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INTRODUCTION
Attention Deficit Hyperactivity Disorder (ADHD) is one
of the most prevalent psychiatric disorders in children
as diagnosed by the DSM-IV-TR and it greatly impairs
social and cognitive functions in affected individuals (1).
The two most likely causes of ADHD are inheritance of
the disorder and early lesions to the brain (2). Hypoxicischemia (HI) is a common cause of brain lesions in
neonates and it has been reported to be responsible
for up to 25% of all brain damage in neonates (3). HIinduced lesions in infants have also been correlated
with the development of ADHD later on in life (4).
Magnetic Resonance Imaging (MRI) is a structural
imaging technique that has been used to identify brain
abnormalities and lesions in ADHD children. In addition
to structural findings, changes in the levels of various
neurotransmitters and proteins in the brain have been
observed using Magnetic Resonance Spectroscopy (MRS).
These changes can result from HI damage and have been
correlated to symptoms of ADHD in addition to lesions.

DSM-IV-TR CRITERIA FOR ADHD

T

he DSM-IV-TR criteria for ADHD include 6 or more
symptoms of either inattention (type A) or hyperactivityimpulsivity (type B) persisting for 6 months and leading to
abnormal behaviour for the individual’s developmental age
(5). Although ADHD can occur in both children and adults,
it is seen primarily in children and the current paper will
focus on childhood ADHD. Symptoms of inattention (Type
A symptoms) include an inability to remain focused on any
type of task, difficulty organizing behaviour and planning
action, as well as ease of distraction. Hyperactivity-impulsivity
symptoms or Type B symptoms include an inability to control
voluntary motor activity and spontaneous generation of
socially-inappropriate behaviours. These behaviours must also

be developmentally inappropriate relative to the age of the
individual child (6). Three types of ADHD have been identified
and these are “Predominantly Inattentive ADHD” which
includes only Type A symptoms, “Predominantly HyperactiveImpulsive ADHD” involving only Type B symptoms, and
“Combined Type ADHD” which includes both type A and type
B symptoms.

PREVALENCE OF ADHD
ADHD occurs in 8-12% of children worldwide and is more
prevalent in males than females (7). The higher reported
prevalence of ADHD in males may be due to social factors
related to the identification and diagnosis of ADHD. Such
factors include teacher bias towards males, as symptoms
observed in the classroom setting are weighed heavily in
the diagnosis of childhood ADHD (8). Sex differences in the
prevalence of ADHD may also be accounted for the decreased
lateralization of cognitive functions in females, which is
thought to provide an advantage against some developmental
disorders including ADHD (9).
ADHD’s onset occurs around 3 years of age in both sexes
(10). ADHD occurs chronically rather than episodically and
symptoms present in childhood may continue to manifest
into adulthood in many cases (1). However, ADHD symptoms
usually lessen with age such that the rate of persistence is
only 15% by age 25 (11). Persistence of ADHD symptoms is
correlated with social adversity during childhood, exposure
to severe stress while growing up, and severity of ADHD
symptoms at onset (12).

HYPOXIC-ISCHEMIA AND BRAIN
LESIONS
Although genetic factors are implicated as a cause of ADHD
(13), there is evidence for perinatal brain lesions as well (14). HI
is an example of an insult to the brain that can cause perinatal
lesions. Hypoxia refers to a lack of oxygen in the blood while
ischemia refers to a reduction in blood supply to a particular
tissue. HI can occur by means of a reduction in uterine
and umbilical circulation due to contraction of the uterus,
compression of the umbilical cord or premature separation of
the placenta from the uterus, which is referred to as abruptio
placentae (15).
The prolonged absence of blood and oxygen caused by HI
results in brain cells exhausting their available energy stores.
The result is cellular energy failure, which leads to a variety
of pathological conditions that cause cell death (Figure 1.).
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HI can vary in severity depending on
the particular conditions of the event.
Damage tends to be amplified in areas
that have lower circulation, higher
metabolic demands, and high densities of
excitatory neurons (15). In newborns with
weaker physiological functions such as
low-weight preterm babies, HI damage
is more common and low birth weight
is correlated with a higher incidence of
ADHD (16). Minor HI at birth has been
correlated with ADHD along with mild
brain abnormalities and reductions in
brain volume as seen by MRI (4). For
instance, many studies have shown that
ischemic insults can easily damage the
mesotelencephalic dopamine pathways,
which are implicated in ADHD (17).

BRAIN DAMAGE IN ADHD
Smaller overall brain volume and
reduced cortical volume has been
observed in ADHD children in MRI
studies. Castellanos et al. (18) have
found total brain volume reductions
of 5% in ADHD children. Examples
of specific volume reductions include
smaller prefrontal cortex (PFC) and
anterior temporal cortices bilaterally (19).
MRI work by Carmona et al. (20) has
shown more specific reductions in grey
matter of the left fronto-parietal cortex,
left cingulate cortex, bilateral parietal
and temporal cortex and cerebellum in
ADHD children (Figure 2.). Focal lesions
to the medial and orbital PFC have
been associated strongly with ADHD
symptoms as well (21).
The striatum has been shown to be
vulnerable to damage caused by neonatal
HI and its role in context recognition and
behaviour implicates it in the symptoms
of ADHD (14). A variety of striatal
lesions have been identified in ADHD.
For instance, a MRI study by Max et
al. (22) found damage in the posterior
ventral putamen in ADHD children.
Longitudinal MRI studies have also
shown decreased volume of the caudate
nucleus in ADHD children throughout
development (23). Studies examining
the globus pallidus have shown volume
reductions both bilaterally in the left
hemisphere as well as unilaterally in
both hemispheres (24). Asymmetry in the
caudate nucleus has also been correlated
with ADHD symptoms, with the right
caudate typically being larger than the
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Figure 1. Energy loss due to hypoxic-ischemia can damage neurons of the brain by means of
several pathways and mechanisms. Extreme energy loss leads to necrosis, while inflammation
and lowered energy metabolism can lead to apoptotic cell death or DNA damage from Reactive
Oxygen Species (ROS) (15). (Reproduced with Permission)
left (25). Other asymmetry findings
derived from MRI work have found
unilateral caudate nucleus infarcts (26).
These results may indicate that minor
lesions of the striatum are independent
causes of ADHD apart from PFC lesions.
Loss of connectivity between different
brain regions such as the striatum and
the PFC due to white matter damage
can also explain ADHD symptoms
(19). Damage to right frontostriatal
brain circuitry has been correlated
with symptoms of ADHD (27). Similar
to focal damage to the striatum, loss
of connectivity may impair executive
function and motor control by reducing
input from the striatum to the PFC.
Evidence for such damage includes
reductions in white matter in right
anterior areas of the brain (28). On the
left side of the brain, reductions in white
matter in the PFC have also been noted
(19).
Interhemispheric connectivity may
also be abnormal in ADHD, as smaller
relative corpus callosum volume has
been observed in ADHD children (29,
19). These reductions in volume are
localized to posterior regions of the
corpus callosum linked to temporal and

parietal cortices, indicating a reduction
in interhemispheric function in these
regions (27). The resulting reduction in
interhemispheric connectivity has been
linked to poorer attention (30).
Alterations in the dopamine (DA)
system have been identified in ADHD,
and HI has been implicated as a cause
of many of these alterations (31, 32,
17). Changes to DA systems implicated
in ADHD include a decrease in DA
activity and D1 receptor density in the
striatum (31). An upregulation of D1
receptors in the striatum of animals that
are exposed to HI as neonates has also
been noted (31). The result of an increase
in D1 receptor density in the striatum
is decreased extracellular dopamine,
which has been related to ADHD-like
symptoms in animal models (33). Genes
that upregulate D1 receptors have also
been implicated in ADHD (34), and the
effects of hypoxia may produce a similar
result by upregulating D1 receptors in
the striatum.

NEUROCHEMICAL
ABNORMALITIES IN
ADHD: MRS FINDINGS
MRS is an imaging method that utilizes
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Figure 2. A MRI study by Carmona et al. (20) found region reductions in gray matter throughout the cortex and cerebellum. Highlighted areas
are those that show smaller gray matter volume in ADHD children. These areas include the left precentral, paracentral, and postcentral gyri, as
well as the right rectal, frontal inferior orbital, and frontal superior orbital gyri. Bilateral decreases in the cerebellum are also seen. (Reproduced
with Permission)

a radiofrequency pulse to identify the
quantities of particular compounds in a
in in vivo tissue. As a result, the amount
of a particular molecule in a certain brain
region can be estimated. Abnormalities in
different neurochemicals in the brains of
ADHD children are indicators of different
neurological dysfunctions that can be
related to lesions and damage from
neonatal HI insults. N-Acetylaspartate
(NAA) is indicative of neuronal and
axonal density and viability (6). NAA
is synthesized primarily in neurons,
allowing inferences about neurons and
their axons to be made, although its exact
function in the cell is not known (35).
NAA reductions can be interpreted as
evidence for neuronal/axonal loss and
dysfunction in a particular area (36). In
contrast, increases in the levels of NAA
are indicative of hypermetabolism and
increased neuronal/axonal activity (37).
MRS studies investigating the levels of
NAA in the brains of ADHD children
have shown increases in the right
PFC when compared to controls (38).
Increased NAA has also been found
in white matter areas that are part
of frontostriatal pathways in ADHD
children (Figure 3.) (37). Hyperactivity
in white matter tracts may contribute to
frontostriatal dysregulation by altering

striatal inputs to the PFC.
There have also been findings of
decreased NAA in ADHD children.
For example, Jin et al. (39) found NAA
reductions as great as 20-25% in striatal
areas such as the globus pallidus and
lenticular nucleus of ADHD children.
These results may show that neurons
of the striatum function poorly in the
brains of ADHD children, contributing
to frontostriatal dysfunction. HI during
the neonatal period has been associated
with decreases in NAA in sensitive brain
areas such as the striatum (40) as well as
white matter regions (41). The finding
of decreased striatal NAA and increased
white matter NAA may reflect the fact
that ADHD can be caused by focal
damage localized to the striatum rather
than directly to the white matter tracts.
The activity of white matter tracts may
also be increased in response to striatal
damage.
Levels of glutamate and glutamine
(α-glx) are indicative of major excitatory
and inhibitory neuronal function in
particular regions of the brain (39). For
instance, increased α-glx levels have
been found in anterior cingulate cortex
in ADHD children (42). An increase in
α-glx in the right PFC and frontostriatal
pathways has also been observed (43).
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The increase in neurotransmission in
these areas may be indicative of neuronal
hyperactivity similar to findings of
increased NAA.
Increased levels of α-glx may also be
related to changes in dopamine levels
associated with ADHD. A decrease in
extracellular dopamine (DA) levels in
the striatum has been found to cause
an increase in glutamate release in the
PFC in rodent models of ADHD (44).
Evidence for the relationship between DA
and glutamate comes from the finding
that levels of these neurotransmitters
return to normal after administration
of drugs that increase DA transmission
such as amphetamine (42). Reductions in
striatal DA levels resulting from neonatal
hypoxia have been implicated in ADHD
(31) and they may explain the increased
PFC α-glx levels seen in ADHD children.

CONCLUSIONS
ADHD is a developmental psychiatric
disorder that may result from insults to
the brain during the neonatal period.
HI can damage the neonatal brain,
particularly in the PFC, striatum, and
frontostriatal white matter tracts to
produce symptoms of ADHD. Evidence
for HI lesions in ADHD children comes
from MRI work showing smaller overall
5
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brain volume and signs of cell loss in
the striatum, PFC, and cerebellum (20).
Damage to frontostriatal pathways has
been implicated in ADHD (27), and
damage to the brain at either end of this
pathway (PFC or striatum) or in its white
matter connections may be responsible
for producing ADHD symptoms.
Neurochemical changes in ADHD
children include increases in NAA in
the PFC and white matter tracts (38) and
decreases in the striatum (39). Changes
in glutamate levels have also been seen
using MRS. These changes indicate
altered neurotransmission related to
early brain damage affecting levels of DA
in the striatum (42).
Future imaging studies on brain
dysfunction in ADHD may focus on
the use of new techniques such as
magnetoencephalography (MEG)
to more accurately discriminate the
neural pathways and dysfunctional
brain regions in ADHD children. MEG
studies could greatly enhance what
is known about brain dysfunction in
ADHD, since this imaging method can
more accurately record neuronal events
temporally and spatially in the brain than
functional MRI (fMRI) (45). Prevention
of HI injury in neonates to prevent brain
injury is another important avenue of
research not only for ADHD, but also for
other developmental neuropsychiatric
disorders resulting from early lesions to
the brain. Hypothermia has shown great
promise in preventing damage to the
brain after neonatal HI and it may have
the capacity to prevent brain damage
precipitating ADHD (46).
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