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Abstract Epidemiological investigations have revealed in-
creases in the prevalence of sedentary behaviors in industrial-
ized societies. However, the implications of those lifestyle
choices and related cardiorespiratory fitness levels for memo-
ry function are not well-understood. To determine the extent to
which cardiorespiratory fitness relates to the integrity of mul-
tiple memory systems, a cross-sectional sample of young
adults were tested over the course of 3 days in areas related
to implicit memory, working memory, long-termmemory, and
aerobic fitness. Findings revealed an association between
aerobic fitness and memory function such that individuals
with lower cardiorespiratory fitness exhibited poorer implicit
memory performance and poorer long-term memory reten-
tion. These data indicate that cardiorespiratory fitness may be
important for the optimal function of neural networks under-
lying these memory systems.
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Over the past several decades, individuals within industrialized
societies have begun to lessen their engagement in physically
active lifestyles while increasing consumption of energy-dense
foods (Department of Health and Human Services [DHHS] and
Department of Education [DOE], 2000). Accordingly, epidemi-
ological investigations have suggested that a reduction in energy
expenditure coupled with increased caloric consumption has
resulted in an increase in the prevalence of several diseases, such

as obesity, cardiovascular disease, colon cancer, and type-2 dia-
betes (DHHS and DOE, 2000). Such diseases have also been
found to be independently related to aerobic fitness (i.e., the
ability to sustain aerobic physical activities; DHHS, 2008). Yet
beyond these effects on physical health, a growing body of
research has begun to elucidate the detrimental effects that a lack
of chronic physical activity and decreased aerobic fitness has on
brain health and cognition (see Hillman, Erickson, & Kramer,
2008, for a review).

Indeed, converging evidence across both human and animal
models suggests that high-level cognitive systems such as mem-
ory may be sensitive to levels of aerobic fitness and physical
activity. In rodent models, wheel-running has been associated
with increases in neurogenesis in the dentate gyrus of the hippo-
campus (van Praag, Kempermann, & Gage, 1999) and enhance-
ments in hippocampal-dependent learning and memory process-
es (Vaynman, Ying, & Gomez-Pinilla, 2004). Similarly, research
in both preadolescent children and older adults has shown that
poorer aerobic fitness relates to lower relational memory perfor-
mance and smaller hippocampal volume (Chaddock et al.,
2010a; Erickson et al., 2009). Indeed, aerobic exercise inter-
ventions have resulted in improvements in hippocampal-
dependent relational memory in preadolescent children (Monti,
Hillman, & Cohen, 2012) and reversal of age-related hippocam-
pal volume loss in older adults (Erickson et al., 2011). More
broadly, Smith and colleagues (2010) conducted a meta-analytic
review of randomized controlled trials suggesting a modest
relationship (Hedges’s g = 0.128) between aerobic exercise and
declarative memory assessed using a wide range of tasks. Avast
body of literature suggests that formation and retention of declar-
ative memory is dependent on the hippocampus (see Squire,
1992, for a review). Indeed, recent evidence suggests that mem-
ory for declarative information is consolidated (i.e., is strength-
ened and shows increased resistance to interference or decay;
McGaugh, 2000) after initial acquisition, potentially through a
process of neuronal reactivation of information during waking or
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sleep (Carr, Jadhav, & Frank, 2011; Dave&Margoliash, 2000; Ji
& Wilson, 2007; Louie & Wilson, 2001; Wilson &
McNaughton, 1994). Although there is strong evidence for a
relationship between cardiovascular fitness and declarativemem-
ory ability, the vast majority of these investigations have focused
on older adult populations (Smith et al., 2010), where it is
believed that the influences of aerobic fitness should manifest
most strongly as a result of age-related tissue loss. However, this
epidemic of sedentary behaviors has existed for well over 2
decades. It therefore stands to reason that an association between
aerobic fitness and declarativememorymight also be observed in
college-aged young adults who may have amassed a lifetime of
relatively sedentary behavior. Accordingly, an initial aim of this
study was to examine the relation between aerobic fitness and
long-term declarative memory in a young-adult population. Giv-
en that exercise has been shown to enhance hippocampal func-
tion, we hypothesized that there would also be poorer offline
processing of declarative memory in lower-fit individuals. Thus,
young adults with lower aerobic fitness levels should exhibit
greater loss of information over a retention period in a long-term
memory task.

A secondary purpose of this investigation was to elucidate
the extent to which the relationship between aerobic fitness
and memorymay generalize across multiple memory systems.
There is some evidence to suggest that not all forms of
memory are affected by fitness levels. For example, Smith
and colleagues (2010) failed to observe a relationship between
aerobic exercise interventions and working memory in older
adults (Hedges’s g = 0.03). Working memory is considered to
be a core component of high-level cognitive processes gener-
ally referred to as cognitive control (Davidson, Amso,
Anderson, & Diamond, 2006). Thus, these findings are coun-
terintuitive, since a sizable body of literature in pediatric and
older adult populations has shown the largest performance
differentials for aspects of cognitive control, relative to other
cognitive processes, in association with aerobic fitness
(Hillman, Buck, Themanson, Pontifex, & Castelli, 2009;
Kramer, Colcombe, McAuley, Scalf, & Erickson, 2005;
Kramer et al., 1999; Pontifex et al., 2011). One potential
interpretation for this discrepancy may be that fitness influ-
ences performance on working memory tasks that rely more
on the manipulation or revision of information but may not
influence performance on tasks that focus more on the main-
tenance of information. Accordingly, the extent to which
working memory tasks differentially engage the maintenance
and manipulation/revision components of working memory
(Veltman, Rombouts, & Dolan, 2003) may be critical to
understanding the influence of aerobic fitness. Consonant
with such an assertion, research in older adults (Gordon
et al., 2008; Kramer et al., 2001) and women with chronic
fatigue syndrome (Ickmans et al., 2013) has failed to observe a
relationship between aerobic fitness and performance on the
operation span and backward/forward digit span working

memory tasks, which emphasize maintenance of information.
In contrast, a 9-month randomized controlled intervention
aimed at improving aerobic fitness in preadolescent children
observed increased performance on a modified version of the
Sternberg working memory task for the intervention group,
relative to the control group (Kamijo et al., 2011). Similarly,
Erickson et al. (2013) found that middle-aged (30 to 54 years)
adults who engaged in less physical activity exhibited poorer
performance on both letter and spatial variants of the n-back
working memory tasks—which require the regular revision of
information—than on their more active counterparts. Accord-
ingly, an additional aim of this investigation was to provide
insight into the extent to which aerobic fitness might differ-
entially relate to these aspects of working memory. It was
hypothesized that consonant with prior research, poorer aero-
bic fitness would relate to poorer performance on the n-back
working memory task but would be unrelated to performance
on working memory span tasks.

Previous research has also observed a relationship between
aerobic fitness and neural regions associated with working
memory. Indeed, research in both preadolescent children
(Chaddock et al., 2010b) and older adults (Verstynen
et al., 2012) has observed a relationship between aerobic
fitness and the volume of the dorsal striatum, with lower
fitness levels relating to decreased volume. Aerobic fitness
has also been observed to relate to greater integrity of the
prefrontal cortices in older adults (Colcombe et al., 2004).
Furthermore, decreased activity within the prefrontal and
parietal cortices has been observed for lower-fit, relative to
higher-fit, individuals in both preadolescent children
(Chaddock et al., 2012) and older adults (Colcombe et al.,
2004). Although these regions heavily subserve working
memory processes (Braver et al., 1997; MacDonald, Cohen,
Stenger, & Carter, 2000), these regions are also implicated in
implicit memory (Grafton, Hazeltine, & Ivry, 1995; Rauch
et al., 1995; Robertson, Tormos, Maeda, & Pascual-Leone,
2001; Torriero, Oliveri, Koch, Caltagirone, & Petrosini, 2004;
Willingham & Koroshetz, 1993). Although little work has
investigated the extent to which aerobic fitness might influ-
ence other aspects of human memory such as implicit mem-
ory, given that the neural regions underlying implicit memory
are affected by fitness, it is logical to assume that fitness levels
would affect implicit memory formation. Indeed, Quaney and
colleagues (2009) observed improvements in implicit memory
over the course of an 8-week exercise intervention in older
adults. Although the extent to which aerobic fitness might
relate to implicit memory in young adults is unknown,
college-aged young adults who engage in relatively low levels
of physical activity demonstrate poorer spatial priming, sug-
gesting that they may have reduced implicit memory acquisi-
tion (Kamijo & Takeda, 2009). Accordingly, the final aim of
this investigation was to assess the relationship between aer-
obic fitness and implicit memory. We hypothesized that

Cogn Affect Behav Neurosci (2014) 14:1132–1141 1133



poorer aerobic fitness would be associated with poorer im-
plicit memory. Collectively, the novel contribution of this
investigation is the examination of the relationship between
aerobic fitness and the integrity of multiple memory systems
spanning long-term memory, working memory, and implicit
memory, in a high-functioning young-adult population.

Method

Participants

Eighty-eight undergraduate students were recruited from
Michigan State University. All participants provided prior
written informed consent in accordance with the Michigan
State University Institutional Review Board. All participants
had scores above 90 on the Kaufman Brief Intelligence Test
(K-BIT; Kaufman & Kaufman, 1990), which was used to
screen for the presence of cognitive abnormalities. Addition-
ally, participants completed a health history and demographics
questionnaire, reported being free of any neurological diseases
or physical disabilities, and indicated normal or corrected-to-
normal vision. Analyses were conducted on a final sample of
75 participants after excluding those participants who (1) did
not have data across all of the cognitive assessments (n = 6),
(2) achieved less than 50% accuracy in the n-back test (n = 6),
and (3) achieved less than 90 % accuracy in the serial reaction
time task to ensure the integrity of this task as an index of
implicit memory (n = 1; Curran, 1997). The racial and ethnic
distribution of the sample was: 57 White or Caucasian, 11
Black or African American, 3 Asian, 1 Native Hawaiian or
Other Pacific Islander, 3 biracial or of other ethnicities, with 3
identified as being of Hispanic origin. Demographic and fit-
ness data for all participants are provided in Table 1.

Test of memory systems

Five cognitive assessments were utilized to probe three dif-
ferent memory systems (long-term memory, working
memory, and implicit memory), across three separate sessions.
Long-term memory was tested over the span between the first
and second sessions. Working memory was tested during the
second (operation span [OSPAN] and symmetry span) and
third (n-back) sessions. Finally, implicit memory was tested
during the third session.

Long-term memory

We assessed long-term memory over the course of two sepa-
rate sessions, separated by 24 h. During the first session,
participants studied 68 semantically related word pairs
(adapted from Fenn & Hambrick, 2012). Word pairs were
randomly displayed (1.3° vertical visual angle) at the center
of the screen. Each pair was presented for 3,500 ms, with a
1,000-ms intertrial interval. Immediately after training, partic-
ipants were given a cued recall test on 60 word pairs. The first
and final 4 pairs were not presented during the test, to control
for primacy and recency effects on memory performance.
During the test, the first word of each pair was presented at
the center of the computer screen, and participants were asked
to type the second word in a box directly below the first word
of the pair. There was no time limit to respond. After each
response, participants were first told whether their response
was correct or incorrect and were then shown the correct word
pair, regardless of response. Words were presented randomly
during the test. Participants were trained to a criterion of 33 %
correct. After criterion was achieved, participants were given a
final cued-recall test without feedback. During the second
session (24 h following the first session), participants were
again given a cued recall test on 60 word pairs, without
feedback (see Fig. 1a for task example). Long-term memory
performance was quantified by calculating the number of
paired-associate items that were lost across the 24-h retention
interval, corrected by the total number of items recalled in the
final test during session 1 [(items lost/total items recalled in
session 1) × 100]. Thus, lower values indicated better
memory retention. This approach ensured that any ob-
served effects could not be explained by greater loss for
individuals who demonstrated better performance during
session 1.

Working memory

We assessed working memory using the OSPAN task
(Unsworth, Heitz, Schrock, & Engle, 2005), the symmetry
span task (Kane et al., 2004), and a spatial n-back task (1-
back; Drollette, Shishido, Pontifex, & Hillman, 2012). These
tasks were chosen because they allowed us to investigate the

Table 1 Participant demographic and fitness characteristics (±SD)

Measure All Participants

N 75 (40 females)

Age (years) 20.2 ± 2.2 (minimum–maximum: 18–30)

Education (years) 13.1 ± 1.2 (minimum–maximum: 12–17)

K-BIT composite (IQ) 105.8 ± 5.6 (minimum–maximum: 92–120)

Body mass index 23.2 ± 3.4 (minimum–maximum: 17.0–37.7)

Percentage of body fat 18.6 ± 7.7 (minimum–maximum: 2.2–41.7)

VO2max (ml/kg/min) 44.4 ± 8.6 (minimum–maximum: 23.2–62.6)

VO2max percentile 52.1 ± 33.5 (minimum–maximum: 3–97)

Note. VO2max percentile is based on normative values for VO2max
(Shvartz & Reibold, 1990)
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extent to which aerobic fitness may differentially influence
two components of working memory, maintenance and ma-
nipulation (Veltman et al., 2003).

In the OSPAN task (completed during the second session),
participants were asked to maintain verbal information in
memory while performing arithmetic problems. On each item,
participants were first given an arithmetic problem and were
then given a potential solution to the problem and had to
verify whether the solution was correct or incorrect. They
responded by clicking on “True” if the solution was correct
and clicking on the word “False” if the solution was not
correct. After each problem, they were given a letter (2°
vertical visual angle) to remember (from the set: F, H, J, K,
L, N, P, Q, R, S, T, Y). After between three and seven
problems and letters, they were asked to recall the letters in
the order in which they were presented. During the recall
phase, the 12 letters appeared in a grid on the screen (12°

vertical visual angle), and participants clicked on the letters, in
the order in which they were presented. After the letter recall
phase, they were given feedback on the number of letters that
were correctly recalled and the number of math errors for that
set of trials (see Fig. 1b for task example; Unsworth et al.,
2005). Prior to the start of the task, participants were given 4
practice trials on letter recall and 15 practice trials on the
arithmetic trials separately, followed by 3 practice trials with
the letter recall and arithmetic trials presented in the same
fashion as in the actual task. Participants then completed 3
trials of each set size (3, 4, 5, 6, and 7 letters) and were asked
to remember 75 letters amid a total of 75 math problems. In
the symmetry span task (completed during the second ses-
sion), participants were asked to maintain spatial information
in memory while performing a spatial judgment. On each
item, participants were presented with an 8 × 8 grid (12°
vertical visual angle) with some of the squares filled in with
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Fig. 1 Graphic representation of the long-term memory task (a), the operation/symmetry span tasks (b), the n-back task (c), and the serial reaction time
task (d) with their respective relationships relative to aerobic fitness percentile
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black and were asked to judge whether the geometrical image
was symmetrical. They were then shown a 4 × 4 grid (12°
vertical visual angle) with one red square filled in and were
asked to remember the location of the filled square. After
between two and five items (symmetry judgment + spatial
memory), participants were asked to recall the location of the
red squares that they held in memory in the order in which
they appeared (see Fig. 1b; Kane et al., 2004). There were a
total of 12 trials in the experiment. Prior to test trials, partic-
ipants completed 3 practice memory trials and 14 practice
symmetry judgments. They also completed 3 practice trials
in which they did both symmetry judgments and spatial mem-
ory tasks. Thus, in both the OSPAN and symmetry span tasks,
participants performed a secondary processing task (i.e., ar-
ithmetic or symmetry judgment) while maintaining informa-
tion within working memory (i.e., letters or locations).

The n-back task (completed during the third session) places
a continuous load on working memory. Participants were re-
quired to update and reorganize memory representations as a
red dot moved pseudorandomly among six fixed spatial loca-
tions (1.7° horizontal and vertical visual angles) spaced in a
circular fashion on a 4.3° radius from the center of the screen
(Drollette, Shishido, Pontifex, & Hillman, 2012). Participants
were instructed to respond as quickly and as accurately as
possible to indicate whether the red dot (0.7° radius) appeared
in the same spatial location (33.3 % of the time) or a different
spatial location as on the previous trial. Thus, in order to recall
both the location and the sequence of the stimuli, the n-back
task requires the regular revision of working memory as each
new stimulus replaces the previous to become the new
matching location (see Fig. 1c; Chen, Mitra, & Schlaghecken,
2008). Prior to the start of each condition, participants were
given blocks of 40 practice trials until they achieved aminimum
50% accuracy. Participants completed a block of 144 trials with
stimuli presented for 200 ms and a 1,500 ms intertrial interval.

Implicit memory

We assessed implicit procedural memory (completed during
the third session) using the serial reaction time task (SRTT)
which is a four-choice reaction time task embedded with a
repeating sequence (see Fig. 1d for task example; Robertson,
2007). This sequence consisted of a 12-stimulus run (1–2–1–
4–2–3–4–3–1–4–2–3) in which each element provides prob-
abilistically predictive information (67 % of the time) about
the next element in the sequence. Participants were instructed
to respond to the location of the stimulus (0.4° radius red dot
within a field of four boxes arranged horizontally, each with 2°
horizontal and vertical visual angles; see Fig. 1d) as quickly
and as accurately as possible using a response pad with
buttons mapped to the index and middle fingers on each hand.
Following completion of 40 practice trials, participants com-
pleted two blocks of 156 trials with the 12-item sequence (S)

intermixed among random (R) cycles of 12 trials (i.e., R–S–S–
R–S–S–R–S–S–R–S–S–R; Curran, 1997). Implicit memory
performance was quantified as the difference in reaction time
between sequence and random trials relative to the random
sequence trial reaction time ([(sequence trials − random trials)/
random trials] × 100), with larger values indicating superior
implicit memory. Stimuli were presented for 800 ms, with a
1,200-ms intertrial interval.

Fitness and body composition assessment

Cardiorespiratory fitness was assessed using a test of maximal
oxygen consumption (VO2max), which describes the physio-
logical limit to the rate at which an individual can deliver/
consume oxygen and is considered the criterion measure of
cardiorespiratory fitness (American College of Sports
Medicine, 2006). Relative peak oxygen consumption (ml/kg/
min) was measured using a computerized indirect calorimetry
system (ParvoMedics True Max 2400) while participants ran
or walked on a motor-driven treadmill at a constant speed,
with incremental increases of 2.5 % grade every 2 min until
the participant was no longer able to maintain the exercise
intensity (American College of Sports Medicine, 2006). At-
tainment of maximal effort was evidenced by attainment of
two of the following four criteria: (1) a plateau in oxygen
consumption corresponding to an increase of less than 2 ml/
kg/min despite an increase in workload; (2) a peak heart rate
within 10 beats per minute of age-predicted maximum (i.e.,
220-age); (3) respiratory exchange ratio ≥ 1.1; or (4) OMNI
perceived exertion scale rating > 7 (Pontifex, Hillman, &
Polich, 2009). Cardiorespiratory fitness percentiles were ex-
tracted from normative data provided by Shvartz and Reibold
(1990). Weight and percent body fat were quantified using an
Omron full-body composition monitor (Omron Healthcare,
Inc. HBF-510 W).

Statistical analysis

Prior to analysis, all study variables were screened for homo-
scedasticity and normality. Bivariate correlation analyses were
then conducted using multiple probability corrected Pearson
product–moment correlation coefficients (Curtin & Schulz,
1998) between demographic factors and each memory domain.
Hierarchical linear regression analyses were then performed to
explain variance in these factors as they related to aerobic
fitness. This was undertaken by regressing memory domains
on descriptive factors (i.e., age, sex, race, IQ, and percentage of
body fat) that were statistically significant correlates in step 1 to
judge the independent contribution of aerobic fitness (as
assessed using VO2max percentile) in step 2 for explaining
variance beyond that of the descriptive variables (Kamijo
et al., 2012). All data analyses were performed in PASW
Statistics, 20.0 (IBM, Somers, NY) utilizing a familywise alpha
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level of p = .05. Overall means and variability measures are
provided for each memory domain in Table 2. Statistical sum-
maries of the correlational and regression analyses for each
memory domain are provided in Tables 3 and 4, respectively.

Results

Long-term memory task

Hierarchical regression analysis indicated that individuals
with lower-fitness exhibited less stable memory as indexed
by a greater proportion of items lost between session 1 and
session 2, β = −0.23, t(71) = 2.2, p = .03 (see Fig. 1a), even
after controlling for age, sex, and IQ.1

Working memory tasks

No relationships with fitness were observed for the OSPAN
task, symmetry span task, or n-back task, |rs| ≤ .19, ps ≥ .11.

Implicit memory task

Findings revealed that individuals with poorer aerobic fitness
exhibited inferior implicit memory acquisition, β = 0.22, t(73)
= 1.95, p = .05 (see Fig. 1d).

Discussion

The aim of the present investigation was to examine the
relationship between aerobic fitness and the integrity of mul-
tiple memory systems. Consistent with prior research, we
found a relationship between fitness and declarative memory;
individuals with lower levels of aerobic fitness demonstrated
less stable long-term memory. We also found that aerobic
fitness was related to implicit memory in college-aged young
adults. Finally, one of the goals of this investigation was to
examine the extent to which the type of working memory task

and the degree to which the task differentially engages the
maintenance and manipulation components of working mem-
ory might explain the inconsistent evidence in the literature of
a relationship between aerobic fitness and working memory.
However, contrary to our hypothesis, no relationship between
aerobic fitness and any of our three indices of working mem-
ory were observed.

Accordingly, the present findings appear consistent with
those reported in a recent meta-analysis of randomized con-
trolled trials that failed to observe a relationship between
fitness and memory span based indices of working memory
(Smith et al., 2010). However, in contrast to findings reported
byKamijo and colleagues (2011) and Erickson and colleagues
(2013), we did not find a relationship between aerobic fitness
and working memory tasks that emphasize manipulation or
revision of information. Such discrepant findings may be a
function of a number of factors. In particular, much of the
prior research has investigated the association between aero-
bic fitness/physical activity and working memory in older
adult populations, but our investigation utilized a sample of
college-aged adults. The high-functioning nature of this pop-
ulation may limit the extent to which fitness-related differ-
ences in performance are able to be observed. Thus, future
research is still necessary to investigate the extent to which the
maintenance and manipulation of information within working
memory may differentially relate to aerobic fitness during
development and aging. It is also important to note that the
findings reported by Kamijo et al. (2011) and Erickson et al.
(2013) are methodologically more rigorous than the present
investigation, employing a longitudinal randomized con-
trolled trial and a sample of over a thousand adults, respec-
tively. Accordingly, it may be that the relationship between
fitness and these components of working memory is suffi-
ciently small to necessitate randomized controlled trials or
much larger sample sizes in cross-sectional designs than were
employed by the present investigation to be detected.

Within the physical activity/cardiorespiratory fitness and
cognition literature, cognitive reserve theory (Stern, 2002) has
often been posited as an explanation for the relationship
between health behaviors and attributes and cognitive func-
tion, but we do not believe that it can adequately explain our

Table 2 Mean (±SD) performance across each memory domain

Measure All Participants

Long-term memory (%) 6.9 ± 4.4

Working memory

Operation span 58.8 ± 12.5

Symmetry span 28.5 ± 7.8

N-back target reaction time (ms) 409.4 ± 93.4

N-back target accuracy (% correct) 80.4 ± 10.5

Implicit memory (% lost) 3.7 ± 3.7

1 1 Accelerometry was also used to assess levels of physical activity over
the time period between memory acquisition (session 1) and retrieval
(session 2) in the long-term memory task to ensure that any observed
effects were not the result of acute bouts of physical activity, rather than
cardiorespiratory fitness. Participants were given an (Actigraph, GT3X)
accelerometer at the end of the day 1 session and were instructed to wear
the accelerometer for the following 24-h period (excluding during sleep
and shower times). The participants were shown how to position the
device, so that all participants wore the accelerometer on their right hip.
Data were recorded in 1-s epoch lengths and reintegrated into 60-s epochs
for analysis using ActiLife 6 data analysis software. The accelerometer
cutpoints as established by Freedson (Freedson, Melanson, & Sirard,
1998) determined physical activity intensity. No significant relationship
was observed between any index of moderate or higher intensity physical
activity over the 24-h period between sessions and long-termmemory, |rs|
≤ .11, ps ≥ .39.

Cogn Affect Behav Neurosci (2014) 14:1132–1141 1137



results. In elderly adults and preadolescent children, these
cognitive reserves are believed to be reduced, resulting in
lower-fit individuals exhibiting a decreased ability to respond
to high-level task demands (Hillman et al., 2008; Pontifex
et al., 2011). Speculatively, however, our findings appear to
suggest that the relationship between fitness and cognition
may not be explained by the extent to which a particular
cognitive process can flexibly respond to increasing demands
but, rather, may depend on the specific neural networks that
underlie the cognitive processes. That is, within the present
investigation, we observed a relationship between fitness and
implicit memory using a serial reaction time task. This task
(responding to a simple four-choice reaction time task) places
relatively low demands on cognitive processing. Thus, the
extent to which this taskwould sufficiently tax these processes
to necessitate cognitive reserve is questionable. However,
previous research has shown that this form of implicit memory
is heavily mediated by the basal ganglia, cerebellum, and
prefrontal cortex (Grafton et al., 1995; Rauch et al., 1995;
Robertson et al., 2001; Torriero et al.,2004; Willingham &
Koroshetz, 1993). These structures have previously been
shown to exhibit a relationship with aerobic fitness, with

lower-fit preadolescent children and older adults exhibiting
smaller dorsal striatum volume of the basal ganglia
(Chaddock et al., 2010b; Verstynen et al., 2012) and de-
creased activity of prefrontal and parietal cortices (Chaddock
et al., 2012; Colcombe et al., 2004). Thus, the apparent
association between implicit memory and aerobic fitness
may be due to a direct effect of exercise on the neural struc-
tures that support this task.

This neural network hypothesis would also support the
finding of an association between lower aerobic fitness and
increased memory loss in the paired-associates memory task.
Specifically, long-term declarative memory tasks have previ-
ously been shown to be heavily dependent upon the hippo-
campus (Squire, 1992), and aerobic fitness has been found to
relate to hippocampal volume in rodents (Pereira et al., 2007),
children (Chaddock et al., 2010a), and older adults
(Erickson et al., 2009; Erickson et al., 2011). Wheel running
in rodents has been found to result in increases in hippocampal
cell proliferation and survival (van Praag et al., 1999), growth
factors (Cotman & Berchtold, 2002), dendritic structure
(Redila & Christie, 2006), and gliogenesis (Uda, Ishido,
Kami, & Masuhara, 2006). However, it is also possible that

Table 3 Bivariate correlations between demographic factors and memory domains

Variable Age Sex (0 = Female,
1 = Male)

Race (0 = White,
1 = Nonwhite)

K-BIT
Composite (IQ)

Percentage of
Body Fat

Aerobic Fitness
(VO2max Percentile)

Long-term memory .28* .26** .12 −.33** .01 −.25*

Working memory

Operation span −.17 −.14 .07 .18 −.23 .03

Symmetry span .01 .04 .20 .25* −.04 −.14
N-back target reaction time −.11 −.21 .27** −.06 .03 −.08
N-back target accuracy (% correct) .21 .04 −.04 .12 .01 .19

Implicit memory −.08 −.08 .02 −.09 −.14 .22*

*p ≤ .05

**p ≤ .025

Table 4 Summary of hierarchical regression analyses for the relationship between fitness and memory domains

R2 R2 Change‡ F Change‡ B SE B β t

Long-term memory .23 .05* 4.82 0.00 0.00 −0.23 2.20*

Working memory

Operation span .001 .001 0.08 −0.01 0.04 −0.03 0.28

Symmetry span .02 .02 1.41 −0.03 0.03 −0.14 1.19

N-back target reaction time .006 .006 0.44 −0.21 0.33 −0.08 0.66

N-back target accuracy (% correct) .04 .04 2.64 0.06 0.04 0.19 1.63

Implicit memory .05 .05* 3.82 0.00 0.00 0.22 1.95*

Note. Model for long-term memory included age, sex, and IQ. No demographic predictors were identified for implicit memory or any measure of
working memory

*p ≤ .05
‡Relative to model of demographic factors
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aerobic fitness exerts indirect effects on long-term memory
retention. Declarative memory is strengthened during sleep
(for reviews, see Diekelmann & Born, 2010; McGaugh,
2000)—in particular, during slow-wave sleep (SWS; Plihal
& Born, 1997). Given previous research indicating that exer-
cise increases SWS (see Driver & Taylor, 2000, for a review),
lower-fit individuals may obtain poorer quality sleep resulting
in decreased memory consolidation during sleep. Although
investigating the precise relationship between fitness, sleep,
and long-term memory was beyond the scope of the present
investigation, future research should investigate the specificity
of the effect of exercise on long-term memory and should
include moderating variables, such as sleep quality.

Although we propose that the present results are most
parsimoniously explained by the neural network hypoth-
esis, it is important to note that this hypothesis is not
intrinsically at odds with the cognitive reserve perspec-
tive. Rather, a decreased ability to flexibly modulate
cognitive operations and decreased efficiency of these
systems would be expected if a lack of aerobic fitness
contributes to degradation of the specific neural net-
works that support high-level cognitive operations. A
key limitation of the present investigation and much of
the work in this area, however, is their cross-sectional
nature. Thus, longitudinal randomized controlled trials
are still necessary to determine the extent to which
these relationships are a function of aerobic fitness or
are simply a product of other individual-difference fac-
tors. This is particularly evident since, although an
association between fitness and striatal volume has been
observed cross-sectionally (Chaddock et al., 2010b;
Verstynen et al., 2012); a year-long randomized con-
trolled physical activity intervention in older adults
failed to observe any changes in the caudate nucleaus
(Erickson et al., 2011). Accordingly, since neuroimaging
modalities are increasingly utilized within this area of
study, an important question will be the extent to which
physical-activity-induced changes in aerobic fitness dif-
ferentially influence these underlying brain structures
and networks throughout the lifespan. Examination of
the dose-response curve for these neural regions that
appear to be sensitive to differences in aerobic fitness
may also elucidate some of these apparently discrepent
findings between cross-sectional and longitudinal re-
search. Although Erickson and colleagues (2011) did
not observe any statistical differences in the caudate
nucleaus associated with their physical activity interven-
tion in older adults, a slight positive trend is apparent.
Thus, while some neural regions might respond relative-
ly quickly to physical activity (i.e., over the course of a
1-year intervention), others might exhibit a more
protracted response or may require more frequent/
intense bouts of activity or activity of a different type

to incur any changes. Collectively, however, these find-
ings contribute to a larger body of research that has
begun to indicate that cardiorespiratory fitness may be
important for the optimal functioning of multiple aspects
of high-level cognitive and memory processes.
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