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Abstract

Motor deficits persisting into childhood (>7 years) are associated with increased executive and
cognitive dysfunction, likely due to parallel neural circuitry. This study assessed the longitudinal
trajectory of motor deficits in preschool children with ADHD, compared to typically developing
(TD) children, in order to identify individuals at risk for anomalous neurological development.
Participants included 47 children (21 ADHD, 26 TD) ages 4—7 years who participated in three
visits (V1, V2, V3), each one year apart (V1=48-71 months, V2=60-83 months, VV3=72-95
months). Motor variables assessed included speed (finger tapping and sequencing), total overflow,
and axial movements from the Revised Physical and Neurological Examination for Subtle Signs
(PANESS). Effects for group, visit, and group-by-visit interaction were examined. There were
significant effects for group (favoring TD) for finger tapping speed and total axial movements,
visit (performance improving with age for all 4 variables), and a significant group-by-visit
interaction for finger tapping speed. Motor speed (repetitive finger tapping) and quality of axial
movements are sensitive markers of anomalous motor development associated with ADHD in
children as young as 4 years. Conversely, motor overflow and finger sequencing speed may be less
sensitive in preschool, due to ongoing wide variations in attainment of these milestones.

Introduction

Motor and cognitive control: shared neural circuitry

The functional maturation of human motor and executive control systems occurs in parallel
—Tlikely due to shared neural circuitry (Mahone et al., 2006; Martin, Tigera, Denckla, &
Mahone, 2010). Consequently, the presence of early motor anomalies may represent a
readily observable biomarker for the developmental integrity of other contiguous brain
regions (Denckla, 2005; Nichols & Chen, 1981). For example, research indicates motor
overflow, a potential indicator of central nervous system (CNS) anomalies, is associated
more with mental/developmental age, rather than chronological age (Cohen, Taft,
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Mahadeviah, & Birch, 1967). Brain regions supporting motor control undergo rapid
development in the early years of life and continue to mature into young adulthood (Mahone
et al., 2006; Roeder et al., 2008). While more basic (repetitive) motor skills are well
developed by age 6-7 years, efficiency of more complex (sequenced) movements (Martin et
al., 2010) and disappearance of nonessential associated movements (e.g., overflow) occur
much later in development, due in part to the more protracted period of cortical and
transcallosal myelination supporting motor inhibitory control (Hoy, Fitzgerald, Bradshaw,
Armatas, & Georgiou-Karistianis, 2004; Koerte et al., 2010). Thus, when “subtle” motor
signs that are not considered abnormal during the early years persist into adolescence and
beyond, they are often associated with continued executive dysfunction and cognitive
inefficiency (Cole, Mostofsky, Larson, Denckla, & Mahone, 2008; D’ Agati, Casarelli,
Pitzianti, & Passarotti, 2010; Gidley Larson et al., 2007; Koerte et al., 2010; Vitiello,
Ricciuti, Stoff, Behar, & Denckla, 1989).

Age-related improvements in motor speed are associated with motor system development
(Denckla, 1973), with speed of performance typically reaching plateau by age 10 years
(Gidley Larson et al., 2007). Observing distinct patterns of skill development, Martin et al.
(2010) noted that there may be important developmental differences between two types of
movements underlying speed of motor response: repetitive (less controlled) and sequenced
(patterned, more controlled). Specifically, repetitive movements (e.g., finger tapping, foot
tapping) represent a more basic, earlier developing function, while sequenced movements
(e.g., finger succession, heel-toe successions) represent later developing, higher order skills,
involving more widespread cerebral representation. Within child clinical populations,
sequenced (but not repetitive) movements show associations with higher cognitive control
skills, including 1Q (Martin et al., 2010). Furthermore, relative to typically developing (TD)
children, those with ADHD manifest deficits in speed on both repetitive and sequenced
movements (Cole et al., 2008), although it remains unclear whether the developmental
trajectory of these deficits (and thus sensitivity of the motor findings) is similar across both
repetitive and sequenced movements. Examination of the early development of these skills
in children with and without ADHD can potentially shed light on the unique neural
substrates supporting different elements of motor control.

Subtle signs: motor overflow

Overflow movements, defined as co-movement of body parts not specifically needed to
complete a task, are considered to represent failure of inhibition of prepotent movement. In
TD children, these movements decline with age, in parallel with maturation (myelination) of
the cortex and cortical-spinal tracts. Presence of most mirror overflow movements is
expected in younger children but gradually diminishes by age 10-14 years (Addamo,
Farrow, Hoy, Bradshaw, & Georgiou-Karistianis, 2007; Gidley Larson et al., 2007; Hoy et
al., 2004), with rapid changes occurring between ages 5 and 8 years (Wolff, Gunnoe, &
Cohen, 1983). Persistent or delayed reduction of overflow may reflect anomalous
development of cortical—striatal systems involved in motor inhibition (Davis, Pass, Finch,
Dean, & Woodcock, 2009; Gidley Larson et al., 2007), including cortical myelination

(D’ Agati et al., 2010), and/or deficits in interhemispheric transfer (corpus callosum)—
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particularly given the observation of reduced transcallosal inhibition (i.e., ipsilateral
activation theory) and high excitatory response threshold in children with ADHD (Addamo
et al., 2007; Gidley Larson et al., 2007). Failure to inhibit involuntary movements when
developmentally appropriate may also indicate a higher risk for subsequent difficulties in
attention and executive control—key features of ADHD (Davis et al., 2009; Mahone et al.,
2006).

Motor coordination and balance: axial skills

Summary

Method

Axial motor skills include balance and motor coordination (including gait control)—skills
that have been traditionally linked to cerebellar function (Diamond, 2000). Through parallel
circuitry with executive control systems, the cerebellum is believed to play a role in higher
order cognitive processes, such as visuospatial functioning, learning and memory, language,
executive functioning, and has been associated with behavioral deficits observed in ADHD
(O’Halloran, Kinsella, & Storey, 2012). School-aged children with ADHD are commonly
observed to have deficits in motor coordination and balance (Piek et al., 2004), while gait
and balance skills in TD children show minimal improvement after age 7 years, suggesting
that among these children, such skills reach maturity (adult level) in late preschool to early
elementary school years (Gidley Larson et al., 2007). Taken together, these findings suggest
that axial skills may be sensitive to developmental anomalies when assessed prior to age 7
years.

The purpose of this study was to concurrently examine the developmental trajectory of
ADHD symptoms and motor skills (including those likely to discriminate children with and
without ADHD during the preschool years), in order to better understand how these “delays”
unfold and change over time, and which types of motor skills are best able to predict
changes in behavioral function associated with ADHD. It was hypothesized that (relative to
age- and sex-matched TD controls) preschool children with ADHD would manifest parallel
deficits in motor control and ADHD symptoms and that the longitudinal trajectory of
improvement over a 3-year observation period would be attenuated in those with ADHD and
associated with patterns of symptom change.

Study procedures

Study approval was granted from the Johns Hopkins Medicine Institutional Review Board.
Parents of potential participants completed preenroliment telephone interviews that included
a detailed description of study procedures and a medical/development screening to
determine eligibility. Parents of all eligible participants provided written consent and all
participants provided assent. During each study visit, participants completed a
neuropsychological assessment battery, including an 1Q test and the PANESS. Parents also
completed behavioral rating scales at the time of each visit. The assessment battery
completed on the initial visit included additional on-site eligibility screening (described
below).
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Participant inclusion and exclusion criteria

Participants were recruited from local preschools, daycare centers, community resource
centers, pediatrician’s offices, websites, and local and national periodicals. Participants were
enrolled into the study at visit one (V1) between ages 48 and 71 months. Each participant
was subsequently assessed annually in two additional study waves: visit two (V2) between
the ages 60 and 83 months, and visit three (V3) between the ages of 72 and 95 months. At
study entry, participants were excluded for any of the following, established via review of
medical/developmental history, and/or by study assessment: (1) intellectual disability,
developmental language disorder, autism spectrum disorder, or measured FSIQ < 80; (2)
visual impairment; (3) current treatment of any psychiatric disorder (other than ADHD) with
psychotropic medications, and for ADHD other than stimulants; (4) neurological disorder
(e.g., epilepsy, traumatic brain injury); (5) documented hearing loss =25 dB loss in either
ear; and (6) evidence of current physical, sexual, or emotional abuse. Participants were also
excluded from the present data analysis if they were not retained for all three annual study
visits or if they were unable to complete all aspects of the PANESS at each visit.

ADHD group criteria—Once children met general inclusion/exclusion criteria, they were
included in the ADHD group based on criteria modified from the NIH Preschool ADHD
Treatment studies (Kollins et al., 2006). Diagnosis of ADHD was made using modified
DSM-IV-TR criteria based on parent report on the Diagnostic Interview Schedule for
Children-Young Child (YC-DISC; used for 4-year olds) (Lucas, Fisher, & Luby, 2008) or
Diagnostic Interview for Children and Adolescents, Fourth Edition (DICA-IV; used for 5-
year olds) (Reich, Shayka, & Taibleson, 1991), and the DSM-1VV ADHD Scales (Scales L
and M) of the Conners’ Rating Scales-Revised (CRS-R) (Conners, 1997). To be included in
the ADHD group, children were required to have a positive ADHD diagnosis on the YC-
DISC or DICA-1V, and 7-score = 65 on at least one of the DSM-1VV ADHD Scales (Scale L
—Inattention, Scale M—Hyperactivity-Impulsivity) on the Conners’ Parent Rating Scale-
Revised (CPRS-R) or Conners’ Teacher Rating Scale-Revised (CTRS-R) (Conners, 1997).
Additionally, for inclusion in the ADHD group, parents needed to report presence of
symptoms for at least 6 months and evidence of cross-situational impairment (defined as
parent report of problems at home and with peers, as not all children were enrolled in
school). At study enrollment, all children enrolled in the ADHD group were medication
naive; however, if children were subsequently prescribed stimulant medication for ADHD
management, parents were asked to refrain from giving the stimulant medication to the child
on the day of and day prior to the second and third study visits.

TD group criteria—Upon meeting the general inclusion/exclusion criteria, children were
enrolled in the TD group if they did not meet categorical diagnostic criteria for ADHD
(based on parent interview or Conners’ Scales) and were free of immediate family members
(sibling, parent) with ADHD. In addition, children in the control group were required to
have 7-scores < 65 on all DSM-related ADHD scales of the CPRS and CTRS.
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Study assessment measures

CPRS-R and CTRS-R (Conners, 1997)—Dimensional ratings of ADHD symptom
severity were obtained using the DSM-1V-oriented scales from the CPRS-R and CTRS-R,
including Scale L (DSM-IV Inattentive) and Scale M (DSM-IV Hyperactive/Impulsive).

Revised physical and neurological assessment of subtle signs—PANNESS
(Denckla, 1985)—The PANESS is a quantified motor examination comprised untimed and
timed tasks. Untimed motor tasks include gaits on heels, toes, and sides of feet (and parallel
overflow/postures); tandem gait forward/backward; standing/hopping on one foot; standing
heel-to-toe with eyes closed; standing both feet together, arms outstretched with eyes closed
(and choreiform). Timed tasks include a sequence of 20 toe taps, hand pats, and finger taps;
10 “heel-toe,” 10 hand pronate-supinate and tongue side-to-side; and 5 sequences of finger
appositions (left and right sides). The PANESS has been found to have adequate test-retest
reliability (Holden, Tarnowski, & Prinz, 1982), inter-rater reliability, and internal
consistency (Vitiello et al., 1989).

Due to ongoing development of hand preference and increased prevalence of mixed hand
dominance during the age range assessed in the study, performance of the right and left
hands were combined into one variable for Finger Tapping and Finger Sequencing tasks
(Denckla, 1973; Roeder et al., 2008). For the present study, Finger tapping speed was
calculated using the total combined time of the 20 finger taps on the right + left hands.
Finger sequencing speedwas calculated as the combined time to complete five sequences of
finger appositions on right + five sequences on left. 7otal overflow was calculated as the
presence of overflow/posture during the specific untimed task assessing gaits on heels, toes,
and sides of feet as well as the proximal, orofacial, and mirror overflow present during all
timed tasks. 7otal axial movements were calculated as the sum of (1) gait errors (left + right)
occurring during “stressed” gaits (heels, toes, sides of feet), (2) gait errors occurring during
tandem walking (forward and backward), and (3) errors occurring during station and balance
tasks (i.e., tandem stance, standing on one leg, hopping on one foot). For all variables
assessed, higher scores indicate poorer performance.

Data analyses

Results

The effects of group, visit, and the group-by-visit interaction for ADHD symptoms and
motor skill variables were examined through linear mixed effects (LME) models, with
posthoc inquiry of visit and group differences at V1 vs. V2 and V2 vs. V3.

Details of demographic information are included in Table 1. The final sample included 47
children, each of whom was seen for three annual visits. When comparing the final study
sample to excluded participants, there were no significant group differences in sex (p=".
441), socioeconomic status (p =.883), or FSIQ (p =.527); however, the final sample was
older at age of enroliment compared to those who were excluded (p =.004). The sample
included 21 children with ADHD (11 boys) and 26 TD children (19 boys). Of the 20
participants who had Conners’ data at the time of V2 and V3, 14 of the participants
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continued to have a 7-score= 65 on at least one of the DSM-1V ADHD Scales (Scale L—
Inattention, Scale M—Hyperactivity-Impulsivity) at both visits; 6 participants no longer had
a 7-score= 65 on at least one of the DSM-1V ADHD Scales (Scale L—Inattention, Scale M
—Hyperactivity-Impulsivity) on the CPRS-R at V2 and V3. Handedness was determined by
demonstration of a series of unimanual tasks (e.g., writing, throwing, using scissors,
combing hair). The ADHD group included 17 right-, 2 left-, and 2 mixed-handed children,
while the TD group included 22 right-, 3 left-, and 1 mixed-handed participant. The sample
was primary Caucasian (TD group: 85%, ADHD group: 90%). There were no significant
group differences in sex [;(2(2) =2.16, p=.222], racial distribution [;(2(2) =0.89, p=.638],
or handedness [;(2(2) = 0.65, p=.723] at baseline (V1) visit. Additionally, there were no
significant group differences in age or Full Scale 1Q, at any of the three visits. Compared to
the TD group, children ADHD had significantly lower processing speed quotient at V1 and
V2 (both p<.05), but not at V3 (Table 1).

Longitudinal group comparisons

ADHD inattention symptoms—LME analyses examining parent rating of ADHD
symptoms (CPRS-R DSM-IV Inattention Scale—raw score) yielded the expected large
effect for group [A2, 131) = 164.4, p < .001], no effect for visit [A2, 131) = 0.636, p=.
531], and a significant group-by-visit interaction [AH2, 135) = 2.98, p=.054]. While there
were significant group differences in inattention symptoms at all three visits (Table 1), the
interaction effect was driven by diverging trajectories of symptom improvement. Within the
ADHD group, there was evidence of marginally reduced symptom reduction between V1
and V2 [A1,39) = 3.51, p=.069], but not for the TD group [AH1,48) = 0.77, p=.386],
whereas neither the ADHD (p = .829) nor the TD group (p = .562) showed symptom change
between V2 and V3 (Figure 1).

ADHD hyperactivity—impulsivity symptoms—Across all three visits, the ADHD
group was rated significantly higher for hyperactive—impulsive symptoms (CPRS-R DSM-
IV Hyperactive-Impulsive Scale—raw score) [A1, 131) = 125.3, p < .001]; however, there
were no significant effects for visit [A2, 131) = 0.47, p=.627] or the group-by-visit
interaction [A2, 131) = 1.21, p=.302], suggesting minimal change in hyperactive—
impulsive symptoms for either group across visits. There were significant group differences
in parent-rated hyperactive—impulsive symptoms at each of the three visits (Table 1).

Longitudinal group comparisons—motor skills

Finger tapping—Examination of repetitive finger tapping speed across all visits revealed
significant effects for group—ADHD slower than TD [A1, 135) = 16.40, p < .001], visit—
speed improving over time [A2, 135) = 7.51, p=.001], and a group-by-visit interaction
[A2, 135) = 3.87, p=.023]. The interaction effect was marked by significant group
differences (favoring the TD group) at V1 (p < .001), but not at V2 or V3 (Table 2). This
pattern was also driven by significant improvement in speed between V1 and V2 within the
ADHD group [A1,40) = 7.20, p=.011], but not the TD group [A1,50) = 0.35, p=.558].
Neither the ADHD (p = .536) nor TD groups (p = .586) showed significant change in finger
tapping speed between V2 and V3 (Figure 2). In contrast, the ADHD group demonstrated
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significant change in finger tapping speed between V1 and V3 [A1,40) = 8.89, p=.005],
but the TD group did not [H1,50) = 1.44, p=.236].

Finger sequencing—LME analyses examining finger sequencing speed across all three
visits revealed a significant effect for visit—speed improving over time [A2, 135) = 29.37, p
<.001], but not for group [A1, 135) = 0.87, p=.354], or the group-by-visit interaction [H2,
135) = 0.06, p=.945]. Across groups, speed improved significantly between V1 and V2
[A1,90) =5.93, p=.017], between V2 and V3 [H1,90) = 34.64, p < .001], and also between
V1and V3 [A1,90) = 55.12, p<.001]. Within both the ADHD and TD groups, finger
sequencing speed improved significantly between V1 and V3 (p < .001).

Total overflow—LME analyses examining overflow across all three visits revealed a
significant effect for visit—overflow improving over time [AH2, 135) = 5.67, p=.004], but
not for group [A1, 135) = 3.47, p=.065], or the group-by-visit interaction [ A2, 135) =
0.88, p=.829]. Across groups, overflow improved (reduced) significantly between V1 and
V2 [A1,90) = 10.26, p=.02], but not between V2 and VV3 [H1,90) = 0.10, p=.753]. There
was a significant reduction in total overflow between V1 and V3 [A1,90) = 7.40, p=.008]
when combining groups; however, this was driven by the fact that between V1 and V3, the
ADHD group demonstrated significant reduction of overflow (p = .042), but the TD group
did not (p=.094).

Total axial—Examination of the total axial score yielded significant effects for group—
favoring the TD group [F (1, 135) = 7.43, p=.007] and visit—performance improving over
time [A2, 135) = 11.27, p< .001], but no significant group-by-time interaction [A2, 135) =
0.70, p=.497]. For the TD group, performance improved significantly between V1 and V2
[A1,50) = 8.34, p=.006], but not between V2 and VV3 [A1,50) = 0.57, p=.456]. In
contrast, the ADHD group did not show improvement between V1 and V2 [A1,40) = 1.40, p
=.244] but instead showed significant later improvement in performance between V2 and
V3 [A1,40) = 4.38, p =.043]. Both the ADHD group [A1,40) = 10.72, p=.002] and TD
group [A1,50) = 12.75, p=.001] demonstrated improvement in total axial score between
V1 and V3. Examination of group differences by visit revealed significantly poorer
performance by the ADHD group at V2 (p=.018), but not at V1 (p=.368) or V3 (p=.195;
Table 2, Figure 2).

Discussion

For preschool children with and without ADHD, motor control and speed improve rapidly
between ages 4 and 7 years, with the most rapid changes occurring before age 6 years. By
age 4 years, children with ADHD manifest significant deficits in repetitive motor speed and
axial motor control, compared to TD children without ADHD. Moreover, while these skills
continue to improve, the timing of most rapid improvement appears to occur in conjunction
with developmental changes in core ADHD symptomatology. Conversely, overflow and
sequenced movements (both affected in older children with ADHD) are not deficient
(relative to age-matched controls) in preschool children with ADHD, suggesting a
differential sensitivity of more “basic” vs. higher order elements of motor control during the
preschool years. These observations support the idea that while attentional and motor control
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develop in parallel, these associations (like the skills themselves) show important
developmental changes over time.

A distinction has been suggested between the brain systems associated with basic motor
control and those involving more complex, higher cognitive order motor movements. In
particular, tasks involving basic repetitive motor speed are typically mastered (i.e., reaching
“adult” level of competence) at an earlier age, likely due to the timing of the maturation of
associated motor/premotor brain regions and cortical systems. Conversely, neural networks
involved in more complex motor movements, such as finger sequencing, are linked to brain
systems that develop later, including more widespread (pre)frontal cortical systems (Martin
et al., 2010; Roeder et al., 2008). Furthermore, due to the continued myelination of the
nervous system and development of transcallosal inhibition, presence of overflow
movements is not unexpected in younger children and not considered a biomarker sensitive
to abnormality until after the age 10-14 years (Gidley Larson et al., 2007; Hoy et al., 2004;
Koerte et al., 2010). In fact, it is often not until after age 9 years that children with CNS
abnormalities demonstrate differences (relative to same age TD peers) in the presence of
motor overflow movements (Cohen et al., 1967).

Based on the observation of different patterns of motor overflow and 1Q in younger (before
age 10 years) vs. older children (after age 10 years), the associations between motor and
cognitive control are best understood through a developmental approach to assessment
(Cohen et al., 1967). Using this perspective, it is critical to identify earfy signs of anomalous
motor development in order to monitor for and predict later cognitive difficulties (Cohen et
al., 1967; Nichols & Chen, 1981). Indeed, children with ADHD show delays in maturation
of brain networks that are integral to development of higher cognitive and behavioral
control, including maturational delays in gray and white matter volumes, basal ganglia
structures, cortical thickness, and overall cerebral and cerebellar volume (Vaidya, 2012). The
delay in cortical thickness of the cerebrum, most prominent in the prefrontal regions, can be
seen in the fact that TD children reach peak cortical thickness around 7 years, but children
with ADHD do not reach peak levels until age 10 years (Shaw et al., 2007). Moreover, the
subsequent slower rate of cortical thinning seen in ADHD has also been linked to severity of
hyperactive and impulsive symptom presentation, further supporting the neurological
differences and behavioral manifestations of ADHD during the early years (Shaw et al.,
2011).

The age range assessed in this study is a period of accelerated development with regard to
behavioral presentation and motor skills, suggesting that during this time, children with
ADHD may begin to manifest developmental differences compared to their TD peers.
Consistent with existing research, motor skills continue to develop through childhood, but
the rate of skill acquisition decelerates after age 6 years for both TD children and those with
ADHD. Therefore, many of the skills assessed on the PANESS, such as repetitive finger
tapping speed (Martin et al., 2010) and axial skills (Gidley Larson et al., 2007), have reached
ceiling levels by age 7 years for TD children, but presence of overflow and finger
sequencing speed continue to undergo rapid changes beyond age 7 years. However, due to
developmental delay, ADHD children demonstrated increased deficits in basic motor speed
and balance and coordination as well as increased overflow compared to TD children at the
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final visit of the study (age 7 years, 11 months), suggesting that these skills had not yet fully
matured (plateaued) during the expected time period. Therefore, while overflow may be a
sensitive biomarker of neurodevelopmental vulnerability in older children (Cohen et al.,
1967), evaluation of basic motor speed, balance, and coordination may represent a more
valid way to characterize CNS vulnerability at earlier ages (i.e., prior to age 7 years).
Importantly, when critical motor anomalies are identified in the preschool years, there is
greater opportunity for close monitoring and implementation of early intervention.

One limitation of this study was the use of modified DSM-IV criteria for the ADHD group
assignment at time of study enrollment. Due to the necessity of cross-sectional impairment,
the diagnostic criteria for ADHD are best utilized for a population that has regular access to
an academic setting. However, due to the young age at study enroliment (48-71 months),
many of the children were not enrolled in school and, thus, did not have regular access to
teacher ratings. For these situations, parents were required to report problems within the
home and a second setting (e.g., peers) in order to best meet the criteria for cross-sectional
impairment. This study was also limited by the small sample size due to a desire to only
include eligible participants who were able to complete the PANESS at all three study visits.
Younger age at enrollment appeared to predict an increased risk for dropout during the study,
which is not unexpected since younger children had more difficultly completing the entire
PANESS (and other study components) at visit one. Future directions may include
attempting to use a larger sample size of both ADHD and TD children. Additionally, it may
be interesting to further assess behavioral differences between the children included in the
sample and those who were excluded based on inability to complete the PANESS (both
within the ADHD and TD groups). Such inquiry may include determining whether or not the
inability to complete the PANESS at age 4 years is a predictor of increased symptom
presentation and functional impairment during childhood and adolescence. Future research
may also include assessing the same preschool cohort used in this sample after age 10 years
in order to determine developmental trajectory of motor skills that had not plateaued by age
7 years (i.e., overflow and finger sequencing speed). Additionally, previous research
indicated that the ability to hop on one foot at age 4 was the best predictor of “hyperactivity”
at age 7 (Nichols & Chen, 1981); so, examination of this particular variable on the PANESS
may provide further information regarding a sensitive marker during the preschool years for
motor deficits and subsequent ADHD.

Overall, the current study provided important information regarding the developmental
trajectory of motor skills and ADHD symptoms during the preschool years. Specifically,
children with and without ADHD experience not only reduction of motor overflow but also
consistent improvements in speed when performing more complex, high-order motor
movements (i.e., finger sequencing) during the preschool years. However, children with
ADHD demonstrate a developmental delay in improvements of basic motor speed (i.e.,
finger repetition) and axial skills (i.e., balance and coordination) prior to age 7 years. Such
behavioral delays concomitant with the previously observed delays in the development and
maturation of brain regions associated with ADHD (Shaw et al., 2007, 2011; Vaidya, 2012);
this study provides further understanding of brain—behavior relationships during a period of
rapid neurological development (i.e., preschool age) when the implementation of early
interventions is critical to future impairment.
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Figure 1.
Mean inattentive symptom scores on the Conners’ Parent Rating Scale between ADHD and

TD children across all three visits.
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Figure 2.
Mean performance scores on finger tapping and total axial on the PANESS between ADHD

and TD children across all three visits.
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