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REVIEW ARTICLE
METABOLIC BRAIN MAPPING

MR Imaging-Detectable Metabolic Alterations in Attention
Deficit/Hyperactivity Disorder: From Preclinical to
Clinical Studies

L. Altabella, F. Zoratto, W. Adriani, and R. Canese
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ABSTRACT

MR spectroscopy represents one of the most suitable in vivo tool to assess neurochemical dysfunction in several brain disorders, including
attention deficit/hyperactivity disorder. This is the most common neuropsychiatric disorder in childhood and adolescence, which persists
into adulthood (in approximately 30%—50% of cases). In past years, many studies have applied different MR spectroscopy techniques to
investigate the pathogenesis and effect of conventional treatments. In this article, we review the most recent clinical and preclinical MR
spectroscopy results on subjects with attention deficit/hyperactivity disorder and animal models, from childhood to adulthood. We
found that the most investigated brain regions were the (pre)frontal lobes and striatum, both involved in the frontostriatal circuits and
networks that are known to be impaired in this pathology. Neurometabolite alterations were detected in several regions: the NAA, choline,
and glutamatergic compounds. The creatine pool was also altered when an absolute quantitative protocol was adopted. In particular,
glutamate was increased in children with attention deficit/hyperactivity disorder, and this can apparently be reversed by methylphenidate
treatment. The main difficulties in reviewing MR spectroscopy studies were in the nonhomogeneity of the analyzed subjects, the variety
of the investigated brain regions, and also the use of different MR spectroscopy techniques. As for possible improvements in future
studies, we recommend the use of standardized protocols and the analysis of other brain regions of particular interest for attention deficit
hyperactivity disorder, like the hippocampus, limbic structures, thalamus, and cerebellum.

ABBREVIATIONS: ACC = anterior cingulate cortex; ADHD = attention deficit/hyperactivity disorder; Cho = total choline (phosphorylcholine + glycerol-
phosphorylcholine); GABA = y-aminobutyric acid; PFC = prefrontal cortex; PRESS = point-resolved spectroscopy sequence; tCr = total creatine (creatine +

phosphorylcreatine)

Attention deficit/hyperactivity disorder (ADHD) is the most
common neurobehavioral disease in children and adolescents.
Marked differences in the ADHD prevalence are thought to exist
among countries. In fact, the estimated prevalence is 4%—7% in the
United States and 1%-3% in Europe." ADHD, which is 2—4 times
more frequent in males than in females, is characterized by traits of
inattention, impulsivity, and motor hyperactivity. These can signifi-
cantly impact many aspects of behavior in children and adolescents
and can affect their performance, both at school and at home.”

The symptoms of ADHD have a negative impact on the indi-
vidual throughout childhood, adolescence, and well into adult
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life, especially if not managed optimally. In approximately 80% of
children with ADHD, symptoms persist into adolescence and may
persist into adulthood in approximately 30%-50% of cases.
ADHD adolescents and adults retain from infancy the traits of
inattention and impulsivity. Moreover, they start to show a pro-
pensity for sensation-seeking and risk-taking and are more likely
to develop substance abuse and pathologic dependence from risky
activities, including gambling. ADHD is classically considered an
executive dysfunction characterized by poor decision-making.”
However, it can also be viewed as a motivational dysfunction,
arising from altered processing of reward values by the front-
ostriatal circuits, characterized by attempts to escape or avoid any
situation that requires procrastination, such as waiting for the
mere elapsing of time, slow gathering of information, active with-
holding of impulses, and prolonged focusing of attention."?
From this perspective, ADHD may be a consequence of a psycho-
logical inability to give a correct account of and to represent men-
tally a reward that is not immediately present or accessible. Sub-
jects with ADHD show, as well, diminished concerns for the
potential risk of any unforeseen interference and/or negative un-
expected outcome. These deficits in cognitive control and/or
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motivation, usually seen in children with ADHD, highlight the
importance of the disruption of the dopaminergic and serotoner-
gic systems in this syndrome.* The variability of ADHD subpopu-
lations reported in the medical literature may be partly due to
differences in the relative dysfunction between the dopamine and
serotonin systems."*>

The diagnosis is based on behavioral observation and semi-
structured interviews; it does not imply a biologic marker or other
objective evidence. Thus, the symptoms of ADHD are difficult to
define unequivocally because it is difficult to determine where
normal levels of inattention, hyperactivity, and impulsivity end
and clinically significant levels (requiring medical intervention)
begin. Additionally, the same symptoms can be difficult to differ-
entiate from those indicative of other disorders.

Appropriate management has a significant impact on the
symptoms of ADHD. Management options include educational
strategies, behavioral treatments, and medical pharmacotherapy.
Psychostimulant medications are the treatment of first choice.
When nonpharmacologic psychotherapy—based approaches
(recommended in those who display mild symptoms) do not suc-
ceed in relieving ADHD symptoms and psychostimulant drugs
are prescribed, a clear benefit derives from the treatment. Meth-
ylphenidate and atomoxetine are the most frequently prescribed
drugs for the treatment of ADHD.®” While such pharmacologic
therapy has been shown to improve behavior for the short-term,
persistent benefits or adverse effects are largely unknown because
of the lack of long-term follow-up studies.

Several brain areas have been identified as abnormal in
ADHD. MR imaging offers reliable and noninvasive methods to
study in vivo brain morphology and neurochemical compounds.

MR Spectroscopy

Based on MR imaging, there have been findings of volumetric and
functional brain abnormalities in subjects with ADHD reported
in the literature.® The volumetric abnormalities involve the fron-
tostriatal network, also with a widespread reduction in the vol-
ume of the total cerebrum and cerebellum, in particular for chil-
dren. More recent reviews considered the dysfunction of the
cingulofrontal-parietal cognitive-attention network® as well as a
deficit in timing functions'® in subjects with ADHD. In this
framework, MR spectroscopy can also play an important role in
the understanding of the pathogenetic mechanisms that are the
basis of this disorder.

Studies of psychiatric diseases are perhaps the most challeng-
ing applications of MR spectroscopy because they require stable
and reproducible measurements of minute alterations in metab-
olite concentration. Moreover, MR spectroscopy is a safe, nonin-
vasive in vivo technique for investigating biochemical and meta-
bolic brain features, without the use of radioactive tracers. "H-MR
spectroscopy can detect and, in particular conditions, quantify
several metabolites from a specific brain region. The most rele-
vant MR imaging—detectable neurometabolites are alanine,
aspartate, creatine, y-aminobutyric acid (GABA), glucose, gluta-
mate, glutamine, glycerol-phosphoryl-choline, guanidoacetate,
phosphoryl-choline, myo-Inositol, lactate, N-acetylaspartate, N-
acetylaspartylglutamate, phosphor-creatine, scyllo-Inositol, and tau-
rine. At conventional clinical magnetic fields, metabolites that have
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resonances overlapping or very close are also given as their sum: total
choline (Cho; phosphorylcholine + glycerol-phosphorylcholine),
Glx (glutamate + glutamine), total creatine (tCr; creatine +
phosphorylcreatine).

Different spectroscopic localizing techniques have been devel-
oped in the past—from the single-voxel 'H-MR spectroscopy
techniques'' to the 2D or 3D MR spectroscopy imaging (MR
spectroscopy), also called chemical shift imaging.'? The former,
stimulated echo acquisition mode and point-resolved spectros-
copy sequence (PRESS), are the most used MR spectroscopy tech-
niques because they reveal neurometabolites from an a priori
chosen localized region. Furthermore, the quantification of me-
tabolite contents is expressed not only as a ratio, usually with
respect to tCr, but also as an absolute concentration if a quantita-
tive protocol is applied.'>'* On the other hand, chemical shift
imaging allows investigating a wider region (a section or a slab)
compared with single-voxel techniques as well as comparing dif-
ferent regions of interest within the selected section during post-
processing, but quantification is more critical and usually ratios to
tCr are provided. An intrinsic problem of chemical shift imaging
is to ensure that selected voxels consist mainly of gray matter
because of the partial volume effect. For this reason, corrections
for differences in gray and white matter are usually introduced.
Peak overlapping prevents revealing some brain metabolites (ie,
GABA) that could be of particular interest for specific pathologies.
To overcome this problem, GABA spectral editing is a spectro-
scopic technique that reveals only these metabolites. Spectral ed-
iting can be used with spectroscopic techniques such as MEGA-
PRESS or 2D J-resolved MR spectroscopy and correlated
spectroscopy-based methods."”

*'P-MR spectroscopy is also applied in the study of brain me-
tabolism: >'P-MR spectroscopy is less sensitive than 'H MR spec-
troscopy, but it provides information about high-energy phos-
phate metabolism as well as membrane phospholipid synthesis
and degradation.

The differences in actually applied methodology and the rare
use of a quantitative protocol make it more difficult to review
spectroscopy ADHD studies, both in clinical and preclinical set-
tings. Moreover, there are a limited number of >'P-MR spectros-
copy studies.

The aim of this present work was to review the most recent
findings in preclinical and clinical studies, conducted on ADHD
by using MR spectroscopy.

Why Spectroscopy for ADHD Studies?

The brain undergoes several metabolic changes during the tran-
sition from childhood to adolescence.'®'” MR spectroscopy pro-
vides a snapshot of these neurochemical alterations and can also
be useful in tracking the progress of a neurologic and/or psychi-
atric disease in longitudinal studies. Several metabolism altera-
tions have indeed been detected in psychiatric disorders such as
schizophrenia,'® depression, bipolar disorder,'® and autism spec-

trum disorder.?°

Recent MR spectroscopy studies on ADHD,
both at preclinical and clinical levels, have revealed metabolite
alterations that can perhaps account for the dopaminergic and/or
glutamatergic dysregulation, known to be at the basis of this

pathology.”!



The prefrontal cortex (PFC) and the striatum are the most
studied regions in subjects with ADHD because these regions be-
long to the prefrontal striatal thalamo-frontal circuits, well
known to be involved in cognition, emotion, and attention
processes.’

Rodent Models of ADHD

In behavioral neuroscience, animal models enable the investiga-
tion of brain-behavior relations under controlled conditions (eg,
standardized housing and testing), with the aim of gaining insight
into the neurobiology and pathophysiology of normal and abnor-
mal human behavior and its underlying neuronal and neuroen-
docrinologic processes.>* By exploiting genetic and environmen-
tal manipulations, pharmacologic treatments, and so forth, the
use of animal models is essential for obtaining information that
cannot be gained in other ways. Indeed, in vitro approaches can-
not model the interactions in complex systems, such as the brain-
behavior relations in live mammals. Thanks to animal models of
behavioral dysfunctions, research can lead to both disease preven-
tion and improvements in diagnosis and treatment.

In the development of an animal model of behavioral dysfunc-
tion, the concept of validity is of primary importance.>* Regard-
ing ADHD, the phenotypic resemblance to human disease (ie,
face validity) has been the primary aim for developing animal
models of ADHD since the first proposed one, the 6-hydroxydo-
pamine-lesioned rat.>> However, the notion that patients with
ADHD can be classified into a predominantly inattentive type,
predominantly hyperactive-impulsive type, and combined type,
together with preclinical results indicating that inattention, im-
pulsivity, and hyperactivity may not share a common neurobio-
logical substrate,” suggests that an animal model of ADHD does
not need to exhibit all the behavioral symptoms of ADHD to
possess an adequate face validity.

An animal model that possesses face validity for ADHD may
meet other criteria that render it suitable for the study of ADHD.
The increase in extracellular dopamine induced by drugs used to
treat ADHD (eg, methylphenidate and atomoxetine) normally
produces an increase in motor activity but ameliorates symptoms
in patients with ADHD. An animal model of ADHD that shows a
similar reduction in symptom expression following drug admin-
istration achieves predictive validity.

On the basis of their ability to meet =1 of these criteria, >10
animal models of ADHD have been developed since the 6-hy-
droxydopamine-lesioned rat.>> The 4 most extensively studied
animal models of ADHD are the neonatal 6-hydroxydopamine-
lesioned rat, the coloboma mutant mouse, the dopamine trans-
porter—knockout/down mouse, and the spontaneously hyperten-
sive rat. The behavioral and neurochemical features of each of
these models, with a focus on the features that they share, have
been recently reviewed by Fan et al.**

The Lenti-dopamine transporter is an innovative and promis-
ing animal model, developed through brain inoculation of self-
inactivating, regulatable lentiviruses, targeting the dopamine
transporter gene and protein expression.”>*® Specifically, these
animals could serve as a model for symptoms observed in cases of
comorbidity between ADHD and pathologic gambling. The
Lenti-dopamine transporter model was indeed analyzed in vivo

by 'H-MR spectroscopy.”® Changes among groups were detected
mainly in bioenergetic metabolites (tCr), indicating a functional
upregulation of the dorsal striatum due to enhancement of the
dopamine transporter and, conversely, a downregulation of the
ventral striatum (ie, the nucleus accumbens) due to silencing of
dopamine transporter. As a result, the rat group, termed “dopa-
mine transporter+silencers,” receiving combined dopamine
transporter overexpression and silencing within the nucleus ac-
cumbens, displayed opposite rearrangement of function within
the dorsal-versus-ventral striatum. These 2 regions do respec-
tively subserve an increased habit-based behavior and decreased
feedback regulation by evaluation of actual reward.*” This profile
leads to an impulsive and risk-prone phenotype, whereby the
“risk” is represented by a low-feeding payoff. An altered accumbal
dopamine transporter function, resulting in a modified dopami-
nergic tone, may subserve a sensation-seeker phenotype and the
vulnerability to impulse-control disorders.>>>¢

Compared with dopamine transporter—knockout and dopa-
mine transporter—knockdown rodents, the principal advantages
of Lenti-dopamine transporter rats are localization and inducibil-
ity. Further studies on these rats will explore directly the effects of
dopamine transporter—targeting drugs currently used in clinics,
such as methylphenidate.

From the opposite perspective, an interesting model of re-
duced impulsivity and decreased risk proneness, which is one
characteristic of ADHD, was obtained by exposure of rats to
methylphenidate during adolescence.”®*° With the aim of char-
acterizing the metabolic forebrain changes induced in adult rats as
a consequence of adolescent methylphenidate, a quantitative
"H-MR spectroscopy analysis was performed in vivo. Most inter-
esting, long-term changes implicated tCr and taurine, metabolites
respectively involved in bioenergetics and synaptic efficiency.
These were both upregulated in the dorsal striatum and con-
versely downregulated in the nucleus accumbens of methylpheni-
date-exposed rats. Unaltered tCr and an increased phosphorl-
creatine/tCr ratio were detected in the PFC,*® suggesting
enhanced bioenergetics in this area, enabling a better top-down
control over subcortical regions. In other words, the capability of
the PFC to tune down instinctive drives and tune up elaboration
of strategies (ie, self-control) may explain the profile of reduced
impulsivity found in the pretreated animals. These findings high-
light the role of these MR spectroscopy—detectable metabolites as
a marker of functional status within forebrain areas, all of which
are well known to subserve the regulation of impulsivity in rats as
well as humans.

Clinical MR Spectroscopy Findings: Patients with ADHD
There are not many clinical MR spectroscopy studies on ADHD in
the literature. All the results and methodology we presently re-
viewed are summarized in the Table.

A recent meta-analysis reviewed all MR spectroscopy studies
of ADHD up to 2007.>° The authors found, on MEDLINE
(PubMed), 16 articles about MR spectroscopy in the prefrontal
cortex, striatum, and frontal lobe in ADHD published up to the
end of September 2007. Several of these studies revealed meta-
bolic alteration for Cho, NAA, and Glx related to tCr signal in
patients with ADHD. The meta-analysis was performed consid-
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ering metabolites and brain regions separately and led to the find-
ing of an increase in the choline compounds within the left stria-
tum and right frontal lobe for children diagnosed with ADHD.
One recent pilot study’" has considered the effect of methyl-
phenidate treatment on metabolite levels with respect to myo-
Inositol in the anterior cingulate cortex (ACC). Ten subjects with
ADHD underwent MR spectroscopy before and after a 6- to
8-week methylphenidate oral treatment at doses of 1.5 mg/kg/
day. A control group of 12 healthy subjects was also analyzed. The
main findings were a trend toward increased glutamate/mlIns,
glutamine/mlIns, and Glx/mlns levels in subjects with ADHD
compared with healthy controls. Moreover, these glutamatergic
abnormalities were counteracted by the drug treatment.

Arcos-Burgos et al*?

investigated, by using multivoxel 2D and
3D chemical shift imaging, a variety of brain regions: the striatum,
cingulate gyrus, splenium of the corpus callosum, medial and lat-
eral thalamus, and cerebellar vermis. They chose these regions on
the basis of a previous study”” whereby morphologic abnormali-
ties were reported in subjects with ADHD. The study involved 34
subjects with ADHD (21 females, 8 males) and 20 controls with a
wide age range from 8 to 54 years. A significantly higher Glx/tCr in
the right posterior cingulate cortex of subjects with ADHD was
detected. More differences in metabolite ratios were found when
considering interactions between metabolite, age, and ADHD sta-
tus: mIns/Cr and Glx/tCr in the left posterior cingulate; NAA/tCr
in the splenium, right posterior cingulate, and left posterior cin-
gulate; and, finally, mIns/tCr and NAA/tCr in the right striatum.
These findings suggest that, in ADHD, a different metabolic pat-
tern is followed, with respect to controls, during ontogeny and
progression of age.

In 2013, Tafazoli et al** investigated the bilateral middle fron-
tal gyrus (or dorsolateral prefrontal cortex) in subjects with
ADHD (8 boys, 5 girls; mean age, 12.3 years) compared with
healthy subjects (8 boys, 5 girls; mean age, 12.2 years) by short-TE
chemical shift imaging by using a quantitative protocol. In addi-
tion to short TE and water as internal references, the authors used
a self-made software to correct for CSF. They found a significant
reduction in NAA, tCr, Cho, and mIns in the right middle frontal
gyrus of the ADHD group. This lateralization may reflect a right-
sided asymmetry in ADHD. The authors underlined some limi-
tations of this study: the estimated percentage of white (roughly
40%) and gray (roughly 50%) matter within the voxel that can
affect quantification and the small and heterogeneous sample.
Furthermore, 3 subjects with ADHD were stimulant-treated at
the time of the study, though they were medication-free on the
day of the MR imaging. This is not a real limitation because a
previous study published in 2010°> found no significant correla-
tions between dose or time length of medication and neurome-
tabolite levels in the frontal gyrus. This research group, by adopt-
ing a quantitative protocol, investigated the right frontal cortex
and the left cerebellar hemisphere of subjects with ADHD (15
boys, 2 girls; mean age, 10.41 years; mean methylphenidate dose,
30.29 mg/kg; medication time, 18.21 months) and healthy con-
trols (15 boys, 2 girls; mean age, 10.76 years). They found a sig-
nificant reduction of mIns, NAA, and tCr in the left cerebellum
and a reduction of tCr in the right prefrontal cortex. The reduc-
tion in tCr in both regions had a weaker significance level, and the

authors themselves suggested caution in the interpretation of
these findings.

Quantitative Protocol

Beyond the study of Soliva et al*®

described above, only a few
studies adopted a quantitative protocol to investigate ADHD neu-
rometabolic alterations. The protocol included short TE, water
signal as an internal reference, and an LCModel (Stephen
Provencher, Oakville, Ontario, Canada) fitting program. The
LCModel method analyzes in vivo spectra as a linear combination
of model in vitro spectra from individual metabolite solu-

tions,>*>”

and it is the most widely used software for metabolic
spectral quantification. Differences in tissue composition within
the voxel can affect the quantification; therefore, it is important to
carefully estimate the percentage of gray matter, white matter, and
CSF content in the localized region, especially in human studies.

In 2007, Carrey et al’® investigated 13 male subjects with
ADHD and 10 healthy male subjects between 6 and 11 years of age
by applying short-TE 'H-MR spectroscopy in the right PFC, left
striatum, and left occipital lobe. They found an increase in gluta-
mate, Glx, and tCr in subjects with ADHD only in the left stria-
tum. Furthermore, the authors investigated subjects with ADHD
after 8 weeks of methylphenidate administration. The pharmaco-
logic treatment significantly reduced only the tCr concentration
in subjects with ADHD, but there was a trend toward reduction in
striatal glutamate and Glx. These findings are in line with the
study of Hammerness et al,>' in which Glx/mlIns was partially
reduced in ACC as an effect of methylphenidate treatment.

A more recent study that includes a quantitative protocol was
carried out by Yang et al’® on 37 adolescents with ADHD (13 boys,
2 girls; mean age, 13.88 years) and 22 control subjects (14 boys, 8
girls; mean age, 14.85 years). The bilateral prefrontal areas of ad-
olescent brains were studied by using short-TE "H-MR spectros-
copy. The authors found a reduction in the tCr level in the right
PFC. No sex or age effects were found, probably because the age
range of the sample was not enough wide. Here, the authors com-
pared the absolute metabolic levels and their ratio with tCr. With
the latter quantification method, NAA/tCr in the right PFC
showed a significant increase within the ADHD group, but this
finding clearly depends on the reduction of tCr rather than on
increased NAA.

Another study involved the use of methods for absolute me-
tabolite quantification in male adults.*® Here, the left dorsolateral
PFC and left striatum of 5 unmedicated subject with ADHD
(mean age, 27.2 years) and control subjects (mean age, 27.0 years)
were analyzed. Most interesting, the authors found a lower con-
centration of NAA for the ADHD group within the left dorsolat-
eral PFC. No metabolic differences were detected for the striatum.

The alteration in tCr concentration found in this pathology, as
reported by Yang and collegues,*® highlights the notion that the
use of tCr as a stable reference for the metabolite relative quanti-
fication is not correct.

More recently, the GABA-editing technique allowed investi-
gation of the dysregulation of this important neurotransmitter in
ADHD. Edden et al*' studied the primary motor cortex of 13
children (11 boys, 2 girls; mean age, 10.2 years) diagnosed with
ADHD compared with 19 control subjects (12 boys, 7 girls; mean
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age, 10.6 years). Using MEGA-PRESS for GABA editing, they re-
ported a significant reduction in the levels of this neurotransmit-
ter for the subjects with ADHD.

*'P-MR Spectroscopy

*1P-MR spectroscopy is not yet widely used because it necessitates
dedicated equipment (coils), a long acquisition time, and addi-
tional costs. On the other hand, *'P-MR spectroscopy provides
important information about the metabolism of phosphate com-
pounds and the cellular energy metabolism.

Only two studies*>** have reported >' P-MR spectroscopy data
in patients with ADHD. In the most recent article,*” Stanley et al
compared 31 children with ADHD with 36 control subjects by
using multivoxel *'P-MR spectroscopy to find alterations in
membrane phospholipid precursors. These included phosphomo-
noesters, phosphoethanolamine, and phosphocholine, which are
precursors of membrane phospholipids, and the phosphodiesters,
glycerophosphoethanolamine and glycerophosphocholine, which
are breakdown products of membrane phospholipids. The results
showed a significant reduction of the membrane phospholipid pre-
cursor in the bilateral basal ganglia and, conversely, an increase in the
right inferior parietal lobe.

Adults

There are still few MR spectroscopy studies on adults with ADHD.
In the meta-analysis of 2009,>° only 3 studies were consid-
ered.*>***> The work of Hesslinger et al*® has already been dis-
cussed in the quantification section, and it is the only study that
involved the left dorsolateral PFC and left striatum. The other 2
studies involved the bilateral ACC. Perlov et al** found GIx/tCr to
be decreased in the right ACC of 28 subjects with ADHD (17 men,
11 women; mean age, 32.4 years) compared with 28 controls (15
men, 13 women; mean age, 30.5 years). This last finding is in line
with the study of Colla et al,** in which 15 patients with ADHD (8
men, 7 women) were compared with 10 healthy controls (4 men,
6 women). Most interesting, these authors found an increase in
choline compounds with respect to tCr not only in the right ACC
but also in the left one. No alterations in glutamatergic metabo-
lites were found, mainly because these authors used a long TE
(135 ms).

Also, a more recent study*® considered the bilateral midfrontal
region, including the ACC, in ADHD pathology. This study com-
pared the metabolite level ratio with tCr in 29 adults with ADHD
(15 men, 14 women; mean age, 32.9 years) with respect to 38
healthy controls (15 men, 23 women; mean age, 29.8 years). The
main finding was a reduction in Glx/tCr within the left midfrontal
region. In the same region, Kronenberg et al*’ found, in 7 adults
with ADHD, an increase in NAA and a reduction in Cho after a
chronic (5-6 weeks) methylphenidate treatment but no change at
all in glutamate compounds.

In 2010, Perlov et al*® investigated the whole cerebellum, cov-
ering the vermis and the 2 hemispheres, of 30 patients with ADHD
(18 men, 12 women; mean age, 32.1 years) and 30 healthy subjects
(15 men and 15 women; mean age, 29.9 years) by using multivoxel
MR spectroscopy. The Glx level with respect to tCr was signifi-
cantly higher in the left cerebellar hemisphere in the ADHD

group.
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DISCUSSION
All the investigated regions in the above-mentioned MR spectros-
copy studies have an important role in ADHD pathology.

While the dorsal striatum is classically thought to subserve
innate or habit-based behavior, the ventral striatum (nucleus
accumbens) is involved in reinforcement processes, subserving
incentive motivation.*’ Specifically, the latter accounts for the
affective evaluation of distinctive features in the outcome of
one’s own actions and for feedback modulation of future
choice.” Sensation- and risk-seeking may result from either an
over- or underactive nucleus accumbens, which may lead to a
specific proneness toward an impulsive phenotype and/or
gambling behaviors.”'

The PFC may have a functional role in controlling (or causing)
motor and cognitive impulsivity, being involved in the resolution
of conflicting decisions through planning, feedback regulation,
and inhibition of behavior.”* Recent advances in ADHD research
propose that the PFC is important for sustaining and shifting
attention in an appropriate manner; screening sources of dis-
tractions; and inhibiting inappropriate emotions, impulses,
and habits.>® In more detail, the medial PEC is involved in the
following: 1) monitoring of actions and their outcomes, for
guiding decisions; and 2) goal-related planning, problem solv-
ing, and prediction of forthcoming events.>* The orbital PFC is
implicated in stimulus-reward associations, their change with
time (ie, reversal learning), and in subjective attribution of
reward value for choices involving a delayed reinforcement.>?
Indeed, by acting together, these 2 subdivisions direct behavior
more efficiently than would be observed if subcortical drives,
elicited within the dorsal and ventral striata, were left alone
with no cortical control.>

The ACC and dorsolateral PFC are the main components of
the cingulofrontal parietal cognitive-attention network.” With 7
studies in pediatric and 5 in adult subjects with ADHD, they are
the most analyzed regions. The importance of the ACC in
adults****** is also indicated by a recent meta-analysis>® on struc-
tural MR imaging findings in children and adults with ADHD.
Indeed, that work reveals a decreased gray matter volume in the
left ACC, but only in adults. Three studies in pediatric and 1 in
adult patients with ADHD involved the striatum and basal gan-
glia, another node of the attention and cognition network. Re-
cently, the cerebellum became a region of interest, so far with one
pediatric study and another in adult subjects with ADHD.

Several metabolic alterations have been found in the reviewed
studies: Glx, NAA, Cho, and tCr.

Glutamatergic metabolites (glutamate, glutamine) were
found to be altered in ADHD: They increase within the ACC,
right posterior cingulate cortex, and left striatum in pediatric
ADHD, whereas they decrease within the right ACC, left mid-
frontal regions, and left cerebellar hemisphere in adult
ADHD,?!»?228:43-46:48 Glytamate is the principal excitatory neu-
rotransmitter in the brain, and it plays a central role in neu-
rotransmission, especially within the ACC where high glutamate
levels have been associated with impulsivity.>” MR spectroscopy
findings in ADHD are in agreement with the hypothesis of
Carlsson®® of a deep glutamate/dopamine interaction, especially
within the prefrontal circuits. A hypofunctionality within the do-



paminergic system can lead to higher glutamate concentrations in
pediatric subjects with ADHD, which can be partially reverted by

methylphenidate administration,?"®

which increases the dopa-
mine levels. In adults, glutamatergic decrease*>*® within the mid-
frontal region, including the ACC, may contribute to the cogni-
tive deficit.

Following the hypothesis of Todd and Botteron,”” according
to which ADHD could be considered an energy-deficit syndrome,
altered energy metabolism of monoamines can cause the excess in
glutamate, which is then not correctly absorbed into astrocytes. In
this framework, the alterations found for the tCr (as detected by
"H-MR spectroscopy) and for phosphorlcreatine (by >'P-MR
spectroscopy), which are metabolites related to bioenergetics of
the human brain, can also be explained. Alterations in the Cr pool,
as found in absolute quantitative studies, are also important be-
cause this notion implies that this metabolite is not a stable refer-
ence. As such, more caution should, therefore, be taken in relative
quantitative studies in the choice of the reference. As a recom-
mendation for future works, the use of absolute quantitative pro-
tocols is desirable.

GABA reduction®' suggests that more neurotransmitter sys-
tems than previously thought are involved in ADHD. In particu-
lar, GABA concentration correlates with impulsive behavior.*

The decrease of NAA in the dorsolateral PFC and cerebellum
of pediatric subjects”*** and in the dorsolateral PFC of adults*’
does not necessarily mean a neuronal cell loss, but it can also be
interpreted as a neuronal dysfunction.®! This metabolic reduction
is reversed in adults by methylphenidate administration.*” Here,
despite the small size of the sample, a stimulant treatment signif-
icantly decreased the ACC Cho level, while it increased NAA in
adult methylphenidate-responsive patients with ADHD. The in-
crease in NAA can be due to mitochondrial respiratory chain en-
zyme activities induced by chronic methylphenidate exposure,
especially in the PFC and striatum.®?

Choline-containing compounds are the main components
of cell membranes and products of membrane degradation.
Changes in Cho are associated with acute demyelinating disease®
or cellular turnover.®* Choline is the precursor of acetyl-choline
and influences the neural communication, mediated by transmit-
ters like norepinephrine and dopamine. Alterations in choline
compounds are observed in only a few of the above-mentioned
works and cannot yet be correctly interpreted in the ADHD
context.

CONCLUSIONS
All the reviewed studies give a deeper insight into the ADHD
mechanisms. Neurochemical alterations found in several brain
regions are in agreement with the most recent hypotheses regard-
ing the pathogenetic processes at the basis of this pathology.
Methodologic improvements of MR spectroscopy procedures
are desirable to evaluate the absolute concentrations rather than
ratios. There is the need not only for standardized protocols to
compare data acquired in different centers but also for smaller
voxel sizes, to have high tissue purity and more spatial resolution.
On the other hand, this approach would lead to a longer scanning
time, which is problematic for subjects with ADHD. Starting from
functional results and neurobiologic knowledge, other regions

should be investigated with both 'H and possibly *'P-MR spec-
troscopy. These regions include the amygdala and the other lim-
bic structures, which are known to play a key role in symptoms
like impulsivity. Also, the hippocampus would need to be inves-
tigated as well as the thalamus and cerebellum (the latter being
involved in a few studies up to now).

Finally, to improve the MR spectroscopy analyses, a balanced
choice of subjects in the clinical samples, as far as age, sex, and
psychiatric diagnosis are concerned, would be desirable.
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