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Abstract
This study investigated the effect of 30 minutes of stationary biking on ADHD
performance on a combined flanker/go/no-go task. We had 22 people with ADHD participate
and 27 controls. We did not find any effect of exercise on correct response time, error rates, or
error-related positivity (Pe) amplitude. We also did not find a decrease amplitude in baseline
error-related negativity (ERN) or Pe of the ADHD group. We did find an a marginal increase in
the amplitude of ERN in both groups after exercise (t(19) = 1.72,  = 0.10, Cohen’s d =
0.37). We also found an increase in ADHD group’s positive mood only after exercise (t(20) =
4.15,  <0.05, Cohen’s d = 0.98). Our study was limited by a participant attrition issue which
caused as to change the analysis to only using the event related potential data from each
participant’s first treatment. Despite these limitations, this study supports the need for further
research investigating the potential of exercise as a supplement treatment for adult ADHD.
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Attention deficit-hyperactivity disorder is one of the most common psychiatric disorders
among children, but it was not until 1995 that it was recognized that the impairment continues
into adulthood. About 2.5% of adults have ADHD compared to 5% of children (American
Psychological Association, 2013). Uchida, Spencer, Faraone, & Biederman (2015) found that
77% of boys and girls with ADHD continued to display full or clinical symptoms at age 22,
with 35% meeting the full criteria for ADHD.
Though the number of people afflicted with ADHD drops after childhood, the effects of
the disorder remain substantial. In adults, ADHD is associated with increased risk of suicide
(especially for those with the DSM impulsivity specifier); with a lower level of education,
employment, socioeconomic status, and self-esteem; and with a higher rate of divorce (Kooji,
2013). Adults with ADHD have increased comorbidity with depression, anxiety, substance
abuse, intermittent explosive disorder, and antisocial personality disorder (American
Psychological Association, 2013). Kooji (2013) estimated that 75% of adults with ADHD have
one comorbid disorder and 33% have two or more. In general, adults with ADHD are at
increased risk for a lower quality of life.
A leading neurobiological theory behind ADHD that has persisted for decades is the
catecholamine hypothesis that theorizes that the systems and structures associated with the
neurotransmitters dopamine (DA) and norepinephrine (NE) are ineffective in people with
ADHD (Nadeau, 2013). The second theory behind ADHD is frontal lobe disinhibition. The
frontal lobe’s role in cognition is complex, but it is vital in integrating current experiences with
part experiences, monitoring present behavior, inhibiting inappropriate responses, and
organizing and planning for future goals (Nadeau, 2013). The frontal lobe theory hypothesizes
that ADHD is caused by the frontal lobe having inadequate control over the person’s behavior,
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resulting in impulsive actions, inattention, poor planning, and poor emotional regulation. The
most widely-accepted theory of ADHD combines these two theories and suggests the frontal
lobe inhibition is caused by neurotransmitter hypofunction (Nadeau, 2013).
Abnormalities found in the brains of people with ADHD support the integrated theory.
A defining characteristic of ADHD is hypofunction in the anterior cingulate cortex (ACC;
Bush, 2011), which plays a critical role in attention, cognitive processing, novelty detection,
motor response selection, error detection, and motivation. In addition to hypofunctioning of the
ACC, a study conducted by Curatolo, Palosica, D’Agati, Moavero, & Pasini (2009), found
reduced volume in the ACC in people with ADHD, along with other regions such as the right
frontal lobe, right parietal cortex, cerebellar hemispheres, and the total volume of the brain.
The dominant cognitive theory posits that impairments associated with ADHD involve
problems with executive function inhibition. Boonstra, Kooij, Oosterlaan, Sergeant, &
Buitelaar (2010) asked 49 ADHD adults and 49 matched controls aged 18-55 to complete
assessments of seven executive function domains: fluency, planning, inhibition, set shifting,
and working memory. There were no significant differences between groups for verbal
frequency, nonverbal frequency, planning, on-going response inhibition, or spatial working
memory, with or without controlling for IQ. Instead, ADHD was distinguished only by deficits
in inhibition of a prepotent response and interference control (Boonstra et al., 2010). Inhibition
of a prepotent response is the ability to withhold the dominant reaction to a stimulus, and
interference control is the ability to resist distraction, whether it is internal or external.
A task that combines both aspects of inhibition is a combined flanker and go/no-go
(FG/NG) task. The flankers supply the interference and the occasional no-go stimulus creates a
situation where inhibition of a prepotent response is necessary. Whenever one makes an error
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during this task, or tasks like it, the brain produces a negative EEG deflection about 50 - 150ms
after the error named the Error Related Negativity (ERN), which is maximally evident at scalp
electrodes placed at FCZ in the International 10-20 positioning system (Klem, Lüders, Jasper,
& Elger, 1999). Source localization studies have consistently placed the origin of the ERN in
the ACC (Olvet & Hajack, 2008), a known region of impairment in people with ADHD. There
is no conclusion on the functional significance of the ERN, with some believing it reflects
error-detection, conflict-detection, or more motivationally-relevant response to errors (Olvet &
Hajack, 2008). There is also a small ERN-like deflection on correct trials. The significance of
this deflection, called the correct response negativity (CRN), is also contested, with some
believing it reflects an uncertainty of response, a comparison process, an emotional reaction, or
coactivation of correct and incorrect responses (Olvet & Hajack, 2008). Following the ERN at
about 200 - 400ms, is the error positivity (Pe), a positive deflection believed to reflect error
awareness or confidence about response correctness and representing a later stage of error
processing (Di Gregorio, Maier, & Steinhauser, 2018). Studying the ERN and Pe during a
FG/NG task integrates the neurological theory that people with ADHD have a diminished,
hypofunctioning ACC, with the cognitive theory that there is an impairment in inhibition of a
prepotent response in people with ADHD.
Geburek, Rist, Gediga, Stroux, & Pedersen (2013) conducted a meta-analysis of studies
of ERN and Pe differences between the adult ADHD sufferers and controls on flanker and
go/no-go tasks separately. Despite having only seven studies (comprising 166 ADHD
participants and 161 controls) with heterogeneous designs, Geburek et al. (2013) found that,
for both go/no-go and flanker tasks, participants with ADHD had significantly reduced ERN
amplitudes (Cohen’s d = 0.5) They separated the task types for the Pe analysis and found the Pe
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difference for the flanker task studies was not significant but the Pe amplitude reduction in the
ADHD fell just short of significance for the go/no-go task (Cohen’s d = 0.42, p = 0.052). The
type of task, age, and sex had no significant effect on these results. This meta-analysis
confirmed flanker and go/no-go tasks are an effective way to measure impairments in inhibition
in ADHD patients (Geburek et al., 2013).
Dopaminergic agonists, such as Adderall and Ritalin, are a well-established treatment
for ADHD, but support has grown for the use of exercise as an alternative treatment. In
children with ADHD, exercise has been well studied. The largest randomized trial of aerobic
exercise conducted on 202 children school-aged children (94 at risk for ADHD) found that 12
weeks of 31 minutes of daily aerobic exercise reduced home ratings of moodiness and
inattention (Hoza et al., 2015). A meta-analysis by Tan, Pooley, & Speelman (2016) found
evidence that ADHD sufferers aged 3 - 25 improved in inhibition tasks and memory tasks after
exercise. Another study of chronic exercise combined with methylphenidate treatment (Choi et
al., 2014), found brain activity increased in the right frontal lobe following 6 weeks of 90minute daily sports, and that this increase was inversely correlated with scores on a test of
ADHD symptoms.
Though exercise has been well studied in children with ADHD, there have been far
fewer adult studies, and their results are inconclusive. The only published study of exercise
effects in adult ADHD participants was conducted by Fritz & O’Connor (2016), in which 32
medication-naïve men aged 18-34 either exercised or rested for 20 minutes. They assessed
sustained attention with a continuous performance task and a Bakan vigilance task, motivation
with a self-report scale, hyperactivity with leg-mounted accelerometers, and mood with the
Brief Profile of Mood States (BPMS; Norcross et al., 1986). Motivation was significantly
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higher in the exercise condition than the rest condition immediately after exercising and 1 hour
after exercising, but no significant differences were found on any of the other measures.
This current study aimed to expand this line of research by examining the effects of
acute exercise on ADHD adults using the ERN and Pe brain potentials in response to a
combined FG/NG task as the primary dependent measures. The choice to focus on the ERN and
Pe during a combined FG/NG task fits into the well-supported cognitive theory that people with
ADHD lack effective inhibition. This study also used the Brief Profile of Mood States (BPMS)
to assess participants’ subjective experiences of attentiveness, motivation, and restlessness. Our
primary hypothesis was that a 30-minute session of aerobic exercise will increase the ERN and
Pe amplitudes during a FG/NG task in ADHD participants to more closely resemble the
amplitudes of non-ADHD controls, and lead ADHD patients to feel more motivated and
focused.
Methods
Participants
We recruited and gained information about potential participants through an online
survey. The intention of the survey was to recruit participants that fit our criteria for the ADHD
or the control group. The survey included the Adult ADHD Self Report Scale (ASRS). The
ASRS is a widely-used six question diagnostic tool developed by the World Health
Organization, Harvard, and New York University Medical School (Kessler et al., 2006).
Herrmann, et al. (2009) found the sensitivity of the ASRS to be 69.7%, the selectivity to be
99.5%. Each question was evaluated on a Likert scale with options of never, rarely, sometimes,
often, and very often. To test positive for ADHD on the ASRS scale the test taker must score
four positive values out of six questions. For positive values for the first three questions are
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sometimes, often, and very often. For the last three questions positive values are only often or
very often for. For incentive, participants were entered in a raffle to win a ten-dollar gift card
for completing the survey. The complete list of survey questions is shown in Table 1.
--------------------------------Insert Table 1 about here
--------------------------------Participants were recruited from the student population of Oberlin College by canvasing
through posters, emails, and announcements in classes. These students could access the survey
through a link, QR code, or a school website for student research. The participants were
directed to take our survey on Qualtrics, a website that allows for distribution of the survey. All
participants provided written informed consent prior to completing the screening procedure,
and those selected as participants provided written consent prior to engaging in the
experimental procedures.
Participants were excluded if they were unable to exercise, if they smoked, if they were
obese, or if they had brain trauma or seizures. Participants were included in the ADHD group if
they had ever been diagnosed with ADHD and were willing abstain from ADHD medication
for 24 hours. Asking participants to go off medication is common practice in ADHD studies
conducted on adults and children. ADHD stimulant medications have acute benefits that do not
need to build up over time and thus abstaining for 24 hours posed no health threats.
Participants were included in the control group if they had never been diagnosed with
ADHD, did not meet the requirements for ADHD on the ASRS scale, and did not have a firstdegree relative with ADHD. Participants with first degree relatives with ADHD were excluded
because of the high genetic component associated with ADHD.
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A total of 286 students took our survey, 133 people passed our screening for either
group, and 48 people participated in both sessions (22 people with ADHD and 27 controls).
Design
This study utilized a mixed cross-over design, with pre- and post-treatment (exercise vs.
video viewing) assessments within ADHD and non-ADHD groups. Each participant came to
the lab for two sessions scheduled on average one week apart, one in which they exercised for
30 minutes, and another in which they viewed an amusing video for 30 minutes. The first visit
began with necessary preliminaries: signing of consent forms, calculation of body mass index,
and calculation of 50 - 70% of max heart rate. Then, after being prepared for EEG recording,
participants performed the pre-treatment FG/NG task, after which they rated 12 items from the
BPMS (tense, clear-headed, confused, relaxed, restless, unable to concentrate, fatigued,
anxious, motivated, efficient, vigorous, and exhausted). Participants then engaged in one of the
treatments, exercising on a stationary bike or viewing an amusing video, for 30 minutes. The
participants then rested (1-2 minutes) until they were ready to perform the post-treatment
FG/NG and BPMS ratings tasks.
The schedule for the second lab visit was analogous, although absent the
abovementioned preliminaries. This time, however, the participant engaged in the
complementary video or exercise task. Task order was counterbalanced across participants.
Each lab visit took approximately 1.5 hours, and participants were either paid $8.00 for each
session or given partial credit toward completion of a course requirement in their introductory
psychology course.
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Exercise and Video Treatments
This exercise treatment was adopted from a study conducted by Chuang, Tsai, Chang,
Hyang, & Hung (2015) on ADHD children. Participants pedaled a stationary bicycle through a
workout comprising a five-minute warm-up, 20 minutes of pedaling at 50-70% of maximum
heart rate1, and a five-minute cool down. To achieve the required cardiac intensity level,
participants could adjust either the pedal resistance of the bike or their pedaling rate. Heart rate
was measured through chest heart rate monitors, and intensity was monitored continuously and
adjusted accordingly. The experimenter also conducted periodic verbal check-ins with each
participant about the perceived intensity of the workout to ensure safety.
For the video treatment, participants sat in a comfortable chair and watched a 30-minute
video compilation of improvisational comedy routines drawn from the Whose Line is it
Anyway? television show. Participants’ heart rates were taken every five minutes during the
video treatment.
Combined Flanker Go/No-Go (FG/NG) Task Design
The FG/NG task required the participant to rapidly press a button on a response box
corresponding to the direction of a central target arrow surrounded by irrelevant arrows
(flankers). Flanker arrows could be congruent or incongruent with the target. So, for example,
participants were expected to respond to a >>>>> stimulus by pressing a right arrow key with
the right hand, whereas a >><>> stimulus would warrant a left arrow key response with the left
hand. All stimuli with a central arrow as the target stimulus required a response. Occasionally,

1

The formula for 50-70% of max heart rate is the sum of your resting heart rate and your 50-70% of your heart
rate reserve. Resting Heart Rate + HRR*.7 to Resting Heart Rate+ HRR*.5, (Exercise intensity: how to measure it.
n.d.).
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however, the central character was a hyphen (-), designating a no-go trial for which the
participant was supposed to refrain from pressing either response button.
The FG/NG task was presented on a computer monitor located approximately 30 cm in
front of the seated participant. Stimuli were 6.35cm wide  1.27 tall and rendered in a black
Arial Narrow font displayed against a light gray background. The stimulus presentation
position was jittered slightly on the monitor to place an additional attentional load on the
participant. Flankers and target characters displayed simultaneously for 200ms, followed by a
blank screen inter-stimulus interval that was jittered randomly between 700 and 1000ms.
Congruent and incongruent stimuli appeared in quasi-random order in a 3:1 ratio during the
task, and no-go trials appeared randomly on one sixth of the trials. Button press reaction times
were recorded to 1ms precision, and response times under 150ms or greater than 850ms were
excluded and did not count as errors. For this reason, we did not use raw error rates for
analysis, and instead tallied error rates as the number of errors of commission divided by the
total number of trials that were not errors of omission. Performance feedback was not provided,
as Geburek et al. (2013) found the greatest Pe amplitude increases occur when feedback on
errors is absent. Each participant needed to make at least two errors on each FG/NG task to be
included in the analysis. The first four participants received 280 trials in total, but this was
increased to 300 trials for all remaining participants to increase the likelihood that sufficient
errors would be recorded.
EEG Recording
Each participant was fitted with a spandex cap containing tin recording electrodes
recessed in plastic housings (Electro-Cap International, Eaton OH). EEG was recorded from
only two electrode sites, Fz, and Cz, with the tip of the nose serving as a physical reference.
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Eye blinks and vertical eye movements were recorded by comparing an electrode placed
approximately 2 cm below the left eye with the Fp1 electrode in the cap. All electrodes were
filled with a conductive gel (Electro-Gel, Electro-Cap International), and scalp and reference
electrode contact impedances were generally kept below 10 KΩ. EEG was recorded by Contact
Precision Instruments (London, UK) amplifiers and software. Analog signals were digitized at
500 Hz with a filter bandpass of 3-40 Hz.
EEG signals were processed using the EMSE Data Editor (Cortech Solutions,
Wilmington NC). Signals were blink-corrected and digitally low-pass filtered at 15Hz, and
trials exceeding ± 65μV were rejected as movement artifacts. The data were then windowed for
averaging relative to the instant each button press was made by the participant during the
FG/NG task. This window ran from 50ms before to 500ms after the button press, which was
registered with virtually no temporal error. Trials in which the participant correctly withheld a
response to a no-go trial produced could not be included in the analysis since they produced no
event which could serve as a synchronization point for averaging. During averaging, signals
were baseline corrected using the average voltage recorded during the 50ms pre-response
period. The separate averages obtained for the Fz and Cz electrodes were subsequently
averaged to derive a virtual FCz electrode site, which was used for all statistical analyses of
ERN and CRN event-related potentials. The ERN (error-related negativity) and CRN (correctrelated negativity) amplitudes were defined as the minimum FCz voltage detected between 0
and 150ms post-response for incorrect and correct trials, respectively. The ERN is well
documented as being largest at the FCz site (Gentsch, Ullsperger, P., & Ullsperger, M., 2009;
Kappenman & Luck, 2011). The Pe amplitude was defined as the maximum voltage detected
between 150 and 500ms post-response at the Cz electrode site. Pe is the combination of an
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early frontal component and a late parietal component and is largest at Cz (Kappenman &
Luck, 2011).
Statistical Analysis
I used JASP (version 0.8.6) for all analysis. I compared differences between groups for
participant characteristics (age, HRR, BMI, weekly exercise level, mean exercise heart rate
[HR], mean video HR, and ASRS) using independent t-tests. To test for differences between
groups in terms of sex, first treatment, and participant attrition, I used a chi-squared analysis. I
expected no differences between groups for any of these values except the ASRS scale that was
used as a grouping criterion.
To test if exercise affected error rates, response times, and BPMS, I conducted repeated
measures ANOVAs with one between-subjects factor (group) and two repeated measures
(pre/post and type of treatment). I defined error rates as the percentage of total of errors of
commission divided by the difference of the total amount of trials and the errors of omission.
Errors of omission were failures to respond to a go-stimulus within the allotted 850ms. These
types of errors do not represent a failure of inhibition, being neither correct nor incorrect
responses, so they were excluded from analysis. I calculated response time as the mean
response time of correct trials that required a response.
Due to participant attrition, discussed in the results section, I compared the amplitudes
for ERN (at FCz), CRN (at FCz), and Pe (at Cz) from the participants’ first session only. I
performed two repeated measure ANOVAs, one for the participants who exercised first and one
for the participants who watched the video first. Each ANOVA had one between-subjects factor
(group) and one within-subjects factor (pre/post). Also, I compiled every participant’s baseline
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ERP from the first treatment and performed an independent samples t-test to determine if there
were differences in waveform components between the ADHD and control groups.
Results
Participants
A total of 286 students took our recruitment survey and, of those, 48 participated in
both sessions (22 people with ADHD and 27 controls). In the ADHD group, 15 of the 22 were
currently taking ADHD medications. There were no differences between the control and the
ADHD group for age, BMI, or average weekly exercise. There were significant differences for
ASRS2 (t(47) = 7.41, p < 0.001, Cohen’s d = 2.14), confirming that the ADHD group had
significantly more ADHD symptoms then the control group. The means and standard
deviations of the background data of the participants are shown in Table 2.
--------------------------------Insert Table 2 about here
--------------------------------Participant attrition was a serious issue. We lost 15 total participants, eight from the
control group and seven from the ADHD group. Six participants (four ADHD, two control)
were lost because they had fewer than 2 errors on at least one of the FG/NG tasks. Five
participants (two ADHD, three control) were lost due to recording errors, which were either the
loss of a data file or excessive blink contamination. Three participants (one ADHD, two
control) did not return for the second session for various reasons. Finally, the data from one
participant in the control group was excluded after he revealed that he had dyslexia and could
not distinguish the direction the arrows were facing. I conducted an analysis on the

2

The Cronbach’s α for the ASRS was 0.73.
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characteristics of the participants lost from each group to confirm we were not losing a
particular type of participant (such as those who exercised frequently3).
I was concerned about the substantial loss in power from losing 31% of our participants
for the ERP analyses. Also, we lost significantly more exercise-first participants than videofirst, creating an unequal balance for first treatment with only 6 ADHD participants exercising
first (see Table 3 for χ2 analysis of first treatment). This created a potential confound which
would limit our ability to distinguish the effects of treatment from the effect of practicing the
task.
--------------------------------Insert Table 3 about here
--------------------------------To compensate for both the loss of power and the confound of first treatment, I changed
the analysis of the ERP components. Instead of having every participant’s data being
compared for both treatments, ERPs were only used from participants’ first treatment. In other
words, if a person in the ADHD group saw the video first and then returned for exercise, only
the video ERP data were used. The analysis was conducted as two separate repeated measures
ANOVA instead of one because now not all levels were repeated per participant. Though this
limits the ability to compare the two treatments, it increases the sample size by 19% (from 35 to
43), thus increasing power and ability to draw conclusions. Analyses for error rate, response
times, and BPMS were unchanged as they were not affected by ERP data, so all participants
who completed both sessions were used for these analyses.

3

The complete analysis of participant attrition is shown in Appendix A
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Treatments
An equipment malfunction made us unable to record three video heartrates (2 ADHD
and 1 control), but otherwise the mean video and exercise heart rates are shown in Table 2.
There were no differences between groups in mean video HR or mean exercise HR. The mean
exercise HR (M = 145.38, SD = 11.06) was significantly higher than the mean video heart rate
(M = 71.65, SD = 11.15) (t(40.8) = 40.80, p < 0.001, d = 6.220). The results confirm that
exercise was effective in raising the heart rates of participants in both groups. The means and
results of this comparison are shown in Table 2.
Error Rates and Correct Response Times
For this analysis, 24 controls (15 exercised first) and 22 with ADHD participants (10
exercised first) were used. For mean error rates, there was no significant effect of treatment or a
treatment by group interaction. There was a marginally significant between-group effect with
the ADHD group (M = 6.1, SD = 3.6), having higher mean error rates than the control group
(M = 4.1, SD = 3.1). The means of each group by trial and the results of the repeated measures
ANOVA are shown in Table 4 and Figure 1.
----------------------------------------------Insert Table 4 and Figure 1 about here
----------------------------------------------For correct response times, there was a significant effect of treatment with a large effect
size and a significant interaction between treatment and group with a small effect size (Table 4
and Figure 2). The effect of treatment was driven by faster overall mean reaction times for
post-exercise compared with pre-exercise (t(44) = 6.00,  <0.001, Cohen’s d = 0.92) and faster
times for post video compared to pre-video (t(44) = 5.15,  <0.001, Cohen’s d = 0.77). These
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analyses suggest that the significant treatment effect was not due to exercise but was a practice
effect. The between group difference was not significant. The means and standard deviations
are shown in Table 4 and Figure 2.
--------------------------------Insert Figure 2 about here
--------------------------------There was a significant negative correlation between mean response time and mean
error rate (r = -0.598, p = < 0.001). This result reflects a speed-accuracy trade-off.
Event Related Potentials
For the analysis of baseline ERPs, there were 10 control and 11 ADHD participants in
the video-first analysis, and 12 control and 10 ADHD participants in the exercise-first analysis.
There were no significant differences between groups for baseline ERN, Pe, or CRN
amplitudes (Table 5 and Figure 3).
----------------------------------------------Insert Table 5 and Figure 3 about here
----------------------------------------------The next analysis tested the effect of pre- and post-treatment for the exercise-first
group. For the exercise-first ERN, there was a marginally significant effect of treatment with a
medium effect size. Collapsing across groups, post-exercise ERN (M =-10.3, SD =7.87) was
marginally-significantly more negative than pre-exercise (M =-8.20, SD = 7.20), (t(19) = 1.72,
 = 0.10, Cohen’s d = 0.37). There was also a marginally-significant effect of exercise
treatment on Pe with a medium effect size. However, collapsing across groups, there was a
marginally-significant decrease from pre-exercise (M = 13.66, SD =8.16) to post-exercise (M
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=11.14, SD =7.77), (t(19) = 1.91,  < 0.10, Cohen’s d = 0.41). This effect was driven by a
decrease in the control group’s Pe amplitude reduction after exercise (t(11) = 2.75, p < 0.05,
Cohen’s d = 0.79), as there was no difference in the pre-post exercise difference in the ADHD
group ( p = 0.84).
The final analysis tested the effect of pre- and post-treatment on the video first group.
There was no significant effect of video treatment on Pe or ERN, nor were there any significant
group  treatment interactions. There was a marginally-significant ERN group effect with the
ADHD group (M = -9.54, SD =6.36) having a less negative mean than the control group (M = 14.00, SD =6.23) with a large effect size. All raw ERP waveforms are displayed in Figure 4,
and difference waveforms are displayed in Figure 5. The results of the analyses are shown in
Figure 6 and Table 6.
------------------------------------------------------Insert Table 6 and Figures 5 and 6 about here
------------------------------------------------------Brief Profile of Mood States
For BPMS analysis, all participants that participated in both conditions were used
except for the participant with dyslexia and 1 ADHD participant whose pre-exercise data were
lost (21 ADHD and 24 control participants total). To determine whether the separate BPMS
scales could be combined into a single positive mood measure, I reflected negative mood
responses and then calculated Cronbach’s α for the pre- and post-treatment evaluations. The
resulting values had a mean of 0.80 (range from 0.76 to 0.85). Therefore, the mood data were
consistent enough to be averaged into a single positive mood value (averages and standard
deviations shown in Table 7). Results of the mood analysis are shown in Figure 7.
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----------------------------------------------Insert Table 7 and Figure 7 about here
----------------------------------------------For overall positive mood there were significant effects of treatment and group with a
significant group by treatment interaction. The between group effect was significant with a
medium effect size with participants with ADHD (M = 3.17, SD = 0.41) having a significantly
lower mean than the control group (M = 3.47, SD = 0.41). The effect of treatment had a large
effect size and was driven by the post-exercise (M = 3.51, SD = 0.55) value being significantly
higher than every other condition, especially with respect to pre-exercise (M = 3.33, SD =
0.53), (t(43) = 2.86,  < 0.05, Cohen’s d = 0.39). Other than differences with post-exercise,
there were no other differences between treatments. The interaction between group and
treatment was significant with a medium effect size, owing to a significant increase in positive
mood for the ADHD group after exercise (t(20) = 4.15,  <0.05, Cohen’s d = 0.98). No other
significant or marginally significant values existed between ADHD pre- and post-video, or the
control group for any treatment.
For post hoc analysis, I chose to investigate three individual emotions that represented
major symptom categories of ADHD: inability to concentrate for the inattention category,
restlessness for hyperactivity, and motivation. There was also a marginally significant group
effect for motivation with the control group (M = 2.63, SD = 0.81) having a significantly
higher mean than the ADHD group (M = 2.26, SD = 0.65). Motivation also had a significant
effect of treatment. Collapsing across groups, post-video was significantly higher than both preexercise (t(43) = 3.38,  < 0.01, Cohen’s d = 0.50) and post-exercise (t(43) = 2.88,  <
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0.05, Cohen’s d = 0.43). There were no other differences between pre and post-exercise so we
cannot conclude these differences are an effect of exercise.
There was a significant effect of treatment, group, and marginally significant treatment
 group interaction for restlessness. There was also a significant group effect with a large effect
size with ADHD (M = 2.62, SD = 0.73) having a higher mean than the control group (M =
1.87, SD = 0.78). However, there were no differences for restlessness between pre and postvideo treatments or pre and post-exercise treatments when collapsing across groups. There was
a significant difference in the ADHD group with pre-exercise having a significantly higher
mean than post-exercise (t(21) = 2.34,  < 0.05, Cohen’s d = 0.51). There were no differences
in the control group across trials.
For unable to concentrate, there was a significant group effect with a large effect size, a
significant treatment effect with a medium effect size, and a significant group by treatment
interaction with a medium effect size. The ADHD group (M = 2.89, SD = 0.74) had a
significantly higher overall mean than the control group (M = 2.07, SD = 0.65). For the ADHD
group there was a significant increase in inability to concentrate after the video treatment (t(20)
=2.68,  < 0.01, Cohen’s d = 0.59). However, there was a significant decrease in inability to
concentrate after exercise (t(20) = 4.25,  < 0.001, Cohen’s d = 0.97). There were no changes
between any treatments for the control group. Results for all mood post-hoc analyses are shown
in Table 7.
Discussion
There were three major findings in this study. The first major finding in this study was a
marginal increase in the amplitude of ERN in both groups after exercise which was not
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reflected in the video condition4. If these findings are reliable, then this could indicate
improved error processing in both ADHD and control groups after exercise. Interestingly, the
ERN enhancement was not reflected in improvements in error rates. Some scholars believe that
ERN reflects error awareness (Wessel, 2012). To test if the improvement in ERN indicates
more error awareness, further studies could ask the participants to indicate verbally or with a
button press when they made an error as a dependent variable.
A second finding was the control group had a significant decrease in Pe after exercise
and the ADHD did not change. This finding could imply that there is a decrease in Pe after
exercise, perhaps due to fatigue, that was rescued in the ADHD group. However, more likely
from the small sample size in our study this is due to random error as it was exclusive to the
control group post exercise and did not happen during the video treatment.
We did not find the group differences in baseline ERN and Pe amplitudes which would
be expected from the meta-analysis conducted by Geburek et al. (2013). However, it is notable
that of the studies included in the meta-nalysis, only three of the seven (Chang, Davies, &
Gavin, 2009.; Herrmann et al. 2010; McLoughlin et al., 2009) found significant ERN amplitude
decreases for the ADHD group, and only two (Herrmann et al. 2010; Wiersema et al. 2009)
found a Pe decrease. Only the study conducted by Herrmann et al. (2010) was captured both
differences in a study with 34 controls and 34 ADHD participants.
The final findings in this study is a significant effect of exercise on positive mood for
the ADHD group only with a large effect size between pre- and post-exercise (Cohen's d =
0.98). Through post hoc analysis, I also found significant self-reported improvements in the

4

There is some debate over whether difference ERN (error-correct) or raw ERN values should be used. We
calculated and ran our analysis on both and the difference ERPs did not change the results so they were not
included.
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ADHD-specific impairments of restlessness (Cohen's d = 0.51) and inability to concentrate
(Cohen's d = 0.97). This improvement in concentration supports the trend found in a study by
Silva, Prado, Scradovelli, Boschi, Campos & Frere (2015, where after running for just 5
minutes, children with ADHD had a 30.52% improvement in attention tasks compared to their
non-exercising ADHD peers. Like our findings, the Silva et al. (2015) study only found a 2.5%
increase for the control group in attentional tasks after exercise. Notably, I did not find an
improvement in motivation that was attributable to exercise as was found in the Fritz &
O'Connor (2016) study on exercise and adult ADHD.
The self-report emotion improvements may represent a placebo effect of the ADHD
group knowing that exercise had been implicated to improve ADHD symptoms, or they
participants may have deduced the hypothesis from the design of the study. However, the large
effect sizes and lack of changes in the control group support an effect of exercise beyond
placebo. Furthermore, even if the results are an exercise placebo, being in a positive mood state
has vast positive implications on its own, including increasing prosocial behaviors, such as
willingness to offer assistance (Clark & Waddell, 1983; Carlson, Charlin, & Miller, 1988;
George 1991), improvements in memory (Lee & Sternthal, 1999), and resiliency (Tugade &
Fredrickson, 2004).
The major limitation on this study was a lack of power caused, in part, by participant
attrition. We lost six participants because they made insufficient errors. This could have been
solved by simply making the task longer. However, we also lost three participants because they
did not return for the second session, and increasing the length of sessions could increase this
type of attrition. Alternatively, the task could be made more difficult—for example, by
separating the go/no-go stimulus from the flanker stimulus. Participants would first be shown
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one stimulus, a vowel or a consonant, where a consonant would indicate a go response to the
following flanker stimulus. By making the task harder, error rates would increase, and fewer
participants would be excluded for insufficient error rates and within subject reliability would
be increased (Larson, Baldwin, Good, & Fair, 2010). Some participant attrition is to be
expected, but I was limited by not monitoring the type of subject being lost, which left me with
a confounding variable of unequal first treatment numbers.
Another limitation of this study is that we did not have the resources to test the effect of
an aerobic exercise program over many weeks on ERN. Studies on neurotypical individuals
found that cardiovascular fitness, rather than acute exercise, was associated with an increase in
ERN and Pe amplitude (Themanson & Hillman, 2006; Themanson & Hillman 2008). Other
studies could investigate the effect of improving cardiovascular fitness, or a chronic exercise
regime, on ERN and Pe amplitudes in adult ADHD participants.
A final limitation of our study is that the sample was taken from one college campus.
Therefore, the findings cannot be generalized to adults older than college age. Oberlin College
is 57% women (Oberlin College and Conservatory, 2017), which is reflected in the skewed sex
distribution in this study. Also, our ADHD sample does not include people with education
levels below college which could indicate our sample represents higher functioning adults with
ADHD than the true adult ADHD population. Further studies would benefit from a more
diverse sample of participants.
The strength of this study is its design. Had the study not been hampered by participant
attrition, the within-subject design with a control group comparison would have maximized
power while allowing for a comparison of ADHD participants to neurotypical individuals. The
previous study on adult ADHD and exercise conducted by Fritz and O'Connor (2016) did not

Acute Exercise Effects on Error Processing in Adult ADHD

24

include a control group and only tested men. Another strength of the present design is that it
included both subjective and objective measurements of ADHD impairment. Finally, this study
had a pertinent research question. The investigation of children with ADHD and exercise is
extensive, but the corresponding investigation of adult ADHD is lacking.
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Appendix A.
Participant Attrition
From the t-tests, there were marginally significant values between the participants we

lost for BMI in the ADHD group. Since the lost and kept ADHD groups did not differ on HRR,
exercise, or mean exercise heart rate, the marginal difference in BMI is not concerning as it is
only one measure of fitness we used. In the control group, the lost group had significantly
lower values for ASRS with a large effect size. However, this difference is not concerning as
the control group was selected to not test positive on the ASRS scale.
Table 9.
Control Participant Attrition
Group
Age

BMI

ASRS

HRR

Exercise

Avg Ex HR

Avg Vid HR

N

Mean

SD

Kept

19

19.37

1.50

Lost

8

19.75

1.39

Kept

18

22.05

3.37

Lost

7

21.97

2.04

Kept

19

2.81

0.28

Lost

8

2.48

0.44

Kept

19

127.47

10.48

Lost

8

129.50

7.41

Kept

19

2.16

1.30

Lost

8

2.38

1.85

Kept

19

146.35

13.07

Lost

7

140.43

10.22

Kept

18

72.57

11.76

Lost

7

68.20

8.65
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Table 10.
Control Participant Attrition
t

df

p

Age

0.62

25

0.54

0.26

BMI

0.06

23

0.96

0.03

ASRS

2.34*

25

0.03

0.99

HRR

0.50

25

0.63

0.21

Exercise

0.35

25

0.73

0.15

Avg Ex HR

1.08

24

0.29

0.48

Avg Vid HR

0.89

23

0.38

0.40

Note. Student's t-test. * = p < 0.05

Cohen's d
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Table 11.
ADHD Participant Attrition
N

Mean

SD

Kept

16

19.94

1.44

Lost

7

19.71

1.11

Kept

16

23.61

4.18

Lost

7

20.60

1.60

Kept

16

3.79

0.56

Lost

7

3.45

0.45

Kept

16

127.69

12.08

Lost

7

126.86

15.17

Kept

16

2.06

1.39

Lost

7

2.43

1.72

Kept

16

145.09

8.74

Lost

7

147.91

10.60

Kept

15

73.11

12.80

Lost

5

66.04

6.30

Group
Age

BMI

ASRS

HRR

Exercise

Avg Ex HR

Avg Vid HR
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Table 12.
ADHD Participant Attrition
t

df

p

Cohen's d

Age

0.36

21

0.72

0.17

BMI

1.83#

21

0.08

0.83

ASRS

1.41

21

0.17

0.64

HRR

0.14

21

0.89

0.06

Exercise

0.54

21

0.59

0.25

Avg Ex HR

0.67

21

0.51

0.30

Avg Vid HR

1.17

18

0.26

0.61

Note. Student's t-test. # = p < 0.10
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