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Minimum rest period for strength recovery
during a common isokinetic testing protocol
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ABSTRACT

PARCELL, A. C., R. D. SAWYER, V. A. TRICOLI, and T. D. CHINEVERE. Minimum rest period for strength recovery during a
common isokinetic testing protocol. Med. Sci. Sports Exerc., Vol. 34, No. 6, pp. 1018–1022, 2002. Purpose: The intent of this
investigation was to determine the minimal time for a between sets rest period during a common isokinetic knee extension
strength-testing protocol. Based on a review of the literature, a set was considered a group of four maximal coupled contractions at a
specific velocity. Methods: Eleven normal, healthy college-age men underwent unilateral knee extension testing to determine their
individual isokinetic peak torque at 60, 120, 180, 240, and 300°·s�1. Velocities were administered in ascending order. Between sets,
rest periods of 15, 60, 180, and 300 s were assigned to subjects in a counterbalanced fashion. Results: There were no differences in
peak torque at the beginning velocity of 60°·s�1 among any of the rest periods. At 120°·s�1, peak torque production during the 15-s
rest period trial was similar to 60 s but lower than 180 and 300 s. Peak torques at 180, 240, and 300°·s�1 produced during the 15-s
rest period test were significantly lower than measured torques at the same velocities during the 60, 180, and 300-s rest period tests
(P � 0.05). There were no differences in peak torque production between the 60, 180, and 300-s rest period tests. Conclusion: These
data demonstrate that during a common isokinetic strength testing protocol a between set rest period of at least 60 s is sufficient for
recovery before the next test set. Key Words: FATIGUE, KNEE EXTENSION, REST INTERVAL

The introduction of isokinetic testing devices provided
for evaluation of contractile function at constant an-
gular velocities during maximal contractions. This

type of strength evaluation has been employed to charac-
terize function in different populations (4,26,31,38), assess
functional decrements after periods of inactivity (2,18,19),
and to describe contractile changes in response to training
(9,10,11,30). In spite of its wide use, there is no apparent
convention as to testing protocols (Table 1).

Studies utilizing isokinetic testing generally require sub-
jects to perform two to four maximal contractions in suc-
cession at three to five different velocities. Usually these
velocities are administered in ascending order, although
some investigators have chosen to randomize velocity order
(1,2,4,9–11,13,14,18,24,26,30,38,41) (Table 1). Further ex-
amination of testing protocols revealed that the rest period
provided between test sets is very inconsistent. Rest times
range from 30 s to 3 min in length, and in many cases
investigators fail to report rest times (Table 1). In light of the
significant influence of rest on recovery of contractile func-
tion after maximal contractions, this discrepancy among
reports raises concern when evaluating reported findings.

Data currently available show that rest intervals during
isokinetic testing influence strength during subsequent test
sets (32,33,39). However, these studies used testing proto-
cols considerably different from those commonly prescribed
during isokinetic strength evaluation in a laboratory setting
(Table 1). It was the purpose of this study to determine the
minimal time for a between sets rest period during a com-
mon isokinetic leg extension strength-testing protocol.

In the present investigation, between-set rest periods of 15,
60, 120, 180, and 300 s were chosen based on review of the
literature and pilot testing in our laboratory. A rest period of
15 s was selected with the intent to clearly demonstrate the
effects of fatigue on force production. The remaining rest
periods were included to evaluate time intervals that are com-
mon in this type of strength testing (Table 1). A 30-s rest period
was evaluated in pilot testing and demonstrated similarities to
the 15-s rest interval. In light of these similarities and consid-
ering that 30 s of rest is unlikely to be utilized by most
investigators for experimental testing of maximal force pro-
duction, this interval was excluded from final evaluation. It was
hypothesized based on total contraction time employed in the
current protocol that 60 s would provide sufficient rest between
contraction sets.

METHODS

Subjects. Eleven men, age 30 � 1 yr, height 181.9 �
1.6 cm, and weight 81.2 � 3.5 kg (mean �SE), volunteered
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to participate. Subjects reported to the lab on two separate
days for familiarization sessions to minimize the effects of
learning on torque production during the isokinetic tests. All
subjects were recreationally active, but none were partici-
pating in a regular exercise-training program. The study was
approved by the university human subjects review board,
and all subjects provided written informed consent before
participation.

Experimental procedures. To test the effect of rest
period length on isokinetic knee extensor torque, subjects
performed a standard isokinetic protocol on four separate
days with at least 48 h between test sessions. During each of
the four test sessions, the subject completed the isokinetic
protocol with either 15, 60, 180, or 300 s of rest between
sets. The order of the rest period conditions was counter-
balanced. Subjects were instructed to abstain from exercise
24 h before each testing session.

Familiarization. Subjects were fitted on an isokinetic
dynamometer (Biodex System 3, Biodex Medical Systems,
Newark, CA) with the axis of rotation of the dynamometer
arm oriented with the axis of rotation of the right knee. Belts
were used to secure the thigh, pelvis, and trunk to the
dynamometer chair to prevent additional body movement.
The chair and dynamometer settings were recorded to en-
sure the same positioning for all four of the experimental
tests. For familiarization with isokinetic contraction veloc-
ities, subjects performed four maximal repetitions at 60,
180, and 300°·s�1 with 3-min rest between sets.

Testing. Immediately before the two familiarization and
four experimental testing sessions, a standard cycling and
knee extension warm-up protocol was performed. Subjects
exercised on a cycle ergometer at 100 W for 5 min. After the
cycle warm-up, subjects were seated on the isokinetic dy-
namometer and actively warmed-up the involved quadriceps
muscles by performing three to four submaximal knee ex-
tension repetitions (50–70% of maximum, subjective) at 60,
120, 180, 240, and 300°·s�1.

For all testing sessions, subjects performed maximal iso-
kinetic contractions with a standard protocol from slow to
fast velocity (60, 120, 180, 240, and 300°·s�1). A counter-
balanced administration of velocities was considered by the
authors. However, assessment of the published literature
demonstrated that the majority of researchers using isoki-

netic strength testing administer velocities in ascending or-
der; thus, we opted for a testing protocol which accurately
reflected prevalent methodologies.

Subjects began each set with the right leg at a 90° angle
and performed four maximal knee extension contractions in
succession at each velocity interspersed with the assigned
rest period for that trial. Subjects were instructed to contract
maximally and maintain the contraction through the full
range of motion. After each maximal contraction, subjects
allowed the limb to passively return to a 90° knee angle.
Flexion velocity was set at 300°·s�1, essentially offering no
resistance to subjects during knee flexion. Subjects were
required to bring the limb to a complete stop before the next
maximal contraction to prevent preload on the quadriceps.
Each velocity tested was considered a set, and four repeti-
tions were performed per set. Angle-specific torque mea-
sures may provide insight into biomechanical, neural, and
mechanical factors associated with whole-muscle contrac-
tion. However, based on the cross-sectional nature of this
study, it was the opinion of the authors that the influence of
fatigue on all of these factors would be adequately repre-
sented by measurement of peak torque regardless of the
knee angle; therefore, the highest torque value during each
set was selected for analysis. Between sets, subjects rested
either 15, 60, 180, or 300 s, depending on the assigned rest
period.

Statistics. The study was a 5 � 5 repeated measures
design with the factors of rest period and velocity as the
independent variables. The dependent variable of peak
torque was analyzed for each condition using a two-factor
ANOVA with repeated measures on rest period and veloc-
ity. In the event of interaction, a Scheffe post hoc analysis
was used to make all pairwise comparisons to locate signif-
icant differences. The level of statistical significance was set
at P � 0.05. Means are presented � SE.

RESULTS

Analysis of the data revealed a main effect of velocity
(F�12.30, P � 0.0000) on torque production regardless of
rest period length (Fig. 1). Rest period also demonstrated a
main effect (F�307.62, P � 0.0000), and a significant

TABLE 1. Overview of isokinetic strength-testing protocols.

Author
Velocities Tested

(°�s�1) Contractions/Velocity
Order of

Contractions Rest Period Length
Torque

Measurement

Aagaard and Andersen (1) 30, 120, 240 6–7 Randomized Not reported Peak torque
Berg et al. (2) 30, 60, 90, 120, 180 2 Ascending 2 min Peak torque
Bilcheck et al. (4) 30, 120 4 Randomized 30 s Peak torque
Caiozzo et al. (9) 50, 96, 144, 190, 240, 288 4–7 Ascending 10 s per contraction Peak torque
Carroll et al. (10) 60, 180, 300, 500 5 Mixed 1 min Angle specific
Coyle et al. (11) 60, 180, 300 2–3 Ascending Not reported Peak torque
Delitto et al. (13) 60, 120, 180 10 Ascending 3 min Peak torque
Dudley et al. (14) 30, 100, 170, 240 3 Ascending 1 min Angle specific
Germain et al. (18) 180, 240, 300, 120, 60, 30 4 Mixed 90 s Peak torque
Klitgaard et al. (24) 40–800 3 Ascending Not reported Peak torque
Larsson et al. (26) 30, 60, 120, 180 2 Ascending Not reported Angle specific
Narici et al. (30) 60, 120, 180, 240, 300 Not reported Ascending Not reported Angle specific
Thorstensson et al. (38) 15, 30, 60, 90, 180 2 Randomized Not reported Peak torque
Veldhuizen et al. (41) 60, 120, 180, 240, 300 5 Ascending Not reported Peak torque
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interaction was noted between the variables of velocity and
rest period (F�3.48, P � 0.0002).

All subjects began experimental testing at 60°·s�1. The
Scheffe post hoc analyses of cell means revealed no differ-
ences at this beginning velocity among any of the rest period
trials (P � 0.05). At 120°·s�1, there was no difference
between the 15- and 60-s rest period groups; however,
torque produced during the 15-s rest period was signifi-
cantly lower (P � 0.05) when compared with the 180- and
300-s rest period groups. At the remaining velocities, 180,
240, and 300°·s�1, peak torque during the 15-s rest period
trial was less than that recorded during the 60-, 180-, and
300-s rest period trials (P � 0.05). There were no differ-
ences in peak torque values within all velocities tested
among the 60-, 180-, and 300-s rest period trials.

DISCUSSION

Whole-muscle function testing in human subjects is a
widely used criterion measure to characterize and/or eval-
uate different populations. The development of isokinetic
measurement devices provided for the assessment of mus-
cular strength at various contractile velocities. Isokinetic
devices are commonly used in the fields of exercise science
and sports medicine for evaluating adaptations to training
and progression of rehabilitation, and as a training modality
for rehabilitating subjects. However, a large variation in
testing procedures is apparent when reviewing the literature
(Table 1).

It is well established that repeated contractions result in
muscular fatigue, usually expressed as a reduction in force
producing capacity. This reduced strength has its basis pri-
marily in metabolic and mechanical factors (16). In an acute
setting, repeated contractions have resulted in depletion of
fuel sources, accumulation of metabolic byproducts, and a

concomitant reduction in force production (5,6,29). Inves-
tigations designed to assess the acute neural contributions to
muscular fatigue during repeated contractions have not
shown failure of the nervous system (20,37). On the con-
trary, in the short-term, the nervous system responds with
increased motor unit recruitment to offset the negative ef-
fects of metabolic byproduct accumulation (3,25,42).

Adequate recovery, as in a rest period after muscle con-
traction, will result in a return to a normal internal milieu
and a restoration of muscular strength. If the principle of
fatigue is not addressed during strength testing, then latter
sets of a testing protocol will most likely underestimate the
maximal strength of a subject. A reduction in maximal
repetitions or adequate rest between sets of maximal isoki-
netic contractions would prevent such errors.

A brief review of the literature revealed that a large
number of studies that utilize isokinetic strength testing to
evaluate contractile function fail to report the period of rest
between sets during testing. Some authors merely stated that
“adequate” rest was provided without description or defini-
tion (Table 1). Those investigations disclosing rest periods
demonstrated a range in between sets rest periods from 30 s
to 3 min, whereas some provided subjects with “brief” rests
between contractions (9,26). It is clear that there is not a
consensus with regard to between sets recovery periods
during isokinetic testing.

In the current study, a protocol consisting of four succes-
sive maximal contractions at five velocities in ascending
order was administered. This protocol was selected due to
its similarity to isokinetic strength-testing protocols gener-
ally described in the literature (Table 1). In the present
subjects, the significant decline in torque with increasing
velocities clearly demonstrates the force-velocity relation-
ship in human skeletal muscle. This phenomenon has been
shown to be influenced by muscle fiber type (38) and
physical training (11). With regard to rest period, subjects
were given either 15, 60, 180, or 300 s of rest between test
sets. With the exception of 60°·s�1, analyses revealed that a
rest period of only 15 s resulted in a significant decline in
force production when compared with peak torque produced
during the 60-, 180-, and 300-s rest period trials. There were
no differences in torque production at any velocity among
the 60-, 180-, and 300-s rest period trials. It should be noted,
however, that recovery intervals may be lower if fewer
contractions per set are performed. Nevertheless, the results
of this study clearly demonstrate that peak torque produc-
tion during a common isokinetic strength testing protocol is
similar when subjects are provided a between sets rest
period of either 1, 3, or 5 min.

In research conducted by Pincivero et al. (33), subjects
performed four sets of 10 maximal isokinetic contractions at
90°·s�1 with sets separated by 40- or 160-s rest periods.
Their results showed a significant decline in peak torque,
total work, and average work for the 40-s rest period group,
whereas the same performance variables were unaffected in
the 160-s group. An abstract published by Touey and asso-
ciates (39) detailed a more involved protocol. Touey et al.’s
subjects completed four sets of 10 maximal contractions at

FIGURE 1—Torque-velocity curves from maximal voluntary isoki-
netic contractions in response to four different between sets rest peri-
ods; † denotes 15 s trial different from 180 and 300 s trials (P < 0.05);
* denotes 15 s trial different from all other trials (P < 0.05).

1020 Official Journal of the American College of Sports Medicine http://www.acsm-msse.org



either 60 or 180°·s�1 with rest periods of 30, 60, 120 or
240 s. For the variables of peak torque and total work, rest
periods of 30 and 60 s caused manifestations of fatigue in
subjects. When subjects were allowed either 120 or 240 s of
rest, they were able to complete test sets without declines in
contractile function. These studies clearly show the effect of
inadequate rest during maximal isokinetic strength testing.
However, the number of repetitive contractions performed
in these studies is different from those generally described in
the literature (Table 1).

The basis for strength decline during short-duration, high-
intensity exercise, such as the 15-s rest period trial, is related
to fuel substrate availability and metabolic byproduct accu-
mulation (22,23). During repeated bouts of high-intensity
exercise, inadequate rest results in a reduction of phospho-
creatine stores and a rapid accumulation of hydrogen ion
(7,21,35). Hydrogen ion interrupts the calcium/troponin in-
teraction that precedes crossbridge formation, and as a result
has been shown to attenuate the force producing capacity of
skeletal muscle (28). Metabolically, increasing concentra-
tions of hydrogen ions may reduce glycolytic rates due to
allosteric inhibition of the enzyme phosphofructokinase
(36,40). These combined effects of hydrogen ion present
obvious limitations to force production in skeletal muscle.

The ATP demands of skeletal muscle are supported pri-
marily by the phosphagen and glycolytic systems during
high-intensity exercise (5,6,8,15,17,23,27,34). Hirvonen
and colleagues (22) studied muscle metabolism and fatigue
characteristics during sprints of 100, 200, 300, and 400 m.
Their results demonstrated that the greatest decline in cre-
atine phosphate (�47.5%) occurred during the first 100 m.
This was accompanied by a 3.4 mmol·L�1 increase in blood
lactate concentrations. At 200 m, running speed started to
decline. The authors attributed this reduction in running
velocity to the rapid depletion in phosphagen system con-
stituents and build-up of hydrogen ion.

Dawson et al. (12) had subjects perform five sprint bouts
of 6 s in duration separated by 30 s of rest. Phosphocreatine
values were 27% of resting levels after the exercise period.
After 30 s and 3 min of rest, phosphocreatine levels had
returned to 45 and 84% of resting values, respectively. After
a single 30-s maximal sprint bout, Bogdanis et al. (5) mea-
sured phosphocreatine concentration at 65% of resting val-
ues after 90 s of rest. Results from these studies suggest the
negative effects of fuel depletion and byproduct accumula-
tion on work performance may be reduced when sufficient
recovery time is allowed so as to provide for resynthesis of
fuel substrates and normalization of pH (5,12,32). Contrac-
tion times and total work was considerably less in the
current protocol (~2–6 s per set) compared with the studies
above. However, Gaitanos and colleagues (17) conducted a
maximal-exercise protocol that may be comparable to the

efforts of the present subjects. Gaitanos et al. had subjects
cycle at maximal intensity for 6 s. A muscle biopsy was
obtained before and immediately after the sprint bout. They
measured a 57% decline (76.5 � 7.2 to 32.9 � 2.6
mmol·kg�1) in muscle phosphocreatine concentrations as
well as a 653% increase (3.8 � 1.1 to 28.6 � 5.7
mmol·kg�1) in muscle lactate concentrations. The large
changes in lactate would indirectly indicate a considerable
buildup of hydrogen ion within the muscle cells. These
represent remarkable changes in the metabolic status of the
muscle after only a very brief period of time and support
the notion that even the brief maximal efforts performed
by the current subjects may have indeed been sufficient to
produce changes in pH and fuel depletion to significantly
reduce knee extension torque production.

In the present subjects, maximal contractions with only
15 s of rest between velocity sets likely resulted in reduced
phosphocreatine stores and an accumulation of hydrogen
ion, both of which would contribute to the observed declines
in force production (17). The current data demonstrate that
60 s of rest was sufficient to allow recovery of force pro-
ducing capacity. Though not measured, it would appear that
changes in phosphocreatine availability and, to a lesser
extent, pH changes were not limiting to performance as
demonstrated by peak torque values. According to previous
research, 60 s may not result in complete recovery of fuel
stores (5,12). However, with the number of contractions
performed by our subjects, 60 s is sufficient for maintenance
of force production.

Rest has a critical influence on tension generation in
human skeletal muscle. Adequate recovery after maximal
contractions is of primary importance when evaluating
whole muscle functional characteristics in human subjects.
In many cases, the variable of rest during isokinetic testing
has been overlooked or underreported. In the current sub-
jects, 15 s of between sets rest resulted in significant reduc-
tions in knee extension torque production during successive
test velocities (5, 8, 10, and 10% at velocities of 120, 180,
240, and 300°·s�1, respectively, P � 0.05) when compared
with rest periods of 60, 180, and 300 s. The findings of this
investigation present strong evidence that a between sets
rest period of 60 s during a common isokinetic knee exten-
sion testing protocol (4 sets, 2–6 s per set) is sufficient for
the recovery of force producing capacity in normal healthy
subjects. These data provide a conclusive standard for future
isokinetic strength testing protocols and may serve to reduce
methodological discrepancies in the research literature.

Address for correspondence: Allen C. Parcell, Ph.D., Brigham
Young University, Human Performance Research Center, 120-E
Richards Building, Provo, UT 84602; E-mail: allen_parcell@byu.edu.

REFERENCES

1. AAGAARD, P., and J. L. ANDERSEN. Correlation between contractile
strength and myosin heavy chain isoform composition in human
skeletal muscle. Med. Sci. Sport Exerc. 30:1217–1222, 1998.

2. BERG, H. E., L. LARSSON, and P. A. TESCH. Lower limb skeletal
muscle function after 6 weeks of bedrest. J. Appl. Physiol. 82:
182–188, 1997.

STRENGTH RECOVERY DURING ISOKINETIC TESTING Medicine & Science in Sports & Exercise� 1021



3. BIGLAND-RITCHIE, B., D. A. JONES, G. P. HOSKING, and R. H.
EDWARDS. Central and peripheral fatigue in sustained maximum
voluntary contractions of human quadriceps muscle. Clin. Sci.
Mol. Med. 54:609–614, 1978.

4. BILCHECK, H. M., W. J. KRAEMER, C. M. MARESH, and M. A. ZITO.
The effects of isokinetic fatigue on recovery of maximal isokinetic
concentric and eccentric strength of women. J. Strength Cond.
Res. 7:43–50, 1993.

5. BOGDANIS, G. C., M. E. NEVILL, L. H. BOOBIS, H. K. A. LAKOMY,
and A. M. NEVILL. Recovery of power output and muscle metab-
olites following 30 s of maximal sprint cycling in man. J. Physiol.
482:467–480, 1995.

6. BOGDANIS, G. C., M. E. NEVILL, H. K. A. LAKOMY, and L. H.
BOOBIS. Power output and muscle metabolism during and follow-
ing recovery from 10 and 20 s of maximal sprint exercise in
humans. Acta Physiol. Scand. 163:261–272, 1998.

7. BOSKA, M. D., R. S. MOUSSAVI, P. J. CARSON, M. W. WEINER, and
R. G. MILLER. The metabolic basis of recovery after fatiguing
exercise of human muscle. Neurology 40:240–244, 1990.

8. BOULAY, M. R., T. M. K. SONG, O. SERRESSE, G. THERIAULT, J.
SIMONEAU, and C. BOUCHARD. Changes in plasma electrolytes and
muscle substrates during short-term maximal exercise in humans.
Can. J. Appl. Physiol. 20:89–101, 1995.

9. CAIOZZO, V. J., J. J. PERRINE, and R. EDGERTON. Training-induced
alterations in the in vivo force-velocity relationship of human
muscle. J. Appl. Physiol. 51:750–754, 1981.

10. CARROLL, T. J., P. J. ABERNETHY, P. A. LOGAN, M. BARBER, and
M. T. MCENIERY. Resistance training frequency: strength and my-
osin heavy chain responses to two and three bouts per week. Eur.
J. Appl. Physiol. 78:270–275, 1998.

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. 51:1437–1442, 1981.

12. DAWSON, B., C. GOODMAN, S. LAWRENCE, et al. Muscle phospho-
creatine repletion following single and repeated short sprint ef-
forts. Scand. J. Med. Sci. Sports 7:206–213, 1997.

13. DELITTO, A., S. J. ROSE, C. E. CRANDELL, and M. J. STRUBE.
Reliability of isokinetic measurement of trunk muscle perfor-
mance. Spine 16:800–803, 1991.

14. DUDLEY, G. A., M. R. DUVOISIN, V. A. CONVERTINO, and P.
BUCHANAN. Alterations of the in viva torque-velocity relationship
of human skeletal muscle following 30 days exposure to simulated
microgravity. Aviat. Space Environ. Med. 60:659–663, 1989.

15. ESBJORNSSON-LILJEDAHL, M., C. J. SUNDBERG, B. NORMAN, and E.
JANSSON. Metabolic response in type I and type II muscle fibers
during a 30-s cycle sprint in men and women. J. Appl. Physiol.
87:1326–1332, 1999.

16. FITTS, R. H. Cellular mechanisms of muscle fatigue. Physiol. Rev.
74:49–94, 1994.

17. GAITANOS, G. C., C. WILLIAMS, L. H. BOOBIS, and S. BROOKS.
Human muscle metabolism during intermittent maximal exercise.
J. Appl. Physiol. 75:712–719, 1993.

18. GERMAIN, P., A. GUELL, and J. F. MARINI. Muscle strength during
bedrest with and without muscle exercise as a countermeasure.
Eur. J. Appl. Physiol. 71:342–348, 1995.

19. GREENLEAF, J. E., E. M. BERNAUER, A. C. ERTL, R. BULBULIAN, and
M. BOND. Isokinetic strength and endurance during 30-day 6
degree head-down bed rest with isotonic and isokinetic exercise
training. Aviat. Space Environ. Med. 65:45–50, 1994.

20. HAKKINEN, K., and P. V. KOMI. Effects of fatigue and recovery on
electromyographic and isometric force- and relaxation-time char-
acteristics of human skeletal muscle. Eur. J. Appl. Physiol. Occup.
Physiol. 55:588–596, 1986.

21. HERMANSEN, L., and J. OSNES. Blood and muscle pH after maximal
exercise in man. J. Appl. Physiol. 32:304–308, 1973.

22. HIRVONEN, J., A. NUMMELA, H. RUSKO, S. REHUNEN, and M. HARKONEN.
Fatigue and changes of ATP, creatine phosphate, and lactate during
the 400-m sprint. Can. J. Sport Sci. 17:141–144, 1992.

23. HIRVONEN, J., S. REHUNEN, H. RUSKO, and M. HARKONEN. Break-
down of high-energy phosphate compounds and lactate accumu-

lation during short supramaximal exercise. Eur. J. Appl. Physiol.
56:253–259, 1987.

24. KLITGAARD, H., M. MANTONI, S. SCHIAFFINO, et al. Function, mor-
phology and protein expression of ageing skeletal muscle: a cross-
sectional study of elderly men with different training backgrounds.
Acta Physiol. Scand. 140:41–54, 1990.

25. KOMI, P. V., and J. T. VIITASALO. Changes in motor unit activity
and metabolism in human skeletal muscle during and after re-
peated eccentric and concentric contractions. Acta Physiol. Scand.
100:246–254, 1977.

26. LARSSON, L., G. GRIMBY, and J. KARLSSON. Muscle strength and
speed of movement in relation to age and muscle morphology.
J. Appl. Physiol. 46:451–456, 1979.

27. MEDBO, J. I., and I. TABATA. Anaerobic energy release in working
muscle during 30 s to 3 min of exhausting bicycling. J. Appl.
Physiol. 75:1654–1660, 1993.

28. METZGER, J. M., and R. L. MOSS. Greater hydrogen ion-induced
depression of tension and velocity in skinned single fibres of rat
fast than slow muscles. J. Physiol. 393:727–742, 1987.

29. MILLER, R. G., D. GIANNINI, H. S. MILNER-BROWN, et al. Effects of
fatiguing exercise on high-energy phosphates, force, and EMG:
evidence for three phases of recovery. Muscle Nerve 10:810–821,
1987.

30. NARICI, M. V., G. S. ROI, L. LANDONI, A. E. MINETTI, and P.
CERRETELLI. Changes in force, cross-sectional area and neural
activation during strength training and detraining of the human
quadriceps. Eur. J. Appl. Physiol. 59:310–319, 1989.

31. PERRINE, J. J., and R. EDGERTON. Muscle force-velocity and power-
velocity relationships under isokinetic loading. Med. Sci. Sport
Exerc. 10:159–166, 1978.

32. PINCIVERO, D. M., W. S. GEAR, N. M. MOYNA, and R. J. ROBERTSON.
The effects of rest interval on quadriceps torque and perceived
exertion in healthy males. J. Sports Med. Phys. Fitness 39:294–
299, 1999.

33. PINCIVERO, D. M., S. M. LEPHART, and R. G. KARUNAKARA. Effects
of intrasession rest interval on strength recovery and reliability
during high intensity exercise. J. Strength Cond. Res. 12:152–156,
1998.

34. SERRESSE, O., G. LORTIE, C. BOUCHARD, and M. R. BOULAY. Esti-
mation of the contribution of the various energy systems during
maximal work of short duration. Int. J. Sport Med. 9:456–460,
1988.

35. SHARP, R. L., D. L. COSTILL, W. J. FINK, and D. S. KING. Effects of
eight weeks of bicycle ergometer sprint training on human muscle
buffer capacity. Int. J. Sport Med. 7:13–17, 1986.

36. SUTTON, J. R., N. L. JONES, and C. J. TOEWS. Effect of PH on
muscle glycolysis during exercise. Clin. Sci. (Colch.) 61:331–
338., 1981.

37. SVANTESSON, U., U. OSTERBERG, R. THOMEE, M. PEETERS, and G.
GRIMBY. Fatigue during repeated eccentric-concentric and pure
concentric muscle actions of the plantar flexors. Clin. Biomech.
13:336–343, 1998.

38. THORSTENSSON, A., G. GRIMBY, and J. KARLSSON. Force-velocity
relations and fiber composition in human knee extensor muscles.
J. Appl. Physiol. 40:12–16, 1976.

39. TOUEY, P. R., G. A. SFORZO, and B. G. MCMANIS. Effects of
manipulating rest periods on isokinetic muscle performance. Med.
Sci. Sport Exerc. 26:S170, 1994.

40. TRIVEDI, B., and W. H. DANFORTH. Effect of pH on the kinetics of
frog muscle phosphofructokinase. J. Biol. Chem. 241:4110–4112.,
1966.

41. VELDHUIZEN, J. W., F. T. J. VERSTAPPEN, J. P. A. M. VROEMEN, H.
KUIPERS, and J. M. GREEP. Functional and morphological adapta-
tions following four weeks of knee immobilization. Int. J. Sport
Med. 14:283–287, 1993.

42. YEUNG, S. S., A. L. AU, and C. C. CHOW. Effects of fatigue on
the temporal neuromuscular control of vastus medialis muscle
in humans. Eur. J. Appl. Physiol. Occup Physiol. 80:379 –385,
1999.

1022 Official Journal of the American College of Sports Medicine http://www.acsm-msse.org


