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Abstract

Hyperactivity is a key symptom and the most observable manifestation of Attention-Deficit/
Hyperactivity Disorder (ADHD). The over-activity associated with ADHD can cause specific
challenges in academic settings, extracurricular activities and social relationships. Cognitive
control challenges are also well-established in ADHD. The current study included 44 children
between the ages of 10 and 17 diagnosed with ADHD or who were typically developing (TD), all
of whom had no psychiatric co-morbidity or significant learning disorders. Participants wore an
actometer on their ankle while performing a flanker paradigm in order to objectively measure their
rates of activity in association with cognitive control. Analyses assessed the relationship between
frequency and intensity of activity to task accuracy on trial by trial basis. A significant interaction
effect between group and performance revealed that more intense movement was associated with
better performance in the ADHD, but not TD group. The ADHD group demonstrated more intense
activity than the TD group during correct (but not error) trials. Within-group, children with ADHD
generated higher intensity movements in their correct trials compared to their error trials, whereas
the TD group did not demonstrate any within-group differences. These findings suggest that
excessive motoric activity associated with clinically significant ADHD symptoms may reflect
compensatory efforts to modulate attention and alertness. Future research should systematically
explore the relationship between motion in ADHD and how it might be used to improve cognitive
performance.
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Introduction/Background

Method

Hyperactivity is considered a core symptom of attention-deficit/hyperactivity disorder
(ADHD) and is the most observable manifestation of the disorder. It is perhaps the earliest
symptom associated with the disorder in a child’s life and can cause challenges in academic
settings, extracurricular activities and social relationships. Yet, the role of hyperactivity in
many current models of ADHD is minimized, viewed as incidental and unrelated to the
cognitive challenges associated with the disorder (c.f. Rapport et al., 2009 for a review). The
relationship between elevated rates of activity and ADHD is pervasive as the disorder is
associated with increased movement and fidgeting (Corkum, Tannock, & Moldofsky, 1998;
Rapport et al., 2009), even during sleep, (Corkum et al., 1998; Porrino et al., 1983) in both
children and adults (Teicher, Polcari, Fourligas, Vitaliano, & Navalta, 2012). Several recent
studies have documented increased rates of activity during the performance of cognitively-
demanding tasks, such as working memory, stop-signal or choice tasks (Alderson, Rapport,
Kasper, Sarver, & Kofler, 2012; Hudec, Alderson, Kasper, & Patros, 2014; Rapport et al.,
2009). Rapport et al. (2009) hypothesized that increased movement may serve a
compensatory function to augment under-arousal inherent to ADHD. In this model,
hyperactivity is a secondary symptom reflective of unconscious efforts to increase arousal to
meet cognitive demands. The model predicts that increased hyperactivity is associated with
better cognitive performance for persons with ADHD.

It is especially important to define the relationship between movement and cognitive
performance in ADHD due to the abundant evidence of cognitive control impairments in
ADHD (de Zeeuw, Weusten, van Dijk, van Belle, & Durston, 2012; Dramsdahl,
Westerhausen, Haavik, Hugdahl, & Plessen, 2011; Tsal, Shalev, & Mevorach, 2005).
Cognitive control refers to processes that allow information processing and behavior to vary
adaptively depending on current goals and includes working memory, attentional bias,
inhibition and planning.

The purpose of this study was to examine the relationship between motor activity and
accuracy, on a trial by trial basis, in cognitive control performance (e.g., flanker task) in
ADHD and typically developing (TD) children. This is the first study we know of to assess
the relationship between activity with task performance on a trial by trial basis in ADHD.

We included 18 TD children and 26 children with either ADHD-Combined Presentation
(ADHD-CO) or ADHD-Inattentive Presentation (ADHD-IA) after obtaining both informed,
written parental consent and written assent. Participants were 10 — 17 years of age. The
project was approved by the Institutional Review Board of the University of California,
Davis.

We excluded participants if they met any of the following criteria: (a) 1Q score < 85; (b) a
math or reading learning disability; (c) history of head trauma, neurological disorder or
major medical problem; (d) prescribed psychoactive medication besides ADHD medications
(i.e., stimulants or atomoxetine) in the ADHD group; (e) meeting DSM-/V-TR criteria for
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any other Axis | diagnosis besides ADHD or oppositional defiant disorder in the ADHD
group and any Axis | disorder including ADHD in the TD group. TD children were excluded
for t-scores = 65 on the Conners’ Rating Scale-Revised: Long Version (CPRS-R:L,(Conners
et al., 1997)). Participants with ADHD were included if they had a Conners’ Total ADHD
score = 65 according to a parent in conjunction with a significant indication of ADHD on a
structured clinical interview. We attempted to collect teacher ratings to substantiate
diagnoses beyond the parent report to assess the pervasiveness of the symptoms across
settings for children with ADHD or absence of significant symptoms in TDs; however,
teacher reports were only available for only 11 children. Children who were unclear or
borderline on diagnostic measures and did not have teacher ratings were not included in the
study. All participants prescribed medication did not take it for 24 hours before the
experimental testing session. Of the 26 ADHD participants, 18 had a history of taking
stimulant medication (15 were currently prescribed stimulant medication) and 4 had a
history of taking non-stimulant medication (1 was currently prescribed nonstimulant
medication). Participants started taking medication on average at 10 years of age.

The parent version of the computerized Diagnostic Interview for Children and Adolescents
(DICA-IV (Reich, 2000)) provided additional information to confirm the ADHD diagnosis
and screen for other Axis | psychiatric disorders. Either the Wechsler Abbreviated Scale of
Intelligence (WASI (Wechsler, 1999)) or Wechsler Intelligence Scale for Children (WISC-1V
(Wechsler, 2003)) (n=5) assessed participants’ intellectual abilities. The Letter-Word
Identification and Calculation scales of the Woodcock-Johnson Tests of Achievement-Third
Edition NU (WJ-I11 NU (Woodcock, McGrew, & Mather, 2001)) assessed reading and
mathematical performance. Evidence of a math/reading disorder was considered present if a
child performed below 80 on an achievement test and if there was a =1.5 SD difference
between 1Q and WJ-111 scores.

Two licensed psychologists with extensive experience in ADHD determined eligibility and
subtype according to Diagnostic and Statistical Manual of Mental Disorders, text revision
(DSM-IV-TR) based on parent ratings, interview observations and any supplemental
interview or information (i.e., teacher ratings, previous report cards or psychological
evaluations). The presence of other psychiatric diagnoses was based on the DICA-1V and
follow-up interviews.

Participants performed a cued variant of the Eriksen flanker paradigm (Fig. 1(Eriksen &
Eriksen, 1974)) with stimuli presented using E-Prime (Psychology Software Tools, Inc.,
Sharpsburg, PA). Each trial began with a fixation point (crosshair) (500 ms) followed by a
cue (1000 ms), which was one of three types: null, response preparation or warning cue,
represented by a pair of blue and/or yellow cartoon hands with the color providing cue
information. We collapsed across cue types for analyses reported in this manuscript, as cue
types was not a variable of interest in this study. Following the cue and a subsequent fixation
point (800 ms), participants were presented with the flanker stimuli (1300 ms). Trials were
separated by a 400 ms intertrial interval with a total of 56 neutral, 56 congruent, and 92
incongruent stimuli.
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Participants were instructed to identify the orientation of the central symbol while ignoring
the flanking symbols, indicating their response by pressing a button with the corresponding
hand. Participant instructions emphasized both speed and accuracy. Trials could be
congruent (five arrows all facing the same direction), incongruent (five arrows in which the
central arrow is facing the opposite direction of the flanking arrows), or neutral (an arrow in
the middle with four flanking plus signs). Our dependent variable was percent correct versus
incorrect on the flanker trials.

We measured movement for each participant by affixing a Motionlogger® (Ambulatory
Monitoring, Inc.) actometer to their ankle during task performance. The actometer is a
wristwatch-like device that measures movement by creating a voltage signal proportion to
the forces acting upon the device. The signal is then compared to a sensitivity threshold in
the device and the comparison of these two values is mapped across time. We collected two
movement measures. Proportional integrity mode (PIM) measured intensity of movement
(i.e., area under the curve) and zero crossing mode (ZCM) measured frequency of movement
(i.e., number of times that the accelerometer waveform crossed 0).

Flanker and actometer data were synced with each other to allow trial-by-trial analyses.
Actometer data were averaged across each trial with movements for each 4-sec trial
determined by the average of two 2-sec actometer samples. We first examined movement
across cues separately for correct and incorrect trials. This preliminary analysis did not
reveal any evidence that the pattern of group differences varied by cue. Therefore, we
averaged the movement measures for correct and error trials across cues for each individual.

Statistical Analysis

Group differences in demographics, 1Q, and Conners’ scores were assessed using Fisher’s
exact tests for the categorical variables and Wilcoxon two-sample test for the continuous
ones. The distributions for both PIM and ZCM were skewed to the right, thus they were
squareroot transformed for the analyses. We used mixed-effects models (Laird & Ware,
1982) to characterize the relationship between diagnosis group, gender, and performance and
intensity and frequency of movement. This approach allowed us to treat performance as a
repeated effect, was flexible and could accommodate missing observations and
heterogeneous variances (i.e., because the females were less variable than males). For each
of the dependent variables, we first fitted a model with a main effect for group (ADHD or
TD), performance (correct or incorrect), and their interaction, a term for gender and a
random effect for person, to account for the correlation due to repeated measures on the
same individual. A significant group by performance interaction indicates that the change in
movement variable from correct to incorrect performance differs between the groups. If the
interaction term was significant, we examined the simple contrasts of performance within
levels of group (TD: Correct vs. Incorrect, ADHD: Correct vs. Incorrect), and simple
comparisons of group within levels of performance (Correct: TD vs. ADHD, Incorrect: TD
vs. ADHD). Standardized effect statistics (d) that accounted for the correlated nature of the
data were derived from the mixed-effects analyses (Hedges, 2007). All tests were two-sided,
with @ = 0.05. All analyses were implemented using PROC MIXED in SAS Version 9.4
(SAS Institute Inc., Cary, NC).
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Results and Discussion

No significant differences between groups were found for age, 1Q or gender. However,
because the TD group had a higher percentage of females, gender was controlled for in the
mixed-effects analyses. The results of the mixed effect models for performance for PIM
revealed a significant diagnosis by performance interaction, A1,40) = 4.23, p=.046. The
ADHD group demonstrated significantly higher PIM during correct trials than the control
group (estimated difference 1.52, SE= 0.55, d= 0.63, p=.009).The difference was not
significant during incorrect trials (estimated difference 0.79, SE = 0.56, effect size = 0.33, p
=.16). Within-group comparisons indicated that the ADHD group demonstrated
significantly higher PIM during correct than incorrect trials (estimated difference 0.65, SE =
0.23, o= 0.37, p=.007) while the difference was not significant for the control group
(estimated difference = -0.07, SE=0.27, d=-0.04, p= .80).

The interaction between diagnosis and performance was not significant in the model
predicting ZCM, AH1,40) = 1.35, p=.24. For this variable, the ADHD group showed higher
values than the controls (estimated difference 0.40, SE=0.17, &= 0.50, p=.03), regardless
of the performance (correct or incorrect) of the trial. The main effect of performance was
also not statistically significant A1,41) =0.01, p=.92.

The goal of this study was to examine the relationship between cognitive control task
performance and physical activity and how this relationship differs in children with ADHD
compared to TD children. The groups differed in regard to the intensity of physical activity
during correct trials but not incorrect trials, with the ADHD group evidencing more intense
rates of activity only for correct trials. This finding suggests that cognitive control
functioning in ADHD may be enhanced by more intense activity or that when a child with
ADHD is using more cognitive resources the child is also more likely to engage in physical
activity. Similarly to Dane (2000), we did not find any ADHD presentation group
differences (CO vs IA). A activity intensity fell between the TDs and ADHD-COs,
lowering the overall activity rates in the ADHD group. It is not known whether excess
movement in ADHD-IA and CO are associated with the same mechanism at differing
intensities or whether the excess movement in these presentations is associated with
different underlying causes. In an EEG-coherence study (Mazaheri et al., 2013), we found
that cognitive control related-EEG functioning differed between the ADHD-CO and ADHD-
IA groups, suggesting that underlying neural mechanisms may differ. Our modest sample
size may not have been sufficient to identify statistical differences.

One possible mechanism for a relationship between movement and performance is that
children with ADHD use movement to self-regulate alertness. An optimal level of arousal is
required for peak cognitive performance (Yerkes & Dodson, 1908). Our data support
Rapport et.al’s (2009) model that hyperactivity serves a “purposeful function” to
compensate for underarousal and acts to improve cognitive performance. Howell et al.
(2012) suggested a model where individuals with ADHD exhibit decreased tonic firing of
the locus coeruleus-norepinephrine system (LC-NE) resulting in decreased cortical arousal
and poor attentional performance. By increasing their activity rates, individuals with ADHD
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may be able to stimulate the LC-NE system resulting in increased arousal allowing them to
work at optimal levels (Dishman, 1997).

Limitations and Future directions

We recommend follow-up studies with a larger sample size to assess for potential
differences related to gender and ADHD presentation. We did not find a statistical difference
between genders; however, a larger sample may be needed. This study was conducted in a
controlled, laboratory setting with limited distractions and children with ADHD may
manage their restlessness in different ways in a more naturalistic environment. Our study
placed the actometer on one limb (i.e., the ankle), in contrast to the majority of other studies
examining ADHD-related activity, in which data were collected from actometers placed on
ankles and a non-dominant hand (Dane et al., 2000; Porrino et al., 1983; Rapport et al.,
2009). Subsequent studies should assess if there are differences in findings related to
whether data are collected from a hand or multiple sites.

Future research should investigate how opportunities for physical activities, particularly ones
that are neither disruptive nor stigmatizing, can be used in academic settings to help children
perform cognitively-demanding tasks. While there are currently tools on the market (e.g.,
fidget toys) that allow individuals to fidget without disrupting others, there has not been
extensive research on their efficacy. Our findings also suggest that limiting movement in
children with ADHD may potentially be detrimental to their cognitive performance.
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Figure 1.
Depiction of the order in which the stimuli are presented to study participants. A fixation

stimulus (black square) is presented, then a cue in the form of yellow and/or blue hands, a
subsequent fixation stimulus and then the flanker stimuli. The cue color signaled which hand
was likely to be the correct response for the upcoming target. Participants are instructed to
respond with a button press in either their right or left hand corresponding with the direction
of the central arrow head in the flanker stimuli. Trials could be congruent (five arrows all
facing the same direction), incongruent (five arrows in which the central arrow is facing the
opposite direction of the four flanking arrows), or neutral (an arrow in the middle with four
flanking plus signs). Participants have 1300 ms to respond to the flanker stimuli before it
proceeds to the next trial.
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Figure 2.
Diagnosis by performance interaction for intensity of movement (PIM). The ADHD group

showed significantly more intense movements during correct vs. incorrect trials, whereas the
TD group showed no significant difference in movement intensity during correct vs.
incorrect trials. The ADHD group moved significantly more than the TD group during
correct trials, but there was no difference between the diagnostic groups for incorrect trials.
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Table 1

Demographic and clinical characteristics for the participants

TD ADHD
(n=18) (n=26)
Age (years) 145 (1.4) 14.3(2.3)
Female 13 (72%) 12 (46%)
1Q 116.4 (10.3)  114.0 (11.6)
Conners’ DSM Scores
Inattentive 44.3 (3.1) * 801 (10.9) *
Hyperactive-impulsive 44 9 (3.0) * 671 (18.9) *
Average PIM
Correct trials 6.4 (8.9) * 173 17.1) *
Incorrect trials 6.8 (8.1) 12.4 (15.5)
Average ZCM
Correct trials 0.9 (1.0)" 2015~
Incorrect trials 12(1.2)" 1.9(15)"

Note: TD = typically developing;

Page 10

Groups were compared using Fisher’s exact test for gender and Wilcoxon two-sample test for age, 1Q, and Conner’s scores. Differences between
ADHD and controls in average PIM and ZCM were estimated from mixed-effects regression models fitted to squared-root transformed data and

adjusted for gender.

*
p< .05 for TD vs. ADHD comparison.
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