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Abstract

Attention-Deficit/Hyperactivity disorder (ADHD) is the most commonly diagnosed mental health
disorder in childhood and persists into adulthood in up to 65% of cases. ADHD is associated with
adverse outcomes such as the ability to gain and maintain employment (Kessler et al. 2009;
Kupper et al. 2012), and is associated with an increased risk for substance abuse (Groenman et al.
2013; Upadhyaya 2008; Wilens et al. 1995), obesity (Albayrak et al. 2013; Cortese et al. 2008;
Nazar et al. 2012; Nazar et al. 2014), workplace injuries (Breslin and Pole 2009; Hodgkins et al.
2011; Swensen et al. 2004), and traffic accidents (Barkley and Cox 2007; Barkley et al. 1993;
Jerome et al. 2006a; Jerome et al. 2006b; Merkel et al. 2013). A majority of diagnosed children
have motor deficits, however few studies have examined motor deficits in young adults. This study
provides a novel examination of visuomotor control of grip force in young adults with and without
ADHD. Participants were instructed to maintain force production over a 20-second trial with and
without real-time visual feedback about their performance. The results demonstrated that when
visual feedback was available, adults with ADHD produced slightly higher grip force than
controls. However, when visual feedback was removed, adults with ADHD had a faster rate of
decay of force, which was associated with ADHD symptom severity and trait impulsivity. These
findings suggest that there may be important differences in the way that adults with ADHD
integrate visual feedback during continuous motor tasks. These may account for some of the motor
impairments reported in children with ADHD. These deficits could result from (1) dysfunctional
sensory motor integration and/or (2) deficits in short-term visuomotor memory.
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Attention deficit hyperactivity disorder (ADHD) is one of the most common childhood-onset
neuropsychiatric disorders and persists into adulthood in up to 65% of cases (Faraone et al.
2006). In addition to the core behavioral features, motor impairments are reported in 30% to
50% of patients (Barkley 1998; Fliers et al. 2008; Gillberg 1998; Kadesjo and Gillberg
1998) and up to 50% of pediatric patients have comorbid developmental coordination
disorder (Gillberg et al. 2004; Kadesjo and Gillberg 1999; Pitcher et al. 2003). Motor
symptoms reported in children with ADHD include unintentional and unnecessary
movements (Cole et al. 2008; Macneil et al. 2011; Mostofsky et al. 2003; O'Brien et al.
2010), impaired timing (Rubia et al. 2003; Zelaznik et al. 2012), fine motor deficits (Piek et
al. 1999; Pitcher et al. 2003), and illegible handwriting (Adi-Japha et al. 2007; Brossard-
Racine et al. 2015; Racine et al. 2008). Motor deficits in children are associated with poor
adaptive functioning in home life, socialization, and self-direction (Wang et al. 2011) and
the psychosocial outcomes of childhood ADHD with motor impairments is a significant
problem. Thus, although the motor characteristics of childhood ADHD are recognized, there
is a significant gap in the literature quantifying motor deficits in adults with ADHD. Recent
work demonstrates increased postural sway (Hove et al. 2015), deficits in sensorimotor
timing (Valera et al. 2010), and deficits in visuomotor adaptation (Kurdziel et al. 2015) in
adults with ADHD. The present work provides a precise, novel, and quantitative analysis of
continuous force output in adults with ADHD.

In spite of the importance of motor problems in adult ADHD, the sensorimotor deficits that
underlie these problems remain poorly understood. A subset of children with ADHD have
comorbid sensory modulation disorder (Cascio 2010; Mangeot et al. 2001), a deficit in
regulation and organization of the degree, intensity, and nature of a response to sensory
stimuli (Lane et al. 2000; Mclintosh et al. 1999). This is notable because sensory processing
is paramount for the development of motor skills. Therefore, the previously mentioned
deficits in motor control may be related to deficits in processing or integrating sensory
feedback. Deficits in several domains of visual processing have been reported in adults with
ADHD. These include problems with visual attention and selection (Cross-Villasana et al.
2015; Li et al. 2012), and deficits orienting to relevant stimuli (Tegelbeckers et al. 2015).
Consequently, impaired visually guided movement in ADHD may reflect deficits in
visuomaotor processing, planning or executing movements, activating muscles, or in storing
and retrieving the internal action representation used to guide motor output. The current
study is a novel examination of how adults with ADHD use visual feedback to control
ongoing movement in a precision grip force task.

Precision gripping is an important task for activities of daily living, especially eating,
writing, and self-care. The visuomotor control of precision grip is associated with activation
in a distributed neural system including parietal cortex, dorsolateral prefrontal cortex,
premotor corteX, supplementary motor area, primary motor cortex, the nuclei of the basal
ganglia, motor regions of the cerebellum, and visual motion areas such as V3 and V5
(Coombes et al. 2011; Neely et al. 2013a; Vaillancourt et al. 2006). In particular, the parietal
and motor cortices are paramount for processing sensory feedback and generating motor
commands to stay on task (Vaillancourt et al. 2006) and the basal ganglia are critical for the
planning and parameterization of grip force (Prodoehl et al. 2009). Since visuomotor control
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of grip force is reliant on such a widely distributed system, it is vulnerable to deficits in any
one of these regions. This is important because neuroimaging, neuropsychological,
neurochemical, and genetic studies are converging on a neural systems-based anatomy of
ADHD wherein dysfunction is thought to affect the cortex, basal ganglia, thalamus, and
cerebellum (Makris et al. 2009) — all major players in visuomotor control processes
(Coombes et al. 2011; Neely et al. 2013a; Vaillancourt et al. 2006). Consequently, it is
possible that motor impairments in ADHD are related to difficulty integrating visual
feedback for control of an ongoing movement. Such a discovery would provide important
insights to the neurobiology of ADHD.

In addition to identifying deficits in force control, we sought to link observed deficits in
force control to self-reported symptoms of ADHD. This is important because there continues
to be a debate about how to best identify adult ADHD. The DSM-5 categorizes ADHD as a
neurodevelopmental disorder that begins in childhood and is characterized by lifelong
symptoms. Diagnosis in adults can be challenging because a limited developmental
perspective is available and retrospective reports are often unreliable (Mannuzza et al. 2002).
Self-report of symptoms can be administered via questionnaires wherein individuals rate the
frequency with which they experience ADHD symptoms. One such questionnaire is the
short form of the Conners’ Adult ADHD Rating Scale (CAARS S:S) (Conners 1999). The
CAARS has four factor-derived subscales: Inattention/Memory Problems, Hyperactivity/
Restlessness, Impulsivity/Emotional Lability, and Problems with Self-Concept. In addition,
the scale contains an ADHD Index that provides an aggregate measure of impairment. T-
scores on the CAARS have a mean of 50 and a standard deviation of 10 and interpretation of
the CAARS is meant to be done by examination of the pattern of elevated scale scores, such
that the greater the number of scales with T-scores above 65, the greater the likelihood of
moderate to severe problems (Conners 1999). We elected to use the CAARS self-report
because it provides a psychometrically rigorous set of behavioral dimensions, it has been
validated for use in North America, and it is easy to use in laboratory-based studies. The
current study sought to evaluate whether deficits in force control were associated with scores
on the Inattention/Memory Problems — a dimension or the ADHD Index of the CAARS S:S.
We hypothesized that adults with ADHD would have difficulty maintaining accurate and
ongoing force production when they have discontinuous visual feedback, as is often the case
in real life. We reasoned that a deficit in force control could be related to failure to attend to
the visual feedback, failure to create an accurate representation of the goal, and/or failure of
working memory to retain the task goal. Thus, we further hypothesized that force production
would be related scores on the Inattention/Memory Problems dimension of the CAARS.

A third motivation for this study was to examine how the behavioral construct of impulsivity
is related to motor output. We posit that impulsive individuals act in the absence of a motor
plan, or a less-developed motor plan that may not be accurate for the task. To evaluate this
hypothesis, all participants completed the Barratt Impulsiveness Scale (BIS-11) to assess
trait impulsivity. The BIS-11 is a 30-item psychometric tool for impulsivity (Patton et al.
1995) that can be divided into six first-order factors: attention, cognitive instability, motor
impulsiveness, perseverance, self-control, and cognitive complexity. We hypothesized that
impulsivity related to the factor of attention may reflect failures to plan in advance of
movement onset. This failure to plan could result from inattention to relevant visual stimuli
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or an impulsive strategy to respond first and plan later. Thus, we hypothesized that force
production would be related to scores on the attention factor of the BIS-11 scale.

Forty individuals, with a mean age of 20.43 £ 1.87 years, were recruited through local flyers
and radio advertisement in the Centre County Region. 20 had self-reported ADHD (12
females) and 20 were age- and sex-matched healthy controls (see Table 1). Participants were
recruited through advertisement in the State College area. We recruited two groups of
participants: those who self-identified as having been given a diagnosis of ADHD persisting
into adulthood and those who had never been given a diagnosis of ADHD. Participants were
excluded if they reported a musculoskeletal disorder, history of head injury, or neurologic/
seizure disorder. No participants were taking medications known to affect motor control at
the time of testing, including antipsychotics, or anticonvulsants (Reilly et al. 2008).
Participants taking stimulant medication withheld their morning dose for an average
medication washout of 24 hours. Written informed consent was obtained from all
participants after a complete description of the study was provided. All procedures were
approved by the Institutional Review Board at The Pennsylvania State University and were
consistent with the 1964 Declaration of Helsinki.

Symptoms of ADHD were assessed with the self-report short form (S:S) of the CAARS. The
CAARS-S:S has 26 items and 6 subscales. There are four factor-derived subscales:
Inattention/Memaory Problems, Hyperactivity/Restlessness, Impulsivity/Emotional Lability,
and Problems with Self-Concept. The remaining two subscales are the ADHD Index and an
Inconsistency Index. Trait impulsivity was assessed with the Barratt Impulsiveness Scale
(BIS-11), a 30-item psychometric tool for impulsivity (Patton et al. 1995). The BIS-11
assesses the behavioral construct of impulsivity, which is a multi-dimensional construct
(Patton et al. 1995). Patton and colleagues (1995) demonstrated that the BIS-11 can be
divided into six first-order factors: attention, cognitive instability, motor impulsiveness,
perseverance, self-control, and cognitive complexity.

Handedness was assessed with the Edinburgh Handedness Inventory (Oldfield 1971). This
10-item inventory asks participants to indicate which hand they would use to complete
common tasks, such as striking a match, throwing a ball, or using scissors. Handedness was
determined using a laterality quotient (LQ = (R-L)/(R+L) * 100), where a score of 100
reflected complete right-hand dominance, and a score of -100 reflected complete left-hand
dominance.

Grip Force Task

The precision grip task studied here has been employed in previous investigations to
understand how the neural control of voluntary movement is impaired in Autism Spectrum
Disorders (ASD) (Mosconi et al. 2015; Wang et al. 2015), Parkinson’s disease (Vaillancourt
et al. 2001) and atypical parkinsonian disorders (Neely et al. 2013b), and essential tremor
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(Neely et al. 2015; Poon et al. 2011). Visual stimuli were presented on a 102 cm (40-inch)
Samsung television screen with resolution 1920 x 1080 and a 120 Hz refresh rate.
Participants were seated upright in a chair (JedMed Straight Back Chair, St. Louis, MO) a
horizontal distance of 127 cm from the screen. The forearm of the dominant arm rested in a
relaxed position at approximately 100° of flexion on an adjustable non-tilting hospital table.
The room was dimly lit to limit glare and reflection on the screen. As shown in Figure 1A,
participants held a custom-designed Bragg-grating fiber-optic precision grip force transducer
using a precision grip with the dominant hand (Neuroimaging Solutions, Gainesville, FL).
The force transducer was calibrated and had a resolution of 0.025 N. Data was collected at
62.5 Hz using customized code written in LabVIEW (National Instruments, Austin, TX) via
a sm130 Dynamic Optical Sensing Interrogator (Micron Optics, Atlanta, GA).

Before the experimental task, each participant’s maximum voluntary contraction (MVC) was
measured using a pinch grip dynamometer (Lafayette Hydraulic Pinch Gauge, Model
J00111, Lafayette, IN). The average of three-five second trials determined each participant’s
maximum voluntary contraction (MVC) in Newtons. During the task, participants viewed
two horizontal bars: a red/green force bar which moved up with increasing force and down
with decreasing force, and a white, static target bar. The target bar was set at 25% of each
participant’s MVC. The onset of force was cued by the force bar turning green and offset of
force was cued by the color red. Participants were instructed to produce force as quickly and
as accurately as possible at the time of the color change from red to green and to keep the
green bar at the target force level for the duration of the 20 second trial, until offset of force
was cued by a change to red. As shown in Figure 1B, each experimental trial started and
ended with 10 seconds of rest and included four 20-second trials of force with 10 seconds of
rest in between each trial. During full vision trials, the moving force bar remained visible for
the whole trial, providing real-time visual feedback about performance. As shown in Figure
1C, during the no-vision trials, the force bar disappeared for the last 12 seconds of the trial
and participants were instructed to continue producing force at the target level until the trial
ended. Participants completed one run of full-vision and one run of no-vision trials. The
order of each run was counterbalanced across participants. All participants completed a
practice session to become familiar with the timing and force output requirements of the
task.

Grip Force Data Analysis

The force time series data was digitally filtered using a tenth-order Butterworth filter with a
15 Hz low-pass cut-off frequency. Visual inspection of force output was performed and four
time-points were determined for each trial: onset of force, beginning and end of force
production, and offset of force. The 10-second periods of rest between each trial were
removed from data analysis. The remainder of the data was averaged into 80-one second
time bins to account for the four 20-second trials of force. Mean force and standard
deviation of force were calculated for each 1-second time bin. In addition, mean force and
standard deviation for the entire force interval in the full-vision condition were calculated.
Last, mean rate of change during the ramp up to target and the mean rate of change during
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the decrease to baseline were determined for the start and end of each full-vision trial. All
calculations were conducted with custom algorithms in MATLAB.

Statistical analysis

The primary goal of this work was to determine the relationship between rate of force decay
in the no-vision trials and self-reported ADHD symptoms. Since symptom severity exists on
a dimension and is not necessarily categorical in nature, we first conducted a categorical
analysis to identify patterns in adults with ADHD and subsequently conducted a
dimensional analysis with continuous ADHD relevant measures. We used multilevel models
to analyze mean force output in the no-vision trials, fitting a three-level model with time
nested within blocks, which in turn were nested within participants. Decay of force over
time was modeled with linear and quadratic random effects for time. Person-level covariates
included either scores on the CAARS S:S, scores on the BIS-11, or a self-report yes/no
question about lifetime diagnosis for ADHD. In particular, we elected to use the CAARS
S:S subscales for Inattention/Memory Problems and the ADHD Index, as well as the BIS-11
first-order factor for Attention. Models were fit in R (R Core Team, 2013) using the Imer
function. The scale scores for the CAARS and BIS were centered at zero. We started by
fitting a random intercepts only model, with linear fixed effects for time and an interaction
with the appropriate person-level covariates. Models adding linear and quadratic random
effects for time showed substantial improvement in fit. WWe made similar comparisons in the
full vision comparison. Specifically, we fit the above random effects models to the first 3
seconds of the trial (onset), the first 10 seconds, and the last 10 seconds — representing the
first and second half of each trial.

Results

Participants

All but two participants were confirmed to be right-hand dominant using the Edinburgh
Handedness Inventory. The results for the left-handed individuals did not differ from those
who were right-handed and thus they were included in the analysis. Table 1 shows the
demographic and clinical information for each group. The univariate ANOVA for age
revealed that the groups did not differ significantly (p > 0.5). However, as reported in Table
1, and consistent with the diagnostic strategy, the groups were significantly different on all
subscales of the CAARS S:S and the BIS-11. Pinch grip MVC for the dominant hand did not
differ between groups, t(38) = —0.18, p = .861.

Grip Force

Figure 2 displays the mean force output for each group as a function of time, for each visual
condition. We first discuss the results for the full vision condition. Mean force and standard
deviation of force was submitted to a mixed model ANOVA for time (12-1-second bins) by
group (ADHD, Control). The results for mean force revealed a main effect of group, F(1, 28)
=7.66, p <.001, such that individuals with ADHD (25.00% MVC SD 0.48% MVC)
produced greater force than controls (24.44% MVC SD 0.85% MVC) across the last 12
seconds of the trial. No effect of time, or interaction for time by group, was observed. The
results for standard deviation of force did not reveal any main effects or interactions.
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As shown in Figure 2, individuals with ADHD showed a decrease in force output as a
function of time. Mean force and standard deviation of force was submitted to a mixed
model ANOVA for time (12-1-second bins) by group (ADHD, Control). The results for
mean force revealed a main effect of time, F(11, 418) = 47.31, p < .05, and a time by group
interaction, F(11, 418) = 2.53, p = .004. We elected to decompose this interaction by use of
multilevel models, reported in the following paragraphs. The results for standard deviation
of force output yielded a main effect of time, F(11, 418) = 2.29, p = .010, such that
variability decreased linearly as a function of time (highest order polynomial, linear, F(1, 38)
= 8.83, p =.005). A main effect of group or interaction for time by group was not observed.

Results of the multilevel models for the no-vision condition are given in Table 2. All models
showed a strong negative trend for time as participants reduced grip force output when
visual feedback was removed. Using diagnostic group as a categorical predictor, we
observed significant fixed effects for linear (t = 4.83, p <.001) and quadratic (t=6.13,p <.
001) change over time. We also observed an interaction between group and linear time with
the ADHD group showing a steeper decline (t = 2.01, p < .05). The predicted curves for each
diagnostic group based on Model A in Table 2 are shown in Figure 2; consistent with our
prediction, the self-report of ADHD persisting into adulthood was associated with a faster
rate of decay of force (blue line) compared to the control group (red line).

The results and interpretation were similar when inattention/working memory problems
were indexed dimensionally instead of categorically, using the continuous CAARS and BIS
scales as predictors (see Table 2). The BIS Attention scale showed a significant interaction
with linear time (t = 2.21, p <.05). Although the CAARS Inattention/Memory Problems and
ADHD index sub-scales were in the predicted direction, they were not statistically
significant (t = 1.68, p > .05; t = 1.38, p > .05 respectively).

Discussion

The present study investigated visuomotor control of grip force in healthy young adults and
young adults who self-identified as having a diagnosis of ADHD persisting into adulthood.
Our sampling technique yielded a group of young adults with mild to moderate ADHD
symptoms as assessed by the CAARS. Grip force was measured in two tasks: a full-vision
task wherein visual feedback was available for 20 seconds and a no-vision task wherein
visual feedback was removed for the last 12 seconds of the task. There are three novel
findings. First, when visual feedback was available, adults with ADHD produced slightly
higher grip force than controls in the last 12 seconds of the force interval. Second, when
visual feedback was removed, adults with ADHD had a steeper rate of decay of force. Third,
the rate of decay of force was associated with ADHD symptom severity and trait

impulsivity. These findings suggest that there are important differences in the way that adults
with ADHD integrate visual feedback during continuous motor tasks. These may account for
some of the motor impairments reported in children with ADHD.

When visual feedback was available, adults with ADHD produced slightly more force than
controls during the last 12 seconds of the trial. This interval encompasses the steady-state
portion wherein participants must integrate real-time visual feedback to continuously
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maintain isometric force. Continuous motor tasks rely on sensory feedback mechanisms to a
greater degree than discrete motor tasks, such that individuals can continuously adjust their
motor output to stay on target (Deutsch and Newell 2001; Deutsch and Newell 2003). In a
previous study using a similar hand-grip task, 30 seconds of visually guided force
production was associated with brain activity in right-lateralized regions including
dorsolateral prefrontal cortex, ventral premotor cortex, and inferior parietal lobe (IPL)
(Neely et al. 2013a). Importantly, these regions are implicated in the continuous online
control of action (Desmurget et al. 1999; Desmurget and Grafton 2000), especially for tasks
that require continuous visuospatial information. Although young adults with ADHD
produced slightly more force than controls, it is noteworthy that they were more accurate
than controls. That is, the task required 25% MV C and the mean force for adults with
ADHD was 25.00% compared to 24.44% for controls. Although this difference is
statistically significant it does not suggest that individuals with ADHD have difficulty
integrating visual feedback for continuous control of force output.

In contrast to the full vision condition wherein visual feedback about performance was
always available; in the no-vision condition, visual feedback was removed for the last 12
seconds of each trial. In the absence of visual feedback, healthy young adults decrease force
output gradually as a function of time (Vaillancourt and Russell 2002). Vaillancourt and
Russell suggest that the reduction in force output is a consequence of the limits of short-term
visuomotor memory. As motor memory decays, a similar reduction in the activity of motor
neurons occurs, leading to decreased force output (Vaillancourt and Russell 2002).
Importantly, the reduction in force output does not occur until 0.5 — 1.5 s after visual
feedback has been removed, an interval much longer than the time in which proprioceptive
and cutaneous feedback impact force output (Johansson and Westling 1984). The results of
the current study demonstrate that visuomotor memory may decay at a faster rate in adults
with ADHD compared to healthy controls, evidenced by a steeper rate of decay of force
output.

The finding that adults with ADHD do not have difficulty producing appropriate force when
visual feedback is available, yet demonstrate a steeper rate of decay when visual feedback
becomes unavailable may be attributed to ADHD-related deficits in short-term visuomotor
memory. That is, individuals with ADHD may be more reliant on visual feedback to guide
continuous motor output. A growing body of literature that suggests that individuals with
ADHD have deficits in error detection and feedback processing to adjust subsequent
behavior (Castellanos and Tannock 2002; Plessen et al. 2015; Shiels and Hawk 2010;
Spinelli et al. 2011). In addition, impairments in visual processing, such as depth perception,
peripheral vision, and visual search, have been reported in young adults with ADHD (Kim et
al. 2014). We propose that such deficits, coupled with problems detecting errors and
processing feedback, would make it difficult to store, retrieve, or maintain an accurate
internal representation of a motor goal, a function of working memory. Indeed, meta-
analyses in children with ADHD demonstrate a particular impairment in visuospatial
working memory (Martinussen et al. 2005; Willcutt et al. 2005) and a meta-analysis in
adults with ADHD reports deficits in both phonological and visuospatial working memory
(Alderson et al. 2013).
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Clinical associations

One of the goals of this work was to examine the relationship between symptom severity and
the rate of force decay in the absence of vision. Four iterations of multilevel models
demonstrated a consistent relationship between self-reported symptoms and a faster rate of
decay of force output. Group membership (assigned by self-identification by the participant)
and the BIS-11 subscale for Attention predicted a faster rate of decay. Although the CAARS
subscales for Inattention/Memory Problems and ADHD Index these did not reach
conventional levels of significance, the models are in the same direction — increased
symptom severity was associated with a faster rate of decay. Together, these results suggest
that attention and working memory processes may be related to the maintenance of
continuous grip force output in the absence of visual feedback. Indeed, inattention is a core
feature of ADHD and working memory deficits have frequently been reported in the
literature (Martinussen et al. 2005; Rapport et al. 2008; Willcutt et al. 2005). Working
memory operations require a distributed network of brain regions, including dorsolateral
prefrontal cortex, premotor cortex, dorsal cingulate cortex, and posterior parietal cortex
(D'Esposito 2007) and these are key regions in the pathophysiology of ADHD (Makris et al.
2009).

Conclusions, limitations, and future directions

Our findings should be viewed in light of several limitations. The goal of this work was to
report an initial evaluation of how adults with ADHD use visual feedback and visuomotor
memory to guide precision force output. Other sensory modalities, such as tactile and
proprioceptive feedback, should be examined to determine whether sensory processing
differences occur in ADHD and, further, how these differences may impact continuous and
discrete motor output. In addition, it is important to note that young adults volunteering for a
study in a University setting typically have limited access to their pediatric medical records.
We did not want to increase the burden to participants by requesting such records.
Consequently, for this first investigation of adult ADHD from our group, we relied on a self-
identification strategy followed by self-report of impairment using the CAARS. On one
hand, the lack of a clinical diagnosis from a clinician may be viewed as a limitation. On the
other hand, however, our work demonstrates that differences in motor output are clear even
in moderate ADHD. Future studies from our group will employ more rigorous measures to
evaluate current symptomatology.

In conclusion, we demonstrate that adults with ADHD do not have difficulty integrating
visual feedback for real-time control of grip force; however, when visual feedback is
removed, their grip force output decays as a function of time. The precision grip task studied
here was examined in a college-attending population and our ADHD group was
characterized by moderate, not severe, impairment. This suggests that our task is a sensitive
index of motor control. We aim to extend our work to a community population of young
adults with ADHD who may be experiencing more adverse symptoms. An important avenue
for future work will be identifying patterns of performance across a greater range of severity
to ensure generalization of results and discovery of the ideal amount of sensory feedback
useful for the ongoing control of movement among adults with ADHD.
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Figure 1. Participants completed a full-vision and a no-vision precision grip task
A: The precision grip apparatus held between the thumb and index finger. B: The

experimental procedure was 120 seconds in length. Each block of 20 seconds of force was
separated by 10 seconds of rest. C: The visual display contained two horizontal bars
presented against a black background. The target bar (white) was stationary and the red/
green force bar provided real-time visual feedback. In the full-vision (FV) task, visual
feedback was available for the duration of the trial. In the no-vision (NV) task, the force bar
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disappeared for the last 12 seconds of the trial. E: Exemplar raw force data is shown for the
FV (black) and NV (red) trials.
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Figure 2. Mean force as a function of visual condition, group, and time. Error barsrepresent

standard error of the mean
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Figure 3. Multilevel modelswith linear and quadratic time effects
Predicted regression lines for mean force as a function of seconds from the removal of visual

feedback. Blue line represents self-reported ADHD group. Red line represents healthy
controls. The separating lines reflect the group by time interaction shown in Table 2 (Model
A).
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Table 1
Participant characteristics
Variables Group
Control ADHD Significant Group Differences
Sample size 20 20
Right-handed 18 20
Females 13 12
Age, yrs 20.4(1.87)  20.45(1.90) ADHD=HC, (38) = 0.08, p = .934
MVC, right pinch grip 35.25(15.37)  34.36 (8.46)
CAARSS'S
A. Inattention/M emory Problems 47.1(8.08)  64.65(13.31) ADHD>HC, t(38) = 5.04, p <.001
B. Hyperactivity/Restlessness 48.1(8.93) 60.6 (9.61)  ADHD>HC, t(38) = 4.26, p < .001
C. Impulsivity/Emotional Lability ~ 41.9(3.93)  51.25(10.53) ADHD>HC, t(38) =3.72, p =.001
D. Problemswith Self-Concept 43.6 (7.13) 47.3 (17.57) ADHD>HC, t(38) = 0.86, p = .40
E. ADHD Index 44.7(6.84)  58.65(16.27) ADHD>HC, 1(38) = 3.53, p = .001
BIS-11
First Order Factors
1. Attention 9.1 (2.59) 16.05(2.46) ADHD>HC, t(38) = 8.70, p < .001
2. Motor Impulsiveness 14.8 (3.59) 17.45(4.30)  ADHD>HC, t(38) =2.12,p=.04
3. Self-control 11.4 (3.28) 15.65(3.82)  ADHD>HC, t(38) = 3.78, p = .001
4. Cognitive Complexity 10.95 (2.09) 12.15 (2.96) ADHD>HC, t(38) = 1.48,p = .15
5. Per severance 6.9 (2.17) 8.2(2.40)  ADHD>HC, t(38) = 1.80, p = .08
6. Cognitive I nstability 5.95 (2.28) 7.8(2.12) ADHD>HC, t(38) = 2.66, p < .01
Second Order Factors
1. Attentional Impulsiveness 15.05 (4.44)  23.85(4.12) ADHD>HC, t(38) = 6.50, p < .001
2. Motor Impulsiveness 21.7(5.09)  25.65(5.52) ADHD>HC, t(38) = 2.35, p = .02
3. Non-planning Impulsiveness 22.35(4.72) 27.8 (5.44) ADHD>HC, t(38) = 3.38, p =.002
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Table 2
Model A: time, group

t-
Fixed Effect Coefficient SE value
Intercept 22,170  0.509 43.53
Time -0.268 0.056  —4.83
Group -0.692 0.649 -1.07
Time2 0.027 0.004 6.13
Time by group -0.152 0.075 -2.01

Model B: time, CAARS-| nattention/M emory Problems

t-
Fixed Effect Coefficient SE value
Intercept 23.130 1.367 16.928
Time -0.344 0.041 -8.39
CAARS-Inattention/Memory Problems -0.023 0.023 -1.00
Time2 0.027 0.004 6.12
Time by CAARS-Inattention/Memory Problems -0.005 0.003 -1.68

Model C: time, CAARS-ADHD Index

t-
Fixed Effect Coefficient SE value
Intercept 23.080 1.257 18.35
Time -0.344 0.041 -8.38
CAARS-ADHD Index -0.024 0.023 -1.05
Time2 0.027 0.004 6.13
Time by CAARS-ADHD Index -0.004 0.003 -1.38

Model D: time, Bl S-Attention

t-
Fixed Effect Coefficient SE value
Intercept 23.240 1.021 22.75
Time -0.344 0.041 -857
BIS-Attention -0.113 0.075 -1.50
Time2 0.027 0.004 6.13
Time by BIS-Attention -0.019 0.009 -2.21
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