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mong the determinants
of successful distance
running performance
are maximal oxygen
, consumption
(VO,,,,) , lactate and ventilatory
thresholds, lean body mass, and running economy (14). Running economy, described as the oxygen cost of
running at a given submaximal speed
(ml/m/kg), contributes significantly
to distance running performance (6,
7,14). Numerous variables may contribute to running economy. Gender
(7). age (15), biomechanics (4), flexibility (12), environmental condition
(24), and body temperature (16,25)
have been suggested as factors that
influence economy. The effect of previous bouts of maximal running on
running economy has also been examined. Morgan et al found that a
30-minute maximal run did not affect
the oxygen cost of running on subsequent days in men (21).
The literature suggests that economy during extended bouts of exercise may be influenced by a number
of mechanisms. Hamilton et al
showed a pronounced rise in oxygen
uptake (VO,), which was preventable
with intravenous glucose infusion
while cycling for 2 hours (13). An
upward T O , drift" during exercise
has also been demonstrated in men
during treadmill exercise with no
fluid replacement (l6,23,26). Nielsen
et a1 found that the increased total
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Changes in running economy, or the oxygen cost of running at a given submaximal speed
(ml/m/kg), during prolonged exercise have been well described in men but not in women. Lower
extremity strength changes associated with prolonged exercise have never been addressed. We
examined changes in running economy and strength following a 2-hour run in eight men and eight
women. Knee and hip strength were measured pre- and post-running. Peak oxygen consumption
(V02pak)and oxygen consumption at ventilatory threshold were determined. Subjects then ran for
2 hours at an intensity which elicited ventilatory threshold (68.7% vs. 66.6% of VOZpakfor men
and women, p = 0.5). Water was ingested at a rate of 0.5% of body weight each half hour.
Oxygen uptake (V02) and respiratory exchange ratio were measured initially and at 1 and 2 hours.
Body weight declined in the men @ = 0.001) but not in the women (p = 0.12). Running economy
decreased in the men (p < 0.001) but not in the women @ = 0.084). At 2 hours of running knee
flexion and extension strength declined significantly in the men only (effect of gender x time, p <
0.014), but hip flexion, abduction, and adduction strength declined in both genders. Decreased
knee extensodflexor strength was evident in men only, while decreased hip strength was
independent of gender. We conclude that 2 hours of running produced changes in knee strength
and running economy in men only.
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body aerobic demand during prolonged treadmill exercise was not
attributable to local increases in VO,
in the working legs (23) but postulated that extra energy costs might be
incurred for sweating, circulation,
respiration, or total body effects due
to elevated core temperature.
Maintenance of economy is related to successful distance running
performance. Either a decrease in
economy or a decrease in muscle
strength might affect sense of effort
and result in earlier termination of

exercise. Fatigue may also affect potential performance by predisposing
the runner to injury, thereby limiting
the athlete's training regimen. Muscle weakness has been suggested to
contribute to the development of injuries in runners, and insufficiency of
the knee flexion/extension mechanism has, in particular, been cited as
a potential factor in the etiology of
patellofemoral pain (5).
The effect of a bout of running
on leg strength in either gender has
not to our knowledge been examined,
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nor have gender differences in economy during prolonged running been
systematically examined. We hypothesized that there would be no significant
effect of gender on changes in muscle
strength and that the change in economy would be similar between genders
during 2 hours of running at 6.5-70%
The purpose of this study,
of VO,,,.
therefore, was to document the effect
of 2 hours of submaximal running on
running economy and lower extremity
strength in men and women.

---

---.------------.--

Men (N= 8)
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Volunteers were recruited from
New York City area running clubs.
Informed consent was obtained after
the procedures involved were described fully. Eight male and eight
female recreational distance runners
who had averaged at least 50 km/
week by self-report were tested (Table 1).
Participants were instructed to
increase their carbohydrate consump
tion and to refrain from training the
day prior to testing. They were requested to prepare as if they were
about to compete prior to arriving at
the laboratory: to eat as they normally do prerace and to consume at
least 2 cups (approximately 500 ml)
of noncaffeinated fluids. Dietary interviews were performed by an experienced nutritionist using food models as needed. Food intake records
were evaluated using the Nutritionist
111 software program (N Squared
Computing, San Bruno, CA).
Table 2 displays the dietary intake of the men and women. During
the 24hour period prior to testing,
men and women had similar carbohydrate and total kilojoule intake expressed per kilogram of body weight.
The dietary analysis of intake on the
day of testing revealed no differences
in either total kilocalories or in carbohydrates between sexes when adjusted relative to body weight.

Women (N= 8)

-

Age
Kilometerdweek
Height (cm)
Mass (kg)
Percent fat
VO,
(ml/kglmin)*
% VO,
at VT

X

SEM

39.9
64.1
176.5
75.4
10.2
62.0
68.7

2.4
3.4
3.9
4.7
0.7
2.6
0.1

X

SEM

* Maximal measured oxygen consumption
VT = Ventilatory threshold.
SEM = Standard error of the mean.

TABLE 1. Subject descriptives.

Procedures

MATERIALS AND METHODS

--.--------

Subjects were all tested beginning at 9 AM. Height and weight
were determined for each subject.
Body composition was estimated using bioelectrical impedance (RJL Systems Inc., Detroit, MI) using a nongender-specific formula supplied by
the manufacturer for estimating body
density [1.1429 - 0.07122 (weight X
resistance/height2)] and the Sin
equation for estimating body fat (27).
Subjects were supine for at least 10
minutes to adjust to room temperature prior to making the measurement.
Muscle strength wa.. measured
prior to and immediately following
running. Knee extension and knee
flexion strength were tested bilaterally using a Cybex I1 isokinetic dynamometer (Lumex, Ronkonkoma,
NY). After allowing for a warm-up at
120°/sec and at 60°/sec, the subjects
were tested in the seated position
with hips flexed to 70° and a stabilization strap positioned across the anterior thigh. Subject. performed two

sets of three maximal repetitions at
60°/sec and two sets of five repetitions at 300°/sec. Peak torque in
newton-meters was recorded for both
muscle groups at each speed.
Bilateral hip flexion, hip abduction, and hip adduction muscle
strength were tested using the Nicholas Manual Muscle Tester, a handheld dynamometer (Lafayette Instruments, Lafayette, IN). Hip flexion
was measured in the seated position
with the hip flexed approximately 12
inches with the knee relaxed at a p
proximately 90". Hip abduction was
measured in side lying with the manual resistance applied immediately
proximal to the lateral malleolus.
These measurement techniques are
applied immediately proximal to the
lateral malleolus (20). Hip adduction
strength was measured similarly in
side lying with the contralateral limb
flexed in front of the body and the
test limb adducted approximately 12
inches with the knee extended. The
mean breaking force of two repetitions was computed in newtons for

* Intake the d ~ prior
v to testing.
Breakfast the d'3y of testing.
SEM = Standard error of the mean.

TABLE 2. Dietary intake.
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each muscle group (16). The manual
muscle tester is sensitive in detecting
weakness and training effects (16)
and has been shown to have good
intratester reliability and to correlate
well with Cybex testing during measurements of shoulder abduction
(18).
Following the strength testing, an
incremental treadmill test to exhaus
tion was performed to determine
V02pak and the ventilatory threshold. Oxygen consumption VOPpak
and heart rate were measured continuously using the Sensor Medics 2900
Metabolic Cart and the Horizon ECG
and treadmill system (Sensor Medics,
Yorba Linda, CA) with 20-second
data averaging. Before each test, the
flowmeter wa.. calibrated using a 3 L
volumetric syringe, and the gas analyzers were calibrated with standardized gases. The protocol allowed for
4 minutes of walking warm-up and
then required subjects to run at 6
miles/hour. The incline of the treadmill was increased by 2% each
minute until a 20% incline was
reached. Thereafter, the speed of the
treadmill was increased each minute
by 0.5 miles/hour. This protocol was
designed according to the guidelines
set forth by the American College of
Sports Medicine (11). The protocol
was calculated to elicit a VO, of 54
ml/kg/min at 10 minutes of exercise,
which we expected would approximate the maximal capacity of our
volunteers. Subjects were verbally encouraged to continue for as long as
possible.
Subjects were allowed to rest/
stretch for 20 minutes following the
maximal test while the ventilatory
threshold was determined through
visual inspection of graphs of the
ventilatory equivalents for oxygen
and for carbon dioxide according to
the method of Caiozzo e t al (2). Respiratory gas measures are plotted
graphically and the ventilatory threshold is determined by identifying the
interval before the beginning of a
systematic increase in the ventilatory
equivalent for oxygen (ventilation/
JOSPT Volume 27 Number 3 March 1998

VO,) without an increase in the ventilatory equivalent for carbon dioxide
(ventilation/VCO,). Caiozzo et al
have found that this method agrees
well with venous lactic acid estimates
of the anaerobic threshold (2).
The equipment was recalibrated
and the runners were returned to the
treadmill. The speed of the treadmill
was increased until the VO, at ventilatory threshold was reached. Subjects continued to run at this speed
for 2 hours.
Respiratory gas measurements,
ie., VO,, VCO,, and ventilation, were
made for 5 minutes starting at 5 minutes, 55 minutes, and 115 minutes of
running. Heart rate was determined
using a Polar Heart Rate Monitor
(Polar CIC, Port Washington, NY).
The Borg Scale was used to assess
ratings of perceived exertion at each
measurement period (1). Subjects
were required to consume water from
a squeeze bottle at a rate of 0.5% of
initial body weight every 30 minutes.
Fluid ingestion, therefore, totaled 2%
of body weight over the 2-hour run.
At completion of the exercise session,
subjects were told to void, were toweldried, weighed, and strength measurements were repeated.

Statistics
Data were analyzed using SPSS
(Statistical Package for Social Sciences,
Chicago, IL).Changes in respiratory
gas measures (L/minute), economy
(ml/kg/minute), and heart rate were
compared between genders over the
measurement periods using a tw~way
analysis of variance (ANOVA)
(gender X time) for repeated measures. When significant main effects of
time were found, paired t tests with
Bonferroni corrections were used to
identify significant differences from
initial measurements. Changes in
strength measures over time were also
analyzed by a tw~wayANOVA (gender X time). Since these were 2 X 2
comparisons (two levels of gender and
two levels of time), a significant interaction term indicates that changes in

STUDY

strength over time were different between genders. Changes in mass were
also assessed by a tw~wayANOVA. Diferences between men and women,
where only one measure was made
(percent body weight change, maximum oxygen consumption, anaerobic
threshold, etc.), were assessed by unpaired t tests. Mann-Whitney U tests
were used to determine the significance of differences in ratings of perceived exertion. Statistical significance
was established for an alpha~levelof
0.05 (0.025 following Bonferoni correction).

RESULTS
Subject descriptives are listed in
Table 1. The men and women did
not differ in age, training miles, or in
the relative intensity of exercise at
ventilatory threshold (percent of
VO,,,,).
Men had higher peak oxygen consumption. As expected,
women had a higher percent of body
fat. Men and women did not differ in
energy intake or in dietary carbohydrate (Table 2).
There were significant main effects of time and gender on body
mass (p < 0.001, p = 0.002, respectively) and a significant interaction of
time and gender (p = 0.002). The
mean reduction in body mass in the
men was 1.6 kg, or approximately
2%. at the end of 2 hours of running
(p < 0.001) (Table 3). Percent
change in mass was significantly
greater in the men than the women
(p = O.Ol3), although the mean
room temperature during testing was
similar for men (19.7 2 0.48" C) and
women (20.6 2 0.65" C).
Initial running economy when
expressed as VO,/m/kg did not differ between men and women (Figure
1). The initial cost of running was
0.2010 0.004 ml/m/kg for men
and 0.2014 0.004 for women. Analysis of variance showed no effect of
gender but an effect of time (p =
0.001) and a time X gender interaction (p = 0.003). No loss in economy
was seen at 1 hour of exercise in ei-

+

+
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Mass prerunning
Mass postrunning
Percent mass change'

Mm (N = 8)

Women (N = 8)

75.4 t 4.7
73.9 2 4.6*
2.0 t 0.3

55.7 t 2.0
55.3 t 2.0
0.9 + 0.3

* Significantly ditierent than prerunning mass ip < 0.0011.

'Significant difference between genders @ = 0.013).
SEM = Standard error of the mean.
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TABLE 3. Changes in mass. Values are reported t SEM.

ther men o r women (p = 0.307, p =
0.555, respectively). At 2 hours, however, a decrease in economy was evident in the men (p < 0.001) but not
the women (p = 0.084).
The change in total V 0 2 (L/
minute) over time differed between
men and women (Figure 2). An increase in V02 compared with initial
measures was not evident at 1 hour
in the men, but, by 2 hours, the 4.8%
rise in VO,, from 3.055 to 3.202 L,
was statistically significant (p <
0.001). In contrast, both the 0.3%
increase in V02 at 1 hour and the
2.2% increase in VO, experienced in
the group of women by the end of 2
hours of exercise was not significant
(p = 0.628, p = 0.1, respectively).
Heart rate increased over time
during the 2 hours of exercise in
both men and women (Figure 3).
Using Bonferroni corrections, this
effect was only apparent at 2 hours
(p < 0.001). The heart rates of men
and women did not differ nor did

the change in heart rate during the 2
hours of running differ. Changes in
the respiratory exchange ratio, calculated as VCO,/VO,, were comparable
between men and women (ANOVA,
effect of time, p < 0.001; effect of
gender, p = 0.603; effect of gender X time, p = 0.897).
The magnitudes of strength
changes from pre- to postexercise
differed between men and women.
There was a significant effect of gender and time and a significant interaction term due to the 17.9% and
15.9% decrease in knee extension
and flexion strength in the men (Figure 4) compared with the 1.8% loss
in knee extension and the 0.4% increase in flexion strength in the
women. No significant losses in knee
strength were evident in either sex at
the faster speeds of testing. Decreases
in hip abduction, hip adduction, and
hip flexion strength were significant
in both sexes (Figure 5). The losses
in hip abduction and flexion strength

ECONOMY

*

0-221

-

MEN

-0-

WOMEN

MINUTES
FIGURE 1. Running economy (calculatedusing subject's preexercise body weight):analysis of variance; effect of
gender, p = 0.672; effect of time, p = 0.001; and effect of time x gender, p = 0.006. Values significantly different
from baseline measures as determined by post hoc testing are denoted by asterisks (p < 0.0251.

were not different between the sexes
according to the insignificant time/
gender interaction term. Ratings of
perceived exertion were similar at
each measurement for the men and
the women, with both groups indicating greater exertion over time (Table
4). These mean rating scores correspond to responses ranging from
"fairly light" to "somewhat hard" on
the Borg scale.

DISCUSSION
No studies, to our knowledge,
have been designed to describe the
changes in running economy during
submaximal, prolonged running in
women as well as men. The acute
effect of running on leg strength has
also not been investigated. The main
finding of this study is that VO, and
strength responses after 2 hours of
running were different between men
and women. With respect to men,
the results are in agreement with previous studies, which found decreases
in economy during moderate intensity, sustained exercise (17.23). Although women had comparable heart
rate responses, they maintained economy during 2 hours of treadmill running.
Hamilton et al reported a 5-7%
rise in VO, and an increase in heart
rate in subjects cycling at approximately 70% of VO,,
for 2 hours
regardless of fluid replacement (13).
The authors speculated that the increases in VO, were attributable to
increases in oxidative metabolism in
tissues that are responsive to blood
glucose, since the increases in VO,
could be abolished by elevating
blood glucose levels. Substrate utilization is known to influence oxygen
costs (9) but is unlikely to have
played a role in the observed gender
differences in economy seen in our
study since respiratory exchange ratios determined throughout exercise
corroborated the similarity of substrate utilization between sexes. Volunteers in our study had been instructed to eat a high carbohydrate
Volume 27 Number 3 March 1998 JOSPT
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4000

1

Men

Women
7

Minutes
FIGURE 2. Oxygen consumption at the three measurement periods: 5 minutes, 55 minutes, and 1 15 minutes of
running. Values significantly different from baseline as determined by post hoc testing are denoted by asterisks
@ < 0.025). Analysis of variance; effect ofgender, p < 0.001; effect of time, p < 0.001; and effect ofgender x
time, p = 0.003.

HEART RATE
Me-

Women

MINUTES
FIGURE 3. Heart rate at 5 minutes, 55 minutes, and 115 minutes of mnning. Values significantly different from
baseline as determined by post hoc testing are denoted by asterisks @ < 0.025). Analysis of variance; effect of
time, p < 0.001; effect of gender, p = 0.38; and effect of gender x time, p = 0.43.
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diet the day prior to testing and, on
the day of testing, to eat as they normally would precompetition. Diet
records revealed no differences between genders in total calories or
carbohydrate intake when adjusted
for body weight. It does not appear,
therefore, that the observed differences in economy were due to differences in fuel sources.
In contrast, Nielsen et al (23)
have shown that the increase in oxidative metabolism seen during p r e
longed exercise in men was not due
to decreased economy in the working
tissue. Although total oxygen costs
increased during uphill walking, femoral arteriovenous O2 differences and
leg blood flow were unchanged. They
concluded that the loss in economy
must have been related to additional
cost incurred for other systems, such
as for sweating, respiration, or increases in total metabolic rate
brought about by the increases in
core temperature.
Our purpose in providing fluids
during exercise was to at least partially offset dehydration and allow for
successful completion of the run.
Men and women were provided with
the same relative amount of water to
maintain hydration, yet only the men
lost a significant amount of body
weight. It is unlikely that increased
diuresis during exercise accounted
for the discrepancy in weight loss between the men and the women, since
strenuous exercise is well demonstrated to have a marked antidiuretic
effect (3). Furthermore, two of the
women, but none of the men, had to
stop running briefly during exercise
in order to void. Morimoto et al
found that men sweat more than
women for a given environmental
condition despite similar increases in
core temperature (22). It has also
been suggested that women sweat
more efficiently than men, with a
greater proportion of their sweat being evaporated (10). It is, therefore,
likely that the greater loss in mass
which we observed in the men resulted from greater fluid loss due to

PERCENT KNEE STRENGTH LOSS
45 1

*
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I
Men

Ext. 60 Ext. 300Flex. 60Flex.300
FIGURE 4. Knee extension and flexion strength loss at testing speeds of 60 and 30O0/sec. Postexercise values
significantly different from preexercise values as determined by post hoc testing are denoted by asterisks (p <
0.025). Knee extension, 60°/see analysis of variance; effect of gender, p = 0.05; effect of time, p = 0.007; and
effect ofgender X time, p = 0.014. Knee extension, 30Oo/seeanalysis of variance; effect ofgender, p = 0.117;
effect of time, p = 0.862; and effect of gender x time, p = 0.420. Knee flexion, 60°/sec analysis of variance;
effect of gender, p = 0.002; effect of time, p = 0.001; and effect of gender x time, p = 0.001. Knee flexion,
300°/sec: analysis of variance; effect ofgender, p = 0.008; effect of time, p = 0.3 17; andeffect ofgender x time,
p = 0.275.

PERCENT HIP STRENGTH LOSS

*
50

Adduction Abduction

Flexion

FIGURE 5. Hip strength loss. Hip adduction strength change: analysis of variance; effect of gender, p = 0.02;
effect of time, p < 0.001; and effect of gender x time, p = 0.019. Hip abduction: analysis of variance; effect of
gender, p = 0.069; effect of time, p = 0.002; and effect of gender x time, p = 0.164. Hip flexion: analysis of
variance; effect of gender, p = 0.003, effect of time, p < 0.001; and effect of gender x time, p = 0.270. Postexercise values significantly different from preexercise are denoted by asterisks @ < 0.025).

sweating, and increased total sweat
production may have contributed to
the energy cost of running at a constant speed.
Westerlind et al evaluated
changes in economy during 30 (29)
and 45 (28) minutes of downhill and
level running in men and women,
finding that larger increases in oxygen costs tended to be related to increases in muscle temperature (29).
No effect of gender was found on the
VO, response during 30 minutes of
level and downhill running (29).
Given the small sample size employed
(four men and three women), it is
possible that they were statistically
unable to detect existing differences
between genders. The discrepancy
between our and Westerlind et al's
results may be due to the greater duration and intensity of exercise employed in our study, the differences
in exercise modalities (downhill vs.
level running), or sample sizes.
The loss in economy in the men
might have been related to their significant loss in knee strength, which,
in turn, might have altered muscle
fiber recruitment or the biomechanics of running. Dick and Cavanagh
demonstrated an increase in VO, and
a concomitant increase in muscle
electromyography during 40 minutes
of downhill but not level running
(8). The authors speculated that an
increase in local muscular fatigue
might have contributed to the loss in
economy, perhaps via recruitment of
less fatigue-resistant fast-twitch fibers.
The possibility exists that muscle recruitment patterns may differ between genders during prolonged running. A possible neural effect, as
evidenced by the lack of fatigue in
the women's hamstrings and quadriceps, would also support the notion
that muscle fatigue and fiber recruitment contribute to oxygen drift during prolonged exercise.
Strength training has been anecdotally suggested to improve running
performance by minimizing time lost
to injuries (5). Strengthening of the
knee extensors, in particular, has
Volume 27 Number 3 March 1998 JOSPT
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489, 1992
8. Dick RW, Cavanagh PR: An explanation of the upward drift in oxygen uptake during prolonged submaximal
downhill running. Med Sci Sports Exerc
19(3):310-3 17, 1987
RPE-10 = Ratings oiperceived exertion at 10 minutes of exercise.
RPE-60 = Ratings of perceived exertion at 60 minutes of exercise.
9. Frayn KN: Calculation of substrate oxiRPE-120 = Ratings of perceived exertion at 120 minutes of exercise.
dation rates in vivo from gaseous exSEM = Standard error of the mean.
change. J Appl Physiol55(.:628-634,
1 983
TABLE 4. Ratings of perceived exertion.
10. Frye AJ, Kamon E: Responses to dry
heat of men and women with similar
aerobic capacities. J Appl Physiol 50:
been recommended to increase joint
observed in the men may play a role
65-70, 1981
stability. We demonstrated that runin the etiology of patellofemoral inju1 1. Getman LR: Fitness testing. In: Durstine
ning produced profound gender-spe- ries in strenuously training runners.
JL (4,American College of Sports
cific losses in knee strength. AccordIn addition, our results suggest that
Medicine's Resource Manual for
ingly, if maintenance of knee
the welldocumented drift in V 0 2
Guidelines for Exercise Testing and
Prescription, p 252. Malvern, PA: Lea &
strength during prolonged running is during submaximal exercise in men
Febigec 1993
important to the prevention of knee
may be associated with muscle fatigue
12. Gleim GW, Stachenfeld NS, Nicholas
injuries, women would be expected
and/or the cost of cooling. The
JA: The influence of flexibility on the
to be at a reduced risk for knee pain. mechanism for the observed gender
economy of walking and jogging. / OrClement et al showed that women
differences during prolonged exerthop Res 8:814-823, 1990
13. Hamilton MT, Gonzalez-Alonso J,
runners were half as likely as men to
cise requires elucidation in future
Montain SJ, Coyle EF: Fluid replaceexhibit patellar tendinitis, but the
JOSPT
studies.
ment and glucose infusion during exersexes had a similar incidence of
cise prevent cardiovascular drift. J Appl
patellofemoral pain syndrome (5).
Physiol71(3):871-877, 1991
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