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ABSTRACT Tor

The effects of strength training on endurance performance and muscle characteristics. Med. Sci. Sports Exerc., Vol.
31, No. 6, pp. 886-891, 1999.

Purpose: The purpose of this study was to determine the effects of resistance training on endurance performance
and selected muscle characteristics of female cyclists.

Methods: Twenty-one endurance-trained, female cyclists, aged 18-42 yr, were randomly assigned to either a
resistance training (RT; N = 14) or a control group (CON; N = 7). Resistance training (2x-wk ') consisted of five sets
to failure (2-8 RM) of parallel squats for 12 wk. Before and immediately after the resistance-training period, all
subjects completed an incremental cycle test to allow determination of both their lactate threshold (LT) and peak
oxygen consumption V[1O,). In addition, endurance performance was assessed by average power output during a
1-h cycle test (OHT), and leg strength was measured by recording the subject's one repetition maximum (1 RM)
concentric squat. Before and after the 12-wk training program, resting muscle was sampled by needle biopsy from
m. vastus lateralis and analyzed for fiber type diameter, fiber type percentage, and the activities of 2-oxoglutarate
dehydrogenase and phosphofructokinase.

Results: After the resistance training program, there was a significant increase in 1 RM concentric squat strength for
RT (35.9%) but not for CON (3.7%) (P < 0.05). However, there were no significant changes in OHT performance,
LT, VUJO,, muscle fiber characteristics, or enzyme activities in either group (P > 0.05).

Conclusion: The present data suggest that increased leg strength does not improve cycle endurance performance in
endurance-trained, female cyclists.

Many competitive endurance athletes incorporate resistance training into their training in the hope that it will
improve endurance performance. However, adaptations to exercise are generally considered to be specific to
the type of training stimulus. For example, light resistance, high repetition endurance exercises, such as
running, swimming, and cycling generally increase V1O, without increasing strength (23). In contrast, heavy
resistance, low repetition resistance exercises normally increase strength (16,47) with little or no change in
V10O, (4,26).



Although many adaptations are specific to the type of training, some changes that occur with resistance
training could potentially influence endurance performance. For example, muscle fiber hypertrophy generally
associated with heavy resistance training may decrease the oxidative potential per total muscle mass (47) and
impair endurance performance. In contrast, fiber transformations after resistance training (IIB — IlA; 4,46) are
similar to those reported for endurance training (IIB — A — [; 1,25) and may assist endurance performance.
Furthermore, it has been hypothesized that resistance training may improve endurance cycling performance
by decreasing the proportion of the maximal pedal force required for each pedal thrust and altering the pattern
of fiber recruitment during cycling (22).

To date, only three studies have investigated the influence of resistance training on endurance performance.
Recently, Bishop and Jenkins (4) reported that, in untrained male subjects, 6 wk of resistance training did not
significantly improve endurance performance, despite significantly increasing one repetition maximum (1 RM)
leg press. Hakkinen et al. (18) have reported that, in response to resistance training, fast-twitch (FT) fiber
hypertrophy precedes that in slow-twitch (ST) fibers and that significant ST fiber hypertrophy is not evident
during the first 8 wk of resistance training. Therefore, 6 wk of resistance training may not have been of
sufficient duration to induce adaptations in the ST fibers, the predominant fiber type recruited during
endurance exercise.

Two longer duration studies have reported significantly improved cycle endurance performance after 10-12 wk
of resistance training (22,33). However, both these studies employed high volumes (> 30 sets-wk ™) of lower
body resistance training. As many of the adaptations to resistance training are dependent on the volume of
training, it remains to be determined whether increases in strength or other adaptations were responsible for
the reported improvements in endurance performance.

It should also be noted that both previous studies reporting improved endurance performance after resistance
training have used time-to-fatigue tasks to assess changes in endurance performance (22,33). Time-to-fatigue
tests have been criticized for not accurately representing endurance performance and for being unreliable
(28). The coefficient of variation (CV) reported for time-to-fatigue tasks has been reported to be 18.0-26.6%
(28,35). In contrast, the CV for time-trial protocols, lasting approximately 1 h, has been reported to be less
than 3.0% (3,28). The influence of resistance training on endurance performance could therefore be more
reliably assessed by using a time trial protocol.

Thus, the purpose of the present study was to examine the influence of 12 wk of low-volume resistance
training, designed to increase maximum strength, on time-trial performance, VJO,, LT, muscle fiber-type
composition, and the activities of phosphofructokinase (PFK) and 2-oxoglutarate dehydrogenase (OGDH) in
endurance-trained female cyclists. It was hypothesized that increases in leg strength would be confined to the
training exercise and would not produce improvements in endurance cycling performance.

METHODS Tor

Experimental overview. Twenty-one trained female cyclists (18-42 yr) were randomly assigned to a
resistance training group (RT; N = 14) or to a control group (CON; N = 7). Subjects had been cycling for 2.5 +
1.2 yr (range = 1.0-5.0 yr). Before initial testing, each subject was familiarized with the testing protocol and
completed a full practice testing session. Testing was conducted at week 0 and week 12 (i.e., immediately pre-
and post-training). The test data included VIO, and LT, endurance performance, 1 RM concentric-squat
strength, fiber type, and the activities of PFK and OGDH in the m. vastus lateralis; 1 RM squat strength and
endurance performance were also measured at week 6 to assess the time course of potential changes in
strength and endurance. Body mass was measured pre- and post-training using a calibrated, balance beam
scale (Mercury 211FP, Thebarton, Australia).

Supervised resistance training was performed twice a week and undertaken at least 24 h after normal off-
season, endurance-training sessions. None of the subjects had been resistance training in the 6 months
before inclusion in this study. All subjects were asked to maintain their normal endurance-training program; in
addition, control subjects were asked to avoid any resistance training. Daily activity for all participants was
recorded in a logbook. After being fully informed of the risks associated with participation, each subject gave
her written consent. Testing procedures were approved by the Medical Research Ethics Committee of The
University of Queensland.



Peak V10 ,. Peak V1O, was determined on an electronically braked cycle ergometer (Lode Excalibur Sport,
Quinton, Seattle, WA) using a continuous test modified from that described by Bruce et al. (8). The saddle and
handle bar positions of the cycle ergometer were adjusted to resemble each cyclist's bicycle. Subjects first
completed a 5-min warm-up cycling at 50 W and then the V10, test commenced at an initial workload of 50 W
with increments of 25 W applied at 3-min intervals until exhaustion. Expired air was collected each minute in
Douglas bags and later analyzed for FeO, and F:CO, using Ametek gas analyzers (SOV S-3A11 and COV
CD3A, Pittsburgh, PA); ventilation (VL E) was also recorded every min using a turbine ventilometer (Morgan,
model 096, Kent, England).

The gas analyzers were calibrated immediately before and after each test using a certified gravimetric beta
gas mixture (Commonwealth Industrial Gas Ltd., Brisbane, Australia); the ventilometer was calibrated pre- and
post-exercise using a 1-L syringe in accordance with the manufacturer's instructions. In addition to calculating
each subject's VIIO,, the peak power output achieved at the end of the VIO, test (W,4c) Was also recorded

(21).

Lactate analysis. Finger-tip capillary blood (20 uL) was sampled during the last 30 s of each 3-min work bout
during the VIO, test. Plasma lactate was determined from these samples using reflectance
spectrophotometry (Kodak Ektachem DT60, Doncaster, Australia). The lactate threshold (LTp) was calculated
using the Dpmax method (9). This method has been shown to be reliable (55) and related to endurance
performance (5).

Endurance performance. Endurance performance was assessed by averaging the second-by-second power
output (W) produced during the OHT. This test has been shown to be both a valid (12) and reliable (3)
measure of endurance performance. Exercise was completed on a calibrated, wind-braked cycle ergometer
(South Australian Sports Institute, Adelaide, Australia), in controlled environmental conditions (temperature =
19-21°C, relative humidity = 55-65%, and barometric pressure = 760-770 mm Hg). This ergometer was
equipped with racing handlebars and seat as well as "aero bars" and the cyclist's own pedals for cleated
shoes. The subjects were instructed to generate the highest power output possible throughout the 60 min of
cycling. During the initial 8 min of exercise the power output was preset, based on performance prediction
from the results of the incremental exercise test, after which subjects could vary both pedal cadence and force
(12). Subjects were continually provided with visual feedback of pedalling cadence, power output, HR, and
elapsed time.

1 RM Concentric squat strength. Each subject's 1 RM strength was determined for the concentric squat
(Plyopower, Lismore, Australia). After three warm-up lifts, the subject's near maximal resistance was
estimated. The resistance was then gradually increased until the subject could only lift the resistance once
(1RM) and not twice. This was recorded as the subject's 1 RM. Feet position and bar height for the concentric
squat were positioned so that the subject began the squat with her knees at an angle of 90°. There was at
least 5 min rest between each attempt.

Muscle sampling and analyses. Three days after the strength test, muscle (80-120 mg) was sampled from
the vastus lateralis muscle (mid-way between the anterior superior iliac spine and the patella) using the needle
biopsy technique (6) with suction (15). Due to reported variations in fiber type distribution from superficial to
deep and proximal to distal (6), we attempted to standardize the biopsy location by using depth markings on
the needle and taking the posttest sample [10.5 cm lateral to the biopsy scar. The muscle sample was divided
in two; the largest sample was mounted in OCT embedding medium (TissueTek, Thuringowa, Australia),
quickly immersed in isopentane cooled in liquid nitrogen for 1 min and stored at -70°C until later histochemical
analysis. The muscle samples were sectioned (10 um) in a cryostat at -20°C, and placed on glass coverslips
for histochemical analysis. The fibers were stained histochemically for identification of Type |, Type lla, and
Type lIb fibers by the myofibrillar adenosinetriphosphatase reaction using acid and alkaline preincubation (7).
Fiber areas and least fiber diameter were calculated on a Macintosh 8100 av computer using the public
domain NIH Image program (version 1.57, Springfield, VA).

A second portion of the sample was quickly frozen in liquid nitrogen and also stored at -70°C until analyzed for
2-oxogluterate dehydrogenase (OGDH) activity (44) and phosphofructokinase (PFK) activity (17). The
activities of enzymes were measured fluorometrically (AmincoBowman Series 2 Luminescence Spectrometer,
Urbana, IL), with the spectrometer compartment maintained at 5°C with a circulator bath. Enzyme activities,



determined from the linear portion of the reaction time course were calculated in pmol-g”"-wet weight-min™ and
in pmol-g"-protein-min". Protein concentration in the homogenate was measured as described by Lowry and
Passonneau (31).

Resistance training. The twice-weekly resistance training sessions were conducted and supervised at the
Department of Human Movement Studies. Squat training was performed on a "Plyopower" resistance machine
(Lismore, Australia) and each session commenced with a 5-min general warm-up on a cycle ergometer
followed by 5 min of stretching. A specific warm-up also preceded each session and involved:

SET 1: 15 repetitions with 50% of 1 RM
SET 2: 8 repetitions with 70% of 1 RM
SET 3: 5 repetitions with 80% of 1 RM

To maximize strength gains, the training program was periodized with respect to resistance, number of sets,
and repetitions (Table 1). A 3-min rest period was enforced between all sets.

Week
1-2 3-4 5-6 7-8 9-10 11-12

Sets 5 4 3 5 4 3
Repetitions 6-8RM 4-6RM 2-4RM 6-8RM 4-6RM 2-4RM

TABLE 1. Resistance training program for the training group.

Statistics. After the 12-wk training period, the results of each dependent variable were analyzed by a two-way
ANOVA (2 groups by 2 or 3 times) with repeated measures on time. Alpha was preset at 0.05, and a Newman
Keuls post hoc test was applied when significance was found.

RESULTS Tor

Effectiveness of the training program. The 12-wk training program resulted in a significantly greater
increase in 1 RM squat strength for RT (35.9%) than for CON (3.7%; Fig. 1). The strength improvement in RT
was significantly greater than the strength improvement in CON after 6 wk (F[1,19] = 14.32, P < 0.01) and also
after 12 wk (F[1,19] = 19.68, P < 0.001). There was a significant effect of time on body mass (F[2,38] = 4.24, P
< 0.05). Post hoc analysis revealed that posttraining and mid-training body mass were significantly different
from pretraining body mass in RT only (P < 0.05). There was no significant difference between the average
volume of endurance training conducted by CON (123.6 + 35.8 km-wk") and RT (110.2 £ 29.4 km-wk")
(F[1,19]1 = 0.11, P = 0.64).
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Figure 1-1 RM squat values (mean + SD) at weeks 0, 6, and 12 in both the control and training groups. (*P < 0.01;
significantly different from week 0; #P < 0.001; significantly different from week 0 and week 6).

Peak VIO ,, LT p, and OHT performance. There was no significant change in VO, expressed either in
mL-kg”min”" (F[1,19] = 0.001, P = 0.98; Table 2) or L-min”’ (F[1,19] = 0.140, P = 0.71; Table 2) after the 12
wk of resistance training. There was also no significant change in the LT (Fj1,19= 0.119, P =0.73) or OHT
performance (F[1,19] = 0.379, P = 0.69; Table 2).

Body Mass Peak VO, Peak VO,
(kg) (mLkg~"-min=") {L-min=") LT (W) OHT (W)

Training group

Pretraining 593 +17 482+58 287 =032 177.7 £ 35.0 1861 = 20.3

Mid-training (week 6) 60.0 =16 185.3 = 18.8

Posttraining 602 =17 484 +55 280 = 0.30 183.3 = 24.1 187.9 = 204
Gontrol group

Pretraining 60.3 =24 483 6.7 2,86 = 0.16 1791 =117 186.8 = 14.5

Mid-training (week 6) 603+23 184.8 = 14.8

Posttraining 60.7 =25 484 + 9.7 286 =033 1799 =155 192.1 = 14.7

TABLE 2. Peak VIO, lactate threshold (LT), and 1-h test (OHT) performance results in control and training subjects before
and after the 12-wk resistance-training program (values are mean * SD).

Enzyme activities. There were no significant changes in PFK (F[1,13] = 0.391, P = 0.54) or OGDH activities
(F[1,13] = 0.339, P =0.57) in either RT or CON after the 12-wk period (Table 3).



Enzyme Mlifiﬁ' o
(mmol-mg—"-min—") Fiber Percentage Fiber Area (pm?) Fiber Least Diameter (;.m)

PFK 0GDH Type | Type lla Type lIb Type | Type Il Type | Type I

Control group
Pretraining 25676 0.95 + 0.24 58.0 = 17.1 38.3 +138 30=x29 4195 = 1045 3769 = 932 53652 51.0+22
Posttraining 23879 0.94 + 0.29 524 + 24.6 42.8 +19.9 4134 3799 = 803 3962 x 1486 497 =33 51.7 65

Training group
Pretraining 240112 1.02 + 0.49 543 £ 146 45.6 + 13.6

14 4255 + 1588 3761 = 1093 526+ 6.1 50070
Posttraining 204 +97 1.05 = 042 59.8 + 135 392+142 1.3

23
2.2 4179 = 1584 3797 = 1104 52974 511 x84

I+ I+

TABLE 3. Changes in OGDH and PFK activities and muscle fiber characteristics of the vastus lateralis after 12 wks of resistance
training (values are mean £ SD).

Muscle fiber characteristics. A mean of 320 muscle fibers per sample were used to determine all muscle
fiber characteristics. Vastus lateralis fiber composition did not change significantly in either group after the
training period (F[1,15] = 0.051, P = 0.82; Table 3). There were also no significant changes in Type | fiber area
(F[1,15] = 0.134, P =0.72), Type Il fiber area (F[1,15] = 0.051, P = 0.82), Type | least diameter (F[1,15] =
0.164, P = 0.69), or Type Il least diameter (F[1,15] = 0.065, P = 0.80; Table 3).

DISCUSSION Tor

The female cyclists in the present study achieved significant gains in 1 RM squat strength after resistance
training was added to their endurance training for 6 wk (22.5%; P < 0.01) and for 12 wk (35.9%; P < 0.001).
However, despite comparable gains in leg strength to those reported in male subjects after 12 wk of circuit-
weight training ([140%; 32) and greater gains in leg strength than those reported after 10 wk of resistance
training (27%; 22), the present resistance-training program did not improve endurance performance. This
contrasts with the findings of previous studies reporting that 10-12 wk of resistance training can enhance cycle
endurance performance (22,33) and that this improvement is related to increases in leg strength. It is,
however, consistent with the present study's unchanged measures of VI10,, LTp, muscle fiber composition,
and oxidative enzyme activity.

Consistent with the present findings, previous studies have typically reported no change in V1O, (4,22,26,33)
or oxidative enzyme activity (24,48) in response to resistance training. However, the unchanged fiber
composition, observed in the present study, contrasts with the findings of other resistance training studies
which have reported an increased Type lla percentage at the expense of a decreased Type IIb percentage
(20,45,46). The absence of changes in fiber composition in the present study can most likely be attributed to
the subjects' small initial percentage of Type llb fibers (1.4%). In previous studies demonstrating fiber
conversions in women, the initial percentage of Type lIb fibers was greater than 15% (45,46). Thus, because
of their training status, subjects in the present study may have possessed limited potential for Type IlIb to Type
Ila fiber transition.

Despite also finding no change in V[JO,, oxidative enzyme (citrate synthase) activity, or fiber composition,
Hickson et al. (22) reported that resistance training improved endurance-cycling performance in endurance-
trained male subjects. They argued that this indicated that increases in leg strength, rather than metabolic
adaptations, were responsible for the improvements in endurance performance after resistance training.
Similarly, Marcinik et al. (33) suggested that increased leg strength was also responsible for the improvements
in the LT and endurance performance reported in their study. Increased leg strength, however, did not result in
improved endurance performance in the present study.

Hickson et al. (22) suggested that an increase in leg strength may improve time to exhaustion by decreasing
the proportion of the maximal force required for each pedal thrust, thus altering the fiber-type recruitment
during exercise. This would theoretically increase participation by Type | fibers and delay recruitment of the
more glycolytic Type Il fibers. Postponement of Type Il fiber involvement may reduce glycogenolysis and
lactate production and improve time to exhaustion. However, a proportional increase in maximal pedal force
may not necessarily occur after lower-body resistance training. After 12 wk of leg-extension training,
Rutherford et al. (39) reported a large increase (200%) in the weight lifted but no improvement in the peak
power measured on a cycle ergometer. This is consistent with the results of other studies which demonstrate
that improvements in training exercises exceed improvements in unfamiliar actions using the same muscles



(38,50,53). Movement specificity may therefore explain why increased leg strength did not result in improved
endurance performance in the present study. That is, the increased leg strength in the present study may
have been confined to the training exercise (i.e., 1 RM squat) and not transferred to endurance-cycling
performance.

In addition to being movement specific, gains in strength also appear to be velocity specific. Velocity specificity
is characterized by the greatest gains in strength occurring at or near the velocity of the resistance-training
exercise. Although a velocity-specific training response has not been observed in all studies (14,37), it has
been observed when isokinetic training is performed at different velocities (11,29,36) and when conventional
heavy-resistance training was compared with "explosive" jump training (19). Although muscle contraction
velocity was not measured during either mode of exercise in the present study, previous research has
reported the average preferred cadence for cyclists to be 85 rpm (34). This is likely to be considerably higher
than the "cadence" used in the high-resistance, low-repetition resistance training employed in this study. Thus,
a velocity-specific adaptation to the "slow" maximal strength training employed in the present study may also
have contributed to the inability of the present resistance-training program to improve cycle endurance
performance.

Despite the possible influence of movement and/or velocity specificity upon strength gains, two previous
studies have reported improvements in endurance performance after resistance training (22,33). However, the
nonsignificant change in endurance performance in the present study and a previous study (4), despite
comparable gains in leg strength, suggests that factors other than increased leg strength may have been
responsible for the improvements in endurance performance reported by Hickson et al. (22) and Marcinik et al.
(33) after resistance training.

Many of the adaptations to resistance training appear to be dependent on the volume of training. Therefore,
adaptations resulting from the higher volumes of lower-body resistance training performed in the studies by
Hickson et al. (22)(5 RM, 33 sets-wk") and Marcinik et al. (33)(15-20 RM, 45 sets-wk"), when compared with
the present study (2-8 RM,6-10 sets-wk"), rather than increases in leg strength, may have been responsible
for the previously reported improvements in endurance performance (22,33). For example, it appears that left-
ventricular volume is increased by bodybuilding-type resistance training but not Olympic or power lifting-type
training (13). Similarly, it has been reported that bodybuilders (2,42) but not weight/power lifters (49) have
more capillaries per fiber than untrained controls. It has also been shown that high-volume resistance training
can increase muscle glycogen stores (32) and oxidative enzyme activity (41). These and other volume-
dependent adaptations to resistance training may explain the increased endurance performance reported by
Hickson et al. (22) and Marcinik et al. (33) but not the present study, despite similar increases in leg strength.

As both previous studies reporting improvements in endurance performance have involved male subjects
(22,33), there also remains the possibility that resistance training improves endurance performance in male
but not female subjects. Male subjects normally have 10 times the blood testosterone levels of female subjects
(54) and female subjects typically do not demonstrate an exercise-induced increase in testosterone
consequent to resistance training (30,51). However, studies have failed to find gender differences in the
relative proportion of slow and fast-twitch muscle fibers and selected enzyme activities (10,40,43) or muscular
strength relative to cross-sectional area (27,52). Therefore, the lower levels of testosterone and the lack of
exercise-induced increase in testosterone consequent to resistance training appear to be the most striking
difference between male and female subjects. Whether or not such differences influence changes in
endurance performance as a result of resistance training remain to be demonstrated.

In summary, the major finding of the present study is that 12 wk of high resistance, low repetition, resistance
training significantly improved 1 RM squat strength but did not improve endurance performance in endurance-
trained female cyclists. This contrasts with two previous studies but is consistent with the unchanged V1 O,,
LTp, muscle fiber composition and oxidative enzyme activity observed in the present study. The gains in 1 RM
squat strength observed in the present study were similar to the leg-strength gains reported in previous
studies that have reported improvements in endurance performance. This suggests that factors other than an
increase in leg strength per se (e.g., volume of resistance training) may be responsible for previously reported
improvements in endurance performance after resistance training.

REFERENCES Top



1. Baumann, H., M. Jaggi, S. Soland, H. Howald, and M. C. Schaub. Exercise training induces transitions of myosin
isoform sub-units within histochemically typed human muscle fibres. Pflug. Arch. 354:2203-2212, 1987.

Context Link

2. Bell, D. G., and I. Jacobs. Muscle fibre area, fibre type and capillarisation in male and female body builders. Can.
J. Appl. Sport Sci. 15:115-119, 1990.

Context Link

3. Bishop, D. Reliability of a one-hour endurance test in female cyclists. Med. Sci. Sports Exerc. 29:554-559, 1997.
[Medline Link] [Fulltext Link] [CrossRef] [Context Link]

4. Bishop, D., and D. G. Jenkins. The influence of resistance training on the critical power function and time to
fatigue at critical power. Aust. J. Sci. Med. Sport. 4:101-105, 1996.

[Medline Link] [Context Link]

5. Bishop, D., D. G. Jenkins, and L. T. Mackinnon. The relationship between plasma lactate parameters, Wpeak,

and endurance performance in women. Med. Sci. Sports Exerc. 30:1270-1275. 1998.

Context Link

6. Blomstrand, E., and B. Ekblom. The needle biopsy technique for fibre type determination in human skeletal
muscle: a methodological study. Acta Physiol. Scand. 116:437-442, 1982.

[Medline Link] [Context Link]

7. Brooke, M. H., and K. K. Kaiser. Three "myosin adenosine triphosphatase" systems: the nature of their pH lability
and sulfhydryl dependence. J. Histochem. Cytochem. 18:670-672, 1970.

[Medline Link] [Context Link]

8. Bruce, R. A., F. Kusume, and D. Hosmer. Maximal oxygen intake and nomographic assessment of functional

aerobic impairment in cardiovascular disease. Am. Heart J. 85:546-562, 1973.

[Medline Link] [CrossRef] [Context Link]

9. Cheng, B., H. Kuipers, A. C. Snyder, H. A. Keizer, A. Jeukendrup, and M. Hesselink. A new approach for the
determination of ventilatory and lactate thresholds. Int. J. Sports Med. 13:518-522, 1992.

[Medline Link] [Context Link]

10. Costill, D. L., D. Daniels, W. Evans, W. Fink, G. Krahenbuhl, and B. Saltin. Skeletal muscle enzymes and fibre
composition in male and female track and field athletes. J. Appl. Physiol. 40:149-154, 1976.

[Medline Link] [Context Link]

11. Coyle, E. F., D. C. Feiring, T. C. Rotkis, et al. Specificity of power improvements through slow and fast isokinetic
training. J. Appl. Physiol. 51:25-35, 1981.

Context Link

12. Coyle, E. F., M. E. Feltner, S. A. Kautz, et al. Physiological and biomechanical factors associated with elite

endurance cycling performance. Med. Sci. Sports Exerc. 23:93-107, 1991.
[Medline Link] [Context Link]

13. Deligiannis, A., E. Zahopoulou, and K. Mandroukas. Echocardiographic study of cardiac dimensions and
function in weight lifters and body builders. Int. J. Sports Cardiol. 5:24-32, 1988.

Context Link

14. Doherty, T. J., and P. D. Campagna. The effects of periodized velocity-specific resistance training on maximal

and sustained force production in women. J. Sport Sci. 11:77-82, 1993.
Context Link



15. Evans, W. J., S. D. Phinney, and V. R. Young. Suction applied to a muscle biopsy maximizes sample size. Med.
Sci. Sports Exerc. 14:101-102, 1982.

[Medline Link] [Context Link]

16. Fleck, S. J., and W. J. Kraemer. Designing Resistance Training Programs. Champaign, IL: Human Kinetics,
1987, p. 3.

Context Link

17. Green, H. J., |. G. Fraser, and D. A. Ranney. Male and female differences in enzyme activities of energy

metabolism in vastus lateralis muscle. J. Neurol. Sci. 65:323-331, 1984.
[Medline Link] [CrossRef] [Context Link]

18. Hakkinen, K., P. V. Komi, and P. A. Tesch. Effect of combined concentric and eccentric strength training and

detraining on force-time, muscle fibre and metabolic characteristics of leg extensor muscles. Scand. J. Sports Sci.
3:50-58, 1981.

Context Link

19. Hakkinen, K., P. V. Komi, and M. Alen. Effect of explosive type strength training on isometric force and
relaxation time, EMG and muscle fibre characteristics of leg extensor muscles. Acta Physiol. Scand. 125:587-600,
1985.

Context Link

20. Hather, B., P. Tesch, P. Buchanan, and G. Dudley. Eccentric actions and skeletal muscle adaptations to
resistance training. Med. Sci. Sports Exerc. 23:5130, 1991.

Context Link

21. Hawley, J. A., and T. D. Noakes. Peak power output predicts maximal oxygen uptake and performance in
trained cyclists. Eur. J. Appl. Physiol. 65:79-83, 1992.

[Medline Link] [Context Link]

22. Hickson, R. C., B. A. Dvorak, E. M. Gorostiaga, T. T. Kurowski, and C. Foster. Potential for strength and
endurance training to amplify endurance performance. J. Appl. Physiol. 65:2285-2290, 1988.

[Medline Link] [Context Link]

23. Holloszy, J. O., L. B. Oscai, J. Don, and P. A. Mole. Mitochondrial citric acid cycle and related enzymes:

adaptive response to exercise. Biochem. Biophys. Res. Commun. 40:1368-1373, 1970.

Context Link

24. Houston, M. E., E. A. Froese, S. P. Valeriote, H. J. Green, and D. A. Raney. Muscle performance, morphology
and metabolic capacity during strength training and detraining: a one leg model. Eur. J. Appl. Physiol. 51:25-35,
1983.

[Medline Link] [CrossRef] [Context Link]

25. Howald, H., H. Hoppeler, H. Claassen, O. Mathieu, and R. Straub. Influences of endurance training on the

ultrastructural composition of the different muscle fibre types in humans. Pflug. Arch.- Eur. J. Physiol. 403:369-376,
1985.

[Medline Link] [CrossRef] [Context Link]

26. Hurley, B. F., D. R. Seals, A. A. Evans, et al. Effects of high intensity strength training on cardiovascular
function. Med. Sci. Sports Exerc. 16:483-488, 1984.

[Medline Link] [Context Link]




27. Ikai, M., and T. Fukunaga. Calculation of muscle strength per unit cross-sectional area of human muscle by
means of ultrasonic measurement. Int. Z. Angew. Physiol. 26:26-38, 1968.

[Medline Link] [Context Link]

28. Jeukendrup, A., W. H. M. Saris, F. Brouns, and A. D. M. Kester. A new validated endurance test. Med. Sci.
Sports Exerc. 28:266-270, 1996.

Context Link

29. Kanehisa, H., and M. Miyashita. Specificity of velocity in strength training. Eur. J. Appl. Physiol. 42:271-281,
1983.

Context Link

30. Kraemer, W. J., S. E. Gordon, S. J. Fleck, et al. Endogenous anabolic hormonal and growth factor responses to

heavy resistance exercise in males and females. Int. J. Sports Med. 12:228-235, 1991.

[Medline Link] [Context Link]

31. Lowry, O. H., and J. V. Passonneau. A Flexible System of Enzymatic Analysis. New York: Academic Press, pp.
96-97.

Context Link
32. MacDougall, J. D., G. R. Ward, D. G. Sale, and J. R. Sutton. Biochemical adaptation of human skeletal muscle

to heavy resistance training and immobilization. J. Appl. Physiol. 43:700-703, 1977.

[Medline Link] [Context Link]

33. Marcinik, E. J., J. Potts, G. Schlabach, S. Will, P. Dawson, and B. F. Hurley. Effects of strength training on
lactate threshold and endurance performance. Med. Sci. Sports Exerc. 23:739-743, 1991.

[Medline Link] [Context Link]

34. Marsh, A. P., and P. E. Martin. The relationship between cadence and lower extremity EMG in cyclists and
noncyclists. Med. Sci. Sports Exerc. 27:217-225, 1995.

[Medline Link] [Context Link]

35. McLellan, T. M., S. S. Cheung, and |. Jacobs. Variability of time to exhaustion during submaximal exercise. Can.
J. Appl. Physiol. 20:39-51, 1995.

[Medline Link] [Context Link]

36. Moffroid, M., and R. H. Whipple. Specificity of speed of exercise. Phys. Ther. 50:1692-1700, 1970.

[Medline Link] [Context Link]

37. Petersen, S. R., K. M. Bagnall, H. A. Wenger, D. C. Reid, W. R. Castor, and H. A. Quinney. The influence of
velocity-specific resistance training on the in-vivo torque-velocity relationship and the cross-sectional area of
quadriceps femoris. J. Orthop. Sports Phys. Ther. 10:456-462, 1989.

Context Link

38. Rasch, P. J., and L. E. Morehouse. Effect of static and dynamic exercises on muscular strength and
hypertrophy. J. Appl. Physiol. 11:29-34, 1957.

Context Link
39. Rutherford, O. M., C. A. Greig, A. J. Sargeant, and A. J. Jones. Strength training and power output: transference

effects in the human quadriceps muscle. J. Sports Sci. 4:101-107, 1986.
[Medline Link] [Context Link]
40. Sale, D. G., J. D. Macdougall, S. E. Alway, and J. R. Sutton. Voluntary strength and muscle characteristics in

untrained men and women and male bodybuilders. J. Appl. Physiol. 62:1786-1793, 1987.



[Medline Link] [Context Link]

41. Sale, D. G., J. D. Macdougall, I. Jacobs, and S. Garner. Interaction between concurrent strength and endurance
training. J. Appl. Physiol. 68:260-270, 1990.

[Medline Link] [Context Link]

42. Schantz, P., R. Billeter, J. Henriksson, and E. Jansson. Training-induced increase in myofibrillar ATPase

intermediate fibres in human skeletal muscle. Muscle/Nerve 5:628-636, 1982.

Context Link

43. Schantz, P., E. Randall-Fox, W. Hutchinson, A. Tyden, and P. O. Astrand. Muscle fibre distribution, muscle
cross-sectional area and maximal voluntary strength in humans. Acta Physiol. Scand. 117:219-226, 1983.

Context Link

44. Simoneau, J. A., G. Lortie, M. R. Boulay, M. C. Thibault, G. Theriault, and C. Bouchard. Skeletal muscle
histochemical and biochemical characteristics in sedentary male and female subjects. Can. J. Physiol. Pharmacol.
63:30-35, 1985.

[Medline Link] [Context Link]

45. Staron, R. S., D. L. Karapondo, W. J. Kraemer, et al. Skeletal muscle adaptations during early phase of

resistance training in men and women. J. Appl. Physiol. 76:1247-1255, 1994.
[Medline Link] [Context Link]

46. Staron, R. S., M. J. Leonardi, D. L. Karapondo, et al. Strength and skeletal muscle adaptations in heavy-

resistance-trained women after detraining and retraining. J. Appl. Physiol. 70:631-640, 1991.

[Medline Link] [Context Link]

47. Tesch, P. A., P. V. Komi, and K. Hakkinen. Enzymatic adaptations consequent to long-term strength training. Int.
J. Sports Med. 8:66-69, 1987.

[Medline Link] [Context Link]

48. Tesch, P. A., A. Thorsson, and E. B. Colliander. Effects of eccentric and concentric resistance training on

skeletal muscle substrates, enzyme activities and capillary supply. Acta Physiol. Scand. 140:575-580, 1990.
[Medline Link] [Context Link]

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

[Medline Link] [Context Link]

50. Thorstensson, A., B. Hulten, W. Dobeln, and J. Karlsson. Effect of strength training on enzyme activities and

fibre characteristics in human skeletal muscle. Acta Physiol. Scand. 96:392-398, 1976.
[Medline Link] [Context Link]

51. Weiss, L. W., K. J. Cureton, and F. N. Thompson. Comparison of serum testosterone and androsterenione

responses to weight lifting in men and women. Eur. J. Appl. Physiol. 50:413-419, 1983.

[Medline Link] [Context Link]

52. Wells, C. L. Women, Sport and Performance. Champaign, IL: Human Kinetics, 1991, p. 36.

Context Link

53. Wilson, G. J., A. J. Murphy, and A. Walshe. The specificity of strength training: the effect of posture. Eur. J. Appl.
Physiol. 73:346-352, 1996.

[Medline Link] [Context Link]




54. Wright, J. E. Anabolic steroids and athletics. In: Exercise and Sport Science Reviews, R. S. Hutton, and D. I.
Miller (Eds.). New York: The Franklin Institute, 1980, pp. 149-202.

Context Link

55. Zhou, S., and B. Weston. Reliability of using Dmax method to define physiological responses to incremental
exercise testing. Australian Conference of Science and Medicine in Sport (Abstract), 1996, 448-449.

Context Link

Keywords:

STRENGTH; VI1O2; LACTATE THRESHOLD; Dpax; FIBER COMPOSITION; FIBER AREA; FIBER
DIAMETER; 2-OXOGLUTARATE DEHYDROGENASE; PFK; WOMEN



