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Background: Attention deficit hyperactivity disorder (ADHD) is a common neurodevelop-
mental disorder in school aged children. Functional abnormalities have been reported in brain
imaging studies in ADHD populations. Psychostimulants are considered as the first line treat-
ment for ADHD. However, little is known of the effect of stimulants on brain metabolites in
ADHD patients.

Objectives: To compare the brain metabolite concentrations in children with ADHD and on
stimulants with those of drug naive children with ADHD, versus typically developed children,
in a homogenous genetic sample of French Canadians.

Methods: Children with ADHD on stimulants (n=57) and drug naive children with ADHD
(n=45) were recruited, as well as typically developed children (n=38). The presence or absence
of ADHD diagnosis (Diagnostic and Statistical Manual of Mental Disorders IV criteria) was
based on clinical evaluation and The Diagnostic Interview Schedule for Children IV. All children
(n=140) underwent a proton magnetic resonance spectroscopy session to measure the ratio of
N-acetyl-aspartate, choline, glutamate, and glutamate—glutamine to creatine, respectively, in the
left and right prefrontal and striatal regions of the brain, as well as in the left cerebellum.
Results: When compared with drug naive children with ADHD, children with ADHD on
stimulants and children typically developed were found to have higher choline ratios in the
left prefrontal region (P=0.04) and lower N-acetyl-aspartate ratios in the left striatum region
(P=0.01), as well as lower glutamate—glutamine ratios in the left cerebellum (P=0.05). In these
three regions, there was no difference between children with ADHD on stimulants and typically
developed children.

Conclusion: Therapeutic psychostimulant effects in children with ADHD may be mediated
by normalization of brain metabolite levels, particularly in the left fronto-striato-cerebellar
regions.
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Introduction

Attention deficit hyperactivity disorder (ADHD) is a common psychiatric disorder of
childhood, affecting 5%—10% of school aged children'? and including symptoms of
inattention and/or hyperactivity—impulsivity.® In addition, most ADHD cases present
comorbidities that include internalizing disorders, such as anxiety or depression, and
externalizing disorders such as oppositional defiant disorder.** ADHD is also frequently
associated with sleep disorders and obesity.%” In 60% of cases, ADHD persists through
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adulthood® and negatively impacts the patient’s family,
school, and social functioning.’

Psychostimulant drugs are considered as the first line
of treatment for ADHD.'*!"! Two major classes of drugs are
commonly indicated for ADHD:!? central nervous system
stimulants and serotonin norepinephrine reuptake inhibitors.
The two most commonly used drugs to treat ADHD are meth-
ylphenidate and mixed amphetamine salts.'* Methylphenidate
is a blocker of, while mixed amphetamine salts is an inhibitor/
pseudosubstrate for, norepinephrine transporters in the
prefrontal cortex and dopamine transporters in the striatum
and nucleus accumbens (NAcc).!?!3 The drugs inhibit the
norepinephrine transporters activity in the prefrontal cortex
and the dopamine transporters activity in the striatum and
NAcc.!*! This inhibition leads to a reduction in the reuptake
of the neurotransmitter at the presynaptic neuron and results
in elevated concentration of norepinephrine/dopamine in
the synaptic cleft.!* The only serotonin norepinephrine
reuptake inhibitor indicated for ADHD is atomoxetine,
a selective inhibitor for the reuptake of norepinephrine.'>!
In comparison to stimulants, the drug has no effect on the
striatum and NAcc except in the prefrontal cortex.'?

Advances in brain imaging technology allow for the test-
ing of etiological hypotheses regarding ADHD. In particular,
functional magnetic resonance imaging studies have shown
an altered fronto-striatal circuit in ADHD, thereby affecting
the regulation of motor control, executive functions, and
for the control of inhibition.'”?° Proton magnetic resonance
spectroscopy (‘H-MRS) is an imaging technique that can
measure the concentration of several metabolites in various
brain regions during a magnetic resonance session, enabling
the measurement of metabolite concentrations in different
brain regions.?!*> Despite the apparent usefulness of these
new technologies, discrepancies remain among the reported
brain metabolite levels in ADHD patients. Several factors
may explain these disparities. To date, studies that assessed
brain metabolite concentration with MRS mostly had a small
sample size,?"* did not control for the type of medication
used (stimulant versus atomoxetine), or failed to report the
genetic profile of study participants®' despite the importance
of genetic factors in ADHD etiology.?*

To better investigate the influence of stimulants in ADHD
while controlling for the effect of genetics, our study aims
to compare brain metabolite levels in children with ADHD
who are receiving stimulant medication to drug naive children
with ADHD, as well as typically developing children, within
a homogenous third generation French Canadian population.

The effect of genetic variation is limited by using a third
generation homogenous population with a genetic founder
effect, such as the French Canadian population. This
population’s founder effect (defined as a population that is
initially established by a small number of families from a
large population) confers a limited variation in the genetic
background.?*

Methods

Participants

A total of 140 children participated in the study. One hundred
and two children with a diagnosis of ADHD were recruited
from the outpatient child psychiatry clinic of Hotel Dieu
de Levis Hospital (Quebec, Canada). Diagnosis of ADHD
was based on Diagnostic and Statistical Manual of Mental
Disorders (DSM) IV? criteria and made by experienced
psychiatrists. Of those 102 children, 45 had never taken any
medication to treat their ADHD (drug naive group), whereas
57 used a psychostimulant drug (stimulant group). Thirty
eight children without ADHD were recruited in the commu-
nity and served as the control group (control). All participants
were Caucasian and were third generation French Canadians.
Children who had an intelligence quotient (IQ) below 70 (as
assessed by Wechsler Intelligence Scale for Children IV or
Wechsler Preschool and Primary Scale of Intelligence I11)*
or who had a pervasive developmental disorder or psychosis
were excluded. This study was approved by the local ethics
committee, and all parents of participating children provided
signed informed consent.

Assessments

Clinical outcome

The Diagnostic Interview Schedule for Children Version IV
(DISC-1V)® is a semistructured interview based on the
DSM 1V criteria. The parental version was used to obtain
information on clinical ADHD characteristics, including the
inattentive, hyperactive—impulsive, and total ADHD symp-
toms scores, the presence/absence of comorbidities, and the
global functioning scores.”

Brain imaging measures

"H-MRS is a noninvasive technique increasingly used in the
study of in vivo brain metabolites in ADHD patients.*® All
patients underwent brain 'H-MRS, performed with a GE
Sigma 1.5T scanner operating at 63.85 MHz (GE Medical
Systems, Waukesha, WI, USA). The location of the voxels
was determined from T1-weighted spin-echo images of an
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axial plane. Spectrums were acquired from 8.0 cm® voxels
localized in five different regions of interest: left and right
prefrontal area, left and right striatal area, and left cerebel-
lum. For voxel location, predetermined anatomical parameters
were used (striatum area (Figure 1): the posterior portion of
the head of caudate nucleus according to the anteroposterior
axis; prefrontal area (Figure 2): over the ones determining the
striatum voxels; and cerebellum (Figure 3): approximately
3 mm laterally from the ledge of the fourth ventricle). After
each region of interest location, the GE Proton Brain Exam
(PROBE) (GE Medical Systems, Waukesha, WI, USA)
was followed, which comprises a suppression of the water
signal with the CHESS (chemical shift selective excitation)
followed by detection of the proton signal using the PRESS
(point resolved spectroscopy) pulse sequence. The acquisition
parameters were as follows: TR, 1500 ms; TE, 30 ms; number
of acquisitions, 128; spectral width, 2,000 Hz; number of
points, 1,024; total acquisition time, about 40 min. With these
acquisition conditions, the signal/noise ratio was 12 or more
for the main signals (ranging from 12 to 28, depending on the
region). The MRS data were analyzed using the LCModel soft-
ware, v.6.0 (LCModel Inc., Ontario, Canada),’' and metabolite
ratios for N-acetylaspartate/creatine (NAA/Cr), choline/Cr
(Cho/Cr), glutamate/Cr (Glu/Cr), and glutamate-glutamine/
Cr (GIx/Cr) were calculated (Figure 4).

Before undergoing the MRS, children were invited to
sessions with a MRS simulator to become familiar with the
noise and conditions of the scanner.
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Figure | Striatal voxel localization.
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Figure 2 Prefrontal voxel localization.

Statistical analysis

We hypothesized that in children with ADHD, brain metabo-
lite concentrations will be different between the drug naive
and the stimulant group. Analysis was performed with
SPSS (v12.0; IBM Corporation, Armonk, NY, USA). One-
way analysis of variance (ANOVA) was used to compare
the means of demographic, clinical, and biochemical data
between the stimulant, drug naive, and control groups. Post
hoc comparisons were made with least-significant difference
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Figure 3 Left cerebellum voxel localization.
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Note: The MRS data were analyzed using the LCModel software, v.6.0 (LCModel Inc., Ontario, Canada).’'
Abbreviations: Glx, glutamate-glutamine; Cho, choline; Cr, creatine; Glu, glutamate; NAA, N acetyl aspartate.

test. Frequencies of different variables between groups (eg, to
compare the occurrence of a comorbidity or ratio of sex
between the groups) were compared using the Pearson’s chi-
squared test. Statistical significance was set at P<0.05.

Results

The three groups’ demographic characteristics and
clinical profiles are shown in Table 1. The age of the par-
ticipants was significantly different between the groups
(F[2,137]=6.7; P=0.02). The stimulant group was on aver-
age 10.4 months older than the drug naive group (P=0.29)
and 17.8 months older than the control group (P<<0.01). The
ANOVA also revealed that the groups differed in their IQ. Post
hoc analyses showed that children of the control group had
higher IQ than ADHD children, whether they were drug naive
(P=0.01) or using a psychostimulant (P=0.004). The male to
female ratio was equally high in all study groups (drug naive
71%, stimulant 75%, and control 66%) (y'=1.0; P=0.59).
There was no difference in the prevalence of the different
types of ADHD between drug naive and stimulant groups
(¥=0.26; P=0.88). In the stimulant group, 74% (48/57)
were on methylphenidate and 16% (9/57) on amphetamine
medication.

Table 2 summarizes how the numbers of inattentive,
hyperactive, total ADHD, and impairment items measured
with the DISC-1V test were significantly different between
the study groups. This was an expected result, considering
that children in the control group do not have ADHD. Post
hoc tests revealed that both the drug naive and the stimulant
groups had a greater number of items for all four categories

Table | Clinical and socio-demographic characteristics of children
with ADHD drug naive or on stimulants and normal developing
controls

Characteristics Drug naive Stimulant  Control P
(n=45) (n=57) (n=38)
Mean (SD) Mean (SD) Mean (SD)
Age in months 105.8 (25.9) 1163 (22.3) 985 (22.9) 0.02
1Q 98.8 (13.4) 98.0 (13.2) 106.3 (14.3)
Male/female (n) 32/13 43/14 25/13 0.59
ADHD type (n) 3171371 37/18/2 - 0.88
(CN/H)
Comorbidities (n)
(CD/ODD/MD/ 3/16/1171 3/19/2/2 0/6/0/1 ns
GAD)

Abbreviations: 1Q, intelligence quotient; ADHD, attention deficit hyperactivity
disorder; C, combined; |, inattentive; H, hyperactive/impulsive; CD, conduct disorder;
ODD, oppositional defiant disorder; MD, major depression; GAD, generalized
anxiety disorder; ns, non significant.
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Table 2 Scores on the diagnostic interview schedule for children
version IV (DISC-IV) for children with ADHD drug naive or on
stimulants and normal developing controls

Drug naive  Stimulant Control F

(n=45) (n=57) (n=38)

Mean (SD) Mean (SD) Mean (SD)
Inattention 6.6 (2.3) 7.1 (2.0) 3.1 (27) 38.7%
Hyperactivity 4.8 (2.9) 4.5 (3.0) 1.7 (1.8) 16.3*
Total ADHD 13.0 (4.5) 13.0 (4.6) 5.7 (4.1) 37.8%
symptoms
Impairment 7.0 (3.5) 9.0 (4.2) 3.73.7) 21.3%

Note: *P values are <0.001.
Abbreviation: ADHD, attention deficit hyperactivity disorder.

of the DISC-IV when compared to the control children (for all
comparisons, P<<0.001). In addition, children in the stimulant
group had a significantly higher number of impairment items
when compared to the drug naive group (P=0.01).

MRS

The mean metabolite ratios for the five brain regions studied
are reported in Table 3. The ANOVA test revealed significant

Table 3 Mean metabolite ratios for five brain regions in children
with ADHD drug naive or on stimulants and normal developing

controls
Drug naive Stimulant Control F P
(n=45) (n=57) (n=38)
Mean (SD) Mean (SD) Mean (SD)
Left prefrontal cortex
Glu/Cr 1.46 (0.22) 1.37 (0.27) 1.46 (0.19) 231 0.10
Cho/Cr  0.29 (0.04) 0.31 (0.04) 0.31(0.03) 3.15 0.04
NAA/Cr 141 (0.17) 1.42 (0.15) 1.40 (0.13) 0.12 0.88
GIx/Cr 2.25 (0.37) 2.11(0.38)  2.25(0.32) 238 0.10
Right prefrontal cortex
Glu/Cr 1.44 (0.23) 1.43 (0.24) 1.43 (0.19) 0.04 0.96
Cho/Cr  0.36 (0.37) 0.31 (0.05)  0.31 (0.03) 0.07 093
NAA/Cr 143 (0.24) 1.39 (0.15) 1.41 (0.13) 0.71 049
GIx/Cr 2.17 (0.31) 2.21 (0.47) 2.19 (0.41) 0.13 0.88
Left striatum
Glu/Cr 1.29 (0.26) 1.29 (0.18) 1.30 (0.17) 092 09I
Cho/Cr  0.24 (0.03) 0.24 (0.03)  0.24 (0.03) 029 0.75
NAA/Cr  1.24(0.17) 1.14(0.15) 1.20 (0.15) 4.80 0.0l
GIx/Cr 1.87 (0.37) 1.94 (033) 1.95 (0.34) 0.67 051
Right striatum
Glu/Cr 1.34 (0.27) 1.27 (0.18) 1.25 (0.19) 229 0.1l
Cho/Cr  0.24 (0.04) 0.24 (0.03)  0.24 (0.04) 024 0.79
NAA/Cr 123 (0.19) 1.16 (0.15) 1.21 (0.17) 180 0.16
GIx/Cr 2.06 (0.45) 1.95 (0.31) 1.92 (0.27) 190 0.15
Left cerebellum
Glu/Cr 0.98 (0.18) 0.99 (0.21)  0.96 (0.24) 0.18 0.83
Cho/Cr  0.26 (0.03) 0.26 (0.03)  0.26 (0.03) 035 0.71
NAA/Cr  1.07 (0.16) 1.06 (0.21) 1.09 (0.21) 029 0.75
GIx/Cr  1.73 (0.48) 1.56 (0.33) 1.53(0.40) 2.96 0.05

Abbreviations: ADHD, attention deficit hyperactivity disorder; Glu/Cr, ratio
glutamate/creatine; Cho/Cr, ratio choline/creatine; NAA/Cr, ratio N-acetylaspartate/
creatine; Glx, ratio glutamate+glutamine/creatine.

differences between the groups in choline ratios in the left
prefrontal cortex (F'[2,135]=3.1; P=0.04). Post hoc tests con-
firmed that the choline ratio was lower in the drug naive group
when compared with the stimulant (P=0.03) and the control
(P=0.02) groups. In the left striatum, the ratio of NAA was
also significantly different between groups (F [2,135] =4.8;
P=0.01). Between group comparisons showed that the NAA
level was lower in the stimulant group when compared with
the drug naive group (P=0.003). Although the result was not
statistically significant (F [2,128] =2.96; P=0.05), ANOVA
results suggest that the GIx/Cr ratio in the left cerebellum
may also be different between groups. As observed in the
two other brain regions, there is a tendency for comparable
metabolite ratios between the stimulant and the control
groups, and this could be significantly different from the
drug naive group.

Discussion

The strength of our study is related to the larger sample
size when compared with existing literature, the limited
genetic variation in the groups studied, as well as the com-
parison of three groups of children (normal, with ADHD
drug naive, and with ADHD under stimulants). In our
study, drug naive children with ADHD showed changes in
specific metabolite ratios in left fronto-striato-cerebellar
regions when compared to both children with ADHD on
stimulants and with typically developed children. No dif-
ference was found in those metabolite ratios and brain
regions between children with ADHD on stimulants and the
control children. Both children with ADHD on stimulants
and children without ADHD showed higher choline ratios
in the left prefrontal cortex when compared to drug naive
children with ADHD.

To our knowledge, two studies**** reported changes
in Cho/Cr ratio in the prefrontal area in ADHD children.
Interestingly, these two studies had been conducted in two
different genetically defined populations.

In a recent prospective study in Indonesia, Wiguna and
coauthors found significant neurochemical changes in the
prefrontal cortices of children with ADHD.*? They used
"H-MRS to assess changes in metabolites in both the right and
left prefrontal cortex in children with ADHD, after admin-
istration of long acting methylphenidate for 12 weeks. They
reported that the Cho/Cr ratio decreased significantly in the
right and the left prefrontal cortex. They also reported that
the Glu/Cr ratio decreased in the right and the left prefrontal
cortex, and that the mI/Cr ratio decreased significantly only
in the left prefrontal cortex. They found an increase in the
NAA/Cr ratio in the right and the left prefrontal cortex.*

Neuropsychiatric Disease and Treatment 2014:10
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These differences with our current results may be explained
by the differences in treatment duration and methylphenidate
(specifically long acting) treatment (with amphetamines in
our study versus without amphetamines in the Wiguna et al*
study). It is also important to mention that the differences
with our results could be explained by the genetic background
of our samples.

The second study found an increase in Cho/Cr in the
right frontal area (also an increase in Glu/Cr and NAA/Cr
and a decrease of Cr in the right frontal area as well as an
increase in Glu/Cr in the left frontal lobe), by comparing
eight hyperactive ADHD patients (aged 6 to 12 years) to
eight control children, while controlling for age, sex, ethnicity
(Caucasian) and 1Q.** All ADHD patients had stopped taking
their medications (stimulants, especially Ritalin) 24 hours
before the magnetic resonance imaging.* To our knowledge
this is the only study that takes into account ethnicity, thus
limiting somewhat the genetic heterogeneity. However, the
sample size is small and the effectiveness of the washout
could not be determined.

Choline is a component of the cell membrane and an
indicator of myelination and turnover of cell membranes. It
has been suggested that changes in choline concentration in
ADHD fits with the energetic hypothesis of ADHD.* In this
hypothesis, ADHD cognitive dysfunction arises from inef-
ficient and inconsistent neuronal transmission of information,
due to a deficient energy supply — lactate production — by the
astrocytes, the major nonneuronal component of the central
nervous system.>*

Furthermore, variations in NAA are often associated with
ADHD. The NAA is often considered a marker of neuronal
viability;* it is also associated with energy metabolism in
the brain as it is produced in the mitochondria.* Parallel to
this, some preclinical studies in young rats have shown that
methylphenidate affects the brain’s metabolic energy.* In our
study, the decrease in the NAA/Cr ratio in the left striatum
in both children with ADHD on stimulants and in normal
controls when compared with the drug naive group fits with
the energetic hypothesis of ADHD.* Reported metabolite
levels measured by '"H-MRS in the left striatum have also
been inconsistent.?*3"3# Studies have reported differences in
NAA, Glx, and Cr in the striatum when compared between
ADHD and typically developed children.?*-7:*®

As the cerebellum is involved in cognitive functions such
as attention, language, memory, and executive functions,* as
well as adaptation of motor function,***! it is a major region
of interest in ADHD studies. Results of this study demon-
strated a lower ratio of GIx/Cr in the left cerebellum of the

stimulant group when compared with the drug naive group.
Glutamate is a very important excitatory neurotransmitter
in the cortico-striato-cerebellar circuit.*> MRS studies in
humans show that 70%-80% of glucose consumption is used
to feed the cycle of glutamate in the resting brain.*

In addition, Perlov et al* found an increase in GIx/Cr in
the left cerebellum in adults with ADHD, while Soliva and
collaborators reported other metabolite (NAA and myoinosi-
tol) changes in that same area in ADHD children who were
medicated.* Not only does this combination of findings
support the significant role of the left cerebellum in ADHD,
they also suggest that differences in brain metabolites may
be related to the energetic etiology of ADHD.

The results of our study should be interpreted taking into
account the limitations of our study. The first limitation is
the grouping of different stimulants (methylphenidate and
amphetamine salts), as well as the variability in treatment
durations in the stimulant group. The second limitation is
the differences in the age and 1Q between our three groups;
these differences may interfere with brain metabolite data.
However, we performed analysis of covariance with age
as a covariable, and there were no changes in any of the
metabolite ratio results. We performed the same analysis
with IQ as a covariable, and the only change found was a
decrease in the difference between the Cho/Cr ratios in the
prefrontal area between the three groups (P=0.08). However,
Cho/Cr ratios in the prefrontal area between children with
ADHD on stimulants and those who were drug naive is still
statistically significant (P=0.02), as well as the difference
between children with ADHD on stimulants and the controls
(P=0.03). Finally, in the ANOVA analysis we did not correct
for multiple comparisons to minimize the type II errors, but
this might increase type I error.

Conclusion

The results of our study show that groups of children with
ADHD from a genetically homogenous French Canadian
population and who have never taken any medication, have
different brain biochemical characteristics when compared
with those on stimulants. Such differences do not exist
between children with ADHD on stimulants and typically
developed children.

Therefore, stimulants appear to restore the concentration
of choline in the prefrontal cortex, NAA in the striatum, as
well as glutamate in the cerebellum. It is therefore important
to continue investigating the role of each of the metabolites
studied in ADHD etiology to better understand the effect of
medication on neurobiological functioning.
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