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Abstract

Introduction—Our aim was to assess differences in movement measures in Attention-Deficit/

Hyperactivity Disorder (ADHD) vs. typically developing (TD) controls.

Methods—We performed meta-analyses of published studies on motion measures contrasting 

ADHD with controls. We also conducted a case-control study with children/adolescents (n=61 

TD, n=62 ADHD) and adults (n=30 TD, n=19 ADHD) using the McLean Motion Activity Test, 

semi-structured diagnostic interviews and the Behavior Rating Inventory of Executive Function 

and Conners (Parent, Teacher; Self) Rating Scales.

Results—Meta-analyses revealed medium-to-large effect sizes for actigraph (standardized mean 

difference [SMD]: 0.64, 95% Confidence interval (CI): 0.43, 0.85) and motion tracking systems 

(SDM: 0.92, 95% CI: 0.65, 1.20) measures in differentiating individuals with ADHD from 

controls. Effects sizes were similar in studies of children/adolescents ([SMD]:0.75, 95% CI: 0.50, 

1.01) and of adults ([SMD]: 0.73, 95% CI: 0.46, 1.00). In our sample, ADHD groups differed 

significantly in number of Head Movements (p=0.02 in children; p=0.002 in adults), Displacement 

(p=0.009/p<0.001), Head Area (p=0.03/p<0.001), Spatial Complexity (p=0.06/p=0.02) and 

Temporal Scaling (p=0.05/p=0.04). Mean effect sizes were non-significantly larger (d=0.83, 95% 

CI: 0.20, 1.45) in adults vs. children/adolescents with ADHD (d=0.45, 95% CI: 0.08, 0.82). In the 
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concurrent go/no-go task, reaction time variability was significantly greater in ADHD (p<0.05 in 

both age groups) than controls.

Conclusions—Locomotor hyperactivity remains core to the construct of ADHD even in adults. 

Our results suggest that objective locomotion measures may be particularly useful in evaluating 

adults with possible ADHD.
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1. INTRODUCTION

Despite the substantial prevalence of Attention-Deficit/Hyperactivity Disorder (ADHD), 

estimated to be 5.9 to 7.1% in school aged-children and ~5% in adulthood (Willcutt, 2012) , 

we lack consensus on how best to ascertain the disorder. This is reflected in continuing 

concern regarding presumed over-diagnosis and evidence of both under- and over-diagnosis 

(Sciutto and Eisenberg, 2007). The diagnosis of ADHD is exclusively based on subjective 

descriptions of behavior, which is affected by multiple factors, including informant source, 

type of instruments used, and methods for combining information across measures and 

informants (Valo and Tannock, 2010). The perceived deficiencies of current diagnostic 

approaches have motivated a search for ADHD endophenotypes (Castellanos and Tannock, 

2002), i.e., intermediate constructs that could help reveal the pathophysiology of the 

disorder and thereby increase diagnostic accuracy.

Given the centrality of hyperactivity for ADHD (Ohashi et al., 2010; Teicher et al., 2008), 

objective measures of locomotor activity have long been examined. An initial study found 

increased wrist actometer counts during free play in 16 children referred for possible 

hyperactivity (prior to the DSM-III codification of attention deficit disorder) when 

contrasted to a community comparison group (n=20) (Barkley and Ullman, 1975). 

Subsequently, Porrino et al. conducted the first studies in children systematically diagnosed 

with DSM-III attention deficit disorder with hyperactivity (ADDH) versus healthy controls, 

reporting that children with ADDH exhibited significantly greater locomotor activity, even 

during sleep (Porrino et al., 1983). Since then, increasingly sophisticated measures have 

been examined. This culminated in the May 2014 clearance by the USA Food and Drug 

Administration of the QbTest 1 an infrared motion tracking system, “to aid in the clinical 

assessment of ADHD and in the evaluation of treatment interventions in ADHD.” The FDA 

finding stated: “QBTest results should be interpreted only by qualified professionals.” 

However, guidelines on how such objective data should be incorporated into the diagnostic 

process have yet to be included in diagnostic systems.

Questions regarding diagnostic accuracy are particularly germane when assessing adults 

who may lack documentation regarding having met the diagnosis in childhood. Indeed, the 

DSM-5 (APA, 2013) requires that some symptoms be met prior to age 12, but does not 

specify how such retrospective history should be confirmed. The text acknowledges “adult 

recall of childhood symptoms tends to be unreliable, and it is beneficial to obtain ancillary 

information” (p. 61). Obtaining such confirmatory information, whether from parents or old 
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report cards, is not always possible. Validation of the diagnosis through objective measures 

of attention and locomotion might be useful in such circumstances (Biederman et al., 2000; 

Brocki et al., 2008; Faraone et al., 2000; Lahey and Willcutt, 2010).

Given interest in the potential value of objective locomotor measures as biomarkers, we first 

performed meta-analyses contrasting individuals with ADHD to controls to assess the extent 

to which locomotor measures discriminate individuals with ADHD from controls. To our 

knowledge, this is the first meta-analysis providing standardized effect sizes and their 95% 

confidence intervals for these types of measures with respect to the diagnosis of ADHD in 

children and adults. One meta-analysis was focused on actigraphy, and another on measures 

that incorporate an infrared motion tracking camera with computerized attention testing, 

marketed under the names OPTAx, McLean Motion and Attention Test System (MMAT) or 

QbTest Plus. We also performed separate meta-analyses of studies in children and 

adolescents, on the one hand, and in adults, on the other, to address the possibility that 

diagnostic differences in movement vary with age. Finally, we report the results of two new 

studies that used MMAT, a precursor to the QbTest, in children/adolescents and in adults 

with ADHD, respectively, contrasted to typically developing individuals. We hypothesized 

that individuals with ADHD, whether children, adolescents, or adults, would exhibit 

significantly greater locomotor activity than TD comparisons. We also expected to observe 

greater activity in younger individuals, across both diagnostic groups.

2. METHODS

2.1.Meta-analysis methods

Methods for this meta-analysis have been developed according to recommendations from 

the Preferred Reporting Items for Systematic Reviews and Meta-Analyses Statement 

(PRISMA) (Liberati et al., 2009). For a more detailed description of methods, please see the 

protocol (supplementary material).

2.1.1. Inclusion criteria—All types of published peer-review controlled studies were 

included. As recommended by the Cochrane Group (2011) we did not search for 

unpublished data to avoid the inevitable bias caused by dependence on investigators 

agreeing to provide data from unpublished studies. To be included, ADHD groups needed a 

categorical diagnosis of ADHD per DSM (III,III-R, IV, IV-TR or 5) or Hyperkinetic 

Disorder according to ICD-10 or previous ICD versions. We did not include studies 

assessing only symptoms of ADHD, without a formal diagnosis of the disorder. As we 

wanted to assess the accuracy of locomotor measures for the diagnosis of ADHD, the 

inclusion of a control group was a requirement. Comparisons had to be individuals without 

ADHD, typically healthy controls. When studies reported two groups of controls, we chose 

only the healthy comparison group. No restrictions of age, sex or socioeconomic status were 

applied. The presence of comorbidity was not an exclusion criterion. No restriction of 

medication status was applied. Studies including participants recruited in any setting were 

retained. All types of movement measures were accepted, but not other measures assessed 

along with locomotor parameters, such as sleep parameters.
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2.1.2 Search Strategy—The search was performed on June 1, 2014. LGM and SC 

blindly conducted the same search using the search terms and strategy in the same set of 

databases (PubMed, Ovid and Web of Knowledge) accessed via the New York University 

Electronic Library. Manual searches were also performed, scanning reference lists of 

relevant papers retrieved. No a priori limitations on language or period of publication were 

applied.

2.1.3 Outcome—The primary outcome was the effect sizes of objective measures of 

locomotion when used to contrast individuals with ADHD and controls.

2.1.4 Study selection—After removing duplicates, LGM and SC independently screened 

titles and abstracts and excluded papers judged not pertinent. A final list was agreed with 

discrepancies to be resolved by consensus between the two authors. When consensus was 

not reached, a third author (FXC) was available to act as arbitrator. If any doubt about 

inclusion existed, the article proceeded to the next stage.

2.1.5 Data extraction and statistical analysis—Data extraction was independently 

performed by two authors (LGM and SC). A single mean effect size was obtained per study 

by averaging; indices were multiplied by -1 if higher locomotor activity was associated with 

smaller values, e.g., for Immobility Duration. We initially performed separate analyses for 

actigraphy measures and tracking motion system measures because of the different 

characteristics of these approaches. Study information was entered into RevMan 5.3 

(Collaboration, 2014). Standardized mean difference (SMD) for each study was computed 

using the inverse-variance method. Given the inherent heterogeneity of studies, random-

effects models were used. The I2 statistic was calculated to estimate between-study SMD 

heterogeneity.

2.2 Original data

We designed a case-control study contrasting patients with ADHD to TD subjects. We 

included children and adolescents in one group and adults in another. Typically developed 

participants were recruited through IRB-approved advertisements. Patients with ADHD 

were mostly referred from the Child Study Center at NYU Langone Medical Center. 

Families and adult participants received US$60 for participation and a full psychodiagnostic 

assessment and report. Inclusion criteria were: children/adolescents between 8.0-17.9 and 

adults between 18.0-54.9 years with estimated full-scale or verbal IQ of at least 80. 

Comorbid diagnoses of anxiety or learning disorders were allowed; mood, psychotic, or 

pervasive developmental disorders were excluded. ADHD groups required a clinician-based 

diagnosis of DSM-IV-TR ADHD, any subtype, obtained through semi-structured diagnostic 

interview and assisted in the child/adolescent group by reviewing parent and teacher rating 

scales. Participants taking psychostimulants were asked to discontinue treatment for at least 

24 hours before the experimental session.

After a phone screen, we conducted a diagnostic evaluation session, lasting approximately 

four hours. We recruited 264 children and adolescents of whom 65 did not complete the 

MMAT and 76 did not meet inclusion criteria. We recruited a total of 74 adult subjects, of 
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whom six did not complete the MMAT, 12 were excluded because of comorbidity and seven 

had lost data. Analyses were based on 62 ADHD and 61 TD child/adolescent subjects and 

19 adults with ADHD and 30 TD adults. In terms of pharmacological history, in the child/

adolescent ADHD group, 18 of 62 patients (29%) reported current psychostimulant 

treatment (methylphenidate, dexmethylphenidate, or amphetamines), eight (12.9%) reported 

past history of treatment but no current medication use and 36 (58%) were medication-

naïve. Among adults with ADHD, three of 19 patients (15.8%) reported current treatment 

with medication (methylphenidate or amphetamines) and seven (36.8%) reported a history 

of pharmacological treatment but denied current treatment. The rest (47.4%) were 

medication-naïve. The study was approved by the NYU Langone Medical Center 

Institutional Review Board (IRB). All participants provided IRB-approved written informed 

consent (and assent, for children/adolescents), prior to participating.

In the child and adolescent group, diagnosis was determined using the Schedule for 

Affective Disorders and Schizophrenia for School-Age Children-Present and Lifetime 

Version (KSADS-PL) (Kaufman et al., 1997) in separate meetings with a parent and the 

child. For adults, the ADHD Clinical Diagnostic Scale (ACDS) (Adler and Spencer, 2004) 

was obtained, along with the Structured Clinical Interview for DSM-IV-TR, Non-patient 

Edition (First et al., 2002) to assess ADHD and Axis-I comorbidity, respectively. In both 

cases, diagnosis was made by a licensed clinician or a psychology graduate student under 

the supervision of a licensed clinician. Each participant was invited for a diagnostic and a 

cognitive assessment, consisting of the Wechsler Abbreviated Scale of Intelligence (WASI) 

(Wechsler, 1999) and the Wechsler Individual Achievement Test (WIAT-II) (Wechsler, 

2001). Demographic information was collected with a standardized questionnaire used at the 

Child Study Center at NYU Langone Medical Center. Socioeconomic status was 

characterized using the Hollingshead Index (Hollingshead, 1975). To measure symptom 

severity, the Conners Parent Rating Scale-Revised: Long Version and Conners Teacher 

Rating Scale-Revised: Long Version (Conners, 1997) and Conners Adult ADHD Rating 

Scales (CAARS) (Conners et al., 1999) were utilized. Finally, to measure the impact of 

executive functioning in daily life, we used the Behavior Rating Inventory of Executive 

Function (BRIEF) (Gioia et al., 2000) for children and the Behavior Rating Inventory of 

Executive Function-Adult Version (BRIEF-A) Self- and Informant-reports for adults (Roth 

et al., 2005).

We used the MMAT (Teicher, 1996b) an infrared motion tracking system that quantifies 

micromovements of participants during a go/no-go task lasting 15 minutes for children or 

adolescents and 20 minutes for adults. The target stimuli (8-pointed stars) and non-targets 

(5-pointed stars) appeared at random screen position in a random sequence for 200ms each, 

at 2000ms intervals. For children/adolescents, targets and non/targets stimuli were presented 

in a 1:1 ratio, while adults were presented a 3:1 ratio. During the task, we measured head 

movements by measuring displacement of a small spherical reflector secured via elastic 

bands on the forehead. The variables recorded for the go/no-go task were “Percent 

Accuracy,” “Percent Omission Errors,” “Percent Commission Errors,” “Reaction Time 

Latency” (in ms; RT Latency), “Reaction Time Variability” (intraindividual standard 

deviation (SD) of the response times; RT Variability) and “Coefficient of Variation” 

(response time SD/mean latency; RT COV). RT latency, RT Variability and RT COV were 
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based only on correct responses. Movement variables were “Head Immobility Duration” 

averaged over each 5 minute period, “Head Movements,” measuring the average number of 

position changes greater than 1mm averaged over each 5 minute interval, “Head 

Displacement,” the total distance traveled, in meters, averaged over each 5 minute period; 

“Head Area,” the two-dimensional space in which the reflector moved; “Head Spatial 

Complexity,” describing the fractal dimensionality or complexity of the movement path, 

with values ranging from 1 to 2; and “Head Temporal Scaling,” indexing the frequency of 

movement (Teicher, 1996a).

Analyses were performed using SPSS version 21 (IBM-Corporation, 2012). For nominal 

group characteristics, chi-square tests were used. One-way ANOVAs were used to compare 

cognitive measures, BRIEF and Conners scores. ANCOVAs adjusting for age and sex were 

performed to compare micromovement measures across diagnostic groups for each age 

range (children and adolescents; adults). We performed Pearson correlations or partial 

correlations adjusting for age (when age was significantly correlated with motion measures) 

between MMAT motion measures and the following: BRIEF, Conners ratings, and with the 

Go/no-go measures. To balance rates of type 1 and type 2 errors, the significance threshold 

for correlations was set at p < 0.01. Otherwise, we used the standard threshold of p < 0.05, 

two-tailed.

3 RESULTS

3.1 Meta-analysis results

Twenty-six studies met our criteria. We were unable to extract SMD values from seven 

studies (Edebol et al., 2012; Inoue et al., 1998; Kam et al., 2011; Martin-Martinez et al., 

2012; O'Mahony et al., 2014; Ohashi et al., 2010; Wood et al., 2009). Two reports (Tsujii et 

al., 2007; Tsujii et al., 2009), appeared to be based on the same data, so we only included the 

former. For each of these eight exclusions, we attempted to contact authors to ask for 

additional data, without satisfactory results. Final analyses were performed with 18 studies. 

Search results are shown in Figure 1 according to the PRISMA flowchart (Liberati et al., 

2009).

In two studies, a subgroup of ADHD subjects was receiving pharmacological treatment: 

23.1% in Baird et al. (2012) and 25% in Glass et al.(2014). In the remaining studies, 

treatment was discontinued at least 24 hours before locomotion assessment. Characteristics 

of included papers are summarized in Table 1.

The meta-analyses focused on differences in locomotion measures between groups of 

individuals diagnosed with ADHD and healthy controls. The combined sample sizes were 

406 patients with ADHD versus 359 controls with actigraphy data and 164 patients with 

ADHD versus 156 controls with motion tracking system data. As shown in Figures 2 and 3, 

actigraphic measures were associated with a medium effect size (SMD: 0.64, 95% CI: 0.43, 

0.85) indicating greater activity in ADHD. The SMD for motion tracking studies was large 

(SMD: 0.92, 95%CI: 0.65, 1.20) in the same direction of greater activity in ADHD, although 

the confidence intervals overlapped for the two types of measures.
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Given the overlapping effect sizes across methods (actigraphy and motion tracking systems), 

we reexamined the data stratified by mean sample age. The combined studies of children 

and adolescent included 305 patients with ADHD and 257 healthy controls. The studies of 

adults (defined on the basis of mean age > 18.0 years) included 265 patients with ADHD 

and 258 healthy controls. Locomotor measures were associated with a medium-to-large 

effect size in both groups (in children/adolescents, SMD=0.75, 95% CI: 0.50, 1.01; in adults, 

SMD=0.73, 95% CI: 0.46, 1.00).

3.2 Original data

As shown in Tables 2 and 3, the two diagnostic groups did not differ significantly with 

regard to age, parent- or self-reported race, socioeconomic status or IQ. In the child and 

adolescent group, we found significant differences between ADHD and TD with regard to 

sex distribution (79% male ADHD vs. 39% male TD) and in subscales related to lower 

academic achievement in the ADHD group (WIAT, p<0.01).

In the group of children/adolescents, 35 of the participants with ADHD were diagnosed with 

Combined Subtype, 24 with Inattentive Subtype, two Not-otherwise Specified (NOS) and 

one Hyperactive/Impulsive. In adults with ADHD, 13 were diagnosed with the Combined 

Subtype, four Inattentive Subtype, one Hyperactive/Impulsive Subtype and one NOS.

In the child and adolescent group with ADHD, 26 children met criteria for another disorder 

(41.9%): eight had a learning disorder (12.9%), six oppositional defiant disorder (9.7%), 

four an adjustment disorder (6.5%), three had enuresis (4.8%), two had tics disorders 

(3.2%), two had specific phobias (3.2%), one had encopresis (1.6%), one dysthymia (1.6%) 

and one an anxiety disorder (1.6%). Among adults, one of the participants with ADHD had a 

prior history of substance abuse disorder and one a history of major depressive disorder. As 

expected, in both age groups, BRIEF and Conners scores were significantly higher in 

patients with ADHD (p<0.01) on all measures (See Tables 4 and 5).

Age was significantly correlated with locomotor indices across all participants (e.g., with 

Head Movements, r = -0.431, n=172, p<0.001). This relationship with age was also 

significant within the group of children and adolescents (e.g., Head Movements, r= -0.430, 

n=123, p<0.01) but not within the group of adults (e.g., Head Movements, r= -0.065, n=49, 

p=0.66).

As shown in Tables 6 and 7, ADHD groups differed significantly from controls on all 

motion tracking parameters except Head Immobility Duration and Head Spatial Complexity 

in children/adolescents. Specifically, Cohen's d for number of Head Movements was 0.51 

for children and 0.99 for adults; Head Displacement also differed, with d=0.59 in children/

adolescents and d=1.11 in adults; Head Area produced d=0.50 in children/adolescents and 

d=1.21 in adults. Head Spatial Complexity differed significantly in adults (p=0.02, d=0.65). 

Finally, Head Temporal Scaling resulted in d=0.44 in children/adolescents and d=0.63 in 

adults. Interestingly, number of Head Movements was lower in ADHD adults than in TD 

children (2434 vs. 2833), despite nearly double the effect size in adults vs. children/

adolescents. In the concurrent go/no-go task, reaction time (RT) variability was significantly 

Murillo et al. Page 7

J Neurosci Methods. Author manuscript; available in PMC 2016 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



greater in ADHD (p<0.05; RT coefficient of variability (COV) in adults, RT variance in 

children).

We examined correlations between locomotion measures, and summary indices from the 

BRIEF and Conners ratings. Results are shown in Tables 8-9. Figures 4-6 illustrate the 

significant positive relationships between number of Head Movements, on one hand, and 

BRIEF GEC, go/no-go RT COV, and DSM-IV Hyperactivity Impulsivity ratings, on the 

other, for children/adolescents and adults. Head Movements and Head Displacement were 

most robustly positively related to ratings, with up to 31% of the variance explained (e.g., 

for Head Displacement and DSM-IV Hyperactivity-Impulsivity in adults). Within children 

and adolescents, go/no-go measures (except for response latency) correlated significantly 

(p<0.01) with all motion tracking measures, even after adjusting for age (see Table 10). 

Among adults, only the reaction time variability measures (RT Variance and RT COV) 

correlated significantly with motion tracking measures.

When examined within diagnostic groups, few of these relationships remained significant, 

presumably reflecting decreased statistical power and reduced range of variation. The 

exceptions in which significant relationships continued to be observed were the correlations 

between Head Area and Go/No-go accuracy (r=-0.38, n=62 p=0.002 for children with 

ADHD; r=-0.52, n=61, p=0.000 for TDC); Head Area and Omission Errors (r=0.49, n=62, 

p=0.000 for children with ADHD; r=0.62, n=61, p=0.000 for TDC); Head Area and RT 

Variance (r=0.36, n=62, p=0.005 for children with ADHD; r=0.47, n=61, p=0.000 for TDC); 

Head Area and RT COV (r=0.34, n=62, p=0.007 for children with ADHD; r=0.46, n=61, 

p=0.000 for TDC) and Head Displacement and Omission Errors (r=0.38, n=62, p=0.002 for 

children with ADHD; r=0.60, n=61, p=0.000 for TDC). None of the correlations in the 

smaller adult subsamples remained significant when examined within-group.

4 DISCUSSION

Given the centrality of locomotor hyperactivity to the construct of ADHD, we performed 

meta-analyses of studies quantifying locomotion in ADHD, whether through actigraphy or 

via motion tracking systems. We also examined infrared motion tracking data from our lab 

contrasting children and adolescents as well as adults with ADHD to healthy comparison 

participants.

In the meta-analyses, we observed significantly greater locomotion in individuals with 

ADHD on both actigraphy and motion tracking data. Actigraphy studies yielded medium 

effect sizes (SMD = 0.64) in differentiating individuals with ADHD from controls. The 

smaller number of motion tracking system studies produced large effect sizes (SMD = 0.92). 

The two types of studies overlapped substantially in their confidence intervals. Accordingly, 

we combined across types of measures and stratified by age, yielding nearly complete 

overlap in the SMD (0.75 in children/adolescents, 0.73 in adults, respectively) and in their 

confidence intervals. This degree of overlap is not consistent with the generally accepted 

notion that hyperactivity decreases in adults with ADHD relative to children (Biederman et 

al., 2000; Das et al., 2014; Wilens et al., 2002).
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Similarly, in our own original data, based on the MMAT system, we also observed 

significantly elevated locomotor indices in children/adolescents as well as in adults with 

ADHD. As expected, we found robust age-related differences in motion indices across the 

entire sample, which covered a broad age range, and within the subsample of children and 

adolescents. We also observed significant between-group differences between ADHD and 

controls for both age ranges, but the mean effect size across all motion measures was nearly 

double for adults as for children and adolescents (0.83 vs. 0.45, respectively). Despite this 

absolute difference in effect size, the two age ranges did not differ significantly, at least 

partially reflecting our relatively small subsample of adults with ADHD (n=19). We note 

that this diagnostic difference between adults was substantial, even though TD children 

moved more than adults with ADHD, because the TD adults were so much less motorically 

active.

In the simultaneously collected go/no-go task, only reaction time variability measures 

differed significantly between diagnostic groups. This is consistent with the larger literature 

on response time intra-subject variability (Kofler et al., 2013). Across all ages, response time 

variability indices correlated significantly with motion tracking measures. Within children 

and adolescents, error rates and accuracy also exhibited significant relationships with motion 

tracking measures, even when they did not differ significantly by ADHD diagnosis. This is 

consistent with a dimensional perspective on hyperactivity and neuropsychological 

performance, as advocated by the NIMH Research Domain Criteria project (Casey et al., 

2014). However, most correlations did not remain significant when examined within the 

individual diagnostic groups. We believe this reflects decreased statistical power and 

decreased range of variation, at least in part.

In our study, a higher proportion of children and adolescents than adults were being recently 

treated with stimulants. In theory, this difference could have contributed to our findings. 

However, this is not consistent with the main driver of our results, which was that TD adults 

had the lowest levels of locomotor activity of all four subgroups, which could not have been 

accounted for by prior medication history. Given the pattern of medium-to-large effect sizes 

in adults with ADHD emerging from published results and our new data, we suggest that 

motion tracking tests are most likely to be clinically useful in the assessment of adults who 

lack other evidence of a childhood history of ADHD.

We note the limitations of our efforts. In our meta-analysis search, we reviewed papers 

published over a 40 year period (1975-2014). This literature comprises a wide variety of 

devices and techniques which presented a challenge in how to summarize the data. 

Accordingly, we applied rigorous selection criteria, which limited the number of studies 

included. The period covered in our meta-analyses encompassed changes in the diagnostic 

criteria for ADHD, from DSM-III, DSM-IIIR, and DSM-IVTR to DSM-5. We are unable to 

assess how such changes in criteria may have affected our findings, but do not believe them 

to be substantial, given the continuing emphasis on hyperactivity and impulsivity. Since we 

only included published studies, we cannot discount the risk of publication bias exaggerating 

positive results.
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Our original data also has to be interpreted in light of limitations. Cross-sectional designs 

cannot provide definitive evidence of developmental effects, but longitudinal studies are 

exceedingly difficult to conduct, particularly with electronic devices that are subject to rapid 

changes. The main limitation of our study was the moderate-to-small size of the adult patient 

subgroup (n=19), which inevitably broadened our confidence intervals. Nevertheless, our 

results in both age groups were well within the confidence intervals of our meta-analyses.

Future research will need to examine indices of locomotion not only in patients with ADHD 

and healthy controls, but also across the spectrum of neurodevelopmental disorders. The 

goal in future work should be to characterize patients across a range of neurodevelopmental 

disorders, which is more relevant, from a clinical standpoint, than differentiating patients 

from typically developing individuals. Despite the challenges of longitudinal designs, it 

would be informative to delineate the trajectories of brain-behavior relationships with regard 

to locomotion using standardized tasks such as motion tracking approaches.

5 CONCLUSIONS

In the meta-analyses as well as in original data, we observed robustly significant evidence of 

greater locomotor activity in both children and adults with ADHD relative to controls. We 

found similar effect sizes in children/adolescents as in adults. Interestingly, in our data the 

effects sizes in adults with ADHD were non-significantly greater than in children, even 

though adults with ADHD moved less than TD children. This suggests hyperactivity 

remains an observable distinguishing trait in adults, because the overall magnitude of 

movement in the reference group is lower. These results suggest that objective locomotion 

measures may be useful for improving the process of diagnosing ADHD in difficult cases, 

especially in adulthood.
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HIGHLIGHTS

• We meta-analyzed locomotor activity in relation to ADHD diagnosis

• We found comparable effects of greater activity in ADHD across methods

• Effect sizes were medium-to-large for both children and adults with ADHD

• We also conducted a new study in children and adults using high-resolution 

methods

• We found similar effect sizes in both age groups in our data

• The prominence of locomotor hyperactivity in adults with ADHD is 

underappreciated
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Figure 1. 
Flowchart showing the selection of studies.
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Figure 2. 
Forest plot for actigraphy studies
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Figure 3. 
Forest plot for Motion Tracking Systems.
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Figure 4. 
Correlation between BRIEF General Executive Control & Head Movements in Children/

Adolescents (left) and Adults (right)
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Figure 5. 
Correlation between Go/No-Go Reaction Time Variability & Head Movements in Children/

Adolescents (left) and Adults (right)
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Figure 6. 
Correlation between Conners DSM-IV Hyperactivity-Impulsivity & Head Movements in 

Children/Adolescents (left) and Adults (right)
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Table 8

Correlations between BRIEF summary measures and motion tracking measures.

BRIEF measure Head Movements Head Displacement Head Area Head Spatial Complexity Head Temporal Scaling

Children (n=119)

BRI .199 .185 .169 −.117 .134

.031 .044 .068 .208 .148

MI .257 .263 .225 −.198 .197

.005 .004 .014 .032 .032

GEC .255 .260 .232 −.180 .180

.005 .004 .012 .051 .051

Adults BRIEF-Self (n=48)

BRI .505 .510 .433 −.251 .337

.000 .000 .002 .085 .019

MI .520 .525 .450 −.241 .386

.000 .000 .001 .099 .007

GEC .531 .537 .459 −.254 .380

.000 .000 .001 .082 .008

Adults BRIEF-Informant (n=34)

BRI .253 .211 .159 −.325 .320

.149 .232 .369 .061 .065

MI .413 .376 .264 −.293 .408

.015 .028 .131 .093 .016

GEC .373 .341 .249 −.279 .377

.030 .048 .155 .110 .028

BRI= Behavior Regulation Index, MI= Metacognition Index, GEC= Global Executive Composite. Results are Pearson correlations (first row) and 
2-tailed p-values (second row). In children, partial correlations were adjusted for age.
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Table 9

Correlations between Conners summary measures and motion tracking measures

Conners measures Head Movements Head Displacement Head Area Head Spatial Complexity Head Temporal Scaling

Conners Parent Rating Scale 
(n=122)

Global Impairment .249 .260 .241 −.136 .165

.006 .004 .008 .136 .071

DSM-Inattentive .221 .227 .198 −.189 .160

.015 .012 .029 .038 .080

DSM-Hyperactive-Impulsive .283 .298 .306 −.164 .158

.002 .001 .001 .072 .084

DSM-Total .265 .274 .262 −.193 .171

.003 .002 .004 .034 .060

Conners Teacher Rating Scale 
(n=94)

Global Impairment .263 .301 .351 −.180 .206

.011 .003 .001 .084 .047

DSM-Inattentive .243 .282 .306 −.129 .221

.019 .006 .003 .218 .033

DSM-Hyperactive-Impulsive .216 .244 .296 −.125 .129

.037 .018 .004 .232 .218

DSM-Total .251 .289 .328 −.131 .193

.015 .005 .001 .209 .064

Conners Adults ADHD Rating 
Scale (n=47)

ADHD-Index .512 .523 .413 −.199 .400

.000 .000 .004 .180 .005

DSM-IV Inattentive Symptoms .551 .565 .454 −.246 .393

.000 .000 .001 .095 .006

DSM-IV Hyperactive Impulsive .541 .557 .464 −.233 .395

.000 .000 .001 .115 .006

DSM-IV Total ADHD 
Symptoms

.488 .482 .315 −.160 .369

.000 .001 .031 .284 .011

Results are Pearson correlations (first row) and 2-tailed p-values (second row). In children, partial correlations adjusted for age. Statistically 
significant results (p<.01) are in bold.
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Table 10

Correlations between go/no-go measures and motion tracking measures

Go/no-go task Head Movements Head Displacement Head Area Head Spatial Complexity Head Temporal Scaling

Children (n=123)

Accuracy (%) −.387 −.417 −.459 .265 −.327

.000 .000 .000 .003 .000

Omission Errors (%) .408 .473 .545 −.272 .319

.000 .000 .000 .002 .000

Commission Errors (%) .286 .252 .236 −.180 .296

.001 .005 .009 .047 .001

Latency (ms) .067 .086 .095 −.178 .053

.462 .346 .298 .050 .562

Reaction Time Variance .377 .393 .429 −.355 .353

.000 .000 .000 .000 .000

Reaction Time COV .389 .385 .416 −.341 .384

.000 .000 .000 .000 .000

Adults (n=49)

Accuracy (%) −.143 −.152 −.073 .062 −.095

.328 .298 .620 .671 .515

Omission Errors (%) .048 .047 .027 −.116 .061

.741 .750 .854 .426 .676

Commission Errors (%) .162 .176 .082 −.012 .090

.266 .228 .575 .934 .537

Latency (ms) .025 .031 .172 −.226 .070

.862 .835 .238 .119 .630

Reaction Time Variance .415 .438 .532 −.502 .375

.003 .002 .000 .000 .008

Reaction Time COV .504 .525 .516 −.461 .426

.000 .000 .000 .001 .002

Results are Pearson correlations (first row) and 2-tailed p-values (second row). In children, partial correlations adjusted for age. Statistically 
significant results (p<.01) are in bold; COV: coefficient of variation.
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