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We sought to elucidate the acute effects of high-intensity interval training (HIIT) among college students with
and without attention-deficit/hyperactivity disorder (ADHD). Participants were age- and sex-matched across
ADHD (n = 18) and non-ADHD groups (n = 18) and both groups completed baseline (non-HIIT) and experi-
mental sessions (HIIT). We examined within- and between-subject effects on a continuous performance task
(CPT) and self-reported ADHD and internalizing symptomatology. We found that the degree of improvement on
ADHD and depressive symptomatology, as well as processing speed and response variability following HIIT was
significantly greater for the ADHD group than the comparison group. Further investigations such as randomized
controlled trials focusing on the chronic effects of sustained HIIT interventions are needed to substantiate the
potential feasibility and efficacy of HIIT as an intervention. HIIT may be a useful adjunct to psychosocial and/or
pharmacological treatments for college students with ADHD because it: (a) yields immediate, acute improve-
ments in executive functioning, ADHD, and mood; (b) promotes improved physical and mental health; (c) poses a
relatively low risk of deleterious effects in apparently healthy college students. Even with the need for additional
research, current data suggest a single, brief, high-intensity bout of aerobic exercise can yield immediate sig-
nificant short-term improvements. These improvements may enhance functioning and improve outcomes for
college students with ADHD.

Attention-deficit/hyperactivity disorder (ADHD) is characterized by attention over time (i.e., sustained attention), hold and manipulate in-

developmentally inappropriate levels of inattention (IA) and hyperac-
tivity/impulsivity (HI) that result in significant impairment in cross-
domain daily functioning (APA, 2013). Although ADHD has tradition-
ally been viewed as a disorder of childhood, empirical studies estimate
that approximately two-thirds of children with ADHD experience clini-
cally significant impairment and symptomatology into emerging adult-
hood (ages 18-25; Arnett, 2000) and adulthood with the prevalence
among adults estimated to be at 3-4% (Kessler et al., 2006). ADHD is
associated with various adverse health outcomes, such as increased risks
of obesity (Nigg, 2013).

Individuals with ADHD often show deficits in executive functioning
(EF), a set of top-down cognitive processes used to regulate behavior
toward long-term goals (Barkley, 1997). Specific EF factors implicated
in ADHD include the ability to inhibit impulses (i.e., inhibition), sustain
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formation across a short delay (i.e., working memory), quickly respond
to stimuli (i.e., processing speed), and consistently respond to stimuli (i.
e., response variability; Willcutt et al., 2012). The neurological struc-
tures underlying self-regulation are among the latest to mature with
development continuing until the end of emerging adulthood as
demonstrated in neuro-imaging studies of population samples (Giedd,
2004) and ADHD samples (Roman-Urrestarazu et al., 2015). EF deficits
in ADHD, however, are not solely the result of delayed development, but
rather a core deficit that often persists and manifests in impairments for
several important outcomes, such as academic achievement and socio-
economic status (Biederman & Faraone, 2006).

Emerging adulthood coincides with considerable developmental and
environmental changes which yield a distinct set of challenges, espe-
cially for those with ADHD. The transition to emerging adulthood
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including attending college brings dramatic changes in lifestyle, au-
tonomy, and responsibility, often including a marked decrease of
parental oversight and structure, and corresponding increases in inde-
pendence (Fleming & McMahon, 2012). An increasing number of in-
dividuals with ADHD are pursuing postsecondary education (Kuriyan
et al., 2013). The base rate for ADHD among college students has been
estimated to be between 2 and 8% (DuPaul et al., 2009), and up to 25%
of students receiving university disability support services reported a
diagnosis of ADHD (Wolf, 2001).

The confluence of an abrupt loss of structure and parental support,
and a neurological system maturing at a delayed rate, often results in
significant impairment for college students with ADHD (Fleming &
McMahon, 2012). Thus, these individuals experience increased demands
on executive control at a time when they experience a “double-deficit”
(ADHD- and maturational-related deficits) in self-regulation (Fleming &
McMahon, 2012). Compared to their peers, students with ADHD tend to
report more academic concerns (Lewandowski et al., 2008), have higher
rates of academic probation (Frazier et al., 2007), have lower grade
point averages (GPAs; Frazier et al., 2007) and lower graduation rates
(Wolf, 2001). In addition to academic difficulties, college students with
ADHD have higher rates of tobacco and risky alcohol use (Rooney et al.,
2012), internalizing symptoms (Rabiner et al., 2008), overall psycho-
logical distress (Richards et al., 1999), and poorer quality of life
(Grenwald-Mayes, 2002).

Despite the well-documented effectiveness of psychosocial and
pharmacological interventions for ADHD in children, there are limita-
tions to their use in emerging adults. Although both interventions are
efficacious during active treatment, engagement in these treatments
diminishes precipitously in emerging adulthood (McCarthy et al., 2009).
Some of the known reasons for the decline in treatment use include
intolerable side effects of medication (e.g., decreased appetite, poor
sleep), cognitive-behavioral therapies not being available on all college
campuses, and development of comorbid disorders (e.g., anxiety,
depression) that may interfere with the effectiveness of ADHD
treatments.

Current limitations of behavioral and stimulant treatments highlight
the need for novel, adjunctive treatments given the unique context of
college and transitions of emerging adulthood (LaCount et al., 2019;
Vasko et al., 2020). Physical exercise (PE) has received increasing
attention because of its beneficial acute and chronic effects on physical
and mental health-related outcomes. A growing body of research among
children and adults has suggested that PE has powerful effects on
cognitive and neurobiological functioning (Hillman et al., 2008). Acute
PE increases levels of certain neurotransmitters (e.g., endorphins,
dopamine, norepinephrine, serotonin), increases blood flow to the
brain, and increases levels of brain derived neurotrophic factor (BDNF)
(Basso & Suzuki, 2017). BDNF is involved in brain plasticity and
increased levels of BDNF following exercise are associated with
improved cognitive function (Basso & Suzuki, 2017). A meta-analysis by
Moreau and Chou (2019) found that high-intensity PE results in signif-
icant improvements in EF for adults. Developing from this burgeoning
evidence, researchers have begun to explore PE as an avenue to improve
mental health.

The benefits of PE may be larger for individuals with ADHD due to a
higher likelihood of EF deficits and poorer mental and physical health
outcomes. Indeed, PE has been hypothesized to impact EF among in-
dividuals with ADHD in ways similar to psychostimulants by increasing
the catecholamines (e.g., dopamine, norepinephrine) believed to influ-
ence cognitive functioning and mood (Wigal et al., 2012). A recent re-
view of the literature for children and adolescents with ADHD concluded
that there are numerous benefits of both acute (i.e., a single bout) and
chronic PE (i.e., repeated bouts; Neudecker et al, 2015). Regarding acute
effects, efficacy studies found improvements following aerobic exercise
in EF, behavioral, and academic performance. Chronic effects of various
forms of exercise in youth with ADHD included improvements in ADHD
symptomatology, motor skills, and physical fitness (Neudecker et al.,
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2015). Despite only one published study in emerging adults with ADHD,
preliminary results are promising. Specifically, Gapin et al. (2015)
examined the acute effects of moderate-intensity aerobic exercise and
found improvements in EF (i.e., behavioral inhibition) following exer-
cise for college students with ADHD.

Despite only one published study examining the acute effects of PE
for college students with ADHD, there are numerous reasons that PE may
be a uniquely powerful adjunct to psychosocial and/or pharmacological
treatments (LaCount & Hartung, 2018). First, the existing literature in
children and adolescents with ADHD provides preliminary evidence to
suggest that PE can produce acute and chronic improvements in
cognitive and behavioral functioning that may generalize to college
students. Second, regardless of ADHD status, PE is recommended for all
adults to improve overall health and reduce the likelihood of future
diseases (U.S. Department of Health and Human Services, 2008) and is
arguably more critical for individuals with ADHD, who are at a greater
risk for many poor health outcomes (Nigg, 2013). Third, PE helps
ameliorate depressive and anxiety symptoms (De Moor et al., 2006),
which commonly co-occur with ADHD, especially among emerging
adults (Meinzer et al., 2013). Lastly, for college students without med-
ical contraindications to PE, safe levels of PE are a “do no harm” inter-
vention tool with no known persistent adverse effects (Hoza et al.,
2015).

To elucidate the acute benefits of PE, university students with ADHD
and age- and sex-matched non-ADHD peers were recruited for two in-lab
sessions spaced approximately one week apart. Across two counter-
balanced sessions, participants in both groups completed outcome
measures without any exercise and following a single bout of high-
intensity interval training (HIIT). The primary outcome measures
included EF performance indices (i.e., sustained attention, inhibition,
processing speed, and response variability) from a computerized task
and ratings of depression, anxiety, stress, IA symptoms, and HI symp-
toms from questionnaires. To evaluate the effect of a single bout of high-
intensity aerobic exercise on EF and related symptomatology in college
students with ADHD, we hypothesized: (a) all participants, regardless of
ADHD status, would demonstrate significant acute improvements on all
EF performance indices (i.e., sustained attention, inhibition, processing
speed, and response variability) following HIIT, relative to non-HIIT: (b)
the degree of improvement between HIIT and non-HIIT sessions on all
EF performance indices would be significantly greater among those with
ADHD than their non-ADHD peers; (c) all participants, regardless of
ADHD status, would demonstrate significant acute improvements on
depression, anxiety, stress, inattention, and hyperactivity/impulsivity
following HIIT, relative to non-HIIT, from ratings that were obtained the
following day; and (d) the degree of improvement between HIIT and
non-HIIT sessions on ratings of depression, anxiety, stress, IA, and HI
would be significantly greater among those with ADHD than their non-
ADHD peers.

1. Method

A power analysis conducted using G-Power 3.1.9.7 (Faul et al., 2007)
indicated that 36 total participants (18 participants for the ADHD group
and 18 for the comparison group) would be necessary to achieve
adequate power (0.80) to detect a medium effect size (f = 0.25) using a
repeated measures, within-between interaction ANOVA. Participants
were recruited via multiple means (e.g., flyers, department participant
pool pre-screener, referrals from campus mental health centers).

Participants included students at the university who were between
18- to 25-years-old, were determined to be at low risk for PE contrain-
dications based on an extensive health history obtained through an
online health screener, were not taking medications that could confound
results (e.g., SSRIs, sedatives), and were not taking non-stimulant ADHD
medication (e.g., Strattera). Participants were eligible for the ADHD
group if they met Diagnostic and Statistical Manual of Mental Disorders
(5th ed.; DSM-5) criteria for either the combined (ADHD-C; n = 12) or
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predominantly inattentive presentation of ADHD (ADHD-IA; n = 8) via a
clinical interview (Adult ADHD Diagnostic Interview; ACDS; Adler &
Cohen, 2004) administered by clinical psychology doctoral students.
The audio/video recorded interviews were scored by another inter-
viewer to evaluate inter-rater reliability, which was good to excellent
(Cohen’s Kappa ranged from 0.81 to 0.96). Most ADHD participants
reported using stimulants to manage their ADHD symptoms (n = 11).
Non-ADHD group participants were eligible if they disavowed ever
being diagnosed with ADHD, endorsed sub-clinical levels of ADHD
symptoms on a questionnaire (i.e., fewer than three symptoms of IA or
HI; Hartung et al., 2019), and were an age and sex match for an ADHD
group participant. Fig. 1 outlines the participant recruitment process.
Three participants (2 ADHD, 1 non-ADHD) were excluded from analyses
due to experiencing adverse effects during the HIIT protocol. In these
cases, the participants completed at least four HIIT intervals before
reporting lightheadedness and queasiness and being told to stop. One of
the three participants who experienced adverse effects had not disclosed
to researchers about a history of syncope, which resulted in a change in

ADHD group

35 Assessed for

eligibility
E
2 3 ADHD not present
i 3 Risk stratification
b
il 3 Medication
it 4 Risk stratification
y and medication

22 Enrolled

1 Withdrew

N
0
n 21 Completed
- Non-HIIT
H
I 1 Change in risk
| stratification
T
a 20 Attempted

HIIT
H
I
|
T 2 Adverse responses

18 Included in

analysis
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risk stratification such that they were no longer eligible to participate in
the study. The characteristics of the final sample (N = 36) are provided
in Table 1. Participants completed a 3-min validated step test (Queens
College/McArdle Step Test; Liguori, 2021) in which HR was measured to
estimate and compare aerobic fitness between ADHD and non-ADHD
participants. Notably, the baseline aerobic fitness step test revealed
that ADHD and non-ADHD groups had similar estimated aerobic fitness.

Due to the inclusion of human subjects, this study was reviewed and
approved by the local institutional review board (IRB). This included
IRB review and approval of procedures for screening participants as low
risk for high-intensity PE and addressing complications during or after
PE. All participants provided verbal and written informed consent.

1.1. Cognitive functioning measures
AX-Continuous Performance Test (AX-CPT). This standardized

computer-administered version of the CPT (Cohen et al., 1999) consists
of 360 letter presentations that appear on the screen for 250 ms and are

Comparison Group

25 Assessed for
eligibility
2 Risk stratification
1 Medication
2 Risk stratification
and medication
20 Enrolled
——— | 1 Unable to contact
19 Completed
Non-HIIT
19 Attempted
HIT
1 Adverse response
18 Included in
analysis

Fig. 1. Participation flowchart. ADHD = attention-deficit/hyperactivity disorder; Non-HIIT = in-lab appointment without high-intensity interval training; HIIT = in-
lab appointment with high-intensity interval training. Adverse response = experienced lightheadedness and queasiness
# The Non-HIIT and HIIT sessions were counterbalanced, while also keeping the day of the week and time consistent across appointments.
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Table 1
Baseline demographics and characteristics by group.

ADHD group (n = Non-ADHD group

18) (n=18)

Variable M (SD) M (SD) t p
Age in years 20.8 1.7) 20.8 1.7) 0.0 1.0
Year in college 3.0 (1.5) 2.8 (1.3) 0.4 72
ACT composite 26.2 (3.6) 24.9 “4.1) 0.9 .37
WFIRS

Family 0.57 (.46) 0.17 (.16) 3.5 <.01

Work 0.80 (.53) 0.11 (.19) 5.2 <.01

School 1.32 (.70) 0.26 (.26) 6.0 <.01

Life skills 1.17 (.54) 0.45 (.56) 3.9 <.01

Self-concept 1.51 (.77) 0.53 (.52) 4.5 <.01

Social 0.91 (.55) 0.24 (.25) 4.7 <.01

Risk 0.42 (.26) 0.21 (.22) 2.6 .02
BAARS

IA symptoms 6.17 (2.66) 0.50 (1.15) 8.3 <.01

HI symptoms 3.28 (2.37) 0.11 (0.32) 5.6 <.01
DASS

Depression 3.94 (3.62) 1.22 (2.02) 2.8 .01

Anxiety 4.56 (4.16) 1.72 (1.53) 2.7 .01

Stress 6.33 (4.10) 2.94 3.17) 2.8 .01
Step Test (ml/kg/min)  40.49  (8.74) 40.82  (7.39) 0.1 91

n (%) n (%) £ p

Male 9 (50.0) 9 (50.0) 0.0 1.0
European American 13 (72.2) 15 (83.3) 2.8 42
Active lifestyle 5 (35.7) 9 (50.0) 1.9 .17

Note. ADHD = attention-deficit/hyperactivity disorder; ACT = American College
Test; Active Lifestyle = self-reported competitive athlete or has job that requires
being physically active (e.g., athletic trainer, ranch hand); DASS = Depression
Anxiety Stress Scale; HI = ADHD hyperactivity/impulsivity symptoms present;
IA = ADHD inattention symptoms present; WFIRS = Weiss Functional Impair-
ment Rating Scale.

Fisher’s exact test was employed when the frequency count within cells was <5
(Fisher, 1922).

@ p-values are 2-tailed.

1-inch in size. Participants were instructed to press the spacebar when
they saw the letter “X” after seeing the letter “A” (creating an A-X
sequence). Four performance indices were derived from the CPT:
omission errors (no response when presented target), commission errors
(response when target was not presented), reaction time, and reaction
time variability. Omission errors were used as a measure of sustained
attention, commission errors were used as a measure of inhibition, re-
action time was used as a measure of processing speed, and reaction time
variability was used as a measure of response variability. While psy-
chometric data is limited for the AX-CPT, in both community and clin-
ical samples spanning from 8 to 60+ years of age, the Conners CPT (a
similar version of the AX-CPT) has demonstrated excellent internal
consistency (« > 0.90) and robust test-retest reliability (r = 0.67; Con-
ners, 2008). The AX-CPT was chosen for this study over the Conners CPT
because it has been shown to be effective at detecting within-participant
changes (e.g., Gonthier et al., 2016); whereas the Conners CPT is typi-
cally used to detect the presence of deficits associated with ADHD.

1.2. Psychological functioning measures

Barkley Adult ADHD Rating Scale - Modified (BAARS-M). The BAARS
includes 18 ADHD symptom items (9 IA, 9 HI) that closely follow the
DSM-5 criteria for ADHD (Barkley, 2011). Participants rated their
off-medication behavior (if applicable) from O (Never or Rarely) to 3
(Very Often). The BAARS has demonstrated acceptable (o« = 0.78) to
excellent (o = 0.91) internal consistency, adequate reliability over a 2-
to 3-week period (r = 0.66 to r = 0.75) and has been supported by factor
analysis in adult samples (Barkley, 2011). For the current study, the time
frame of reporting for the BAARS-M was modified from being based on
behavior “during the past six months” to being based on behavior
“yesterday (from the time after your lab appointment until you went to
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bed).” The sum of item responses was used to quantify IA and HI severity
for days in which participants attended an in-lab session. In the present
study, Cronbach’s a for IA and HI scores were 0.94 and 0.93,
respectively.

Depression Anxiety Stress Scale - Modified (DASS-M). The DASS in-
cludes 21 items measuring current mood, anxiety, and stress levels
including a choice of four responses from 0 to 3 (Lovibond & Lovibond,
1995). The DASS items yield three subscales: depression, anxiety, and
stress. The subscales correlate with similar measures, such as the Beck
Depression Inventory (BDI-II; r = 0.79), Beck Anxiety Inventory (BAI; r
= 0.85), and State-Trait Anxiety Inventory (STAI-T; r = 0.68), respec-
tively. The DASS subscales demonstrate good (a = 0.87) to excellent (a
= 0.94) internal consistency among college students (Lovibond &
Lovibond, 1995). The time frame of reporting for the DASS-M was
modified from being based on behavior “during the past week” to being
based on behavior “yesterday (from the time after your lab appointment
until you went to bed).” Subscale scores on the DASS-M were used to
quantify depressive, anxiety, and stress on days in which participants
attended an in-lab session. In the present study, Cronbach’s o for
depression, anxiety, and stress subscales were 0.90, 0.74, and 0.89,
respectively.

1.3. Exercise measures

Borg’s Rating of Perceived Exertion (RPE). The RPE scale (Borg, 1998)
was used to quantify perceived exertion during HIIT. Participants were
introduced to the scale prior to exercise and reported their exertion from
6 (No Exertion) to 20 (Maximal Exertion) after each exercise interval. RPE
has been validated in studies of steady-state exercise and in studies
typically using non-ADHD specific samples. RPE is significantly associ-
ated with heart rate (r = 0.62), blood lactate (r = 0.57), %VOaomax (r =
0.64), VO, (r = 0.63), ventilation (r = 0.61), and respiratory rate (r =
0.72; Chen et al., 2002). RPE was used to verify that participants were
reaching the target perceived exertion of 17 (Very Hard).

Heart rate (HR). HR was measured with a Polar (chest strap) HR
monitor (Mode S 610i; Polar Electro, Finland). This data was used to
verify that participants reached 85% of their age-predicted max HR
(HRmax; 220 — age), corresponding to high-intensity, and that they
recovered before starting the cognitive tasks.

1.3.1. Procedure

Participants attended two in-lab morning appointments (non-HIIT
and HIIT) separated by approximately one week. The participants began
their two appointments at the same time (e.g., both appointments for a
participant started at 8AM on a Thursday). Participant pairs were
counterbalanced into different session orders to ensure that effects were
not related to the order of sessions. For each session, participants were
reminded to abstain from PE, alcohol, caffeine, and ADHD medication
for the 12 h prior to their appointment to minimize the influence of
confounding variables. Other requirements to attend the sessions
included feeling healthy over the past seven days, receiving adequate
sleep the prior night (at least 6 h), and having eaten within 90 min of the
session. When obtaining informed consent for the study, researchers told
participants the purpose of the study was to evaluate the acute effects of
HIIT on cognition and mood. At the beginning of each session, partici-
pants were equipped with the HR monitor. After equipping the HR
monitor, participants in the HIIT session completed the HIIT protocol
and then the CPT computer task and participants in the non-HIIT con-
dition completed the CPT task. Participants were sent web links to the
BAARS-M and DASS-M the mornings after the HIIT and non-HIIT ses-
sions. Participants had until midnight of the day following each session
to complete the questionnaires and received reminders in the morning,
afternoon, and evening.

HIIT Protocol. The researcher led the participant through a set of
stretches and 3 min of low-intensity cycling on a Schwinn AD2 Airdyne
leg-cycling and arm-cranking ergometer to warm up and increase blood
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flow to active muscles. The participant then completed 16 min of HIIT,
consisting of eight bouts of 20 s of cycling followed by 120 s of rest
(8x20x120). The experimenter provided encouragement to the partici-
pant if their HR was not reaching the target HR (85% HRpax) during the
last four sprint intervals. The researcher recorded HR and RPE after
every sprint interval. After the last interval, the participant was given 15
min to recover (HR < 130bpm) before beginning the cognitive task.

1.3.2. Analytic approach

Data were screened to assess accuracy of entry, presence of outliers,
homogeneity of variance, sphericity, and multivariate normality.
Bivariate correlations between outcome measures and participant
characteristics within groups were performed to assess for possible
covariates. No participant characteristics were significantly correlated
with the outcome measures (ps < .10). A manipulation check was per-
formed to screen out participants who did not meet our threshold for
engaging in high-intensity aerobic exercise during the HIIT session.
Specifically, our criteria for high-intensity aerobic exercise were
reaching either 85% HRyax or an RPE of 17 (Very Hard) during HIIT.
Additionally, independent samples t-tests and chi-square models were
used to evaluate differences in HRpox and RPE between groups to
examine for any differences between the measures of exercise intensity.
Fisher’s exact test was used in place of chi-square when the frequency
count within cells was fewer than five (Fisher, 1922).

For primary analyses, relative improvements on objective measures
of EF and next-day reports of mood as well as ADHD symptom severity
were examined through multiple 2 (Group: ADHD vs. non-ADHD) x 2
(Condition: non-HIIT vs. HIIT) repeated measures ANOVAs. When
Group x Condition interactions were significant, paired samples t-tests
were used to evaluate differences within groups. Independent sample t-
tests were used to evaluate differences between groups on post-
intervention measures if interaction effects failed to reach statistical
significance.

The magnitude of omnibus effects for repeated measures ANOVAs
were calculated using partial eta-square (npz). Within-group effects
(Cohen’s d) and corresponding confidence intervals for within-group
effect sizes were standardized using the variability of non-HIIT scores
(Cumming & Finch, 2001).! Between-group effects were calculated
using Hedges g (Hedges, 1982). Values for ”pz of 0.01, 0.06, and 0.14
were considered small, medium, and large effects, respectively; corre-
sponding values for d and g are 0.20, 0.50, and 0.80 (Cohen, 1988).

2. Results

Manipulation Check. All participants reached our threshold for high-
intensity aerobic exercise (i.e., 85% HR,ax or an RPE of 17) during the
HIIT session. There was a significantly larger proportion of ADHD par-
ticipants who reached both the 85% HR .y and RPE > 17 (77.8%) than
the non-ADHD group (38.9%, p = .04) during the HIIT session. There
was no significant difference in the HRy,,x reached between the ADHD
group (M = 176.61, SD = 8.36) and non-ADHD group (M = 173.83, SD
= 7.14, p = .29, g = 0.35, small effect size). A greater proportion of
ADHD participants reached the RPE target (94.4%) than the non-ADHD
group (44.4%, p = .003). The ADHD group’s max RPE (M = 17.94, SD =
1.21) was significantly higher than the non-ADHD group’s max RPE (M
=16.56, SD = 1.62, p < .01, g = 0.94, large effect size).

! The choice to use alternative standardizers (e.g., variance of change scores,
pooled variance at non-HIIT and HIIT) is complex, precluding uniform calcu-
lations of effect size and corresponding confidence intervals across studies (58).
Therefore, raw means and standard deviations are provided to facilitate inde-
pendent calculations of effect size with alternative standardizers.
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2.1. Executive functioning

Commission Errors. There was a non-significant, small Group x Con-
dition interaction effect on commission errors (p = .44, r]pz =0.02, small
effect size; see Table 2)°. There was no significant main effect of Group
(p =.85, npz < 0.01). The main effect of Condition approached statistical
significance (p = .05, npz = 0.11, medium effect size), with both groups
committing fewer commission errors following HIIT. Independent
samples t-tests found no statistically significant group differences on the
rates of commission errors following HIIT (A = .28, SE5 = 0.50, p = .59,
g=0.18).

Omission Errors. The Group x Condition interaction effect for omis-
sion errors was small and not significant (p = .20, npz = 0.05, small effect
size). There was a significant main effect of Condition (p = .03, 11p2 =
0.13, medium effect size) but not Group (p = .95, npz <0.01). Across
groups, participants committed fewer omission errors following HIIT.
Independent samples t-tests found no statistically significant group dif-
ferences on the rates of omission errors following HIIT (A = .67, SEx =
0.81,p = .41, g = 0.14).

Average Reaction Time. There was a large Group x Condition effect on
average reaction time (p = .02, 11p2 = 0.15, large effect size; see Fig. 2).
Within-group pairwise comparisons indicated a moderate-sized benefi-
cial effect of HIIT on reaction time among the ADHD group (A = 43.64,
SEx = 14.29, p = .01, d = 0.55, medium effect size 95% CI [0.18, 1.16])
and no significant change among the non-ADHD group (A = 2.97, SE, =
8.72,p =.74,d = 0.04).

Reaction Time Variability. The Group x Condition interaction on re-
action time variability was large and statistically significant (p = .02, npz
= 0.15, large effect size; see Fig. 3). Within-group pairwise comparisons
found HIIT was associated with a medium-sized reduction of reaction
time variability among those with ADHD (A = 16.02, SE, = 5.87,p =
.01, d = 0.60, large effect size, 95% CI [0.42, 0.92]) and no significant
change for those in the non-ADHD group (A = 2.59, SE, =4.70,p = .59,
d=0.12).

2.2. Ratings of same-day ADHD symptoms

Inattention Symptom Severity. There was a significant and large Group
x Condition effect on IA symptom severity (p = .01, npz = 0.23, large
effect size). Within-group pairwise comparisons found a moderate
reduction of IA symptom severity following HIIT for those with ADHD
(A =5.11, SE, = 5.94, p < .01, d = 0.78, medium effect size, 95% CI
[0.30, 1.64]) and no significant change among the non-ADHD group (A
=0.11, SEp = 2.93, p = .87, d = 0.05).

Hyperactive/Impulsive Symptom Severity. There was a large Group x
Condition effect on HI symptom severity (p = .01, npz =0.23, large effect
size). Regardless of ADHD status, HIIT had a moderate effect on HI
symptom severity (p = .03, ;1p2 = 0.13, medium effect size). Within-
group pairwise comparisons found HIIT was associated with a small
reduction of HI symptom severity among those with ADHD (A = 1.94,
SEx = 3.39, p = .03, d = 0.37, small effect size, 95% CI [0.05, 0.75]) and
no significant change among the non-ADHD group (A = 0.11, SE; =
0.18,p = .54, d = 0.08).

2 post-hoc, we re-ran analyses with male- and female-only samples and
compared their interaction npz to those found in our primary analyses to pro-
vide preliminary insight into possible sex differences (69). Relative to the
interaction effects found in our primary analysis, effects were approximately
similar across men and women on commission errors; larger for men and
smaller for women on omission errors, working memory, stress, and HI symp-
tom severity; and smaller for men and larger for women on average reaction
time, reaction time variability, depression, anxiety, and IA severity.
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Table 2
Acute effects of HIIT by group.
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ADHD (n = 18) Non-ADHD (n = 18) Group Condition Group x Condition
Variable Non-HIIT HIIT Non-HIIT HIIT p 1p p ﬂpz p '7p2
M (SD) M (SD) M (SD) M (SD)
CPT
Commission” 2.17 (3.55) 1.00 (1.09) 1.83 (1.69) 1.28 (1.84) .96 <.01 .05 11 .48 .02
Omission® 3.11 (4.67) 1.44 (1.72) 2.56 (3.54) 2.11 (2.95) .96 <.01 .03 .13 .20 .05
RTm" 414.33 (79.41) 370.69 (44.60) 397.99 (67.82) 395.02 (49.00) .83 <.01 .01 .19 .02 .15
RTv 79.89 (26.55) 63.87 (21.01) 72.97 (21.44) 75.56 (24.43) .73 <.01 .08 .09 .02 .15
Mood
Depression 3.33(3.45) 1.72 (2.52) 0.67 (1.37) 0.56 (0.71) .01 .20 .03 13 .06 .10
Anxiety 2.44 (2.55) 2.17 (2.04) 0.78 (1.22) 0.78 (0.94) .01 .20 .64 .01 .64 .01
Stress 4.50 (4.00) 3.22 (2.82) 1.50 (2.07) 1.44 (1.16) .01 .20 .14 .06 .18 .05
ADHD
1A 21.06 (5.60) 15.94 (4.44) 10.89 (2.08) 10.78 (2.63) <.001 .61 <.01 .25 .01 .23
HI 16.17 (5.29) 14.22 (4.28) 9.78 (1.31) 9.89 (1.53) <.001 41 .03 13 .02 .16

Note. Non-HIIT = in-lab appointment without high-intensity interval training; HIIT = in-lab appointment with high-intensity interval training; CPT = continuous
performance task; Commission = commission errors; Omission = omission errors; RTm = average reaction time; RTv = reaction time variability; IA = inattention

symptom severity; HI = hyperactivity-impulsivity symptom severity.

# The Greenhouse-Geisser correction was applied to the CPT measures that failed the Shapiro-Wilk’s Test of Normality.
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Fig. 2. Average reaction time for ADHD and non-ADHD groups across HIIT and non-HIIT conditions, p = .02, r/pz = 0.15, large effect size.

2.3. Ratings of same-day mood and stress

Depression. There was a medium Group x Condition effect on
depression ratings that approached statistical significance (p = .06, ;71,2
= 0.10, medium effect size). The ADHD group reported medium-sized
improvements in depression (A = 1.61, SEx = 0.72, p = .04, d = 0.47,
small effect size, 95% CI [0.32, 0.74]) whereas no significant change was
detected for the non-ADHD group (A = 0.11, SE, = 0.24,p = .65, d =
0.08).

Anxiety. There was not a significant Group x Condition interaction
effect on anxiety ratings (p = .64, npz = 0.01, small effect size). There
was a large, significant main effect of Group on anxiety (p = .01, npz =
0.20, large effect size), but not Condition (p = .64, ”pz = 0.01, small
effect size). ADHD participants reported more anxiety across both ses-
sions relative to their non-ADHD peers. Independent samples t-tests
found ratings of anxiety were markedly higher among students in the
ADHD group than the non-ADHD group following HIIT (A = 1.39, SEx
= 0.53, p = .02, g = 0.88, large effect size).

Stress. The small Group x Condition interaction effect on stress rat-
ings was not significant (p = .18, npz = 0.05, small effect size). There was

a medium significant main effect of Group (p = .01, ;11,2 = 0.20, large
effect size) but not Condition (p = .14, npz = 0.06, medium effect size) on
stress ratings. ADHD participants reported higher stress following both
sessions relative to their non-ADHD peers. Independent samples t-tests
found post-HIIT session ratings of stress were markedly higher among
students in the ADHD group than non-ADHD group (A = 1.28, SE; =
0.77,p = .03, g = 0.81, large effect size).

3. Discussion

We evaluated the acute effects of HIIT for college students with
ADHD relative to age- and sex-matched non-ADHD peers. High-intensity
PE has been shown to result in significant and small improvements in EF
(Moreau & Chou, 2019), and aerobic exercise in general has been
associated with improved mood (Hillman et al, 2008). Neurobiological
mechanisms believed to contribute to these improvements following PE
include increased levels of certain neurotransmitters (e.g., endorphins,
dopamine, norepinephrine, serotonin), increased blood flow to the
brain, and increased levels of BDNF (Basso & Suzuki, 2017). For these
reasons, we expected all college students—regardless of ADHD
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Fig. 3. Reaction time variability for ADHD and non-ADHD groups across HIIT and non-HIIT conditions, p = .02, 77p2 = 0.15, large effect size.

status—to show benefits from a bout of HIIT in the domains of EF,
cognitive functioning, and mood. However, we expected that the ben-
efits would be significantly larger for students with ADHD due to greater
EF deficits and poorer mental health as compared to non-ADHD peers.

The hypothesis that EF performance indices would improve
following HIIT for all participants, regardless of ADHD status, was
supported for sustained attention (i.e., CPT omission errors) and pro-
cessing speed (i.e., CPT average reaction time) with medium to large
effect sizes. These results are consistent with previous research pub-
lished on the positive association between PE and EF in general pop-
ulations including children and adults (Hillman et al, 2008), childhood
ADHD samples (Pontifex et al., 2013), and college student ADHD sam-
ples (Gapin et al., 2015).

Additionally, our results partially supported our hypothesis that the
degree of improvement across all EF indices would be significantly
greater for students with ADHD. Our results for processing speed and
response variability were consistent with this hypothesis and prior
findings that PE is uniquely beneficial for emerging adults who are
already markedly impaired in the cognitive domain being measured
(Sibley & Beilock, 2007). It was not surprising that the effect of PE on
processing speed and response variability was largely driven by students
with ADHD given that individuals with ADHD often experience greater
deficits in these areas than their typically developing peers. The results
for sustained attention and inhibition failed to reach statistical signifi-
cance. This suggests that PE may not have an impact on all specific
factors of EF such as sustained attention and inhibition that individuals
with ADHD may have deficits in. However, in retrospect, another
possible explanation is that our chosen EF task was not sensitive to
detecting between-group differences. This is evidenced by the lack of
between-group differences across outcomes. If the chosen instrument
was not sensitive enough to detect differences at baseline between the
ADHD and non-ADHD groups that are well established (Solanto, 2015),
this suggests that we should use a more challenging version of the CPT in
future studies.

The hypothesis that HIIT would be associated with ameliorating self-
reported psychological symptoms across college students with and
without ADHD was supported for depression, IA, and HI symptom
severity with large effect sizes. These results are consistent with the
association found between increased PE and decreased depression
(Salmon, 2001) and ADHD symptomatology (Neudecker et al., 2015).
Conversely, we failed to detect significant improvements in our mea-
sures of anxiety and stress across all study participants. This may indi-
cate that one bout of acute HIIT does not impact anxiety and stress.

There are also several alternative explanations for these non-significant
findings. First, while adapting the DASS allowed us to more easily
compare acute ratings of depression, anxiety, and stress, items corre-
sponding to anxiety and stress may not be sensitive to change at the 24-h
time scale. Similarly, there are several DASS items that better corre-
spond to more severe, long-standing anxiety and stress, which may have
attenuated the questionnaire’s validity. Lastly, the adapted version of
the DASS used for this study, and its psychometric properties have not
been evaluated beyond the internal consistency among this sample.
These encouraging findings may have important implications for
investigating and developing treatments for college students with
ADHD, who often present with co-occurring depressive symptomatology
(Meinzer et al., 2013).

Limitations. While our results are encouraging and informative for
advancing knowledge of the acute effects of high-intensity exercise for
college students with ADHD, there are limitations to this preliminary
study. First, HIIT effects on underlying neuropsychological deficits of
ADHD were limited to proximal, objective measures of EF. Although
performance on these tasks have evidenced valid and reliable properties
in psychometric investigations, the data obtained through computerized
tasks may not generalize to improving EF-related impairment. There-
fore, future investigations should incorporate both immediate measures
of neuropsychological functioning with more distal outcome measures
(e.g., homework completion, exam performance). Along the same lines,
our findings demonstrated medium to large statistical effects on reaction
time variability and inattention symptoms; however, future studies of
the chronic effects of PE on more clinically relevant outcomes will be
needed to establish clinical significance. Additionally, ADHD symptoms
and mood were measured retrospectively on the day following HIIT and
non-HIIT in a non-laboratory setting. Future investigations may want to
incorporate additional measures of ADHD symptoms and mood that are
completed the same day within a laboratory setting to capture more
acutely the impact of HIIT.

Further, participants were not randomly selected, limiting the extent
to which they represent the ADHD and non-ADHD college student
populations. Our sample may be best defined as college students—both
with and without ADHD—who agreed to participate in an exercise study
in exchange for compensation, passed a health screener, and safely and
comfortably tolerated high-intensity aerobic exercise. This may increase
susceptibility for self-selection bias. For example, participants in the
current study may have previously experienced acute or chronic benefits
of PE in their daily lives. Given this limitation, the results of this study
should be considered preliminary, and replication is warranted.
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Furthermore, there were a few participants who did not feel well during
and/or after completing the high-intensity exercise and were excluded
from our analyses. It is likely that these participants were not as phys-
ically fit as the majority of our participants and would have benefited
from gradually working up to 16-min of HIIT.

Finally, our sample size attenuated the probability of detecting sta-
tistically significant effects on some of our primary outcome measures
with small effect sizes and underscores the importance of replicating our
findings with larger samples. The small sample also precluded using
adequately powered analyses to evaluate possible moderators of HIIT
effects (e.g., sex/gender, race/ethnicity). Despite some conclusions
limited by sample size and the potential of increased Type I error, it is
compelling that we found moderate-to-large improvements in IA and HI
symptomatology, depression, processing speed, and reaction time vari-
ability—a stable, unique feature of ADHD-related neurocognitive defi-
cits (Kofler et al., 2013).

Future Directions. Although a single bout of high-intensity aerobic
exercise appears to have promise for providing a brief, immediate
improvement in aspects of EF, ADHD symptomatology, and depression,
much work is needed to develop, evaluate, and disseminate PE in-
terventions. First, moderators of ADHD treatment efficacy have been
understudied and this constrains the extent to which we can infer
effectiveness (e.g., race/ethnicity, sex/gender; Hartung & Lefler, 2019).
Additionally, more work is needed to determine the optimal volume,
intensity, and modality of PE for college students with ADHD, or how
they should engage in PE. Similarly, patients are likely to ask why PE
may help them manage ADHD. There is a significant dearth of in-
vestigations into the mechanisms through which improved ADHD out-
comes manifest after increased PE which warrants scientific study. Large
differences in study designs limit the comparability of effects across
methods of exercise, and longitudinal studies are needed to investigate
the chronic effects of PE.

Conclusion. Consistent with previous studies exploring the effec-
tiveness of HIIT for childhood ADHD (Pontifex et al., 2013), the present
investigation found evidence that high-intensity aerobic exercise has the
potential for significant, acute improvement in inattention, hyper-
activity/impulsivity, processing speed, sustained attention, and
depressive symptomatology for individuals with ADHD. Further in-
vestigations such as randomized controlled trials focusing on the chronic
effects of sustained HIIT interventions are needed to substantiate the
potential feasibility and efficacy of HIIT. If substantiated, several rea-
sons that HIIT may be a useful adjunct or standalone treatment to psy-
chosocial and/or pharmacological treatments for college students with
ADHD include that it: (a) yields immediate, acute improvements in
domains of EF and mood; (b) promotes improved physical health and
mental well-being; and (c) for college students for whom PE is not
contraindicated, poses relatively lower risk of deleterious effects. Future
studies of acute and chronic effects of HIIT may provide evidence that PE
helps to enhance functioning and improve outcomes for college students
with ADHD.
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