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ARDIORESPIRATORY FITNESS AND ACUTE AEROBIC EXERCISE
FFECTS ON NEUROELECTRIC AND BEHAVIORAL MEASURES

F ACTION MONITORING
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bstract—Cardiorespiratory fitness and acute aerobic exer-
ise effects on cognitive function were assessed for 28 high-
r- and lower-fit adults during a flanker task by comparing
ehavioral and neuroelectric indices of action monitoring.
he error-related negativity, error positivity, and N2 compo-
ents, as well as behavioral measures of response speed,
ccuracy, and post-error slowing were measured following a
0-minute acute bout of treadmill exercise or following 30-
inutes of rest. A graded maximal exercise test was used to
easure cardiorespiratory fitness by assessing maximal ox-

gen uptake. Results indicated that higher-fit adults exhibited
educed error-related negativity amplitude, increased error
ositivity amplitude, and increased post-error response
lowing compared with lower-fit adults. However, acute ex-
rcise was not related to any of the dependent measures.
hese findings suggest that cardiorespiratory fitness, but not
cute aerobic exercise, may be beneficial to behavioral and
euroelectric indices of action monitoring following errors of
ommission by increasing top-down attentional control.
2006 IBRO. Published by Elsevier Ltd. All rights reserved.

ey words: physical activity, executive control, cognitive
unction, error-related negativity, event-related potentials, in-
erference control.

he study of physical activity and cardiorespiratory fitness
nfluences on cognitive and behavioral functioning has
rown in interest over recent decades. The beneficial ef-
ects of acute and chronic exercise on cognitive, emo-
ional, and motor processes appear to be robust (Boutcher
nd Landers, 1988; Bashore, 1989; Bashore and Goddard,
993), with the extant literature indicating that aerobically
t individuals perform better on a variety of tasks involving
ttention, cognition, and memory (Colcombe and Kramer,
003; Etnier et al., 1997). Further, in older adults this
elationship appears to be greater for tasks or task com-
onents requiring extensive executive control (Kramer et
l., 1999, 2000) suggesting that although cardiorespiratory

Corresponding author. Tel: �1-217-244-2663; fax: �1-217-244-7322.
-mail address: chhillma@uiuc.edu (C. H. Hillman).
bbreviations: ACC, anterior cingulate cortex; ACSM, American Col-

ege of Sports Medicine; bpm, beats per minute; EEG, electroenceph-
logram/electroencephalographic; ERN, error-related negativity; ERP,
vent-related potential; GXT, graded exercise test; HR, heart rate; Ne,
rror negativity; Pe, error positivity; RER, respiratory exchange ratio;
a
PE, Ratings of Perceived Exertion; RT, reaction time; VO2 max,
aximal oxygen uptake.
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tness has exhibited a general relationship with improve-
ents in cognition (e.g. Blumenthal et al., 1991; Hill et al.,
993), the relationship is selectively larger for aspects of
ognitive function involving executive control (Colcombe
nd Kramer, 2003).

The term “executive control” has been used to describe
subset of processes concerned with the selection,

cheduling, and coordination of computational processes
hat are responsible for perception, memory, and action
Norman and Shallice, 1986; Meyer and Kieras, 1997).
ne paradigm that manipulates executive control require-
ents is the Eriksen flanker task (Eriksen and Eriksen,
974). This task requires participants to discriminate be-
ween target stimuli that are flanked by an array of other
timuli, which have different responses associated with
hem. Differences in error rate and response speed are
bserved between congruent and incongruent conditions
ith the former condition eliciting faster and more accurate

esponses compared with the latter condition (Eriksen and
chultz, 1979). Incongruent trials require greater amounts
f interference control (one aspect of executive control)
nd result in response delays due to activation of the

ncorrect response (elicited by the flanking stimuli), which
ompetes with the correct response elicited by the cen-
rally placed target stimulus (Spencer and Coles, 1999).

Although a variety of cognitive tasks has been used to
tudy the relationship between cardiorespiratory fitness and
ehavioral indices of cognitive processing, the evaluation of
vent-related brain potentials (ERPs) has been limited. That

s, the majority of cardiorespiratory fitness and ERP research
as focused on the P3 component (Bashore, 1989; Dustman
t al., 1990; Hillman et al., 2004, 2006), with few exceptions
e.g. stimulus preceding negativity and contingent negative
ariation; Hillman et al., 2002; N400; Magnié et al., 2000).
he inclusion of other ERP components may lead to a deeper
nderstanding of the relationship between fitness and cogni-

ive function. Specifically, multiple ERP components have
een associated with action monitoring processes for pur-
oses of improving task performance through error detection
nd correction. To date, there is a paucity of research exam-

ning these components in relation to cardiorespiratory fit-
ess.

rror-related negativity (ERN)

ne component associated with action monitoring pro-
esses is the ERN (Gehring et al., 1993; or error negativity
Ne); Falkenstein et al., 1991). The ERN, or Ne, is a neg-

tive-going component observed in response-locked ERP

ved.
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verages of incorrect responses committed during task
ompletion. It is maximal over fronto-central recording
ites and peaks shortly after incorrect responses in
peeded reaction time (RT) tasks (Falkenstein et al., 1991;
ehring et al., 1993). Researchers have localized the

ource of the ERN to be at or very near the anterior
ingulate cortex (ACC) using dipole localization techniques
Dehaene et al., 1994; van Veen and Carter, 2002), and
orroborating evidence has been provided by both neuro-
maging (Carter et al., 1998) and magneto-encephalogra-
hy studies (Miltner et al., 2003). Neuroimaging findings
ave established that the functional significance of ACC
ctivation is related to action monitoring and evaluation
uring tasks requiring extensive executive control (Carter
t al., 2000). Further, Gehring and Knight (2000) have
hown that the ACC exhibits a functional interaction with
he prefrontal cortex during action monitoring processes
nd compensatory/corrective actions following error re-
ponses. The ERN is generally believed to reflect a cog-
itive learning mechanism used to correct an individual’s

ncorrect responses during subsequent environmental in-
eraction through either the monitoring and detection of
rror responses (Holroyd and Coles, 2002) or response
onflict (Yeung et al., 2004).

rror positivity (Pe)

second ERP component related to action monitoring
rocesses following error responses is the Pe (Falkenstein
t al., 1990, 2000). The Pe is a positive-going component
bserved in response-locked ERP averages of incorrect
esponses. It is maximal over centro-parietal recording
ites and peaks after the ERN (about 300 ms following an
ncorrect response). The Pe has been described as an
motional reaction to the commission of an error (Falkenstein
t al., 2000; van Veen and Carter, 2002), a post-response
valuation of an error (Davies et al., 2001; Falkenstein et al.,
990), or the allocation of attentional resources toward an
rror following error commission (i.e. similar to the allocation
f attention reflected in ERP components of stimulus pro-
essing; Mathewson et al., 2005). Research using dipole
ocalization techniques has identified generators of the Pe in
he rostral ACC (van Veen and Carter, 2002). Although both
he ERN and Pe are associated with neural processes in the
CC, the two components have distinct neural generators
nd are believed to be independent of each other (Herrmann
t al., 2004).

2

third ERP component associated with action monitoring
s the N2, which refers to a negative-going component ob-
erved in stimulus-locked averages of correct responses. It is
aximal over fronto-central recording sites and peaks be-

ween 150 and 350 ms after stimulus presentation. The N2
as been localized to the same area of the ACC as the
esponse-locked ERN using neuroimaging techniques
van Veen and Carter, 2002), leading some researchers to
uggest that the N2 and ERN may reflect similar conflict
onitoring functions during correct and incorrect re-
ponses, respectively. Specifically, ACC activation reflect- t
ng conflict monitoring occurs prior to the response during
orrect trials and is reflected by the N2. During incorrect
rials, this activation occurs immediately following the re-
ponse and is reflected by the ERN (van Veen and Carter,
002; Yeung et al., 2004).

hysical activity and action monitoring

s mentioned previously, the relationship between cardio-
espiratory fitness and ERP components reflecting action
onitoring processes has not been examined. However,

esearch examining the relationship between self-reported
hysical activity behavior and ERN amplitude during a task
equiring variable amounts of executive control (i.e. task
witching) revealed decreased ERN amplitude and rela-
ively greater response slowing following errors for physi-
ally active, compared with sedentary, participants (The-
anson et al., in press). Given that post-error response

lowing is a behavioral indicator of increased recruitment
nd implementation of top-down attentional control to im-
rove task performance (Gehring et al., 1993; Kerns et al.,
004), these findings suggest increased top-down atten-
ional control among physically active individuals (The-
anson et al., in press). Evidence for increased top-down
ttentional control may also be observed in the neuroelec-
ric system through a relative reduction in ERN amplitude
ssociated with a decrease in response conflict and the
elated activation of action monitoring processes for more
hysically active individuals (Themanson et al., in press).
he reduction in ERN amplitude with increased physical
ctivity corroborates earlier research that observed a rela-
ionship between aerobic training and a reduction in ACC
ctivation for aerobically trained older adults compared
ith their sedentary counterparts, which is also suggestive
f a decrease in response conflict with increases in aerobic
tness (Colcombe et al., 2004).

Given the findings of reduced ERN amplitude for phys-
cally active individuals (Themanson et al., in press) and
educed response conflict for aerobically trained older
dults (Colcombe et al., 2004), it follows that ERN ampli-
ude would be reduced for individuals exhibiting greater
ardiorespiratory fitness. Similarly, since the N2 compo-
ent has also been associated with conflict monitoring
rocesses (Yeung et al., 2004), a relative reduction in N2
mplitude for higher-fit individuals would be expected as a
esult of increases in top-down attentional control associ-
ted with increased levels of cardiorespiratory fitness and
elated reductions in response conflict. Further, assuming
hat individuals attend to and evaluate errors in an attempt
o correct behavior and enhance future performance, a
elative increase in Pe amplitude for higher-fit individuals
ould also be expected, since it would reflect either the
valuation of a commission error (Davies et al., 2001;
alkenstein et al., 1990) or the allocation of attentional
esources toward an error (Mathewson et al., 2005).

cute aerobic exercise and cognitive function

lthough the relationship between physical activity behav-
or and action monitoring processes has been explored,

he relationship between acute bouts of exercise and this
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spect of cognition has not been investigated. Hillman
t al. (2003) noted a post-exercise increase in the alloca-
ion of attentional resources in stimulus-locked ERPs dur-
ng a flanker task, indicating that upstream processes re-
ated to stimulus acquisition may be influenced by acute
xercise participation. Further, these data may be predic-
ive of a relative decrease in ERN amplitude. That is, an
ncrease in the allocation of attentional resources during
timulus updating would implicate an increase in top-down
ttentional control, perhaps leading to a reduction in re-
ponse conflict associated with task execution (i.e. re-
uced ERN amplitude). Accordingly, a relative decrease in
2 amplitude following exercise would also be predicted
iven that the N2 has been related to pre-response conflict
onitoring (Yeung et al., 2004). Finally, given that a recent
xamination of the Pe indicates that the amplitude may
eflect the allocation of attention toward an error in a man-
er similar to the allocation of attention during stimulus
rocessing of correct trials (i.e. P3 amplitude; Mathewson
t al., 2005), it follows that acute exercise may also influ-
nce Pe amplitude.

Thus, the present study was designed to selectively
xamine a subset of executive control processes by eval-
ating the influence of cardiorespiratory fitness and an
cute bout of aerobic exercise on neuroelectric (ERN, Pe,
2) and behavioral indices of action monitoring during the
ompletion of a flanker task. With respect to task perfor-
ance, it was expected that higher-fit participants would
isplay significantly shorter RT compared with lower-fit
articipants (Kramer et al., 1999), and RT would be shorter
ollowing an acute bout of exercise compared with follow-
ng rest for all participants (Hogervorst et al., 1996). With
espect to neuroelectric indices of action monitoring pro-
esses, it was predicted that higher-fit participants would
xhibit a relative decrease in ERN and N2 amplitudes as
ell as a relative increase in Pe amplitude, compared with

ower-fit participants. Further, an acute bout of exercise
as predicted to decrease ERN and N2 amplitudes and

ncrease Pe amplitude compared with rest. Behaviorally, it
as predicted that response slowing following response
rrors would be greater for higher-fit participants, corrob-
rating previous research (Themanson et al., in press) and
roviding additional support for the notion of increased
op-down attentional control among fit individuals. That is,
ncreased top-down attentional control in higher-fit individ-
als might significantly reduce response conflict and be
eflected in a more efficient neuroelectric profile of conflict-
elated action monitoring processes (i.e. reduced ERN
mplitude) as well as heightened neural (i.e. increased Pe

mplitude) and behavioral (i.e. increased slowing of re-
ponses following errors) adjustments following error com-
ission.

EXPERIMENTAL PROCEDURES

articipants

wenty-eight participants (14 males, 14 females) who varied in
heir level of cardiorespiratory fitness were recruited from under-

raduate kinesiology courses at the University of Illinois at Urba- E
a–Champaign. Participants were pre-screened in their courses
o determine the amount and duration of aerobic activity that they
ngaged in per week. From this screening, 29 participants were
elected to obtain the two age- and sex-matched fitness groups.
ne participant did not achieve the requirements of a maximal
tness assessment (see below) and was excluded from the anal-
ses. All participants reported being free of adverse health con-
itions, neurological disorders, any medications that influence
NS function, and had normal (or corrected to normal) vision
ased on the minimal 20/20 standard. Participants were instructed
ot to exercise on the days of their laboratory visits, and reported
heir compliance with this request. Participants were selected into
he higher-fit group if their age- and sex-matched maximum oxy-
en consumption (VO2 max) achieved during a graded exercise
est (GXT) was above the 80th percentile based upon American
ollege of Sports Medicine (ACSM) guidelines (ACSM, 2000).
he average VO2 max for this group was well above the 90th
ercentile. The remaining participants were selected into the

ower-fit group. The average VO2 max for this group equated to
he 50th percentile (see Table 1). The two groups were gender-
alanced, with seven males and seven females in each group.

rocedure

fter providing informed consent in accordance with the institu-
ional review board at the University of Illinois, participants visited
he laboratory at the same time of day on two separate occasions
ith no more than seven days between experimental sessions.
he two sessions (post-rest, post-exercise) were counterbalanced
cross participants to minimize potential practice effects. During
he post-rest session, participants rested quietly for 30 min. During
he rest period, participants sat in a chair and were allowed to read
rom a selection of popular magazines. The experimenter then
repared the participants for neuroelectric measurement and par-
icipants’ responses (ERPs, RT, response accuracy) were col-
ected during an Eriksen flanker task (Eriksen and Eriksen, 1974).
ollowing completion of the task, participants completed a GXT to
ssess their VO2 max, which is considered to be the criterion
easure of cardiorespiratory fitness (ACSM, 2000). During the
xercise session, participants completed a 30-min bout of tread-
ill exercise, followed by the completion of the flanker task. The

anker task was not initiated until participants’ heart rate (HR) had
eturned to within �10% of their pre-exercise level (M�40.1 min
ost-exercise, S.D.�13.9). To be consistent with previous acute
xercise research (Hillman et al., 2003), participants were in-
tructed to exercise at a level that was “somewhat hard” to “hard”
n the 16-point (from 6 to 20) Ratings of Perceived Exertion (RPE)
cale (Borg, 1970). This intensity derived a mean HR (M�161.0
eats per minute (bpm), S.D.�13.9) of 82.8% of their maximal HR
chieved on the GXT (M�194.5 bpm, S.D.�9.8), confirming that
articipants were exercising at a vigorous, yet submaximal, level.
pon completion of the second session, participants were briefed
n the purpose of the experiment.

ask

articipants completed incongruent and neutral conditions of the

able 1. Mean values (SD) for VO2 by group and by sex within
ach group

easure Group

Higher-fit Lower-fit

O2 max (ml/kg/min) 56.3 (7.9) 38.7 (7.5)
O2 max (ml/kg/min) for females 50.9 (4.7) 33.2 (5.0)
O2 max (ml/kg/min) for males 61.6 (6.7) 44.2 (5.1)
riksen flanker task (Eriksen and Eriksen, 1974), which required
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hem to respond as quickly as possible to a target letter presented
ocally on a computer monitor from a distance of 1 m. Target
timuli (the letters “F” and “X”) required participants to respond
ith their left and right thumbs, respectively. The incongruent
ondition had the target letter flanked by the opposing target
timuli (i.e. FXF or XFX) and the neutral condition had the target
etter flanked by letters with no response assignment (e.g. LFL or
XL). The two conditions were equiprobable and randomly or-
ered, with the stimuli consisting of black letters presented on a
hite background. Five task blocks, each consisting of 144 trials,
ere presented to participants with a two-minute rest between
locks. The stimulus duration for each trial was 500 ms with a
500 ms inter-stimulus interval. The task blocks were counterbal-
nced across participants. Stimulus presentation, timing, and
easurement of behavioral response time and accuracy were

ontrolled by Neuroscan Stim software (v 2.0; Compumedics
SA, El Paso, TX, USA). Participants were given task instructions
nd allowed 12 practice trials prior to each of the two EEG
essions.

easures

Cardiorespiratory fitness. The GXT was conducted on a
ife Fitness 9100 treadmill (Brunswick Corporation, Schiller Park,
L, USA) using a modified Bruce protocol (Dengel et al., 1994).
espiratory exchange ratio (RER) and 30-s averages for oxygen
ptake (VO2) were collected using a computerized indirect calo-
imetry system. All participants achieved VO2 max as defined by
eeting two out of the following three criteria: age-predicted max-

mum HR obtained, RER �1.1, or an observed plateau in VO2

espite an increase in workload.

ERPs. Electroencephalographic (EEG) activity was mea-
ured using a Quik-cap (Neuro Inc., El Paso, TX, USA) with 11
g–AgCl electrodes at Fz, FCz, FC1, FC2, Cz, C1, C2, CPz, Pz,
Oz, and Oz, referenced to the left mastoid, while AFz served as

he ground electrode. Bipolar electrooculographic activity (EOG)
as recorded to monitor eye movements using Ag–AgCl elec-

rodes placed above and below the right orbit and on the outer
anthus of each eye. All electrodes were positioned according to
he international 10–20 system (Jasper, 1958) and electrode im-
edances were kept below 10 k�. Neuroscan Synamps bioam-
lifiers (Neuro Inc.) were used to continuously digitize (500 Hz
ampling rate) and amplify (500�) the raw EEG signal with a
0 Hz low-pass filter, which included a 60 Hz notch filter. EEG
ctivity was recorded using Neuroscan Scan software (v 4.3.1).

For the ERN component, offline EEG processing included:
yeblink correction using a spatial filter (Compumedics Neuro-
can, 2003), re-referencing to average mastoids, response-locked
poching (�500–1500 ms relative to behavioral response), base-

ine correction (100 ms time window ranging from �200 ms to
100 ms prior to the response; Nieuwenhuis et al., 2002), low-
ass filtering (15 Hz; 24 dB/octave), and artifact rejection (epochs
ith signal that exceeded �75 �V were rejected). Average ERP
aveforms for correct trials were matched to error trial waveforms
n response time and number of trials to protect against differen-
ial artifacts of the stimulus-related activity overlapping the re-
ponse-locked ERP activity (Coles et al., 2001). ERN was quan-
ified as the maximum negative deflection between 0 and 200 ms
ost-response in each of these two average waveforms. Matching

nvolved selecting individual correct trials for each participant,
ithout replacement, that matched the response time for each of

he error trials for that individual. Considering error trials tend to be
ssociated with faster RT than correct trials (Falkenstein et al.,
001; Mathewson et al., 2005; Yeung et al., 2004), this procedure
emoves any artifacts that may exist in the timing of processing
ue to differences in response latency for correct and error trials
nd results in an equal number of matched-correct trials and error

rials for each individual to compare differences across accuracy m
onditions. The average number of error trials following exercise
or higher- and lower-fit participants was 37 and 32, respectively.
ollowing rest, the average number of error trials for higher- and

ower-fit participants was 34 and 27, respectively.
Offline EEG processing of the Pe component was identical to

hose described for the ERN. The Pe was quantified as the max-
mum positive deflection between 200 and 500 ms post-response
Falkenstein et al., 2000) in each of the two average waveforms
error and matched-correct).

Offline processing for the N2 component included: eyeblink
orrection using a spatial filter (Compumedics Neuroscan, 2003),
e-referencing to average mastoids, stimulus-locked epoching
�100–1000 ms relative to stimulus onset), baseline correction
pre-stimulus period), low-pass filtering (30 Hz; 24 dB/octave), and
rtifact rejection (epochs with signal that exceeded �75 �V were
ejected). N2 was quantified as the maximum negative deflection
etween 150 and 400 ms (Mathalon et al., 2003) post-stimulus
nset in the average waveform derived from correct responses.

Response time and accuracy. Behavioral data were col-
ected on response latency (i.e. time in ms from the presentation
f the stimulus) and response accuracy (i.e. number of correct and

ncorrect responses) for all trials across task blocks. Errors of
mission (non-responses) were categorized as incorrect re-
ponses for calculations of response accuracy, though those trials
ould not be included in the creation of ERP waveforms due to the
ack of a behavioral response. Average response latencies were
alculated for each participant for: 1) correct trials, 2) error trials,
) matched-correct trials (the subset of correct trials matched to
pecific error trials based on RT), 4) correct trials following an
rror trial, and 5) correct trials following a matched-correct trial.
ach participant’s average RT for correct trials following error

rials was compared with his or her average RT for correct trials
ollowing matched-correct trials in statistical analyses to provide a
easure of post-error response slowing, which is a behavioral

ndicator of increased recruitment and implementation of top-down
ttentional control (Gehring et al., 1993; Kerns et al., 2004). Due
o the consistent finding that average RT on error trials is faster
han average RT on correct trials (Mathewson et al., 2005; Yeung
t al., 2004), this comparison accounts for any effects of slowing
hat are present simply because responses on error trials gener-
lly tend to be faster than responses on correct trials.

tatistical analysis

or ERN and Pe amplitudes, an omnibus analysis using a 2
Accuracy: error, correct)�4 (Site: Fz, FCz, Cz, Pz) multivariate
epeated measures ANOVA (Rodríguez-Fornells et al., 2002) was
onducted first to verify that these data conformed to the expected
opography and accuracy effects. For N2, the omnibus analysis
as a 2 (Session)�4 (Site)�2 (Congruency) multivariate re-
eated measures ANOVA. ERN and Pe data were analyzed using
(Fitness: higher, lower)�2 (Session: post-rest, post-exercise)�2

Accuracy: error, correct)�4 (Site: Fz, FCz, Cz, Pz) mixed-model
ultivariate tests with repeated measures. Analyses were con-
ucted for the four midline sites due to evidence that localizes the
RN at or near the ACC (Carter et al., 1998; Dehaene et al., 1994;
iltner et al., 2003), which would correspond to the FCz electrode

ite. ERN and Pe analyses did not include a Congruency factor
i.e. incongruent, neutral) due to an insufficient number of errors in
he neutral condition (examination of ERN and Pe limited to incon-
ruent error trials resulted in a similar pattern of significant find-

ngs.). N2 data were analyzed with a 2 (Fitness)�2 (Session)�4
Site)�2 (Congruency) mixed-model multivariate test with repeated
easures for correct trials only. Behavioral data were tested with a
(Fitness)�2 (Session)�2 (Accuracy)�2 (Congruency) repeated
easures MANOVA to examine group differences in the speed of

esponses and a 2 (Fitness)�2 (Session)�2 (Congruency) repeated

easures MANOVA to determine group differences in the accuracy
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f responses. The Wilks’ lambda statistic was used for analyses with
hree or more within-subject levels, and post hoc comparisons were
onducted using Tukey’s honestly significant difference (HSD) tests.

RESULTS

articipant characteristics

articipants’ demographic data and exercise measures
re provided in Table 2. Between-subject t-tests indicated
Fitness effect for VO2 max, t(26)�6.05, P�.001, con-

rming that higher-fit participants exhibited greater oxygen
onsumption as compared with lower-fit participants. Sim-
larly, lower resting HR at the exercise and post-rest ses-
ions, t’s(26)�3.03, P�0.01, and lower HR at the time of
he first task block during the exercise session, t(26)�5.01,
�0.001, were observed for higher-fit, compared with lower-
t, participants. Finally, higher-fit participants weighed less
han lower-fit participants, t(26)�2.53, P�.02, while no fit-
ess differences were observed for age (P�0.53), height
P�0.79), RPE during exercise or GXT (P’s�0.15), and
ax HR during exercise or GXT (P’s�0.07).

RN amplitude

he omnibus analysis revealed significant effects for Ac-
uracy, F(1,27)�8.64, P�0.007, �2�.24, Site, F(3,81)�
1.39, P�0.001, �2�.44, and Accuracy�Site, F(3,81)�
8.24, P�0.001, �2�.40. Post hoc Tukey tests revealed

he expected significant and largest Accuracy effect at
Cz, with larger ERN amplitude for error (M��4.43 �V,
.D.�2.77) compared with matched-correct (M��.22 �V,
.D.�2.61) trials. A smaller, yet significant, Accuracy ef-

ect was evidenced at Cz when comparing error (M�
1.53 �V, S.D.�3.33) to matched-correct (M�1.82 �V,
.D.�2.99) ERN amplitude. No significant effect of Accu-

acy was observed at Fz or Pz. Thus, subsequent ERN
nalyses used amplitude scores from the waveforms at
Cz (Falkenstein et al., 2001). See Fig. 1 for grand-aver-
ged ERN waveforms by site.

ERN analyses revealed a Fitness�Accuracy interac-
ion, F(1,26)�4.13, P�0.05, �2�.14, with follow-up Tukey

able 2. Mean values (SD) for participant demographic and exercise
ariables by group

easure Group

Higher-fit Lower-fit

ge (years) 20.1 (1.7) 20.6 (2.4)
eight (cm) 171.9 (9.6) 172.9 (10.4)
eight (kg)* 62.6 (10.9) 75.8 (16.1)
esting HR at post-rest session* 60.8 (10.9) 75.8 (12.5)
ax HR at GXT 191.1 (10.6) 197.9 (7.8)
PE at GXT 18.9 (1.2) 18.9 (1.1)
esting HR at exercise session* 62.1 (8.9) 77.4 (10.1)
R at beginning of first task
block after exercise*

65.9 (8.0) 86.2 (12.5)

ax HR at exercise treatment 168.4 (11.9) 171.4 (15.5)
PE at exercise treatment 13.7 (.5) 14.2 (1.0)

Denotes P�.05.
ests indicating that ERN amplitude was significantly (
maller for higher-fit (M��3.30 �V, S.D.�2.33), com-
ared with lower-fit (M��5.57 �V, S.D.�2.78), individuals
uring error trials. No significant effect was present between
igher- (M��.38 �V, S.D.�2.63) and lower- (M�.06 �V,
.D.�2.67) fit individuals for ERN amplitude on matched-
orrect trials (see Fig. 2a). Finally, no significant effects in-
luding Session (P’s�0.53) were observed, indicating that
he single acute bout of moderately-hard aerobic treadmill
xercise did not influence ERN amplitude (see Fig. 2b).

e amplitude

he omnibus analysis revealed significant effects for Accu-
acy, F(1,27)�10.58, P�0.003, �2�.28, Site, F(3,81)�4.96,
�0.008, �2�.28, and Accuracy�Site, F(3,81)�13.19,
�0.001, �2�.51. Post hoc Tukey tests revealed the ex-
ected significant and largest Accuracy effect at Pz, with

arger Pe amplitude for error (M�10.72 �V, S.D.�5.87)
ompared with matched-correct (M�3.38 �V, S.D.�5.16)
rials. A smaller, yet significant, Accuracy effect was evi-
enced at Cz when comparing error (M�10.31 �V,
.D.�7.33) to matched-correct (M�5.29 �V, S.D.�4.09)

e amplitude. No significant effect of Accuracy was ob-
erved at Fz or FCz. Thus, subsequent Pe analyses used
mplitude scores from the waveforms at Pz (Falkenstein et
l., 2000). See Fig. 1 for grand-averaged Pe waveforms by
ite.

Pe analyses revealed a Fitness�Accuracy interaction,
(1,26)�9.38, P�0.005, �2�.27, with follow-up Tukey

ests indicating that Pe amplitude was significantly larger
or higher-fit (M�12.41 �V, S.D.�5.39), compared with
ower-fit (M�7.92 �V, S.D.�4.15), individuals during error
rials. No significant effect was present between higher-
M�2.82 �V, S.D.�4.21) and lower- (M�3.53 �V,
.D.�5.27) fit individuals for Pe amplitude on matched-
orrect trials (see Fig. 2c). Finally, no significant effects

nvolving Session were observed (P’s�0.20), indicating
hat the single acute bout of moderately-hard aerobic
readmill exercise did not influence Pe amplitude (see
ig. 2d).

2 amplitude

he omnibus analysis revealed a significant effect for Site,
(1,27)�20.76, P�0.001, �2�.44, and Congruency�Site,
(3,81)�3.29, P�0.037, �2�.10. Post hoc Tukey tests

evealed no significant Congruency effects at any site.
ubsequent N2 analyses using amplitude scores from the
aveforms at FCz (Yeung et al., 2004), exhibited no sig-
ificant effects for Fitness, Session, or Congruency. These
ndings suggest that N2 amplitude was not influenced by
ardiorespiratory fitness, an acute bout of exercise, or
ariable amounts of interference control elicited by the task
onditions in the flanker paradigm (see Fig. 3).

T and accuracy

nalyses of error and matched-correct trial RT revealed no
ignificant Fitness or Session effects, indicating that nei-
her fitness level (P�0.43) nor an acute bout of exercise

P�0.09) was related to RT. Analyses of correct RT re-



v
F
c
(
n
s
d
P
(
(
(
(

R

T
s
e
d

R
S
S
F
c
0
A
c
t
(
i
f
f
e
i
S
a

ur midline

J. R. Themanson and C. H. Hillman / Neuroscience 141 (2006) 757–767762
ealed the predicted significant effect for Congruency,
(1,26)�56.64, P�0.001, �2�.68, with longer RT for in-
ongruent, (M�459 ms, S.D.�82) compared with neutral
M�475 ms, S.D.�77), trials. However, no significant Fit-
ess (P’s�0.29) or Session (P’s�0.40) effects were ob-
erved. Response accuracy analyses revealed the pre-
icted significant effect of Congruency, F(1,26)�34.74,
�0.001, �2�.56, with reduced accuracy for incongruent

M�91% correct, S.D.�7%), compared with neutral
M�94% correct, S.D.�6%), trials. No significant Fitness
P’s�0.33) or Session (P’s�0.11) effects were observed
see Table 3).

esponse slowing

o verify that the data conformed to the expected response
lowing on trials following an error, an analysis of RT on
rror trials and correct trials following error trials was con-

Fig. 1. Grand averaged response-locked waveforms at the fo
ucted. As expected, results indicated significantly slower R
T on correct trials following error trials (M�472 ms,
.D.�71) compared with RT on error trials (M�408 ms,
.D.�67), F(1,26)�56.46, P�0.001, �2�.69. Thus, a
itness�Accuracy analysis was conducted, which indi-
ated a significant two-way interaction, F(1,26)�8.96, P�
.01, �2�.26. Post hoc Tukey tests revealed a significant
ccuracy effect for the higher-fit group, with longer RT for
orrect trials following error trials (M�492 ms, S.D.�80)
han for correct trials following matched-correct trials
M�433 ms, S.D.�65). This finding indicates that higher-fit
ndividuals showed significantly more response slowing
ollowing error trials compared with correct trials matched
or RT (see Fig. 4). In contrast, no significant Accuracy
ffect was observed for lower-fit individuals when compar-

ng RT on correct trials following error (M�452 ms,
.D.�57) and matched-correct (M�436 ms, S.D.�62) tri-
ls. Alternately, a significant Fitness effect was present for

electrode sites (Fz, FCz, Cz, Pz) for error and correct trials.
T on correct trials following error trials, with higher-fit
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articipants showing significantly longer RT compared with
ower-fit individuals, suggesting increased response slow-
ng following error trials for higher-fit participants relative to
ower-fit participants. This Fitness effect was not observed
or RT on correct trials following matched-correct trials
see Fig. 4).

DISCUSSION

he present study substantiated previous research on car-
iorespiratory fitness influences on cognitive performance
nd extended this literature to action monitoring. Higher-fit

ndividuals exhibited relatively smaller ERN amplitude than
ower-fit adults, corroborating neuroimaging research indi-
ating a relative decrease in ACC activation for aerobically
rained individuals (Colcombe et al., 2004), as well as
esearch showing decreased ERN amplitude for physically

ig. 2. Grand averaged response-locked waveforms for cardiorespirat
rials at the FCz and Pz electrode sites.
ctive adults (Themanson et al., in press). Additionally, t
igher-fit individuals displayed both relatively larger Pe

mplitude and relatively greater post-error response slow-
ng than lower-fit individuals, suggesting an increase in
oth neural and behavioral post-error adjustments in top-
own attentional control. Alternatively, findings revealed
o relationship between a 30-minute acute bout of moder-
tely-hard treadmill exercise and measures of perfor-
ance, or neuroelectric indices of action monitoring during

ask performance, acquired approximately 40 min after the
cute bout of exercise.

Given current views of ERN as a neuroelectric index of
ction monitoring processes triggered by the detection of
ask errors and/or response conflict, the analysis of the
RN provided a test of the relative contribution of action
onitoring processes during task execution for higher- and

ower-fit individuals. Analyses revealed a relationship be-

s (left side) and acute exercise effects (right side) on error and correct
ory fitnes
ween levels of cardiorespiratory fitness and ERN ampli-
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ude. Specifically, higher-fit individuals exhibited relatively
ecreased ERN amplitudes compared with lower-fit indi-
iduals, with no decrements in task performance (i.e. fit
articipants did not exhibit reduced response accuracy or

ncreased response latency in conjunction with this reduc-
ion in ERN amplitude). This suggests that cardiorespira-
ory fitness may be associated with increased top-down
ttentional control during task execution, with a concomi-
ant reduction in task-related response conflict. By exten-
ion, this reduction in conflict leads to decreased activation
f the system designed to respond to indicants of task
erformance problems, resulting in reduced ERN ampli-
ude. This is consistent with the conflict monitoring theory
roposed by Botvinick et al. (2001), which suggests a
eduction in conflict is evidenced in a relative reduction in
he ACC and ERN activation. For example, activation of
ction monitoring processes in the ACC during Stroop task
erformance has been decreased by manipulations in-

ig. 3. Grand averaged stimulus-locked waveforms by congruency for
ardiorespiratory fitness and acute exercise effects on correct trials at
he FCz electrode site.
reasing top-down attentional control (Carter et al., 2000).
T

oreover, Colcombe et al. (2004) have demonstrated a
imilar reduction in ACC activation during a flanker task in
erobically fit older adults. In sum, the observed reduction

n ERN in higher-fit adults is consistent with these previous
bservations and suggests that increased top-down atten-
ional control among aerobically fit individuals may de-
rease activation of action monitoring processes through a
oncurrent reduction in behavior conflict.

Cardiorespiratory fitness also exhibited an influence on
he slowing of responses on subsequent trials following
esponse errors, which further supports the notion that
igher-fit individuals exhibit relatively greater amounts of
op-down attentional control compared with lower-fit indi-
iduals. Specifically, higher-fit individuals evinced longer
T on trials immediately following errors compared with

ollowing matched-correct trials; an effect not observed for
ower-fit participants. Post-error response slowing is a be-
avioral indicator of increased recruitment and implemen-
ation of additional top-down attentional control to improve
ehavioral performance on subsequent environmental in-
eractions (Gehring et al., 1993; Kerns et al., 2004). There-
ore, the observed increase in post-error response slowing
or higher-fit individuals suggests that these individuals
ay allocate more top-down attentional control following
n error than their lower-fit counterparts.

Further, levels of cardiorespiratory fitness were also
elated to Pe amplitude. Specifically, individuals in the
igher-fit group exhibited relatively larger Pe amplitude
ompared with lower-fit individuals. Given current views of

e amplitude as a neuroelectric index of post-response
valuation of an error (Davies et al., 2001; Falkenstein et
l., 1990), or the allocation of attentional resources toward
n error following error commission (Mathewson et al.,
005), this finding provides additional evidence for in-
reased top-down attentional control in higher-fit individu-
ls following an error.

Alternatively, no relationship was observed between
evels of cardiorespiratory fitness and N2 amplitude or
ehavioral measures of pre-response conflict (i.e. interfer-
nce). Although these findings appear inconsistent with an

nterpretation based upon reductions in conflict, the lack of
n interference effect between the two fitness groups may
e due to a floor effect of RT in healthy younger adults.
hat is, previous research using a switch task (Themanson
t al., in press) revealed that physical activity was related
o shorter RT on conditions requiring greater amounts of
op-down attentional control in older adults, but not
ounger adults. This supports the contention that younger
dults may be performing at maximum efficiency, leaving

able 3. Mean values (SD) for percentage of correct responses by
reatment condition and by group

ondition Group Total

Higher-fit Lower-fit

xercise 90.9 (8.0) 93.4 (5.7) 92.1 (6.9)
est 91.9 (7.0) 94.2 (5.4) 93.1 (6.3)

otal 91.4 (7.5) 93.8 (5.3)
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ittle room for fitness-related improvements. Additionally,
2 amplitude was not influenced by fitness, suggesting

hat the influence of fitness on conflict may be specific to
rrors, processes related to error commission, or post-
rror adjustments in control in young adults. However, this
elationship may be different in studies of response conflict
n correct trials during older adulthood (see Colcombe et
l., 2004).

Collectively, the present findings suggest increased
op-down attentional control in higher-fit individuals re-
uces levels of error-related response conflict and in-
reases levels of post-error attention control. Specifically,
educed ERN amplitude is associated with increased post-
rror behavioral adjustments in higher-fit individuals, sug-
esting a more efficient neuroelectric system related to
ction monitoring processes. This finding corroborates
revious research examining physical activity and action
onitoring processes (Themanson et al., in press) as well

tness training influences on ACC activation (Colcombe et
l., 2004). However, these findings are inconsistent with
revious research examining ERN amplitude and post-
rror adjustments, which has documented increased con-
ict during error commission with subsequent increased
ecruitment of top-down attentional control (Gehring et al.,
993; Kerns et al., 2004). This discrepancy in the literature
ay suggest top-down attentional control modulation as-

ociated with action monitoring processes differs for indi-
iduals of varying levels of cardiorespiratory fitness. Fur-
her, this fitness-difference appears to be specific to error
nd post-error processes related to conflict and top-down
ttentional control. Thus, future research is necessary to
etermine the relationship and extent to which cardiorespi-
atory fitness is related to action monitoring.

Acute bouts of exercise were observed to be unrelated
o neuroelectric and behavioral measures of task perfor-

Fig. 4. Average response time for correct trials immediately followi
ance, suggesting that exercise may not produce a substan- r
ial influence on cognitive processes when it is distributed in
ingle, acute bouts. However, cognitive measurements of
cute exercise effects on neuroelectric and behavioral indi-
es of action monitoring processes did not take place until
pproximately 40 min following the acute exercise session.
dditionally, all acute bouts of exercise were conducted on
treadmill in this investigation. Future research should

ssess cognitive processes at multiple durations following
cute exercise, examine varying levels of exercise inten-
ity, employ different durations of acute exercise, and uti-

ize diverse modes of exercise to better examine the pos-
ible relationship between action monitoring processes
nd acute exercise.

imitations

espite the demonstrated relationships between cardiore-
piratory fitness, and neuroelectric and behavioral indices
f action monitoring, the lack of random assignment to
tness groups, as well as the cross-sectional nature of this
tudy, limits the strength of the findings because the rela-
ionship may be attributable to other factors (e.g. genetics,
ersonality characteristics). Future research should utilize
randomized control design that manipulates cardiorespi-

atory fitness to avoid the issues associated with self-
election into fitness groups. In spite of these limitations,
hese data serve as preliminary evidence that adopting a
ore physically active lifestyle aimed at increasing cardio-

espiratory fitness may be associated with cognitive ben-
fits involving action monitoring processes.

CONCLUSION

n sum higher levels of cardiorespiratory fitness were as-
ociated with benefit in cognitive processing through an

ncrease in top-down attentional control as measured by

trials and matched-correct trials by cardiorespiratory fitness group.
educed ERN amplitude and increased neuroelectric (i.e.
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e amplitude) and behavioral (i.e. post-error response
lowing) corrective actions following errors in higher-fit
dults. Alternatively, acute aerobic exercise was not re-

ated to neuroelectric or behavioral indices of action mon-
toring. The current results add to the growing literature on
he beneficial relationship of cardiorespiratory fitness on
ognitive function and provide a basis for the further ex-
loration of exercise and fitness influences on action
onitoring.
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