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ABSTRACT
ADHD is a brain based disorder with structural and functional 
abnormalities in widespread but specific areas of the brain. 
The most significant and consistent structural imaging findings 
include smaller total brain volumes, and reduced volumes in the 
right frontal lobe, right parietal cortex, caudate nucleus, cerebel-
lar hemispheres, and posterior-inferior lobules of the cerebellar 
vermis. ADHD involves hypofunction of catecholaminergic cir-
cuits, particularly those that project to the prefrontal cortex. A 
minimum of 18 genes have been reported to be associated with 
the disorder; among them the DRD4 7-repeat allele has been 
found associated with a thinner prefrontal and posterior pari-
etal cortex. Epigenetic factors acting during critical periods of 
prenatal and postnatal development may interact with genetic 
determinants. Methylphenidate, as well as the catecholaminer-
gic non stimulant atomoxetine, are effective in improving ADHD 
symptoms. 
Key words: ADHD, neuroimaging, neuropsychology, neural cir-
cuits

STRESZCZENIE
ADHD jest zaburzeniem OUN, w którym stwierdza się zarówno 
obecność zmian czynnościowych jak i organicznych w obrębie 
mózgowia. Najbardziej znamienną zmianą strukturalną OUN 
jest zmniejszenie objętości mózgu, przede wszystkim prawego 
płata czołowego, kory prawego płata ciemieniowego, jądra 
ogoniastego, półkuli móżdżku jak również tylno - dolnych płaci-
ków robaka móżdżku. W ADHD obserwuje się również zmniej-
szenie aktywności katecholaminergicznej. Etiologia ADHD nie 
jest do końca poznana. W trakcie poszukiwań uwarunkowań 
genetycznych tego zespołu wykazano aż 18 genów zaangażo-
wanych jego powstawanie. Istotną rolę odgrywają też czyn-
niki pozagenetyczne oddziaływujące na OUN w okresie pre- i 
postnatalnym. W leczeniu ADHD stosuje się metylphenidat oraz 
atomoksetynę, które są lekami o udowodnionej skuteczności w 
powyższym zespole.
Słowa kluczowe: ADHD, neuroobrazowanie, neuropsychologia.

Attention deficit/hyperactivity disorder (ADHD), one 
of the most common neurobehavioural disorders with 
onset in early childhood, is a highly heritable condition 
with documented brain abnormalities, with prominent 
associated symptoms and impairments that affect several 
aspects of the daily life function [1]. The areas of impair-
ment associated with childhood ADHD include academic 
and social dysfunctions and skill deficits. Adolescents with 
ADHD are at high risk for low self-esteem, poor peer rela-
tionships, smoking and substance abuse [2–8].

ADHD is a multifactorial neurobiological disorder 
caused by the confluence of many genetic and environmen-
tal risk factors, each having a small effect on increasing vul-
nerability to the disorder. Individuals with ADHD present 
difficulties in several domains of attentional and cognitive 
functions: problem solving, planning, orienting, alerting, 
cognitive flexibility, sustained attention, response inhibi-
tion, and working memory [9, 10]. Other domains invol-
ving affective components, such us motivation and delay 
aversion, are also affected [11–13]. Psychiatric comorbi-
dities with childhood ADHD include oppositional defiant 
disorder, mood and anxiety disorders, learning disorders, 

tics, and mental retardation. Recently, neuroimaging has 
caused several important advances in the understanding of 
the neurobiology underlying the clinical picture of ADHD, 
showing that there is a clear brain basis to the disorder in 
regions involved in attention and executive control [14, 
15]. Knowledge about neurobiology offers child neurolo-
gists a valuable framework to interpret clinical findings of 
children meeting the criteria for diagnosis of ADHD [1]. 
In this article we provide a brief overview of the salient 
neurological aspects of ADHD. 

HISTORY
ADHD was first described 100 years ago as a childhood 
disorder found mainly in boys, initially called “hyperacti-
vity” or “hyperkinetic disorder of childhood”; this abnormal 
behaviour was the result of a biological condition rather 
than a result of poor parenting [16]. After the encephali-
tis lethargica epidemic that swept the World War I, many 
children showed hyperkinetic behavioural symptoms and 
were labeled as brain damaged [17]. Amphetamines were 
discovered helpful in reducing hyperactive and impulsive 
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behaviour [18]. In the 1960’s and 70’s much of the focusing 
of what is now ADHD was on hyperactivity. The presence 
of excessive movements for that age group has been pro-
posed to result from bilateral cortical activity secondary to 
a lack of transcallosal-fiber-tract mediated interhemispheric 
inhibition [19]. Attention Deficit Disorder with or without 
Hyperactivity entered in DSM-III [20], and later in DSM-IV 
updated ADHD criteria [21]. The renaming of the disorder, 
the subsequent focus on attention, and the clarification of 
three subtypes [21] led to a range of neurocognitive and 
neurobiological hypothesis regarding the etiology and pat-
hophysiology of ADHD within a more specific brain loca-
lization perspective. Furthermore, neurocognitive models 
of ADHD have become more refined, and one particular 
executive process, inhibition, was considered to be a core 
deficit [22]. Current theories emphasize the central role of 
attentional and executive dysfunctions in children [9, 11, 
23], as well as affective components involving emotional 
control, and motivational processes [13]. In the last few 
years functional neuroimaging has provided new ways to 
examine the pathophysiology of ADHD showing wide-
spread dysfunction in neural systems involving the prefron-
tal, striatal and parietal brain regions [24, 45], and a brain 
model of deficits in multiple developmental pathways [12]. 
Recent molecular genetic studies support dysregulation of 
neurotransmitter systems as the basis of genetic suscep-
tibility to the disorder, and it is becoming clear that the 
genotype may influence the response to medications [26]. 
Transcranial magnetic stimulation provided evidence that 
intracortical inhibition, as indexed by the immature ipsila-
teral motor cortex, normalizes with psychostimulant treat-
ment [27, 28]. Progress in understanding the neurological 
perspective of ADHD is summarized in table 1.

Table 1. Historical background of ADHD

Authors Findings 

1902 Still 16 Hyperactivity in males

1935 Bond and Smith17 Post–encephalitic 
behaviour disorder

1937 Bradley18 Amphetamine therapy is 
effective

1959 Pasamanick and Knobloch72 Minimal Cerebral 
Damage

1966 Clements and Peter73 Attention as a deficit

1978 Denckla19 Abnormalities of motor 
development 

1997 Barkley22 Constructing a unifying 
theory 

1998 Vaidya57 fMRI evidence of 
selective effects of MPH 

1999 Bush 24 ACC dysfunction 
revealed by MRI

1999 Rubia 25 fMRI evidence of 
hypofrontality

2000 Moll 27 Deficient intracortical 
inhibition 

2001 Swanson 68 Efficacy of interventions 
(MTA study)

2002 Castellanos 53
Developmental 
trajectories of brain 
volume abnormalities

2003 Durston 74 Differential pattern of 
striatal activation 

2005 Sonuga–Barke 12 Brain model of multiple 
cognitive deficits

2005 Allen 75 ATX shows efficacy 

2006 Gilbert 26
DAT genotype influences 
the response to 
medication

2007 Shaw 54
Neuroanatomic evidence 
of delay in regional 
cortical maturation

2007 Buchmann 28
Disturbed intracortical 
motor inhibition is 
restored by MPH

2008 Becker 50
Interaction of DAT 
genotype with Prenatal 
Smoke Exposure 

MPH: Methylphenidate, ACC: Anterior Cingulate Cortex, 
MTA: Multimodal Treatment Study of Children With 
ADHD, ATX: Atomoxetine, DAT: Dopamine Transporter  

GENETICS 
Family studies and adoption studies of ADHD have consi-
stently supported the strong familiar nature of this disorder 
[29]. Based on numerous studies of monozygotic twins, the 
mean heritability for ADHD was shown to be 77% [30]. 
Many different, probably interacting genes, each with a very 
small effect size, contribute to the neurological phenotype. 
A minimum of 18 ADHD susceptibility genes [31], inclu-
ding dopamine receptors D4 and D5, dopamine transporter, 
serotonin receptor 1B and SNAP-25 have been reported to 
be associated with the disorder, and a number of these have 
been replicated in multiple studies [32]. Genome scan stu-
dies on potential alleles for ADHD have demonstrated lin-
kage on chromosomes 2q24, 5p13, 6q14, 16p13, and 17p11 
[33]. By far, the gene most strongly implicated in ADHD is 
the 7-repeat allele of the human dopamine receptor D4 gene 
(DRD4), suggesting a strong dopamine role in the pathoge-
nesis of ADHD [29].

Sometimes ADHD is symptomatic, and it can be related 
to some established neurogenetic disorders, like Tuberous 
Sclerosis Complex, Neurofibromatosis I, Turner Syn-
drome, Williams Syndrome, Velocardiofacial Syndrome 
(VCF), Prader-Willy Syndrome, and Fragile X Syndrome. 
Children with Williams Syndrome seem to be more hype-
ractive, whereas children with VCF tend to be more inat-
tentive. The very high prevalence of ADHD in VCF male 
children (41%) suggests that the 22q11 deleted region har-
bors gene or genes that contribute to the etiology of ADHD 
in this population; recently, an association between the low 
level of catechol-o-methyl-transferase (COMT) 158 met 
allele located in this region and ADHD in VCF males has 
been reported [34]. Children with NF1 may be more likely 
to fulfill diagnostic criteria for attention deficit disorder 
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without hyperactivity [35]. High rates of hyperactivity 
with attention impairment with oppositional behaviour 
have been reported in tuberous sclerosis [36]. The most 
common DSM-IV diagnosis among the fragile X boys is 
ADHD (73%), followed by oppositional defiant disorder, 
anxiety disorders [37]. 

ENVIRONMENTAL RISK fACTORS
Several biological and environmental factors have been 
proposed as risk factors for ADHD, including fetal alcohol 
exposure, maternal smoking during pregnancy, low birth 
weight, food additives, lead contamination [38–41]. Pre-
natal alcohol exposure is known to induce brain structural 
anomalies especially in the cerebellum [42]. Children expo-
sed prenatally to alcohol can become hyperactive, disrup-
tive, impulsive, and are at an increased risk for a range of 
psychiatric disorders [43, 44]. Maternal smoking produces a 
2.7-fold increased risk for ADHD [45] and a dose-response 
relationship between maternal smoking during pregnancy 
and hyperactivity has been reported [46]. Nicotinic recep-
tors modulate dopaminergic activity, and dopaminergic 
disruption is believed to be involved in the pathophysiology 
of ADHD [47, 48]. Nicotine exerts its effects on various 
neurotransmitter systems and may induce regionally specific 
abnormalities in cell proliferation and differentiation [47].

GENE-ENVIRONMENT INTERACTIONS 
Recent studies focused on the joint effects of gene variants 
(in DRD4 and DAT1) and prenatal substance exposures on 
subtypes of ADHD children, demonstrating that smoking 
during pregnancy is associated with the combined ADHD 
type in genetically susceptible children [49].  

A significant interaction between DAT1 genotype and 
prenatal smoke exposure was found in males with prenatal 
smoke exposure. The patients homozygous for the DAT1 
10-repeat allele had higher hyperactivity-impulsivity than 
males from all other groups [50].

Despite the heterogeneity of the etiology and pathophy-
siology of ADHD, abnormal DAT density seems to be 
common among subjects with ADHD [51]. 

NEUROIMAGING 
The most significant and consistent structural imaging fin-
dings in children with ADHD include smaller total brain 
volumes and reduced volumes, in the right frontal lobe, cau-
date nucleus, the cerebellar hemisphere and posterior inferior 
lobules of the cerebellar vermis [52]. These early abnorma-
lities of regional brain volumes have also been shown to 
change over time in children and adolescents with ADHD 
[53, 54]. Developmental trajectories study showed that volu-
metric abnormalities in the cerebrum and cerebellum persi-
sted with increasing age, whereas caudate differences versus 
normal subjects disappeared [53, 55]. Cortical development 
in children with ADHD show a marked delay in brain matu-
ration; the gray matter peaks were about 3 years later than in 
healthy controls. The delay is most prominent in prefrontal 
regions important for control of cognitive processes inclu-
ding attention and motor planning [54, 56]. Functional neu-

roimaging studies offered new data to map the brain systems 
involved in the ADHD, to integrate this findings with clini-
cal symptoms, and to understand mechanism of treatment 
response [54,57]. The recruitment of alternative networks by 
ADHD children to cope with functions that are particularly 
difficult for them may reflect the neural correlates of dif-
ferences in specific neuropsychological mechanisms [58]. 
Recent fMRI finding of right parietal dysfunction suggest 
a widespread maturational deficit that may be independent 
from the developmental stage [59]. 

fMRI studies also show promise for understanding 
mechanisms of treatment response [57, 60–63]. Positron 
emission tomography studies have shown that metylpheni-
date hydrocloride blocks DAT and that extracellular dopa-
mine increases in proportion to the level of blockade and 
to the rate of dopamine release. This process is associated 
with an enhanced perception of the external stimulus as a 
salient in subjects with ADHD [62]. 

TREATMENT
The fronto-subcortical circuits (lateral prefrontal cortex, 
dorsal anterior cingulated cortex, caudate, and putamen) 
associated with ADHD are rich in catecholamines, which 
are involved in the mechanism of action of  medications 
used to treat this disorder. Neuropharmacological studies 
provide evidence that ADHD involves dysregulation of both 
Noradrenaline and Dopamine neurotransmitter systems 
[64]. Dysregulation of a noradrenaline system is suggested 
to lead to inefficient function of the posterior cortical atten-
tional system, while dopamine dysregulation leads to impai-
red function of the anterior executive system [65].

Strong evidence exists indicating that the stimulant 
medications, such as methylphenidate (MPH) and dextro-
amphetamine, as well as the catecholaminergic non stimu-
lant atomoxetine (ATX), are effective in improving ADHD 
symptoms [64, 66]. In table 2 we have summarized the most 
important characteristics of these two drugs. Treatment 
with MPH and ATX both significantly increase activation 
in key cortical and subcortical regions subserving attention 
and executive functions. Therefore, alterations in dopami-
nergic and noradrenergic function are apparently necessary 
for the clinical efficacy of pharmacological treatment of 
ADHD [67]. However MPH and ATX have both common 
and distinct neural effects, consistent with the observation 
that many children respond well to both treatments, and 
some respond preferentially to one or the other. 

Even though pharmacogenetic studies of ADHD are 
in the early stages, there could be a correlation between 
the response to MPH and polymorphism of the DRD4 
gene, together with an interaction between polymorphism 
at DRD4 and 5-HTT genes in the response to MPH. Psy-
chopharmacological options improve not only abnormal 
behaviors of ADHD but also self-esteem, cognition, and 
social and family functioning. Psychoterapy combined with 
medication may play role in treating behavioral problems, 
organizational issues and psychiatry comorbidities [68].

Although pharmacotherapy for ADHD appears to pre-
pare and facilitate the brain for learning, experiential pro-
grams need to elicit compensatory development in the brain. 



1 8

A R T Y K U ł  R E D A K C Y J N Y / E D I T O R I A L  A R T I C L E E. D’Agati, R. Moavero, C. paloscia, A . pasini, p. Curatolo

N e u r o l o g i a  D z i e c i ę c a

The clinical amelioration of some children after environ-
mental experiential inputs, and early cognitive/behavioural 
treatment could indicate outcome-associated plastic brain 
response [69]. One year treatment with MPH may be bene-
ficial to show enduring normalization of neural correlates 
of attention. Little is known about the long-term effects 
of stimulants on the functional organization of the develo-
ping brain [70]. Recent findings have shown that chronic 
methylphenidate on drug-naive boys with ADHD enhanced 
neuropsychological functioning on “recognition memory” 
component tasks with modest executive demands [71].

In conclusion, the exciting findings that link the geno-
mic, structural and functional changes in the brain consti-

tute a convincing emerging brain model of dysfunctions in 
ADHD. Functional imaging studies have made great pro-
gress in helping to uncover the neural substrate of ADHD. 
The virtual explosion of new knowledge provided by the 
field of cognitive neuroscience regarding the brain’s atten-
tion system combined with the rapid pace of technological 
advances promises to make the next few years exciting 
times for unraveling the mysteries of the neurobiology 
of ADHD. It is hoped that advances in understanding the 
underlying neurobiology of ADHD will contribute to iden-
tifying more specific and targeted pharmacotherapies, and 
will help child neurologist to better manage their patients.

Table 2. Pharmachotherapy of ADHD

MPH ATX

Neurotransmitter involved mainly dopamine Noradrenaline

Site of action
Anterior attention system: prefrontal 
cortex, anterior cingulate cortex, basal 
ganglia and corpus striatum

Posterior attention system: parietal lobe, 
thalamus, cerebellum

Onset of action 30–60 minutes 3–4 weeks

Effect duration About 4 hrs 12–24 hrs

Response rate 75% 55–60%

Side effects

Headache
Stomachache
Loss of appetite
Insomnia
Dizziness

Loss of appetite
Dizziness
Dermatitis
Dyspepsia
ECG abnormalities
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