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Abstract

Attention-deficit/hyperactivity disorder (ADHD) is a prevalent psychiatric disorder in children
that often continues into adulthood. It has been suggested that motor impairments in ADHD are
associated with underlying cerebellar pathology. If such is the case, individuals with ADHD
should be impaired on motor tasks requiring healthy cerebellar function. To test this, we compared
performance of individuals with ADHD and ADHD-like symptoms with non-ADHD controls on a
visuomotor adaptation task known to be impaired following cerebellar lesions. Participants
adapted reaching movements to a visual representation that was rotated by 30°. Individuals with
ADHD and those with ADHD-like symptoms took longer to correct the angle of movement once
the rotation was applied relative to controls. However, post-adaptation residual effect did not
differ for individuals with ADHD and ADHD-like symptoms compared to the control group.
These results are consistent with the hypothesis that mild cerebellar deficits are evident in the
motor performance of adults with ADHD.
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Introduction

Attention-deficit/hyperactivity disorder (ADHD) is one of the most prevalent psychiatric
disorders. While first established in the 1970’s as a disorder in children, the diagnostic
criterion for ADHD was expanded to include adolescents and adults (Conrad and Potter
2000). Approximately 65% of ADHD cases persist into adulthood (Biederman et al. 2012)
and about 8 million adults in the United States alone have a diagnosis of ADHD (Kessler et
al. 2006).

ADHD has well-established and recognizable behavioral symptoms such as excessive motor
activity, distractibility, restlessness, and impulsivity (American Psychiatric Association
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2000). Less well known is that a large proportion of individuals with ADHD have motor
difficulties. For example, when children with ADHD and matched controls were assessed
with the Movement Assessment Battery for Children (MABC), which examines manual
dexterity and balance, individuals with ADHD performed worse than controls. Moreover,
motor difficulties were more common in individuals with ADHD and many were borderline
for need of intervention (Piek, Pitcher and Hay 1999). Children with ADHD exhibit
increased variability in movement timing and fail to correct for timing errors in the open-
loop manner that control participants employ (Zelaznik et al. 2012). Additionally, children
with ADHD are more likely than controls to be rated as clumsy by both medical
professionals and teachers on a questionnaire of motor-dysfunction (Kadesjo and Gillberg
1998), have worse handwriting (Racine et al. 2008), and have more frequent developmental
motor delays (Yochman, Ornoy and Parush 2006a; Yochman, Ornoy and Parush 2006b).
While little is known of motor deficits in adults with ADHD, a similar deficit as that seen in
children has been suggested (Carr, Nigg and Henderson 2006; Malloy-Diniz et al. 2007).

Motor impairments in the ADHD population may be related to abnormalities in cerebellar
structure and function. Children and adolescents with ADHD have significantly reduced
grey matter volume within the cerebellum (Castellanos et al. 2002; Carmona et al. 2005;
Mackie et al. 2007; Valera et al. 2005) and this reduction has been associated with poorer
performance on a response inhibition task (McAlonan et al. 2009). In addition to structural
differences in the brain, diffusion tensor imaging has shown abnormalities in white matter
microstructure within the cerebellum in children with ADHD, possibly reflecting reduced
axonal integrity (Nagel, et al. 2011). Additionally, hypoactivation of corticocerebellar
circuits in children and adolescents with ADHD is associated with impaired motor timing
(see review: Hart et al. 2012) and motor response inhibition (Schulz et al. 2004; Suskauer et
al. 2008).

Similar to children, adults with ADHD also have reduced cerebellar volume. When adults
who were diagnosed with ADHD as children were re-examined after 33 years, ADHD
probands had significant cerebellar grey matter volume deficits compared with controls
(Proal et al. 2011). Additionally, adults with ADHD have been shown to have reduced
functional activity within the cerebellum during performance of both motor and non-motor
tasks (Valera et al. 2005; Valera et al. 2010).

The cerebellum is necessary for adaptive motor learning - a critical ability that allows for
adjustment of movements to the dynamic surrounding environment. Lesions to the
cerebellum prohibit visuomotor adaptation from taking place (Martin et al. 1996; Maschke
et al. 2004; Rabe et al. 2009; Tseng et al. 2007). For example, Martin and colleagues (1996)
investigated accuracy of throwing in individuals with cerebellar lesions and matched
controls. To examine visuomotor adaptation, throws were made with and without prism
glasses. Unlike healthy control participants, individuals with cerebellar lesions were unable
to adapt throws to compensate for the modified visual information.

Individual differences in healthy cerebellar structure and function have also been shown to
relate to performance on visuomotor adaptation tasks. Greater cerebellar activation is
associated with visuomotor learning and automaticity (Della-Maggiore and Mclntosh 2005).
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Similarly, greater density of the white matter tracts connecting the cerebellum with the
motor and premotor cortical regions is associated with a faster rate of adaptation (Della-
Maggiore et al. 2009). Therefore, even within healthy individuals, cerebellar connectivity
can predict the rate of adaptive motor learning.

In the present study, we examined whether adults with ADHD exhibit movement
impairments compared to controls. In addition to testing individuals with ADHD,
individuals with ADHD-like symptoms (score >4 on part A of the ADHD Self-Report Scale)
were also included. Adult ADHD is under-diagnosed with respect to its prevalence (Clarke,
Heussler and Kohn 2005; Hines, King and Curry 2012); in a large-scale survey, only
approximately 11% of adults who met the diagnostic criteria for ADHD had received
treatment in the previous year (Kessler et al. 2006). By including individuals with symptoms
consistent with ADHD diagnosis, regardless of actual diagnosis, we sought to examine a
more representative adult sample.

To probe motor performance, we used a visuomotor adaptation task known to rely on
cerebellar function (e.g., Martin et al. 1996; Maschke et al. 2004; Rabe et al. 2009; Tseng et
al. 2007). Given that the cerebellar deficits associated with ADHD are of reduced volume
and white matter connectivity, but not complete lesions, we hypothesized that individuals
with ADHD would be able to adapt to a visuomotor rotation task but to a lesser extent than
the non-ADHD control group.

Materials and Methods

Participants

Participants were 91 (49 female) young adults ranging from 18 to 30 yrs (M =21.4 £1.95
yrs; Table 1) who received course credit for participation. Exclusion criteria included a
history of neurological disorder or premature birth (< 38 weeks gestational age) as
premature birth has been shown to affect the cerebellum (Parker et al. 2008).

Diagnostic measure

The ADHD Self-Report Scale (ASRS) was used to classify subjects into “ADHD” or control
groups. The ASRS has high internal consistency (Cronbach’s a=0.88) and high intra-class
correlation coefficients for subset symptom scores (intra-class correlation coefficients =
0.83; Adler et al. 2006). Given that the first 6 questions (part A) are most predictive of
symptoms consistent with ADHD (Kessler et al. 2005), only part A of the ASRS was used.
All participants eligible to receive credit for research participation (students enrolled in
Psychology courses) completed the 6 questions along with a larger pool of prescreening
questions. A total of 1414 individuals completed the prescreening questions. Of those, 20
declined to answer the 6 questions, and 411 (29.5%) of those who responded were identified
as having symptoms consistent with ADHD. Individuals were invited to participate based on
their responses to part A of the ASRS (scored = 4 were invited to the ADHD group; scores <
4 were invited to the control group). When individuals came in to participate, they were
given the ASRS again and scores on the day of participation were used to classify
individuals into groups. Forty-nine individuals scored = 4 and composed the ADHD group.
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Of these, 20 had a present self-reported diagnosis of ADHD and 15 were currently taking
medication to treat their disorder. These individuals were asked to refrain from taking their
medication in the morning before their testing session. The remaining 29 individuals in this
group were classified as ADHD-like in sub-analyses reported below.

A Polhemus Liberty electromagnetic tracker was used to record movements. A small
kinematic sensor (0.375 in. x 0.375 in. x 0.375 in.) taped to the index finger of the
participant’s dominant hand sampled the 3-D position at a sampling rate of 256 Hz. The
Polhemus was connected to a computer with a horizontally mounted LCD monitor. The 22-
in LCD monitor was elevated 10 in. above the table (~70 cm viewing distance) so the
participant could comfortably move their hand in the space between the monitor and the
table to perform the task (Fig 1). Their hand was occluded from their view during the task
by the monitor. A yellow cursor on the LCD screen corresponded to the 2-dimensional
(forward-backward/left-right) position of the participant’s index finger as they moved below
the screen.

All procedures were approved by the University of Massachusetts Institutional Review
Board and informed consent was obtained before the study commenced. The visuomotor
rotation task was adapted from Kagerer, Contreras-Vidal, and Stelmach (1997). The display
on the screen consisted of five white rings. Rings were 2 cm in diameter, and those in the
four corners of the screen were targets (Fig 1). A center circle was the starting and ending
location of each movement. While the finger rested at the center ring, one of the four outer
targets illuminated (black center turned white). The participant was asked to make a
reaching movement with their arm (shoulder and elbow joints) in order to move the cursor to
the cued target. The distance from the center circle to the target (center-to-center) was 15
cm. Participants were instructed to reach as quickly and accurately as possible to the target
then return to the center. Targets were cued in a random order with each appearing an equal
number of times within each phase. Participants were allowed to freely move their eyes
during the task as there was no fixation point.

The task was divided into three phases. The pre-adaptation phase consisted of 32 trials of
baseline reaching performance. The adaptation phase consisted of 120 trials. In this phase,
the cursor position, the visual indication on the monitor of the finger position, was rotated 30
counterclockwise in relation to the actual finger position. This perturbation occurred in the
first trial of this phase, and was thus sudden, rather than gradual. A 30° rotation has been
shown to be an effective perturbation to observe visuomotor adaptation in control
populations (Krakauer, Pine, Ghilardi and Ghez, 2000; Galea, Vazquez, Pasricha, Orban de
Xivry and Celnik, 2011; Krakauer, Ghez and Ghilardi, 2005), and is not considered to be
excessively difficult (Rentsch and Rand, 2014) which may be important for use with the
ADHD population. To successfully complete a reach in the adaptation phase, participants
had to correct for this rotation by moving their finger 30 in the clockwise direction from the
actual target location. The post-adaptation phase consisted of 12 trials in which the rotation
was removed, meaning that the movement of the hand corresponded accurately with the
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placement of the cursor on the screen. The post-adaptation phase gauged the existence and
intensity of a residual effect, or the continued compensation for the rotation immediately
following its removal.

Data Analysis

Each trial was visually inspected to ensure that the participant performed the task as
instructed. Trials in which the participant exhibited a highly irregular movement pattern
were withheld from analysis; for example, reaches were removed if the individual first
reached toward an incorrect target before adjusting to the correct target. In addition, the first
two trials of the pre-adaptation phase were withheld from analysis as they were considered
“practice”.

Reaction time (RT), movement time (MT) and angle at maximum velocity (AMV) were
determined for each reach. RT is the time it took the participant to move the cursor outside
of the starting circle following the illumination of the target. MT was the time it took the
participant to direct the cursor from the starting circle to the target. Consistent with prior
studies of visuomotor adaptation (Paz et al. 2003; Karakauer, Ghez and Ghilardi 2005;
Wang and Sainburg 2005; Wang and Sainburg 2009), AMV was measured as the angle of
deviation from the direct line between the center of the home circle and the center of the
target circle at the point of maximum velocity during a trial. The point of maximum velocity
represents a point in each trial when the participant corrected for their error.

Baseline trials were grouped into a single average for all 30 trials given the low variability in
these trials. Adaptation trials were averaged into epochs of 6 trials per epoch. Performance
for post-adaptation trials was also averaged across 6 trials, creating 2 epochs. Averaging
removes differences in movement parameters due to direction of movement or noise in
performance. However, due to a program error, the fifth adaptation epoch had five trials in a
row towards the same target. Given that this epoch was not representative of the rest of the
phase, it was removed from the analysis. Independent samples t-tests were used to analyze
pre-adaptation differences in performance (RT, MT, and AMV) between the ADHD and
control groups. For the adaptation and post-adaptation phases respectively, 2 x 19 and 2 x 2
mixed design ANOVASs were used to analyze the group differences (ADHD and Control) in
RT, MT and AMV across epochs. Given the violation of the assumption of sphericity in the
adaptation phase for both AMV and MT measures, the Huynh-Feldt correction was used.
These analyses were also run examining differences in diagnosed and undiagnosed
individuals to ensure that our categorization of the “ADHD” was appropriate.

Post-hoc independent samples t-tests were used to identify differences in group performance
across epochs when significant interactions were observed. To control for multiple
comparisons, a more stringent alpha cutoff of p<0.01 was used for these analyses. In
addition, to better quantify the differences in learning rates, significant interactions were
further examined with simple linear regressions to determine the slope of the lines. A caveat
of this method is that learning rates are likely to be more quadratic than linear in trajectories.
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The ADHD and control groups did not differ by age (t(89) = —-0.861, p = 0.391) or gender
(ADHD = 53.1% female, Control = 54.8% female; Table 1). Expectedly, there were
significant differences between ASRS scores of the ADHD group and the control group
(t(89) = 13.35, p < 0.001; Table 1). Interestingly, within the ADHD group, there were no
significant differences in ASRS scores between those who had been diagnosed with ADHD
and undiagnosed individuals (t(47) = —1.415, p = 0.164; Table 1).

An average of 5.9% (SD = 5.6%) of trials were withheld from analysis due to substantial
irregularities in the reach trajectory. Significantly more trials were removed from the ADHD
group than the control group (t(89) = 2.107, p = 0.038). Moreover, the percentage of trials
removed per subject was significantly correlated with severity of ADHD symptoms as
determined by the ASRS (r = 0.286, p =0.006). It is possible that, given the nature of this
disorder, individuals in the ADHD group made greater numbers of irregular reaches due to
being more distracted or inattentive, or more impulsive on individual trials. Notably, it is
necessary to eliminate these trials from subsequent analyses as measures of MT, RT, and
AMV in these trials may reflect a different process than those with similar trajectories for
the two groups.

Pre-adaptation phase (baseline)

There were no significant baseline differences in RT ((89) = -1.21, p = 0.230; ADHD 0.14
+ 0.04 sec, Control = 0.15 + 0.03 sec) or MT (t(89) = 1.41, p =0.163; ADHD = 1.60 £ 0.20
sec, Control = 1.54 + 0.22 sec; Fig 2). Baseline AMV assessed in the pre-adaptation phase
also did not differ between the ADHD (11.24 £+ 5.06°) and control groups (10.34 + 3.90°;
t(89)= 0.94, p = 0.349; Fig 3). Therefore, regardless of group, all individuals performed
equivalently at baseline.

Adaptation phase

Across the adaptation phase, there was a trend level difference in RT for the ADHD
compared to the control group (F(1, 89) = 3.06, p = 0.083). However, the effect size of this
measure was small (partial eta = 0.033). There was also no significant main effect of epoch
on RT (F(18, 72) = 1.43, p = 0.142) nor a group by epoch interaction (F(18, 72) = 1.04, p =
0.433).

However, with respect to MT, there was a significant main effect of epoch (F(9.77, 996.41)
=91.05, p < 0.001) indicating a gradual reduction in MT as the phase progressed. While
there was no main effect of group on MT (F(1, 89) = 0.28, p = 0.600), the epoch by group
interaction was significant (F(9.77, 996.41) = 1.77, p = 0.05). These data indicate that while
there are no overall differences in MT, the rate of MT correction was slower for individuals
with ADHD symptoms (Fig 2). Post-hoc analyses further support no overall group
differences in MT across adaptation as MT was not significantly different between groups at
any individual epoch.

We further examined whether MT performance differed between those individuals within
the ADHD group, comparing those with and without an ADHD diagnosis. Within the
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ADHD group alone (diagnosed and undiagnosed), the significant main effect of epoch on
MT remained (F(7.89,370.90) = 44.50, p < 0.001); however, there was no significant main
effect of diagnosis subgroup (F(1, 47) = 1.53, p = 0.223), nor a subgroup by epoch
interaction (F(7.89,370.90) = 1.05, p = 0.402). Therefore, the use of the ASRS for grouping
into ADHD and control groups appears sufficient for this measure. Additionally, when
comparing only those with a current ADHD diagnosis to the control group, the significant
interaction between epoch and group remained (F(14, 280.82) = 1.86, p = 0.030). When the
undiagnosed individuals with ADHD symptoms are compared to controls, this effect is no
longer observed (F(10.42, 698.181) = 1.51, p = 0.128).

When AMV was compared between the ADHD and control groups in the adaptation phase,
there was a significant main effect of epoch (F(15.69, 1396.28) =20.84, p <0.001),
indicating that participants were adapting to the rotation as expected as illustrated in Figure
4. There was also a significant main effect of group (F(1, 89) =8.77 p =0.004), such that
AMV was greater for the ADHD (19.70 + 0.66°) compared to the control group (16.82 +
0.72°). Importantly, there was a significant epoch by group interaction (F(15.69, 1396.28) =
1.73, p =0.038), supporting that the rate of adaptation differed between the groups (Fig 3).
The adaptation to the rotation was significantly slower in ADHD group as indicated by a
reduced slope (m=-0.451) compared to the controls (m=-0.517). Additionally, post-hoc t-
tests were used to compare group performance across individual epochs. Significant
differences in performance were observed across the adaptation phase indicating that the
ADHD group was consistently more affected by the rotation throughout this phase (Fig 3).

We assessed whether AMV performance on the adaptation phase differed between those
individuals within the ADHD group based on diagnosis status. Consistent with the above
analysis, there was a significant main effect of epoch (F(14.87,698.65) = 9.60 p < 0.001);
however, there was no significant main effect of diagnosis subgroup (F(1, 47) =1.00, p =
0.322), nor a subgroup by epoch interaction (F(14.87,698.65) = 0.58, p = 0.888). This
suggests that individuals within the ADHD group did not differ on their performance during
the adaptation phase based on whether or not they had been diagnosed with ADHD. Further,
when we compared AMV across the adaptation phase between those with an ADHD
diagnosis to controls, we still found a significant main effect of group (F(1,60) = 11.06, p =
0.002), although the group by epoch interaction was no longer significant (F(14.89, 893.08)
=1.00, p = 0.447). When the undiagnosed individuals in the ADHD group were compared
to the control group, again the main effect of group remained significant (F(1, 67) = 4.43, p
= 0.039), as did the group by epoch interaction (F(14.50, 971.74) = 1.97, p = 0.016).

Lastly, we considered whether the group differences in MT were related to the differences in
AMV across the adaptation phase; the two measures are not necessarily independent of one
another. A reach with a larger AMV s likely to take longer to complete than one with a
more direct trajectory. In these data, AMV was significantly correlated with MT for both the
ADHD group (r = 0.88, p <0.001) and for the controls (r = 0.94, p <0.001). This suggests
that these two measures are not mutually exclusive and both represent the level of adaptation
to the applied rotation.
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Post-adaptation phase

In the post-adaptation phase, RT did not significantly differ across epochs (F(1, 89) = 1.27, p
=0.262), or by group (F(1, 89) = 0.69, 0.408). Additionally, there was no significant group
by epoch interaction for this variable (F(1, 89) = 0.31, p = 0.580).

However, MT did significantly differ across epochs (F(1, 89) = 60.66, p < 0.001) such that
the duration of the reach was greater for the first epoch (M = 1.62 + 0.02) compared with the
second (M = 1.50 £ 0.019); however, there was no main effect of group (F(1, 89) =0.09, p =
0.769), and there was no significant epoch by group interaction (F(1, 89) = 0.07, p = 0.794;
Fig 2). Therefore, the ADHD and control groups did not differ in their MT performance in
the post-adaptation phase.

There was a significant effect of epoch on AMV (F(1, 89) = 20.681, p < 0.001) in the post-
adaptation phase; however, again, there was no significant main effect of group (F(1, 89) =
0.97, p = 0.328), nor a significant group by epoch interaction (F(1, 89) = 0.01, p = 0.915; Fig
3). Like with MT, the ADHD and control groups did not differ in their level of adaptation to
the removal of the rotation in the post-adaptation phase.

Discussion

In this study, we assessed whether adult individuals with diagnosed ADHD and ADHD
symptoms show diminished visuomotor adaptation abilities. Given that ADHD is associated
with cerebellar pathologies, and a known function of the cerebellum is visuomotor
adaptation, it was predicted that the ADHD group, regardless of diagnosis status, would
demonstrate reduced visuomotor adaptation compared to the control group. In support of our
prediction, individuals with ADHD symptoms showed evidence of impaired visuomotor
adaptation. This impairment is evidenced by the greater AMV and slower reduction of MT
across the adaptation phase. In contrast, the control group made faster and more direct
reaches throughout the adaptation phase.

These results are consistent with the hypothesized role of the cerebellum in movement
impairments in individuals with ADHD. On a similar task, Della-Maggiore and colleagues
implicate decreased cerebellar activation (Della-Maggiore and Mclntosh 2005) and
cerebellar connectivity (Della-Maggiore et al. 2009) in a reduced rate of motor adaptation in
healthy young adults. Therefore, it seems likely that a reduction in cerebellar connectivity
and function plays a predominant role in movement impairments in adults with ADHD.

An alternative explanation for the differences in the ADHD and control groups could be the
manifestation of ADHD symptoms of impulsivity or inattentiveness. Inattentive symptoms
during the task due to symptoms of ADHD should correspond with significant increases in
RT or greater irregularities in movements. Impulsivity should correlate with decreased RT
times. However, there were no significant group differences in RT across any measures of
the task; therefore impulsivity is unlikely to explain the adaptation results. While there were
significantly more irregular reaches in the ADHD group, possibly indicating greater
inattentiveness, these trials were removed from the analysis preventing them from biasing
the adaptation results.
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Having firmly adapted to the rotation, participants make slower movements (MT) and more
extensive errors in reach direction (AMV) at the beginning of the post-adaptation phase once
this rotation is removed. However, there were no differences between groups for MT or
AMV for the post-adaptation phase, nor significant group by epoch interactions. This
suggests that, although the rate of adaptation is slower in the ADHD group, they nonetheless
successfully adapt to the rotation by the end of the phase. Therefore the impairment is
specific to the rate of learning this task, as opposed to whether or not adaptation is possible.
Again, this mimics the effects seen in healthy individuals with reduced cerebellar activation
and white matter connectivity; these individuals successfully adapted to the rotation despite
doing so at a slower rate than those with stronger cerebellar connections (Della-Maggiore
and Mclntosh 2005; Della-Maggiore et al. 2009).

While we assume the observed deficits in adaptation in the ADHD group reflect a cerebellar
deficit, it is possible that they instead reflect a role of the posterior parietal cortex (PPC).
The PPC has been implicated in ADHD symptomology as part of the attentional network
(see review: Katsuki and Constantinidis, 2012). Animal models of ADHD show reduced
metabolic capacity in the PPC (Gallo, Gonzalez-Lima and Sadile, 2002) and one of the most
common genentic polymorphisms associated with ADHD, the DRD4 7-repeat allele, has
also been associated with thinner cortical structure in the PPC (Shaw et al., 2007). With
respect to visuomotor adaptation, the PPC has been implicated in error detection and in the
acute strategic control processes of prism adaptation (Clower, Hoffman, Votaw, Faber,
Woods and Alexander, 1996; Pisella, Michel, Grea, Tilikete, Vighetto and Rossetti, 2004;
Newport and Jackson, 2006; Luauté et al., 2009). Comparatively, the cerebellum is thought
to be important for the adaptive component, or the more gradual realignment of the visual
and proprioceptive representations (Pisella, Michel, Grea, Tilikete, Vighetto and Rossetti,
2004; Newport and Jackson, 2006; Luauté et al., 2009). Therefore, while deficits in the PPC
in the ADHD group might explain early differences in adaptation (within the first 5-15
trials; Newport and Jackson, 2006), the prolonged group differences in adaptation are more
in line with cerebellar deficits. Additionally, the measure of AMV has been shown to reflect
the more gradual sensorimotor realignment attributed to the cerebellum compared to other
measures of adaptation, such as end-point error (O’Shea et al., 2014).

It is important to note that the ADHD-related deficits in the rate of adaptation were observed
using a sudden, rather than a gradual, perturbation of the visual information. While the
striatum and other brain regions have been implicated in adaptation to large, sudden
perturbations (Venkatakrishnan, Banquet, Burnod and Contreras-vidal, 2011), there is also
strong evidence for the cerebellum’s role in such adaptation. Reversible inactivation of the
dentate nucleus in nonhuman primates impaired adaptation to both gradual and sudden shifts
although deficits were greater with a gradual perturbation (Robertson and Miall, 1999).
Conversely, individuals with severe cerebellar degeneration were profoundly impaired at
adapting their movements when a visual shift was applied suddenly and yet were still
capable of demonstrating visuomotor adaptation when the perturbation was applied
gradually (Criscimagna-Hemminger, Bastian and Shadmehr, 2010). This study suggested
that motor learning of smaller errors may be possible using other neural strategies, whereas
adaptation to large perturbations were very reliant on cerebellar involvement. Recently, the
cerebellum has been implicated in adaptation to both gradual and sudden perturbations
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through observations in patients with cerebellar ataxia (Schlerf, Xu, Klemfuss, Griffiths and
Ivry, 2013). In sum, these data are consistent with a cerebellar role in motor adaptation even
under sudden perturbations such as the one used here.

While most of the current literature focuses on motor deficits in children with ADHD, this
study contributes to the significant gap in the literature regarding motor deficits in ADHD
adults. Future research probing the changes in ADHD motor symptoms across the lifespan is
warranted. The results of this behavioral study further demonstrate the need to examine
cerebellar dysfunction in individuals with ADHD. The cerebellum is clearly implicated in
movement coordination (see review: Thach, Goodkin and Keating 1992), motor sequencing
(Braitenberg, Heck and Sultan 1997; Spencer and lvry 2009), and movement timing (lvry
and Spencer 2004). Some of the earliest motor behavioral research on ADHD showed delays
in timed repetitive and sequential movements (Denckla and Rudel 1978). Working to
expand our understanding of how the cerebellum is affected in individuals with ADHD
across all age groups will facilitate the formulation of strategies for improving adaptive
motor learning ability, and alleviating the motor symptoms of ADHD.

Acknowledgments

This work was supported in part by RO1 HD067744 (PI: Valera) from the National Institutes of Health and an
Honors Research Grant from Commonwealth Honors College at the University of Massachusetts, Amherst.

References

Adler LA, Spencer T, Faraone SV, Kessler RC, Howes MJ, Biederman J, Secnik K. Validity of pilot
Adult ADHD Self-Report Scale (ASRS) to rate adult ADHD symptoms. Ann Clin Psychiatry. 2006;
18:145-148. [PubMed: 16923651]

American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 4.
Washington, DC: American Psychiatric Association; 2000. text rev

Biederman J, Petty CR, Woodworth KY, Lomedico A, Hyder LL, Faraone SV. Adult outcome of
attention-deficit/hyperactivity disorder: a controlled 16-year follow-up study. J Clin Psychiatry.
2012; 73:941-950. [PubMed: 22901345]

Braitenberg V, Heck D, Sultan F. The detection and generation of sequences as a key to cerebellar
function: Experiments and theory. Behav Brain Sci. 1997; 20:229-277. [PubMed: 10096998]

Carmona S, Vilarroya O, Bielsa A, Tréemols V, Soliva JC, Rovira M, Tomas J, Raheb C, Gispert JD,
Batlle S, Bulbena A. Global and regional gray matter reductions in ADHD: A voxel-based
morphometric study. Neurosci Lett. 2005; 389:88-93. [PubMed: 16129560]

Carr LA, Nigg JT, Henderson JM. Attentional versus motor inhibition in adults with Attention-Deficit/
Hyperactivity Disorder. Neuropsychology. 2006; 20:430-441. [PubMed: 16846261]

Castellanos FX, Lee PP, Sharp W, Jeffries NO, Greenstein DK, Glasen LS, Blumenthal JD, James RS,
Ebens CL, Walter JM, Zijdenbos A, Evans AC, Geidd JN, Rapoport JL. Developmental trajectories
of brain volume abnormalities in children and adolescents with Attention-Deficit/Hyperactivity
Disorder. J Am Med Assoc. 2002; 288:1740-1748.

Clarke S, Heussler H, Kohn MR. Attention deficit disorder: not just for children. Internal Med. 2005;
35:721-725.

Clower DM, Hoffman JM, Votaw JR, Faber TL, Woods RP, Alexander GE. Role of posterior parietal
cortex in the recalibration of visually guided reaching. Nature. 1996; 383:618-621. [PubMed:
8857536]

Conrad P, Potter D. From hyperactive children to ADHD adults: Observation on the expansion of

medical categories. Soc Probl. 2000; 47:559-582.

Exp Brain Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kurdziel et al.

Page 11

Criscimagna-Hemminger SE, Bastian AJ, Shadmehr R. Size of error affects cerebellar contributions to
motor learning. J Neurophysiol. 2010; 103:2275-2284. [PubMed: 20164398]

Della-Maggiore V, Mclntosh AR. Time course of changes in brain activity and functional connectivity
associated with long-term adaptation to a rotational transformation. J Neurophysiol. 2005;
93:2254-2262. [PubMed: 15574799]

Della-Maggiore V, Scholz J, Johansen-Berg H, Paus T. The rate of visuomotor adaptation correlates
with cerebellar white-matter microstructure. Hum Brain Mapp. 2009; 30:4048-4053. [PubMed:
19507158]

Denckla MB, Rudel RG. Anomalies of motor development in hyperactive boys. Ann Neurol. 1978;
3:231-233. [PubMed: 666263]

Galea JM, Vazquez A, Pasricha N, Orban de Xivry JJ, Celnik P. Dissociating the roles of the
cerebellum and motor cortex during adaptive learning: The motor cortex retains what the
cerebellum learns. Cereb Cortex. 2011; 21:1761-1770. [PubMed: 21139077]

Gallo A, Gonzalez-Lima F, Sadile AG. Impaired metabolic capacity in the perirhinal and posterior
parietal cortex lead to dissociation between attentional, motivational and spatial components of
exploration in the Naples High-Excitability rat. Behav Brain Res. 2002; 130:133-140. [PubMed:
11864729]

Hart H, Radua J, Mataix-Cols D, Rubia K. Meta-analysis of fMRI studies of timing in attention-deficit
hyperactivity disorder (ADHD). Neurosci Biobehav R. 2012; 36:2248-2256.

Hines JL, King TS, Curry WJ. The adult ADHD self-report scale for screening for adult attention
deficit-hyperactivity disorder (ADHD). J Am Board of Fam Med. 2012; 25:847-853. [PubMed:
23136325]

Ivry RB, Spencer RMC. The neural representation of time. Curr Opin Neurobiol. 2004; 14:225-232.
[PubMed: 15082329]

Kadesjo B, Gillberg C. Attention deficits and clumsiness in Swedish 7-year-old children. Dev Med
Child Neurol. 1998; 40:796-804. [PubMed: 9881675]

Kagerer FA, Contreras-Vidal JL, Stelmach GE. Adaptation to gradual as compared with sudden visuo-
motor distortions. Exp Brain Res. 1997; 115:557-561. [PubMed: 9262212]

Katsuki F, Constantinidis C. Unique and shared roles of the posterior parietal and dorsolateral
prefrontal cortex in cognitive functions. Front Integr Neurosci. 2012:6. [PubMed: 22375106]
Kessler R, Adler L, Ames M, Demler O, Faraone S, Hiripi E, Howes MJ, Jin R, Secnik K, Spencer T,

Ustun TB, Walters EE. The World Health Organization adult ADHD self-report scale (ASRS): a
short screening scale for use in the general population. Psychol Med. 2005; 35:245-256. [PubMed:
15841682]

Kessler R, Adler L, Barkley R, Biederman J, Conners C, Demler O, Faraone S, Greenhill L, Howes M,
Secnik K, Spencer T, Ustun T, Walters E, Zaslavsky A. The prevalence and correlates of adult
ADHD in the United States: Results from the national comorbidity survey replication. Am J
Psychiat. 2006; 163:716—723. [PubMed: 16585449]

Krakauer JW, Ghez C, Ghilardi MF. Adaptation to visuomotor transformations: Consolidation,
interference and forgetting. J Neurosci. 2005; 25:473-478. [PubMed: 15647491]

Krakauer JW, Pine ZM, Ghilardi MF, Ghez C. Learning of visuomotor transformations for vectorial
planning of reaching trajectories. J Neurosci. 2000; 20:8916-8924. [PubMed: 11102502]

Luauté J, Schwartz S, Rossetti Y, Spiridon M, Rode G, Boisson D, Vuilleumier P. Dynamic changes in
brain activity during prism adaptation. J Neurosci. 2009; 29:169-178. [PubMed: 19129395]

Mackie S, Shaw P, Lenroot R, Pierson R, Greenstein DK, Nugent TF 111, Sharp WS, Geidd JN,
Rapoport JL. Cerebellar development and clinical outcome in attention deficit hyperactivity
disorder. Am J Psychiat. 2007; 164:647-655. [PubMed: 17403979]

Malloy-Diniz L, Fuentes D, Borges Leite W, Correa H, Bechara A. Impulsive behavior in adults with
attention deficit/hyperactivity disorder: Characterization of attentional, motor and cognitive
impulsiveness. J Int Neuropsych Soc. 2007; 13:693-698.

Martin TA, Keating JG, Goodkin HP, Bastian AJ, Thach WT. Throwing while looking through prisms;
I. Focal olivocerebellar lesions impair adaptation. Brain. 1996; 119:183-1198.

Exp Brain Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kurdziel et al.

Page 12

Maschke M, Gomez CM, Ebner TJ, Konczak J. Hereditary cerebellar ataxia progressively impairs
force adaptation during goal-directed arm movements. J Neurophysiol. 2004; 91:230-238.
[PubMed: 13679403]

McAlonan GM, Cheung V, Chua SE, Oosterlaan J, Hung S, Tang C, Lee C, Kwong S, Ho T, Cheung
C, Suckling J, Leung PWL. Age-related grey matter volume correlated of response inhibition and
shifting in attention-deficit hyperactivity disorder. Brit J Psychiat. 2009; 194:123-129.

Nagel BJ, Bathula D, Herting M, Schmitt C, Kroenke CD, Fair D, Nigg JT. Altered white matter
microstructure in children with Attention Deficit/Hyperactivity Disorder. J Am Acad Child Psy.
2011; 50:283-292.

Newport R, Jackson SR. Posterior parietal cortex and the dissociable components of prism adaptation.
Neuropsychologia. 2006; 44:2757-2765. [PubMed: 16504222]

O’Shea J, Gaveau V, Kandel M, Koga K, Susami K, Prablanc C, Rossetti Y. Kinematic markers
dissociate error correction from sensorimotor realignment during prism adaptation.
Neuropsychologia. 2014; 55:15-24. [PubMed: 24056297]

Parker J, Mitchell A, Kalpakidou A, Walshe M, Jung HY, Nosarti C, Santosh P, Rifkin L, Wyatt J,
Murray RM, Allin M. Cerebellar growth and behavioural and neuropsychological outcome in
preterm adolescents. Brain. 2008; 13:1344-1351. [PubMed: 18372312]

Paz R, Boraud T, Natan C, Bergman H, Vaadia E. Preparatory activity in motor cortex reflects
learning of local visuomotor skills. Nat Neurosci. 2003; 6:882-890. [PubMed: 12872127]

Piek JP, Pitcher TM, Hay DA. Motor coordination and kinaesthesis in boys with attention-deficit
hyperactivity disorder. Dev Med Child Neurol. 1999; 41:159-165. [PubMed: 10210248]

Pisella L, Michel C, Gréa H, Tilikete C, Vighetto A, Rossetti Y. Preserved prism adaptation in bilateral
optic ataxia: strategic versus adaptive reaction to prisms. Exp Brain Res. 2004; 156:399-408.
[PubMed: 15133651]

Proal E, Reiss PT, Klein RG, Mannuzza S, Gotimer K, Ramos-Olazagasti MA, Lerch JP, He Y,
Zijdenbos A, Kelly C, Milham MP, Castellanos X. Brain gray matter deficits at 33-year follow-up
in adults with Attention-Deficit/Hyperactivity Disorder established in childhood. Arch Gen
Psychiat. 2011; 68:1122-1134. [PubMed: 22065528]

Rabe K, Livne O, Gizewski ER, Aurich V, Beck A, Timmann D, Donchin O. Adaptation to
visuomotor rotation and force field perturbation is correlated to different brain areas in patients
with cerebellar degeneration. J Neurophysiol. 2009; 101:1961-1971. [PubMed: 19176608]

Racine MB, Majnemer A, Shevell M, Snider L. Handwriting performance in children with attention
deficit hyperactivity disorder (ADHD). J Child Neurol. 2008; 23:399-406. [PubMed: 18401033]

Rentsch S, Rand MK. Eye-hand coordination during visuomotor adaptation with different rotation
angles. PLoS ONE. 2014; 9:e109819. [PubMed: 25333942]

Robertson EM, Miall RC. Visuomotor adaptation during inactivation of the dentate nucleus.
Neuroreport. 1999; 10:1029-1034. [PubMed: 10321480]

Schlerf JE, Xu J, Klemfuss NM, Griffiths TL, Ivry RB. Individuals with cerebellar degeneration show
similar adaptation deficits with large and small visuomotor errors. J Neurophysiol. 2013;
109:1164-1173. [PubMed: 23197450]

Schulz K, Fan J, Tang CY, Newcorn JH, Buchsbaum MS, Cheung AM, Halperin JM. Response
inhibition in adolescents diagnosed with attention deficit hyperactivity disorder during childhood:
An event-related fMRI study. Am J Psychiat. 2004; 161:1650-1657. [PubMed: 15337656]

Shaw P, Gornick M, Lerch J, Addington A, Seal J, Greenstein D, Rapoport JL. Polymorphisms of the
dopamine D4 receptor, clinical outcome, and cortical structure in attention-deficit/hyperactivity
disorder. Arch Gen Psychiat. 2007; 64:921-931. [PubMed: 17679637]

Spencer RMC, Ivry RB. Sequence learning is preserved in individuals with cerebellar degeneration
when the movements are directly cued. J Cognitive Neuro. 2009; 21:1302-1310.

Suskauer SJ, Simmonds DJ, Fotedar S, Blanker JG, Pekar JJ, Denckla MB, Mostofsky SH. Functional
magnetic resonance imaging evidence for abnormalities in response selection in attention deficit
hyperactivity disorder: Differences in activation associated with response inhibition but not
habitual motor response. J Cognitive Neuro. 2008; 20:478-493.

Thach WT, Goodkin HP, Keating JG. The cerebellum and adaptive coordination of movement. Annu
Rev Neurosci. 1992; 15:403-442. [PubMed: 1575449]

Exp Brain Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Kurdziel et al.

Page 13

Tseng YW, Diedrichsen J, Krakauer JW, Shadmehr R, Bastian AJ. Sensory prediction errors drive
cerebellum-dependent adaptation of reaching. J Neurophysiol. 2007; 98:54-62. [PubMed:
17507504]

Valera EM, Faraone SV, Biederman J, Poldrack RA, Seidman LJ. Functional neuroanatomy of
working memory in adults with Attention-Deficit/Hyperactivity Disorder. Biol Psychiat. 2005;
57:439-447. [PubMed: 15737657]

Valera EM, Spencer RMC, Zeffiro TA, Makris N, Spencer TJ, Faraone SV, Biederman J, Seidman LJ.
Neural substrates of impaired sensorimotor timing in adult attention-deficit/hyperactivity disorder.
Biol Psychiat. 2010; 68:359-367. [PubMed: 20619827]

Venkatakrishnan A, Banquet JP, Burnod Y, Contreras-vidal JL. Parkinson’s disease differentially
affects adaptation to gradual as compared to sudden visuomotor distortions. Hum Movement Scia.
2011; 30:760-769.

Wang J, Sainburg RL. Adaptation to visuomotor rotations remaps movement vectors, not final
positions. J Neurosci. 2005; 25:4024-4030. [PubMed: 15843604]

Wang J, Sainburg RL. Generalization of visuomotor learning between bilateral and unilateral
conditions. J Neurophysiol. 2009; 102:2790-2799. [PubMed: 19759325]

Yochman A, Ornoy A, Parush S. Perceptuomotor functioning in preschool children with symptoms of
attention deficit hyperactivity disorder. Percept Motor Skill. 2006a; 102:175-186.

Yochman A, Ornoy A, Parush S. Co-occurrence of developmental delays among preschool children
with attention-deficit-hyperactivity disorder. Dev Med Child Neurol. 2006b; 48:483-488.
[PubMed: 16700941]

Zelaznik HN, Vaughn AJ, Green JT, Smith AL, Hoza B, Linnea K. Motor timing deficits in children
with Attention-Deficit/Hyperactivity Disorder. Hum Movement Sci. 2012; 31:255-265.

Exp Brain Res. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Kurdziel et al.

Page 14

sample display

/ / LCD monitor

table surface

|| rg

Fig 1.

Visuomotor rotation task setup. The four outer white rings are targets, whereas the center
ring is the “home”. During the task, one of the targets will illuminate to cue the reach. The
triangle represents the cursor that corresponds with the participant’s finger beneath the
monitor.
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Fig 2.

Tr?e movement time for both the ADHD and control groups across the three phases of the
visuomotor adaptation task. Pre-adaptation is represented by the average across all trials in
this phase, whereas the Adaptation and Post-Adaptation is represented by epochs (groups of
6 trials each). Error bars reflect the standard error.
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Fig 3.

The angle at maximum velocity for both the ADHD and control groups across the three
phases of the visuomotor adaptation task. Error bars reflect the standard error. * = p<0.01, #

=p<0.05.
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Fig 4.

Example reach movements in each of the phases of the experiment. The black rings are the
start and end point of the reaches. Yellow lines represent reaches early in the phase, the
orange lines are trials in the middle of the phase, and the red lines are trials at the end of the
phase.
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Table 1

Participant demographics

Gender ASRS Score

N Age
Mean (SD) Female, Male Mean (SD)
ADHD
ADHD-diagnosed 20 21.50(2.59) 13,7 4.70 (1.26)
ADHD-like (undiagnosed) 29  21.44 (2.31) 13, 16 4.28 (0.84)
Control 42 21.26 (1.29) 23,19 1.52 (1.04)
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