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Abstract Cognitive adverse effects were reported after
the deep brain stimulation (DBS) of the anterior nucleus of
the thalamus (AN) in epilepsy. As the AN may have an
influence on widespread neocortical networks, we
hypothesized that the AN, in addition to its participation in
memory processing, may also participate in cognitive
activities linked with the frontal neocortical structures. The
aim of this study was to investigate whether the AN might
participate in complex motor—cognitive activities. Three
pharmacoresistant epilepsy patients implanted with AN-
DBS electrodes performed two tasks involving the writing
of single letters: (1) copying letters from a monitor; and (2)
writing of any letter other than that appearing on the
monitor. The cognitive load of the second task was
increased. The task-related oscillatory changes and evoked
potentials were assessed. Local event-related alpha and
beta desynchronization were more expressed during the
second task while the lower gamma synchronization
decreased. The local field event-related potentials were
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elicited by the two tasks without any specific differences.
The AN participates in cognitive networks processing
complex motor—cognitive tasks. Attention should be paid
to executive functions in subjects undergoing AN-DBS.

Keywords Anterior nucleus of the thalamus - Complex
cognitive functions - Deep brain stimulation - ERD/S - ERP

Introduction

Deep brain stimulation (DBS) of different brain targets has
been successfully used to treat various neurological and
psychiatric disorders. Since the SANTE Study (Fisher et al.
2010) was published, DBS of the anterior nucleus of the
thalamus (AN) has become a promising method of treating
refractory epilepsy. For some patients, especially those
with advanced Parkinson’s disease (PD), generally suc-
cessful DBS may be accompanied by cognitive impairment
and neuropsychiatric disorders (Saint-Cyr et al. 2000;
Herzog et al. 2003; Anderson et al. 2005; Temel et al.
2005, 2006; Voon et al. 2006; Witt et al. 2008; Ballanger
et al. 2009; Okun et al. 2009). That is because the basal
ganglia, particularly the subthalamic nucleus, which is the
most common stimulation target, participate in the cogni-
tive neuronal circuits (Parent and Hazrati 1995; Baunez
and Robbins 1999; Graybiel 1997; Aron et al. 2007; Be-
narroch 2008; Balaz et al. 2008, 2010, Bockova et al.
2011). Little is known about the involvement of AN in
cognitive activities in human subjects. It is probable that
AN-DBS produces memory changes. A recent experi-
mental study in rats (Hamani et al. 2010) as well as studies
in human subjects (Fisher et al 2010) showed that high
frequency electrical stimulation of AN could decrease
performance in memory paradigms. This may be explained
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by the position of the AN within the Papez circuit. The AN
may also have an influence on widespread neocortical
networks, particularly in the frontal lobe. The AN projects
to the cingulate gyrus, which has well-documented roles in
self-regulation and executive cognition (Jones et al. 2006),
with further projections to wide regions of the neocortex
(Zhong et al. 2011). The AN is also a key structure in the
intrathalamic pathways. We hypothesized that the AN, in
addition to its participation in memory processing, may
also participate in other cognitive activities, namely in
those that are processed in networks comprising the frontal
neocortical structures. For these reasons, we focused on
complex motor—cognitive tasks as it is known that willed
and automatic actions are controlled at different levels
depending on the degree of task difficulty and complexity
(Norman and Shalice 1986; Luu and Tucker 2002).

We recorded electrical activity linked with cognitive
functions via DBS electrodes implanted in the AN. Intra-
cranial recording studies provide direct access to the sub-
cortical structures. The aim of this study was to investigate
whether the AN might participate in processing higher
order cognitive activities. If so, AN-DBS might lead to
adverse effects in the studied domains, and attention should
be paid to these functions in human subjects undergoing
AN-DBS. We have not seen any published data regarding
the higher order cognitive functions related to the AN or in
patients with AN-DBS.

Materials and Methods
Subjects

Three pharmacoresistant epilepsy patients with DBS mac-
roelectrodes implanted in the AN target participated in the
study (see Table 1). The recordings were performed in the
postoperative period before the stimulator implantation and
the system internalisation. Two patients had a previous
surgical intervention and all patients had undergone
unsuccessful vagal nerve stimulation treatment; the device
was finally explanted. All patients were indicated for the
DBS surgery by the Commission for Neuromodulation
Surgery of the Brno Epilepsy Centre. All the subjects were
informed about the character of this study and gave their
informed consent. The study received the approval of the
local ethics committee. Before the operation, all subjects
underwent a detailed neuropsychological examination
(Wechsler adult intelligence scale, Wechsler memory scale
III, Stroop test, Rey-osterrieth complex figure test, Verbal
fluency test, Boston naming test, Hamilton anxiety scale,
Montgomery-asberg depression rating scale). The exami-
nation showed no signs of dementia. Patients intellect
ranged from the population average to borderline
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Table 1 Patient characteristics

Subject no. 1 2 3

Sex Female Male Female

Age 47 29 44

Hand Right Right Right
dominance

MRI Normal Left temporal Defect after

postoperative defect callosotomy
SOZ Multifocal Left lateral temporal  Frontal,
laterality
unclear
Therapy LTG, TOP LTG, CBZ,
CLO LVT, CLOB

LTG lamotrigine, CBZ carbamazepine, TOP topiramate, LVT leveti-
racetam, CLO clonazepam, CLOB clobazam

deficiency. All patients had a slight to moderate impair-
ment of executive functions, diminished quality of per-
formance was particularly in psychomotor speed and
attentional functions. Basic symbolic functions were
without specific disorders. Mnestic abilities varied from
average to mild impairment.

Surgical Procedure

The stereotactic frame used during the surgical procedure
was the Leibinger ceramic open frame with the Praezis
Plus software and the Talairach and Schaltenbrand Bailey
atlases. The initial coordinates for the anterior thalamic
nucleus as related to the AC-PC (anterior commissure—
posterior commissure) line centre were 0—2 mm anterior to
the midpoint, 5.5 mm laterally, and 10-12 mm above AC—
PC line. The entry point for the electrode was planned at
the proximity of coronal suture. The final target was
modified according to local anatomy, and particular
attention was paid to the safe distance of the trajectory
from thalamostriate vein and choroid plexus. All four
electrode contacts were planned to be inside thalamic
structures. The stimulation leads (Medtronic, Inc.) were
implanted bilaterally into the targeted structure by stereo-
tactic MRI-guided technique under local anaesthesia.
Intraoperative micro recordings to guide lead placement
were employed. Intraoperative stimulation was used to test
possible adverse effects. Once the final target coordinates
were defined, a permanent quadripolar DBS electrode
(model 3389, with 1.5 mm contact length and 0.5 mm in-
tercontact distance) was implanted. The electrode position
was verified by the intraoperative use of fluoroscopy
comparing the position of the micro recording electrodes
trajectories with the definitive quadripolar macro electrode
trajectory. After surgery completion, CT scans under ste-
reotactic conditions covering the entire length of the
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Right electrode subject 1

Left electrode subject 1

Fig. 1 The real electrode and all contacts positions are shown for
both sides as defined by the fusion of postoperative CT with
preoperative MRI scans in the planning workstation. MRI projections
are along the electrode trajectory. An image from the Talairach atlas
(Talairach et al. 1967) in approximately same position is shown.

implanted electrodes were added. The series of images
were reimported to the planning workstation and subse-
quently the coordinates were correlated with the real
position of implanted electrodes (as shown in Fig. 1). The
change of electrode position is evident in the planning data
sets so that the final electrode position can be evaluated
without being burdened by artefacts caused by electrode
material both in CT and MRI scans. The positions of the
electrodes and their contacts in the brain were also later
verified using post-placement magnetic resonance imaging
with electrodes in situ.

Experimental Protocol and Recordings

We used a complex visuomotor paradigm with an
increased load of complex cognitive functions that we had
used in an earlier work for studying the frontal, parietal,
and temporal cortices (Bockova et al. 2007). The visual
stimuli were the letters of the alphabet presented in a
random order on a monitor. Subjects performed two dif-
ferent visuomotor cognitive tasks. The first task was a
simple cognitive task (task 1)—copying letters from the
monitor. The second task was a more complex cognitive
task (task 2)—writing a letter other than that which
appeared on the monitor. The patients were instructed to
write any letter other than the one on the monitor but not a

Right electrode subject 2 Left electrode subject 2

Contacts 4 are placed in the borderline between the AN and the lateral
ventricle. Contacts 3 are all placed in the AN. Contacts 2 are localized
in the AN or on the border between the AN and the DMN of the
thalamus. Contacts 1 are all located in the DMN of the thalamus

letter that would immediately precede or follow that letter
alphabetically. Patients received clear instructions and
practised the task briefly before the recordings. They were
asked to react immediately to the letter displayed on the
monitor, and not to pre-prepare their responses.

The duration of the stimulus exposure was 200 ms; the
interstimulus interval was 16 s.

Subjects reclined comfortably in the monitoring bed, in
a quiet room, with a constant temperature. They were
instructed to remain calm, to keep their eyes fixed on the
monitor, and to avoid unnecessary movements. The mon-
itor was situated in the same place for all the subjects,
1.5 m in front of their eyes, at the end of the monitoring
bed. Subjects wrote letters using an electrically connected
pen. The paper the subjects wrote on was on a desk situated
near their lower abdomen. The testing was visually
supervised by the examiners and was also videotaped.

The intracerebral EEG signal was recorded by the M&I
EEG system. The recordings were monopolar, with a
linked earlobe reference. The sampling rate was 20 kHz
with standard anti-aliasing filters before digitalization. The
signal was thereafter off-line filtered in the band pass up to
300 Hz and downsampled to 1 kHz. The filter was based
on Fourier transformation. In the trigger channel, the
stimuli and reactions (pen-to-paper contact) were recorded,
so the response onset time could be monitored.
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Data Analysis

The data were processed and analysed off-line using
ScopeWin and ScopeMat software. The data were first
segmented according to the stimulation trigger onset. The
segments were visually inspected, and segments containing
artificial signals or mistaken responses were removed. In
each segment the linear trend was eliminated.

Time frequency analysis (TFA) (Akay 2000) with
eliminated phase-lock signals (subtraction of averaged
trial) was used to determine the event related desynchro-
nization/synchronization (ERD/S) in 2-80 Hz frequency
ranges (see Fig. 3). TFA produces a matrix in which each
row represents the over trials averaged signal power
envelopes in a 4 Hz frequency band width (x-axis repre-
sents time; y-axis represents frequency). The frequency
step between two rows was 1 Hz. The signal power
envelope within rows was evaluated by Hilbert transform
demodulation. One matrix thus contains, in the vertical
axis, power envelopes for the frequencies 2-6, 3-7, and up
to 76—-80 Hz, with 75 rows in total. The horizontal axis of
the matrix represents the time intervals from 4 s before
stimulation to 12 s after simulation. In the baseline-nor-
malized TFA matrix, ERS is represented by positive values
(red) and ERD by negative values (blue). Normalization
with a baseline was done according the equation:

ERS = 100 x (PW(t)/PWbaseline
— 1), when PW(t)/PWhbaseline < 1.

ERD = 100 x (1/(PW(t)/PWhbaseline)
— 1), when PW(t)/PWbaseline <1.

PWbaseline—mean power from baseline, PW(t)—
instantaneous power. The limitation of 100 of normalized
values is used. The scale in the TFA matrix in the figures is
4100, —100. The 4100 value (red) means a doubling of
instantaneous power with respect to the baseline region; the
—100 value (blue) means a drop by half. This procedure
provides a comparable colour interpretation of ERS and
ERD.

The statistical significance of ERS/ERD was analysed
from the differences over trials between the mean power at
baseline and the mean power in the window moving over
segment. Statistical significance is presented in a matrix
where the significant changes to baseline are dark red, light
red, dark blue, and light blue. Dark red identifies a power
increase when P < 0.01, light red a power increase when
P < 0.05, dark blue a power decrease when P < 0.01, and
light blue a power decrease when P < 0.05. White regions
of this matrix identify non-significant changes to baseline.

To identify differences between stimuli in time—fre-
quency interpretation, we computed an inter-stimulus sta-
tistical significance matrix—Fig. 2, right panel. Each point
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of the matrix represents the significance of differences
between tasks in the corresponding time and frequency
position. In each time—frequency position, we tested the
differences of two vectors that represent the power enve-
lope value in the appropriate frequency range and time
position over trials from taskl and task2. We used a non-
paired ¢ test to determine significance. In Fig. 2, dark grey
represents P < 0.01 and light grey P < 0.05. The signifi-
cance is after correction, as the same data are used two
times.

Event-related potentials (ERPs) were given in averaged
segments filtered in 0.1-40 Hz bandwidths. The baseline
interval was determined as 1,600-100 ms prior to stimuli.
The statistical significance of ERPs to baseline was ana-
lysed in a similar way as for ERS/ERD, analysing the
differences over trials between the mean computed during
the baseline and the mean computed inside the moving
interval with a length of one-third of baseline. Non-para-
metric Wilcoxon rank sum (signed rank) test for paired
samples was used. The ERP were considered as significant
when P < 0.05, indicated by black rectangles in Fig. 3.

Bipolar montage evaluation was used to exclude the
volume conduction from other structures, namely from the
cortex or transsynaptic propagation along cortical-subcor-
tical pathways (Wennberg and Lozano 2003, 2006) and
confirm the local origin of the potentials. Contacts in the
thalamus were placed very close together. Any EEG signal
from the common reference was eliminated by a bipolar
montage. Even minor bipolar montage activity displays the
origins of detected activity in the AN.

Results

As the first step, we analysed oscillatory changes. Figure 2
shows TFA with statistical significance where a local AN
alpha and beta ERD was more expressed during task 2 and
comprised a wider frequency range on the left side in
subject 1 and 2, and on both sides in subject 3. This rep-
resents a pattern modification related to the increased
complexity during task 2, which is known from our pre-
vious study (Bockova et al. 2007) and was described in a
recent intracranial recording study in the subthalamic
nucleus (STN) (Oswal et al. 2013). This ERD started
around 500 ms in subjects 1 and 3. It started after 2 s in
subject 2. Because the reaction times started after
1,500 ms, we assume the later ERD in subject 2 also
related to the task performance (see Table 2). We observed
these oscillatory changes in the left sided electrodes in all
patients, and in patient 3 also in the right sided electrode.
Whether this lateralization has a physiological significance,
e.g. a relation to the lateralization of the reading and
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Fig. 2 ERD/ERS in 2-80 Hz frequency range and intervals —4 and
12 s before and after stimuli expressed by TFA, in bipolar montage
analysis. The TFA with statistical significance to baseline region
(baseline region is determined by green vertical lines) is shown. Red
identifies a power increase (synchronization), blue a power decrease
(desynchronization). On the top both TFA power and TFA with
statistical significance in subject 1 are presented. Local field lower

gamma ERS can be observed during both tasks with writing single
letters in subjects 1 and 2, weaker during task 2. Specific higher
activation—alpha and beta ERD—related to increased complexity
appeared during task 2 in all subjects: in subjects 1 and 2 on the left
side and in subject 3 on both sides. Left panel task 1, middle panel
task 2, right panel task 2—task 1 difference (Color figure online)
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Fig. 3 ERPs in bipolar montage analysis. The black rectangle defines
the area up to 1 s after stimulus, in which statistically significant
differences to baseline can be observed. In subject 1, local phase
reversals (generated in contacts L3 and R4—highlighted in

Table 2 Reaction times
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Time (s)

Task 2

L1-L2

L2L3

R1-R2

R2-R3
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black fields) are shown; in subject 2, local amplitude gradients are
shown (with the maximum in contacts L4 and R4—highlighted in
black fields, except on the right side during task 2, where no
significant changes were found)

Subject no. 1 3
Task 1 Task 2 Task 1 Task 2 Task 1 Task 2
Mean reaction times 0.93 £+ 0.36 1.80 £ 0.68 1.59 £ 0.14 1.53 £ 0.34 3.06 £ 1.04 3.61 £ 1.53

Results are in seconds £ STD (standard deviation). Subject 1 has the largest difference between reaction times in the two tasks. In subject 2,
there is no difference in reaction times between the two tasks, and the task 2 reaction time is the shortest within the group. Subject 3 has the

longest reaction times
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writing to the left hemisphere, remains to be examined on a
larger population of tested subjects.

In addition, we found significant lower gamma (around
3040 Hz) ERS during both tasks in subjects 1 and 2. The
gamma power reciprocally also slightly decreased while
the alpha and beta power decreased with the higher com-
plexity during the task 2.

As the second step we analysed ERPs. Figure 3 dis-
plays ERPs in bipolar montage analysis where we
observed AN area local field evoked potentials on both
the left and right sides in two subjects during both visual
cognitive motor tasks with writing single letters, without
any specific differences between the tasks. An early peak
around 100-200 ms, probably corresponding to the N,
component known from scalp recordings, was followed by
a slow wave ERP lasting between 300 and 750 ms,
peaking at 300-500 ms. As the slow wave formed a
plateau, the exact latency of the peak could only be
estimated approximately. In the bipolar montage, subject
1 displayed phase reversal (generated in contacts L3 and
R4) and subject 2 an amplitude gradient (with the maxi-
mum in contacts L4 and R4) in the AN area with both
tasks. This indicates the involvement of the AN area in
cognitive processes that are common to both tasks, i.e. the
detection and reading of the letter on the screen and the
preparation and the execution of writing. ERPs in subject
3 were not analysable because of prominent slow spon-
taneous activity of unknown origin with a frequency
around 2 Hz that disturbed the evoked potentials (on the
other hand, oscillations on frequencies higher than 2 Hz
remained analysable).

Discussion

We studied the non-phase-locked event-related changes in
the oscillatory activities, as well as phase-locked cognitive
event-related electrical activity, i.e. ERPs. In the first case,
the power of oscillations may decrease (desynchronize) or
increase (synchronize). The main advantage of the ERD/S
methodology in comparison to ERPs is the ability to dis-
tinguish between cortical inhibition and activation. We
analysed power changes in the 2-80 Hz frequency range,
i.e. within the theta, alpha, beta, and low and high gamma
frequencies. The ERD of the alpha and beta rhythms has
been interpreted as a correlate of activation, i.e. increased
excitability of the cortex. The ERS in the alpha and lower
beta bands has been interpreted as a correlate of a deacti-
vation, i.e. cortical idling or active inhibition (Pfurtscheller
2001). Gamma band ERS seems to be an elementary signal
change with multiple functional correlates related to the
information spread across brain networks (Basar-Eroglu
et al. 1996; Schiirmann et al. 1997; Crone et al. 1998; De

Pascalis and Ray 1998; Pfurtscheller et al. 2003; Szurhaj
et al. 2005; Thara and Kakigi 2006).

Our experimental protocol contained two tasks with
writing single letters. The first task consisted of copying a
letter from the screen; the second task required writing a
different letter than that appearing on the screen. These two
tasks are characterized by several common aspects linked
with the writing of single letters. The two tasks had in
common: visual detection and reading of the letter on the
screen and the preparation and execution of writing. We
supposed the attention and working memory load to be
engaged on a comparable level in both of the tasks in our
experimental protocol as the stimuli were same for both
tasks—the letters of the alphabet had to be kept in working
memory before and during the task performance. The
second task was more complex and less automated and
demanded a higher cognitive load which comprised several
components, including a higher demand on long-term
memory (retrieval of the letters of the alphabet) and several
acts that are covered by the common term of executive
function: the inhibition of automatic (habitual) responses
and the selection, planning, and execution of the chosen
response. We assumed that the most prominent difference
between the tasks is the higher complexity in the second
task. The same experimental protocol was tested in a study
with intracerebral recordings from the frontal, parietal and
temporal cortices. In several frontal and temporal neocor-
tical areas, the complex task elicited larger alpha and beta
ERD than the simple task (Bockova et al. 2007).

As AN-DBS may affect frontal lobe as well as temporal
lobe epilepsy, we assumed that cortical regions that had
been activated by our tasks could be in functional relation
with the AN. AN stimulation produces EEG changes in the
frontal and temporal cortex (Kerrigan et al. 2004) and
inhibits frontal and temporal lobe seizures.

In this study, the enhanced cognitive demand in task 2
led to an enhanced desynchronization of the oscillations in
the AN area in all tested subjects. A large alpha and beta
ERD appeared during the complex task in contrast with no
significant changes or weak ERD during the simple task. A
reciprocal lower gamma ERS decreased with the enhanced
complexity. Similar findings were reported in a study from
the subthalamic nucleus in PD patients. Peri movement
activity was modified by cognitive factors; the beta power
decreased while gamma power increased reciprocally
(Oswal et al. 2013). We observed gamma power reduction
during task 2. Both structures displayed the same desyn-
chronization in the lower frequencies, which is probably a
correlate of a mental effort. While the degree of difference
between the oscillatory changes elicited by the two tasks
varied across the subjects, the general pattern could be
detected in all subjects (see Fig. 2). Subject 1 had the
largest difference between reaction times in the two tasks.
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That is probably because in this subject, the increased
mental effort in the more complex task was clearly
apparent and was reflected by the alpha and beta ERD
enhancement. In subject 2, there was no difference in
reaction times during the two tasks and the task 2 reaction
time was the shortest within the group. We believe that in
this case the mental effort increase was the lowest and was
reflected by a weak ERD. This subject was the youngest
and had the highest score in the presurgical IQ test.
Brighter individuals might be characterized by lower and
topographically more differentiated brain activation (alpha
band ERD) than less intelligent individuals (Neubauer et al.
2006). The later latency of the ERD onset for subject 2
might be explained by the fact that this ERD is just a
fragment of the ERD generally observed in the other sub-
jects, probably active stimulus—response remapping (Oswal
et al. 2013). Each subject can have an individual strategy
for processing complex cognitive tasks. In this case, the
ERD started after the movement onset, while in the other
two subjects it started before the movement. The ERD in
subject 2 was also related to the complex cognitive task
performance, as the general pattern of gamma ERS
reduction/alpha and beta ERD increase was also present in
this subject. Subject 3 had the longest reaction times, and
there was a clear difference in reaction times between the
tasks with appropriate ERD changes linked to high mental
effort.

We also observed cognitive activity related evoked
potentials in two subjects (in subject 3 the ERPs were not
analysable due to strong slow external activity that dis-
turbed the phase-locked changes in the thalamus). Steep
amplitude gradients and phase reversals were observed
between neighbouring contacts L3-L4 and R3-R4 (the
ERPs are shown in Fig. 3). These evoked potentials and the
low gamma ERS were observed during both tasks of our
experimental protocol and probably reflect common pro-
cesses, e.g. attention, working memory, and reading and
writing letters. It confirms that the AN participates in
processing complex cognitive visuomotor tasks.

The ERD/ERS pattern is interpreted in general as a
thalamocortical mechanism to facilitate focal activation
and information processing (focal ERD) by simultaneous
deactivation or inhibition of other cortical areas (surround
ERS) with the goal of optimizing the energy demand in
task-related cortical areas (Pfurtscheller 2006). There is no
reason to speculate that the ERD/ERS in the AN should
represent another function than it does in the cortex. The
second task related occurrence of alpha-beta ERD indi-
cates that the AN participates actively in the cortico-sub-
cortical network processing cognitive functions. The AN
stimulation might influence complex cognitive functions
via pathways connecting the AN with the prefrontal cortex.
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We evaluated the human event-related EEG signal
recorded via intracerebral depth electrodes.

Each electrode contained four 1.5 mm contacts with
0.5 mm intercontact distance. Not all contacts were inser-
ted directly to the anterior thalamus; some were placed in
its proximity. According to the postoperative CT scans and
post-placement MRI, mainly L3 and R3 contacts were
placed in the area that anatomically corresponds to the
anterior thalamus. The local ERD sources were observed in
L2-L.3 and R2-R3 montages, i.e. directly in the AN. In
subject 2, we observed the local generation of ERD during
task 2 on the left side in more distal contacts between
L1-2. Contact L1 was located in the dorsal medial nucleus
(DMN) so this activity could have been generated in the
AN as well as in the DMN. As we observed the origin of
this LFP in the AN in the other subjects, we suggest that
the ERD in subject 2 more probably also originated in the
AN. A possible bias might be due to the small size of the
AN from which we could record activity produced in the
neighbouring structures. In another study, the verification
of DBS electrode placement indicated that structures other
than the AN were also stimulated, namely the thalamic
nuclei latero-polaris, reticulatus polaris, ventro-oralis
internus, and campus Forelii (Osorio et al. 2007). We
assume that we recorded mainly from the AN area but
some influence of neighbouring thalamic structures cannot
be excluded.

Intracerebral recordings are performed on epileptic
patients, and we cannot fully exclude the influence of the
pathological process and of drugs on the recorded electrical
activity. The depth electrodes are submerged in the brain
tissue and record from their immediate vicinity. The data
are thus obtained directly from subcortical structures,
which are inaccessible by scalp measurement. It is not
possible to record from the deep brain structures other than
in patients with diseases affecting the brain. On the other
hand, no interictal epileptiform activity has been recorded
in the human AN. We should be careful in interpreting our
data in the light of these limitations.

More clinical and experimental studies focused on the
possible impact of the high frequency stimulation of the
AN on cognitive functions are needed in order to find
optimal stimulation parameters with clinical effect and
minimalise possible cognitive adverse effects.

Conclusion

The anterior thalamus and frontal and temporal areas par-
ticipate in cognitive networks processing complex visuo-
motor tasks. Therefore AN stimulation could influence
performance of higher mental cognitive operations. More
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attention should be paid to complex cognitive functions in
subjects undergoing AN-DBS.
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