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ABSTRACT

Objectives: This article seeks to identify neuroanatomical differences in ADHD through an overview
of systematic reviews that report encephalic differences compared to a control group in volume,
area, activation like-lihood or chemical composition.

Methods: We conducted a systematic search using Cochrane guidelines and PRISMA criteria in
PubMed, Scopus, Web of Science, Cochrane Database of Systematic Reviews and Database of Abstracts
of Reviews of Effects. Results: Results revealed broad encephalic involvement that includes a
functional frontal and cingulate hypoactivation and structural differences in corpus callosum,
cerebellum and basal nuclei.

Conclusions: ADHD symptoms might be due to a multi-network unbalanced functioning hypothesis.

Attention-deficit hyperactivity disorder (ADHD) is one of the most common neurodevelopmental
disorders (Polanczyk, Salum, Sugaya, Caye, & Rohde, 2015). Although no biomarkers have been
linked, neuroanatomical differences have been one of the most investigated topics for several decades
(Tannock, 1998), providing support for several, yet inconclusive large-scale brain network implica-
tions (Castellanos & Proal, 2012) and models (Kofler et al., 2013; Sonuga-Barke, 2005).
Neuroimaging developments and new methods have increased our understanding of the underlying
neurobiology of ADHD (Rubia, Alegria, & Brinson, 2014a). We have identified 94 reviews related to
ADHD neuroanatomy: 54 qualitative reviews and 40 systematic reviews (26 with meta-analysis).
Given this volume of scientific information, we aimed to identify the neuroanatomical differences in
ADHD through an overview of systematic reviews that report encephalic differences in terms of
volume, area, activation likelihood or chemical composition.

Materials and methods

This review was conducted following the guidelines from the Cochrane Handbook for Systematic
Reviews of Interventions (The Cochrane Collaboration, 2011). Other suggestions were also consid-
ered (Booth et al.,, 2011; Smith, Devane, Begley, & Clarke, 2011; The Joanna Briggs Institute, 2014).
The search method was systematic and sought to minimize the exclusion of relevant reviews
(Montori, Wilczynski, Morgan, & Haynes, 2005; Sampson et al,, 2009; Smith et al., 2011; The
Cochrane Collaboration, 2011; Wilczynski & Haynes, 2007). Reviewed abstracts and full-text articles
were selected against a set of inclusion criteria and quality criteria by PRISMA Statement (Moher
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et al., 2015). Discrepancies were resolved by consensus among two investigators. No protocol or
overview was identified to be similar to the methods applied in this overview.

Criteria for inclusion

Systematic reviews that used an imaging diagnostic technique to report functional or structural
neuroanatomical differences between ADHD without comorbidity and normal controls, were
included. English, Spanish, Italian, French, and Portuguese languages were included. No date
restriction was applied.

Search methods for identification of reviews

An online systematic search was conducted on December 2015 in PubMed, Scopus, Web of Science,
Cochrane Database of Systematic Reviews and Database of Abstracts of Reviews of Effects. Two
queries were used: 1) “((((adhd[Title/Abstract] OR hyperactivity[Title/Abstract])) AND (“meta
analysis”[Title/Abstract] OR “meta analytic”[Title/Abstract] OR “systematic review”[Title/Abstract]))
NOT (rat[Title/Abstract] OR autism[Title/Abstract] OR “brain injury”[Title/Abstract] OR cardiac
[Title/Abstract] OR  stroke[Title/Abstract]))” and when mesh terms were available:
2)“((“Review”[Publication Type] OR “Review Literature as Topic’[Mesh] OR “Meta-Analysis as
Topic”’[Mesh] OR “Meta-Analysis”[Publication Type])) AND “Attention Deficit Disorder with
Hyperactivity”[Mesh]”. This search was updated monthly and no additional reviews were found
until the final search conducted on April 23, 2017.

Data collection, analysis and synthesis

Search results were imported to Mendeley (“Mendeley desktop,” 2016) and duplicates were excluded.
Retrieved results were subject to two levels of screening: title/abstract and full text. Additional
reviews identified in full text analysis were included. The PRISMA 27-item criteria checklist was
applied to all reviews that met our inclusion criteria and information was extracted related to:
author; year; objectives; search methods; comparability of included studies; assessment of publication
bias and heterogeneity; reported brain differences; statistical outcomes; qualitative aggregated results.
In functional magnetic resonance imaging (fMRI), results corrected for multiple comparison in the
inference on activation likelihood estimation (ALE) data were extracted (Eickhoff, Bzdok, Laird,
Kurth, & Fox, 2012; Laird et al., 2009).

Extracted data were organized in four tables: summary of characteristics of included systematic
reviews (Table 1); summary of quality criteria of included systematic reviews (Table 2); major
findings (Table 3); main recommendations (Table 4). Eight additional supplemental tables were
also organized: assessment of reviews that met the inclusion criteria on the PRISMA statement
checklist (Supplemental Table S1); summary of characteristics of excluded systematic reviews
(Supplemental Table S2); summary of quality criteria of excluded systematic reviews
(Supplemental Table S3); overlap trial calculation (Supplemental Table S4); overlap trial calculation
in fMRI systematic reviews (Supplemental Table S5); overview of neuroanatomical differences in
children with ADHD (Supplemental Table S6); overview of neuroanatomical differences in adults
with ADHD (Supplemental Table S7); overview of neuroanatomical differences in children and
adults with ADHD (Supplemental Table S8).

Although they had a common objective, the divergence in the type of results between systematic
reviews did not allow for a quantitative analysis. A qualitative synthesis of neuroanatomical func-
tional and structural differences in ADHD vs normal controls is provided (Schunemann et al., 2008;
Smith et al., 2011; The Cochrane Collaboration, 2011).



Table 1. Summary of characteristics of included systematic reviews.

Total number of

Total number of studies  Range of years participants
Author(s) of included in this review of studies (number of
review and year (number of studies by included in the participants by
published Objective of review technique) review technique)
Valera et al. To identify structural volume/area 21 MRI 1990-2004 1163 MRI
(2007) differences between ADHD and normal
controls
Ellison-Wright To identify structural grey matter 6 MRI-VBM 2001-2007 257 MRI-VBM
et al. (2008) differences between ADHD and normal
controls
Durston et al. To identify structural, functional and 86 (45 MRI; 41 fMRI) 1991-2009 Not reported
(2009) genetic differences between ADHD and
normal controls
Samuele Cortese  To identify functional differences 55 fMRI 2005-2011 1542 fMRI
et al. (2012) between children/adults/children and
adults with ADHD and normal controls
in executive function, inhibitory
control, attention and memory tasks
Aoki et al. (2013) To identify metabolite level differences 16 MRS 2001-2010 505 MRS
between ADHD and normal controls
and its age-related changes
Chen et al. (2016) To identify white matter differences 10 MRI-DTI-TBSS 2009-2015 947 MRI-DTI

between ADHD and normal controls
using MRI-DTI-TBSS

Abbreviations: ADHD, Attention-deficit hyperactivity disorder; DTI, diffusion tensor imaging; fMRI, functional magnetic resonance
imaging; MRI, magnetic resonance imaging; MRS, magnetic resonance spectroscopy; TBSS, tract-based spatial statistics; VBM,
voxel-based morphometry.

Table 2. Summary of quality criteria of included systematic reviews.

Assessment
Author(s) of Database(s) searched: of Assessment
review and year (i) Types of studies; (ii) publication years searched: ~ Comparability of  publication of
published types of participants date the search was done included studies bias heterogeneity
Valera et al. (i) Not reported; (ii) PubMed e PsycINFO: no limit:  Table comparing  Statistical Statistical
(2007) ADHD children vs January 2005 studies provided assessment assessment
controls
Ellison-Wright (i) Not reported; (ii) PubMed: no limit: March 2008 ALE analysis Not Not reported
et al. (2008) ADHD children vs reported
controls
Durston et al. (i) Not reported; (ii) PubMed and ISl Web of Table comparing Not Not reported
(2009) ADHD children and Science: not reported: not studies provided reported
adults vs controls reported
Samuele Cortese (i) Not reported; (ii) PubMed, PsycINFO, Ovid Table comparing Not Not clearly
et al. (2012) ADHD vs controls; ADHD Medline®, Embase, Web of studies provided; reported reported
children vs controls; Science, Eric, Cinhal e ALE analysis
ADHD adults vs controls “NeuroSynth”: 2005-2011:
June 2011
Aoki et al. (2013) (i) Not reported; (ii) Medline, Mebase and Web of  Table comparing Statistical Statistical
ADHD vs controls Science: 1980-2012: not studies provided; assessment assessment
reported effect size
Chen et al. (2016) (i) Not reported; (ii) PubMed, Web of Science, Table comparing Not clearly  Not reported
ADHD vs controls Embase, Ebsco, Clinical Key studies provided; reported

and Science Direct databases:

ALE analysis

October 2015: not reported

Abbreviations: ADHD, Attention-deficit hyperactivity disorder; ALE, activation likelihood estimation.



Table 3. Major findings.

Major findings

® Reduced overall cerebral volume and specifically in the right hemisphere, frontal and parietal lobe, basal nuclei, globus pallidus,
corpus callosum and cerebellum

Frontal lobe hypoactivation, specifically in the precentral, middle and inferior frontal gyri

Middle prefrontal cortex with increased levels of N-acetylaspartate

Corpus callosum white matter with fractional anisotropy reduction

Other consistently reported brain regions with partially consistent activation patterns such as cingulate cortex, insula, basal
nuclei, parietal, temporal and occipital lobes

Table 4. Main recommendations.

Main recommendations

® Despite the extensive literature, highly homogeneous trials with clearly reported participants and replicable methods are
needed

® ADHD is clearly suggested to go beyond the frontoparietal network and dopaminergic system

® The hypothesis of an unbalanced multi-network neurofunctioning in ADHD indicates that a variety of skills could be
compromised

® A multidisciplinary assessment should be addressed for diagnostic and occupational performance treatment approaches

® The broad encephalic involvement discussed could support ADHD models that conceptualize a systemic implication of the
nervous system

Results

As shown in Figure 1, a total of 8,253 articles were initially retrieved. After removing duplicates
and applying language restriction, 103 systematic reviews about ADHD were identified by
reviewing title/abstract. A full-text analysis yielded 74 reviews about neuroanatomical differences
of which 30 presented a systematic methodology including: computed axial tomography (CT);
electroencephalography (EEG); event-related potential (ERP); fMRI; functional near-infrared
spectroscopy (fNIRS); magnetic resonance imaging (MRI) with voxel-based morphometry
(MRI-VBM), diffusion tensor imaging (MRI-DTI) and tract-based spatial statistics (MRI-DTI-
TBSS); magnetic resonance spectroscopy (MRS); positron emission tomography (PET); resting
state functional connectivity MRI (rs-fcMRI); single-photon emission computed tomography
(SPECT); and transcranial magnetic stimulation (TMS). The consistency of structural and
functional objectives allowed for the identification of 17 systematic reviews that aimed to
identify the structural or functional neuroanatomical differences between ADHD and normal
controls (Aoki, Inokuchi, Suwa, & Aoki, 2013; Chen et al., 2016; Cortese et al., 2012; Dickstein,
Bannon, Xavier Castellanos, & Milham, 2006; Durston, de Zeeuw, & Staal, 2009; Ellison-Wright,
Ellison-Wright, & Bullmore, 2008; Hart, Radua, Mataix-Cols, & Rubia, 2012; Hart, Radua,
Nakao, Mataix-Cols, & Rubia, 2013; Hutchinson, Mathias, & Banich, 2008; Lei et al., 2015;
McCarthy, Skokauskas, & Frodl, 2014; Paloyelis, Mehta, Kuntsi, & Asherson, 2007; Perlov et al,,
2009; Spencer, Uchida, Kenworthy, Keary, & Biederman, 2014; Tannock, 1998; Valera, Faraone,
Murray, & Seidman, 2007; van Ewijk, Heslenfeld, Zwiers, Buitelaar, & Oosterlaan, 2012).

Trials used in these 17 systematic reviews were pooled (Supplemental Table S4) so that the
overlap could be analyzed and the PRISMA 27-item checklist was applied (Supplemental Table S1).
We aimed not to repeat included trials and to prioritize higher PRISMA scores. If a partial or total
overlap was identified, the following criteria were applied: 1) for the same imaging technique,
reviews with exclusive trials were included; 2) for reviews with the same trials used, a quantitative
analysis was preferred over a qualitative analysis; 3) for the same methodological analysis, reviews
with higher PRISMA score were preferred.



8253 of records identified
through database searching

sources

0 of additional records
identified through other

!

7464 of records after
duplicates removed

7361 of records excluded
by title/abstract (language
restriction applied)

103 of reviews identified by
title/abstract about ADHD
and neuroanatomy

29 of full-text reviews
excluded by adressing other
neuroanatomical issues

74 of full-text reviews
identified about
neuroanatomical differences
in ADHD

44 reviews excluded by not
clearly reporting a
systematic methodology

30 systematic reviews of
neuroanatomical differences
in ADHD

13 excluded reviews by not
reporting functional or
structural variables

17 systematic reviews of
neuroanatomical differences
in ADHD vs normal controls

11 reviews excluded after
the included studies overlap
analysis with priority to
exclusive trials and PRISMA
quality

6 included systematic
reviews in qualitative
synthesis of
neuroanatomical functional
and structural differences in
ADHD vs normal controls

Figure 1. Flow diagram of included systematic reviews.

Therefore, 6 systematic reviews were included in this review covering 145 individual trials (out of
the total 191 pooled trials) using MRI; MRI-VBM; fMRI; MRS and MRI-DTI-TBSS, from 1990 to
2015, with over 4144 participants (Table 1 and Supplemental Table S4).

Overview of neuroanatomical differences in children with ADHD
Table 3 refers to the main findings of this overview. For detailed results, please refer to Supplemental
Tables S6-S8.

Structural differences compared to controls
There was a reduction in the total cerebral volume (Durston et al., 2009; Valera et al., 2007) and

specific regions: right hemisphere (Valera et al., 2007); frontal lobe (Durston et al., 2009); parietal



lobe, possibly explained by a reduced cortical thickness (Durston et al.,, 2009); basal nuclei in the
right caudate (Durston et al., 2009; Valera et al., 2007) and putamen (Ellison-Wright et al., 2008);
right globus pallidus (Ellison-Wright et al., 2008); corpus callosum in the splenium (Valera et al,,
2007); and cerebellum hemispheres and vermis (Valera et al., 2007).

Chemical neurometabolites compared to controls
One included review (Aoki et al., 2013) reported a combined result of both children and adults with

ADHD. Therefore, these results will be included in the children and adults section below.

Functional differences compared to controls

Frontal lobe with hypoactivation in the supplementary motor area (BA 6), bilateral middle super-
ior frontal gyrus (BA 6, 9 e 46), precentral gyrus and inferior frontal gyrus (Cortese et al., 2012).
In the parietal lobe, there is a right frontal area and right postcentral gyrus hypoactivation (BA 40)
with a hyperactivation in the right angular gyrus and right subparietal sulcus (Cortese et al., 2012).
In the temporal lobe there is hypoactivation in the right superior temporal gyrus (BA 22) (Cortese
et al., 2012) and in the occipital lobe hyperactivation of the right middle occipital gyrus (BA 19)
(Cortese et al., 2012). These alternate patterns of activation were most frequently observed in the
cingulate cortex, insula and basal nuclei. In the cingulate cortex, hypoactivation occurred in the
bilateral paracingulate gyrus (BA 32) and hyperactivation in the right middle and posterior
cingulate (Cortese et al., 2012). In the insula, hyperactivation occurred in the right sub-operculum
white matter, and in the basal nuclei bilateral hypoactivation in the putamen was identified
(Cortese et al., 2012).

Overview of neuroanatomical differences in adults with ADHD

Structural differences compared to controls
None of the 17 analyzed reviews reported structural differences specifically in adult ADHD.

Chemical neurometabolites compared to controls
One included review (Aoki et al., 2013) reported a combined result of both in children and adults

with ADHD. Therefore, these results will be included in the children and adults section below.

Functional differences compared to controls
Different activation patterns in the frontal and parietal lobe were observed: frontal lobe hypoactiva-

tion in the precentral and right middle frontal gyri and central sulcus (BA 10) and parietal
hyperactivation in the right angular gyrus (Cortese et al., 2012).

Overview of neuroanatomical differences in children and adults with ADHD

Structural differences compared to controls
Fractional anisotropy reduction was observed in the occipital lobe and corpus callosum (splenium

and tapetum) (Chen et al., 2016). None of the remaining reviews reported quantitative MRI data
about children and adults with ADHD.

Chemical neurometabolites compared to controls
Increased levels of N-acetylaspartate in the middle prefrontal cortex (Aoki et al., 2013). None of the

remaining reviews reported quantitative MRS data about children and adults with ADHD.

Functional differences compared to controls
One included review (Cortese et al., 2012) reported aggregated results in both children and adult ADHD

differences, but as the adult sample was significantly smaller, only results for children were included.



Discussion

Opverall, these results revealed broad encephalic involvement that involves the functional frontal lobe
and cingulate hypoactivation and structural differences in corpus callosum, cerebellum and basal
nuclei (Figure 2).

Neurometabolites analysis implicate differences in the default mode and frontoparietal
cognitive control network

Our results show higher levels of N-acetylaspartate (NAA) in the medial prefrontal cortex. NAA and
N-acetylaspartylglutamate (NAAG) are metabolically-linked substances that are synthesized by
neurons as a function of their rate of glucose utilization and may reflect the state of regional
activation (Aoki et al., 2013). This interpretation means that higher levels of NAA are not consistent
with the functional fMRI frontal hypoactivation. However, in resting state functional results, there is
a hyperactivation in these areas (Cortese et al., 2012) which in turn are consistent, since NAA results
are reported in a resting state. In a resting state fMRI analysis (Posner, Park, & Wang, 2014) these
reported changes may be associated with both the default mode network—-posterior cingulate cortex/
precuneus, middle prefrontal and inferior parietal cortices (Posner et al., 2014; Yeo et al., 2011) - and
the frontoparietal cognitive control network—dorsal anterior cingulate cortex, supplementary motor
area, dorsal lateral prefrontal cortex, inferior frontal junction, anterior insular, and posterior parietal
cortices (Cole & Schneider, 2007; Harding, Yiicel, Harrison, Pantelis, & Breakspear, 2015; Posner
et al., 2014).

These higher levels of NAA are also not consistent with the lower NAA level reported by a
qualitative analysis and its conclusion that ADHD may present a under-development of neuronal
processes and synapses associated with attention (Perlov et al, 2009; Stanley et al., 2006).
Quantitative results of higher levels of choline were also reported in the left striatum and right
frontal lobe in children and in the bilateral anterior cingulate cortex in adults (Perlov et al., 2009).
Choline signal is regarded as reflecting the turn-over of cell membranes and may be associated with
energy metabolism and cholinergic neurotransmission. Significant increases in choline resonance are
commonly observed in neurodegenerative disorders, ischemia, head trauma and cancer (Perlov et al.,
2009). The precise meaning of altered choline-signals in MRS is not yet resolved (Aoki et al., 2013;
Perlov et al., 2009). The same may be applied to the levels of glutamine/glutamate (referred to

Figure 2. Neuroanatomical differences identified in ADHD.



collectively as “GIx”), a marker of glutamatergic system, which show inconsistent results (Aoki et al.,
2013; Perlov et al., 2009; Spencer et al., 2014).

Taken together, increased neurometabolites levels emerge as significant, but are not yet clearly
understood. If these levels are to be interpreted as a marker of neuronal processes development,
they may not support the concept that ADHD might have a prefrontal cortex underdevelopment.
If interpreted as a sign of activation, they may report a prefrontal cortex resting-state hyperactiva-
tion in one of the main regions associated with the default mode network, which is supposed to be
observed in a resting state. If interpreted as a possible neuronal functional disruption in the
reported areas, they may represent a possible unbalance in the default mode network and
frontoparietal network which undergird attentional skills (Posner et al, 2014). Only by clearly
converging similar methodological fMRI and MRS studies might it be possible to clarify these
observed differences.

Additional analysis using resting state EEG might not be consistent with neurometabolites
levels

EEG reviews were excluded as they did not report specific neuroanatomical regions as specified
in the included methods. But as they were one of the first systematic methods used to measure
resting-state and functional cortical activity, their main results may help interpret the previous
NAA results. Apart from the technical limitations and some inconsistent results, the EEG results
indicate an increased frontal theta wave pattern (Castellanos & Acosta, 2002; Sigi Hale, Hariri, &
McCracken, 2000; Tannock, 1998; Willis & Weiler, 2005), a posterior increase of delta waves with
decrease of alpha and beta activity (Willis & Weiler, 2005) and increased theta/beta ratio (Snyder
& Hall, 2006).

These EEG results supported two previous ADHD interpretations: low cortical arousal and
delayed cortical maturation. The low cortical arousal interpretation was supported by the frontal
increase of slow wave pattern (delta and theta), decrease of fast wave pattern (alpha e beta) and
increased theta/beta ratio (Castellanos & Acosta, 2002; Loo & Makeig, 2012; Rudo-Hutt, 2015; Sigi
Hale et al,, 2000; Tannock, 1998; Tye, McLoughlin, Kuntsi, & Asherson, 2011; Willis & Weiler,
2005). In terms of coherence (calculated as the cross-correlation in the frequency domain between
two EEG time points, measured simultaneously at different scalp locations), ADHD showed frontal
hypercoherence (Sigi Hale et al., 2000; Tye et al, 2011) thought to indicate reduced cortical
differentiation (Tye et al., 2011; Willis & Weiler, 2005). This fact supported both interpretations
since this hypercoherence is relative to slow waves in the frontal region and this lower cortical
differentiation tends to normalize with increasing age (Loo & Makeig, 2012; Rudo-Hutt, 2015; Tye
et al.,, 2011; Willis & Weiler, 2005).

Different EEG frequencies have also been implicated in specific mental/physiological states
consistent with ADHD: delta waves with deep sleep; theta with the intake of sensory information,
spatial memory and positively associated with low arousal; alpha waves with wakeful relaxation,
possibly with a synchronization of neuronal processes across the brain, negative association with
arousal and positive association with externalizing behavior; beta waves with working memory,
mental activation and focus; gamma waves with alertness and sensory stimulation; and theta/beta
ratio with a negative association to reaction time (Loo & Makeig, 2012; Rudo-Hutt, 2015). The
hippocampus has also been implicated with the theta rhythm and thalamo-cortical circuits with
alpha rhythm (Willis & Weiler, 2005)

Therefore, the NAA findings indicating frontal hyperactivation are not consistent with previous
EEG results. However, these EEG results are consistent with the fMRI results of a frontal
hypoactivation and posterior hyperactivation tendency. EEG findings are mostly based on a resting
state with eyes open and closed (Loo & Makeig, 2012; Rudo-Hutt, 2015; Tye et al., 2011), but
functional state is also possible (Willis & Weiler, 2005), so it is expected that some EEG results
might represent a combination of both states. This EEG/fMRI consistency might also be due to the



fact that both techniques have decades of investigation and MRS results related to ADHD are in
the early stages, which may explain the inconsistent findings. Therefore, it is not yet possible to
draw firm conclusions about elevated NAA results in ADHD.

Combined analysis of EEG/ERP and fMRI results may confirm default mode and frontoparietal
cognitive control network implication

The previous assumption has also been identified in simultaneous EEG/fMRI evaluation where a
high arousal pattern (decreased delta and theta with increased alpha and beta) might be associated
with this brain network (Hlinka, Alexakis, Diukova, Liddle, & Auer, 2010; Rudo-Hutt, 2015) and
other fMRI resting-state results (Konrad & Eickhoff, 2010; Paloyelis et al., 2007; Posner et al., 2014;
Yeo et al., 2011).

Given the balanced functioning between the default mode and frontoparietal cognitive control
networks, these EEG results might implicate both networks. ERP results might support this
consideration as they report differences in stimulus or task response. ADHD showed a possible
difference in central arousal patterns with subcortical hypoactivation (Castellanos & Acosta,
2002; Tannock, 1998) specially in the frontal (Sigi Hale et al, 2000) and dorsolateral and
anterior cingulate regions (Swanson et al., 1998), with poorer performance on attentional and
inhibition tasks (Tye et al., 2011). Once these results are reported in a functional state, the dorsal
anterior cingulate cortex is expected to be more active through the frontoparietal cognitive
control network functioning. So, this hypoactivation may also implicate this network. This
argument is consistent with other results (Bush, Valera, & Seidman, 2005; Cherkasova &
Hechtman, 2009; Cortese et al., 2012; Cubillo, Halari, Smith, Taylor, & Rubia, 2012; Durston,
2003; Emond, Joyal, & Poissant, 2009; Kelly, Margulies, & Castellanos, 2007; Paloyelis et al.,
2007; Posner et al., 2014; Weyandt, Swentosky, & Gudmundsdottir, 2013) and may be supported
by the combination of EEG/ERP and fMRI results, because of the possible relationship between
alpha and theta waves with cognitive control networks (Carp & Compton, 2009; Cooper et al.,
2015). Therefore, the attentional difficulties observed in ADHD might be due not only to the
default mode network but also by the inconsistent activation/deactivation balance with the
frontoparietal cognitive control network.

Functional fMRI differences may support other neural networks
Our fMRI overview results reported differences in other brain regions that are not as expressive as

the frontal hypoactivation:

- Parietal lobe results are partially consistent with other reviews that reported a hypoactiva-
tion in the right inferior parietal lobe (McCarthy et al., 2014) and that also included the
right superior parietal area, left precuneus (BA 3, 5 e 7) and extended to the fusiform gyrus
(Dickstein et al.,, 2006; Lei et al., 2015). A hyperactivation in this same area was not
identified by one included review (Cortese et al., 2012) but was identified in other reviews
on inhibitory motor task (Lei et al,, 2015) along with the right postcentral gyrus (BA 2)
(Dickstein et al., 2006; Lei et al., 2015); - Temporal lobe hypoactivation in the right superior
temporal gyrus (BA 22) (Cortese et al., 2012) is consistent with other findings, that also
added the left superior temporal gyrus (BA 38) (Dickstein et al., 2006);

- Occipital lobe hyperactivation in the right middle occipital gyrus (BA 19) (Cortese et al., 2012)
is not consistent with other findings that observed a hypoactivation in this same area (Dickstein
et al,, 2006), but is consistent with the adult results (Lei et al., 2015; McCarthy et al., 2014);

- Cingulate cortex, insula and basal nuclei are consistent as reported brain regions, but partially
consistent in terms of activation pattern (Dickstein et al., 2006; Lei et al., 2015).



Taken together, these results point to an extended network implication that goes beyond the
frontal networks, and that are translated into changes in observable skills. This argument has also
been considered in earlier fMRI reviews (Cherkasova & Hechtman, 2009; Durston, 2003; Kelly et al.,
2007). Combining our results with the seven-network parcellation of the human cortex by Yeo et al.
(2011), the other five-networks may also be implicated: dorsal attention, ventral attention, somato-
motor, visual and limbic (Yeo et al., 2011).

Our results showed a hypoactivation pattern along the ventral attention network and a partial
hypoactivation along the dorsal attention network. As these interconnected networks are respectively
responsible for monitoring salient stimuli and mediating goal-directed top-down executive control
processes, its relationship to ADHD core symptoms is therefore relevant (Castellanos & Proal, 2012;
Hart et al., 2013; Paloyelis et al., 2007). These frontal hypoactivation results are implied in inhibitory
control tasks (Dickstein et al., 2006; Lei et al., 2015; McCarthy et al., 2014) and are consistent with
previous results that also identified a hypoactivation pattern in the frontal and precentral gyrus
bilateral (BA 6, 8, 9, 10 e 47) (Dickstein et al., 2006) and left middle frontal gyrus (McCarthy et al.,
2014).

The somatomotor network, represented in our overview as a hypoactivation in the supplemen-
tary motor area and precentral, postcentral and right superior temporal gyri, is probably implicated
in reported ADHD motor and body scheme skills (Garcfa Murillo, Cortese, Anderson, Di Martino,
& Castellanos, 2015; Kaiser, Schoemaker, Albaret, & Geuze, 2015; Paloyelis et al., 2007).

The visual network, represented in our results as an occipital hyperactivation that along with
the dorsal attentional network implication (which mediates goal-directed, top-down executive
control processes, particularly in reorienting attention during visual attentional functioning)
might influence both attention and visual skills (Brown, Roth, & Katz, 2015; Castellanos &
Proal, 2012; Cortese et al., 2012; Germano, Pinheiro, Okuda, & Capellini, 2013; Mullane &
Klein, 2008; Yeo et al., 2011).

The limbic network, represented in our results by a hyperactivation in the posterior cingulate
cortex, the hippocampus implication (mentioned previously in EEG results) and splenium (men-
tioned later in MRI discussion), are probably associated with the ADHD emotional regulation skills
(Graziano & Garcia, 2016; Rubia, 2011; Yeo et al., 2011).

Structural differences in the corpus callosum and striatum-cerebellar networks support a
multiple neural network implication

Reported structural differences may support a multi-network hypothesis in ADHD, as they
identified further regions regarding volumetric reductions in total and frontal brain, right hemi-
sphere, striatum, caudate nucleus, putamen, globus pallidus, vermis, and cerebellar hemispheres.
No increased volumetric results were reported. These MRI results are consistent with previous CT
studies (Faraone & Biederman, 1998; Giedd, Blumenthal, Molloy, & Castellanos, 2001; Sigi Hale
et al., 2000) and grey matter (soma, dendrite, synapse, glial cells) differences in the putamen and
globus pallidus, which in turn are consistent with PET/SPECT results of reduced dopamine
transporter levels in the basal nuclei (Rubia et al, 2014a; Zimmer, 2009). These differences
might implicate the dopaminergic system through the representation of its regions (Ellison-
Wright et al., 2008; Frodl & Skokauskas, 2012; Nakao, Radua, Rubia, & Mataix-Cols, 2011),
functional pathways (Durston et al., 2009; Swanson et al., 2007) and the reward system in the
cortical-basal nuclei network, striatum and pre-frontal areas (Mowinckel, Pedersen, Eilertsen, &
Biele, 2015; Paloyelis et al., 2007; Plichta & Scheres, 2014; Seymour, Reinblatt, Benson, & Carnell,
2015).

Specifically, the cerebellar and basal nuclei structural involvement may further support this
hypothesis. Structural results are consistent with PET/SPECT results that, similarly to the fMRI
results, reported changes in ADHD should go beyond the dopaminergic system (Rubia et al., 2014a;
Spencer et al,, 2014; Zimmer, 2009) and contribute to ADHD behaviors (Pappa, Mileva-Seitz,



Bakermans-Kranenburg, Tiemeier, & van IJzendoorn, 2015; Rogers & De Brito, 2015). These
structural results could represent an implication of the fronto-striatum-parietal-cerebellar networks
(Paloyelis et al., 2007; Rubia et al., 2014a; Weyandt et al., 2013), as fronto-striato-cerebellar networks
are related to the limbic system and emotional regulation (Graziano & Garcia, 2016; Herrmann,
Biehl, Jacob, & Deckert, 2010; Seymour et al., 2015; Yeo et al, 2011), but also, cortico-striato-
thalamic-cortical circuitry that mediates sensorimotor, cognitive and limbic functions (Posner et al.,
2014), thalamo-cortical circuit that are thought to be the generators for the alpha rhythm (Willis &
Weiler, 2005) and structural brain connectomics with regional changes distributed in the sensor-
imotor, attention, default-mode, striatum and cerebellum regions (Cao, Shu, Cao, Wang, & He,
2014).

Structural striatum and cerebellar differences, taken together with functional differences regard-
ing frontal, cingulate and supplementary areas, are consistent with changes in the inhibitory control
networks (Aron & Poldrack, 2005; Hart et al., 2012, 2013; Noreika, Falter, & Rubia, 2013; Paloyelis
et al., 2007; Rubia et al., 2014a), both in motor and impulsive behaviors (Boonstra, Oosterlaan,
Sergeant, & Buitelaar, 2005; Kofler et al., 2013; Lansbergen, Kenemans, & van Engeland, 2007; Lei
et al., 2015; Lijffijt, Kenemans, Verbaten, & van Engeland, 2005; McCarthy et al., 2014; Pauli-Pott &
Becker, 2015; Rubia, Halari, Christakou, & Taylor, 2009; Schwartz & Verhaeghen, 2008; Seymour
et al., 2015; van Mourik, Oosterlaan, & Sergeant, 2005). These inhibitory network differences are
consistent with MRS results where ADHD showed lower cortical inhibition that may support
GABAergic system compromise (Bunse et al., 2014; Dutra, Baltar, & Monte-Silva, 2016; Rothwell,
Day, Thompson, & Kujirai, 2009).

White matter results, with fractional anisotropy reduction (that represent regional myelination
levels, fiber crossing, axonal density and average axonal diameter) along the splenium, sagittal
stratum and tapetum, implicate the largest white matter bundle that connects the bilateral cerebral
hemispheres (Chen et al., 2016; van Ewijk et al., 2012) and thus might influence inter-hemispheres,
anterior/posterior functioning such as limbic, attentional and visual networks through longitudinal
and inferior fronto-occipital fasciculus. Other regions have been identified but qualitative methodol-
ogy and study inclusion might account for the reported differences (Mana, Paillere Martinot, &
Martinot, 2010; Matthews, Nigg, & Fair, 2013; Rubia, Alegria, & Brinson, 2014b; Van Ewijk et al,,
2012; Weyandt et al., 2013). Our results are based on the largest (studies and participants) quanti-
tative review (Chen et al., 2016).

Overall completeness and applicability of evidence

Our search method with two queries, full-text search of additional reviews and no limit on year of
publication was an attempt to minimize any loss of relevant studies. Inevitably we missed any review
that was not indexed in the reported databases. Once the criteria of reported neuroanatomical
regions excluded methods such as EEG and PET/SPECT, we included the relevant qualitative results
in our discussion. The overlap analysis with the top priority not to duplicate trials led to an exclusion
of some individual trials (46 out of 191). We attempted to include them in our discussion when their
qualitative results were separately reviewed.

With our criteria for inclusion, we have selected some of the most investigated imaging techni-
ques in ADHD (MRI, MRI-DTI, fMRI and MRS) with a higher number of included studies and
PRISMA criteria. To our knowledge, in this area of investigation, the present study is the only
overview of systematic reviews to itself use a systematic methodology.

Quality of the evidence and potential biases in the overview process

Additional limitations should be noted: aggregated results of fMRI reviews are reported using trials
with functional tasks that are not fully described making it impossible to identify different methods,
variations and the individual contribution of each task to the final effect size. Brain regions and tasks



that are previously selected might create an unbalanced focus on imaging studies and therefore
reported neuroanatomical differences. Different nosological classifications might have led to unequal
participants, both in terms of different versions of diagnostic classification systems and associated
comorbidity. Medicated/medicated-naive participants were not always clearly reported. ALE fMRI
results might create a different result in terms of whether a method of correcting for multiple
comparison in the inference on ALE data is used or not (Cortese et al., 2012; Eickhoff et al., 2012;
Laird et al., 2009). In the included trials, it was impossible to determine age, gender,and comorbidity
tendencies that might account for asymmetrical participants’ characteristics.

Authors’ conclusion

ADHD and neurofunctional understanding combines two complex subjects with technical and
conceptual limitations that despite extensive literature still requires intense debate. We tried to
contribute by addressing this topic with a systematic approach that included the most consistent
neuroanatomical imaging methods. Overall these results point to a broader neurofunctional implica-
tion in ADHD that clearly goes beyond the frontoparietal network and dopaminergic system. Thus,
ADHD presents itself as a neurodevelopmental disorder with a multi-network/neurochemical
implication. This hypothesis is consistent both in neuroimaging results and in behavior patterns,
since this multi-network hypothesis is consistent with its translation to multiple implications in
cognitive, emotional regulation, motor, sensory-perceptual, and social skills.

Implications for practice

This broader multi-network neurofunctional concept, that possibly translates into a multi-skill
compromise, highlights the importance of a first level multidisciplinary diagnostic and treatment
approach followed by a second level multidisciplinary assessment of how these core symptoms
impact functional and occupational performance.

Implications for research

Neurofunctional and anatomical differences in ADHD are one of the most studied topics in the past
decades with hundreds of reviews and respective trials. This overview highlights the urgent need for
highly homogeneous trials, with clearly reported participants and replicable methods, that in turn
allow for the construction of systematic reviews that follow a homogeneous methodology. These
reviews have identified solid constructs with several questions raised and limitations noted. We think
that it is time to strictly aim for highly replicable and standardized trials/systematic reviews that
ultimately will allow multi imaging techniques to be applied in the same conditions.
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