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Abstract The anterior cingulate cortex (ACC) is
crucially involved in executive control of attention.
Here, seven medication-naive adult patients suffering
from attention deﬁcit/hyperactivity disorder (ADHD)
were studied with 2D "H-magnetic resonance spec-
troscopic imaging (MRSI) of the ACC [Brodmann
areas 24b’-c” and 32’] twice, once before initiation of
stimulant treatment and once after 5-6 weeks of
methylphenidate. Upon retest, all patients demon-
strated marked clinical improvement. Analysis of
regional brain spectra revealed a significantly de-
creased signal of choline containing compounds as
well as increased N-acetyl-aspartate (NAA) levels
following treatment with methylphenidate whereas
total creatine remained unchanged. Our results add
to a growing body of evidence implicating the ACC
in the pathophysiology of ADHD and suggest that
subtle structural changes might be associated with
aspects of clinical improvement under stimulant
treatment.
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Introduction

The behavioral complex of hyperactivity, impulsivity
and inattention subsumed in the diagnosis of atten-
tion-deficit/hyperactivity disorder (ADHD) consti-
tutes a common, chronic and serious mental health
problem. ADHD is the most common psychiatric
disorder of childhood affecting approximately 5% of
school-aged children [33]. A cross-cultural compari-
son of patients recently found that dimensional
symptoms associated with the categorical diagnosis of
ADHD are similar in diverse cultural backgrounds
[28]. Importantly, symptoms frequently persist into
maturity (e.g. [35, 39]) and for some patients, ADHD
may even lead to more problem behaviors when the
individual is faced with the complex challenges of
adolescence and/or adulthood [27, 29].

Through its connections with the prefrontal and
parietal cortices as well as the motor system and the
frontal eye fields the anterior cingulate cortex (ACC)
is a crucial regulator of top-down and bottom-up
information processing [26]. Accumulating evidence
from both electrophysiological and functional neu-
roimaging studies has implicated the ACC in the
cognitive control deficits associated with ADHD (e.g.
[6, 17, 19, 38]). Notably, the neuropsychological def-
icit profile of patients with structural lesions of the
cingulate cortex shows certain similarities with that of
ADHD patients. In particular, following bilateral
anterior cingulotomy, slower response times and in-
creased interference on the Stroop task have been
observed [24]. Similarly, superior medial lesions
including the anterior cingulate have also been asso-
ciated with lengthened reaction times on a variant of
the Stroop interference paradigm [1]. Conversely, two
spectroscopic studies have recently described subtle
structural abnormalities of the ACC in adult medi-
cation-free [25] and medication-naive ADHD pa-
tients, respectively [9]. In particular, both studies



independently found increased choline resonances
indicative of altered membrane turnover/breakdown
in the ACC of adult ADHD patients. Slight structural
abnormalities associated with membrane turnover/
breakdown and myelination agree well with the con-
cept of ADHD as a neuro-developmental disorder
(e.g. [2]). The pathophysiological relevance of in-
creased ACC choline in adult ADHD was further
supported by a high inverse correlation with hit
reaction times on a high-processing load continous
performance test [9].

Magnetic resonance spectroscopy is emerging as a
powerful novel technique in cognitive neuroscience
research. Methylphenidate is the most commonly
prescribed medication for the treatment of ADHD
[34]. We here addressed the hypothesis that chronic
methylphenidate at therapeutic doses would exert a
discernible effect on the neurometabolic pattern of
the adult ACC. Three markers of brain metabolism,
N-acetyl-aspartate (NAA), choline containing com-
pounds (Ch) and total creatine (tCr; i.e., creatine and
phosphocreatine) were evaluated in seven adult
medication-naive ADHD patients prior to and during
chronic treatment with methylphenidate. NAA is re-
garded as an indicator of neuronal viability and
functioning. The choline resonance is constituted of
metabolites of phosphatidylcholine [3]. As a pivotal
buffer capacity in the energy metabolism of the cell
the creatine signal is relatively stable [32]. In partic-
ular, we speculated that the mechanism of action of
methylphenidate would involve an attenuation of Ch
resonances.

Methods

Data presented here were collected as part of a larger project aimed
at defining both cross-sectional and longitudinal neurochemistry in
adult ADHD [9]. This is the second paper to be published from this

Fig. 1 Typical PRESS spectra acquired from ACC before
and after 5-6 weeks of methylphenidate treatment.
The saggital view depicts PRESS volume angulated and
centered on the anterior cingulate gyrus. Metabolite
data are given as raw (black) and fitted material (blue).
tCr total creatine, Ch total choline, NAA N-
acetylaspartate
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Table 1 Demographic characteristics and 1Q estimates of the study sample

Number of subjects 7

Age (years) 32.6 + 3.0

Age range (years) 25-44

Gender ratio (female/male) 2/5

MWT-B 1M3+£75

LPS 112 + 3.8
Mean + SEM

work. Seven adult ADHD patients from the Central Institute of
Mental Health ADHD outpatient clinic who were medication-naive
at the time of the first MRI (T1) were re-investigated 5-6 weeks
after initiation of methylphenidate treatment (T2). Exclusion cri-
teria included current major depressive episode, anxiety disorder,
current or past pharmacotherapy for ADHD, current or past
bipolar or psychotic disorder, serious medical or neurological ill-
ness, alcohol dependence as well as active use of drugs of abuse.
Upon retest, patients received between 20 and 40 mg methylphe-
nidate per day.

Sociodemographic characteristics of the patient sample are gi-
ven in Table 1. IQ was estimated with the Multiple Word Choice
Fluency Test (MWT-B; [22]) and the Leistungspruefsystem-3 (LPS-
3; [18]). ADHD symptom severity was assessed using the clinican
administered ADHD Symptom Checklist for DSM-IV [13]. Addi-
tionally, patients were tested on the continous performance test,
identical pairs version (CPT-IP) at T1 and T2. The CPT-IP is a
high-processing load CPT that is particularly suitable to detect
subtle processing deficits. The procedure has been described in
detail previously [9, 11]. The protocol had been approved by the
local ethics committee and written informed consent was obtained
from each participant according to the Declaration of Helsinki.

MR-spectroscopic imaging (MRSI) was conducted as described
previously [9, 10]. Briefly, data were acquired on a 1.5 T Magnetom
VISION™ (Siemens, Erlangen, Germany) using a standard circu-
larly polarized head coil. 2D FLASH images in coronal, saggital, and
oblique transverse orientation were acquired. Transverse images
were angulated parallel to the anterior cingulate gyrus [14]. A 2D
MRSI sequence with PRESS volume selection was used with the
PRESS volume angulated parallel to the transverse images and
centered on the dorsal anterior cingulate gyrus. For the second
scan, voxel placement from the first scan was followed with special
reference to anatomical landmarks (Fig. 1). To minimize operator
errors, coil placement, signal acquisition, and postprocessing were
carried out by the same person. An MRSI field of view of
210 x 210 mm and a PRESS volume thickness of 15 mm was used
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with circular k-space sampling equivalent to a maximum of 24 x 24
phase encoding steps [21]. Other measurement parameters were:
TR = 1.5 s; TE = 135 ms; resultant total measurement time = 11
min.

Postprocessing of the MRSI data with an automated spectral
fitting program has been described previously [36, 42, 43]. This
program uses a parametric spectral model with acquisition specific
a priori information for NAA, tCr: creatine and phosphocreatine
(tCr), and Ch resonances, in combination with a wavelet-based,
non-parametric characterization of baseline signals. A k-space
apodization resulting in an effective voxel size of approximately
2.4 cm” and zero filling to 32 x 32 k-space points was applied prior
to the spatial Fourier transformation [14]. Zerofilling from 512 to
1,024 time domain data points and Gaussian multiplication corre-
sponding to 0.6 Hz line broadening were carried out prior to the
time domain Fourier transformation. Spectral phasing was also
performed automatically. The automated spectral analysis proce-
dure was applied to all complex spectra in a user defined region of
interest within the PRESS volume in an iterative manner, with each
iteration including both the non-parametric baseline characteriza-
tion and parametric fitting of the metabolite model.

In a previous study [14], it was established that voxels selected
from the cingulate gyrus which partially contain white matter
showed a significant difference to voxels containing gray matter
without partial volume of the corpus callosum. The Ch signal
turned out to be significantly lower in the cingulate gray matter
than in the corpus callosum. Therefore, great care was taken in the
choice of the voxels included in the analysis. Voxels of interest
(VOIs) were chosen in the ACC under the supervision of an
experienced radiologist. In the axial slice which showed the most
anterior boundary of the genu of corpus callosum, the VOI was
placed closest to the genu of the corpus callosum. On average, four
voxels containing almost pure cortical gray matter from the cog-
nitive division of the anterior cingulate gyrus were selected from
each subject’s data set. To minimize partial volume effects, locali-
zation of each VOI was carefully checked. Voxels were only in-
cluded, when there was no cerebrospinal fluid (CSF) on any of the
axial MR-slices used for anatomical co-registration. Voxels had to
contain pure gray matter on all of the axial MR-slices. Thus the
number of included voxels differed from subject to subject (mean
number of voxels: 4). However, upon retest, the number of left and
right cingulate voxels remained the same in each participant.
Furthermore, B, inhomogeneities are most prominent in the frontal
lobes including the cingulate region. Consequently, voxels with
linewidths above 7 Hz were excluded from further analysis.

Absolute integral values of the model peaks obtained by the
fitting algorithm for NAA, tCr, and Ch were corrected for differ-
ential head coil loading by multiplication with the transmitter
reference voltage [15]. This yields a semi-quantitative measure so
that the ambiguity of metabolite ratios can be avoided [15].

All numerical analyses were performed with StatView 5.0.1 for
Maclntosh. Comparisons between the measurements obtained at
T1 and T2 were performed with two-tailed Student’s paired ¢ test.
P < 0.05 was considered statistically significant.

Results

All patients showed marked clinical improvement on
methylphenidate, as judged by the ADHD Symptom
Checklist for DSM IV (T1: 31.6 + 2.4; T2: 17.1 £ 1;
t=29.3, df=6, P<0.0001). CPT-IP performance
measures at T1 and T2 are given in Table 2. While the
percentage of hits increased (t=-2.4, df=6,
P =0.057, 1 — f = 0.43), patients made signficantly
less errors of commission (responses to stimuli other
than the target) at T2.

Typical PRESS-spectra from anterior cingulate
voxels before and during chronic methylphenidate

Table 2 CPT-IP performance before (T1) and 5-6 weeks after initiation of
therapy with methylphenidate (T2)

CPT-IP performance T T2

Reaction time [hits] (ms) 589.3 + 22.1 592.3 + 13.1
Reaction time [false alarms] (ms) 599.3 + 26.9 622.4 + 25.2
Hits (%) 622 + 6.1 71.1 £ 8.0
Commission errors (%) 29.0 + 7.1 219 + 7.3*
d 1.22 + 0.36 1.82 +0.28
p 1.90 + 0.82 231 £ 0.92

* P < 0.05. Mean + SEM

treatment are given in Fig. 1. tCr concentrations
remained unchanged between T1 and T2 (7.2 = 0.3
and 7.2 £ 0.2, respectively; t = 0.3, df = 6, P = 0.75).
NAA concentrations increased significantly and Ch
resonances decreased significantly following methyl-
phenidate treatment (Fig. 2).
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Fig. 2 Neurometabolite concentrations before (T1) and after 5-6 weeks of
methylphenidate treatment (T2). a.u. arbitrary units



Discussion

A growing body of evidence implicates a dysfunction
in dopaminergic fronto-striatal circuits in the execu-
tive control deficit associated with ADHD. In partic-
ular, the ACC plays a crucial role in recruiting
cognitive control over behavior by predicting error
likelihood [5]. Here, within the framework of a pilot
study, we investigated seven medication-naive adult
patients suffering from ADHD twice, once before
initiation of stimulant treatment and once after 5-
6 weeks of methylphenidate. A rigorous protocol was
followed for the selection of voxels with special ref-
erence to anatomical landmarks upon retest. Impor-
tantly, tCr remained unchanged between the voxels
investigated at both time points. Despite the small size
of the sample, stimulant treatment significantly de-
creased anterior cingulate choline resonances while it
increased NAA in adult methylphenidate-responsive
ADHD.

Methylphenidate and other psychostimulants exert
profound and enduring neurobiological effects.
Methylphenidate affects synaptic plasticity regulatory
proteins in the cingulate gyrus [41]. A number of
preclinical studies have specifically linked methyl-
phenidate to increased brain energy metabolism.
Reactive oxygen species (ROS) are continuously
produced as a by-product of normal metabolism.
Chronic methylphenidate has been demonstrated to
increase ROS production in young rat brains [20].
Furthermore, chronic methylphenidate treatment has
been shown to induce mitochondrial respiratory
chain enzyme activities, especially in prefrontal cortex
and striatum [16]. Our observation of increased NAA
concentrations in the ACC following chronic meth-
ylphenidate are well compatible with these reports in
that NAA is synthesized energy-dependently in the
mitochondria and is therefore increasingly regarded
as an indicator of neuronal energy status [8].

Whereas methylphenidate boosts brain dopamine
levels, typical neuroleptics decrease dopaminergic sig-
naling by blocking D2 receptors. Here, methylphenidate
led to a significant increase in ACC NAA. It is therefore
interesting to note that a number of studies have
described reduced anterior cingulate NAA in schizo-
phrenic patients (e.g. [12, 40]). Importantly, there does
not seem to exist a significant relationship between
anterior cingulate NAA and duration of untreated
psychosis and untreated schizophrenia [37]. Further-
more, reduced anterior cingulate NAA levels have been
reported in schizophrenics treated with typical as
compared to atypical medications [4]. It needs to be
mentioned, however, that a recent preclinical study in
rats treated with haloperidol failed to demonstrate an
effect on cingulate neurochemistry [7].

Two recent studies have independently described
elevated ACC choline resonances in medication-free
[25] and medication-naive [9] adult ADHD patients,
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respectively. The pathophysiological underpinnings
of this empirical finding still remain to be unravelled.
However, the decrease in choline concentration de-
tected here following methylphenidate treatment fits
well with a recent energetics hypothesis of ADHD.
This hypothesis posits insufficient lactate supply to
oligodendrocytes leading to impairments in fatty acid
synthesis and myelin sheath formation [30].

Interestingly, a study of recently abstinent meth-
amphetamine-dependent subjects yielded almost
opposite results to those reported here, i.e., low NAA
and high choline in the anterior cingulum [23].
Importantly, the same group has also been able to
show that attentional control in abstinent metham-
phetamine abusers measured in the Stroop interfer-
ence task correlates with reduced NAA/Cr metabolite
ratios in the ACC [31]. However, it still needs to be
established whether neurometabolite alterations in
abstinent psychostimulant users are primarily due to
drug effects or may also reflect brain pathology pre-
ceding stimulant use.

In summary, our results build upon the rapidly
expanding literature on functional disturbances in the
ACC in ADHD. It is now becoming increasingly
apparent that subtle structural abnormalities of the
ACC underlie neuropsychological deficits associated
with ADHD. Conceivably, stimulant treatment may
alleviate ADHD symptomatology at least in part by
rectifying neurometabolite disturbances and/or by
inducing compensatory structural changes in the ACC.
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