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Abstract:

Nearly 200 studies have examined the impact that either acute or long-term exercise has upon
cognition. Subsets of these studies have been reviewed using the traditional narrative method,
and the common conclusion has been that the results are mixed. Therefore, a more
comprehensive review is needed that includes all available studies and that provides a more
objective and reproducible review process. Thus, a meta-analytic review was conducted that
included all relevant studies with sufficient information for the calculation of effect size (N =
134). The overall effect size was 0.25, suggesting that exercise has a small positive effect on
cognition. Examination of the moderator variables indicated that characteristics related to the
exercise paradigm, the participants, the cognitive tests, and the quality of the study influence
effect size. However, the most important finding was that as experimental rigor decreased, effect
size increased. Therefore, more studies need to be conducted that emphasize experimental rigor.

Keywords: mental ability | intelligence | physical activity
Article:

Historically, the relationship between the mind and body has been studied from either a dualistic
or a holistic perspective. Early Greek and Hebrew philosophers adopted a dualistic perspective
and viewed the mind and the body as two distinct entities. However, since then, most
philosophers and researchers have taken a holistic perspective, considering the mind and the
body as two interrelated, inseparable entities. In recent years, controversy has shifted from the
question of whether there is a link between the mind and body to the question of what the precise
causal relationship is between these two components. In particular, one line of research has
focused upon the idea that there is a causal link between the body and the mind such that
exercising the body has a beneficial effect on the performance capabilities of the brain.

Piaget (1936) was one of the first to suggest that motor development is an important determinant
of intellectual development in children. Other early theorists have also adopted this holistic
approach and have come to similar conclusions. For example, the perceptual-motor concepts of
Kephart (1960) suggest that children who have learning disabilities may actually be suffering
from perceptual-motor problems. Additionally, Gestalt psychologists have influenced the entire
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field of education through their emphasis on the idea that "an individual functions as a whole
within the environment and thus must be treated accordingly" (Kirkendall, 1986).

Although theories have been proposed that suggest that the body can influence the mind, until
recently, actual mechanisms that could support this causal link were not known. Contemporary
researchers examining the influence of exercise on cognitive functioning have taken advantage
of advances in the field of neuropsychology and have used animal research to discover the
mechanisms that could explain this link. One such mechanism is cerebral blood flow. Research
on humans that has used modem methods (i.e., Xenon clearance techniques) and moderate- to-
high intensities of exercise has shown large increases in cerebral blood flow as a function of
exercise (Herholtz et al., 1987; Jorgensen, Perko, Hanel, Schroeder, & Seeber, 1992; Jorgensen,
Perko, & Secher, 1992; Thomas, Schroeder, Secher, & Mitchell, 1989). It has been suggested
that these increases in cerebral blood flow then benefit the cognitive functioning of the organism
because they result in an increased supply of necessary nutrients to the brain (e.g., glucose,
oxygen) (Chodzko-Zajko, 1991; Jacobs, Winter, Alvis, & Small, 1969; Madden, Blumenthal,
Allen, & Emery, 1989; Speith, 1965).

Another mechanism that could explain a causal link between the body and the mind is the
influence of exercise upon brain neurotransmitters. Several authors have shown that
neurotransmitter levels change as a function of an acute bout of exercise. Investigators have
found increases in norepinephrine or its precursors (Ebert, Post, & Goodwin, 1972; Gordon,
Spector, Sjoerdsma, & Undenfriend, 1966; Mitchell, Flynn, Goldfarb, Ben-Ezra, & Copmann,
1990), in serotonin (Barchas & Freedman, 1963), and in endorphins (Bortz et al., 1981) after an
acute bout of exercise. Researchers examining the influence of chronic exercise upon
neurotransmitters have also found more long-term increases. As a function of chronic exercise
programs, Poehlman and Danforth ( 1991) and Poehlman, Gardner, and Goran (1992) found
increases in norepinephrine in humans, and Brown et al. (1979), Brown and Van Huss (1973),
and Radosevich et al. (1989) found increases in norepinephrine in animals. These findings are
important in terms of cognition because research with mice has shown that high levels of
norepinephrine are associated with better memory (Zometzer, 1985) and because the
norepinephrine and dopamine synapses appear to play important roles in memory (Kalat, 1992).

Another physiological explanation for how exercise may affect the mind is that exercise may
result in permanent structural changes in the brain. In two related studies (Black, Isaacs,
Anderson, Alcantara, & Greenough, 1990; Isaacs, Anderson, Alcantara, Black, & Greenough,
1992), rats that were exposed to exercise had an increase in the density of the vasculature in the
cerebellar cortex and had shorter vascular diffusion distances as compared to nonexercising
controls.

Although the neuropsychological research examining these mechanisms in humans is limited due
to the cost and invasiveness of the techniques, the initial results indicate that (a) exercise may
result in changes either in the brain itself or in the brain environment, and (b) these changes may
have a positive influence on the performance capabilities of the brain (Dustman, Emmerson, &
Shearer, 1994). Additionally, a great deal of research has used a behavioral approach to examine
the influence of exercise or fitness level upon cognitive functioning. In fact, nearly 200
behavioral studies have been conducted to examine this relationship. The results of these studies



have been quite varied and, for this reason, these studies have been reviewed using traditional
narrative review techniques by 11 authors (or groups of authors) in an attempt to come to an
overall conclusion. In attempting to understand the relationship between exercise and cognitive
functioning, it is worth while to discuss the existing reviews of this literature.

Several authors have reviewed the results of studies that have looked at correlations between
physical fitness and mental achievement. In an early review, Clarke (1958) summarized the
results of seven studies and concluded that all of the results were in a positive direction. In
contrast, Harris (1973) reviewed the literature on motor performance and academic achievement
and concluded that the relationship between physical activity and academic achievement had not
been established. Later, Kirkendall (1986) divided the literature into two different groups of
studies. From the studies that compared intelligence and academic achievement between athletes
and nonathletes, Kirkendall concluded that there was a "modestly positive" relationship between
athletic success and academic success. However, from the studies that attempted to correlate
motor and intellectual performance, Kirkendall concluded that physical growth measures are
poor predictors of intellectual performance. That same year, Thomas and Thomas (1986)
reviewed studies examining perceptual-motor development, physical education, and athletics and
their relationship to academic performance. Thomas and Thomas concluded that none of these
activities enhanced academic performance. Finally, Anthony (1991) reviewed the psychological
aspects of exercise and concluded that a high correlation exists between exercise participation
and intellectual and memory capabilities.

Two other authors reviewed studies in this same area and chose to qualify their conclusions
based upon the nature of the cognitive task or the nature of the exercise. Weingarten (1973)
qualified his conclusions based upon the complexity of the cognitive task. He concluded that
fitness has a positive impact on the performance of complex cognitive tasks, but that fitness has
no impact on the performance of simple cognitive tasks. Subsequently, Gruber (1975) examined
the relationship between academic achievement and physical fitness and qualified his
conclusions based upon the nature of the exercise. He concluded that exercise will only be
beneficial to cognitive functioning if the exercise involves coordinated movements that require
thought before execution and if these movements use the same structures and functions
necessary for the cognitive performance.

Other authors have summarized the results of studies using acute exercise. Most of these authors
also chose to qualify their conclusions based upon aspects of the exercise or of the cognitive
measure. Gutin (1973) concluded that the complexity of the cognitive task and the duration of
the exercise significantly affected the results. In particular, he suggested that with reaction time
(RT) measures, the optimal level of exercise-induced arousal would be inversely related to the
number of choices. Additionally, Gutin suggested that prior exercise of 45 s to 2 min (which
brings the heart rate to 90-120 beats per minute) was beneficial to cognitive performance,
whereas exercise that was 6 min in duration and that increased heart rate to 150 beats per minute
was detrimental to performance. In 1975, Powell also reviewed the acute exercise literature and
suggested that the intensity of the exercise significantly affected the results. He concluded that
acute submaximal exercise can result in short-term improvements of cognitive functioning and
that long-term training can serve as a buffer against the typical decreases in cognitive ability that



occur with age. However, Powell also suggested that acute exercise of maximal intensity may
have a negative effect on cognitive ability.

In 1986, Tomporowski and Ellis conducted a more systematic and comprehensive narrative
review of the literature on acute exercise and cognitive functioning. All of the available
published studies (n = 27) were classified into groups based upon the duration and intensity of
the exercise protocol. The authors concluded that studies that used exercise protocols of short
duration and moderate intensity led to improved cognitive functioning.

There have been only two reviews dedicated to summarizing results from studies using chronic
training protocols. Folkins and Sime (1981) examined 10 such studies and qualified their results
based upon the age and health status of the participants used. They reported that studies of
geriatric mental patients had shown positive effects of exercise upon cognition, but that studies
of children or normal adults had not shown clear results. Hughes (1984) reported the results of
three studies that had examined the effects of habitual aerobic exercise upon cognition. From
such a limited number of studies, it is not surprising that Hughes could conclude only that there
were mixed results.

These reviews provide good examples of the difficulty in reaching a definite conclusion
regarding the relationship between exercise or fitness and cognition. In fact, the only
consistencies among the 11 reviews has been the scarcity of research in the area and a general
consensus that "the results are mixed." Fortunately, however, the statistical technique of meta-
analysis can be used to more clearly summarize the results of numerous studies addressing a
common research question. This technique is extremely beneficial because it allows for the
simultaneous consideration of all available studies in a particular research area rather than being
limited to a subsample of the available studies. Therefore, the results of this meta-analysis will
provide information that cannot be found in single studies or in narrative reviews. Additionally,
because the use of meta-analysis allows the results of numerous studies to be combined, this
effectively combines the samples from the studies so that statistical power is increased. Finally,
meta-analysis allows for the examination of moderator variables to determine if certain
characteristics of the studies are associated with larger effect sizes.

Hypotheses

Researchers working in the area of exercise or physical fitness and cognitive functioning have
identified several mechanisms that may mediate the relationship between exercise and cognition.
Based upon these ideas, certain a priori hypotheses have been proposed in an attempt to either
support or fail to support these potential mechanisms. Additionally, researchers have suggested
that there may be limitations on the proposed positive relationship between exercise or physical
fit ness and cognitive functioning such that the positive relationship may only hold for certain
tasks or in certain individuals. Therefore, a priori hypotheses have also been proposed to test
these suggested limitations:

e Hypothesis 1: Based upon the mechanisms of increased neurotransmitters and changes in
brain structure that have been documented with training studies, it is hypothesized that



studies using a chronic training program or making a cross-sectional comparison between
fit and unfit individuals will show the largest effect sizes.

Hypothesis 2: Based upon the suggestion that exercise may be most beneficial to those
individuals who are mentally impaired (Folkins & Sime, 1981), it is hypothesized that
studies using mentally disabled participants will show greater effect sizes than will
studies using normal participants.

Hypothesis 3: Evidence suggests that older individuals may be resource limited because
they have less attentional flexibility and are not able to time-share as well as younger
adults (Hawkins, Kramer, & Capaldi, 1992) or because older adults, as a group, have
insufficient oxygen transport to the brain (Jacobs et al., 1969; Speith, 1965), have
decreased neurotransmitter synthesis (McGeer & McGeer, 1980; Palmer & DeKosky,
1993), and have an overall decrease in cerebral metabolism (Marchal et al., 1992).
Therefore, it is also hypothesized that studies using either elderly (61-90 years) or
younger (less than 18 years) participants will show bigger effect sizes than will studies
using middle-age (31-60 years) or college-age participants (18-30 years).

Several hypotheses specific to particular exercise paradigms could also be derived based upon
conclusions made in the previously described reviews:

Hypothesis 4: Based upon Gutin's (1973) review, it is hypothesized that acute studies in
which high-intensity exercise was used will show greater effect sizes with measures of
simple RT (RT to only one stimulus) than with measures of choice (RT to one stimulus
when two or more are possible) or with discriminant RT (RT to a "go" stimulus when a
"no-go" stimulus is possible), whereas the opposite will be true for studies in which low-
intensity exercise was used.

Hypothesis 5: Gutin (1973) also suggested the hypothesis that the duration of the prior
acute exercise will show an inverted-CT relationship with effect size.

Hypothesis 6: Based on the conclusions of Tomporowski and Ellis (1986), which
suggests a slightly different hypothesis with regard to duration and intensity of the acute
exercise, it is hypothesized that studies with acute exercise sessions of short duration (2-
15 min) and moderate intensity will show the largest effect sizes compared to studies
with exercise sessions of longer durations (> 15 min) or with difficult or light intensity.
Hypothesis 7: In response to the theory that improvements in cognitive functioning as a
function of exercise training are due to physiological changes in the brain, it is
hypothesized that, among studies using chronic exercise paradigms, the longest training
periods will show the greatest effect sizes.

Hypothesis 8: With regard to cross-sectional studies, Weingarten's (1973) review
suggested that differences as a function of fitness level will only occur with complex
cognitive tasks (i.e., choice and discriminant RT vs. simple RT; IQ, reasoning, math,
verbal vs. perception).

Hypothesis 9: It is hypothesized that studies designed to examine the relationship
between fitness and mental achievement (i.e., correlational or cross-sectional studies) will
show relatively small (correlational: 0.10 <ES< 0.30; cross-sectional: 0.20 <ES< 0.50;
Cohen, 1992) positive effect sizes (Clarke, 1958).

Method



Literature Search

Computer-aided searches were conducted using CD-ROM:s developed for Psych-Lit, Educational
Research in Completion (ERIC), Dissertations Abstracts, and Completed Research in Education.
The key words used in these searches were cognition, cognitive performance, mental, intellect,
exercise, fitness, acute, and chronic. Hand searches were also conducted to identify relevant
articles cited in the reference lists of those articles found through computer searches. The
literature search resulted in 176 studies that examined the influence of exercise on cognitive
performance. Forty-two did not provide sufficient information for the calculation of effect size.
That is, calculating an ES requires one of the following: (a) means, standard deviations, and
sample sizes for the treatment and comparison groups; (b) the value of the statistical test (7, ¢, or
F) and the sample sizes of the treatment and comparison groups; or ( ¢) the significance level and
the sample sizes of the treatment and comparison groups. The remaining 134 studies yielded
1,260 effect sizes for subsequent analyses.

Calculation of Effect Sizes

Several different methods have been proposed for the calculation of effect sizes. In this analysis,
Hedges's (1981) formula was used for the calculation of effect sizes. This formula is: ES = (Mg —
Mc)/SDp, where

(Ng — 1) - SDZ + (Ng — 1) - SD?
SDP =
Ng + N¢ — 2

and where ES = effect size, Mg = mean of experimental group, Mc= mean of comparison group,
SDp = pooled standard deviation, Ng= number of participants in the experimental group, Nc =
number of participants in the comparison group, SDg = standard deviation of the experimental
group, and SDc = standard deviation of the comparison group.

Because studies with small samples sizes may have a biased effect size (Thomas & French,
1986), each effect size was then multiplied by a correction factor designed to yield an unbiased
estimate of effect size (Hedges, 1981). This correction factor is: ¢ =1- [3/(4m - 9)], where m =
Ng+ Nc—2.

Coding the Studies

To examine the moderating effects of particular variables upon the results, certain relevant
variables were coded a priori. These variables were identified based upon the conclusions of the
past reviews, the existing theories to explain the relationship between exercise and cognition, and
the findings of past meta-analyses. For each categorical moderator variable, the study was coded
with integer values so that those variables which might moderate the effects of exercise on
cognitive ability could be examined. Continuous variables were also identified and coded
numerically for subsequent analysis. Variables that related to characteristics of the participants,



the quality of the study, characteristics of the exercise, and characteristics of the cognitive
measures were coded.

Participant Characteristics. The age of the participants was coded as unreported, 6-13 years, 14-
17 years, 18-30 years, 31-45 years, 46-60 years, and 61-90 years. Gender was coded as male,
female, or mixed. Additionally, mental fitness (normal, impaired) and physical fitness (trained,
untrained) were coded to determine whether exercise has a differential effect on the cognitive
performance of impaired individuals or on the performance of trained individuals.

Quality of the Study. Critics of meta-analysis have suggested that this technique is inherently
flawed because it follows the principle of "garbage in, garbage out": If poorly designed studies
are included in the analyses, the results of the meta-analysis will also be of poor quality (Kazdin
& Wilson, 1978; Searles, 1985). Glass (1977), however, suggests that this can be controlled for
by an a posteriori examination of the influence of poorly designed studies upon the resulting
effect sizes. Therefore, studies were coded for variables that might affect their quality, including
study design (between-subjects, within-subjects, mixed design, correlational), publication status
(published, unpublished), sampling method (random stratified, random, intact group, volunteer,
other), method of assigning participants (random stratified, random, intact group, single group,
or matched), and number of threats to internal validity (Campbell & Stanley, 1963). In addition,
studies were coded in terms of whether the comparison groups were equivalent with respect to
relevant variables other than the treatment variable.

Exercise Characteristics. Because a variety of exercise protocols were followed in the studies
obtained, variables were coded to describe the exercise protocol used. The primary difference
between exercise protocols resulted from the use of chronic or acute exercise and from the use of
quasi-experimental or true experimental designs. Therefore, effect sizes were coded as acute,
chronic, mixed acute and chronic, or cross-sectional/correlational. For chronic exercise
paradigms, evidence of improved fitness from training was coded as not reported, yes, or no.
Additionally, the number of days per week that the participants trained and the number of weeks
that they had trained were coded as continuous variables.

For all of the exercise paradigms, other variables examined were the number of sessions of
exercise immediately prior to the cognitive test, the duration of the exercise session (in minutes),
the intensity of the exercise, the type of activity performed, the exercise environment, the
exercise group size, and the exercise leader. Number of sessions of exercise and duration of the
exercise were coded as continuous variables. Intensity was coded as not reported, low intensity,
moderate intensity, or high intensity. Activity was coded as not reported, aerobic, muscular
resistance, isometrics or calisthenics, handgrip dynamometer, games with an aerobic component,
games without an aerobic component, or step tests. Exercise environment was coded as
laboratory, home, hospital, fitness center, class setting, organized team recreational, organized
team competitive, and other. Exercise group size was coded as alone, 10 or less, 11-20, or more
than 20. Exercise leader was coded as no leader, experimenter, fitness trainer, teacher, coach, or
other.

Cognitive Measures. A wide variety of measures have been used to assess cognitive ability. Each
particular cognitive test used was coded separately. Across the studies included, 106 different



cognitive tests were used, and these included simple reaction time, line matching tests, verbal
comprehension tests, the Culture Fair Intelligence Test, the Stanford-Binet Intelligence Quotient,
the Wechsler Memory Scale, the Sternberg Number Task, the Stroop test, and Raven's
Progressive Matrices Test. Because so many different cognitive tests were used and because
many of the tests were only used on minimal occasions, studies were further coded as to which
type of cognitive ability was being assessed with the particular cognitive test. Thus, the cognitive
tests in each study were classified as being in one of the following cognitive categories: memory,
mathematical ability, verbal ability, reasoning, creativity, academic achievement, mental age,
intelligence quotient, dual task paradigms, RT, motor skills, perception, or other.! Subsequent
analyses with regards to the cognitive test were then done using cognitive category as the
moderator variable of interest.

Analysis

All of the possible effect sizes that could be calculated were included in the overall average
effect. However, this means that studies with multiple comparison groups or with multiple
measurements of the dependent variables included many sets of dependent effect sizes. Since this
violates the assumption of independent data points (Bangert-Drowns, 1986), using all of these
data points is not desirable for statistical analyses. The only options to maintain this assumption
are to combine all of the effect sizes from one study into an average effect size or to choose only
one effect size as representative of each study. However, these two options result in the loss of
information that can be gleaned from the studies because these options demand that levels of the
moderator variables be either ignored or combined. Therefore, the most logical decision was to
limit each study to one set of effect sizes from one comparison group. The order of preference
for this set of effect sizes was determined by the comparison group as follows: (a) own pretest,
(b) treatment control group, and (c) no-treatment control group. Following this, outliers were
identified as those effect sizes that were greater than three standard deviations from the mean,;
these outliers were eliminated from subsequent analyses.

The next step in the analysis involved examining moderator variables to determine which aspects
of a particular study might significantly influence the size of the effect. For the categorical
moderator variables, one-way analyses of variance (ANOVAs) were conducted with corrected
effect size as the dependent variable and with the various moderator variables as the independent
variables. For the continuous moderator variables, correlational analyses were conducted. To
control for Type I error, the Bonferroni correction was used so that the level of significance was
adjusted based upon the number of simultaneous analyses. This resulted in the significance level
being set at p = .002 because 19-22 analyses were done for each subset of the data. The
technique of ANOVA was used because an examination of the distribution of the effect sizes
showed a normal distribution which suggests that this technique is appropriate (Wolf, 1986).

For moderator variables that had a significant impact on the effect sizes, the Scheffe test was
used for post hoc analyses to determine which levels of the variables were significantly different
(p < .05) from each other and a z statistic was used to determine if the effect size was equal to
zero (p < .05) (Cooper & Hedges, 1994). In interpreting the results, only those levels of the

! The names of the individual cognitive tests which were used and the cognitive categories into which they were
encoded are available from the first author upon request.



variable which had five or more effect sizes were considered. This criteria for the number of
effect sizes was based on the logic that results should not be interpreted when the effect sizes
were all derived from the same study and that with five or more effects sizes it was likely that the
effect sizes came from more than one study. However, it should be noted that in most instances
the sample sizes in the levels of the ANOVA were not equivalent, and therefore, care should be
taken in interpreting the results (Keppel, 1991). Moderator variables that did not significantly
affect the results were not discussed. After determining which moderator variables had
significant influences upon the effect sizes, these variables were included in a series of cross-tab
analyses to examine the loading of the variables in the various categories so that potential third-
order causation could be identified. Finally, the a priori hypotheses were examined specifically
using the most appropriate statistical technique for each particular hypothesis.

Bangert-Drowns (1986) has suggested that separate analyses should be conducted when
dependent measures represent different logical constructs. Therefore, the first moderator variable
examined was exercise paradigm because of the concern with mixing the results of studies that
had used different experimental designs. From then on, separate analyses were conducted for the
studies within each exercise paradigm.

Results

The overall mean effect size for all of the studies was found to be 0.25 (SD = 0.69, ES n = 1,260,
p <.05), which suggests that exercise improves cognitive functioning by 0.25 standard
deviations and that this improvement is significantly different from zero. Following this initial
computation, effect sizes from the best comparison group for each study were used for
subsequent analyses. This resulted in the exclusion of 397 effect sizes, with 873 effect sizes
remaining (M = 0.30, SD = 0.78, p <.05). Additionally, effect sizes that were greater than 3
standard deviations from the mean were labeled outliers and were omitted from subsequent
analyses. This resulted in the omission of 21 effect sizes. Therefore, the adjusted overall mean
was 0.29 (SD= 0.63), with 852 effect sizes included.

The nature of the exercise intervention used significantly influenced the effect sizes, F(3, 848) =
12.43, p <.001. There were only six effect sizes from studies using mixed designs that combined
acute and chronic exercise (M = 0.54, SD =0.43, ES n =6, p <.05). An examination of the
influence of the moderator variables within this subset of studies was not conducted. This is
because with only six total effect sizes, the number of effect sizes at each level of any moderator
variable would be so small (e.g., even with only two levels, at least one level would have three or
fewer effect sizes) as to make the results meaningless. Therefore, these effect sizes were dropped
from subsequent statistical analyses.

Examination of the means within each of the remaining exercise paradigms showed that
significantly larger effect sizes were found with cross-sectional/correlational designs (M = 0.53,
SD=0.77, ES n =117, p <.05) than were found for chronic designs (M = 0.33, SD= 0.58, ES n
=358, p <.05) or acute designs (M = 0.16, SD= 0.60, ES n=371,p <.05). The studies using
chronic paradigms showed significantly larger effect sizes than those using acute paradigms.
This supports Hypothesis 1, which suggested that studies using cross-sectional comparisons or
chronic exercise programs would show the largest effect sizes. Physiological mechanisms were



not actually assessed in the examination of this hypothesis; therefore, this finding provides only
indirect support for physiological mechanisms for enhanced cognition because it suggests that
longer commitments to exercise may be necessary for the biggest gains in cognitive
performance. However, it is important to note that all of the effect sizes were significantly
different from zero, thus suggesting that there is a significant effect of exercise on cognition
regardless of the exercise paradigm that is used. From this point on, all analyses were conducted
within the subsets of the effect sizes created by the exercise paradigm variable.

Acute Exercise

Moderator Variables. Examination of the moderator variables within studies using this exercise
paradigm showed that the variables that significantly affected the effect sizes were: the method
of sampling, the number of threats to internal validity, the cognitive test category, the size of the
exercise group, and the sex of the participants (for F values, means, standard deviations, and
sample sizes, see Table 1).

Examination of the means related to method of sampling indicated that the largest effect sizes
were found when random sampling was used (M = 0.65); however, this method was only used in
seven of the effect sizes. A post hoc analysis for sampling method indicated that effect sizes
were significantly larger when intact groups (M = 0.50) were used than when volunteers (M =
0.13), unreported (M = 0.13), or "other" (M = -0.08) methods of sampling were used.

Post hoc examination of the mean effect sizes relative to the number of threats to internal validity
showed that none of the categories with five or more effect sizes was significantly different from
the others. However, despite the lack of a significant difference between the levels of the factor,
it is interesting to note that as the number of threats increased, the mean effect tended to increase.
Thus, the mean effect size increased as follows: zero threats (M = -0.04), one threat (M = 0.13),
three threats (M = 0.21), two threats (M = 0.23), and four threats (M = 1.76). This suggests, then,
that as experimental rigor decreased, effect size increased.

The cognitive test used also influenced the effect sizes. However, the post hoc analysis indicated
that none of the levels were significantly different from each other.

The number of participants in the exercise group also had an impact on the results. When the
exercise group was larger than 20 people, the effect sizes were significantly larger (M = 0.61)
than when the group was an unreported size (M = 0.07) or when the participants exercised alone
(M =0.09). An examination of the mean effect sizes showed that the benefits of exercise upon
cognitive functioning increased as the size of the exercise group increased. That is, the means
were as follows relative to the group size: alone (M = 0.09), 10 or less (M = 0.16), between 11
and 20 people (M = 0.61), and more than 20 people (M = 0.61).

The sex of the participants tested also influenced the effect sizes. Samples of men and women (M
=0.70) or samples in which participants' sex was unreported (M = 0.57) showed significantly
larger effect sizes than samples with all women (M = 0.14) or all men (M = 0.03).



Table 1. Analyses for the moderator variables

Effect
Moderator variable F test P size 5D n P
Overall 0.25 069 1260 *
Independent effects 0.30 0.78 B73 %
Qurliers removed 0.29 0.63 852 +
Exercise paradigm F(3, 848) = 12.43 001
Acute 0.16° 0.60 371 *
Chronic 0.33° 0,38 358 0*#
Cross-sectionalfcorrelational 0.53 0.77 117 #
Mixed 0.54 0.43 6 *
Acute exercise studies
Sampling method F(5,365) =644 0001
Orther -0.08" .39 58
Volunteer 0.13" 043 9  *
Not reported 0.13° 0.70 157 *
Random stratified 0.47 0.31 2 =
Intact group 0.500 0.68 48 *
Random sampling 0.65 0.22 7 %
Threats to internal validity  F{4, 366) = 9.52 <.0001
0 -0.04" 0.33 45
1 0.13° 0.53 191 *
3 0.21¢ 0.72 62 #
2 0.23% 0.68 69 *
4 1.76" 0.47 4 *
Cognitive test category F(10, 360) = 5.23 <.0001
Reasoning -0.06 0.83 2
Verbal -0.02° 0.27 22
Reaction time 0.06° 0.49 116
Memory 0.10° 0.63 116
Other 0.18 0.30 4
Math 0.21 0.62 40
Perception 0.29 0.64 57
Not reported | 0.63 0.30 5
Mixed bag of tests 1.20 — |
Academic achievement . 1.23 0.44 4
Motor skills 1.47% 1.03 4
Exercise group size F(5,365) =456 < Q002
Not reported 0.07% 0.31 35
Alone 0.09" 0.60 250 *
Group (<10 people) 0.16 0.81 17
Group (unknown number of people) 0.31 0.60 38
Group (11-20 people) 0.61 0.32 5
Group (=20 people) 0.61* 0.65 26
Sex F(3,367)=2509 <.0001 _
Male 0.03° 0.46 269
Female 0.14" 0.49 30
Not reported 0.57° 099 23
Mixed 070" 075 49

(continued)



Table 1 (continued)

Effect
Moderator variable F test P size  SD n 2,
Chronic exercise siudies
Threats to internal validity  F(6, 351) = 8.22 <0001
0 006 039 28
2 0.14° 0.36 137 *
6 0.35 0.02 2 #
3 0.37 0.37 24 ¢
1 0.45 0.48 55 =
4 057 091 75 =
5 057 039 7=
Subject Assignment F(5,352)=15.29 <.0001
Random 0.15* 042 171 *
Not reported 0.26" 040 20 =
Intact 0.35* 0.62 4 *
Matching 038" 041 22 ¢
Random stratified 0.49 0.38 2 =
Single group (.88 0.79 49 *
Fitness measurement F(5,352)=9.54 <0001
IPS or other -0.05 1
Max test 0.17**  0.37 170 *
Not reported 0.29" 047 59 %
Submaximal test 0.45 0.70 59 *
Self-report 0.50 0.24 4 @
Not measured 0.69° 0.78 65 *
Age group Fi(7,3500=7.60 <0001
Not reported -0.1%* 086 5
Adult (3045 yr) 0.060 035 10
Oldest adult (60-90 yr) 0.19%*  0.37 163 *
Elementary (613 yr) 0.36 0.33 3B =
Mare than one age range 0.40 0.70 %0 ®
College (18-30 yrs) 0.64! 0.69 32 0=
High school (14-17 yr) 077 040 g
Older adult (45-60 yr) 1.02¢ 1.15 1 *
Exercise environment F(6,351) = 1042 <0001
Fitness center 006" 0.35 62
Other 0.10%  0.32 60 =
Hospital 025" 045 35 0+
Home (or on own) 0.28 0.33 31 ¢
Laboratory 043" 0.64 B0 ¥
Not Reported 0.45 0.38 15 *
Class setting : 0.67° 0.75 75 #
Exercise leader F(4,353)=8.93 <.0001
Experimenter -0.04 0.09 4
Fitness trainer 007" 028 66 *
No leader 0.31° 053 183 #
Not reported 0.34 0.45 22 *
Teacher 0.60° 0.76 83 ¢

(continued)



Table 1 (continued)

Effect
Moderator variable F test P size n P
Exercise group size F(5,352)=18.39 <0001
Group (=20 people) 0.12¢ 034 85
Group (unknown number of people) 0.25b 0.45 g8y #
Alone 0.34° 0.56 135 *
Not reported 045" 038 15 *
Group (11-20 people)} 047" 0.44 5
Group (<10 people) L.22¢ 0.94 25 #
Cross-sectional/correlational studies
Eguivalency of the F(2,114y=6.77 <0017
comparison groups
Yes 0.11° 0.59 22
Not reported 0.18 0.37 11
No 0.69" 0.79 84 *
Comparison group F(1,115)=11.41 <.001
Correlation 0.19° 0.47 29 *
Nonathletes 0.71° 0.77 84 =
Cognitive test category F(10, 106) = 3.08 <0018
Math -(.53% 0.41 5 =#
Mental age tests 0.00 022 5
Perception 0.17 — |
Verbal 0.17 0.33 8
Academic achievemnent 0.27 0.46 20 =
Memory 0.45 0.35 4 *
Other 0.48 0.97 6
Reaction time 0,74* 0.82 60
Reasoning 0.83 0.16 4
IQ 1.24 1,13 3
Not reported 1.69 — 1
Exercise group size F(5,111)=5.13 <.0003
Group (11-20 people) -0.49 0.71 4
Group (>20 people) —.24 0.24 5 *
Not reported 0.24 0.66 24
Group (unknown number of people)} 0.60 0.72 4 *
Alone 0.80 0.80 32 =+
Group (<10 people) 0.85 0.50 1=
Exercise intensity F(3,113)=7.12 <0001
Low ~1.120 0.62 2 #
High -0.70" 016 4 =
Not reported 0.58 072 103 %
Moderate 0.84¢ 0.49 g *

Note. Superscripts that are different represent effects which are significantly different from

one another as determined by Scheffé post hoc tests. Asterisks indicate that the effect is
significantly different from zero,



A Priori Hypotheses. Within the studies using acute exercise, the moderator variables of age
group and mental ability were examined. Neither had a significant impact on the results: F(2,
368) =4.058, p >.01, and F(5, 365) = 2.174, p > .05, respectively. Therefore, neither Hypothesis
2 nor Hypothesis 3 was supported.

To test Hypothesis 4, the effect sizes for measures of RT were examined relative to the intensity
level of the exercise. To do this, RT was explicitly coded as being simple RT or choice or
discriminant RT, and the size of the effects were examined as a function of these levels. The
results showed that regardless of exercise intensity, larger effect sizes were found for measures
of simple RT than for measures of choice or discriminant RT (low intensity: simple RT M =
0.16, choice RT M = -0.22; moderate intensity: simple RT M =0.21, choice RT M = -0.56; high
intensity: simple RT M = 0.08, choice RT M = -0.30). Thus, Hypothesis 4 was not supported.
The lack of support for this hypothesis seems counter to the logic guiding research in this area.
That is, because choice and discriminant RT have greater cognitive components (because more
decision making is required) than does simple RT, it was expected that the greatest benefit of
fitness would be seen on the choice and discriminant RT tasks. However, the results are in the
opposite direction.

Hypothesis 5 stated that for acute exercise, there would be an inverted-U relationship between
the duration of the exercise bout and the effect on cognitive performance. This hypothesis was
not supported because the linear relationship between exercise duration and cognitive
performance was not significant, F(1, 369) = 0.18, p > .05, R’ = .02, and a curvilinear fit did not
produce a change in R*:

Hypothesis 6 predicted that studies with acute exercise of short duration (2-15 min) and
moderate intensity would produce larger effect sizes than would studies with exercise of longer
duration (> 15 min) or with light or difficult exercise intensity. To test this hypothesis, acute
exercise studies were coded based upon these distinctions. The ANOVA was not significant, F(3,
327)=2.87, p > .03; therefore, Hypothesis 6 was not supported.

Chronic Exercise

Examination of the moderator variables for studies within this category indicated that the
following variables had a significant impact on the effect sizes: number of threats to internal
validity, the method of assigning participants to groups, the fitness measure used, the exercise
environment, the exercise leader, and the size of the exercise group, (for F values, means,
standard deviations, and sample sizes; see Table 1).

Effect sizes resulting from studies that had four threats (M = 0.57) or five threats (M = 0.57) to
internal validity were significantly larger than were effect sizes resulting from studies that had no
threats (M = 0.06) or two threats (M = 0.14). In general, this finding again supports a conclusion
that as experimental rigor decreases, the magnitude of the effect increases. The method of
assignment of the participants to treatment conditions also had a significant impact on the effect
sizes. When participants were assigned in a single group (M = 0.88), the effect sizes were not
significantly different from when a random stratified method (M = 0.49) was used; however,



single group assignment resulted in significantly larger effect sizes than any other method of
participant assignment (range: M = 0.15 to M = 0.38).

Effect sizes resulting from studies in which fitness was not measured (M = 0.69) or from studies
that used submaximal measures of fitness (M = 0.47) were significantly larger than were effect
sizes from studies that used maximal tests of fitness (M = 0.17). Additionally, effect sizes from
studies in which fitness was not measured were significantly larger than effects from studies in
which fitness was measured, but in which the particular measure of fitness was not reported (M =
0.29). Again, this suggests that as experimental rigor increased, effect size decreased.

The environment in which the exercise was conducted also affected the results such that studies.
in which the exercise was performed in a classroom setting (M = 0.67) showed significantly
larger effect sizes than did studies in which the exercise was performed in a hospital (M = 0.25),
in some other setting (M = 0.10), or in a fitness center (M = 0.06). Additionally, significantly
larger effect sizes were found for studies in which the exercise was completed in a laboratory (M
= (0.43) rather than a fitness center or some other setting. The leader of the exercise also affected
the results, such that effect sizes from studies in which a teacher led the exercise (M = 0.60) were
significantly larger than effect sizes from studies in which there was no leader (M = 0.31) or in
which the exercise was led by a fitness trainer (M = 0.08). These findings with regard to exercise
environment and to the exercise leader suggest two possible interpretations. It is possible that
when the exercise participants have a sense that the exercise is required (as in a classroom setting
or in a laboratory) and when the exercise is led by an authority figure (as in the teacher), the
cognitive benefits of exercise are higher. However, it is equally possible that in these same
situations the exercise leader was not blind to the purpose of the study and this knowledge may
have influenced the outcome of the results of these studies.

The size of the exercise group also had an impact on the effect sizes: Effect sizes from studies in
which the group size was 10 or fewer (M = 1.22) were significantly larger than effect sizes from
studies in which the exercise group was of any other size (M = 0.12-0.47).

A Priori Hypotheses. Within the studies using chronic exercise, the moderator variables of age
group and mental ability were examined. The mental ability of the participants did not have a
significant impact on effect size, F(2, 355) =2.51, p > .05; therefore, Hypothesis 2 is not
supported. Age group of the participants did have a significant impact on effect size, F(7, 350) =
7.60, p <.001. The nature of this effect was such that significantly larger effect sizes were found
for studies in which the participants were 46-60 years old (M = 1.02) than for studies in which
the participants were of unreported ages (M =-0.19), 31-45 years old (M = 0.06), or 61-90 years
old (M = 0.19). Additionally, significantly larger effect sizes were found for studies in which the
participants were 18-30 years old (M = 0.64) than for studies in which the participants were 61-
90 years old. This finding fails to support Hypothesis 3 because the order of the effect sizes from
largest to smallest was as follows: older (46-60 years), high school (14-17 years), college (18-30
years), elementary (6-13 years), oldest (61-90 years), adult (31-45 years). However, it does
suggest a slightly modified hypothesis: Exercise may be beneficial to participants who are
slightly resource dependent (high school, older), but may not benefit those who are more
resource dependent (elementary, oldest) or who are not at all resource dependent (college, adult).



Hypothesis 7 was examined by assessing the relationship between effect size and the duration of
each training session, the days of training per week, and the total number of weeks of training.
None of these correlations was significant, s = -.12 to .05, ps > .01. Additionally, effect size
was examined as a function of whether the authors reported evidence of a training effect, and the
test was not significant, F(2, 355) = 3.44, p > .03. Thus, no support was found for Hypothesis 7.

Clinical Trials. Within this exercise paradigm, clinical trial studies (those that use random
assignment of participants to groups and that use a chronic exercise intervention) may be of
special interest. These studies (n = 17) were identified, and the overall mean effect size for these
studies was 0.18 (SD= 0.42, ES n = 188, p <.05), with an overall sample size of approximately
420 participants. This suggests, then, that in well-controlled studies using chronic paradigms, the
mean effect size is positive, but small. Interestingly, however, within this subsample of studies,
there was no relationship between effect size and duration of each training session, days of
training, weeks of training, or evidence of a training effect. Thus, the length of the training
period was not associated with the size of the effect regardless of how the length of the training
period was quantified. Hypothesis 7 again was not supported.

Cross-Sectional/Correlational Designs

The moderator variables that had significant impacts upon the effect sizes were the equivalency
of the comparison groups, the comparison group used, the cognitive test category, the size of the
exercise group, and the intensity of the exercise (for F value, means, standard deviations, and
sample sizes; see Table 1).

Examination of the means for the equivalency of the comparison groups showed that when the
comparison groups were unequal (M = 0.69) the effect sizes were significantly greater than when
the comparison groups were equal (M = 0.11). This finding illustrates the difficulty in gleaning
information about the relationship between exercise and cognitive functioning using a cross-
sectional design because the effect sizes are so much larger with groups that were not equal in
terms of relevant variables influencing the effect. The particular comparison group used also had
a significant impact on the results, such that studies using correlations of fitness to cognitive
ability had significantly smaller effect sizes (M = 0.19) than studies using comparisons between
athletes and nonathletes (M = 0.71).

The cognitive test category had a significant impact upon the size of the effects such that the
effect sizes from RT measures (M = 0.74) were significantly larger than the effect sizes from
math test performance (M = -0.53).

The size of the exercise group also had a significant influence upon the size of the effects. To
increase the cell size, the effect sizes from studies using 11-20 people and those using more than
20 people in the exercise group were combined. Following this, the overall F' test was still
significant, F(4, 112) = 6.39,p <.0001. Post hoc analyses indicated that individuals who exercise
in groups of 10 or fewer (M = 0.85), who exercised alone (M = 0.80), or who exercised in a
group of an unreported size (M = 0.24) experienced significantly larger effect sizes than did
those who exercised in groups of more than 10 (M =-0.35). Additionally, the intensity of the
exercise had a significant influence on the results. However, the interpretation of these results is



not meaningful because the intensity of the exercise was not quantified in the majority of the
studies (103 of 117).

A Priori Hypotheses. Neither the mental ability of the participants, F(1, 115) =0.26, p > .05, nor
the age group of the participants, F(6, 110) = 1.63, p > .05, had a significant impact on the
results. Therefore, neither Hypothesis 2 nor Hypothesis 3 was supported.

To examine Hypothesis 8, simple cognitive tasks were compared to more complex cognitive
tasks. To do this, RT measures were coded as being either simple (RT) or complex (choice,
discriminant RT). Results showed that the effect sizes were larger for the simple measures than
for the complex measures, thus failing to support Hypothesis 8. In an attempt to examine the
other cognitive categories, effect sizes were also coded as simple (perception) or complex (math,
verbal, reasoning, 1Q, academic achievement, mental age), but the hypothesis could not be
examined because only one effect size was available from a simple task.

To examine Hypothesis 9, effect sizes that reflected academic achievement were examined
relative to these two exercise paradigms. It was found that small positive effect sizes existed for
both cross-sectional comparisons (M = 0.22) and correlational comparisons (M = 0.31), thus
supporting Hypothesis 9.

Third-Order Causation

Moderator variables that were found to have a significant impact upon effect size were examined
to identify potential cases of third-order causation. Only those variables for which the loadings of
the levels of the two variables were of concern are discussed.

Within the acute subset, examination of the loading of the effect sizes within the cognitive test
categories showed that the effect sizes in which a verbal test was used to measure cognition were
almost all (21 of 22) from studies using male participants only and were also almost all (20 of
22) from studies in which the exercise was performed alone. Since the overall effect sizes for
studies using males (M = 0.03) and for studies in which the exercise was performed alone (M =
0.09) were so small, this suggests that the low effect sizes for the verbal tests (M =-0.02) may be
a result of the sex of the participants or the exercise group size rather than the nature of the
cognitive measure.

Within the chronic studies, the loading of the effect sizes for two of the variables with exercise
environment showed that the exercise environment may have affected the findings for other
variables. With regard to exercise environment and exercise group size, 24 of the 25 effect sizes
for exercise groups that consisted of fewer than 10 people (M = 1.22) were derived when the
exercise was conducted in a classroom setting. This suggests that the large effect sizes for
exercise groups of fewer than 10 may actually be due to the exercise setting rather than to the
group size. With regards to exercise environment and exercise leader, 50 of 66 effect sizes for
fitness trainer (M = 0.07) were effect sizes that were found in a fitness center (M = 0.06), and all
of the effect sizes for exercise led by a teacher (M = 0.60) were from studies in which the
exercise was conducted in a classroom. Thus, the large effect sizes for the exercise being led by a



teacher may be due the classroom setting and the small effect sizes for the exercise being led by
a fitness trainer may be due to the exercise being conducted in a fitness center.

Additionally, within this subset of studies, all of the effect sizes from studies with older adults
(M =1.02) were from studies in which fitness was not assessed in any way (M = 0.69). Thus, the
large effect sizes for older adults may be due to the failure to use any measure of fitness. Finally,
levels of exercise group size matched up with levels of age group such that two thirds of the
effect sizes (66 of 94) for exercise groups which had 11 or more people were also effect sizes
which were found with the oldest adults (age 60-90 years). Therefore, the small effect sizes for
the large exercise groups (M = 0.15) may have been more a result of the age of the participants
(M = 0.19) than the exercise group size.

Within the correlational and cross-sectional studies, the only loading of interest was between the
cognitive test category and the comparison group. Most of the effect sizes when the comparison
was between athletes and nonathletes (58 of 84) (M = 0.70) were from studies using RT
measures (M = 0.74) and nearly all of these RT measures (58 of 60) were from this comparison
group. Thus, the large effect sizes for the particular levels of cognitive test category and
comparison group cannot necessarily be attributed to either factor alone.

Outliers

The effect sizes that were identified as outliers were examined individually and as a group based
upon their valence to determine whether there was something unique about these results that
might contribute to their magnitude. The negative effect sizes (n = 8) identified as outliers all
came from studies in which the effect was calculated by making a comparison to the participants'
own pretests, and in which the participants were all men with normal mental capabilities; in
addition, five of these effect sizes came from studies conducted in a laboratory. The positive
effect sizes (n = 13) identified as outliers all came from published studies in which participants
had normal mental capabilities. Additionally, 10 of the effect sizes came from studies using
within-subjects designs, 9 of the studies had high internal validity, and 4 had moderate internal
validity.

Discussion

The results of this meta-analysis show that when the findings of 134 studies are combined
mathematically, exercise and fitness have a small (Cohen, 1992) positive effect on cognitive
performance (ES= 0.25). In particular, when only one comparison group is used per study and

when outliers are omitted, the overall effect is slightly greater than 0.25 standard deviations (ES
=0.29).

Within this group of studies, different exercise paradigms were used such that some studies
examined the effects of an acute bout of exercise on cognition, others examined the effects of a
chronic exercise training program on cognition, and still others used a cross-sectional
comparison or a correlational analysis to look at cognition as a function of fitness level. The
results showed that the effect sizes were largest when a cross-sectional or correlational method



was used (ES = 0.53), next largest for a chronic training program (ES= 0.33), and smallest for an
acute bout of exercise (ES=0.16).

Taken at face value, these results could indicate that the influence of exercise on cognition is
inconsequential when small and temporary changes in physiological parameters occur as a result
of acute exercise, but that the influence becomes larger as either the size or the permanence of
these changes increases. In other words, exercise may not have a meaningful impact on cognition
when it is administered in acute bouts, but exercise that is administered as a chronic treatment to
produce fitness gains, or exercise that has been adopted by an individual for a sufficiently long
period of time to produce fitness gains, may be a useful intervention for enhancing cognitive
abilities. This conclusion, then, would support the physiological mechanisms as explanations for
the beneficial effects of exercise or fitness upon cognition. Additionally, this conclusion would
suggest that the adoption of a chronic exercise program may be a useful intervention for
enhancing cognitive functioning.

However, these findings should not be taken at face value because there are a number of serious
concerns that make these results substantially less compelling. One such concern is that
conclusions from the cross-sectional and correlational studies are limited by the flaw of quasi-
experimental designs. That is, it is possible that the differences in cognition as a function of
fitness are not differences that are actually caused by the exercise, but instead are preexercise
cognitive differences associated with people who choose to adopt a lifelong commitment to
exercise. Additional strength is added to this alternative explanation by the fact that people who
exercise tend to have higher levels of education and to be of higher socioeconomic status than
people who do not choose to exercise. Thus, the conclusion that can be drawn from this result
with the cross-sectional and correlational studies is limited to saying that there appears to be a
relationship between fitness and cognition.

The typical response to this limitation of the cross-sectional and correlational studies is to instead
focus the examination on studies that used exercise as an intervention in a previously sedentary
population so that a cause-and-effect relationship could be established. Examination of the effect
sizes for the chronic exercise studies then suggests that exercise does have a small positive
impact upon cognitive functioning. However, the second requirement for establishing cause and
effect is that participants in the study be randomly assigned to either the treatment or control
condition. When the chronic exercise studies are examined in terms of this criterion, there is
further cause for hesitation. Within the chronic studies, the largest effect sizes were found when
participants were assigned to treatment conditions as a group or when participants were allowed
to self-select their treatment condition. Again, this limitation means that a cause-and-effect
relationship has not been established because there may be preexisting differences among the
treatment groups that explain the subsequent differences in cognitive ability.

To truly establish a cause-and-effect relationship for exercise and cognition, one must use a
chronic exercise program in which sedentary participants are randomly assigned to treatment
conditions. To examine this relationship, those studies that used true-experimental designs in
randomized trials were examined separately. The results showed that the overall effect size was
small (ES= 0.18) but still positive and significantly different from zero. This would suggest then
that implementing a chronic exercise program in sedentary individuals can cause increased



cognitive functioning. However, even this conclusion is limited. Most theories explaining the
potential beneficial effects of exercise on cognition suggest that physiological changes which
result from exercise are the mechanisms underlying this relationship. Although it was not
possible to examine these mechanisms directly, it was possible to examine them indirectly by
looking at the influence of some of the moderator variables on effect size. The findings with
regard to the length and effectiveness of the chronic exercise programs provide evidence against
the physiological mechanisms. In particular, there was no relationship between effect size and
any of the variables representing the length of the exercise program. That is, neither the number
of weeks of exercise nor the number of days of exercise per week were related to effect size.

Additionally, any evidence of a training effect was not related to effect size. Because most
physiological mechanisms are thought to be evoked through increases in fitness, the inability of
these variables to affect the results provides evidence against the physiological mechanisms as
explanations for the beneficial effects of exercise. Thus, although small and meaningful changes
in cognition may be obtainable through the implementation of a chronic exercise program, the
results from this analysis suggest that the underlying explanation for these changes must be one
of the following: (a) physiological mechanisms independent of aerobic fitness; (b) physiological
mechanisms related to aerobic fitness, but occurring prior to changes in aerobic fitness; or (¢)
psychological mechanisms independent of aerobic fitness and exercise.

At this point, the exercise proponent seeking a thread of evidence supporting the hypothesis that
exercise positively affects cognitive abilities may feel discouraged. However, it should be
remembered that a mathematical summary of 134 studies suggests that both acute exercise and
chronic training programs benefit cognitive performance. Additionally, further examination of
the effects indicated that chronic exercise programs with randomized trials resulted in small
positive gains in cognitive performance. However, even the most avid exercise proponent must
recognize that the weakness of the design of these studies has resulted in serious limitations with
any conclusions regarding the relationship between exercise and cognition and have also resulted
in ambiguity in terms of the nature of the relationship between exercise or fitness and cognition.
We hope that the findings from this meta-analysis regarding both the impact of the moderator
variables on effect size and the need. for well-designed research in this area will help guide
future research. In particular, if exercise does have a beneficial effect on cognition, this effect
will only be established through the completion of true-experimental studies designed to
specifically examine the potential underlying mechanisms.

References?
*Abood, D. (1981). The effects of acute physical exercise on the state anxiety and mental
performance of college women. Unpublished doctoral dissertation, University of Tennessee,

Knoxville.

* Andreassi, J.L. (1965). Effects of induced muscle tension and auditory stimulation on
tachistoscopic perception. Perceptual and Motor Skills, 20, 829-841.

2 References marked with an asterisk indicate studies included in the meta-analysis.



*Angus, R.G., Pearce, D.G., & Olsen, L. (1981). Performance on a multiple-choice reaction time
test during a period of sustained physical exercise. In M.W. Radomski & M.A.J. Defayolle
(Eds.), Fastball: Physiological, psychological and biochemical aspects of a daily sustained
submaximal exercise. Canada: Department of National Defense.

Anthony, J. (1991). Psychologic aspects of exercise. Clinics in Sports Medicine, 10, 171-180.

*Arnett, C. (1968). Interrelationships between selected physical variables and academic
achievement of college women. The Research Quarterly, 39, 227-230.

*Baer, A.D., Gersten, J.W., Robertson, B.M., & Dinken, H. (1955). Effect of various exercise
programs on isometric tension, endurance and reaction time in the human. Archives of Physical
Medicine & Rehabilitation, 36, 495-502.

Bangert-Drowns, R.L. (1986). Review of developments in meta-analytic method. Psychological
Bulletin, 99, 388-399.

Barchas, J.D., & Freedman, D.X. (1963). Brain amines: Response to physiological stress.
Biochemistry and Pharmacology, 12, 1232-1235.

*Bard, C., & Fleury, M. (1978). Influence of imposed metabolic fatigue on visual capacity
components. Perceptual and Motor Skills, 47, 1283-1287.

*Barry, A.J., Steinmetz, J.R., Page, H.F., Birkhead, N.C., & Rodahl, K. (1966). The effects of
physical conditioning on older individuals: II. Motor performance and cognitive function.
Journal of Gerontology, 21, 192-199.

*Baylor, A.M., & Spirduso, W.W. (1988). Systematic aerobic exercise and components of
reaction time in older women. Journal of Gerontology, 43(5), 121-126.

*Bender, V.L., & McGlynn, G.H. (1976). The effect of various levels of strenuous to exhaustive
exercise on reaction time. European Journal of Applied Physiology and Occupational
Physiology, 35, 95-101.

*Bhanot, J.L., & Sidhu, L.S. (1979). Reaction time of Indian hockey players with reference to
three levels of participation. Journal of Sports Medicine, 19, 199-204.

*Bills, A.G. (1927). The influence of muscular tension on the efficiency of mental work.
American Journal of Psychology, 38, 227-251.

*Bills, A.G., & Stauffacher, J.C. (1937). The influence of voluntarily induced tension on rational
problem solving. The Journal of Psychology, 4,261-271.

Black, J.E., Isaacs, K.R., Anderson, B.J., Alcantara, A.A., & Greenough, W.T. (1990). Learning
causes synaptogenesis, whereas motor activity causes angiogenesis, in cerebellar cortex of adult
rats. Proceedings of the National Academy of Sciences, 87, 5568-5572.



*Blaney, J., Sothmann, M.S., Raff, H., Hart, B., & Hom, T. (1990). Impact of exercise training
on plasma adrenocorticotropin response to a well-learned vigilance task.
Psychoneuroendocrinology, 15, 453-462.

*Block, H. (1936). The influence of muscular tension upon mental performance (No. 202).
Archives of Psychology, 29, 1-49.

*Blomquist, K.B. (1985). The effects of physical conditioning on information-processing
efficiency. Unpublished doctoral dissertation, University of Kentucky, Lexington.

*Blomquist, K.B., & Danner, F. (1987). Effects of physical conditioning on information-
processing efficiency. Perceptual and Motor Skills, 65, 175-186.

*Blumenthal., J.A., Emery, C.F., Madden, D.J., George, L.K., Coleman, R.E., Riddle, M.W.,
McKee, D.C., Reasoner, J., & Williams, R.S. (1989). Cardiovascular and behavioral effects of
aerobic exercise training in healthy older men and women. Journal of Gerontology, 44(5),
M147-M157.

*Blumenthal, J.A., & Madden, D.J. (1988). Effects of aerobic exercise training, age, and
physical fitness on memory-search performance. Psychology and Aging, 3, 280-285.

*Boarman, A.M. (1977). The effect of folk dancing upon reaction time and movement time of
senior citizens. Unpublished doctoral dissertation, Oregon State University, Corvallis.

Bortz, W.M., Angwin, P., Mefford, .N., Boarder, M.R., Noyce, N., & Barchas, J.D. (1981).
Catecholamines, dopamine, and endorphin levels during extreme exercise. New England Journal
of Medicine, 305, 466-467.

*Britton, S.E. (1986). Identifying specific cognitive and affective attributes of female junior elite
gymnasts. Unpublished doctoral dissertation, Boston University.

*Broekhoff, J. (1966). Relationships between physical, socio-psychological, and mental
characteristics of thirteen year old boys. Unpublished doctoral dissertation, University of
Oregon, Eugene.

*Brown, B.J. (1977). The effect of an isometric strength program on the intellectual and social
development of trainable retarded males. American Corrective Therapy Journal, 31(2), 44-48.

Brown, B.S., Payne, T., Kim, C., Moore, G., Krebs, P., & Martin, W. (1979). Chronic response
of rat brain norepinephrine and serotonin levels to endurance training. Journal of Applied
Physiology: Respiration, Environment, and Exercise Physiology, 46, 19-23.

Brown, B.S., & Van Huss, W. (1973). Exercise and rat brain catecholamines. Journal of Applied
Physiology, 34, 664-669.



*Burpee, R.H., & Stroll, W. (1936). Measuring reaction time of athletes. 7he Research
Quarterly, 1, 110-118.

*Butler, K.N. (1968). The effect of physical conditioning and exertion on the performance of a
simple mental task. Unpublished doctoral dissertation, University of Tennessee, Knoxville.

Campbell, D.T., & Stanley, J.C. (1963). Experimental and quasi-experimental designs for
research. Chicago: Rand McNally.

*Chasey, W.C., & Wyrick, W. (1970). Effect of a gross motor developmental program on form
perception skills of educable mentally retarded children. The Research Quarterly, 41, 345-352.

Chodzko-Zajko, W.J. (1991). Physical fitness, cognitive performance, and aging. Medicine and
Science in Sports and Exercise, 23, 868-872.

Clarke, H.H. (1958). Physical fitness benefits: A summary of research. Education, 78, 460-466.

*Clarkson-Smith, L., & Hartley, A.A. (1989). Relationships between physical exercise and
cognitive abilities in older adults. Psychology and Aging, 4, 183-189.

*Clarkson-Smith, L., & Hartley, A.A. (1990). Structural equation models of relationships
between exercise and cognitive abilities. Psychology and Aging, 5, 437-446.

*Coefield, J.R., & McCollum, R.H. (1955). 4 case study report of 78 university freshman men
with low physical fitness indices. Unpublished master's thesis, University of Oregon, Eugene.

Cohen, J. (1992). A power primer. Psychological Bulletin, 112, 155-159.

Cooper, H., & Hedges, L.V. (1994). The handbook of research synthesis. New York: Russell
Sage Foundation.

*Corder, W.O. (1966). Effects of physical education on the intellectual, physical, and social
development of educable mentally retarded boys. Exceptional Children, 32, 357-364.

*Courts, F.A. (1939). Relations between experimentally induced muscular tension and
memorization. Journal of Experimental Psychology, 25, 235-256.

*Craft, D.H. (1983). Effect of prior exercise on cognitive performance tasks by hyperactive and
normal young boys. Perceptual and Motor Skills, 56, 979-982.

*Crews, T.R. (1979). The influence of exhaustive exercise on reaction time of conditioned adult
males. American Corrective Therapy Journal, 33, 127-130.

*Davey, C.P. (1973). Exertion arousal, personality and mental performance. Unpublished
doctoral dissertation, University of Alberta, Edmonton.



*Day, J.A. (1965). Relationships between intelligence and selected physical, motor and strength
characteristics of boys nine, thirteen and seventeen years of age. Unpublished master's thesis,
University of Oregon, Eugene.

*Del Rey, P. (1982). Effects of contextual interference on the memory of older females differing
in levels of physical activity. Perceptual and Motor Skills, 55, 171-180.

*Diesfeldt, H.F.A., & Diesfeldt-Groenendijk, H. (1977). Improving cognitive performance in
psychogeriatric patients: The influence of physical exercise. Age and Aging, 6, 58-64.

*Domingos, F.M. (1960). The relationship of selected motor fitness scores of freshman college
women to aspects of their academic achievement. Unpublished master's thesis, University of
Maryland, College Park.

*Dustman, R.E., Emmerson, R.Y., Ruhling, R.O., Shearer, D.E., Steinhaus, L.A., Johnson, S.C.,
Bonekat, H.W., & Shigeoka, J.W. (1990). Age and fitness effects on EEG, ERPs, visual
sensitivity, and cognition. Neurobiology of Aging, 11(3), 193-200.

Dustman, R.E., Emmerson, R., & Shearer, D. (1994). Physical activity, age, and cognitive-
neuropsychological function. Journal of Aging and Physical Activity, 2, 143-181.

*Eason, J.E. (1972). The comparison of the effects of two programs of physical activity on
perceptual-motor development and primary mental abilities of pre-school aged children.
Unpublished doctoral dissertation, George Peabody College for Teachers, Nashville.

Ebert, M.H., Post, R. M., & Goodwin, F.K. (1972). Effect of physical activity on urinary MHPG
excretion in depressed patients. Lancet, 2, 766.

*Eickelberg, W., Kaylor, P., Less, M., Baruch, 1., & Megarr, J. (1983). Effects of passive
physical exercise on peripheral vision in muscular dystrophic children. Perceptual and Motor
Skills, 56(1), 167-170.

*Eickelberg, W., & Less, M. (1975). The effects of passive exercise of skeletal muscles on
cardiac cost, respiratory function and associative learning in myopathic children. Journal of
Human Ergology, 3, 157-162.

*Elbel, E.R. (1940). A study of response time before and after strenuous exercise. The Research
Quarterly, 11, 86-95.

*El-Naggar, A.M. (1986). Physical training effect on relationship of physical, mental, and
emotional fitness in adult men. Journal of Human Ergology, 15, 79-84.

*Elsayed, M., Ismail, A.H., & Young, R.J. (1980). Intellectual differences of adult men related to
age and physical fitness before and after an exercise program. Journal of Gerontology, 35, 383-
387.



*Emery, C.F., & Gatz, M. (1990). Psychological and cognitive effects of an exercise program for
community-residing older adults. The Gerontologist, 30, 184-188.

*Englund, C.E., Ryman, D.H., Naitoh, P., & Hodgdon, J.A. (1985). Cognitive performance
during successive sustained physical work episodes. Behavior Research Methods, Instruments,
and Computers, 17, 75-85.

Folkins, C.H., & Sime, W.E. ( 1981 ). Physical fitness training and mental health. American
Psychologist, 36, 373-389.

*Geddes, D.D. (1959). The effects of rest and exercise on performance of simple mental tasks.
Unpublished doctoral dissertation, University of Southern California, Los Angeles.

*Geron, E., Mashiach, A., Dunkelman, N ., Raviv, S., & Levin, Z. ( 1985). Some psychological
aspects of sports for adolescents. International Journal of Adolescent Medicine and Health, 1(1-
2), 23-35.

Glass, G.V. ( 1977). Integrating findings: The meta-analysis of research. Review of Research in
Education, 5,351-379.

*Gondola, J.C. (1985). The enhancement of creativity through long and short term exercise
programs. Journal of Social Behavior and Personality, 1, 77-82.

*Gondola, J.C. (1987). The effects of a single bout of aerobic dancing on selected tests of
creativity. Journal of Social Behavior and Personality, 2, 275-278.

*Gondola, J.C., & Tuckman, B.W. (1985). Effects of a systematic program of exercise on
selected measures of creativity. Perceptual and Motor Skills, 60, 53-54.

Gordon, R., Spector, S., Sjoerdsma, A., & Undenfriend, S. (1966). Increased synthesis of
norepinephrine and epinephrine in the intact rat during exercise and exposure to cold. Journal of
Pharmacology and Experimental Therapy, 30, 440-447.

*Greenwood, D. (1969). The effect of learning set, physical work and physical fitness on
auditory retention. Unpublished doctoral dissertation, University of New Mexico, Albuquerque.

Gruber, J.J. (1975). Exercise and mental performance. International Journal of Sport
Psychology, 6, 28-40.

*Gupta, V.P., Sharma, T.R., & Jaspal, S.S. (1974). Physical activity and efficiency of mental
work. Perceptual and Motor Skills, 38, 205-206.

*Gutin, B. (1965). The effect of an increase in physical fitness upon the performance of mental
tasks following physical and mental stress. Unpublished doctoral dissertation, New York
University.



*Gutin, B. ( 1966). Effect of increase in physical fitness on mental ability following physical and
mental stress. The Research Quarterly, 37,211-220.

Gutin, B. (1973). Exercise-induced activation and human performance: A review. The Research
Quarterly, 44, 256-268.

*Gutin, B., & Di Gennaro, J. (1967). Effect of a treadmill run to exhaustion on performance of
long addition. The Research Quarterly, 39, 958-964.

*Hammerton, M., & Tickner, A.H. (1968). Physical fitness and skilled work after exercise.
Ergonomics, 11, 41-45.

*Hanna, M.I., [lmarinen, J., Knauth, P., Rutenfranz, J., & Hanninen, 0. (1988). Physical training
intervention in female shift workers: II. The effects of intervention on the circadian rhythms of
alertness, short-term memory, and body temperature. Ergonomics, 31, 51-63.

Harris, D.V. (1973) Involvement in sport: A somatopsychic rationale for physical activity.
Philadelphia: Lea & Febiger.

*Hart, M.E., & Shay, C.T. (1964). Relationship between physical fitness and academic success.
The Research Quarterly, 35, 443-445.

*Hascelik, Z., Basgoze, 0., Turker, K., Narman, S., & Ozker, R. (1989). The effects of physical
training on physical fitness tests and auditory and visual reaction times of volleyball players. The
Journal of Sports Medicine and Physical Fitness, 29, 234-239.

*Hawkins, H.L., Kramer, A.F., & Capaldi, D. (1992). Aging, exercise, and attention. Psychology
and Aging, 7, 643-653.

Hedges, L.V. (1981). Distribution theory for Glass's estimator of effect size and related
estimators. Journal of Educational Statistics, 6, 107-128.

Herholtz, K., Buskies, W., Rist, M., Pawlik, G., Hollmann, W., & Heiss, W.D. (1987). Regional
cerebral blood flow in man at rest and during exercise. Journal of Neurology, 234, 9-13.

*Hill, R.D., Storandt, M., & Malley, M. (1993). The impact of long-term exercise training on
psychological function in older adults. Journal of Gerontology: Psychological Sciences, 48, P12-
P17.

*Hinkle, J.S. (1987). Psychological and physical fitness and aerobic exercise in eighth grade
children. Unpublished doctoral dissertation, Florida State University, Tallahassee.

Hughes, J.R. (1984). Psychological effects of habitual aerobic exercise: A critical review.
Preventative Medicine, 13, 66-78.



Isaacs, K.R., Anderson, B.J., Alcantara, A.A., Black, J.E., & Greenough, W.T. (1992). Exercise
and the brain: Angiogenesis in the adult rat cerebellum after vigorous physical activity and motor
skill learning. Journal of Cerebral Blood Flow and Metabolism, 12, 110-119.

*Ismail, A.H., & El-Naggar, A.M. (1981). Effect of exercise on cognitive processing in adult
men. Journal of Human Ergology, 10, 83-91.

Jacobs, E.A., Winter, P.M., Alvis, H.J., & Small, S.M. (1969). Hyperoxygenation effect on
cognition functioning in the aged. New England Journal of Medicine, 281, 753-757.

*Jarman, B.O. (1965). Interrelationships of academic achievement and selected maturity,
physique, strength, and motor measures of fifteen year old boys. University of Oregon, Eugene.

*Johnson, W.R., & Fretz, B.R. (1967). Changes in perceptual-motor skills after a children's
physical developmental program. Perceptual and Motor Skills, 24,610.

*Jordan, K.F. (1985). Physiological and psychological effects of a jogging or walking exercise
program on chemically dependent inpatients. Unpublished doctoral dissertation, University of
Northern Colorado, Greeley.

Jorgensen, L.G., Perko, M., Hanel, B., Schroeder, T.V., & Secher, N.H. (1992). Middle cerebral
artery flow velocity and blood flow during exercise and muscle ischemia in humans. Journal of
Applied Physiology, 72, 1123-1132.

Jargensen, L.G., Perko, M., & Secher, N.H. (1992). Regional cerebral artery mean flow velocity
and blood flow during dynamic exercise in humans. Journal of Applied Physiology, 73, 1825-
1830.

*Kagan, D.M., & Berg, K.E. (1988). The relationship between aerobic activity and cognitive
performance under stress. The Journal of Psychology, 122, 451-462.

Kalat, JJW. (1992). Biological psychology (4th ed.). Belmont, CA: Wadsworth.

Kazdin, A.E., & Wilson, G.T. (1978). Evaluation of behavior therapy: Issues, evidence, and
research strategies. Lincoln, NE: University of Nebraska Press.

Kephart, N. (1960). The slow learner in the classroom. Columbus, OH: Merrill.

Keppel, G. (1991). Design and analysis: A researcher's handbook (3rd ed.). Englewood Cliffs,
NJ: Prentice Hall.

*King, P.G. (1968). Reaction time during two rates of continuous arm movement. 7he Research
Quarterly, 39, 308-313.

Kirkendall, D.E. (1986). Effects of physical activity on intellectual development and academic
performance. In G.A. Stull & H. Eckert (Eds.), Effects of physical activity on children (The



American Academy of Physical Education Papers, No. 19, p. 49-63). Champaign, IL: Human
Kinetics.

*Knapp, B.N. (1961). Simple reaction times of selected top-class sportsmen and research
students. The Research Quarterly, 32, 409-41 1.

*Krebs, P., Eickelberg, W., Krobath, H., & Baruch, I. (1989). Effects of physical exercise on
peripheral vision and learning in children with spina bifida manifesta. Perceptual and Motor
Skills, 68, 167-174.

*Lichtman, S., & Poser, E.G. (1983). The effects of exercise on mood and cognitive functioning.
Journal of Psychosomatic Research, 27, 43-52.

*Lovaas, O.1. (1960). The relationship of induced muscular tension, tension level, and manifest
anxiety in learning. Journal of Experimental Psychology, 59, 145-152.

*Lubin, A., Hord, D.J., Tracy, M.L., & Johnson, L.C. (1976). Effects of exercise, bedrest and
napping on performance decrement during 40 hours. Psychophysiology, 13, 334-339. (microfilm)

*Madden, D.J., Blumenthal, 7.4., Allen, P.A., & Emery, C.F. (1989). Improving aerobic capacity
in healthy older adults does not necessarily lead to improved cognitive performance. Psychology
and Aging, 4, 307-320.

*Madden, D.J., Blumenthal, 7.4., & Ekelund, L.G. (1988). Effects of beta blockade and exercise
on cardiovascular and cognitive functioning. Hypertension, 11, 470-476.

Marchal, G., Rioux, P., Petit-Taboue, M. C., Sette, G., Travere, J.M., LePoec, C., Courtheoux,
P., Derion, J.M., & Baron, J.C. (1992). Regional cerebral oxygen consumption, blood flow, and
blood volume in healthy human aging. Archives of Neurology, 49, 1013-1020.

*McAdam, R.E., & Wang, Y.K. (1967). Performance of a simple mental task following various
treatments. The Research Quarterly, 38, 208-212.

*McCrory, M.L., Jr. (1980). The effects of an exercise program on self concept and physical
fitness on Oklahoma State University commissioned peace officers. Unpublished doctoral
dissertation, Oklahoma State University, Stillwater.

McGeer, P.L., & McGeer, E.G. (1980). Chemistry of mood and emotion. Annual Review of
Psychology, 31, 273-307.

*McGlynn, G.H., Laughlin, N.T., & Bender, V.L. (1977). Effect of strenuous to exhaustive
exercise on a discrimination task. Perceptual and Motor Skills, 44, 1139-1147.

*McGlynn, G.H., Laughlin N.T., & Rowe, V. (1979). The effect of increasing levels of exercise
on mental performance. Ergonomics, 22, 407-414.



*Mero, A., Jaakola, L., & Komi, P.V. (1989). Neuromuscular, metabolic and hormonal profiles
of young tennis players and untrained boys. Journal of Sports Sciences, 7, 95-100.

*Merzbacher, C.F. (1979). A diet and exercise regimen: Its effect upon mental acuity and
personality. A pilot study. Perceptual and Motor Skills, 48, 367-371.

*Meyers, C.R., Zimmerli, W., Farr, S.D., & Baschnagel, N.A. (1969). Effect of strenuous
physical activity upon reaction time. The Research Quarterly, 40, 332-337.

Mitchell, J.B., Flynn, M.G., Goldfarb,A.H., Ben-Ezra, V., & Copmann, T.L. (1990). The effect
of training on the norepinephrine response at rest and during exercise in 5° and 20° C
environments. The Journal of Sports Medicine and Physical Fitness, 30, 235-240.

*Molloy, D.W., Beerschoten, D.A., Borrie, M.J., Crilly, R.G., & Cape, R.D.T. (1988). Acute
effects of exercise on neuropsychological function in elderly subjects. Journal of the American
Geriatrics Society, 36, 29-33.

*Molloy, D.W., Richardson, D.L., & Crilly, R.G. (1988). Effects of a three month exercise
programme on neuropsychological function in elderly institutionalized women: A randomized
controlled trial. Age and Aging, 17, 303-310.

*O'Connor, C. (1969). Effects of selected physical activities upon motor performance, perceptual
performance and academic achievement of first graders. Perceptual and Motor Skills, 29, 703-
709.

*Offenbach, S.I., Chodzko-Zajko, W.J., & Ringel, R.L. (1990). Relationship between
physiological status, cognition, and age in adult men. Bulletin of the Psychonomic Society, 28,
112-114.

*Oliver, J.N. (1958). The effects of physical conditioning exercises and activities on the mental
characteristics of educationally sub-normal boys. British Journal of Educational Psychology, 28,
155-165.

Palmer, A.M., & DeKosky, S. T. ( 1993 ). Monoamine neurons in aging and Alzheimer's disease.
Journal of Neural Transmission.: General Section, 91, 135-159.

*Panton, L.B., Graves, J.E., Pollock, M.L., Hagberg, J.M., & Chen, W. (1990). Effect of aerobic
and resistance training on fractionated reaction time and speed of movement. Journals of
Gerontology, 45, M26-M31.

*Pels, A.E., II1. (1979). Effect of isometric exercise on fractionated reflex and reaction time
components of female distance runners. Unpublished master's thesis, University of
Massachusetts, Amherst.



*Perri, S., I1., & Templer, D.I. (1984-1985). The effects of an aerobic exercise program on
psychological variables in older adults. International Journal of Aging and Human Development,
20, 167-172.

*Phillips, W.H. (1962). Influence of fatiguing warm-up exercises on speed of movement and
reaction latency. The Research Quarterly, 34, 370-378.

Piaget, J. (1936). The origins of intelligence in children. New York: New York University Press.

*Pierson, W.R. (1956). Comparison of fencers and nonfencers by psychomotor, space perception
and anthropometric measures. The Research Quarterly, 27, 90-96.

Poehlman, E.T., & Danforth, E., Jr. ( 1991). Endurance training increases metabolic rate and
norepinephrine appearance rate in older individuals. American Journal of Physiology, 261, E233-
E239.

Poehlman, E.T., Gardner, A.W., & Goran, M.1. (1992). Influence of endurance training on
energy intake, norepinephrine kinetics, and metabolic rate in older individuals. Metabolism:
Clinical and Experimental, 41, 941-948.

*Powell, R.R. (1974). Psychological effects of exercise therapy upon institutionalized geriatric
mental patients. Journal of Gerontology, 29, 157-161.

Powell, R.R. (1975). Aims and perspectives: Effects of exercise on mental functioning. Journal
of Sports Medicine, 15, 125-131.

*Powell, R.R. (1976). Effects of steady state and exhaustive exercise stress on cognition. Journal
of Human Movement Studies, 2, 79-86.

*Powell, R.R., & Pohndorf, R.H. (1971). Comparison of adult exercisers and nonexercisers on
fluid intelligence and selected physiological variables. The Research Quarterly, 42, 70-77.

Radosevich, P.M., Nash, J.A., Lacy, D.B., O'Donovan, C., Williams, P.E., & Abumrad, N.N.
(1989). Effects of low- and high-intensity exercise on plasma and cerebrospinal fluid levels of ir-

Beta-endorphin, ACTH, cortisol, norepinephrine and glucose in the conscious dog. Brain
Research, 498, 89-98.

*Rasch, P.J., Pierson, W.R., O'Connell, E.R., & Hunt, M.B. (1961). Response time of amateur
wrestlers. The Research Quarterly, 32,416-419.

*Ricci, B. (1958). The relationship of physical fitness, as measured by the Rogers' Physical
Fitness Index, to the academic success of college freshmen male students. Unpublished doctoral
dissertation, Springfield College.

*Rikli, R., & Busch, S. (1986). Motor performance of women as a function of age and physical
activity level. Journal of Gerontology, 41, 645-649.



*Roberts, B.L. (1990). Effects of walking on reaction and movement times among elders.
Perceptual and Motor Skills, 71, 131-140.

*Rong, N. ( 1986). The effects of exhaustive exercise on fractionated hand and leg reaction time.
Unpublished master's thesis, Central Michigan University, Mount Pleasant.

*Russell, E.M. (1982). The effects of an aerobic conditioning program on reaction times of older
sedentary adults. Unpublished doctoral dissertation, University of Utah, Salt Lake City.

*Salmela, J.H., & Ndoye, O.D. (1986). Cognitive distortions during progressive exercise.
Perceptual and Motor Skills, 63, 1067-1072.

*Schendel, J. (1965). Psychological differences between athletes and nonparticipants in athletics
at three educational levels. The Research Quarterly, 36, 52-67.

Searles, J.S. (1985). A methodological and empirical critique of psychotherapy outcome meta-
analysis. Behavioral Research Therapy, 23, 453-463.

*Sharpe, P.J. (1979). The contribution of aspects of movement education to the cognitive
development of infant school children. Journal of Human Movement Studies, 5, 125-140.

*Shaw, W.A. (1956). Facilitating effects of induced tension upon the perception span for digits.
Journal of Experimental Psychology, 51, 113-117.

*Sheerer, N., & Berger, R.A. (1972). Effects of various levels of fatigue on reaction time and
movement time. American Corrective Therapy Journal, 26, 146-147.

*Sjoberg, H. (1968). Relations between different arousal levels induced by graded physical work
and psychological efficiency (Tech. Rep. No. 251). Stockholm: University of Stockholm,
Psychological Laboratories.

*Sjoberg, H. (1977). Interaction of task difficulty, activation, and work load. Journal of Human
Stress, 3, 33-38.

*Sjoberg, H. (1980). Physical fitness and mental performance during and after work.
Ergonomics, 23, 977-985.

*Skolnick, S.J. (1980). The effects of physical activities on academic achievement in elementary
school children. Unpublished doctoral dissertation, Temple University, Philadelphia.

*Slater-Hammel, A.T. (1955). Comparisons of reaction-time measures to a visual stimulus and
arm movement. The Research Quarterly, 26, 470-479.

*Smock, C.D., & Small, V.H. (1962). Efficiency of utilization of visual information as a function
of induced muscular tension. Perceptual and Motor Skills, 14, 39-44.



*Sorge, R.-W. (1960). The effects of levels of intense activity on total body reaction time.
Unpublished doctoral dissertation, University of Northern Colorado, Greeley.

Speith, W. ( 1965). Slowness of task performance and cardiovascular diseases. In A. T. Welford
& J.E. Birren (Eds), Behavior, aging, and the nervous system (pp. 366-400). Springfield, IL:
Thomas.

*Spirduso, W.W. (1975). Reaction and movement time as a function of age and physical activity
level. Journal of Gerontology, 30, 435-440.

*Spirduso, W.W., & Clifford, P. (1978). Replication of age and physical activity effects on
reaction and movement time. Journal of Gerontology, 33, 26-30.

*Stauffacher, J.C. (1937). The effect of induced muscular tension upon various phases of the
learning process. Journal of Experimental Psychology, 21, 26-46.

*Stroud, J.B. (1931). The role of muscle tensions in stylus maze learning. Journal of
Experimental Psychology, 14, 606-631.

*Suominen-Troyer, S., Davis, K.J., Ismail, A.H., & Salvendy, G. ( 1986). Impact of physical
fitness on strategy development in decision-making tasks. Perceptual and Motor Skills, 62, 71-
77.

Thomas, J.R., & French, K.E. (1986). The use of meta-analysis in exercise and sport: A tutorial.
Research Quarterly for Exercise and Sport, 57, 196-204.

Thomas, J.R., & Thomas, KT. (1986). The relation of movement and cognitive function. In V.
Seefeldt (Ed.), Physical activity and well-being (pp. 444-452). Reston, VA: American Alliance
for Health, Physical Education, Recreation and Dance.

Thomas, S.N., Schroeder, T. Secher, N.H., & Mitchell, J.H. (1989). Cerebral blood flow during
submaximal and maximal dynamic exercise in humans. Journal of Applied Physiology, 67, 744-
748.

*Tilley, A.J., & Bohle, P. (1988). Twisting the night away: The effects of all night disco dancing
on reaction time. Perceptual and Motor Skills, 66, 107-112.

*Tomporowski, P.D., & Ellis, N.R. (1984). Effects of exercise on the physical fitness,
intelligence, and adaptive behavior of institutionalized mentally retarded adults. Applied
Research in Mental Retardation, 5,329-337.

*Tomporowski, P.D., & Ellis, N.R. (1985). The effects of exercise on the health, intelligence,
and adaptive behavior of institutionalized severely and profoundly mentally retarded adults: A
systematic replication. Applied Research in Mental Retardation, 6, 465-473.



Tomporowski, P.D., & Ellis, N.R. (1986). Effects of exercise on cognitive processes: A review.
Psychological Bulletin, 99, 338-346.

*Tomporowski, P.D., Ellis, R.N., & Stephens, R. (1987). The immediate effects of strenuous
exercise on free-recall memory. Ergonomics, 30, 121-129.

*Tucker, L.A. (1987). Mental health and physical fitness. Journal of Human Movement Studies,
13,267-273.

*Vincent, R.H. (1954). The influence of interpolated physical activity on mental work and
achievement. Unpublished master's thesis, University of California, Berkeley.

*Weber, R.J. (1953). Relationship of physical fitness to success in college and to personality.
The Research Quarterly, 24, 471-474.

Weingarten, G. (1973). Mental performance during physical exertion: The benefit of being
physically fit. International Journal of Sports Psychology, 4, 16-26.

*Weingarten, G., & Alexander, J.F. (1970). Effects of physical exertion on mental performance
of college males of different physical fitness level. Perceptual and Motor Skills, 31, 371-378.

*Welch, M. (1969). Specificity of heavy work fatigue: Absence of transfer from heavy leg work
to coordination tasks using the arms. The Research Quarterly, 40, 402-406.

*Whiting, H.T.A., & Sanderson, F.H. (1972). The effect of exercise on the visual and auditory
acuity of table-tennis players. Journal of Motor Behavior, 4, 163-169.

Wolf, F.M. (1986). Meta-analysis: Quantitative methods for research synthesis. Beverly Hills,
CA: Sage.

*Young, R.J. (1979). The effect ofregular exercise on cognitive functioning and personality.
British Journal of Sports Medicine, 13, 110-117.

*Youngen, L. (1959). A comparison of reaction and movement times of women athletes and
nonathletes. The Research Quarterly, 30, 349-355.

*Zartman, E.N., & Cason, H. (1934). The influence of an increase in muscular tension on mental
efficiency. Journal of Experimental Psychology, 17, 671-679.

*Zervas, Y. (1990). Effect of a physical exercise session on verbal, visuospatial, and numerical
ability. Perceptual and Motor Skills, 71, 379-383.

*Zervas, Y., Danis, A., & Klissouras, V. (1991). Influence of physical exertion on mental
performance with reference to training. Perceptual and Motor Skills, 72, 1215-1221.



Zornetzer, S.F. (1985). Catecholamine system involvement in age-related memory dysfunction.
Annals of the New York Academy of Sciences, 444, 242-254.

Acknowledgments
Special thanks is given to Joan Pie and Allan Rowley for their help in collecting the data.



