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Abstract Increased intrasubject variability (ISV), or short-
term, within-person fluctuations in behavioral performance
is consistently found in Attention-Deficit/Hyperactivity
Disorder (ADHD). ADHD is also associated with impair-
ments in motor control, particularly in boys. The results of
the few studies that have examined variability in self-
generated motor output in children with ADHD have been
inconsistent. The current study examined variability in mo-
tor control during a finger sequencing task among boys with
and without ADHD as well as the relationship between
intrasubject variability during motor and cognitive control
tasks. Changes in performance over the course of the task
and associations with ADHD symptom domains were also
examined to elucidate the nature of impaired motor control
in children with ADHD. Fifty-one boys (ages 8 to 12 years)
participated in the study, including 28 boys with ADHD and
23 typically developing (TD) boys. Participants completed a
finger sequencing task and a Go/No-Go task providing
multiple measures of response speed and variability. Boys
with ADHD were slower and more variable in both intertap
interval on the finger sequencing task and reaction time on
the Go/No-Go task, with measures of speed and variability
correlated across the two tasks. For the entire cohort, the
only unique predictor of parent ratings of hyperactive-
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impulsive symptoms was variability in intertap interval dur-
ing finger sequencing, whereas inattentive symptoms were
only predicted by reaction time variability on the Go/No-Go
task. These findings suggest that inefficient motor control is
implicated in the pathophysiology of ADHD, particularly in
regards to developmentally inappropriate levels of hyperac-
tivity and impulsivity.
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Developmentally inappropriate levels of inattention, hyperac-
tivity, and impulsivity are the defining features of Attention-
Deficit/Hyperactivity Disorder (ADHD) (American Psychiatric
Association 2000). The causal pathways contributing to the
expression of these persistent and impairing symptoms remain
unclear although multi-process models of ADHD prevail (e.g.,
Sonuga-Barke 2005; Willcutt et al. 2008). One of the most
consistent findings in the ADHD literature is increased intra-
subject variability (ISV), or short-term, within-person fluctua-
tions in behavioral performance with a particular focus on
reaction times (Kuntsi and Klein 2012). Increased ISV in
reaction times among individuals with ADHD has been
reported across a range of cognitive tasks and across various
methods used to quantify ISV (e.g., Castellanos et al. 2005;
Epstein et al. 2011). The neural mechanisms underlying
ADHD-associated increases in variability remain unclear, al-
though there is evidence of a common factor to variability
across tasks (Frazier-Wood et al. 2012; Russell et al. 2006;
Vaurio et al. 2009).

Explanatory models of increased intrasubject variability in
ADHD implicate higher-order self-regulatory processes
(Douglas 1999; Stuss et al. 2003), subcortically mediated
problems in state regulation (Sergeant et al. 2003), insufficient
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suppression of the default mode network (Sonuga-Barke and
Castellanos 2007), and deficient attentional processes (Leth-
Steensen et al. 2000). The extent to which an individual dis-
plays trial-to-trial variability in their reaction time is also
influenced by efficiency of response preparation and selection
(Mostofsky and Simmonds 2008). Given the growing litera-
ture reporting anomalous motor development in children with
ADHD (D’Agati et al. 2010; Denckla and Rudel 1978; Gilbert
etal. 2011; Klotz et al. 2011; MacNeil et al. 2011; Rommelse
et al. 2008; Zelaznik et al. 2012), further investigation of
whether parallel deficits in cognitive and motor control sys-
tems are present in children with ADHD is warranted.
Improving our understanding of variability in self-generated
motor control in children with ADHD in relation to reaction
time variability during a traditional cognitive task is important
for elucidating the processes contributing to variability in
behavior more generally. In addition, examination of whether
variability in motor and cognitive control is differentially
related to ADHD symptom domains of inattention and hyper-
activity/impulsivity may inform our understanding of the het-
erogeneity of ADHD.

Studies have begun to explore the neural basis of ISV
using both structural and functional imaging methods (see
review by MacDonald et al. 2009). Structural alterations
associated with increased ISV include lesions of the left or
right dorsolateral PFC or the superior medial frontal cortex
(Stuss et al. 2003) and reduced corpus callosum surface area
(Anstey et al. 2007). Consistent with these structural MRI
findings, functional brain correlates of increased response
variability include increased activation in a region of the
superior medial frontal cortex consistent with the rostral
supplementary motor area (or “pre-SMA”) (Simmonds et
al. 2007) and in left and right middle frontal regions
(Bellgrove et al. 2004). The combined findings from struc-
tural and functional MRI studies suggest that regions and
circuitry important to motor response preparation and selec-
tion, in particular the pre-SMA, appear crucial in controlling
variable responding (see review by Mostofsky and Simmonds
2008), such that alterations in both motor and cognitive con-
trol systems contribute to increased ISV.

Accumulating evidence suggests impairments in motor
control are common in ADHD (Brossard-Racine et al. 2012;
D'Agati et al. 2010; Denckla and Rudel 1978; Fliers et al.
2008; Gilbert et al. 2011; Klotz et al. 2011; Rommelse et al.
2008; Zelaznik et al. 2012). Specifically, development of
premotor and supplementary motor areas of the brain is
delayed in ADHD (Shaw et al. 2007). Inhibition of the
motor cortex, measured with transcranial magnetic stimula-
tion, is diminished in children with ADHD compared to
typically developing (TD) peers (Gilbert et al. 2011; Wu et
al. 2012). Functional MRI during finger sequencing reveals
children with ADHD show decreased activation on contra-
lateral primary motor cortex (M1) as compared with TD
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peers (Mostofsky et al. 2006). During Go/No-go perfor-
mance, children with ADHD show decreased pre-SMA
activation as compared with TD controls (Suskauer,
Simmonds, Fotedar, et al. 2008), and fail to show the same
pattern of association between pre-SMA activation and low-
er ISV seen in TD controls, instead showing greater activa-
tion in PFC with lower ISV (Suskauer, Simmonds, Caffo, et
al. 2008). Anomalous motor development in ADHD has
also been shown in behavioral measures of motor control,
including excessive mirror overflow (MacNeil et al. 2011),
defined as unintentional and unnecessary movements that
accompany voluntary action. Children with ADHD also fail
to meet age norms on timed repetitive and sequential move-
ments and develop accurate rhythm more slowly (Denckla
and Rudel 1978). Furthermore, studies have shown that
ADHD is associated with impaired motor timing during a
timed tapping task (Zelaznik et al. 2012) and time estima-
tion/production tasks (Rommelse et al. 2008; van Meel et al.
2005), and increased variability in arm trajectories during a
motor adaptation task (Izawa et al. 2012). Finally, motor
impairments observed in ADHD are associated with poorer
functioning in the adaptive domains of home living behav-
ior, socialization, and home direction (Wang et al. 2011).

Very few studies have examined whether ADHD is asso-
ciated with increased variability in self-generated motor
output, as opposed to motor output guided by some form
of external timing or stimulus (c.f., Egeland et al. 2012;
Frazier-Wood et al. 2012; Klotz et al. 2011; Rommelse et
al. 2008). The results of the few studies that have examined
this have been somewhat inconsistent. In two of these stud-
ies (Frazier-Wood et al. 2012; Rommelse et al. 2008), par-
ticipants were instructed to tap their index finger as many
times as they could during an 18-s interval. The perfor-
mance of children with ADHD did not differ from that of
controls in terms of variability in intertap interval. In con-
trast, Egeland et al. (2012) found that children with ADHD
performed more poorly than healthy controls on a similar
finger tapping test (number of key presses in 10 s) and on a
grooved pegboard test, which requires greater motor con-
trol. Most recently, Klotz et al. (2011) found that finger
tapping rates during a finger sequencing task were slower
in children with ADHD, although variability in finger tap-
ping did not differ between groups. In addition, speed and
variability in finger tapping rates were related to speed and
variability in reaction time during a simple reaction time
task and to standardized measures of motor development.
The inconsistent findings regarding variability in motor
control in ADHD suggest that further examination is need-
ed, along with consideration of age and gender due to the
different trajectories of motor development for boys and
girls (Larson et al. 2007).

In addition, motor symptoms may be differentially relat-
ed to ADHD symptom domains, although the findings from
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previous studies are inconsistent. Four previous studies ex-
amined motor control in relation to ADHD subtype or
symptom domains, one of which did not find evidence of
subtype differences (Brossard-Racine et al. 2012), whereas
the remaining studies had contradictory findings. Egeland et
al. (2012) did not report differences in simple finger tapping
between children with the combined and inattentive sub-
types of ADHD, although they identified different mecha-
nisms mediating motor control programs in each subtype.
MacNeil et al. (2011) reported increased mirror overflow
was related to greater hyperactive/impulsive symptoms, but
not inattention symptom, whereas Fliers et al. (2008)
reported stronger associations between inattentive symp-
toms and motor control problems than with hyperactive-
impulsive symptoms. The mixed findings regarding the
relationship between motor control problems and ADHD
symptom domains suggest that further investigation is war-
ranted. Furthermore, examination of whether ISV during a
self-generated finger sequencing tasks is differentially relat-
ed to ADHD symptom domains after accounting for ISV
during a traditional cognitive task is important for under-
standing the underlying mechanisms of increased ISV in
ADHD.

The current study builds on the existing literature by
examining intrasubject variability across tests of motor and
inhibitory control in boys with ADHD in comparison to
typically developing boys. Due to previous studies reporting
motor deficits may be limited to boys with ADHD (e.g.,
MacNeil et al. 2011), and because motor development dif-
fers for boys and girls (Larson et al. 2007) this initial study
focused exclusively on boys. The specific hypotheses were:
(1) Boys with ADHD will show slower and more variable
finger tapping during a finger sequencing task, (2) Boys
with ADHD will show slower and more variable reaction
times on a Go/No-Go task, and (3) Speed and variability
will be correlated across tasks. The effects of age and
changes in speed and variability over the course of the finger
sequencing task were also examined. In addition, explorato-
ry analyses examined which measures of speed and vari-
ability were most strongly related to ADHD symptom
domains as reported by parents.

Method
Participants

Participants between the ages of 8 to 12 years old were
recruited through community-wide advertisement, volunteer
organizations, local schools, medical institutions, and word
of mouth. A brief telephone interview was conducted with a
parent to determine whether their child met initial inclusion
criteria. Next, a structured diagnostic interview using the

Diagnostic Interview for Children and Adolescents-IV
(DICA-IV; Reich et al. 1997) was conducted over the phone
with the child’s parent. Participants were then scheduled for
a study visit and were mailed additional parent ratings used
to confirm diagnostic status, including the Conners’ Parent
and Teacher Rating Scales-Revised Long Version (CPRS-R:
L and CTRS-R:L; Conners 2002), and the ADHD Rating
Scale-1V, home and school versions (ADHD-RS; DuPaul et
al. 1998). During the initial study visit, participants were
administered the Wechsler Intelligence Scale for Children-
IV (Wechsler 2003) and the Word Reading subtest from the
WIAT-II (Wechsler 2002) in order to rule out intellectual
and reading disabilities.

Participants included in the ADHD group must have been
previously diagnosed with ADHD as reported by parents
during initial phone screen. An ADHD diagnosis was con-
firmed based on the following criteria: (1) an ADHD diag-
nosis on the DICA-IV psychiatric interview and (2) a T-
score of 60 or higher on scale L (DSM-IV: inattentive) or M
(DSM-IV: hyperactive-impulsive) on the CPRS-R:L or
CTRS-R:L (when available), or a score of 2 or 3 on at least
6 out of 9 items on the Inattentive or Hyperactivity/
Impulsivity scales of the ADHD-RS. This information was
then reviewed by a child neurologist (S.H.M.) for a final
confirmation of an ADHD diagnosis. Participants in the
control group could not meet diagnostic criteria for any
psychiatric disorder based on DICA-IV and their scores
had to be below clinical cutoff scores on the parent-report
measures (CPRS-R:L and the ADHD-RS) and on the
teacher-report measures (CTRS-R:L and the ADHD-RS),
when available.

Exclusion criteria for the all participants consisted of the
following: (1) Full Scale 1Q (FSIQ) score below 80 based on
the WISC-1V, (2) history of intellectual disability, seizures,
traumatic brain injury or other neurological illnesses, (3)
diagnosis of conduct, mood, generalized anxiety, separation
anxiety or obsessive—compulsive disorders based on the
DICA-IV, (4) psychotropic medications other than stimulant
medication, and (5) significant discrepancy between FSIQ
and WIAT-II. Children with ADHD and comorbid opposi-
tional defiant disorder (ODD) were not excluded from par-
ticipation to increase the generalizability of our sample
given the high rates of comorbidity between ADHD and
ODD (Lahey et al. 1999) and because we did not have
specific predictions about the impact of comorbid ODD on
motor and cognitive control in children with ADHD.

A total of 51 boys between the ages of 812 years old
participated in the study (see Table 1). The ADHD group
was composed of 28 boys (age Mean [SD]=10.2 [1.4]
years), representing all three subtypes (20 combined type,
7 inattentive type, and 1 hyperactive/impulsive type). The
remaining 23 boys composed the typically developing (TD)
group (Age Mean [SD]=10.8 [1.3] years). Participants with
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Table 1 Demographic and
diagnostic information for

study participants

Means (standard deviations) are
reported above. SES
socioeconomic status; WISC-1V
Wechsler Intelligence Scale for
Children — Fourth Edition;
DSM-1V Diagnostic and
Statistical Manual of Mental

ADHD (n=28) TD (n=23) )4
Age in years 10.2 (1.4) 10.8 (1.3) 0.12
SES 48.7 (11.2) 57.7 (7.0) 0.002
WISC-IV (Standard Scores)
Full-Scale 1Q 100.9 (11.4) 112.6 (9.7) <0.001
Verbal Comprehension Index 105.9 (13.4) 119.4 (8.8) <0.001
Perceptual Reasoning Index 104.0 (13.4) 107.3 (13.4) 0.39
Working Memory Index 95.9 (14.5) 105.7 (9.8) 0.008
Processing Speed Index 91.9 (8.2) 99.5 (10.8) 0.006
DuPaul Parent Ratings
Inattentive Symptoms 6.5 (2.5) 0.6 (1.7) <0.001
Hyperactive/Impulsive Symptoms 4.8 (2.8) 0.1 (0.5) <0.001
Conners Parent Ratings (T-scores)
DSM-1V Inattention 67.6 (8.2) 46.0 (6.1) <0.001
DSM-IV Hyperactivity/Impulsivity 71.6 (9.9) 46.4 (4.5) <0.001
DSM-1V ADHD Total 70.9 (8.1) 46.0 (5.2) <0.001

Disorders — Fourth Edition

ADHD taking stimulant medication were asked to withhold
medication on the day prior and day of testing. Groups were
balanced on age and perceptual reasoning abilities based on
the Perceptual Reasoning Index (PRI) from the WISC-IV.
All subjects met right handedness criteria according to the
Edinburgh Handedness Inventory (Oldfield 1971) or to the
Physical and Neurological Exam for Subtle Signs (Denckla
1985). This study was approved by the Johns Hopkins
Medical Institutional Review Board. Written consent was
obtained from a parent/guardian and assent was obtained
from the participating child.

Procedures

Finger-Sequencing Paradigm In preparation for the finger-
sequencing paradigm, four Biopac goniometers (Biopac
Systems Inc., Goleta, CA) were taped onto the dorsal side of
the subject’s hand and to the proximal phalangeal surface of
the index and ring finger on both hands. Goniometers were
taped to ensure consistent flexion recordings from the meta-
carpophalangeal joint. After all four goniometers were
inspected for proper placement; the goniometers were cali-
brated to 0 and 45° finger flexions using Acgknowledge
recording software (MacNeil et al. 2011). Subjects were di-
rected to place their non-tapping hand in front of them while
their tapping hand was bent and placed on the arm rest.
Subjects were given finger-sequencing directions, asked to
practice the finger tapping sequencing once per hand, and
asked to repeat the directions to ensure understanding.
Lastly, a video camera was placed in front of the subject to
record the finger tapping sequence for later viewing.
Subjects were instructed to tap their fingers to their
thumb, sequentially, starting with their index finger and
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ending at their pinky (Index-Middle-Ring-Pinky). The se-
quence was repeated until the administrator told the subject
to stop (at least 10 sequences, 40 finger taps). Subjects
completed 5 blocks per hand alternating hands after every
block. Between each block the subjects reset their hands
and prepared for the next block. The starting finger se-
quencing hand was counterbalanced to control for possible
effects. Goniometer tracings are sampled at 100 Hz and
recorded using AcqKnowledge software 3.9.1v (Biopac
Systems Inc.).

Goniometer tracings were analyzed using AcqKnowledge
software 3.9.1v (Biopac Systems Inc.). Index finger flexion
peaks were used to identify a complete finger tapping se-
quence. Peak index finger flexions were identified using peak
identification tools in Acqknowledge. If necessary, index fin-
ger taps were confirmed using video playback. Index finger
tapping errors (tapping the index finger twice in succession)
were removed through visual inspection to reduce incomplete
finger sequences. During video playback, raters recorded
the amount of time that each subject took to complete 40
finger taps. This time window was used to control for
sequencing errors and number of finger taps. The first
index finger tap was excluded from analysis due to in-
creased intertap variability (time from the first index finger
tap to the second index finger tap). Each remaining index
finger flexion peak time was recorded for further analysis.
The first 40 taps completed by the participant were visu-
ally identified and only those finger taps were used to
examine tap speed and variability. Tap speed was deter-
mined by calculating the length of the interval in seconds
between index finger taps (i.e., longer intervals indicating
slower finger sequencing speed) and computing the mean
tap interval for each block, referred to as intertap interval.
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The standard deviation of the intertap interval for each
block served as the measure of variability in finger
sequencing.

Go/No-Go paradigm A subset of participants (n=18 per
group) also completed a Go/No-Go (GNG) task described
in previous studies (Mostofsky et al. 2003; Wodka et al.
2007). The Go/No-Go task was programmed using
Presentation software (Neurobehavioral Systems, Albany,
CA, USA) for Windows XP. Participants were seated in
front of a computer monitor with a keyboard. The task
stimuli consisted of green spaceships for “Go” trials and
red spaceships for “No-Go” trials, presented one at a time.
Participants were instructed to push the spacebar with their
index finger as quickly as possible in response to green
spaceships only. The use of familiar stimulus—response
associations (green for “go”; red for “no-go”) minimized
the perceptual and cognitive demands of the tests. Cues
were weighted towards green spaceships at a ratio of 3:1.
Go and no-go trials appeared in pseudorandom order, de-
rived using the randomization function in Microsoft Excel,
with the restriction that there were never fewer than 3 go
trials before a no-go cue and never more than 2 no-go trials
in a row. There were 11 practice trials (8 go cues; 3 no-go
cues) followed by 240 experimental trials (192 go cues; 48
no-go cues). Stimuli were present on-screen for 300 ms with
an interstimulus interval of 2000 ms during which a fixation
cross was present on-screen. Response accuracy and reac-
tion time were recorded for the first 217 trials of the task.
Response speed and variability measures on the Go/No-Go
task were quantified using mean and standard deviation of
reaction time (MRT and SDRT) and ex-Gaussian indicators,
allowing for a more defined characterization of RT variabil-
ity (Leth-Steensen et al. 2000). Mu and sigma represent the
mean and standard deviation of the normal component of
the distribution, respectively, and tau represents the expo-
nential component of the RT distribution, or positive skew.

Statistical Analysis

Diagnostic differences in speed and variability during the
finger sequencing task were examined with separate repeat-
ed measures ANOVAs with a between-subjects factor of
Group (ADHD, TD) and two within-subjects factors of
Hand (Left, Right) and Block (1-5). Polynomial linear con-
trasts were used to examine the linear effect of block. For
the subsample of participants whom also completed the Go/
No-Go task (=18 per group), univariate ANOVAs were
employed to examine group differences in response speed
and variability for the traditional reaction time measures
(MRT and SDRT) and the ex-Gaussian estimates (mu, sig-
ma, and tau). However, ex-Gaussian parameters could not
be estimated for the finger sequencing task because there are

not enough trials for adequate model fit (Heathcote et al.
1991). Therefore, traditional RT measures were used to
examine correlations among finger sequencing speed and
MRT on the Go/No-Go task and among finger sequencing
variability and SDRT on the Go/No-Go task. In addition,
linear regressions were employed to examine the associa-
tions among measures of cognitive (Go/No-Go MRT and
SDRT) and motor (finger sequencing speed and variability)
control with ADHD symptom domains on the Conners
Parent Rating Scale (Hyperactive/Impulsive Symptoms T-
score and Inattentive Symptoms T-score). All analyses were
conducted controlling for the participant’s age and notable
differences are mentioned when relevant. Additional analy-
ses were also conducted using the coefficient of variation,
computed as SDRT divided by MRT, as a measure of finger
sequencing and Go/No-Go variability and tau as predictors
in the regression models. The results were very similar and
are therefore not reported.

Results
Finger Sequencing Speed

The mean interval in seconds between each completed finger
sequence as reflected in the time of the index finger tap was
computed as a measure of finger sequencing speed (i.e., shorter
interval indicates faster finger sequencing). Participants were
faster with their dominant hand, £ (1, 49)=15.7, p<0.001, and
as the task progressed, block linear, 7' (1, 49)=61.4, p<0.001.
Children with ADHD tended to complete the finger sequence
more slowly than their typically developing peers, F (1, 49)=
3.4, p=0.07. In addition, although the difference in the average
finger sequence speed collapsed across the five blocks for each
hand did not vary across groups, Group X Hand F<I, a
significant Group x Hand x Block linear interaction emerged,
F (1, 49)=5.2, p<0.05, (see Fig. 1). Post-hoc comparisons
revealed that the TD group showed changes in finger sequenc-
ing speed over the course of the task that differed for each hand
whereas the ADHD group showed equivalent changes in finger
sequencing speed over the course of the task with both hands.
Specifically, for the TD group during non-dominant hand
finger sequencing, blocks two to five were all significantly
faster than block one, ps<0.005. During dominant hand
finger sequencing for the TD group, only blocks three to
five were significantly faster than the first block, ps<0.01,
whereas blocks one and two did not differ, p=0.25. In
contrast, children with ADHD showed a similar pattern in
changes in tap speed during finger tapping with their non-
dominant and dominant hands. For both hands, tap speed
did not change from block one to block two, p>0.66,
whereas they tapped faster with both hands in block five
compared to the first two blocks, ps<0.05 . When age was
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Finger Sequence Speed
=o- TD Left
-0+ TD Right
—o—ADHD Left
18 f —=—ADHD Right

16

12

Time Between Index Finger Taps (s)

Task Block

Fig. 1 Group differences in tap speed during sequential motor task. Mean
values (s) representing interval between index finger taps during the sequential
motor task for each block and hand within group. A Group x Hand x Block
linear interaction emerged for finger tapping speed, F (1, 49)=5.2, p<0.05

included as a covariate, the Group x Hand x Block interac-
tion remained significant, £ (1, 48)=4.9, p<0.05, but the
hand effects were no longer significant.

Finger Sequencing Variability

The standard deviation (SD) of the interval in between index
finger taps was computed as a measure of intrasubject
variability. Finger sequencing variability was greater during
left hand finger sequencing compared to right hand finger
sequencing, F' (1, 49)=4.5, p<0.05. However, this effect did
not vary by group, Group X Hand and Group X Hand X
Block, F's <1, and the main effect of hand was not signifi-
cant after controlling for age, F (1, 48)=1.0, p=0.32.

Greater intrasubject variability during finger sequencing was
observed in children with ADHD, F (1, 49)=6.0, p<0.05, and
this effect varied as a function of block, with a significant
Group x Block linear interaction, F (1, 49)=6.6, p<0.05, (see
Fig. 2). Post-hoc comparisons revealed that typically develop-
ing children became slightly less variable across blocks where-
as children with ADHD became slightly more variable across
blocks. Accordingly, significant group differences in tap vari-
ability were only observed during the final two blocks, block 4
Mdift=0.10 s, p=0.001, and block 5 Mdift=0.09 s, p=0.001.
When age was included as a covariate, the Group x Block linear
effect remained significant, /' (1, 48)=6.6, p<0.05, although
the main effect of group collapsed across blocks was no longer
significant, F' (1, 48)=3.3, p=0.075.

Go/No-Go Reaction Time Measures

Speed and variability in reaction time (RT) on the Go/No-
Go Task was examined with both traditional reaction time

@ Springer

Finger Sequence Variability

0.30

0.25

0.20

0.10

005 —e—ADHD

SD for Time Between Index Finger Taps (s)

0.00
1 2 3 4 5

Task Block

Fig. 2 Group differences in tap variability during sequential motor
task. The standard deviation (SD) of the interval in between index
finger taps was computed as a measure of intrasubject variability.
Greater intrasubject variability during finger sequencing was observed
in children with ADHD, F (1, 49)=6.0, p<0.05, and this effect varied
as a function of block, with a significant Group x Block linear inter-
action, F (1, 49)=6.6, p<0.05

measures (MRT, SDRT) and ex-Gaussian measures (mu,
sigma, and tau). Children with ADHD showed slower and
more variable reaction times on the Go/No-Go task, MRT: F
(1,35)=9.5, p<0.005; SDRT: F (1, 35)=13.3, p=0.001. Ex-
Gaussian measures indicated that speed and variability
for the normal part of the RT distribution did not differ
between groups (mu and sigma, Fs<l1), whereas groups
significantly differed in tau, F (1,35)=11.7, p<0.005.
These results did not change when age was included
as a covariate.

Associations among Speed and Variability Measures

Bivariate correlations were used to examine associations
among speed and variability in sequential finger move-
ments and both traditional reaction time measures (MRT
and SDRT) and ex-Gaussian measures (mu, sigma and
tau) on the Go/No-Go task for the subsample of partic-
ipants that completed both tasks (n=18 per group).
Finger sequencing speed was positively correlated with
MRT on the Go/No-Go, r=0.41, p<0.05, although it
was unrelated to mu, »=0.10, p=0.57. Variability in
sequential finger movements was positively correlated
with SDRT on the Go/No-Go task, r=0.34, p>0.05,
although it was not significantly correlated with sigma
or tau, r=—0.02, p=0.91 and r=0.27, p=0.11, respec-
tively. Partial correlations were also conducted control-
ling for age and the results did not change in a
meaningful way. The significant relationships among
measures of speed and variability across tasks for both
groups are illustrated in Fig. 3.
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Fig. 3 Associations among speed (a) and variability (b) across the Go/
No-Go and finger sequencing tasks for the subsample of participants
that completed both tasks (n=18 per group). Tap speed was positively
correlated with mean reaction time (MRT) on the Go/No-Go task, r=
0.41, p<0.05, such that children with fast reaction times on the Go/No-

Associations with ADHD Symptoms

To examine whether speed or variability in sequential finger
movements or Go/No-Go reaction times uniquely predicted
parent-reported ADHD symptoms of hyperactivity/impul-
sivity and inattention, a series of linear regressions were
conducted (see Table 2). For these analyses, traditional RT
measures were used (MRT and SDRT) because they were
shown to be associated with finger sequencing speed and
variability and are on a similar metric.

Finger sequencing speed and variability were signifi-
cant predictors of ADHD hyperactive/impulsive symptoms,
£5=0.29, p<0.05 and (5=0.40, p<0.005, respectively.
Reaction time speed (MRT) on the Go/No-Go marginally
predicted ADHD hyperactive/impulsive symptoms, 5=0.32,
p=0.06, whereas reaction time variability (SDRT) was a sig-
nificant predictor of hyperactive/impulsive symptoms,
(£5=0.47, p<0.005. When controlling for age, finger se-
quencing speed no longer predicted ADHD hyperactive/im-
pulsive symptoms, 5=0.25, p=0.11, and finger sequencing
variability marginally predicted ADHD hyperactive/impulsive
symptoms, $=0.31, p=0.07. Similarly, when controlling for
age, Go/No-Go MRT no longer predicted ADHD hyperactive/
impulsive symptoms, 3=0.25, p=0.11, whereas SDRT was a
significant predictor, 5=0.40, p<0.05. When all four measures
of response speed and variability were included in the same
regression model predicting hyperactive/impulsive symptoms,
41 % of the variance in ADHD hyperactive/impulsive symp-
toms was accounted for by this model, F' (4, 31)=5.4, p<

SDRT for Go/No-Go Task (ms)

300

200

100

O —
o 1 2 3 a4 5
SD of Time Between Index Finger
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Go task also displayed a shorter interval between index finger taps.
Variability in sequential finger movements was positively correlated
with standard deviation of reaction time (SDRT) on the Go/No-Go
task, r=0.34, p<0.05

0.005. In addition, the only unique predictor was finger se-
quencing variability, 5=0.40, p<0.05. This pattern was con-
sistent after controlling for age, although tap variability only
marginally predicted ADHD hyperactive/impulsive symp-
toms, 5=0.34, p<0.10.

For inattentive symptoms, neither finger sequencing
speed, 5=0.27, p=0.06, nor variability, 3=0.23, p=0.10,
was a significant predictor when tested in individual regres-
sion models. In contrast, reaction time speed and variability
on the Go/No-Go were significant predictors of ADHD
inattentive symptoms when tested in individual regression
models, §=0.35, p<0.05, and 5=0.48, p<0.005, respective-
ly. These results were similar when controlling for age.
When all four measures of response speed and variability
were included in the same regression model predicting
inattentive symptoms, 29 % of the variance in ADHD inat-
tentive symptoms was accounted for by these variables, F
(4, 31)=3.2, p<0.05, although none of the variables unique-
ly predicted inattentive symptoms, ps>0.10.

Discussion

In this study, response control was examined during a finger
sequencing task and a Go/No-Go task in boys with ADHD
compared to typically developing boys, providing measures
of speed and variability in motor and cognitive control.
Consistent with the literature (Epstein et al. 2011), boys
with ADHD exhibited slower and more variable reaction
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Table 2 Linear regression models predicting ADHD symptom
domains of hyperactivity/impulsivity and inattention from measures
of speed and variability of finger sequencing (FS) and Go/No-Go
(GNGQG) reaction time

F B p R?

Hyperactive/Impulsive Symptoms
Individual Models

FS speed (1,49)=4.6 0.29 0.04 0.09
FS variability (1,49)=9.3 0.40 0.004 0.16
GNG MRT (1,34)=3.7 0.31 0.06 0.10
GNG SDRT (1,34)=9.8 0.47 0.004 0.23
Combined Model (431)=54 0.002 0.41

FS speed 0.07 0.74

FS variability 0.40 0.04

GNG MRT —0.14 0.54

GNG SDRT 0.42 0.09

Inattentive Symptoms
Individual Models

FS speed (1,49)=3.9 0.27 0.06 0.07
FS variability (1,49)=2.8 0.23 0.10 0.05
GNG MRT (1,34)=4.6 0.35 0.04 0.12
GNG SDRT (1,34)=10.2 0.48 0.003 0.23
Combined Model (4,31)=3.2 0.03 0.29

FS speed 0.08 0.71

FS variability 0.20 0.34

GNG MRT -0.10 0.71

GNG SDRT 0.45 0.10

FS Finger Sequencing Task; GNG Go/No-Go Task; MRT mean reac-
tion time; SDRT standard deviation of reaction time

times along with greater positive skew in their RT dis-
tribution as reflected by increased tau on the Go/No-Go
task. Our prediction that boys with ADHD would also
complete the self-generated finger sequencing task more
slowly and display greater variability in the amount of
time it took them to complete the finger sequence was
also supported. In addition, the speed and variability of
the interval between index finger taps changed over the
course of the task differentially for ADHD and control
participants. Also consistent with prior research, intrasub-
ject variability was positively correlated across the two
tasks, suggesting there may be a common factor under-
lying ISV across tasks. Furthermore, exploratory analyses
indicated that the only unique predictor of parent ratings
of hyperactive-impulsive symptoms was variability in
intertap interval during finger sequencing, whereas inat-
tentive symptoms were only predicted by reaction time
variability on the Go/No-Go task. Therefore, ISV in
motor control may be specifically related to hyperactive/
impulsive symptoms of ADHD, even after controlling for
ISV in cognitive control.

@ Springer

Our finding that boys with ADHD showed slower and
more variable finger tapping during a finger sequencing task
contributes to the growing literature on motor control defi-
cits implicated in ADHD (e.g., Egeland et al. 2012; Klotz et
al. 2011; Rommelse et al. 2008) and increased intrasubject
variability across domains in ADHD (Epstein et al. 2011;
Frazier-Wood et al. 2012). These findings also provide
further evidence of the multiple parallels between neural
systems critical for development of behavioral and motor
control. Moreover, this is the first study to examine changes
in motor control over the course of a finger sequencing task
in boys with and without ADHD. The results of this analysis
suggested that typically developing boys showed improved
motor efficiency with their non-dominant hand from block
one to block two and their performance steadily improved
over the course of the task with each hand after the first
block. In contrast, boys with ADHD failed to show faster
finger sequencing speed until later in the task, suggesting
they were slower to improve the efficiency of their motor
control with repeated practice. For tap variability, the
ADHD group became more variable over the course of the
task, whereas the control group became less variable. This
pattern of results emphasizes the importance of examining
the performance of children with ADHD over the course of
a task.

The differential change in ISV over the course of the
finger sequencing task suggests that learning and automa-
ticity of motor control may be altered in children with
ADHD. 1t is also possible that boys with ADHD have more
difficulty consistently exerting the effort needed to complete
the finger sequence at a regular rhythm, producing increased
variability as the task progressed. This may partially be due
to the contribution of energetic factors (e.g., effort and
arousal) to motor output (Sergeant 2000; Sergeant et al.
1999) consistent with the finding that energetic factors me-
diated impaired motor control in children with ADHD
(Egeland et al. 2012). It may also be that children with
ADHD require additional cognitive control to compensate
for motor deficits (Suskauer, Simmonds, Caffo, et al. 2008)
and they failed to exert this control either due to deficient in
cognitive control, a lack of awareness that additional control
was required, or a lack of motivation to exert sufficient
control to perform the task efficiently. In addition, a
vigilance decrement likely occurred over the course of
the task, perhaps to a greater extent for children with
ADHD (Tucha et al. 2009), and as the attentional system
fatigued performance may have become more variable.

The associations among measures of speed and variabil-
ity across the tasks are consistent with prior research (Klein
et al. 2006) and provides further support for the parallel
neural systems involved in motor and cognitive control. Of
note, previous studies that have used a simple finger tapping
task have not consistently shown impaired performance in
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children with ADHD (Frazier-Wood et al. 2012; Rommelse
et al. 2008), suggesting that deficient motor control may be
greatest during non-rote motor tasks involving selection and
sequencing of motor actions, such as the one used in this
study. The characteristics of our sample may have also
contributed to these results because motor problems tend
to be more prevalent in boys with ADHD (Larson et al.
2007) and may be more strongly related to symptoms of
hyperactivity and impulsivity, as the exploratory analyses
suggest.

Additional evidence for subtype differences in motor
control has been provided in previous studies (Egeland et
al. 2012) and difficulties with motor control have also been
shown to be most strongly related to hyperactive/impulsive
symptoms of ADHD (MacNeil et al. 2011). This might
explain why girls with ADHD, who tend to display fewer
symptoms of hyperactivity or impulsivity, are less likely to
display motor impairments. The differential relationship
between hyperactive/impulsive symptoms and variability
in motor control and between inattention symptoms and
variability in cognitive control suggests the underlying pro-
cesses contributing to these behavioral symptoms may dif-
fer. These findings have implications for the identification of
biologically based subtypes of ADHD and ultimately the
development of effective treatments for ADHD.

In addition, including age as a covariate impacted some
of the motor findings in this study, despite our limited age
range of 4 years (8-12). The slight change in diagnostic
effects after accounting for age suggests that motor deficits
in boys with ADHD may be greatest in younger children
and diminish with age. Moreover, this motor delay may be
associated with ADHD symptom presentation which
changes over development, with a reduction in hyperac-
tive/impulsive symptoms during the transition from child-
hood to adolescence (Willoughby 2003).

Several limitations in this study are worth consideration.
Variability during the finger sequencing task was measured
as the time between the index finger taps rather than the time
between each individual finger tap (i.e., index, middle, ring,
and pinky fingers). Development of methods to record the
timing of each individual finger tap, as opposed to the index
and ring fingers only, may provide additional information
about nature of the variability observed in boys with
ADHD. It may also be useful to conduct a power frequency
analysis to characterize the dysrhythmia during finger se-
quencing to identify possible oscillations in the finger tap-
ping rate (e.g., Ben-Pazi et al. 2006). Extending these results
to examine motor function in girls with ADHD as well as
younger children will elucidate our understanding of the
developmental course of motor function and its relation to
ADHD.

Our study provides evidence that increased response
variability in boys with ADHD during a self-generated

motor sequencing task is related to symptoms of hyperac-
tivity and impulsivity but not inattention. Improving our
understanding of motor function in children with ADHD
may be particularly informative for elucidating the underly-
ing mechanisms of intrasubject variability and hyperactive
and impulsive behavior. Therefore, continued study of mo-
tor function in ADHD is crucial for providing insight into
the neuropathophysiology of this disorder and for identify-
ing potential biomarkers relevant for the expression of the
behavioral symptoms associated with this chronic and het-
erogeneous disorder.
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