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ABSTRACT

VAN RIPER, S. M., G. D. TEMPEST, A. PICCIRILLI, Q. MA, and A. L. REISS. Aerobic Exercise, Cognitive Performance, and Brain Ac-
tivity in Adolescents with Attention-Deficit/Hyperactivity Disorder. Med. Sci. Sports Exerc., Vol. 55, No. 8, pp. 1445-1455,2023. Introduction:
Attention-deficit/hyperactivity disorder (ADHD) is a neurodevelopmental disorder for which behavioral treatments such as exercise are rec-
ommended as part of a multidisciplinary treatment program. Exercise improves executive function in individuals with ADHD, but limited
information exists regarding the mechanisms involved in the response. We examined task-evoked brain responses during exercise and seated
rest in 38 adolescents (n = 15 ADHD; age, 13.6 + 1.9; male, 73.3%; n = 23 typically developing (TD; age, 13.3 £ 2.1; male, 56.5%)).
Methods: Participants completed a working memory and inhibitory task while cycling at a moderate intensity for 25 min (i.e., exercise con-
dition) and while seated on the bike without pedaling (i.e., control condition). Conditions were randomized and counterbalanced. Functional
near-infrared spectroscopy measured relative changes in oxygenated hemoglobin concentration in 16 brain regions of interest. Brain activity
for each cognitive task and condition was examined using linear mixed-effects models with a false discovery rate (FDR) correction. Results:
The ADHD group had slower response speeds for all tasks and lower response accuracy in the working memory task during exercise com-
pared with the TD group (P < 0.05). For the inhibitory task, the ADHD group had lower brain activity in the inferior/superior parietal gyrus
during exercise compared with the control condition, whereas the opposite was true for TD (FDRoprected, P < 0.05). For the working memory
task, higher brain activity during exercise was observed, regardless of group, in the middle and inferior frontal gyrus and the temporoparietal
junction (FDR¢orrecteds P < 0.05). Conclusions: Dual-task performance is challenging for adolescents with ADHD, and exercise may modulate
neuronal resources in regions such as the temporoparietal junction and frontal areas known to be hypoactive in this population. Future research
should examine how these relationships change over time. Key Words: FUNCTIONAL NEAR INFRARED SPECTROSCOPY, ADHD,
CYCLING, MEMORY, INHIBITION
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ttention-deficit/hyperactivity disorder (ADHD) is the
most common neurodevelopmental disorder, affecting
approximately 6 million children and adolescents in
the United States. Diagnosis of ADHD is based on the childhood
onset of developmentally inappropriate levels of inattention, hy-
peractivity, and impulsivity, which are subdomains of a broad
category of mental processes termed “executive functions” (1).
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Executive functions are top-down mental processes needed for
decision making, problem solving, and a variety of other cogni-
tive tasks (2). Inhibitory control, which when impaired mani-
fests as inattention, is a core executive function and requires
one to control their attention, behavior, thoughts, and/or emo-
tions while overriding external distractors to achieve what is ap-
propriate or needed for a given situation (2). Working memory,
another core executive function, has also been observed to be
impaired in ADHD and involves holding information in mind
and mentally manipulating it (2). Because ADHD is defined
by the presence of multiple cognitive impairments, the disorder
is significantly heterogeneous in terms of clinical presentation,
etiology, and pathophysiology (3—5). Therefore, assessment of
multiple domains of executive function is important for com-
prehensively evaluating ADHD symptomatology.

The complex nature of ADHD has led to development of
pharmacological and behavioral treatments for which varying
degrees of therapeutic efficacy and adherence have been demon-
strated (6). Behavioral interventions are frontline treatments for
ADHD and exercise—both acute and chronic—improves execu-
tive function and other associated symptoms (7,8). Specifically
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for acute exercise, meta-analytic reviews have consistently re-
ported moderate to large symptom improvements immediately
after a single session of moderate-intensity aerobic exercise
(65%—75% heart rate (HR) maximum) lasting 20-30 min in
duration (7-12). Symptom improvements after exercise have
primarily been observed in the executive function domains
of inhibitory function, cognitive flexibility, and psychomotor
speed, with smaller improvements observed for working mem-
ory (7,8,11,12). Cycling and treadmill modalities have typi-
cally been used, but there is a significant degree of heterogeneity
in terms of study design across all elements of mode, intensity,
duration, and executive function outcomes, which has pre-
cluded strong conclusions being made regarding the optimal
exercise dose to elicit benefit. Meta-analytic evidence also
shows that moderate-intensity aerobic exercise training 23 times
per week for at least 612 wk in duration improves executive
function domains such as response inhibition, set shifting, and
working memory to a moderate to large degree in individuals
with ADHD (7-9). Theoretically, the cognitive improvements
observed in response to exercise training may represent the cu-
mulative effects observed in the acute response, but this hy-
pothesis has yet to be directly tested (7). The main limitation
of'this work to date is that the mechanisms underlying the cog-
nitive benefit of exercise have yet to be rigorously interro-
gated. This knowledge gap has significantly limited our ability
to predict responses and provide individualized recommenda-
tions to patients.

Functional magnetic resonance imaging (fMRI) studies that
measure brain responses to executive function tasks demon-
strate that individuals with ADHD display hypoactivity in re-
gions within the frontostriatal, frontoparietal, and ventral atten-
tion networks in comparison to population-based controls (13).
Investigations incorporating electroencephalography provide
evidence that exercise modulates the CNS activity in ADHD
(14,15), with support for greater benefit to individuals with lower
levels of inhibitory control (16,17). However, the low spatial res-
olution of electroencephalography and limited ecological validity
of fMRI need to be overcame if we are to capture neural function
and adaptation in a more translatable manner.

Advances in functional near-infrared spectroscopy (fNIRS)
provide new opportunities to probe brain function during exer-
cise, which is unobtainable with traditional fMRI. We have
previously shown that task-related brain function can be deter-
mined during moderate-intensity cycling exercise (18). fNIRS
is relatively robust to motion artifact and can therefore be ap-
plied in less restrictive and more naturalistic settings (19).
Using light in the near-infrared spectrum, fNIRS measures
changes in oxygenated (HbO) and deoxygenated hemoglobin
concentration (HbR) in the cerebral cortex. Cortical activity
leads to an increase in oxygen consumption, accompanied
by an increase in cerebral blood flow known as neurovascular
coupling (20). The changes in HbO and HbR observed in
fNIRS have been validated against the blood-oxygen-level-
dependent signal of fMRI (21).

Applications of fNIRS to exercise research are increasing,
but a majority of studies thus far have examined brain responses

before and/or after exercise in healthy young or older adult pop-
ulations (19). A frequent finding across this literature has been
increases in HbO in the prefrontal brain regions after exercise
(19), which is particularly relevant considering the hypoactivity
observed in individuals with ADHD. Understanding how neu-
ronal circuitry may be modified with exercise in individuals
with ADHD will be important for predicting which patients re-
spond best to this type of therapy.

In the current study, we compared task-related brain activity
and cognitive performance during moderate-intensity cycling
exercise in adolescents with and without ADHD. The purpose
of measuring brain activity during exercise is to identify which
brain areas/networks are the most susceptible to change in re-
sponse to an acute bout of exercise. Identification of brain
areas/networks that respond acutely will provide foundational
mechanistic information about brain biomarkers that could be
monitored alongside cognitive performance measures in fu-
ture longitudinal studies. In this way, we can begin to uncover
new insights into brain—behavior relationships that are most
important for the exercise responses of individuals with ADHD.
Because individuals with ADHD present with hypoactivation
of brain areas involved in executive function (e.g., the prefron-
tal and parietal cortices [ 13,22]) and because acute exercise of-
ten improves executive function, we expected that during cy-
cling exercise, greater improvements in brain function and
cognitive performance would be observed in the ADHD group
compared with (a) seated rest and (b) a typically developing
(TD) group.

METHODS
Participants

Adolescents age 10-18 yr with ADHD (n = 15) or who
were TD (n = 23) were recruited from the local community
via university mailing lists and campus-wide online advertise-
ments. The parents or guardians completed an online screen-
ing form indicating their interest in the study. For the ADHD
group, participants were eligible if they had received a diag-
nosis of ADHD from a qualified health care practitioner (i.e.,
psychologist, pediatrician psychiatrist). For the ADHD and
TD groups, participants were excluded if they had a history of
serious medical, neurological, psychiatric illnesses or physical/
sensory impairments. Participants with a medical condition
precluding participation in physical exercise were also ex-
cluded based on the Physical Activity Readiness Question-
naire (23). The majority of participants (95%) reported engag-
ing in PA 3—4 times per week. Participants were invited to the
laboratory to go through the study information, and written in-
formed consent and child assent were obtained from their
parent/guardian and the participant before participation. In
all cases, the parent and child agreed to participate. All partic-
ipants were unmedicated on the days of testing. The study was
approved by Stanford University Institutional Review Board,
and the protocol was performed in accordance with the decla-
ration of Helsinki.
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Procedures

Participants visited the laboratory on three occasions to com-
plete behavioral assessments, exercise testing, and a nonexercise
control session. The order of the exercise and nonexercise ses-
sions was randomized and counterbalanced. For the first visit,
participants provided their written informed consent and child
assent, and their age, height, and weight were recorded. To con-
firm the presence of ADHD symptoms, a trained research assis-
tant administered the Schedule for Affective Disorders and
Schizophrenia for School-Age Children—Present and Lifetime
Version (24) individually to parents/guardians and partici-
pants. The participant’s 1Q was measured using the four-subtest
Wechsler Abbreviated Scale of Intelligence—Second Edition
(WASI-II [25]). Participants were familiarized with the exercise
equipment, which consisted of a bicycle (Sirrus; Specialized
Bicycle Components, Morgan Hill, CA) mounted on an indoor
trainer (Kickr; Wahoo Fitness, Atlanta, GA [26]). Partici-
pants were provided with verbal instructions for how com-
plete the cognitive tasks that assessed two domains of execu-
tive function—working memory and inhibitory control—to
prepare them for the subsequent sessions.

Participants returned for two remaining sessions: 1) exercise
at a moderate intensity in combination with cognitive tasks (ex-
ercise condition) or 2) seated rest (a nonexercise control condi-
tion) with cognitive tasks. Upon arrival, the participants were
fitted with a chest-worn HR monitor (Tickr; Wahoo Fitness)
and an fNIRS headcap. Participants were then seated on the ex-
ercise bike, and the cognitive task instructions were provided.
In the exercise condition, participants began by completing a
5-min warm-up at 40 W. After the warm-up, the wattage was
increased to achieve a target intensity of 65% of age-predicted
HR maximum (27) equating to moderate-intensity exercise.
Once achieved (approximately 3 min), the participants com-
pleted the cognitive tasks (approximately 10 min each order
counterbalanced) with a short break (30—-60 s between trials)
during the tasks and a slightly longer break (up to 2 min) be-
tween the tasks, while continuously cycling (exercise) or at
rest (control). The participants were instructed to maintain a
cadence of greater than 60 rpm throughout the exercise proto-
col (approx. 25 min) and were prompted to speed up if they
dropped below 60 rpm. HR was monitored by the experi-
menter throughout and the wattage adjusted if HR deviated
from the target HR £5 bpm. The participants were otherwise
blind to their HR, cadence, and performance measures. Rating
of perceived exertion (RPE) using the Borg 6-20 scale (28)
was recorded after warm-up, between cognitive tasks, and
before the end of exercise. Upon completion of the cogni-
tive tasks and cycling protocol, the participants completed
a cool-down at a self-selected intensity for up to 5 min. Af-
ter completion of the exercise, the fNIRS cap was removed.
In the control condition, the participants followed the exact
same protocol in regard to the cognitive task except that they
did not perform any exercise (i.e., they remained stationary
and seated on the bicycle for the warm-up period and admin-
istration of the cognitive tasks). As such, counterbalancing,

task duration, stimulus timings, and rest periods were identical
in the exercise and nonexercise conditions.

Measures

Assessment of working memory. A 0-, 1-, and 2-back
visuospatial n-back task was used to assess working memory. The
n-back visuospatial task was originally developed by Kirchner
(29) and is a valid and reliable measure of working memory
across the life span (30). The n-back requires the storage and con-
tinual updating of information in working memory as well as inter-
ference resolution (31). Functional neuroimaging studies com-
monly use the n-back tasks to identify neuronal mechanisms
involved in working memory across a variety of age ranges from
children and adolescents (32) to the elderly (33). Meta-analytic
evidence has shown that key brain regions involved in work-
ing memory, such as the frontal and parietal cortices, are con-
sistently and reliably activated during the n-back task (34).

For each n-back task block, a circle appeared in 1 of 16 lo-
cations on a 15-inch computer screen placed approximately
80 cm in front of the participant’s eyeline (on a table above
the bike handlebars) for 0.35 s with an intertrial interval of
2 s, during which time the participant could respond. In the
0-back condition, participants responded when the circle ap-
peared in the top right portion of the screen. In the 1-back
and 2-back conditions, participants responded when the circle
appeared in the same position as one or two trials before, re-
spectively. Responses were recorded by a right thumb button
press using an external button box fixed to the right handlebar
of'the bike. There were five blocks each of the 0-, 1-, and 2-back
conditions, presented in a pseudorandom order, each made up
of 8-12 trials with 3—4 target trials (requiring a response) per
block. Block durations ranged from 18.8 to 28.2 s, depending
on the number of trials, with variable interblock intervals of
10—14 s. The number of correct responses (a button press on a
target trial) and corresponding response times were recorded.

Assessment of inhibitory control. A Go/NoGo task
was used to assess inhibitory control. The Go/NoGo was orig-
inally implemented by Gordon and Caramazza (35) and is a
continuous performance task that has been demonstrated to
be a valid and reliable assessment of response inhibition in
children and adults (36). Furthermore, meta-analyses of func-
tional neuroimaging studies involving Go/NoGo to assess re-
sponse inhibition have consistently demonstrated activation
of brain regions involved in attentional control such as the dor-
solateral prefrontal cortex and inferior parietal (37). For this
task, single letters were presented sequentially in the center
of the computer screen for 500 ms, with the distance of the
screen and response button in the same location as described
previously. The participants were instructed to press a button
for any letter other than “X” (go trials; 150 total trials) but
not to press when “X” was shown (no-go trials; 50 total trials).
Intertrial intervals were variable and ranged between 1 and
10 s, skewed heavily toward shorter intertrial intervals (mean,
2.5 s). Again, we recorded the number of correct responses
and response times.

EXERCISE INFLUENCES COGNITION IN ADHD

Medicine & Science in Sports & Exercises 1447

Copyright © 2023 by the American College of Sports Medicine. Unauthorized reproduction of this article is prohibited.

>
O
ae)
-
m
W)
wn
@)
m
pd
N
m
wn




£202/92/L0 U0 ZZSIHA9ILFRWM
SAZOMNXVIOXGUXMbeibosylyeiaegdinoexsangsw+xbiodbagav A0zA43abnxzziezodnezzoeA68ANe6ZINHISPNNBNZIMIME

n
L
O
e
—
)
n
@)
|
—
a
a
<

d3WNeYL09TADY8CONBAUOATZA+SLEZYXWRLSINAIABEYD AQ 8SSlu-Wwsoe/wod mmw| sfeulnol/:dny wouij pspeojumod

Functional NIRS

An fNIRS system (NIRSportl Tandem; NIRx, Berlin,
Germany) consisting of 16 LED illumination time-multiplexed
sources and 16 silicon photodiode detectors was used to mea-
sure cortical activity. The optodes transmitted or detected light
at two wavelengths (760 and 850 nm) and recorded relative
changes in the concentrations of HbO and HbR at a sample
rate of 7.8125 Hz. Optodes were secured into plastic holders
on a head cap, which was positioned onto the participant’s head
using landmarks of the 10/20 system for electrode placement
applicable to NIRS optode arrangements. The optode holders
were positioned 3 cm apart over bilateral prefrontal, temporal,
and parietal regions of the cortex, and nearby source—detector
pairs made of 42 measurement locations or channels (Fig. 1).
The fNIRS system was calibrated before each measurement,
and signal quality at the start of the scan was recorded.

Data Analysis

Behavioral responses. To reduce response bias and in-
crease sensitivity, accuracy for the n-back and Go/NoGo tasks
was expressed as d prime (d"). To compute &', the z score of the
false alarm rate (i.e., commissions) was subtracted from the
z score of the correct response rate (i.e., hits) (38). This mea-
sure is a widely used as a measure of task performance (i.e.,
signal detection) because it takes into consideration the rela-
tive frequency of correct hits and correct rejections (39,40).
If participants correctly responded to a high number of targets
and correctly withheld a response to a high number of nontar-
gets, then they would have a high d' value (39). Conversely, if
the participant responded to a fewer number of targets (omis-
sion errors) and/or failed to withhold a response to a larger
number of nontargets (commission errors), then they would
have a low d' value (39). Mean reaction time (ms) was also
assessed to measure processing speed.

Functional NIRS. The fNIRS data processing was performed
using the HOMER2 NIRS processing package (41), following
guidelines set forth by Brigadoi and colleagues (42). Raw op-
tical data were converted to changes in optical density units.
Channels with poor signal quality (defined as a signal-to-noise

ratio of less than 3) were excluded from subsequent analyses.
To reduce the influence of motion artifacts, we used a hybrid
approach described in another high-motion paradigm (43). Op-
tical density data were first conservatively corrected for motion
artifacts using spline interpolation followed by an additional
step: wavelet filtering (44). All parameters matched those de-
scribed in Di Lorenzo and colleagues (43). A band-pass filter
(0.01-0.5 Hz) was applied to the corrected optical density data,
which were converted to HbO and HbR concentrations (in mi-
cromolar) using the modified Beer—Lambert equation (41) and
differential pathlength factors estimated by age (45).

For both tasks, general linear models were used to estimate
the amplitude of each participant’s hemodynamic response as
a function of stimulus presentation, split by condition (46). We
then contrasted the /8 estimates of the conditions, for example,
2-back—0-back, to isolate the cortical activity that was specific
to the task: for n-back, the activity related to the degree of dif-
ficulty (2-back—0-back, 2-back—1-back), and for Go/NoGo,
the activity related to the participant’s inhibitory response
(NoGo - Go). We then used functional localization (47) to ad-
dress structural and functional differences in brain anatomy,
creating regions of interest (ROIs) by grouping channels to-
gether according to their common source. In subsequent anal-
yses, each source ROI is represented by the largest S contrast
estimate of its member channels.

Statistical Analysis

Demographics. Demographic (age, height, weight, sex,
and WASI-II score) and exercise data (average HR, RPE, ca-
dence, and power) were compared between the ADHD and
TD groups using independent Student’s t-tests or y° tests
where appropriate. Effect sizes were estimated using Hedges’
g for parametric or Cramer’s V for nonparametric data, respec-
tively (48). The significance level was set to an of a = 0.05 for
all analyses. SPSS (version 27) was used for all demographic
and subsequent analyses.

Behavioral response. To compare response accuracy (d')
and mean response time (ms) for the 1- and 2-back working-
memory (n-back) task and inhibitory control (NoGo/Go) task,

FIGURE 1—Channel array montage. Locations of the source optodes (yellow circles) and detector optodes (blue circles). Regions of interest were created

from channels located over bilateral prefrontal, parietal, and temporal cortices.
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TABLE 1. Group comparisons of demographics, physiological, and perceptual responses to
exercise.

rate (FDR [50]) was used to correct for multiple comparison for
the 16 ROIs conducted for each contrast (i.c., Go/NoGo, 2—0

ADMHtIeJal(1":=S1D5)' Tl\fl)e(alrgzs:i[)f Effect Size P back, 2—1 back). The significance level was set to an o of
Age (v1) 136219 133221  g=-017 061 0.05 for all functional analyses, and only significant main or
Height (inches) 63.9+46 629:65  g=-017 061 interaction effects are reported.
Weight (Ib) 1140287 1142382 ¢g=001 099
\é\leﬁ\(sl/ll,;cafg . 10753_131(1114)'6 115)25?5711;)'0 g=por 0% Exploratory Analyses: Associations between
ADHD type 13 inattentive, Behavioral and fNIRS Responses

(K-SADS) 2 combined

Average heart rate (bpm) 13129 13013 g=009 086 ROIs with significant main and/or interaction effects un-
mggg ?;fe nce (rpm) éiig ég i; g: %025 8:26 covered in our primary analyses were further explored by
Average power (W) 65+ 17 58+25  g=032 031 examining the relationships between brain activity and cogni-

Values are means + SD unless otherwise noted. Effect sizes are either Hedges’ g or Cramer’s V.
For Hedges’ g, 0.2, 0.5, and 0.8 are described as small, medium, and large, respectively. For
Cramer’s V; 0.1, 0.3, and 0.5 are described as small, medium, and large, respectively (51).
K-SADS, Schedule for Affective Disorders and Schizophrenia for School-Age Children.

separate linear mixed models were conducted. Group (ADHD
and TD) and condition (exercise and control) served as fixed
effects, subject-level intercepts served as random effects. Age
was mean centered and used as a covariate of noninterest in
all analyses. The covariance matrix type was designated as
scaled identity. The maximum likelihood method of estimation,
with a Satterthwaite approximation of degrees of freedom, was
used for all models. All figures were created in R (version
2021.9.1) using the ggplot2 package. The significance level
was set to an of a = 0.05 for all behavioral analyses.
Functional NIRS. To compare f estimates for task-related
changes in HbO, separate linear mixed models were conducted
for each of 16 source ROIs. Group (ADHD and TD) and condi-
tion (exercise and control) served as fixed effects, and within
the same subject, repeated measurements for both conditions
were assumed to be correlated. The repeated covariance matrix
type was designated as compound symmetry—heterogeneous.
Age was mean centered and used as a covariate of noninterest
in all analyses because of its established relationship to both
cognitive function and brain activity (49). The maximum likeli-
hood method of estimation, with a Satterthwaite approximation
of degrees of freedom, was used for all models. False discovery

TABLE 2. Group comparisons of cognitive task performance.

tive performance separately for each group and condition. To
achieve this, Spearman’s correlations were conducted using
HbO, mean reaction time, and response accuracy (d') (uncor-
rected, P <0.05).

RESULTS
Demographics

Demographics and IQ measurements at baseline are presented
in Table 1. Groups (ADHD vs TD) were not significantly dif-
ferent on age, height, weight, 1Q, or sex.

Exercise Responses

Exercise performance data and perceptual ratings are pre-
sented in Table 1. Groups did not significantly differ on HR,
RPE, power output, or cadence.

Behavioral Responses

Response data for the cognitive tasks performed during ex-
ercise and control conditions are presented in Table 2. Across
tasks, lower response accuracy was observed in the ADHD
group during exercise for the completion of the 1-back work-
ing memory task, whereas reaction time impairments were ob-
served in the ADHD group across all three cognitive tasks
(i.e., Go/NoGo, 2-back, 1-back). These findings are further de-
scribed in subsequent sections hereinafter.

ADHD (n = 15) TD (n=21)
Task Outcome Control, Mean = SD Exercise, Mean + SD Control, Mean = SD Exercise, Mean + SD Effect Size
Go/NoGo ad 2.02 £ 0.69 1.77 £+ 0.63 241+£098 2.07 + 0.60 g=0.10
Mean RT (ms) 0.52 +0.05 0.51+0.05 0.49 +0.04 0.48 + 0.05 g=0.00 p >
Hits 139.5+ 8.35 133.7 £ 15.10 134.3 £31.99 1335 +31.35 g=-0.20 v
False alarms 16.4 + 8.80 17.3+7.86 131775 15.8+9.25 g=-0.22 0
2-Back d 240+0.79 1.86 + 0.91 258 +1.08 2.32+0.95 g=-0.29 —
Mean RT (ms) 0.71£0.16 0.70+0.18 0.59 +0.08 0.59+0.17 g=-0.08 M
Hits 11.5+247 10.3+3.15 12 £4.02 11+£3.77 g=-0.06 O
False alarms 2.2 +251 3+2.78 15+239 15+1.83 g=0.33 w
1-Back d 2.75+£1.26 254111 2.77 £0.90 2.93+1.10 g=-0.35 N
Mean RT (ms) 0.67 £0.13 0.64 £ 0.11 0.59 £0.11 0.54+0.13 g=0.17 m
Hits 13.3+3.60 12.7+£3.87 129+3.78 13.2+3.88 g=-0.24 =z
False alarms 2.3+3.09 23+243 13+1.29 12141 g=0.05 ')
Values are means + SD. Effect sizes are Hedges” g and represent the interaction between groups and conditions such that (g = {[(Meangercise(antn) — MeancontroianHn))/SDeontrolapHp)] = m

[(Meangxercise(ro) — Meancontroi(ro))/SDeontroiro)//SDpooled}. For Hedges’ g, 0.2, 0.5, and 0.8 are described as small, medium, and large, respectively. Higher mean reaction time (ms) is indicative
of slower responses, whereas higher d values indicate higher response accuracy (i.e., sensitivity). Values for hits represent the number correct responses and false alarm values represent the
errors of commission.

RT = reaction time.
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Go/NoGo—Inhibitory Control Task

Response accuracy (d’). No main or interaction effects
were observed for response accuracy (d': P> 0.05).

Reaction time (ms). A significant main effect of group
revealed higher mean reaction time, indicative of slower re-
sponses, for the ADHD group compared with the TD group
(F(1,67)=4.79, P =0.032; Fig. 2A).

2-Back—Working-Memory Task

Response accuracy (d’). No main or interaction effects
were observed for response accuracy (d': P> 0.05).

Reaction time (ms). A significant main effect of group
revealed higher mean reaction time, indicative of slower re-
sponses, for the ADHD group compared with the TD group
(F(1,72) = 7.57, P = 0.008; Fig. 2B).

1-Back—Working-Memory Task

Response accuracy (d'). A group—condition interaction
was observed for response accuracy (d': F(1,37) = 4.25,
P =0.046). The ADHD group had lower response accuracy
during exercise compared with the control, whereas the TD
group had higher response accuracy during exercise compared
with control (Fig. 2C).
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Reaction time (ms). A significant main effect of group
revealed higher mean reaction time, indicative of slower re-
sponses, for the ADHD group compared with the TD group
(F(1,58) = 6.40, P = 0.014; Fig. 2D).

Brain Activity Measures with fNIRS

Brain activity during the Go/NoGo inhibitory con-
trol task. For inhibitory (Go/NoGo) task-evoked brain activ-
ity, a group—condition interaction was observed for the ROI
encompassing the inferior and superior parietal gyrus (source 6,
F(1,34) = 14.48, FDR orrectea P = 0.001; Fig. 3). The ADHD
group had lower brain activity during exercise compared with
the control condition, whereas the opposite was true for the TD
group. A main effect of group was observed, such that higher
brain activity occurred in this region for the ADHD group
compared with the TD group (#(1,36) = 20.2, FDR quected
P =0.000071; see Supplemental Table 1, Supplemental Digital
Content, which presents the ROIs that did not survive multiple
comparison correction, http:/links.lww.com/MSS/C824).

Brain activity during the N-back working memory
task. For the 2-0 back contrast, a main effect of condition
showed higher task-evoked brain activity during exercise for
the ROI encompassing the middle and inferior frontal gyrus
(source 2, F(1,39) = 12.69, FDR orrected P = 0.001; Fig. 4). A
group main effect and group—condition interaction effect were
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FIGURE 2—Differences in reaction time and response accuracy during the behavioral tasks. Average reaction time and response accuracy, with SEM, for
the Go/NoGo inhibitory and n-back task. Higher mean reaction time indicates slower response speed. Higher values of 4’ indicate better response accuracy.
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FIGURE 3—Inhibitory task—evoked brain activity in the parietal cortex. Average cortical activation (HbO), with SEM, by group and condition for the Go/
NoGo contrast in source 6, which encompasses the inferior and superior parietal gyrus (F(1,34) = 14.48, FDR rectea P = 0.001).

also observed in this region, but these effects did not survive
multiple comparison correction (see Supplemental Table 2,
Supplemental Digital Content, which presents ROIs that did
not survive multiple comparison correction, http://links.lww.
com/MSS/C824).

For the 2—1 back contrast, a main effect of condition showed
higher task-evoked brain activity during exercise for the ROI
encompassing the junction of the postcentral, inferior parie-
tal, and superior temporal gyrus (Source 5, F(1,39) =10.78,
FDRorrected P = 0.002; Fig. 5). For additional ROIs that did
not survive multiple comparison correction, see Supplemental
Table 3, Supplemental Digital Content, http://links.lww.com/
MSS/C824.

Associations between Behavioral Responses and
Brain Activity

Go/NoGo inhibitory control task. A significant posi-
tive association was observed between brain activity and mean
reaction time for the ROI encompassing the inferior and supe-
rior parietal gyrus for the TD group during the control condi-
tion (source 6, 7 = 0.690, Pyncorrected = 0.001; Fig. 6).

N-back working memory task. No significant associ-
ations were observed for the brain activity of source 2 and

Source 2, Contrast: 2-0 Back

o

(00 o, 00

Beta X 107-6
(-]
b

%
4
?

0.00 ?®
) &

0.25 °

-0.50

exercise
Condition

control

cognitive performance on the 2—0 back task. A significant neg-
ative association was observed between brain activity and 21
back response accuracy (d') for the ROI encompassing the junc-
tion of the postcentral, inferior parietal, and superior temporal
gyrus for the TD group during exercise (source 5, » = —0.452,
P uncorrected — 0041)

DISCUSSION

The overall goal of this study was to determine the effect of
moderate-intensity cycling exercise on concurrent cognitive
function and corresponding task-based brain activity in indi-
viduals with and without ADHD. As planned, groups did not
differ on key demographic variables and performance on the
exercise. Main and interaction effects were observed for cog-
nitive task performance and brain activity. Interpretation of
the findings is detailed hereinafter.

Inhibitory and working memory function during ex-
ercise and control. Across the inhibitory and working mem-
ory tasks, the ADHD group showed higher mean reaction
times, indicative of slower processing speeds, compared with
the TD group regardless of condition. Impairments in response
inhibition and working memory are consistent deficits ob-
served in this population, with meta-analyses reporting moderate

15

F value

FIGURE 4—Working memory task—evoked brain activity in the middle and inferior frontal gyrus. Average cortical activation (HbO), with SEM, by con-
dition for the 2—0 contrast in source 2, which encompasses middle and inferior frontal gyrus (F(1,39) = 12.69, FDR_/rectea P = 0.001).
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FIGURE 5—Working memory task—evoked brain activity in the middle and inferior frontal gyrus. Average cortical activation (HbO), with SEM, by con-
dition for the 2—1 contrast in source 2, which encompasses the junction of the postcentral, inferior parietal, and superior temporal gyrus (F(1,39) = 10.78,

FDRcorrccted pP= 0001)

differences between individuals with ADHD and controls (52).
Slower processing speeds have been observed across multiple
executive function domains in individuals with ADHD, which
may negatively impact the rate of learning, retrieval of informa-
tion, and problem solving, and may also play a role in mental
fatigue (53,54).

A group—condition interaction was observed for response
accuracy during the 1-back working memory task. The ADHD
group had lower response accuracy for the 1-back task during
exercise compared with the control condition and the TD
group. For this study design, exercise and the cognitive tasks
were performed concurrently. Therefore, the lower response
accuracy (1-back) of the ADHD group during exercise high-
lights how cognitive impairment could be amplified when
children with this condition are required to perform tasks in-
volving both a mental and physical load. The observed interac-
tion also suggests that cognitive function improved during ex-
ercise in TD individuals. Given that the ADHD and TD groups
were not different in terms of maintenance of target HR
throughout the exercise, it seems that the dual-task design used
here led to more decrement in response speed and select as-
pects of response accuracy (i.e., 1-back) in the ADHD group
and improvement in accuracy for the TD group.

The 2-back task was expected to be more difficult in com-
parison to the 1-back task for response accuracy (and reaction
time), and this pattern (1-back vs 2-back) can be observed in
Table 2. However, the main finding of similar response accu-
racy across groups and conditions for the 2-back suggests that
increasing task difficulty in conjunction with cycling did not
result in greater performance deficits. One possible explana-
tion for this lack of consistency between n-back versions
may be that the combination of a mental and physical load at
a higher level of task difficulty resulted in a performance ceil-
ing effect for both groups.

There is limited literature to date examining dual-task perfor-
mance in individuals with ADHD. In a similar study comparing
performance on an auditory attention test while walking or sit-
ting, Rassovsky and Alfassi (55) observed poorer response ac-
curacy during walking in adults with ADHD versus control

participants. However, this previous study’s results varied de-
pending on the measure of task performance. Using a dual task
of varying visual and balance conditions, Caldani et al. (56)
found that children with ADHD had poor fixation capability
and poor postural stability compared with TD children that
varied with task difficulty. Conversely, Shorer et al. (57) re-
ported improvements in postural sway when performed in
conjunction with an auditory working memory task for both
the ADHD and control groups. Lastly, Manicolo et al. (58) re-
ported that children with ADHD had similar gait performance
compared with controls while concurrently performing a cog-
nitive task. These examples demonstrate that the interactive

TD Group, Source 6
(rho=0.690, p=0.001)

Ti

Go/NoGo
eaction

-0.4 -0.2 0.0 0.2

Beta X 10*-6

FIGURE 6—Relationship between brain activity and mean reaction time
for the Go/NoGo task. Relationship between brain activity (HbO) and
mean reaction time during the Go/NoGo inhibitory task for the TD group
in source 6, which encompasses the inferior and superior parietal gyrus.
Shaded region represents 95% confidence interval. One subject in this
analysis was identified as an extreme outlier (defined as >2 SD) and re-
moved for visual clarity. Results remained unchanged with and without
this data point.
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effects of cognitive and motor task performance seem to be
highly variable and dependent on the population studied (e.g.,
adult vs children, ADHD vs typical developing), choice of at-
tentional, task and corresponding summary of performance
measures, as well as the intensity, duration, and type of exercise.
The large degree of heterogeneity across this behavioral body
of literature precludes our ability to directly compare findings
across studies. However, this lack of consistency also demon-
strates the need for inclusion of mechanistic outcomes in future
work, so that regardless of cognitive task (or other study param-
eters), the underlying mechanisms that control executive func-
tion as a research domain can better be compared (59).

Inhibitory and working memory task—-evoked brain
activity in response to exercise. Inhibitory task-evoked
brain activity in the left junction of the inferior and superior pa-
rietal gyrus was found to be differentially affected by exercise.
Specifically, brain activity was lower during exercise compared
with control for the ADHD group, whereas slightly higher brain
activity was observed during exercise (compared with control)
for the TD group. This finding is interesting given that behav-
iorally, no differences in inhibitory task performance were
observed between exercise and control, although the ADHD
group had slower response times compared with the TD group.
The parietal region is a key area involved in top-down atten-
tional control (60). The dorsal frontoparietal network (i.e., lat-
eral frontal cortex, anterior and posterior intraparietal cortex)
has been shown to mediate voluntary, sustained orientating of
attention, and the ventral attention network (i.e., anterior insula,
anterior cingulate cortex, and temporoparietal junction (TPJ))
has been associated with reorienting attention to unexpected
or salient stimuli (4,61). Case—control fMRI studies using in-
hibitory control, working memory, and attentional tasks have
shown hypoactivity in brain areas of both the dorsal and ven-
tral attention networks in individuals with ADHD (4). Because
brain activity during exercise for the ADHD group became
more similar to that of the TD group (Fig. 3), we can infer a
shift toward more normative allocation of neuronal resources
in this region. This inference is supported by the observation
that lower brain activity in this region was associated with
faster reaction times for the TD group during the control con-
dition (Fig. 6). It may also be possible that this single exercise
dose was not robust enough to improve cognitive performance
in tandem with physical exertion.

Working memory task—evoked brain activity in the left mid-
dle and inferior frontal gyrus was found to be higher during ex-
ercise compared with control for both groups. A similar effect
was also observed in a region encompassing the left postcentral,
inferior parietal, and superior temporal gyrus (i.e., TPJ). The
frontal cortex is a brain region known for its control of higher-
order executive functions, including working memory and
attentional control, and subregions such as the dorsolateral
prefrontal cortex have also been shown to be hypoactive in in-
dividuals with ADHD (4,13,62). The TPJ is a region involved
in integration of multiple information processing streams.
Working memory is a part of TPJ function through its connec-
tions to the prefrontal cortex (63,64). Although the left TPJ has

been implicated most for language processing, it has also been
shown to play a role in a variety of cognitive processes such as
decision making (65), social recognition (66), and the Theory
of Mind (67). The prefrontal region has been most often
shown to increase activity in response to exercise regardless
of age or disease state (7,68), with some reports of increases
in the parietal regions as well (32).

Exercise training trials in individuals with ADHD consis-
tently show moderate to large improvements in cognitive func-
tion (69). However, little information is available regarding
how acute brain activity responses to exercise may translate to
improvements in cognition found in response to exercise train-
ing. In the current study, the novel use of measuring brain activ-
ity and cognitive function concurrently during exercise pro-
vides foundational information establishing the inferior/middle
frontal gyrus, inferior/superior parietal, and superior temporal
gyrus as regions most likely to change in response to exercise
training. Future randomized controlled trials should measure
brain activity in the prefrontal and parietal regions to more fully
elucidate how modifications within this network may translate
to the postexercise training benefits in cognition most often seen
in previous literature (7-9).

Limitations. Although our dual-task paradigm yielded sig-
nificant results, it is important to point out certain limitations
regarding our small sample size that resulted in less than ideal
statistical power. The statistical power for testing the interaction
between group and condition peaked at 0.70 across 16 ROIs
across each of the 3 tasks (i.e., 1-back, 2-back, Go/NoGo).
As a result, we were unable to test for the influence of other
covariates (besides age, which was planned) such as sex, 1Q,
physical activity behavior, or others. However, it is important
to point out that in comparison to sample sizes reported in re-
cent meta-analyses (i.e., 10-35 participants tested per group),
our sample of 38 (15 ADHD, 23 TD) is well within the range
of the majority of other reports (7-9). Furthermore, a recent
study by Szucs and loannidis (70) reported that “96% of
highly cited clinical fMRI studies (with patient participants)
had median sample size of 14-15.”

Other considerations related to our demographic informa-
tion should also be noted. Our sample of adolescents with
ADHD primarily comprised male participants with the inatten-
tive subtype. Although our sample represents the typical 3—4:1
male-to-female ratio reported in epidemiologic studies (1), our
results are unable to be generalized to female participants and
other ADHD subtypes. Participants were unmedicated at the
time of testing; therefore, the influence of stimulant medication
was unable to able to be assessed. The participants in this study
reported being generally physically active. It is expected that the
findings would be more pronounced in individuals who are less
active. Socioeconomic status was not recorded as part of this
study; therefore, is it unknown how this variable may influence
the reported outcomes.

Short-separation channels, which measure extracerebral blood
flow, were not available for this study. Inclusion of short-channel
data improves signal to noise and may improve the ability to
detect differences in brain activity during exercise.
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CONCLUSIONS

Using a dual-task paradigm, we demonstrated that adoles-
cents with ADHD were able to successfully achieve the desired
moderate-intensity exercise target but were slower in their abil-
ity to perform both the inhibitory and working memory task, as
well as less accurate for select versions of the n-back task (i.c.,
1-back). The resulting interaction observed on the 1-back tasks
also suggests that TD adolescents improved response accuracy
during exercise. Task-evoked brain activity in response to the
exercise was altered in regions encompassing select areas of
the frontal, parietal, and temporal cortices. These findings sug-
gest that performance of physical and mental tasks in concert
is challenging for adolescents with ADHD, but also that exer-
cise may have the potential to modulate neuronal resources in
key regions such as the TPJ and frontal areas that are known to
be hypoactive in this population. Future research should ex-
amine how relationships between cognitive function and brain
activity, specifically in the TPJ, inferior and superior parietal,
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