied by
an increase in the number of capillaries per fiber, and be-
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cause capillary and capillary density remained unchanged,
there was no “dilution effect.” These changes were similar
to responses of resistance-trained young subjects. Finally,
peak aerobic and maximal working capacities showed sig-
nificant improvements, whereas cardiac mass and volume
were unaffected in both groups of subjects. Changes in cap-
illarization and serum lipid profiles, although improved,
were nonsignificant. These nonsignificant responses may be
due, in part, to the rather modest sample size.

These changes were induced by 16 weeks of relatively
high-intensity resistance training (85-90% 1 RM), which
demonstrated that elderly men can not only tolerate these
very high workloads but will exhibit muscular changes sim-
ilar to their younger counterparts.

Results of this study suggest that (a) the level of exercise
intensity to maximize results of resistance-trained elderly
men may need reevaluation, and (b) high-intensity resis-
tance training can be practiced by reasonably healthy aging
men and can be safely incorporated as part of any general
fitness program for this population.

ACKNOWLEDGMENT

Address correspondence to Dr. Fredrick C. Hagerman, Department of
Biomedical Sciences, Ohio University, Athens, OH 45701. E-mail: hagermaf
@ohiou.edu

REFERENCES

I. Evans WIJ. Exercise, nutrition and aging. J Nutr. 1992;122:796-801.
2. Fiatarone MA, Evans WJ. The etiology and reversibility of muscle
dysfunction in the aged. J Gerontol. 1993:48 (Special Issue):77-83.

3. Flegg JL, Lakatta EG. Role of muscle loss in the age-associated reduc-
tion in VO,max. J Appl Physiol. 1988;65:1147-1151.

4. Hopp J. Effects of age and resistance training on skeletal muscle:a re-
view. Phys Ther. 1993.73:361-373.

5. Rogers MA, Evans WJ. Changes in skeletal muscle with aging: effects
of exercise training. Exer Sports Sci Rev. 1993;21:65-102.

6. Thompson LV. Effects of age and training on skeletal muscle physiol-
ogy and performance. Phys Ther. 1994;74:71-81.

7. Vandervoort AA, McComas AJ. Contractile changes in opposing muscles
of the human ankle joint with aging. J Appl Physiol. 1986;61:361-367.

8. Clarkson PM, Kroll W, Melchionda AM. Age, isometric strength, rate
of tension development and fiber type conversion. J Gerontol. 1981;
36:648-653.

9. Klitgaard H, Zhou M, Schiaffino S, Betto R, Salviati G, Saltin B. Ag-
ing alters the myosin heavy chain composition of single fibers from
human skeletal muscle. Acra Physiol Scand. 1990;140:55-62.

10. Lexell J, Taylor CC, Sjostrom M. What is the cause of the aging atro-
phy? J Neurol Sci. 1988;84 :275-294.

11. Aniansson A, Rimby G, Hedberg M. Compensatory muscle fiber hy-
pertrophy in elderly men. J App! Physiol. 1992;73:812-816.

12. Larsson L. Histochemical characteristics of human skeletal muscle
during aging. Acta Physiol Scand. 1983;117:469—471.

13. Appell H. Muscular atrophy following immobilization. Sports Med.
1990;10:42-58.

14. Hather BM, Adams GR. Tesch PA, Dudley GA. Skeletal muscle re-
sponses to lower limb suspension in humans. J App! Physiol. 1992;72:
1493-1498.

15. Zhou M-Y, Klitgaard H, Sailtin B, Roy RR. Edgerton VR, Gollnick
PD. Myosin heavy chain isoforms of human muscle after short-term
spaceflight. J Appl Physiol. 1995:;78:1740-1744.

16. Edgerton VR, Zhou M-Y, Ohira Y, et al. Human fiber size and enzy-
matic properties after 5 and 11 days spaceflight. J Appl Physiol. 1995;
78:1733-1739.

17. Adams GR. Hather BM, Dudley GA. Effect of short-term unweighting
on human skeletal muscle strength and size. Aviat Space Environ Med.
1994:65:1116-1121.

18. Hodgson JL, Buskirk ER. Physical fitness and age, with emphasis on

21.

22.

23.

26.

27.

28.

29.

37.

38.

39.

40.

41.

42.

43.

HAGERMAN ET AL.

cardiovascular function in the elderly. J Am Geriatr Soc. 1977:25:
385-392.

. Hepple RT, Mackinnon SL, Goodman JM, Thomas SG, Plyley MJ.

Resistance and aerobic training in older men: effects on Vo.peak and
the capillary supply to skeletal muscle. J Appl Phvsiol. 1997:82:1305—
1310.

. Chilibeck PD, Paterson DH, Cunningham DA, Taylor AW, Noble EG.

Muscle capillarization, O, diffusion distance, and Vo, kinetics in old
and young individuals. J Appl Physiol. 1997,82:63-69.

Schantz P. Capillary supply in hypertrophied human skeletal muscle.
Acta Physiol Scand. 1982;114;635-637.

Tesch PA, Thorsson A, Kaiser P. Muscle capillary supply and fiber
type characteristics in weight and power lifters. J Appl Phvsiol. 1984,
56:35-38.

Holloszy JO, Spina RJ, Kohrt WM. Health benefits of exercise in the
elderly. Med Sport Sci. 1992;37:91-108.

- Pollock ML, Mengelkoch LJ, Graves JE, et al. Twenty-year follow-up

of aerobic power and body composition of older track athletes. J App!
Physiol. 1997;82:1508-1516.

. Coggan AR, Spina RJ, Rogers MA, et al. Histochemical and enzy-

matic characteristics of skeletal muscle in master athletes. J Appl
Physiol. 1990:68:1896-1901.

Hagerman FC, Fielding RA, Fiatarone MA, et al. A 20-yr longitudinal
study of Olympic oarsmen. Med Sci Sports Exerc. 1996;28:1150-1156.
Mark S, Hagerman FC, Falkel JE, Murray TF, Ragg KE. Rowing and
cycle ergometer exercise in the elderly. Med Sci Sports Exerc. 1987,
19:S86. Abstract.

Evans WJ. Reversing sarcopenia: how weight training can build
strength and vitality. Geriatrics. 1996:51:46-47.

McCartney N, Hicks AL, Martin J, Weber CE. Long-term resistance
training in the elderly: effects of dynamic strength, exercise capacity,
muscle, and bone. J Gerontol Biol Sci. 1995,50A:B97-B 104.

. McCartney N, Hicks AL, Martin J, Webber CE. A longitudinal trial of

weight training in the elderly: continued improvements in year 2. J
Gerontol Bio Sci. 1996;51A:B425-B433.

. Taaffe DR, Pruitt L, Pyka G, Guido D, Marcus R. Comparative effects

of high- and low-intensity resistance training on thigh muscle strength,
fiber area, and tissue composition in elderly women. Clin Physiol.
1996;16:381-392.

. Fiatarone MA, Marks EC, Ryan ND, Meredith CN, Lipsitz LA, Evans

W1J. High-intensity strength training in nonagenarians. Effects on skel-
etal muscle. JAMA. 1990;263:3029-3034.

. Fiatarone MA, O’Neill EF, Ryan ND, et al. Exercise training and nu-

tritional supplementaion for physical frailty in very elderly people. N
Engl J Med. 1994;330:1769-1775.

. Graves JE, Pollock ML, Carroll JF. Exercise, age, and skeletal muscle

function. South Med. 1994:87:S17-S22.

. Nichols JF, Omizo DK, Peterson KK, Nelson KP. Efficacy of heavy-

resistance training for active women over sixty: muscular strength,
body composition, and program adherence. J Am Geriatr Soc. 1993;
41:205-210.

. Fleg JL, O’Connor F, Gerstenblith G, et al. Impact of age on the car-

diovascular response to dynamic upright exercise in healthy men and
women. J Appl Physiol. 1995:78:890-900.

Panton LB, Graves JE, Pollock ML, ¢t al. Relative heart rate, heart rate
reserve, and Vo, during submaximal exercise in the elderly. J Geron-
tol Med Sci. 1996:51A:M165-M171.

Fleg JL, Shapiro EP, O’Connor F, et al. Left ventricular diastolic fill-
ing performance in older male athletes. JAMA. 1995:273:1371-1375.
Lakatta EG. Changes in cardiovascular function with aging. Eur Heart
J. 1990;1 1{SupplC):22-29.

Safar M. Ageing and its effects on the cardiovascular system. Drugs.
1990:39(Suppl 1):1-8.

Giada F, Bertaglia E, De Piccoli B, et al. Cardiovascular adaptations to
endurance training and detraining in young and older athletes. Inr J
Cardiol. 1998;65:149-155.

Seals DR, Hagberg JM, Spina RJ, et al. Enhanced left ventricular per-
formance in endurance trained older men. Circulation. 1994:89:198—
205.

Spina RJ, Turner MJ, Ehsani AA. Exercise training enhances cardiac
function in response to an afterload stress in older men. Am J Physiol.
1997:272:H995-H1000.

. Silver AJ, Guillen CP, Kahl MJ, Morley JE. Effect of aging on body

fat. J Am Geriatr Soc. 1993:41:211-213.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45.

46.

47.

48,

49.

50.

53.

54.

55.

56.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

STRENGTH, CARDIOVASCULAR, AND METABOLIC CHANGES

Deurenberg P, van der Kooy K, Hulshof T, Evans P. Body mass index
as a measure of body fatness in the elderly. Eur J Clin Nutr. 1988;43:
231-236.

Fielding RA. The role of progressive resistance training and nutrition
in the preservation of lean body mass in the elderly. J Am Coll Nutr.
1995;14:587-594.

Treuth MS, Ryan AS, Pratley RE, et al. Effects of strength training on
total and regional body composition in older men. J Appl Physiol.
1994:77:614-620.

Tamai T, Nakai T, Takai H, et al. The effects of physical exercise on
plasma lipoprotein and apolipoprotein metabolism in elderly men. J
Gerontol Med Sci. 1988:43:M75-M80.

Coon PJ, Bleecker ER, Drinkwater DT, Meyers DA, Goldberg AP. Ef-
fects of body composition and exercise capacity on glucose tolerance,
insulin, and lipoprotein lipids in healthy older men: a cross-sectional and
longitudinal intervention study. Metab Clin Exp. 1989;38:1201-1206.
Houmard TA, Wheeler WS, McCammon MR, Holbert D, Israel RG,
Barakat HA. Effects of fitness level and regional distribution of fat on
carbohydrate metabolism and plasma lipids in middle- to older-aged
men. Metab Clin Exp. 1991;40:714-719.

. Pavlou KN, Krey S, Steffee WP. Exercise as an adjunct to weight loss

and maintenance in moderately obese subjects. Am J Clin Nutr. 1989;
49:1115-1118.

. Schwartz RS, Shuman WP, Larson KC, et al. The effect of intensive

endurance exercise training on body fat distribution in young and old
men. Metabolism. 1991;40:545-554.

Kraemer WI, Deschenes MR, Fleck SJ. Physiological adaptations to
resistance exercise: implications for athletic conditioning. Sports Med.
1988:6:246-256.

Stone MH, Fieck SJ, Triplett NT, Kraemer WJ. Health- and perfor-
mance-related potential of resistance training. Sports Med. 1991:11:
211-228.

Jackson AS, Pollock ML. Generalized equations for predicting body
density of men. Br J Nutr. 1978;40:497-504.

Brozek J. Keys A. The evaluation of leanness-fatness in man: norms
and interrelationships. Br J Nutr. 1951;5:194-206.

. Hikida RS, Staron RS, Hagerman FC, et al. Effects of high-intensity

resistance training on untrained older men: II. Muscle fiber character-
istics and nucleo-cytoplasmic relationships. J Gerontol Biol Sci. 2000;
55A:B347-B354.

. Holthofer H, Virtanen I, Kariniemi A-L, Hormia M, Linder E, Miet-

tinen A. Ulexeuropaeus I lectin as a marker for vascular endothelium
in human tissues. Lab Invest. 1982;47:60-66.

Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regard-
ing quantitation in M-mode echocardiography: results of a survey of
echocardiographic measurements. Circulation. 1978;58:1072-1083.
Staron RS, Malicky ES, Leonardi MJ, Falkel JE, Hagerman FC, Dud-
ley GA. Muscle hypertrophy and fast fiber type conversions in heavy
resistance-trained women. Eur J Appl Physiol. 1989;60:71-79.

Staron RS, Leonardi MJ, Karapondo DL, et al. Strength and skeletal
muscle adaptations in heavy-resistance-trained women after detraining
and retraining. J Appl Physiol. 1991;70:631-640.

Staron RS, Karapondo DL, Kraemer W/, et ai. Skeletal muscle adapta-
tions during early phase of heavy-resistance training in men and
women. J Appl Physiol. 1994;76:1247-1255.

Welsh L, Rutherford OM. Effects of isometric strength training on
quadriceps muscle properties in over 55 year olds. Eur J Appl Physiol.
1996,72:219-223.

Hurley BF, Redmond RA, Pratley RE, Treuth MS, Rogers MA, Gold-
berg AP. Effects of strength training on muscle hypertrophy and muscle
cell disruption in older men. Inz J Sports Med. 1995;16:378-384.
Brown AB, McCartney N, Sale DG. Positive adaptations to weight-
lifting training in the elderly. J Appl Physiol. 1990;69:1725-1733.
Taafe DR, Pruitt, L, Reim J, et al. Effect of recombinant human
growth hormone on the muscle strength response to resistance exercise
in elderly men. J Clin Endocrinol in Metab. 1994;79:1361-1366.
Frontera WR, Meredith CN, O’Reilly KP, Knuttgen HG, Evans WJ.
Strength conditioning in older men: skeletal muscle hypertrophy and
improved function. J Appl Physiol. 1988;64:1038-1044.

Frontera WR, Meredith CN, O’Reilly KP, Evans WJ. Strength training
and determinants of VO, max in older men. J Appl Physiol. 1990:68:
329-333.

Morganti CM, Nelson ME, Fiatarone MA, et al. Strength improve-

70.

71.

72.

73.

74.

76.

71.

78.

79.

80.

8l.

82.

84.

85.

86.

87.

88.

89.

90.

91.

92.

B345

ments with one year of progressive resistance training in older women.
Med Sci Sports Exerc. 1995;27:906-912.

Hepple RT, Mackinnon SLM, Thomas SG, Goodman JM, Plyley M.
Quantitating the capillary supply and the response to resistance train-
ing in older men. Pflugers Arch. 1997;433:238-244.

Pyka G. Linderberger E, Charette S, Marcus R. Muscle strength and fi-
ber adaptations to a year-long resistance training program in elderly
men and women. J Gerontol Med Sci. 1994:49:M220-M227.

Doherty TJ, Vandervoort AA, Taylor AW, Brown WF. Effects of mo-
tor unit losses on strength in older men and women. J Appl Physiol.
1993;74:868-874.

Metter EJ, Conwit R, Tobin J, Fozard JL. Age-associated loss of
power and strength in the upper extremities in women and men. J Ger-
ontol Biol Sci. 1997;52A:B267-B276.

Andersen P. Capillary density in skeletal muscle of man. Acta Physiol
Scand. 1975;95:203-205.

. Andersen P, Henriksson J. Capiltary supply of the quadriceps femoris mus-

cle of man: adaptive response to exercise. J Physiol. 1977;270:677-690.
Coggan AR, Spina RJ, King DS, et al. Skeletal muscle adaptations to
endurance training in 60- to 70-yr-old men and women. J Appl Phys-
iol. 1992;72:1780-1786.

Zumstein A, Mathieu OM, Howald H, Hoppeler H. Morphometric
analysis of the capillary supply in skeletal muscles of trained and un-
trained subjects—its limitations in muscle biopsies. Pflugers Arch.
1983;397:277-283.

Luthi JM, Howald H, Classen H, Rosler K, Vock P, Hoppeler H.
Structural changes in skeletal muscle tissue with heavy-resistance ex-
ercise. Int J Sports Med. 1986;7:123-127.

Ingjer F. Effects of endurance training on muscle fiber ATPase activ-
ity, capillary supply and mitochondrial content in man. J Physiol.
1979;294:419-432.

Paljarvi L, Naukkarinen A. Histochemical method for simultaneous fiber
typing and demonstration of capillaries in skeletal muscle. Histochemistry.
1990;93:385-387.

Carpenter S, Karpati G. Necrosis of capillaries in degeneration atrophy
of human skeletal muscle. Muscle Nerve. 1982:5:250-254.

Romanul FC. Capillary supply and metabolism of muscle fibers. Arch
Neurol. 1965;12:497-509.

. Hudlicka O, Price S. The role of blood flow and/or muscle hypoxia in

capillary growth in chronically stimulated fast muscles. Pflugers Arch.
1990:417:67-72.

D’ Amore PA, Thompson RW. Mechanisms of angiogenesis. Ann Rev
Physiol. 1987:49:453—464.

Yamashita H, Sato N, Yamamoto M, et al. Effect of endurance train-
ing on angiogenic activity in skeletal muscle. Pflugers Arch. 1993;
422:332-338.

Degens H, Turek Z, Hoofd L, V'ant Hof M, Binkhorst R. The relationship
between capillarisation and fibre types during compensatory hypertrophy
of the plantaris muscle in the rats. J Anar. 1992;180:455-463.

Plyley MJ, Olmstead BJ, Noble EG. Time course of changes in capii-
tarization in hypertrophied rat plantaris muscle. J App! Physiol. 1998:
84:902-907.

Fleck SJ, Kraemer WJ. Adaptations to resistance training. In: Design-
ing Resistance Training Programs. Champaign, 1L: Human Kinetics
Books:1987:169-172.

McCartney N, McKelvie RS, Martin J, Sale DG, MacDougall JD.
Weight-training-induced attenuation of the circulatory response of
older males to weight lifting. J App! Physiol. 1993;74:1056—1060.
Smolander J, Aminoff T. Korhonen I, et al. Heart rate and bloodpres-
sure responses to isometric exercise in young and older men. Eur J
Appl Physiol. 1998:77:439-444.

Lewis JF, Maron BJ. Cardiovascular consequences of the aging pro-
cess. Cardiovasc Clin. 1992;22:25-34.

Petrella RJ, Cunningham DA, Paterson DH. Effects of 5-day exercise
training in elderly subjects on resting left ventricular diastolic function
and VO,max. Can J Appl Physiol. 1997:22:37-47.

. Takemoto KA, Bernstein L, Lopez JF, et al. Abnormalities of diastolic

filling of the left ventricle associated with aging are less pronounced in
exercise-trained individuals. Am Heart J. 1992;124:143-148.

. Sagvi M, Sagvi A, Ben-Sira D, Ben-Gal S, Soudry M. Effects of

chronic overload training and aging on left ventricular systolic func-
tion. Gerontology. 1997;43:307-315.

. Fleck SJ, Bennett, TB, Kraemer WIJ, Baechle T.R. Left ventricular hy-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



B346 HAGERMAN ET AL.

pertrophy in highly strength trained males. In: Lubich T, Venerando A, 100.Hurley BF, Seals DR, Hagberg JM, et al. High-density-lipoprotein

Zeppilli P, eds. Proceedings of the 2nd International Conference on cholesterol inbodybuilders vs powerlifters. Negative effects of andro-
Sports Cardiology, Vol. 2; Sorriento, Italy; June, 1989:303-311. gen use. JAMA. 1984;252:507-513.
96. Fleck SJ. Cardiovascular adaptations to resistance training. Med Sci 101.Hurley BF, Hagberg JM, Seals DR, Ehsani AA, Goldberg AP, Hol-
Sports Exerc. 1988;20:S146-S151. loszy JO. Glucose tolerance and lipid-lipoprotein levels in middle-
97. Spirito P, Pelliccia A, Proschan MA, et al. Morphology of the “ath- aged powerlifters. Clin Physiol. 1987;7:11-19.

lete’s heart” assessed by echocardiography in 947 elite athletes
representing 27 sports. Am J Cardiol. 1994;74:802-806.

98. Urhausen A, Kindermann W. One- and two-dimensional echocar-
diography in body builders and endurance-trained subjects. Inr J

Sports Med. 1989;10:139-144. Received July 16, 1997
99. Fagard RH. Athlete’s heart: a meta-analysis of the echocardiographic Accepted December 30, 1999
experience. Int J Sports Med. 1996;17:5S140-S144. Decision Editor: Jay Roberts, PhD

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



