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Introduction: Inhibitory control is essential for treatment of, and recovery from mental illness. An acute bout of
exercise has been shown to improve inhibitory control in healthy adolescents.

Purpose: The primary goal was to examine the effect of an acute bout of high-intensity interval training on
inhibitory control both immediately and 30-min post-exercise in adolescents hospitalized for a mental illness.
Methods: Participants were recruited at the Children's Hospital of Eastern Ontario. Participants performed ex-
ercise and control conditions in a randomized, counterbalanced manner. The Colour-Word Stroop Task (CWST)
assessed Interference Cost (reaction time) pre, post, and 30-min post for each condition (exercise/control). The
exercise condition included a 12-min HIIT circuit consisting of body weight exercises performed in a 1:1 work to
rest ratio. The control condition involved reading magazines. Repeated-measures ANOVA evaluated changes in
the interference cost and accuracy measures of the CWST.

Results: There was a significant interaction between condition and time for the interference cost measure, F
(1.6,43.3) = 13.6, p < .0001, n? = .34. Interference cost was significantly reduced immediately after exercise
compared to control (Mg = 78.8 = 14.91, p < .001) and 30-min post-exercise compared to control
(Mgige = 59.6 + 15.14, p = .001). Accuracy did not differ by time, F(2,54) = .14, p < .87, n2 = .01 nor con-
dition, F(1,27) = 2.25, p = .15, n* = .08.

Conclusion: HIIT was able to improve inhibitory control by increasing response efficiency rather than improving
the overall ability to respond correctly. The impact of pre-therapy HIIT to enhance focus and reduce impulsive
thoughts and behaviours may improve adolescent patients’ response to mental health treatment.

1. Introduction elimination in the cortex (Selemon, 2013) which has been proposed to

leave executive functions vulnerable to developmental disruption and

It has been identified that mental illness is associated with impair-
ments in executive function, regardless of the specific diagnosis
(Goodkind et al., 2015; McTeague, Goodkind, & Etkin, 2016). Executive
function deficits in patients with mental illness have been linked to
increased risk of suicidality (Pu, Setoyama, & Noda, 2017) due to dif-
ficulties controlling thoughts about self-harm (Bredemeier & Miller,
2015). Furthermore, successful participation in mental health therapy is
dependent on executive function being intact (Snyder, Miyake, &
Hankin, 2015), since dysfunction has been shown to reduce respon-
siveness to pharmacological treatments (Snyder, Kaiser, et al., 2015)
and Cognitive Behavioural Therapy (Julian & Mohr, 2006; Kumari
et al., 2009; Mohlman & Gorman, 2005).

Adolescence is characterized by a period of robust synaptic

may be a contributing factor to the development of psychopathology
during this time (Blakemore & Choudhury, 2006; Crews, He, & Hodge,
2007; Keshavan, Giedd, Lau, Lewis, & Paus, 2014). This theory is sup-
ported by data indicating nearly half of mental disorders have their
onset before age 14 and 75% before age 25 (Keshavan et al., 2014).
Targeting executive function during this critical period of development
may have important implications for improving treatment outcomes in
adolescents with mental illness.

Inhibitory control (IC), one core executive function, is defined as the
ability to inhibit or control one's behavior, attention, thoughts and/or
emotions such that you can override a strong internal predisposition or
external lure (Diamond, 2013). Impairments in IC have been shown to
occur transdiagnostically across a variety of psychiatric disorders,
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including major depressive disorder (Snyder, 2013), post-traumatic
stress disorder (Polak, Witteveen, Reitsma, & OIff, 2012), bipolar dis-
order (Cotrena, Damiani, Milman, & Paz, 2016), obsessive-compulsive
disorder (Snyder, Kaiser, Warren, & Heller, 2015), and schizophrenia
(Holmén et al., 2012). IC has also been shown to predict various
components of mental illness such as disrupted emotional processing
(Cohen-gilbert & Thomas, 2013; Lewis, Lamm, Segalowitz, Stieben, &
Zelazo, 2007) and externalizing behaviours (Eisenberg et al., 2009).
Furthermore, meta-analyses have demonstrated IC impairments to be
the most pronounced executive function deficit in children, adolescents
and adults with MDD (Bora, Harrison, Yiicel, & Pantelis, 2013; Snyder,
2013; Wagner, Mu, Helmreich, & Huss, 2015). Due to the frequent
occurrence of IC deficits in mental illness, and recent findings that
suggest IC is the most dysfunctional executive function among youth
with psychiatric disorders, interventions to improve IC may provide
treatment benefits.

Acute bouts of aerobic exercise lead to improved executive function
in healthy adolescents (Browne et al., 2016; Chang, Labban, Gapin, &
Etnier, 2012; S. B.; Cooper et al., 2016; Ludyga, Gerber, Brand, &
Holsboer-trachsler, 2016; Ludyga, Piihse, Lucchi, Marti, & Gerber,
2018). High-intensity interval training (HIIT) has gained recent interest
as a time-efficient approach to exercise training in children and ado-
lescents (Costigan, Eather, Plotnikoff, Taaffe, & Lubans, 2015; Winn &
Mackintosh, 2017). Initial studies suggest that HIIT may be superior to
moderate intensity exercise for improving and sustaining executive
function (S. L. Cooper & Tomporowski, 2017; Kao, Westfall, Sobeson,
Gurd, & Hillman, 2017; Tsukamoto, Suga, Takenaka, Tanaka, Takeuchi,
et al., 2016). Although executive function deficits are an established
comorbidity in nearly all types of mental illness (Cotrena et al., 2016;
Polak et al., 2012; Snyder, 2013; Snyder, Kaiser, et al., 2015), few
studies have explored the effects of exercise on executive function in
this population.

The goal of this study was to determine whether an acute bout of
HIIT exercise could improve IC, immediately and 30-min following
exercise among adolescents hospitalized for a mental illness. We hy-
pothesized that an acute bout of HIIT would improve IC both im-
mediately and 30-min post-exercise in adolescents hospitalized for a
mental illness. The secondary objective of this study was to assess the
feasibility of the HIIT intervention based on recruitment and comple-
tion rates, as well as post-exercise enjoyment and changes in affect.

2. Methods

A total of 28 participants were recruited through the inpatient
mental health unit at the Children's Hospital of Eastern Ontario
(CHEO). To our knowledge, there is no previous research documenting
changes in Stroop task performance in a sample of children or adoles-
cents with mental illness. As such, the sample size was calculated from
previous research among healthy adolescents that found Stroop task
performance to significantly improve by 60 * 37 ms following an
acute bout of high intensity sprints (S. B. Cooper et al., 2016). Based on
this finding, and using alpha level of 5% and a beta level of 20%, it was
calculated that a sample of 28 participants would provide the statistical
power to identify a change in reaction time of 60 ms following exercise.
We hypothesized that the cognitive response to exercise in our patient
population would be at least as large as that observed in healthy ado-
lescents; an inference based on the assumption that IC is modifiable in
patients with mental illness. Previous research supports this notion as
adults with depression were shown to improve their IC performance
after a single bout of exercise (Kubesch et al., 2003; Vasques et al.,
2011).

Participants were eligible if they were male or female, between the
ages of 14 and 17, and hospitalized for treatment of one or more of the
following mental illnesses: major depressive disorder, anxiety disorders,
obsessive compulsive disorder, bipolar disorder, or schizophrenia.
Youth with all disorders were eligible to participate since there is a

Mental Health and Physical Activity 17 (2019) 100298

trans-diagnostic pattern of executive dysfunction across all mental ill-
ness (Goodkind et al., 2015; McTeague et al., 2016). Exclusion criteria
included having a physical disability or neurodevelopmental disorder.

Permission to approach potential study participants was obtained
from the psychiatrist responsible for their care. The study activities
were clearly described to and approved by each psychiatrist before
recruitment began. Participants were also screened based on their clinic
nurse's perception of patient suitability. If patients were found to be
suitable and willing to participate, they gave informed consent and
completed the Get Active Questionnaire, a screening tool created by the
Canadian Society for Exercise Physiology (CSEP) to identify underlying
health conditions that may be contraindications to participating in
vigorous physical activity (“Pre-Screening for Physical Activity: Get
Active Questionnaire,” 2017).

Study Design: All aspects of patient recruitment, consent and data
collection were done at CHEO. Participants were required to do two 1-h
assessment sessions over two consecutive days, 24 h apart. On one of
the days, the participant performed an acute bout of circuit training
(exercise condition) and on the other day the participant would read
magazines (control condition). The order of the conditions was rando-
mized and counterbalanced. For exercise and control conditions, IC was
measured using a Colour-Word Stroop Task (CWST) at 3 time points:
baseline (0-min), immediately after the exercise/control condition (20-
min), and 30 min post-exercise/control condition (50-min after base-
line). On the first day, participants performed 1 practice trial of the
CWST; the next trial was recorded as the baseline measure (0-min) of
IC. Between the 0- and 20-min CWST, participants in the exercise
condition performed the exercise intervention and participants in the
control condition read magazines. All study participants, exercise and
control, read magazines between the 20- and 50 min Stroop tasks. On
the second day, participants who did the exercise condition initially
performed the control condition, and participants who did the control
condition initially performed the exercise condition. Participants were
instructed to follow standard exercise testing procedures, including no
vigorous physical activity or caffeine on the day of testing (Thompson,
Arena, Riebe, & Pescatello, 2013), and nothing to eat 1h prior to
testing.

Exercise Intervention: Participants performed 12-min of circuit
training consisting of 4 full body exercises: jumping jacks, modified
burpies, side jumps, and high knees. These exercises were repeated 3
times, using a 1:1 work to rest ratio of 30 s of work and 30 s of rest. This
circuit was modified from a study by Ludyga et al. (2018) that de-
monstrated healthy adolescents had improved IC immediately and 60-
min after exercise (Ludyga et al., 2018). In Ludyga's exercise protocol,
adolescents performed 16-min of circuit training at a 1:1 work to rest
ratio. However, we decided to reduce the amount of exercise to 12-min
so that our sample of inpatients could feasibly complete the exercise.
Participant heart rate (HR) was monitored throughout the exercise
using a Polar Heart Rate Monitor (model FT4; Polar Electro, Finland)
and recorded after each period of work. Participants were encouraged
to keep their HR at or above 80% of their predicted maximum HR [(208
— (0.7 x Age)](Tanaka, Monahan, & Seals, 2001). After each round of
exercise, participants were also asked to provide a rating of perceived
exertion (RPE), using the OMNI scale for children as the reference
(Utter, Robertson, Nieman, & Kang, 2002).

Colour-Word Stroop Task: The CWST is a widely used, standardized
assessment of IC that directly measures an individual's ability to inhibit
habitual responses during a decision-making task (Stroop, 1935). The
CWST was performed manually on a laptop using PsyToolKit Software
(Stoet, 2017). Each trial consisted of a fixation cross presented in the
center of the screen for 500 ms, followed by a stimulus which remained
on the screen until the response was given. Stimuli consisted of either a
colour word (BLUE, RED, GREEN, or YELLOW) or 4X's in a row (e.g.
XXXX) written in blue, red, green, or yellow ink. Participants were in-
structed to respond to the ink color of the word or symbols as quickly
and accurately as possible. The compatibility between the identity of
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the word and its color is manipulated, yielding 36 congruent trials (e.g.,
the word red printed in red), 36 incongruent trials (e.g., the word red
printed in blue) and 36 neutral trials (e.g., XXXX printed in blue). The
words for each task were presented in random order. Responses for
each trial were accepted between 300 ms and 2000 ms. Responses made
outside of this window of time were considered as errors to minimize
potential anticipatory and omission response errors respectively. Ac-
curacy and reaction time data were recorded. Task performance was
assessed by the Interference Cost, which is the reaction time cost of
responding to the task when the ink color and word identity do not
match.

Descriptive Variables: The Habitual Activity Estimation Scale (HAES)
(Hay, 2006) was completed by participants to estimate their level of
daily physical activity for a typical weekday for the two weeks prior to
entering the hospital (Monday-Friday). Participants documented the
amount of time spent awake in each of 4 categories: inactive (lying
down), somewhat inactive (sitting down), somewhat-active (walking),
and very active (breathing hard and sweating). Participants also re-
corded wake-up, bedtimes, and meal times. Time spent in each category
per day was calculated in minutes. The inactive and somewhat inactive
categories were combined to describe sedentary behaviour. The some-
what-active and very active categories were used to described light
activity and moderate-to-vigorous physical activity (MVPA), respec-
tively (Hay, 2006). Participants' affect was assessed before and after
exercise using the Positive Affect Negative Affect Schedule (PANAS)
(Watson, Clark, & Tellegan, 1988). The PANAS is comprised of 10 po-
sitive and 10 negative adjective words in which participants must rate
their affective state from 1 (not at all) to 5 (extremely). The sums of the
10 positive and 10 negative ratings are separately calculated for the
total positive and negative affect scores. Finally, we assessed partici-
pants’ perception of whether they would be (a) willing to perform this
type of exercise prior to therapy sessions (b) their enjoyment of the
exercise session, and (c) how likely they would be physically active on
most days of the week once discharged, on a scale from 1 to 10.

Statistical Testing: Data were analyzed using SPSS version 25.0 (IBM
Corp, 2017). Reaction time (RT) data were expressed as a mean with
standard error for incompatible and neutral trials. Interference Cost for
the CWST was calculated using the following equation: Interference
Cost = [(RT of incongruent task—RT of neutral task]. Preliminary
analyses were conducted to ensure participant factors did not differ
between groups (performed exercise first or the control first).
Univariate analyses also examined whether the observed effects dif-
fered depending on participant characteristics. A Bonferroni correction
was used to mitigate type 1 error due to multiple comparisons. RTs
(incompatible and neutral), Interference Cost, and accuracy were ana-
lyzed using separate repeated-measures analyses of variance (ANOVA)
where within subject factors were session time (0/20/50 min) and
condition (exercise/control). Speed-accuracy trade-off during the CWST
was assessed from pre-to post-exercise using repeated-measures
ANOVAs for mean overall RT and accuracy rates. Finally, a two factor
repeated measures ANOVA assessed the change in PANAS score from
pre-to post-exercise. Feasibility of the HIIT intervention was quantified
by recruitment/completion rates and reasons for withdrawal, as well as
descriptive statistics for ratings of enjoyment and willingness to per-
form HIIT before therapy.

3. Results

Preliminary Results: Participant recruitment and demographics are
described in Fig. 1 and Table 1. Mean improvement in Interference Cost
from pre-to post-exercise was 99.9 ms + 72.86. CWST performance for
exercise and control conditions are shown in Table 2. Participants less
likely to perform physical activity once discharged had significantly
greater improvement in Interference Cost post-exercise. Although not
significant, a lower likelihood of performing HIIT before therapy was
related to greater improvement in Interference Cost post-exercise
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(Table 3).

Interference Cost: There was a significant interaction between con-
dition and time for Interference Cost, F(2, 54) = 13.6, p < .0001,
n% = .34 (Fig. 2a). The within subject effects were deconstructed by
examining the effect of time at each group level. For the exercise con-
dition, Interference Cost significantly reduced from pre to post
(Mgigs = 85.3 = 12.06, p < .001) and from pre to 30-min post
(Mgies = 84.2 = 11.44, p < .001), with no difference from post to 30-
min post (Mg = 1.1 = 12.06, p = 1.00). For the control condition,
Interference Cost did not change from pre-to post
(Mgigs = 1.9 = 12.49, p=1.00), from pre to 30-min post
(Mgige = 12.2 + 9.25, p=.59) or from post to 30-min post
(Mgigee = 14.1 = 14.34, p = 1.00). Between subject effects were de-
constructed by examining the effect of condition at each time point.
There was no difference in Interference Cost between exercise and
control conditions at pre-test (Mg = 12.4 = 11.11, p = .28). How-
ever, Interference Cost was significantly reduced in the exercise con-
dition compared to the control condition at the post test
(Mgies = 78.8 + 1491, p < .001) and the 30-min post-test
(Mdiff =59.6 + 1514, p= 001)

Speed-Accuracy Trade-off: In the multivariable model, participant
accuracy on the CWST did not differ by condition (exercise vs control),
F(1,27) = 2.25, p = .15, q2 = .08, or time (pre, post, and 30-post), F
(2,54) = .14, p = .87, n2 = .005 (Fig. 2b). Exercise enhanced CWST
performance was not explained by a speed-accuracy trade-off since RT
significantly improved from pre-to post-exercise, F
(2,54) = 4.63,p = .01, 12 =.146, without diminishing accuracy F
(2,54) = .10,p = .91, n° = .003.

Univariate Regression Analyses: Improvement in Interference Cost
after exercise was not associated with participant order of trial condi-
tion, sex, baseline Interference Cost, enjoyment of HITT, or MVPA
(Table 3). Lower perceived likelihood of being physically active and
lower willingness to perform the exercise before therapy was associated
with better IC improvement after exercise, however, trends were not
significant (Table 3).

Feasibility: Participant recruitment and reasons for removal are de-
scribed in Fig. 1. Of the 50 eligible patients, 42 patients (84%) were
approached to participate, and of those 42, consent was obtained by 35
patients (83%), with a total of 28 patients completing the study (80%).
The main reason for removal from the study was due to participants
being discharged from the hospital. Only 2 participants were removed
from the final analysis because they were not able to complete the total
HIIT session due to fatigue. Average ratings for the questions regarding
enjoyment of HIIT compared to other forms of exercise and willingness
to do HIIT before therapy are described in Table 1. There was a sig-
nificant interaction between time and affect scale [F(1,27) = 13.54,
p = .001] for the PANAS (Fig. 3). Within subject effects were decon-
structed by examining the differences between the positive and nega-
tive affect scores at each time point. At baseline, there were no differ-
ences between scores (Mg = .14 * 14.6, p = .96). After exercise,
positive affect was significantly higher than negative affect
(Maige = 6.9 = 15.2, p = .02).

4. Discussion

The main finding of this study was that in contrast to the control
condition, exercise improved patients’ measure of IC. Interference Cost
on the CWST decreased after HIIT due to faster RT during incongruent
trials. Cognitive benefits were sustained 30-min after exercise. These
results suggest that HIIT can improve IC in adolescents hospitalized for
a mental illness, specifically their efficiency on a task when there are
conflicting stimuli presented. There were no group-specific changes in
accuracy over time suggesting that improvements in CWST perfor-
mance reflected greater effectiveness while inhibiting a response, rather
than enhanced error detection. Since improvements in reaction time
were not accompanied by reduced accuracy, we concluded that
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. Fig. 1. Participant Screening and Recruitment
Screened as Eligible Flow Chart
(n=50) Note. Excluded by Physician = patients had an
eating disorder, too acutely ill, or getting dis-
charged; Consent not Obtained = patients not in-
Excluded by Physician terested in participating in the study (n = 3) or
(n=8) getting discharged before study could be com-
pleted (n =4); Incomplete = patients did not
complete the exercise session (n = 2) or got dis-
A hed charged after first day of testing (n = 5).
pproache
(n=42)
Consent Not Obtained
(n=7)
Consent Obtained
(n=35)
Incomplete Complete
(n=7) (n=28)

Note. Excluded by Physician = patients had an eating disorder, too acutely ill, or getting
discharged; Consent not Obtained = patients not interested in participating in the study (n=3) or
getting discharged before study could be completed (n=4); Incomplete = patients did not
complete the exercise session (n=2) or got discharged after first day of testing (n=5).

Table 1
Participant demographics and responses to exercise.

Female (n = 20) Male (n = 8) Total Sample
(n =28)
Age 155 + 1.0 15.5 + .53 15.5 + .92
Diagnosis
MDD/SI 15 8 23
GAD 3 0 3
PTSD 1 0 1
BD 1 0 1
HAES (min/day)
Sedentary 451.3 + 129.6 587.6 + 166.5 490.2 = 151.46
Light Activity 363.1 + 186.5 2325 + 1329 325.9 + 180.75
MVPA 93.2 = 729 153.4 = 101.9 110.4 + 84.89
Questionnaire
Exercise before 6.7 = 2.8 58 = 2.7 6.4 = 275
therapy?
Enjoyment of 57 = 21 59 = 1.9 5.7 * 2.02
exercise?
PA once 59 + 25 7.1 = 3.1 6.2 + 2.67
discharged?
Heart Rate (bpm)
Round 1 169.9 = 10.1 1719 = 8.6 170.4 += 9.56
Round 2 1769 = 9.5 172.5 = 11.2 175.6 = 10.02
Round 3 180.5 = 8.3 1769 = 11.4 179.5 = 9.24
RPE (1-10 scale)
Round 1 55 += 1.5 6.4 + 1.3 5.7 =+ 1.49
Round 2 7.5 = 1.6 80 = 9 7.6 = 1.45
Round 3 88 + 1.3 9.0 + 1.1 89 + 1.24
Note. MDD/SI = Major Depressive Disorder/Suicidal Ideation;

GAD = Generalized Anxiety Disorder; PTSD = Post-Traumatic Stress Disorder:
BD = Bipolar Disorder. HAES = Habitual Activity Estimation Scale (Hay,
2006). MVPA = moderate-to-vigorous physical activity. RPE = Rate of Per-
ceived Excursion Significance from t-tests set at p < .05.

Table 2
Colour-word stroop task performance.
Pre Post 30-Post
Exercise condition
Congruent RT (ms) 756 *+ 146 757 + 134 736 = 99
Incongruent RT (ms) 994 + 146 895 + 119 897 + 110
Neutral RT (ms) 796 + 139 783 = 106 784 + 108
Interference Cost (ms) 198 + 60 112 = 73 113 + 70
Accuracy (%) 93 + 54 92 + 4.8 92 + 10.2
Control condition
Congruent RT (ms) 772 = 111 762 = 127 733 = 131
Incongruent RT (ms) 983 + 134 990 + 94 972 + 120
Neutral RT (ms) 797 = 114 802 = 79 799 = 91
Interference Cost (ms) 185 = 54 187 = 66 173 = 55
Accuracy (%) 93 £ 55 94 + 4.0 94 + 4.6

Note. The Colour-Word Stroop Task was performed manually on a laptop.

enhanced IC was not due to a speed-accuracy trade-off.

The feasibility of the HIIT intervention was supported by our finding
that 82% of patients approached for the study consented to participate,
and 80% of patients who consented were able to complete the study
activities. The main reasons for consent not being obtained or partici-
pation being incomplete was discharge from the hospital, 60% and 71%
respectively. Furthermore, positive affect was significantly higher than
negative affect post-exercise. There was a bimodal distribution for en-
joyment of HIIT compared to other forms of exercise; however, almost
half of our participants (46%) rated HIIT as 8 or above. Finally, will-
ingness to perform HIIT before therapy, if HIIT was found to be helpful,
was rated a mean of 6.4 out of 10. Lower willingness to perform HIIT
and lower perceived likelihood of being physically active was positively
trending with improvements in IC post-exercise.

Previous research had found that an acute bout of HIIT can improve
IC in healthy adolescents (Browne et al., 2016; S. B.; Cooper et al.,
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Table 3
Univariate effect of participant characteristics on change in interference cost.
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Beta + SE F-value P-value Adjusted R*
Participant Characteristics Control first 11.7 * 27.97 .18 .68 .03
Female Sex 36.4 = 30.23 1.45 .24 .02
Higher baseline Interference 0.3 + 0.23 1.7 .20 .06
Less likely to do HIIT before therapy 9.1 + 4.87 3.5 .07 12
Lower Enjoyment of HIIT 5.6 + 7.00 .64 .43 .02
Greater improvement in positive affect after HIIT .8 = 1.76 .19 .67 .03
Greater improvement in negative affect after HIIT 4.3 + 3.6 1.4 .25 .02
Less likely to be physical active after discharge 10.1 + 4.97 4.10 .05 .14
Lower MVPA 0.2 = 0.17 .94 .34 .04

Note. Higher baseline Interference = greater interference cost on baseline Stroop task; Lower MVPA = less moderate-to-vigorous physical activity per day estimated
using the Habitual Activity Estimation Scale (Hay, 2006). Significance set at p < .05/9 or .005.

2016; Ludyga et al.,, 2018). Our findings demonstrate that exercise
benefits on IC can also be seen in adolescents hospitalized for mental
illness, particularly those with MDD (since this comprised 82% of our
sample). There is strong support for the effectiveness of exercise in-
terventions for reducing symptoms of depression among adolescents
with clinical depression (Radovic, Gordon, & Melvin, 2017). Although
cognitive impairment is a major factor in relapse (Majer, Modell,
Holsboer, & Zihl, 2004) and functional outcomes (Woo, Rosenblat,
Kakar, Bahk, & McIntyre, 2016) in MDD, comparatively less research
has examined the cognitive benefits of exercise. We chose to examine
the IC benefits of exercise since impairments are not only present in the
acute phases of depression (Snyder, 2013), they have also been shown
to persist in remission (Hasselbalch, Knorr, & Kessing, 2011). Further-
more, IC impairments are recognized as common symptoms of de-
pression, including the inability to focus, concentrate or make decisions
(Davidson, Pizzagalli, Nitschke, & Putnam, 2002). However, research
examining the immediate effect of exercise on IC in MDD is limited,
with only few studies in adults examining changes in IC following acute
moderate-aerobic exercise (Kubesch et al., 2003; Vasques et al., 2011).
This study adds to the growing literature on the cognitive benefits of
exercise in patients with depression.

Improvements in RT have been most commonly used to describe
changes in IC during Stroop Tasks (S. B. Cooper et al., 2016; Ludyga
et al,, 2018), however, the current study also sought to examine
changes in accuracy. Our findings revealed that exercise enhanced IC
through improvements in efficiency (i.e. reaction time) rather than
accuracy. In healthy adolescents, the effects of HIIT on IC has also been
characterized by enhanced reaction time, rather than accuracy for
Stroop (S. B. Cooper et al., 2016) and Flanker tasks (Ludyga et al.,
2018). In contrast, healthy adolescents were shown to improve accu-
racy on a Flanker task that had a response window of only 1000 ms,
following a 5-min bout of exercise (either at 50, 65, and 80% of max-
imal intensity)(Gejl et al., 2018). In the current study, we speculate that
insufficient task difficulty may have contributed to participants ex-
periencing ceiling effects since baseline accuracy was high
(92.5% = 5.38). It could be that post-exercise accuracy improvements
would have been observed if participants were given a smaller response
window, such as 300-1200 ms, instead of 300-2000 ms. While our
findings support HIIT improved our patients’ response efficiency, im-
proving accuracy may also be clinically relevant for individuals with
depression who are impaired at decision making (Davidson et al.,
2002). Future research should continue to examine IC performance as it
relates to changes in accuracy as a primary outcome.

To our knowledge, there has been no previous research doc-
umenting the acute benefits of exercise on IC in adolescents with de-
pression. Several studies do however support these benefits in adults
with depression. Performing 30-min of continuous moderate-aerobic
exercise improved mean RTs on Stroop tasks in adult outpatients with
MDD (n = 24, 42.2 + 12.2 years) (Kubesch et al., 2003) and elderly
patients with MDD (n = 10, age = 71.5 = 6.0 years) (Vasques et al.,

2011). Interestingly, findings for the IC benefits of exercise in healthy
populations are not as consistent (Ludyga et al., 2016). Studies in
healthy children and adolescents found that an acute bout of con-
tinuous moderate-aerobic exercise was not able to improve IC on a
Flanker task (Stroth et al., 2009; Themanson & Hillman, 2006). One
explanation is that research suggests acute exercise facilitates IC in
those who need it the most, i.e. low-performers improve more than
high-performers (Drollette et al., 2014). One of the major limitations in
studies examining the benefits of exercise on global cognition in de-
pression is that cognitive impairment is not a prerequisite for study
participation (Sun, Lanctot, Herrmann, & Gallagher, 2018). This has
been proposed to lead to an underestimation of the impact of long-term
exercise interventions on cognition. While MDD is characterized by
difficulty inhibiting negative thoughts and emotions (Peckham,
McHugh, & Otto, 2010), however, the disorder affects each individual
differently and thus severity of cognitive impairments vary. For ex-
ample, it has been estimated that approximately 28-37% of depressed
individuals score between 1 and 2 SD below healthy controls, and
16-39% score 2 SD or greater below healthy controls (Gualtieri, C. T.
and Morgan, 2008). Since more severe depressive symptoms are related
to a higher degree of dysfunctional cognitions (Kohler et al., 2015), we
suspect our patients had low levels of IC at baseline and thus responded
positively to treatment. However, future research should pre-screen for
cognitive impairment as samples could notably vary in their degree of
cognitive dysfunction which may affect the impact of exercise on IC.
There is debate on whether HIIT is an appropriate type of exercise
for patients with depression. Some researchers argue that HIIT may be
too arduous and could evoke feelings of incompetence, failure, and
lower self-esteem, thus reducing participants' motivation to engage PA
(Hardcastle, Ray, And, & Hagger, 2017). However, studies in adult
populations with mental illness have shown HIIT to be just as feasible as
continuous aerobic exercise, in terms of drop-out rates, self-determined
exercise motivation, and affective responses post-exercise (Bartlett
et al., 2011; Gerber, Minghetti, Beck, Zahner, & Donath, 2018). Fur-
thermore, studies examining healthy adults have suggested that HIIT
may be superior to continuous aerobic exercise for improving IC task
performance as a result of longer sustained benefits and increased
neural efficiency (Kao et al, 2017; Tsukamoto, Suga, Takenaka,
Tanaka, & Takeuchi, 2016). Since the current study did not compare
HIIT with continuous aerobic exercise, we cannot comment on whether
these trends hold true for adolescent inpatients with mental illness.
What was demonstrated was the importance of patient discharge as a
major barrier to study participation. Since recruitment was dependent
on obtaining physician and nurse approval, we would not expect dis-
charges to decrease participation if pre-therapy HIIT was implemented
as a regular part of treatment. We speculate that the bimodal dis-
tribution for HIIT enjoyment could have been due to previous en-
gagement in sports or physical activity, data which were not collected
in the current study. From our perspective, an average rating of 6.4/10
on willingness to perform HIIT before therapy is promising given the
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Fig. 2. aColour-word stroop task interference cost. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this

article.)
bColour-Word Stroop Task Accuracy.

Note.*significantly reduced from pre-exercise trial (p < .05); *significantly lower than control condition (p < .05). (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)

population of interest. Finally, the most important consideration in
support of using HIIT as an intervention is that performing the exercise
did not contribute towards participants’ negative feelings and emotions.

Neuroimaging techniques have allowed researchers to infer neural
substrates in the brain by which an acute bout of exercise improves IC.
Studies using functional near-infrared spectroscopy (fNIRS) in healthy
individuals have revealed that an acute bout of low (Byun et al., 2014),
moderate (Yanagisawa et al., 2010), or high-intensity exercise (Kujach
et al., 2018) increased activation of the left-dorsolateral prefrontal
cortex (DLPFC) in conjunction with improved Stroop performance. As
such, exercise is hypothesized to facilitate IC by enhancing cortical
activations in the DLPFC(Krompinger & Simons, 2011)(Dietrich &
Audiffren, 2011). The means by which exercise improves IC is thought

to be a common underlying process among the overarching construct of
executive function. However, sensitivity to aerobic exercise has been
shown to vary between the core components of executive function
which include inhibitory control, working memory, and cognitive
flexibility (Etnier & Chang, 2009). Although these constituents are
distinguishable, executive function is recognized as a unitary construct
since proper functioning relies on the interdependence between the
core components (Miyake et al., 2000). For instance, the use of cogni-
tive flexibility to change perspectives first requires deactivating the
previous perspective using IC, followed by forming a new perspective
using working memory. Therefore, our findings may be more general-
izable to the literature on IC, while still contribute to the broader
knowledge on the acute effects of exercise on executive function.
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Assumptions, Strengths and Limitations: It is important to note that
these findings are based on the assumption that CWST performance
represents a persons’ level of IC. This task assumes that reading the
word is an overlearned cognitive process and will be the automatic
response when participants are instructed to name the ink colour.
During the incongruent trials, participants must resolve this cognitive
interference when the word and the colour do not match. Since it is
assumed that there is no response competition for neutral trials (XXXX
written in blue, red, or green), incongruent trials are compared to
neutral trials to determine interference (Schroeter, Zysset, Kupka,
Kruggel, & Von Cramon, 2002). Congruent trials are important to in-
clude in the task to decrease the likelihood that subjects use the sup-
pression strategy, i.e. avoid reading the word by not focusing their gaze
(MacLeod, 1991).

This study provides preliminary evidence that HIIT can improve IC
in adolescents hospitalized for a mental illness. A major strength of this
study was the use of a randomized crossover design. Since each parti-
cipant acted as his/her own control, the study design minimized the
extent to which individual factors may have influenced the results. In
addition, our assessment of feasibility provided practical knowledge on
whether an intervention such as this one could be used in the future.
Interestingly, our results suggest there may be greater support for the
use of this intervention among individuals who perceive themselves less
likely to perform exercise before therapy and after discharge.

The main limitation of this study was that the power analysis used
to determine our sample size was derived from healthy adolescents.
This could have influenced our type 1 error since adolescents with
mental illness may have more variability in their cognitive response to
exercise compared to healthy adolescents. To our knowledge, this is the
first study to asses changes in CWST performance from an acute bout of
HIIT in adolescents with hospitalized for a mental illness. As such, fu-
ture studies will be able to use our results to conduct a priori sample
size calculations. Of note, our sample was not adequately powered to
perform meaningful subgroup analyses which would have allowed us to
assess moderators of IC improvement after exercise. For instance, 24/28
of our participants had a diagnosis of MDD; as such we could not assess

the impact of diagnosis on the results. Furthermore, we did not measure
differences in patients' medication, length of hospitalization stay, age of
illness onset, history of relapse, or past treatments. Finally, participants'
ability to recall a ‘typical week’ for the HAES may have been influenced
by the length of their hospital stay prior to the study. We expect that
this limitation may have contributed to participants' overall high level
of estimated MVPA.

5. Conclusion

This study provides preliminary evidence that HIIT can improve
inhibitory control, with the greatest benefit potentially accruing to
those who perceived themselves to be less physically active. Further
research appears warranted to investigate whether HIIT prior to
therapy could improve the efficacy of mental health treatment for
adolescents with mental illness though enhanced cognitive pathways. It
may also be beneficial to investigate whether exercise enhanced per-
formance on cognitive tasks are reflected in real word cognitive out-
comes, such as improvements in focus or reduction of impulsive be-
haviours. Additional research is required to determine the optimal
exercise type and intensity for enhanced IC and participant enjoyment
and whether enjoyment and cognition are independent effects. Finally,
it will be important to examine whether individual factors (e.g., diag-
nosis, medication, age of illness onset, length of hospitalization, and
treatment history) impact the extent to which exercise improves IC.
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