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Abstract: Pathological crying (PLC)—an affective gesture
without any or an adequate emotion—occurs with various
diseases. A recent theory suggests that PLC is caused by a
disruption of higher order cortical association areas from
the cerebellum which computes profiles of psychomotor
responses. We report a patient with Parkinson’s disease
who developed PLC during stimulation of the subthalamic
nucleus (STN) predominantly of the right hemisphere.
Positron emission tomography imaging showed thalamo-
ponto-cerebellar activation during such stimulation. These
findings indicate that the STN and possibly also ponto-
cerebellar pathways are involved in psychomotor control
and in the modulation of PLC. © 2007 Movement Disorder
Society

Key words: deep brain stimulation; Parkinson’s disease;
pathological crying; subthalamic nucleus; positron emission
tomography

The impact of deep brain stimulation (DBS) of the
subthalamic nucleus (STN) on emotional functions is
poorly understood. Clinical observations showed a vari-

ety of emotional effects.3–7 However, pathological crying
(PLC) —a phenomenon of incontinence of affect without
an adequate subjective feeling—induced by DBS has
only once been reported.8 PLC can occur with brain
lesions and neurodegenerative disorders.9 A theory sug-
gests that PLC is caused by disruption of higher order
cortical association areas from the cerebellum, which
computes profiles of psychomotor responses.10 We re-
port clinical and positron emission tomography (PET)
activation results of a PD patient who developed PLC
during stimulation of the STN.

CASE REPORT

A 69-year-old man with advanced PD underwent bi-
lateral STN implantation. Postoperatively, medication
had been reduced from 900 mg of levodopa, 4 mg of
lisuride, and 450 mg of amantadine to 300 mg of L-dopa,
and 2 mg of cabergoline. The 3-year follow-up visit
proved an excellent effect on motor functions (Unified
Parkinson’s Disease Rating Scale [UPDRS]11 Motor
score: “off-medication/OFF-stimulation”, 43; “off-medi-
cation/ON-stimulation”, 9). Stimulation was monopolar
at contact 1, 3.8 V, 90 �sec, 130 Hz (right) and 1, 2.5 V,
60 �sec, 130 Hz (left) and had been unchanged for 2
years. The patient had no symptoms of psychiatric dis-
ease, depression (Beck Depression Inventory [BDI], 4
points), cognitive deficits or dysexecutive syndromes
(Behavioral Assessment of dysexecutive syndrome
[BADS] total score, 13). However, he reported that short
stereotypical uncontrollable episodes of crying without
feeling sad had first started a few months before.

Clinical Examination

The phenomenon spontaneously took place between
once a week and several times a day and more likely
during emotional conversations. We systematically stud-
ied its occurrence in a double-blind randomized manner.

On medication, first we compared during a free con-
versation three blocks on and off stimulation using the
above-mentioned stimulation parameters. Seven epi-
sodes of PLC occurred during a total of 15 minutes in the
on but not during the off.

Second, for analysis of the electrode contact inducing
PLC, we performed a semistandardized conversation
with three “emotional” and “neutral” topics: Monopolar
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stimulation at every single electrode contact after another
was kept constant with respect to pulse width and fre-
quency but was increased in amplitude up to 5 volts or
the threshold of side effects and applied for 5 minutes.
PLC occurred most frequently using ventral contacts in
the right STN and talking about emotional topics.

Structural Imaging

Magnetic resonance imaging (MRI) slices with super-
imposed electrode localization from computed tomogra-
phy scans showed that electrodes were located in the
STN. Additionally, an MRI at the 3-year follow-up visit
showed T2-hyperintense signal changes in the midbrain
posteroventral to the electrode artefacts.

PET Data Acquisition

Contacts in the right STN predominantly induced
PLC, so we activated serially two contacts during PET
scanning for stimulation effects on different parts of this
STN: contact 1 for the lower and 3 for the upper part. We
compared monopolar stimulation of each of the two
contacts with the OFF condition using voltage and pulse
width that had induced PLC most consistently before
(4.2 V, 90 �sec, 150 Hz). In a pseudorandomized block
design, each of the three conditions was performed four
times with a 5-minute interblock interval to change stim-
ulation settings.

PET Results

The patient did not report PLC during the scanning,
however, comparison of stimulation ON with OFF con-
dition across both contacts revealed a significantly higher
regional cerebral blood flow (rCBF; P � 0.05) during the
ON in four areas of the left cerebellum and in the right
thalamus. In addition to activation of the thalamus and
cerebellum, calculation of contact 3 alone showed acti-
vation of the right pons. Calculation of contact 1 alone
revealed no additional information in addition to activa-
tion of the thalamus (Fig. 1).

DISCUSSION

Emotional changes with STN simulation were re-
ported so far due to two possible mechanisms: stimula-
tion of the STN itself modulates its limbic connections or
current spreads to neighboring structures such as lateral
hypothalamus, ventral striatum, or nigrothalamic path-
ways influencing the prefrontal cortex via amygdala.3–7

PLC can occur by affections of the pons, thalamus,
and around the third ventricle.12 A theory10 suggests that
PLC is caused by disruption of higher association areas
(“induction sites” including ventromedial prefrontal cor-
tex, anterior cingulate, amygdala, ventral striatum) from

the cerebellum, which computes profiles of psychomotor
responses. Via pontine interconnections the cerebellum
is proposed to project to “effector sites” (thalamus, hy-
pothalamus, periaqueductal gray matter, motor cortex,
cranial nerve nuclei).

We found stimulation-induced activation of the ipsi-
lateral thalamus and pons and contralateral cerebellum.
According to the above theory, two mechanisms could
induce PLC. First, current spread of neighboring struc-
tures such as the internal capsule might functionally
disrupt corticopontine pathways to the cerebellum, lead-
ing to cerebellar overactivity. That the patient had an
excellent antiparkinsonian effect without clinical signs
such as tonic limb contraction speaks against that mech-
anism. Second, stimulation of the STN itself might lead
to thalamic and (retrograde) pontocerebellar activation,
causing overactivation of the PLC modulatory circuit.

FIG. 1. Electrode localization and functional imaging data. A: Mag-
netic resonance imaging with superimposed computed tomography
(contact 0 bottom) showing the right electrode located in the (predom-
inantly lateral, sensorimotor) subthalamic nucleus (STN; hypointense).
C,D: Calculation for monopolar stimulation of contact 1 and 3 together
(“1�, G� & 3�, G�” vs. OFF) revealed a significant higher regional
cerebral blood flow (rCBF) compared to the OFF in the right thalamus
(C) and in four left cerebellar areas (D). B: Calculation for contact 3
alone showed activation of the right pons. Color bar: t values for
significant rCBF changes (P � 0.05). Talairach coordinates (x,y,z) of
the center of gravity of the activation: C: (21, �8,1) D: (�46, �66,
�56); (�23, �90, �49); (�56, �69, �46); (�27, �73, �42) B: (2,
�24,�6). G, impulse generator. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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Furthermore, induction sites such as ventral striatum
receiving projections from the STN could also be influ-
enced by STN-DBS. STN-DBS can also activate pre-
frontal/parietal association cortices projecting to the cer-
ebellum via the pontine nuclei13 and enhance cerebellar
activation.

As we used the same stimulation parameters in the
scanner that had induced PLC in the conversation before,
we suspect—even though the patient did not present
PLC during the scan and the relation between activation
pattern and PLC is not proven—that stimulation-induced
activation shows the key structures in the modulatory
PLC circuit. We assume if PLC took place in the scan-
ner, activation of effector sites would occur. Discussing
activation patterns, it is noteworthy that calculation was
partly done for rCBF differences of two contacts to-
gether. Interpretation should be cautious concerning the
STN specificity.

Electrode location supports the hypothesis that at least
the behavior of PLC is due to STN stimulation itself.
Because electrode localization was relatively lateral in
the STN, one might speculate whether stimulation of the
motor and not the limbic part induces a dissociation of
motor from emotional components of a crying behavior.
However, relatively high voltage was needed to induce
PLC, which makes current diffusion to the limbic STN
likely.

PLC is a gesture lacking the adequate feeling. It is
different from hyperemotionality where the threshold of
emotional response is changed but quality of emotion is
adequate. Hyperemotionality induced by current flow to
the neighboring substantia nigra was described before3

and should be contrasted to the rare PLC induced by
stimulating the STN itself. As we find a rare phenome-
non we also find an unexpected activation pattern: Usu-
ally STN-DBS induces deactivation of the cerebellum.13

However, this difference can also be due to different
scanning conditions.

PLC could not always be elicited by stimulation. Thus
we postulate that DBS lowers the threshold in a vulner-
able individual, supported by our finding that an abortive
suppressible crying gesture was sometimes observed
without stimulation. On stimulation, the patient lost his
inhibitory voluntary control. The individual vulnerability
could be explained by distinct MRI intensity changes
found at the 3-year visit in the brainstem, probably
affecting the PLC network.

Taken together we present a case with PLC that is
triggered by STN-DBS during a conversation. We pro-
vide evidence that stimulation in the subthalamic nucleus
has an impact on psychomotor control involving cere-
bellar-ponto-thalamic pathways. We propose an individ-

ual vulnerability as an additive factor to induce this rare
syndrome and the associated brain activation pattern.

Acknowledgments: We thank the patient for his cooperation
and Professors Herzog and Coenen (Research Center Juelich)
for providing the PET facility.
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Abstract

Timing in the range of seconds referred to as interval timing is crucial for cognitive operations and conscious time
processing. According to recent models of interval timing basal ganglia (BG) oscillatory loops are involved in time interval
recognition. Parkinsons disease (PD) is a typical disease of the basal ganglia that shows distortions in interval timing. Deep
brain stimulation (DBS) of the subthalamic nucleus (STN) is a powerful treatment of PD which modulates motor and
cognitive functions depending on stimulation frequency by affecting subcortical-cortical oscillatory loops. Thus, for the
understanding of BG-involvement in interval timing it is of interest whether STN-DBS can modulate timing in a frequency
dependent manner by interference with oscillatory time recognition processes. We examined production and reproduction
of 5 and 15 second intervals and millisecond timing in a double blind, randomised, within-subject repeated-measures
design of 12 PD-patients applying no, 10-Hz- and $130-Hz-STN-DBS compared to healthy controls. We found under(re-
)production of the 15-second interval and a significant enhancement of this under(re-)production by 10-Hz-stimulation
compared to no stimulation, $130-Hz-STN-DBS and controls. Milliseconds timing was not affected. We provide first
evidence for a frequency-specific modulatory effect of STN-DBS on interval timing. Our results corroborate the involvement
of BG in general and of the STN in particular in the cognitive representation of time intervals in the range of multiple
seconds.
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Introduction

Time is a fundamental dimension of human existence. Up to

date time research is one of the fields in cognitive neuroscience

with many unsolved issues and competing theories about how the

human brain processes time.

In a classical concept three crucial time scales have been

proposed for different aspects of life. First, circadian timing in the

range of 24 hours controls the sleep-wake rhythm [1] which

depends on hypothalamic structures [2]. Second, milliseconds (ms)

timing is crucially involved in motor control especially of precise

discontinuous repetitive automatic movements [3] and relies on

the cerebellum [4]. Third, timing in the range of (multiple) seconds

(s) referred to as interval timing is essential for cognitive operations

such as decision processes and conscious time processing and

depends on a neural system involving frontoparietal cortices and

basal ganglia (BG) [5,6].

Parkinsons disease (PD) is a neurodegenerative disease charac-

terized by akinesia, rigidity and tremor resulting from a

dopaminergic cell loss in the substantia nigra. In addition to

motor deficits, PD patients show distortions in interval timing that

can be relieved by L-dopa [7,8,9,10]. Besides dopaminergic

therapy deep brain stimulation (DBS) of the subthalamic nucleus

(STN) is a powerful treatment of PD [11,12]. DBS does not only

improve motor functions but also influences cognitive and

executive functions [13] by affecting non-motor loops of the

STN [14,15,16,17,18]. With respect to interval timing DBS

ameliorates the PD-associated impairment in memory retrieval of

time intervals termed ‘‘memory migration effect’’ [19,20]. This

effect describes a phenomenon, where representations for different

time lengths migrate towards each other in memory in such a

manner that long intervals are estimated shorter whereas short

intervals are estimated longer during retrieval.

Classical explanations of time perception using a pacemaker-

accumulator model (scalar timing theory) [21] have been

supplemented by a recent proposal, alleging that interval timing

relies on the detection of coincident neuronal oscillations in

subcortical and cortical circuits (striatal beat frequency model

(SBF) [22]). According to this model thalamo-cortico-striatal loops

are involved in time interval recognition such that striatal basal
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ganglia neurons detect specific oscillatory activation patterns of

frontal cortical areas during time encoding into working memory.

Interestingly, pathological alterations of neuronal oscillations have

recently been implicated in the pathophysiology of PD symptoms

[23,24,25,26,27]. Furthermore, recent studies suggest that STN-

DBS differentially modulates motor and non-motor functions

depending on the stimulation frequency [28,29] probably by

affecting subcortical-cortical oscillatory loops.

Taking the STN-pathways as a model for SBF in human time

perception we therefore investigated the influence of STN-DBS at

different stimulation frequencies on time interval perception and

production at various timescales in four different paradigms. A

double blind, randomised, within-subject repeated-measures

design was used to investigate and compare the effects of STN-

DBS at $130 Hz, 10 Hz, and no stimulation. For interval timing

5 and 15 s time production and memory dependent reproduction

tasks were performed. For millisecond timing an unpaced tapping

task and a time discrimination task with deviance intervals ranging

from 80 to 400 ms were used. Millisecond timing tests were

performed to comprehend differential stimulation effects on BG

versus other (e.g. cerebellar) timing aspects. Reaction time tasks

were performed to control for potential bias of motor performance

on time judgements. Motor symptoms were assessed using the

Unified Parkinsons Disease Rating Scale (UPDRS) motor score

[30]).

Materials and Methods

Participants
12 patients with advanced Parkinsons disease (mean age 64

years, SD 8, range: 47–72; 6 male, 6 female) with implanted deep

brain stimulation devices participated in the study. 12 age and sex

matched healthy subjects (mean age 66, SD: 5, range 56–74 years;

6 male, 6 female) served as a control group. Participants gave

written informed consent according to the Declaration of Helsinki.

The local ethics committee (Ethics committee of the Medical

Faculty, Heinrich-Heine University, Düsseldorf) gave its approval

for the examination of deep brain stimulated patients with

Parkinsons disease using timing paradigms and using low-

frequency DBS settings.

All participants had a Mattis Dementia Rating Scale

(MDRS[31]) score $ 130 and a Beck Depression Inventory

(BDI [32]) score #11, thereby excluding relevant cognitive decline

or depression. Tables 1, 2 illustrate clinical features and scores of

the PD-patients and controls.

Deep Brain Stimulation
All patients had undergone surgery for bilateral implantation of

stimulation electrodes (Model 3389, Medtronic, Minneapolis, MN,

USA) in the STN at least one year prior to study enrolment to

prevent bias due to the micro-lesion effect. During the study the

active contacts, stimulation amplitude and pulse width parameters

optimized for antiparkinson therapy were used (see Table 3).

Stimulation parameters were kept constant except for frequency.

Frequency of stimulation was changed between $130 Hz, 10 Hz

and no stimulation (‘‘OFF’’) (see below).

To localize active contacts used for chronic stimulation

postoperative stereotactic x-rays of 10 patients were available for

reimport into the stereotactic planning system. Mean active

contact position relative to the middle of the line between the

anterior- and posterior-commissure (mid-commissural point,

MCP) was calculated and visualized on the Schaltenbrand and

Wahren Atlas [33]. As Figure 1 illustrates the mean active contact

localisation was at the dorsolateral border of the STN.

Design
A double blind randomised and within-subject repeated-

measures design was used to investigate and compare the effects

of DBS at $130 Hz, 10 Hz and no stimulation on time processing

in PD-patients. Time processing at different time scales was

Table 1. Patient characteristics with sex, age, disease duration, daily anti-parkinson medication, months since implantation in the
subthalamic nucleus, disease type, predominant side, MDRS and BDI scores.

Patient/Sex/
Age (years)

Disease
Duration
(years) Medication (mg/day)

Months Since
Implantation

Disease
Type

Predominant
Side MDRS BDI

1/M/46 13 8 Cabergoline, 550 L-Dopa, 600 Entacapone 42 T L 144 4

2/F/65 12 1,5 Pramiprexole, 100 L-dopa, 400 Entacapone 19 HR L 142 3

3/F/69 25 0,27 Pramipexole, 350 L-Dopa,
1000 Entacapone, 150 Amantadine

20 T R 143 9

4/F/61 11 6 Cabergoline, 775 L-Dopa, 300 Tolcapone 60 T L 140 3

5/F/73 32 0,54 Pramipexole, 700 L-Dopa,
100 Amantadine

96 HR L 142 2

6/M/69 20 1,05 Pramipexole, 500 L-Dopa 41 T L 138 3

7/M/66 17 6 Cabergoline, 750 L-Dopa, 1400 Entacapone, 250
Amantadine, 1 Rasagiline

73 HR L 134 10

8/M/71 21 2,25 Ropinirole, 550 L-Dopa 70 HR L 138 4

9/M/51 16 4 Cabergoline, 300 L-Dopa, 200 Entacapone,
1 Rasagiline

63 HR L 142 2

10/M/72 20 15 Ropinorole, 400 L-Dopa, 400 Entacapone,
1 Rasagiline

17 HR L 140 4

11/F/72 16 1,58 Pramipexole, 750 L-Dopa,
1000 Entacapone, 1 Rasagiline

27 HR L 141 3

12/F/61 20 2,1 Pramipexole, 350 L-Dopa, 1 Rasagiline 25 HR L 143 5

doi:10.1371/journal.pone.0024589.t001
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assessed in four different paradigms. For interval timing a memory

dependent time reproduction task and a time production task for

intervals of 5 and 15 s length were performed. For millisecond

timing a tapping task with inter-tap intervals of 800 ms and a time

discrimination task with deviance intervals ranging from 80 to

400 ms were used. Reaction time tasks were performed to rule out

bias on time judgements by motor deficits. Motor symptoms were

assessed using the UPDRS motor score.

Procedure
All tests were performed at the Department of Neurology of the

University Hospital in Düsseldorf. Patients were tested without

medication after 12 hours of dopaminergic medication withdraw-

al. The three deep brain stimulation conditions 10 Hz, ‘‘OFF’’

and $130 Hz were programmed directly without turning the

device off between sessions in randomised order and kept constant

for 15 minutes before starting the tests. In every stimulation

condition all test were conducted within one block and in the same

sequence. Motor examinations were performed by a blinded

movement disorder specialist and videotaped. Time processing

tests were initiated after careful oral and written instruction by a

neuropsychologist and after a short training session. All tests were

performed on a personal computer using E-Prime (Psychology

Software Tools, Inc., Version 1.0 for Windows 98). For illustration

of tests see Figure 2.

Interval timing
Time reproduction. A tone (700 Hz, 2000 ms duration) was

presented at the beginning and end of the 5 s or 15 s intervals and

subjects were instructed to encode the intervals duration. These

two test intervals were presented in random order. After a delay of

1 s the subjects were instructed to reproduce the interval by two

button presses, one at the beginning and one at the end. After

reproduction of the interval subjects were instructed to start the

next trial by pressing a button. Each interval was presented 10

times. Relative deviations from the target interval were calculated.

Time production. An instruction on the computer screen

requested the subjects to produce an interval of 5 s or 15 s. The

subjects were not taught how long 5 s or 15 s intervals were. After

a start cue the instruction was cleared from the screen and the time

interval between two button presses was measured, marking the

beginning and end of the produced interval. After a delay of 3 s

the subjects could start the next trail by pressing a button. 5 s and

15 s intervals were each requested 10 times in a randomised order.

Relative deviations from the target interval were calculated.

Millisecond timing
Time discrimination. A tone (700 Hz, 200 ms length) was

presented at the beginning and end of a standard interval of

1200 ms duration. After a delay of 3 s a comparison interval was

presented in the same manner. The comparison interval had a

length between 800 and 1600 ms, the length varying in steps of

80 ms (800, 880, 960, 1040, 1120, 1280, 1360, 1440, 1520,

1600 ms). Each comparison interval was randomly presented five

Table 2. Control characteristics with sex, age, MDRS and BDI
scores.

Control/Sex/ Age (years) MDRS BDI

1/F/56 143 0

2/M/63 144 1

3/F/66 142 5

4/M/62 144 3

5/F/69 144 3

6/F/64 136 4

7/M/74 141 6

8/F/63 138 2

9/M/65 141 7

10/F/71 140 0

111/M/70 142 3

12/M/65 135 2

Abbreviations: MDRS = Mattis Dementia Rating Scale; BDI = Beck Depression
Inventory; HR = hypokinetic-rigid; T = tremor dominant; L = left; R = right.
doi:10.1371/journal.pone.0024589.t002

Table 3. Stimulation parameters used for long term stimulation and active stimulation contact (monopolar, with impulse
generator used as anode) for each hemisphere.

Patient Amplitude (V) Pulse Width (mms) Frequency (Hz) Contact

Left Right Left Right Left Right Left Right

1 3,0 3,0 60 60 150 150 2 6

2 2,2 2,4 60 60 130 130 1 5

3 2,4 2,45 60 60 130 130 3 5

4 3,1 2,5 60 60 150 150 6 and 7 00

5 1,3 3,0 60 60 130 130 1 3

6 3,8 3,8 90 120 180 180 2 4

7 4,0 1,5 60 60 130 130 4 1

8 3,4 3,4 60 60 130 130 2 5

9 3,3 2,7 60 60 130 130 2 5

10 2,6 3,6 60 60 130 130 1 5

11 3,0 3,0 60 60 130 130 3 7

12 3,2 3,9 60 60 130 130 7 3

Abbreviations: V = Volt; ms = Microseconds; Hz = Hertz.
doi:10.1371/journal.pone.0024589.t003
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times, resulting in 10 trials per deviance (80,160,240,320,

400ms) from the standard interval, rendering a total of 50 trials.

Subjects were instructed to judge if the comparison interval was

longer or shorter than the standard interval by pressing respective

buttons. The number of judgements ‘‘longer’’ and ‘‘shorter’’ were

saved.

Tapping. The finger tapping task consisted of one run with

two phases. First, subjects performed an auditory paced tapping

task. Tones (700 Hz, 20 ms length) with an inter stimulus interval

of 800 ms were presented and subjects were instructed to press a

button with the onset of each tone. Second, after 20 auditory

paced taps the tones stopped and the subjects were instructed to

continue tapping at the given interval for 20 further taps without

the pacer. The intertapping interval in the unpaced tapping phase

was measured.

Reaction time. A tone (700 Hz, 1000 ms duration) was

presented at a randomised interstimulus interval between 1 and

5 s. The participants were instructed to react to the tones as fast as

possible by pressing a button. 20 trials were recorded.

Statistical analysis
Measured time intervals and relative deviation from the target

intervals for reaction time, reproduction, production and tapping,

correct judgements for time discrimination and results of the

motor scores were analysed with SPSS for Windows (SPPS Inc.,

Version 12.0). Considering the small sample size and as testing

with the Kolmigorov-Smirnof test failed to show normal

distribution for most samples nonparametric test were used to

Figure 1. Stimulated area. Mean location of active contacts
highlighted and marked with a white arrow at axial slice 3.5 mm under
MCP of the Schaltenbrand and Wahren Atlas. Mean coordinates 6
standard deviation were: right hemisphere: x-coordinate = 13.761.7, y-
coordinate =20.562.1, z-coordinate =22.462.0; left hemisphere: x-
coordinate = 13.061.3, y-coordinate =20.362.3, z-coordinate =
22.862.8 Figure is based on the Cerefy Clinical Brain Atlas [53].
Abbreviations: STN = Nucleus subthalamicus; Gpe = Globus pallidus
pars externus; Gpi = Globus pallidus pars internus; RN = Nucleus
ruber; SN = substantia nigra.
doi:10.1371/journal.pone.0024589.g001

Figure 2. Paradigms. Illustration of the paradigms for time reproduction, time production, time discrimination and tapping. *10 cycles per interval,
total of 20 trials; **10 steps of 80 ms, 5 cycles per interval, 10 cycles per each deviance (80, 160, 240, 320, 400 ms) from standard interval, total of 50
trials; ***total of 20 trials.
doi:10.1371/journal.pone.0024589.g002
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compare results between stimulation conditions within the PD

group and between the PD patients and healthy controls.

Friedman tests for related samples were used to analyse the effect

of the factor ‘‘stimulation setting’’ within the PD-group. If a

significant difference between stimulation conditions was detected,

sequential Bonferroni corrected Wilcoxon-tests were performed

for post hoc comparisons. To compare stimulation and control

groups sequential Bonferroni corrected Mann-Whitney-U-tests for

unrelated samples were used.

In the discrimination tasks a measure of the comparison duration

judged equal to the standard interval, the point of subjective

equality (PSE), and additionally as a measure of the precision of

temporal discrimination, the just noticeable difference (JND), was

determined. Thus, binomial logistic regression functions were fit to

the data of each patient in all stimulation conditions and for control

subjects. Fitting was performed with GraphPad Prism 5 (GraphPad

Software, La Jolla California, USA). Two patients and two controls

were excluded from analysis of PSE and three patients and controls

were excluded from analysis of JND due to ambiguous fits. The

duration with 50% ‘‘longer’’ judgments was taken as PSE. JND was

calculated by taking the duration with 75% ‘‘longer’’ judgements

minus the duration with 25% ‘‘longer’’ judgements divided by two.

Statistical comparison of PSE and JND was then again done within

the PD group using Friedman test and between controls and

patients using Whitney-U-Tests.

Results

Interval timing: Time reproduction and production
Patients and controls over-(re-)produced the 5 s interval and

under-(re)produced the 15 s interval in both tasks (Figure 3 A and

B).

For the 5 s interval in the production task there was no

significant difference between controls and stimulation conditions

or between the individual stimulation conditions after Bonferroni

correction. In the 5 s reproduction task there was a trend revealing

a difference between controls and patients with 10 Hz stimulation

(p = 0.06) and without stimulation (‘‘OFF’’) (p = 0.07)).

Comparisons of the different stimulation conditions and healthy

controls in the reproduction task for the 15 s interval showed that

10 Hz stimulation significantly enhanced the 15 s underreproduc-

tion effect (10 Hz: 10.4 s6 (SEM) 0.9 s; compared to OFF:

12.560.8 s, p,0.05; compared to .=130Hz: 13.560.6 s,

p,0.05; compared to controls: 14.860.2 s, p,0.001). Corre-

spondingly, in the 15 s production task underproduction was

stronger with 10 Hz (10.160.5 s) than without stimulation

(11.160.8 s, p,0.05), .=130Hz stimulation (13.260.9 s;

p,0.05) and than in controls (13.960.7 s, p,0.01). Furthermore

the stimulation OFF differed from .=130Hz (p,0.05) and

normal controls (p,0.01).

Taken together, 10 Hz DBS significantly worsened interval

timing at the 15 s interval and -discriptivly saying - controls and

patients with .=130Hz DBS showed lowest impairment of time

processing. Furthermore, controls and patients with .=130 Hz

stimulation performed the 15 s time production significantly better

compared to OFF stimulation. (Figure 3 A and B).

These differences in the production task between OFF and

controls can also be interpreted as a disease effect (see dashed line in

Figure 3 B). Correspondingly, the other differences can be named

as a stimulation effect within the PD group, namely between 10 Hz

vs. OFF and vs. 130 Hz in the reproduction task and in the

production task between 10 Hz vs. OFF and vs. 130 Hz and

additionally between 130 Hz vs. OFF (see continuous line in

Figure 3A/B).

Furthermore, as Figure 4 illustrates, these stimulation effects within

the patient group could be found in most of the subjects, with the

most pronounced under(re-)production during the 10 Hz stimu-

lation.

Milliseconds timing: Time discrimination and tapping
In the time discrimination task number of correct judgements

for comparison intervals did not significantly differ between

controls (4162) and patients or between different stimulation

conditions (10 Hz: 3861; OFF: 3562; .=130 Hz: 3562;).

Furthermore PSE and JND did not differ significantly (PSE in

ms:10 Hz: 1229 622; OFF: 1185 667; .=130 Hz: 1265 640;

controls: 12416 102; JND in ms: 10 Hz: 226 655; OFF: 259

6181; .=130 Hz: 300 6120; controls: 2316 118) (see Figure 5).

In the tapping task with interstimulus intervals of 800 ms the

intertap interval in the unpaced phase was significantly longer

(p,0.01) than in the paced phase in all patient conditions and in

Figure 3. Mean results of interval timing. A: Mean results of time
reproduction; B: Mean results of time production. Mean relative
deviation (with SEM) from the target interval of 5 and 15 s for controls,
PD-patients with stimulation OFF, .= 130 Hz and 10 Hz. Significant
differences: *p,= 0.05; **p,=0.01, ***p,= 0.001. Comparisons: con-
tinuous line: stimulation effect within PD group, dashed line: disease
effect.
doi:10.1371/journal.pone.0024589.g003
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normal controls. This reflects a strong anticipation in the paced

phase (Figure 6). There was no significant difference of mean

intervals for the paced phase between controls and patients and

within stimulation conditions (mean paced intertap interval in ms:

10 Hz: 360; OFF: 315; .=130 Hz: 458; controls: 393). Finally,

the main dependent variable, the mean intertap intervals in the

unpaced phase, did not differ significantly between controls and

patients or between different stimulation conditions (interval in

ms:10 Hz: 744; OFF: 805; .=130 Hz: 819; controls: 773).

Standard error of mean and standard deviation did also not differ

significantly between stimulation conditions and between PD

patients and controls in the paced and unpaced phase (paced SD/

SEM in ms: 10 Hz: 253/63; OFF: 247/52; .=130 Hz: 220/48;

control: 313/70; unpaced SD/SEM in ms: 10 Hz: 199/44; OFF:

219/49; .=130 Hz: 367/82; control: 102/23).

Taken together, performance in milliseconds timing, as

measured by the time discrimination and tapping tasks, did not

differ between patients and controls or between stimulation

conditions.

Reaction time and motor scores
Reaction times were significantly shorter in controls

(282614 ms) than in all patients (10 Hz: 408635 ms, p,0.01;

OFF: 420620 ms, p,0.001; .=130 Hz: 321614 ms, p,0.05).

Patients reacted significantly faster in the .=130Hz stimulation

condition than in the OFF state (p,0.05) but there was no

significant difference between stimulation frequencies.

Regarding the UPDRS motor score the patient’s performances

in all conditions was worse than that of the control group (160.4;

p,0.001). Stimulation conditions differed significantly. In the

10Hz stimulation (4562, p,0.01) and OFF conditions (4963,

p,0.01) motor performance was worse than in the .=130 Hz

stimulation condition (2663).

Thus, .=130 Hz stimulation improved motor performance

whereas OFF and 10Hz stimulation did not. As a possible disease
effect on interval timing correlation between motor score/reaction

time in the stimulation OFF-state and 15 sec production and

reproduction performance was calculated. However, a significant

correlation between motor and interval timing performance could

not be detected.

Discussion

The aim of the study was to examine the impact of 130Hz- and

10Hz STN-DBS on timing functions in PD patients. The main

findings were as follows: 1) For interval timing patients and

controls over(re-)produced the short intervals of 5 s and under(re-

)produced the long intervals of 15 s in both the time production

and the reproduction tasks. 2) There was a significantly greater

underproduction of 15 s in patients in the stimulation OFF

compared to controls, delineating a disease effect. 3) There was a

significant worsening of time production and reproduction during

10 Hz STN-DBS and a mitigation of time production error during

.=130 Hz STN-DBS for the interval of 15 s. 4) Timing in the

milliseconds range was not significantly different between patients

and controls or between the different stimulation conditions. Thus,

STN-DBS modulates 5 to 15 s interval timing but not millisecond

timing in a frequency-dependent manner.

Methodological consideration
Stimulated area. Stimulation contacts yielding optimal

motor benefits during chronic stimulation were used. Active

contacts were located in the dorso-lateral (motor) part of the STN.

It is possible that if a more ventro-medial (associative/limbic) part

of the STN had been stimulated impact on timing tasks could have

been different. Besides stimulation of the STN per se current

spread to the zona incerta or the capsula interna can also be taken

into account as a possible mechanism of action.

Possible bias: Motor performance, medication influenced

motivation, attention, design of the paradigm. Although

interval timing tasks required motor action a general effect of motor

deficits on these interval timing tasks can be ruled out, as the patients

under(re-)produced the 15 s interval - by pressing the reaction button

earlier - in the conditions with the worst motor scores (10 Hz and

OFF) and longest reaction times. The contrary would be expected if

the effects were caused by a motor deficit or by reaction time. All tasks

were performed without PD-medication to test solely DBS effects.

Figure 4. Individual results of interval timing. A: Indivdual time
reproduction in DBS patients B: Individual time production in DBS
patients. Individual relative deviation from the target interval for each
PD patient and respective stimulation settings.
doi:10.1371/journal.pone.0024589.g004
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Long acting dopamine-agonists may have a minimal influence on

results. However, 12 hours of L-Dopa withdrawal is the standard

regime in clinical testing and was proven to be sufficient to obtain

satisfactory results in our previous work [28,29]. Bias by motivational

changes in the non-medicated state can not entirely be ruled out as it

was recently shown in D2-receptor overexpressing transgenic mice

that modulation of the striatal dopaminergic system can impair timing

mediated by cognitive and motivational factors [34]. Another issue

might have been fluctuations in the degree of attention during the

paradigm. In the production or reproduction paradigm subjects might

have been inattentive to the length of the present interval (5s or 15s).

This could have lead to enhanced ‘‘migration’’ of performance in both

time intervals. Thus, one might argue that e.g. 10 Hz DBS would

merely enhance inattentiveness or distractibility rather than affect time

processing itself. However, improved cognitive performance in a

verbal fluency task during 10 Hz stimulation in our previous

experiment [29] argues against this hypothesis. Finally, two issues of

the paradigm design can be discussed. First, for the time

discrimination task the number of correct judgements was analysed.

Another approach was to calculate the difference thresholds (JND)

and point of subjective equality (PSE). Such estimates, however, could

be noisy due to the given number of 10 presentations per deviation

Figure 5. Mean results of time discrimination. Point of subjective equality (PSE) and just noticeable difference (JND) in ms (with SEM) for
controls, PD-patients with stimulation OFF, .= 130 Hz and 10 Hz.
doi:10.1371/journal.pone.0024589.g005

Figure 6. Mean results of tapping. Mean intertap interval in ms (with SEM) of paced and unpaced tapping for controls, PD-patients with
stimulation OFF, .=130 Hz and 10 Hz. Significant difference between paced and unpaced: **p,0.01.
doi:10.1371/journal.pone.0024589.g006
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from the standard interval. Nevertheless, we opted not to extend the

paradigm as it would have been to demanding for patients in the

unmedicated state. Secondly, we did not control for individual

counting strategies during interval timing. Therefore the observed

effects could be either due to influence of DBS on timing or on counting.

Especially, the relatively good performance during the reproduction

task makes counting seem plausible. However, it is assumed that both

timing and counting involve brain areas that are influenced by DBS,

such as the supplementary motor area (SMA), the inferior frontal

gyrus (IFG) or the cingulum, and that counting additionally involves

the primary motor cortex, the cerebellum and the putamen [35]. This

important fact should be considered in the discussion of time

processing effects of DBS.

Interval Timing: Memory dependent versus memory
independent effects
The impact of DBS on interval timing concerning memory

dependent tasks such as time reproduction and on the ‘‘memory

migration effect’’ has been reported before [20]. Our results are in line

with these previous findings. Moreover, we provide first evidence for a

frequency dependent modulation of time intervals in the range of

multiple seconds. The impact of STN-DBS on memory dependent

timing functions is presumed to be due to an influence on retrieval of

time representations from memory [19]. Thus, it can be concluded

that STN-DBS has a frequency dependent modulatory impact on the

retrieval of time representations in the range of multiple seconds. In

addition, one can assume that this effect increases with higher demand

on memory and with the length of the retrieved interval. Therefore

this effect is more pronounced in 15 sec rather than in 5 sec.

Furthermore we also found time production of longer intervals to be

modulated in a frequency dependent manner by STN-DBS. This was

not expected, as time production was not assumed to be influenced by

memory. The time production paradigm was designed to examine the

effect of the inner pacemaker on timing functions. It is known that a

pathologically slowed internal clock in Parkinsons disease can be

speeded up by L-Dopa [10] and slowed down by dopamine

antagonists [36]. However, as performance for long and short time

intervals lead to opposite effects our results can’t be explained by

modulation of an inner pacemaker alone. A confounding influence of

memory functions on the production task can’t be ruled out, as two

different intervals were randomly requested in the task. This

hypothesis is supported by recent findings illustrating that impaired

interval timing in PD-patients can only be found when intervals with

two different durations are tested in one session [37]. This affection of

memory in the production task would reflect a stored, possibly

semantic memory for intervals needed to provide the target duration.

In contrast to this semantic memory for the production task, a working

memory mechanism, keeping track of the target stimulus in the

reproduction task hast to be considered. Thus, as proposed by the

memory migration effect, the long term memory representations for

the two time intervals migrated towards each other in the

reproduction task rather than in the production task. The fact that

patients as well as controls showed a migration of long and short time

intervals towards each other indicates that this effect might be a

normal working memory phenomenon rather than a pathological

phenomenon in PD patients.

Multi-seconds versus milliseconds timing: Different
neural systems depending on the time scale?
In contrast to interval timing in the range of several seconds,

milliseconds timing was not significantly modulated by STN-DBS

in our study. Therefore, one might conclude that our study

supports one classic view, stating that milliseconds timing is not

dependent on basal ganglia function and, thus, is not impaired in

PD. According to this hypothesis, some authors report that

patients with cerebellar lesions have deficits in tapping and time

discrimination tasks whereas patients with PD do not have such a

deficit [38]. However, this view is not generally accepted and other

authors provide evidence suggesting that the basal ganglia are

indeed involved in millisecond timing [39,40]. Especially the

striatum seems to be involved in such tasks [41]. Our study design

can neither prove nor rule out an involvement of the striatum in

milliseconds timing. Nevertheless, we show that milliseconds

timing is less vulnerable to electrical stimulation of the STN,

presumably as this nucleus forms part of the indirect modulatory

part of the cortico-striatal-thalamic circuit.

Impact of subthalamic deep brain stimulation on time
representations
In addition to an impact on memory retrieval of time intervals

in the range of multiple seconds it is also plausible that DBS affects

the comparison and decision processes associated with the retrieval

of time representations from memory by affection of the

dorsolateral prefrontal cortex (DLPFC). It has been shown that

repetitive transcranial magnetic stimulation (rTMS) of the right

DLPFC can distort time reproduction of 5 and 15 s intervals [42].

Furthermore imaging studies showed that the right DLPFC is

involved in timing functions [43,44,45,46]. Basal-ganglia connec-

tions with various cortical areas have been considered in timing

functions in a positron emission tomography (PET) study by

Jahanshahi et al. [47]. They attribute working memory for time

intervals to the left premotor cortex (PMC). Interestingly

activation strength of the PMC correlated with the length of the

time interval. In our study the DBS effect was mainly seen in the

15 s time interval, which corresponds to the hypothesis that an

influence of the PMC is more pronounced by longer intervals.

Furthermore, Jahanshahi et al. discuss that the supplementary

motor area (SMA) is involved in conscious time representation. An

impact of DBS on cortical areas such as the DLPFC, orbital

frontal cortex (OFC), SMA and PMC has been shown previously

in other tasks besides timing [16,48,49]. During cognitive tasks

such as verbal fluency DBS deactivates the left inferior-frontal

cortex (IFC) [18]. Furthermore, a selective frequency dependent

modulation of verbal fluency relying on projections between the

STN and frontal cortical areas has been shown in our own

previous work [29]. The present study suggests that a frequency

dependent modulation of projections between the STN and the

DLPFC, PMC and/or SMA might play a key role in the influence

on time representations. The frequency modulatory effect on

subcortical-cortical networks can be explained by the influence on

oscillatory neuronal activity. As 10 Hz stimulation of the STN

possibly activates [28] motor parts of a pathological tremor

network [27] the current findings might be explained in a similar

way. A ‘‘coincidence detection’’ or ‘‘striatal beat frequency model

(SBF)’’ [22] postulates that thalamo-cortico-striatal loops are

involved in time recognition: striatal neurons detect specific

oscillatory activation patterns of frontal cortical areas that are

involved in working memory functions. Recordings from single

cells support this idea, showing that single cell macaque recordings

from the striatum and prefrontal cortex display a temporal

interrelation of their firing patterns during time encoding [50].

Striatal recordings in rats during a time reproduction task with a

probabilistic reward show selective firing patterns for time intervals

of 10 and 40 s [51] and neurons of the prefrontal cortex change

their firing rate depending on the number of visually presented

items [52]. Thus, the SBF model postulates that frontal cortical

representations for the number of items play a role for time
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recognition. In this sense the SBF model might be used to explain

our finding on time processing of longer time durations on a

neuronal basis. As the STN is part of the thalamo-cortico-striatal

circuit STN-DBS can be interpreted as one example of frequency

dependent electrical modulation within the SBF model of interval

timing. However, the specific role of 10 Hz with respect to the

findings and the model is not known. Nonetheless, we provide first

evidence for the possibility of frequency dependent modulation of

cognitive time representation in humans by DBS, during which

high frequency .=130 Hz DBS imposes a beneficial timing

signal on the basal ganglia and associated areas and 10 Hz DBS

further disrupts a system which is already impaired by PD.
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a b s t r a c t

Background: Abnormalities in motor speech performance are frequently observed in Parkinson’s disease
and are thought to be induced by complex dysfunction of planning, preparing and execution of speech
motor sequences. The aim of our study was to test the differential influence of levodopa and bilateral
deep brain stimulation of the subthalamic nucleus in Parkinsonian patients based upon a multi-level
syllable repetition paradigm.
Methods: Twenty-four patients and 32 healthy subjects were tested. Patients had to perform the speech
task under three different conditions: OFF-Stimulation/OFF-Medication, ON-stimulation OFF-Medication
and ON-Stimulation/ON-Medication. Participants had to repeat a single syllable (/pa/) or a pair of alter-
nating syllables (/pa-ti/) in a self chosen isochronous pace or in a given pace of 80 per minute. Percental
coefficient of variance of interval length was measured for description of pace stability throughout the
performance.
Results: Coefficient of variance in the patient group was elevated in the tasks consisting of a single syl-
lable repetition and showed a further increase in the alternating syllable tasks. Deep brain stimulation
led to a further deterioration whereas levodopa induced an amelioration of coefficient of variance signif-
icantly in the more complex task consisting of the repetition of alternating syllables.
Conclusions: In the patient group, pace performance was observed to be irregular in all tasks, but showed
a further decline under deep brain stimulation and when two or more equal demands (steadily keeping a
given pace/alternating syllables) were present as a possible hint for additional executive dysfunction
which was partially compensated by levodopa.

� 2012 Elsevier GmbH. All rights reserved.

Introduction

In Parkinson’s disease (PD), the characteristic dopamine-depen-
dent basal ganglia dysfunction leads – amongst a variety of other
motor and non-motor symptoms – to instability of repetitive
automated motor sequences. The instability of repetitive motor
activities is characterized by deviations of amplitude and/or dura-
tion of the subsequent motor sequence from the antecedent [1]. It
typically shows a tendency to further deteriorate in the course of
production. There is a wealth of evidence for abnormalities of pace
and rhythm in PD while executing repetitive movements within
different modalities such as hand and finger tapping [2,3],

diadochokinesis and gait [4], which can be partially improved by
voluntary attention or the use of external cues [5,6]. Furthermore,
the great majority of PD individuals develop voice and speech
problems in the progression of the illness [7]. The core feature of
dysarthria in PD is hypophonia. In detail, based upon the percep-
tual analysis of large samples of Parkinsonian speakers, first sys-
tematic research on Parkinsonian speech defined salient clusters
of deviant speech dimensions in hypokinetic dysarthria including
a harsh breathy voice quality, reduced variability of pitch and loud-
ness, reduced stress, imprecise consonant articulation and short
rushes of speech interrupted by inappropriate periods of silence
[8,9]. Concentrating on aspects of speech rate and regularity in
PD, the results of previous studies on speech rate are inconsistent,
probably due to methodological differences and small sample sizes
[10–12]. A recent analysis of speech rate in Parkinsonian patients
revealed a significant articulatory acceleration during reading
rather than an alteration of overall articulatory velocity [13]. The
phenomenon of speech hastening and impaired self-paced
sequencing has been confirmed by further studies based upon
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syllable repetition and oral diadochokinesis tasks, in which partic-
ipants were asked to reiterate a given syllable as fast as possible in
a single breath [14,15]. A recent investigation on syllable repetition
capacity in PD revealed an impairment to maintain an isochronous
pace with a tendency to pace acceleration throughout syllable
production [16].

From the therapeutic point of view, the effect of dopaminergic
stimulation on motor speech performance in PD finally remains
inconclusive, whereas most of the studies found no significant
changes of speech rate and rhythm after short-term levodopa
administration or under long-term dopaminergic medication
[17–19]. On the other hand, studies on the effect of deep brain
stimulation (DBS) of the subthalamic nucleus (STN) using clinical
scales have shown variable effects on different aspects of speech
to stimulation [20,21]. Speech was the only function not improved
following 5 years of STN stimulation [22,23]. Speech deterioration
has even been reported as a common side effect of STN–DBS with a
prevalence ranging from 4% to 17% [24,25]. There is some evidence
for a crucial role of contact side and amplitude of stimulation on
speech intelligibility, whereas in some patients, the progression
of speech difficulties was not modifiable by adjusting the medica-
tion or stimulation [26–28]. However, studies on specific motor
aspects of speech, like loudness of sustained phonation or tongue
force have shown improvement with STN–DBS although this
improvement was not reflected by an amelioration of overall
speech intelligibility [29–33].

A recent investigation of the differential influence of levodopa
and STN–DBS on motor speech performance based upon a simple
syllable repetition paradigm showed a deterioration of the steadi-
ness of repetition under STN–DBS whereas levodopa had no effect
on motor speech performance [34]. However, these results were
only preliminary due to the small sample size and the limitations
of the speech paradigm. Therefore, the current study can be seen
as a further development of that original investigation using a
more extensive speech task with stepwise increasing complexity
in order to define specific patterns of impairment and to character-
ize a possible differential effect of levodopa and STN–DBS on motor
speech performance in PD.

Material and methods

Our study was in compliance with the Helsinki Declaration and
had been approved by the local Ethics Committees (Study Nr. 3277).
Written informed consent was obtained from each participant.

From 2009 to 2010, 24 patients with Parkinson’s disease (PD)
and chronic bilateral deep brain stimulation of the subthalamic nu-
cleus (DBS–STN) were recruited for this study. The diagnosis of PD
was based upon clinical criteria according to the UK Parkinson’s
Disease Society Brain Bank Criteria [35]. Patients’ age ranged from
53 to 77 years (mean 67.59/median 67; 12 male, 12 female). Par-
kinson’s disease had been diagnosed from 5 to 28 years prior to
this investigation (mean 16.33/median 15.5). Each patient was
tested under three conditions: stimulation OFF/medication OFF
(condition1: StimOFF/MedOFF), stimulation ON/medication OFF
(condition 2: StimON/MedOFF) and stimulation ON/medication
ON (condition 3: StimON/MedON, testing performed 30 min after
admission of 200 mg of a soluble levodopa preparation) and under-
went a neurological examination, according to UPDRS Motor Scale
(UPDRS III) before performing the speech task. The three conditions
were chosen to quantify the stimulation effect and the additive
medication effect. A fourth condition (stimulation off/medication
on) was disregarded in order to avoid fatigue, to avoid too much
practicing effects and thus too high demand on task randomization
order and to be able to finish the ‘‘medication on’’ condition within
one session after L-Dopa administration in a stable motor state.

Patients’ characteristics are summarized in Table 1. None of the pa-
tients experienced orofacial or abdominothoracic peak-dose dyski-
nesia while being tested.

As control group we tested 32 age-matched healthy persons
(mean age 67.13 years/median 68 years/range 48–83 years; 19
male, 13 female).

Speech samples were digitally recorded using a commercial
audio software (Steinberg WaveLab�/Steinberg Media Technolo-
gies GmbH, Hamburg, Germany) and a head-set microphone with
a defined mouth to microphone distance of 3 cm. The speech task
consisted of three subtests. Test 1: Repetition of the syllable /pa/ in
a self chosen steady (isochronous) pace without acceleration or
slowing articulatory velocity. Test 2: Repetition of the syllable /
pa/ in a velocity of 80/min given by a metronome; participants
had to listen to the pace first, then start with the syllable repeti-
tion; the metronome was stopped after four utterances, and partic-
ipants had to keep the given pace. Test 3: Alternating repetition of
the syllables /pa/ and /ti/ with the given metronome-based velocity
of 80/min. Each subtest was performed twice; the average values
of first and second trial were taken for the definite analyses. In each
test the participants were asked to repeat the syllables at least 40
times. Only the first 30 utterances were taken for the definite anal-
yses in order to avoid a modification of participants’ articulatory
velocity by the expectance of the imminent end of the task. Inter-
vals interrupted by prolonged breathing were excluded.

The analyses were performed according to the previous re-
ported method [16]: Based upon the oscillographic sound pressure
signal of the recorded audio material, the period from onset of one
vocalization until the following vocalization was defined as ‘‘inter-
val’’; interval duration (IntDur) was measured in milliseconds (ms).
Stability of pace of the utterances was defined as relative coeffi-
cient of variation (COV5–30) calculated for the intervals 5–30 in
relation to the average interval length of the first four utterances
(avIntDur1–4) following the formula: COV5�30 = SD5�30/[(avInt-
Dur1–4)/

ffiffiffiffiffiffi
26

p
] � 100 (for abbreviations see Table 2). This procedure

is based upon the hypothesis that the first utterances are necessary
for the definition of the individual articulatory pace which has to
be maintained throughout the ongoing speech task. As a measure
for the precision of interval length reproduction, the average inter-
val length was related to the given interval duration of 750 ms in
test 2 and test 3 and defined as percental interval duration
(%IntDur).

Furthermore, participants had to twice reiterate the syllables /
pa/ and /pa-ti/ as fast as possible for at least 5 s. The average of
all four trials was taken as a measure for the maximum syllable
repetition capacity (maxSylRep in syllables per second) (The defi-
nitions are summarized in Table 2).

Table 1
Patients’ characteristics.

Mean Standard deviation Range

Age (years) 67.59 7.10 53–77
Disease duration (years) 16.65 6.05 6–28

UPDRS III
Condition 1: StimOFF/MedOFF 38.88 11.71 16–70
Condition 2: StimON/MedOFF 24.85 10.71 7–52
Condition 3: StimON/MedON 15.69 7.47 3–30

Stimulation parameter
Amplitude (volt)
Left STN 2.9 0.79 1.2–4.0
Right STN 3.1 0.72 1.8–4.2
Frequency (hertz) 129.6 1.38 125–130

Pulse width (microseconds)
Left STN 62.4 8.31 60–120
Right STN 64.8 14.18 60–120
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The examiner who conducted the analysis of the speech mate-
rial (S.S.) was blinded to participants’ condition.

Statistics

Winstat� (Bad Krotzingen/Germany) was used for statistical
analyses. Since the data were widely normally distributed
(Kolmogorov–Smirnov test), ANOVA with post hoc paired t-test
was performed for conditions within the PD group and with post
hoc unpaired t-test for the comparison between groups (PD vs.
control group). Pearson correlation was used to test for significant
correlations. The level of significance was set at p = 0.05.

Results

Controls as well as patients correctly performed the task in all
three conditions in the sense that no wrong pronounced syllables
(e.g. ‘‘ta’’ instead of ‘‘pa’’ or ‘‘pa-to’’ instead of ‘‘pa-ti’’) were found
in the recordings. Thus, the main goal to produce a correct syllable
was achieved in the tasks. Changes in rhythmic performance are
described in the following. (For detailed results see Table 3 and
Fig. 1.)

Comparison between control group and PD group condition 1
(StimOFF/MedOFF) – ‘‘disease effect’’

COV5–30 was significantly elevated in the PD group as compared
to the control group as an evidence for an irregular performance of
syllable repetition in the PD group in all three tests (p < 0.01 and
p < 0.05 for condition 1, test1). %IntDur in test 2 and especially in
test 3 were reduced in the PD group indicating an impairment to
reproduce the given pace of 80/min throughout the performance
with a tendency to perform in a faster pace than requested
(p < 0.05). No significant differences were seen concerning maxSyl-
Rep between the groups.

Comparison within the PD group between the conditions – ‘‘treatment
effect’’ (Table 3B)

In test 1 (self-paced repetition), in both StimON conditions (con-
dition 2 and 3), COV5–30 was elevated as compared to condition 1
(StimOFF) (p < 0.01). These differences were less pronounced, but
still seen in test 2 (paced repetition) (p < 0.05). In test 3 (paced rep-
etition of alternating syllables), the worst performance concerning
syllable repetition stability was seen in condition 2 (StimON/

Table 2
Definitions and abbreviations.

Abbreviation Definition Formula

SD Standard deviation
IntDur (ms) Interval duration
avIntDur1–4 (ms) Reference interval length Average duration of intervals 1–4
COV5–30 Relative coefficient of variation (for the intervals 5–30 in relation

to the average interval length of the first four utterances)
COV5–30 = SD5–30/[(avIntDur1–4)/

ffiffiffiffiffiffi
26

p
] � 100

%IntDur Relative interval duration (related to the given interval length of 750 ms) Average interval length of all 30 utterances in ms/750 ms � 100
maxSylRep (syl/s) Maximum syllable repetition in syllables per second

Table 3
Group results and statistics.

A: Mean results and statistics between patients and controls

Controls (n = 32)
Condition1
(StimOFF/MedOFF)

Condition 2
(StimON/MedOFF)

Condition 3
(StimON/MedON)

Mean/SD Mean/SD Mean/SD Mean/SD

maxSylRep (syl/s) 3.69/1.34 2.70/0.88 3.03/0.91 2.86/0.96
COVtest1 1.00/0.30 2.04/1.50⁄ 2.94/2.27⁄⁄ 2.77/1.57⁄⁄

COVtest2 0.98/0.34 2.43/1.77⁄⁄ 3.36/2.25⁄⁄ 2.94/1.82⁄⁄

COVtest3 1.04/0.42 3.91/3.02⁄⁄ 4.43/2.58⁄⁄ 3.29/1.47⁄⁄

%IntDurtest2 100.35/10.48 92.86/11.58⁄ 98.57/12.82 94.52/15.43
%IntDurtest3 96.88/9.73 88.09/15.84⁄ 88.66/15.95⁄ 84.45/19.48⁄⁄

B: Statistics between treatment conditions within patient group

Condition 1 (StimOFF/MedOFF) vs. condition 2
(StimON/MedOFF)

Condition 2 (StimON/MedOFF) vs. condition 3
(StimON/MedON)

Condition 1 (StimOFF/MedOFF) vs. condition 3
(StimON/MedON)

maxSylRep (syl/s) n.s. n.s. n.s.
COVtest1 p < 0.01 n.s. p < 0.01
COVtest2 p < 0.05 n.s. n.s.
COVtest3 n.s. p < 0.05 n.s.
%IntDurtest2 n.s. n.s. n.s.
%IntDurtest3 n.s. n.s. n.s.

C: Statistics between speech tests within patient group/treatment condition

COV test1 vs. test2 COV test1 vs. test3 COV test2 vs. test3 %IntDur test2 vs. test3

Condition 1 (StimOFF/MedOFF) p = 0.05 p < 0.01 p < 0.05 n.s. (p = 0.07)
Condition 2 (StimON/MedOFF) n.s. p < 0.01 p < 0.01 p < 0.01
Condition 3 (StimON/MedON) n.s. n.s. n.s. p < 0.01

* p<0.05.
** p<0.01.
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MedOFF), whereas additional levodopa administration (condition
3) led to a certain amelioration of COV5–30 (p < 0.05). The pattern
of increasing pace velocity from test 2 to test 3 was preserved in
all conditions without significant differences.

PD speakers condition 1: StimOFF/MedOFF (Table 3C)

Instability of syllable repetition as indicated by an elevated
COV5–30 was less pronounced in test 1 (self-paced repetition) and
was worst in the most complex test 3 (paced repetition of alternat-
ing syllables). Furthermore, there was a trend to shorter %IntDur in
test 3 as compared to test 2 (p = 0.07). UPDRS III showed a signifi-
cant correlation to COV5–30 in test 1 (R = 0.520, p = 0.05) and test 2
(R = 0.587, p = 0.01), but not in test 3. However, in test 3, there was
a negative correlation between UPDRS III and %IntDur (R = �0.435,
p = 0.01).

PD speakers condition 2: StimON/MedOFF (Table 3C)

Again, instability of syllable repetition was found to increase
from test 1 to test 2 and was worst in test 3. In test 3, the velocity
of syllable repetition was even faster than in test 2 (paced

repetition) and lay significantly above the demanded velocity as
indicated by a %IntDur < 100% (p < 0.01). No correlations were seen
between UPDRS III and the speech variables.

PD speakers condition 3: StimON/MedON (Table 3C)

Although there was a tendency to higher COV5–30 in the more
complex tests 2 and 3, the differences were not significant. In test
3, the pace acceleration as indicated by a %IntDur < 100% was even
higher than in test 2 (p < 0.01). UPDRS III showed a positive corre-
lation to COV5–30 in test 2 (R = 0.448, p = 0.014) and test 3
(R = 0.448, p = 0.01).

Discussion

In general, the current study confirms previous findings of an
impairment of steady vocal pace performance in PD [16] and pro-
vides further insights into the mechanisms of syllable repetition
under conditions of increasing complexity. In healthy speakers,
the steadiness of syllable repetition and precision of interval
reproduction were independent from the requirements of pace
(self-chosen versus given) and articulation (single syllable repeti-
tion versus alternating syllables). In the PD group under un-
treated conditions (condition 1: StimOFF/MedOFF), the
steadiness of syllable repetition showed a further deterioration
in the tests that required several equal goals (test 2: steady rep-
etition plus keeping the given pace; test 3: steady repetition plus
alternating the syllables plus keeping the given pace). Further-
more, instead of keeping the given pace, patients performed in
a faster velocity, with an even higher pace in the most complex
test 3. Therefore, the worst performance in test 3 indicated by
the highest COV5–30 values in all three conditions cannot be solely
explained by the higher motor speech demands of the alternating
pattern of syllable reproduction since one would rather expect a
slowing than an acceleration of pace to compensate for the en-
hanced level of articulatory requirements in dysarthric speakers.
These results might be interpreted as an insufficiency of Parkinso-
nian patients to simultaneously fulfill equal demands within the
motor speech domain which actually should proceed in a highly
automated mode. In condition 1, patients with higher global mo-
tor impairment showed a more pronounced instability of syllable
repetition in the first two tests; however, in test 3, UPDRS III
scores were not correlated to COV5–30 but to %IntDur indicating
a dissociation of dual motor speech performance from pure motor
function. Basal ganglia dysfunction in PD has been suggested to
lead to an inability to perform automated movements or to diffi-
culties in switching a learned task to the automatic phase [36].
Some of the factors related to PD patients having difficulty
achieving automaticity are less efficient neural coding of move-
ment and failure to shift execution of automatic movements more
subcortically [37]. As a compensatory strategy, the performance
requires more attentional resources and goes along with a stron-
ger connectivity of networks consisting amongst others of the
rostral supplementary motor area, the cingulate motor area and
the left cerebellum which has been visualized by functional MRI
studies [36,38]. Furthermore, there is a wealth of evidence that
PD patients have difficulties performing two separate motor or
cognitive tasks at the same time [39,40] maybe due to limited
global processing resource or the enhanced attentional strains de-
manded by the impaired shift to automaticity [41,42]. Although
these findings are mainly based upon investigations on pure
cognitive tasks or on the effect of cognitive challenge on gait
function in PD [43–46], one might assume that the same mecha-
nisms of impaired automaticity and dual task performance are

Fig. 1. Group results for coefficient of variation (COV). (A) Test 1: Self-paced
syllable repetition. (B) Test 2: Paced syllable repetition. (C) Test 3: Paced alternating
syllable repetition. ⁄ = p < 0.05/⁄⁄ = p < 0.01, error bars: standard deviation.
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also relevant concerning the motor speech domain leading to the
phenomenon of increasing instability of syllable repetition with
rising complexity of the tasks.

In condition 2 (StimON/MedOFF), the characteristic pattern of
impairment already observed in condition 1 was in general found
to be preserved, however, with an even worse steadiness of sylla-
ble repetition in all tests. These findings are in line with the re-
sults of a previous investigation which revealed a deterioration
of syllable repetition capacity under STN–DBS [34]. Several
hypotheses could explain the worsening effect of STN–DBS on
the stability of syllable repetition and overall speech performance
in PD. On the one hand, STN could have a different somatotopy
for speech and body motor control. As a consequence, the site
of STN stimulation which leads to the best effect on limb move-
ment might provoke a worsening of dysarthria as it has been re-
ported for contacts placed dorsomedial to the STN [47]. On the
other hand, deterioration of speech under STN–DBS might be in-
duced by the spread of current to adjacent areas such as the cor-
ticobulbar tract or pallidofugal and cerebellothalamic pathways
[48,22]. Thus, speech intelligibility has been shown to be depen-
dent from electrode localization and stimulation [49]. However, if
the finding of further vocal pace deterioration under STN–DBS
were caused by the spread of current e.g. to the internal capsule
and the corticobulbar pathways for laryngeal motor control pro-
ducing an iatrogenic spastic dysarthria, one would expect a
reduction of maxSylRep which was not observed in our series.
On the other hand, high-frequency DBS within the STN has been
shown to worsen distinctive cognitive functions such as verbal
fluency accompanied by a metabolic hypoactivity in frontal corti-
cal areas as revealed by PET studies [50–53].

In condition 3, the additional levodopa administration led to a
certain amelioration of pace stability especially in the most com-
plex test 3 where participants featured a better performance than
under condition 1 and 2. Therefore, levodopa seemed to compen-
sate to some degree for the negative effects of STN–DBS on syllable
repetition stability, however, without an influence on the second
demand of the task, consisting of a correct reproduction of the gi-
ven pace. Interestingly, in condition 3, the remaining UPDRS III
scores under STN–DBS and levodopa administration were posi-
tively correlated to COV in test 2 and 3 indicating to a certain rel-
evance of non-dopaminergic mechanisms at least for the
performance of the more challenging motor speech tasks. Under
the assumption that the current study deals with reliable para-
digms for the investigation of single, dual and triple task perfor-
mance within the motor speech domain, the results suggest a
differential influence of levodopa and STN–DBS on multiple task
performance. On the one hand, STN–DBS can be associated with
cognitive deficits, decline in working memory and reduced infor-
mation processing speed in some patients, which seems to be more
pronounced under more complex cognitive challenges and with
bilateral STN–DBS [54,55]. On the other hand, levodopa has been
shown to enhance the functional connectivity in neuronal motor
networks and to modulate task-evoked activation within fronto-
striatal circuits in healthy subjects [47] and in Parkinsonian
patients as well [56–59]. Although there is a consensus that the ex-
tent of preoperative levodopa responsiveness predicts the efficacy
of STN–DBS [60] and there is evidence that levodopa and STN–DBS
exert similar influences on the dysfunctional cortico-subcortical
networks in PD [61], the assumption of congruency of the both
therapeutic measures has recently been scrutinized [62]. For
example, levodopa and STN–DBS have been shown to differentially
influence bradykinesia of arm and fingers [63]; furthermore,
STN–DBS had a beneficial effect on motor perseverations that did
not respond to dopaminergic stimulation [64]. On the other hand,
speech intelligibility and articulation patterns can even worsen
with STN–DBS plus additional levodopa [49,65].

Conclusions

According to the current data, Parkinsonian speakers feature a
distinctive pattern of impairment of basic motor speech perfor-
mance which might be provoked by a disturbance of automaticity,
which is further unmasked under rising task complexity. Addition-
ally, the results justify the hypothesis of a differential impact of
levodopa and STN–DBS on cognitive-motor speech performance.
Future studies are warranted to corroborate and further validate
the introduced speech paradigms, which might serve as non-intru-
sive and easily applicable tools for the investigation of cognitive-
motor speech function in PD.

Financial disclosure/possible conflict of interest concerning the
research related to the manuscript

M.S., A.S. and L.W. have received—unrelated to the current pro-
ject—honoraria in the past from Medtronic and St. Jude Medical,
companies that manufacture DBS hardware.

Acknowledgements

The authors thank all patients and control subjects for cooper-
ation. We thank Margret Schmidt and Marika Biernat for support-
ing the experiments.

References

[1] Iansek R, Bradshaw JL, Morris ME. Interaction of the basalganglia and
supplementary motor area in the elaboration of movements. In: Glencross
DJ, Piek JP, editors. Motor control and sensory motor integration: issues and
directions. Amsterdam, Netherlands: Elsevier Science BV; 1995. p. 7–59.

[2] O’Boyle DJ, Freeman JS, Cody FW. The accuracy and precision of timing of self-
paced, repetitive movements in subjects with Parkinson’s disease. Brain
1996;119:51–70.

[3] Yahalom G, Simon ES, Thorne R, Peretz C, Giladi N. Hand rhythmic tapping and
timing in Parkinson’s disease. Parkinsonism Relat Disord 2004;10:143–8.

[4] Takakusaki K, Tomita N, Yano M. Substrates for normal gait and
pathophysiology of gait disturbances with respect to the basal ganglia
dysfunction. J Neurol 2008;255(Suppl. 4):19–29.

[5] Oliveira RM, Gurd JM, Nixon P, Marshall JC, Passingham RE. Mov Disord
1998;3:422–7.

[6] Almeida QJ, Wishart LR, Lee TD. Bimanual coordination deficits with
Parkinson’s disease: the influence of movement speed and external cueing.
Mov Disord 2002;17:30–7.

[7] Ho A, Iansek R, Marigliani C, Bradshaw JL, Gates S. Speech impairment in a
large sample of people with Parkinson’s disease. Behav Neurol 1998;11:131–7.

[8] Canter GJ. Speech characteristics of patients with Parkinson’s disease: I.
Intensity, pitch, and duration. J Speech Hear Disord 1963;28:221–9.

[9] Darley FL, Aronson AE, Brown JR. Clusters of deviant speech dimensions in the
dysarthrias. J Speech Hear Res 1969;12:462–96.

[10] Metter J, Hanson W. Clinical and acoustical variability in hypokinetic
dysarthria. J Commun Disord 1986;19:347–66.

[11] Ludlow C, Connor N, Bassich C. Speech timing in Parkinson’s and Huntington’s
disease. Brain Lang 1987;32:195–214.

[12] Caligiuri MP. The influence of speaking rate on articulatory hypokinesia in
Parkinsonian dysarthria. Brain Lang 1989;36:493–502.

[13] Skodda S, Schlegel U. Speech rate and rhythm in Parkinson’s disease. Mov
Disord 2008;23:985–92.

[14] Logigian E, Hefter H, Reiners KH, Freund HJ. Does tremor pace repetitive
voluntary motor behaviour in Parkinson’s disease ? Ann Neurol 1991;30:
172–9.

[15] Ackermann H, Konczak J, Hetrich I. The temporal control of repetitive
articulatory movements in Parkinson’s disease. Brain Lang 1997;56:312–9.

[16] Skodda S, Flasskamp A, Schlegel U. Instability of syllable repetition as a model
for impaired motor processing: is Parkinson’s disease a ‘‘rhythm disorder’’? J
Neural Transm 2010;117:605–12.

[17] De Letter M, Santens P, De Bodt M, Boon P, Van Borsel J. Levodopa-induced
alterations in speech rate in advanced Parkinson’s disease. Acta Neurol Belg
2006;106:19–22.

[18] Ho AK, Bradshaw JL, Iansek R. For better or worse: the effect of levodopa on
speech in Parkinson’s disease. Mov Disord 2008;23:575–80.

[19] Skodda S, Visser W, Schlegel U. Short- and long-term dopaminergic effects on
dysarthria in early Parkinson’s disease. J Neural Transm 2010;117:197–205.

[20] Limousin P, Pollak P, Benazzouz A, Hoffman D, Le Bas JF, Brousolle E, et al.
Effect of Parkinsonian signs and symptoms of bilateral subthalamic nucleus
stimulation. Lancet 1995;345:91–5.

S. Skodda et al. / Basal Ganglia 2 (2012) 49–54 53



Author's personal copy

[21] Limousin P, Krack P, Pollak P, Benazzouz A, Ardouin C, Hoffmann D, et al.
Electrical stimulation of the subthalamic nucleus in advanced Parkinson’s
disease. N Engl J Med 1998;339:1105–11.

[22] Krack P, Batir A, Van Blercom N, Chabardes S, Fraix V, Ardouin C, et al. Five-
year follow-up of bilateral stimulation of the subthalamic nucleus in advanced
Parkinson’s disease. N Engl J Med 2003;349:1925–34.

[23] Fasano A, Romito LM, Daniele A, Piano C, Zinno M, Bentivoglio AR, et al. Motor
and cognitive outcome in patients with Parkinson’s disease 8 years after
subthalamic implants. Brain 2010;133:2664–76.

[24] Deuschl G, Herzog J, Kleiner-Fisman G, Kubu C, Lozano AM, Lyons KE. Deep
brain stimulation: postoperative issues. Mov Disord 2006;21(Suppl.1):
S219–37.

[25] Guehl D, Cuny E, Benazzouz A, Rougier A, Tison F, Machado S, et al. Side-effects
of subthalamic stimulation in Parkinson’s disease: clinical evolution and
predictive factors. Eur J Neurol 2006;13:963–71.

[26] Tripoliti E, Zrinzo L, Martinez-Torres I, Tisch S, Frost E, Borrell E, et al. Effects of
contact location and voltage amplitude on speech and movement in bilateral
subthalamic nucleus deep brain stimulation. Mov Disord 2008;23:2377–83.

[27] Tommasi G, Krack P, Fraix V, Le Bas JF, Chabardes S, Benabid AL, et al.
Pyramidal tract side effects induced by deep brain stimulation of the
subthalamic nucleus. J Neurol Neurosurg Psychiatry 2008;79:813–9.

[28] Kleiner-Fisman G, Fisman DN, Zamir O, Dostrovsky JO, Sime E, Saint-Cyr JA,
et al. Subthalamic nucleus deep brain stimulation for Parkinson’s disease after
successful pallidotomy: clinical and electrophysiological observations. Mov
Disord 2004;19:1209–14.

[29] Gentil M, Garcia-Ruiz P, Pollak P, Benabid AL. Effect of bilateral deep-brain
stimulation on oral control of patients with parkinsonism. Eur Neurol
2000;44:147–52.

[30] Gentil M, Chauvin P, Pinto S, Pollak P, Benabid AL. Effect of bilateral
stimulation of the subthalamic nucleus on Parkinsonian voice. Brain Lang
2001;78:233–40.

[31] Pinto S, Gentil M, Fraix V, Benabid AL, Pollak P. Bilateral subthalamic
stimulation effects on oral force control in Parkinson’s disease. J Neurol
2003;250:179–87.

[32] Rousseaux M, Krystkowiak P, Kozlowski O, Ozsancak C, Blond S, Destee A.
Effects of subthalamic nucleus stimulation on Parkinsonian dysarthria and
speech intelligibility. J Neurol 2004;251:327–34.

[33] Klostermann F, Ehlen F, Vesper J, Nubel K, Gross M, Marzinzik F, et al. Effects of
subthalamic deep brain stimulation on dysarthrophonia in Parkinson’s
disease. J Neurol Neurosurg Psychiatry 2008;79:522–9.

[34] Skodda S, Flasskamp A, Schlegel U. Instability of syllable repetition in
Parkinson’s disease – influence of levodopa and deep brain stimulation. Mov
Disord 2011;26:728–30.

[35] Hughes AJ, Ben-Shlomo Y, Daniel SE, Lees AJ. What features improve the
accuracy of clinical diagnosis in Parkinson’s disease: a clinicalpathologic study.
Neurology 1992;42:1142–6.

[36] Wu T, Hallett M. A functional MRI study of automatic movements in patients
with Parkinson’s disease. Brain 2005;128:2250–9.

[37] Wu T, Chan P, Hallett M. Effective connectivity of neural networks in
automatic movements in Parkinson’s disease. Neuroimage 2010;49:2581–7.

[38] Yu H, Sternad D, Corcos DM, Vaillancourt DE. Role of hyperactive cerebellum
and motor cortex in Parkinson’s disease. Neuroimage 2007;35:222–33.

[39] Benecke R, Rothwell JC, Dick JP, Day BL, Marsden CD. Performance of
simultaneous movements in patients with Parkinson’s disease. Brain
1986;109:739–57.

[40] Castiello U, Bennett KM. The bilateral reach-to-grasp movement of Parkinson’s
disease subjects. Brain 1997;120:593–604.

[41] Brown RG, Marsden CD. Dual task performance and processing resources in
normal subjects and patients with Parkinson’s disease. Brain
1991;114:215–31.

[42] Oliveira RM, Gurd JM, Nixon P, Marshall JC, Passingham RE. Hypometriain
Parkinson’s disease: automatic vs. controlled processing. Mov Disord
1998;13:422–7.

[43] Price A, Shin JC. The impact of Parkinson’s disease on sequence learning:
perceptual pattern learning and executive function. Brain Cogn 2009;69:
252–61.

[44] Lima CF, Meireles LP, Fonseca R, Castro SL, Garrett C. The Frontal Assessment
Battery (FAB) in Parkinson’s disease and correlations with formal measures of
executive functioning. J Neurol 2008;255:1756–61.

[45] Brauer SG, Morris ME. Can people with Parkinson’s disease improve dual
tasking when walking? Gait Posture 2010;31:229–33.

[46] Plotnik M, Giladi N, Hausdorff JM. Bilateral coordination of gait and
Parkinson’s disease: the effects of dual tasking. J Neurol Neurosurg
Psychiatry 2009;80:347–50.

[47] Plaha P, Ben-Shlomo Y, Patel NK, Gill SS. Stimulation of the caudal zona incerta
is superior to stimulation of the subthalamic nucleus in improving
contralateral parkinsonism. Brain 2006;129(Part 7):1732–47.

[48] McIntyre CC, Savasta M, Walter BL, Vitek JL. How does deep brain stimulation
work? Present understanding and future questions. J Clin Neurophysiol
2004;21:40–50.

[49] Tripoliti E, Zrinzo L, Martinez-Torres I, Frost E, Pinto S, Foltynie T, et al. Effects
of subthalamic stimulation on speech of consecutive patients with Parkinson
disease. Neurology 2011;76(1):80–6.

[50] Wojtecki L, Timmermann L, Jörgens S, Südmeyer M, Maarouf M, Treuer H, et al.
Frequency-dependent reciprocal modulation of verbal fluency and motor
functions in subthalamic deep brain stimulation. Arch Neurol
2006;63:1273–6.

[51] Kalbe E, Voges J, Weber T, Haarer M, Baudrexel S, Klein JC, et al. Frontal FDG-
PET activity correlates with cognitive outcome after STN–DBS in Parkinson
disease. Neurology 2009;72:42–9.

[52] Halpern CH, Rick JH, Danish SF, Grossman M, Baltuch GH. Cognition following
bilateral deep brain stimulation surgery of the subthalamic nucleus for
Parkinson’s disease. Int J Geriatr Psychiatry 2009;24:443–51.

[53] Schroeder U, Kuehler A, Lange KW, Haslinger B, Tronnier VM, Krause M.
Subthalamic nucleus stimulation affects a frontotemporal network: a PET
study. Ann Neurol 2003;54:445–50.

[54] Rodriquez-Oroz MC, Obeso JA, Lang AE, Houeto JL, Pollak P, et al. Bilateral deep
brain stimulation in Parkinson’s disease: a multicentre study with 4 years
follow-up. Brain 2005;128:2240–59.

[55] Alberts JL, Voelcker-Rehage C, Hallahan K, Vitek M, Bamzai R, Vitek JL. Bilateral
subthalamic stimulation impairs cognitive-motor performance in Parkinson’s
disease. Brain 2008;131:3348–60.

[56] Kelly C, de Zubicaray G, Di Martino A, Copland DA, Reiss PT, Klein DF, et al. L-
dopa modulates functional connectivity in striatal cognitive and motor
networks: a double-blind placebo-controlled study. J Neurosci
2009;29:7364–78.

[57] Haslinger B, Erhard P, Kämpfe N, Boecker H, Rummeny E, Schwaiger M, et al.
Event-related functional magnetic resonance imaging in Parkinson’s disease
before and after levodopa. Brain 2001;124:558–70.

[58] Rowe JB, Hughes L, Ghosh BC, Eckstein D, Williams-Gray CH, Fallon S, et al.
Parkinson’s disease and dopaminergic therapy – differential effects on
movement, reward and cognition. Brain 2008;131:2094–105.

[59] Cools R. Dopaminergic modulation of cognitive function – implications for L-
DOPA treatment in Parkinson’s disease. Neurosci Biobehav Rev 2006;30:1–23.

[60] Pahwa R, Wilkinson SB, Overman J, Lyons KE. Preoperative clinical predictors
of response to bilateral subthalamic stimulation in patients with Parkinson’s
disease. Stereotact Funct Neurosurg 2005;83:80–3.

[61] Asanuma K, Tang C, Ma Y, Dhawan V, Mattis P, Edwards C, et al. Network
modulation in the treatment of Parkinson’s disease. Brain 2006;129:2667–78.

[62] Zaidel A, Bergman H, Ritov Y, Israel Z. Levodopa and subthalamic deep brain
stimulation responses are not congruent. Mov Disord 2010;25:2379–86.

[63] Timmermann L, Braun M, Groiss S, Wojtecki L, Ostrowski S, Krause H, et al.
Differential effects of levodopa and subthalamic nucleus deep brain stimulation
on bradykinesia in Parkinson’s disease. Mov Disord 2008;23:218–27.

[64] Herzog J, Möller B, Witt K, Pinsker MO, Deuschl G, Volkmann J. Influence of
subthalamic deep brain stimulation versus levodopa on motor perseverations
in Parkinsons’s disease. Mov Disord 2009;24:1206–10.

[65] Hartinger M, Tripoliti E, Hardcastle WJ, Limousin P. Effects of medication and
subthalamic nucleus deep brain stimulation on tongue movements in speakers
with Parkinson’s disease using electropalatography: a pilot study. Clin Linguist
Phon 2011;25(3):210–30.

54 S. Skodda et al. / Basal Ganglia 2 (2012) 49–54



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ORIGINAL RESEARCH ARTICLE
published: 13 January 2014

doi: 10.3389/fneur.2013.00218

Effect of subthalamic stimulation on voice and speech in
Parkinson’s disease: for the better or worse?
Sabine Skodda1*,Wenke Grönheit 1, Uwe Schlegel 1, Martin Südmeyer 2, Alfons Schnitzler 2 and

Lars Wojtecki 2

1 Department of Neurology, Knappschaftskrankenhaus, Ruhr-University of Bochum, Bochum, Germany
2 Center for Movement Disorders and Neuromodulation, Institute of Clinical Neuroscience and Medical Psychology, Department of Neurology, Medical Faculty,

Heinrich-Heine University, Düsseldorf, Germany

Edited by:

Jaime Kulisevsky, Sant Pau Hospital,
Spain

Reviewed by:

Pratap Chand, Saint Louis University,
USA
Francesca Morgante, University of
Messina, Italy

*Correspondence:

Sabine Skodda, Department of
Neurology, Knappschaftskrankenhaus,
Ruhr-University of Bochum, In der
Schornau 23–25, 44892 Bochum,
Germany
e-mail: sabine.skodda@kk-bochum.
de; sabine@skodda.de

Background: Deep brain stimulation of the subthalamic nucleus, although highly effective
for the treatment of motor impairment in Parkinson’s disease (PD), can induce speech
deterioration in a subgroup of patients. The aim of the current study was to survey (1) if
there are distinctive stimulation effects on the different parameters of voice and speech
and (2) if there is a special pattern of preexisting speech abnormalities indicating a risk for
further worsening under stimulation.

Methods: N = 38 patients with PD had to perform a speech test without medication with
stimulation ON (StimON) and stimulation OFF (StimOFF). Speech samples were analyzed:
(1) according to a four-dimensional perceptual speech score and (2) by acoustic analysis to
obtain quantifiable measures of distinctive speech parameters.

Results: Quality of voice was ameliorated with StimON, and there were trends of increased
loudness and better pitch variability. N = 8 patients featured a deterioration of speech with
StimON, caused by worsening of articulation or/and fluency. These patients already had
more severe overall speech impairment with characteristic features of articulatory slurring
and articulatory acceleration under StimOFF condition.

Conclusion: The influence of subthalamic StimON Parkinsonian speech differs consider-
ably between individual patients, however, there is a trend to amelioration of voice quality
and prosody. Patients with stimulation-associated speech deterioration featured higher
overall speech impairment and showed a distinctive pattern of articulatory abnormalities
at baseline. Further investigations to confirm these preliminary findings are necessary to
allow neurologists to pre-surgically estimate the individual risk of deterioration of speech
under stimulation.

Keywords: deep brain stimulation of the subthalamic nucleus, Parkinson’s disease, dysarthria, quality of voice,

speech impairment, perceptual analysis of speech, acoustic speech analysis

INTRODUCTION
Chronic deep brain stimulation of the subthalamic nucleus (STN-
DBS) has been shown to be superior over best medical treatment
in patients with motor fluctuations in Parkinson’s disease (PD)
(1, 2). However, the effects of STN-DBS on voice and speech
have been found to be variable or even adverse, at least in a
subgroup of patients. According to overall perceptual evaluation
based upon the speech item of the Unified Parkinson’s Disease Rat-
ing Scale/Motor Score (UPDRS III), the prevalence of dysarthria
under STN-DBS has been reported to vary between 1% after
6 months up to 70% at 3 years follow-up with an average of 9.3%
(3–5). Furthermore, “communication” was the only item of the
PD Questionnaire that showed deterioration under STN-DBS in
the recently published EARLYSTIM study (6). However, there
are also reports of an amelioration of distinctive parameters of
voice, loudness, and non-speech vocal measures in individual PD
patients under STN-DBS (7–13). As a possible explanation for

these contradictory findings, it has been proposed that STN-DBS
could reduce a few distinctive dysarthrophonic symptoms such as
reduced loudness and glottic tremor in PD. However, these ben-
eficial effects could be outweighed by a general dysarthrogenic
impact on prosodic and articulatory functions leading to reduced
overall speech intelligibility (7, 14–17). Furthermore, as a possi-
ble hint for a negative effect on basal motor speech performance,
STN-DBS was found to induce abnormalities in the speed and reg-
ularity of non-speech syllable repetition (18). In respect to these
conflicting results, there is still a lack of reliable predictability of
speech motor outcome in the individual patient, although clinical
and surgical factors (e.g., anatomic location of the electrode con-
tact, amplitude of current in the right and left STN) seem to be
critical for the speech outcome under STN-DBS (19).

The aim of the current study was to analyze the effect of STN-
DBS on voice and speech in a group of PD patients based upon
perceptual and acoustic analysis of distinctive speech modalities.
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It had been chosen to test patients without the additional effect
of dopaminergic medication to identify the exclusive impact of
STN-DBS with stimulation settings previously optimized for best
overall motor performance in order to test patients under their
“naturalistic” stimulation situation. According to previous stud-
ies, it had been hypothesized that there would be a differential
outcome of patients’ speech performance under stimulation and
therefore, it was further intended to better characterize the pat-
tern of changes within the single speech modalities. In particular,
attention was given to the expected subgroup of patients with a
deterioration of speech performance under stimulation in order
to identify patterns of preexisting speech impairment that might
serve as “risk profile” for further worsening under STN-DBS.

PATIENTS AND METHODS
From 2008 to 2010, 38 patients with idiopathic PD and chronic
bilateral STN-DBS were recruited for this study. The diagno-
sis of PD was based upon the UK Parkinson’s Disease Society
Brain Bank Criteria (20). After an overnight wash out period of
medication, each patient was tested under two conditions OFF
medication: stimulation OFF (StimOFF) and stimulation ON (Sti-
mON) and underwent a neurological examination according to
UPDRS Motor Scale (UPDRS III) immediately before perform-
ing the speech task. Patients’ characteristics are summarized in
Table 1.

As control group we tested 30 age-matched healthy persons.
All participants were native German speakers, and the speech

evaluation was based upon a German text. For the speech test, each
participant had to read a given text composed of four phonetically
balanced sentences; furthermore, participants had to produce the

vowel, /a/, for as long as possible. Speech samples were digitally
recorded using a commercial audio software (Steinberg Wave-
Lab®/Steinberg Media Technologies GmbH, Hamburg, Germany)
and a head-set microphone with a defined mouth to microphone
distance. Speech records of the reading task were perceptually ana-
lyzed independently by two examiners (Sabine Skodda and Wenke
Grönheit) who were blinded for the speakers’ condition, according
to a four-dimensional scoring system that is used for the descrip-
tion of Parkinsonian dysarthria in our clinic (Table 2). Inter-rater
reliability was high with w = 0.923; in cases of divergent ratings,
the higher score was chosen for the further analysis.

Additionally, acoustic analysis of speech was performed for sev-
eral speech parameters for the objective description of voice, artic-
ulation, fluency, and prosody by the use of PRAAT (21) (Table 3).
Jitter, shimmer, and noise to harmonics-ratio as measures of voice
quality were based upon the analysis of sustained phonation (22).
Mean fundamental frequency (meanF0) of the reading task was
taken as measure of phonation. Loudness was defined as average
sound pressure level of the entire reading task. Description of into-
nation variability was based upon standard deviation (SD) of the
fundamental frequency (F0SD). Analysis of speech rate was per-
formed by measuring the length of each syllable and each pause
respectively based on the oscillographic sound pressure signal.
Besides the conventional speech rate variables as net speech rate
(NSR) and pause ratio (PR%), we additionally defined the per-
cent ratio of pauses within polysyllabic words (Pinw%), which can
be taken as a measure of precision of stop consonant articulation
(23). Articulatory acceleration (AA) in the course of reading was
defined as the difference of NSR between the first and last sentence
with values >0 indicating acceleration (23). Description of vowel

Table 1 | Participants’ characteristics/results of the comparison of perceptual speech analysis.

Control group PD group

StimOFF/MedOFF StimON/MedOFF

Mean/SD/range Mean/SD/range Mean/SD/range

Age (y) 67.14/8.03/48–80 65.69/7.85/45–77

Age at DBS surgery 62.13/8.01/43–73

Disease duration (y) 15.71/6.07/6–28

Disease duration at DBS surgery 12.24/6.97/5–24

Median/1.–3. quartile Median/1.–3. quartile Median/1.–3. quartile

UPDRS III 39/32.75–47 21.37/10.17/7–50 p < 0.0001

UPDRS III axial subscore (% of overall UPDRS score) 11/8.75–16 (29.50%) 7/5–10.25 (37.74%) p < 0.0001

UPDRS III tremor subscore (% of overall UPDRS score) 3.5/0–8 (11.95%) 0/0–2.25 (6.47%) p < 0.0001

UPDRS III akinesia subscore (% of overall UPDRS score) 25/19–29.50 (60.72%) 13/7–20.25 (61.90%) p < 0.0001

UPDRS III speech item 1/0–2 1/0–2 n.s.

Perceptual speech score 1/0–2*** 5/4–7 5/3–7 n.s. (p = 0.085)

Voice 0/0–1**** 1/1–2 1/1–1.25 p = 0.001

Articulation 0/0–0**** 2/1–2 2/1–2 n.s

Fluency 0/0–0**** 1/1–2 1/1–2 n.s

Prosody 0/0–0**** 1/0–1.25 1/0–1 n.s.

***p < 0.001.

****p < 0.0001 related to the comparison between control group and PD group with StimOFF/MedOFF.

y, years; SD, standard deviation; n.s., not significant; UPDRS III, unified Parkinson’s disease rating scale, Part III: motor part.
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Table 2 | Perceptual speech score.

Speech modality Definition

Voice 0 Normal

1 Voice quality slightly hoarse, slightly reduced loudness, intermittently present

2 Voice quality hoarse or tremulous, slightly reduced loudness, continuously present

3 Voice quality hoarse or tremulous, markedly reduced loudness

4 Marked reduction of voice quality, whispery, or scratchy voice

Articulation 0 Normal articulation

1 Slightly reduced articulatory accuracy, intermittently present

2 Slightly reduced articulatory accuracy, continuously present

3 Markedly reduced articulatory accuracy, slightly reduced intelligibility

4 Markedly reduced intelligibility

Tempo/fluency 0 Normal speech tempo and distribution of speech pauses

1 Slightly reduced or accelerated speech tempo, intermittently present

2 Rushes of speech and prolonged pauses, not very pronounced or only intermittently present; or slightly reduced speech tempo

3 Rushes of speech and prolonged pauses, very pronounced or continuously present; or markedly reduced speech tempo

4 Palilalia

Prosody 0 Normal pitch variability

1 Slightly monotone

2 Extremely monotone

Table 3 | Abbreviations and definitions of the speech parameters.

Speech modality Parameter Definition

Voice Jitter (measure of

microperturbations of frequency)

Average absolute difference between consecutive differences between consecutive

periods, divided by the average period

Shimmer (measure of

microperturbations of amplitude)

Average absolute difference between consecutive differences between the amplitude of

consecutive periods

Noise to harmonics ratio (nhR) Automatic comparison of harmonic (periodically recurring) and inharmonic sound fractions

Loudness in dB Average sound pressure level calculated for entire reading task

MeanF0 Average fundamental frequency F0 calculated for entire reading task

Articulation Vowel articulation index (VAI) Comprehensive measure of the “working space” for vowels based upon the extraction of

formant frequencies of defined vowels of the reading task according to the formula

VAI = (F2/i/ + F1/α/)/(F1/i/ + F1/u/ + F2/u/ + F2/α/)

Percentage of pauses within

polysyllabic words (Pinw%)

Percentage of pauses within polysyllabic words of total speech pauses (periods of silence

<10 ms)

Tempo/fluency Net speech rate (NSR) Net production of syllables per second based upon reading task

Pause ratio (PR%) Percentage of pause rate based upon the reading task

Articulatory acceleration (AA) Difference between NSR of the first and last sentence of the reading task (values >0

display acceleration)

Prosody F0SD Standard deviation of fundamental frequencies calculated for the reading task as a

measure of pitch variability

articulation was based upon the recently established vowel articu-
lation index/VAI, which is a surrogate parameter of the first and
second formant frequencies (F1 and F2) of the three corner vowels,
/α/, /i/, and /u/ (24, 25). Since meanF0, F0SD, and VAI are related
to the speaker’s pitch of voice, the comparison of these parameters
between PD patients and controls were performed separately for
both genders.

Winstat© (Bad Krotzingen/Germany) was used for statisti-
cal analyses. ANOVA and paired t -test were performed for the
comparison of patients with the control group and intra-group
comparison (StimOFF vs. StimON). The variables were normally
distributed (Shapiro–Wilk test). Continuous variables are pre-
sented using mean±SD. Discrete data are reported with median
and quartile deviation. For the calculation of inter-rater reliability,
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Kendall’s coefficient of concordance was used. Spearman rank test
was used to perform correlation analyses in order to account for
possible outliers especially within the subgroup analyses. Due to
the exploratory nature of the study, no adjustments for multiple
comparisons were made, and the level of significance was set at
p < 0.05.

Our study was in compliance with the Helsinki Declaration
and had been approved by the local Ethics Committees. Written
informed consent was obtained from each participant.

RESULTS
COMPARISON OF CONTROL GROUP WITH PD GROUP StimOFF
Based upon perceptual ratings, the control group featured a sig-
nificantly better performance of voice, articulation, fluency, and
prosody. This was reflected in the acoustic analysis by lower values
for jitter, shimmer,and noise to harmonics-ratio indicating a better
voice quality, by higher sound pressure levels, higher values for the
measures of articulatory precision (Pinw%, VAI) and pitch vari-
ability (F0SD), and an elevated meanF0 in female speakers. Mea-
sures of speech rate and PR% showed no significant differences
between the control and the PD group in the StimOFF condition.

This pattern of speech abnormalities was in general preserved
also under StimON: there were significantly worse values for shim-
mer, loudness, VAI, Pinw%, and F0SD, whereas no significant
differences compared to the control group were seen concerning
shimmer, meanF0, NSR, PR%, and AA (numerical data are given
in Tables 1 and 4).

CORRELATIONS BETWEEN PERCEPTUAL AND ACOUSTIC ANALYSIS
In the PD group in the OFF condition, there were found
some significant correlations between “voice” and the jitter

(r = 0.343, p = 0.019) and shimmer values (r = 0.289, p = 0.041),
between “articulation” and Pinw% (r = −0.277, p = 0.046),
but not with VAI, between “fluency” and NSR (r = 0.385,
p = 0.008) and AA (r = 0.478, p = 0.001), but not with PR%,
and between “prosody” and F0SD (r = −0.311, p = 0.028). In
general, similar correlations between perceptual and acoustic
measures were also observed in the ON condition (data not
shown).

In the control group, no close correlations were expected
because of the low overall speech impairment with an average
perceptual sum speech score of 0.88. Accordingly, there were
only weak correlations between the perceptual categories “voice,”
“articulation,” “fluency,” and “prosody” on the one hand, and the
accordant acoustic measures on the other (“voice”/jitter: r = 0.417,
p = 0.021; no significant correlations with shimmer, nhR, and
loudness; “articulation”/VAI: r = 0.307, p = 0.072, no correlation
with Pinw%; “fluency”/PR%: r = 0323, p = 0.062, “fluency”/AA:
r = 0.339, p = 0.052, no correlation with NSR; “prosody”/F0SD:
r = −0.388, p = 0.031).

COMPARISON WITHIN THE PD GROUP: StimOFF VS. StimON:
GROUPWISE COMPARISONS
Total UPDRS III scores as well as the chosen UPDRS subscores
(axial, tremor, akinesia) were significantly ameliorated under Sti-
mON condition, whereas UPDRS speech score (item 18) showed
no significant difference. The more detailed perceptual speech
score showed a tendency to reduced overall ratings that were
mainly caused by an amelioration of voice quality in the StimON
condition whereas the other speech modalities remained widely
unchanged. Similar results were observed with the measures of the
acoustic analysis where only sound pressure levels and meanF0 in

Table 4 | Comparison between the PD groups with stimulation OFF and ON and comparison between the PD group/StimOFF and the control

group.

Control (n = 30, 15 male) PD patients (n = 38, 22 male) Comparison StimOFF/Med OFF vs.

StimON/MedOFF

StimOFF/MedOFF StimON/MedOFF

Mean/SD Mean/SD Mean/SD

Jitter 1.247/0.704** 2.065/1.941 1.857/2.040 n.s

Shimmer 5.613/2.722*** 10.733/7.246 9.272/5.980 n.s.

nhR 0.038/0.033** 0.086/0.097 0.078/0.089 n.s.

Loudness (dB) 78.92/2.10**** 70.02/7.54 71.02/8.10 n.s. (p = 0.064)

MeanF0 male 118.46/13.98 117.96/19.40 121.67/18.39 n.s.

MeanF0 female 192.83/8.51* 169.28/42.59 191.01/23.47 n.s. (p = 0.05)

VAI male 0.781/0.070**** 0.668/0.074 0.657/0.058 n.s.

VAI female 0.914/0.050**** 0.721/0.060 0.714/0.069 n.s.

Pinw% 29.77/8.53**** 15.53/10.66 14.85/10.90 n.s.

NSR 5.23/0.56 5.30/1.06 5.23/1.13 n.s.

PR% 18.61/4.17 17.29/9.06 18.31/9.53 n.s.

AA 0.22/0.34 0.35/0.57 0.35/0.57 n.s.

F0SD male 20.13/6.78** 14.58/4.29 15.42/4.45 n.s.

F0SD female 31.86/6.11**** 16.76/5.31 19.69/4.90 n.s.

*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Frontiers in Neurology | Movement Disorders January 2014 | Volume 4 | Article 218 | 4



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Skodda et al. Effect of DBS-STN on speech in Parkinson’s disease

female PD speakers showed a (non-significant) tendency to ame-
lioration. However, no further changes were observed between
StimOFF and StimON conditions in the groupwise comparison
(numerical data are given in Tables 1 and 4).

COMPARISONS WITHIN THE PD GROUP AND CHARACTERIZATION OF
THE SUBGROUP WITH SPEECH DETERIORATION
In an evaluation of the different qualitative speech modalities in
the individual patients, 12/38 patients showed no difference in the
sum perceptual speech score, 18/38 showed an amelioration of
the sum speech score (13 patients improved by 1 point, 4 patients
by 2 points, and 1 patient by 3 points respectively), which was
mainly caused by an improvement of voice (n = 12) and less often
by amelioration of articulation (n = 7), prosody (n = 4), or flu-
ency (n = 1). These improvements showed no correlation with
improvement of motor symptoms as tremor, akinesia, or axial
symptoms based upon the accordant UPDRS III subscores.

In 8/38 patients, there was a deterioration of speech (6 patients
worsened by 1 point, 1 patient each worsened by 2 points and 3
points respectively) with worsening of articulation in 4 patients, of
fluency in 3, of prosody in 3, and of voice in 1 patient. The group
of patients with speech deterioration showed no significant differ-
ence concerning age and disease duration, however, UPDRS III was
significantly higher in StimOFF. No differences were seen with the
tremor, akinesia, or axial UPDRS subscores. The UPDRS speech
item showed a tendency to higher values, however, without statisti-
cal significance. In 5/8 patients with speech deterioration, the right
STN was stimulated with higher current amplitudes (compared to
11/30 in the subgroup without worsening of speech) than the left-
side STN due to asymmetry of motor symptoms going along with
higher total electric energy delivered/TEED (26) since pulse width,
frequency, and impedances (measured in n = 30 patients) showed
no significant differences (see Table 5).

Regarding the perceptual rating of speech performance in Sti-
mOFF, no significant differences were seen concerning voice, artic-
ulation, and prosody, but there was a tendency to higher impair-
ment in the“fluency”category and the sum perceptual score as well
(see Table 6). Based upon acoustic analysis, the speech pattern in
the OFF condition in the subgroup with speech worsening under
stimulation was characterized by significant reduction of Pinw%
and higher grade of articulatory acceleration/AA. The other mea-
sures of speech rate (NSR and PR%) at least showed a tendency
to higher average articulatory velocity/NSR and elevated ratio of
speech pauses/PR%. No significant differences were found with the
remaining measures of speech (see Table 6). Furthermore, higher
UPDRS III scores in the OFF condition were correlated to more
pronounced worsening of articulation (r = −0.655, p = 0.039)
and overall speech performance (r = −0.608, p = 0.055) accord-
ing to the perceptual speech score. Similarly, higher measures of
AA showed a correlation to articulatory worsening (r = 0.655,
p = 0.039) and higher values for jitter, shimmer, and nhR were cor-
related with an elevation of the perceptual sum speech score under
stimulation (r = 0.733–0.764, p = 0.014–0.019 respectively). No
such “OFF condition” pattern or similar correlations could be
identified for the subgroup of patients who featured no speech
worsening under stimulation.

DISCUSSION
In the groupwise comparison of speech in the StimOFF and ON
conditions, only perceptual assessment of voice quality showed
a significant amelioration under STN-DBS, which was mirrored
by similar trends toward lower values for the accordant acoustic
measures (jitter, shimmer, and nhR) as well as higher values for
loudness of speech in the acoustic analysis, however, without
statistical significance. These findings are in line with previous
investigations reporting on a stimulation-induced improvement
of voice quality and loudness, however, not necessarily accompa-
nied by an amelioration of overall speech performance (6–12) that
can in general be confirmed by our data. In the current study, per-
ceptual and acoustic measures of articulation,fluency, and prosody
showed no consistent behavior under STN-DBS, instead, there was
a group of n = 8 patients with worsening of overall speech perfor-
mance that could not be restricted to a consistent pattern but
was induced by different degrees of deterioration of articulation,
fluency, and prosody.

One main result of the present investigation was the identifica-
tion of a subgroup with preexisting speech abnormality in the OFF
condition that showed a further deterioration under stimulation.
The preexisting pattern of dysarthria was found to be characterized
by a high degree of articulatory slurring (as mirrored by reduced
Pinw%) accompanied by an acceleration of speech in the course of
the performance (indicated by significantly elevated AA). Further-
more, these patients featured not only higher overall UPDRS III
scores in the OFF condition, but worse global speech performance
(according to UPDRS speech item and the perceptual sum score) as
well, however without statistical significance which might be due
to the small sample size of n = 8. In this subgroup of patients with
speech deterioration, there also was a correlation between higher
values for UPDRS III, articulatory acceleration/AA and poor voice
quality (indicated by higher values for jitter, shimmer, and nhR) in
the OFF condition and the perceptually detected degree of speech
worsening under stimulation.

There are only very few previous studies focused on the pre-
existing patients’ characteristics which might be “risk factors” for
stimulation-induced speech deterioration. Dromey and Bjarnason
tested six PD patients with speech deterioration under STN-DBS
according to perceptual ratings, however, acoustic measures of
articulation and phonation deriving from analysis of speech and
non-speech utterances showed mixed results with some speakers
improving and others becoming worse on individual measures
(27). In another investigation, negative effects on speech intel-
ligibility were found in two out of seven PD patients and were
attributed to slight stimulation-induced facial dyskinesia, which
was not observed in our study (28). Pützer and coworkers obtained
objective measures of phonatory and articulatory movements
based upon acoustic analysis of non-speech syllable production
in nine PD patients and reported mixed results under stimula-
tion: Precision of glottal and supraglottal articulation as well as
the phonatory function was reduced in some speakers, whereas
for others an improvement was observed (15). In a subgroup of
patients, the accuracy of stop consonant articulation was found to
be impaired under stimulation, which shows some relation to our
finding of increased Pinw% as a measure of overall articulatory
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slurring. However, in this previous study, the mixed response of
patients’ articulatory capacity had not been related to the speech
performance in the StimOFF condition.

Although the present study gives some first indication for spe-
cific patient-related risk factors for speech worsening under STN-
DBS, there are some undisputable limitations, especially because
of the small sample size, which lessens the value of the statistic
analysis. Since there was an overlap of values for AA and Pinw%
in the “deteriorating” group and the group of patients with no
stimulation-induced worsening of speech, positive and negative
predictive values for these measures were only poor. Besides, it
has to be mentioned that the speech evaluation was based upon
a German text and therefore, some of the findings could be
language-dependent.

Furthermore, the impact of surgical factors has not been
accounted for although in previous studies, the position of the
stimulation electrode within the medial and/or posterior portion
of the STN was linked with poorer speech intelligibility (19, 29,
30). However, even with electrodes exactly located within the STN,
a subgroup of 36% patients was found to feature a deterioration of
speech under stimulation in another study (31). This might at least
be explained by the explicit stimulation settings in the individual
patient since high amplitude and/or high frequency stimulation
was consistently found to be a risk factor for worsening of speech
(19, 29–34). Furthermore, selective or predominant stimulation
of the left-side STN was reported to induce profoundly negative
effects on prosody, articulation, and hence, intelligibility (33, 34).
In contrast, in our study, the majority of patients with speech
deterioration had higher stimulation amplitudes on the right-side
STN, and no clear differences were seen concerning frequencies,
pulse width and/or the electrode contacts chosen for stimulation.
These preliminary observations seem to underline the assump-
tion that surgical or stimulation factors alone cannot account for
overall speech performance under STN-DBS.

Another methodical weakness of our investigation is the lack
of pre-surgical speech data that would be necessary to rule out
a possible microlesion effect of electrode placement. Up till now,
there are only very few investigations with speech testings before
and at certain follow-up intervals after DBS surgery (11, 19, 28,
35). In the largest of these studies, there was a correlation between
poorer speech outcome after 1 year and higher pre-surgical general
motor impairment (19). Another study on seven patients found
no consistent effects of DBS surgery alone (that is, no hint of the
microlesion effect) and no consistent stimulation effect on speech
under STN-DBS after 3 months, but a slight improvement of pitch
variability and sound pressure levels under stimulation 6 months
post-op (27).

Summarized, despite some methodical limitations, the current
study provides first evidence for a specific patient-related“risk pro-
file,” namely high overall motor and speech impairment according
to UPDRS III and preexisting articulatory slurring and articula-
tory hastening, which seems to be associated with further decline
of speech performance under STN-DBS with stimulation settings
optimized for motor function. In this subgroup of patients, a pos-
itive effect of STN-DBS on phonatory and voice parameters seems
to be outweighed by a pro-dysarthrogenic stimulation effect that is
correlated to the degree of AA and overall voice impairment in the

OFF condition. Subsequent studies are warranted, especially with
pre-surgical speech recordings, to further corroborate these pre-
liminary findings to allow neurologists to pre-surgically estimate
the individual risk of deterioration of speech under STN-DBS.
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• Positive  motor expectations  exert  motor  placebo responses  on proximal movements.
• These motor  placebo  responses  resemble the clinically  known  STN-DBS-effect.
• Shorter  disease  duration is  correlated  with  a  stronger motor placebo  response.
• In motor responders  positive motor expectations  exert cognitive  nocebo  responses.
• These cognitive  nocebo  responses  are likely due to implicit  learning  mechanisms.

a r  t  i c l e i  n  f o

Article history:

Received 26 March 2013

Received in revised form 26 April 2013

Accepted 27 April 2013

Available online xxx

Keywords:

Deep brain stimulation

Expectation

Nocebo

Parkinson’s disease

Placebo

Verbal fluency

a b s t  r a c t

Expectation  contributes  to placebo  and nocebo  responses  in Parkinson’s disease  (PD). Subthalamic

nucleus  (STN) deep  brain  stimulation (DBS) improves  proximal  more  than distal  movements  whereas

it impairs executive  cognitive  function  such as  verbal  fluency  (VF). We investigated  how expectation

modulates the  pattern  of motor improvement in  STN-DBS  and its  interaction  with  VF.

In a within-subject-design,  expectation  of  24  hypokinetic-rigid PD patients  regarding the impact of

STN-DBS on motor symptoms was  manipulated  by  verbal  suggestions  (positive  [placebo],  negative

[nocebo], neutral  [control]). Patients  participated with  (MedON)  and  without (MedOFF)  antiparkinsonian

medication.  Motor  function  was  assessed  by Unified  Parkinson’s Disease  Rating Scale  and quantitative

kinematic analysis of proximal alternating  hand and distal  finger tapping.  VF  was  quantified  by lexical

and  semantic  tests.

In  MedOFF, expectation  significantly  affected  proximal but not distal movements  resulting  in  better

performance in the placebo  than  in  the  nocebo  condition.  Placebo responders  with  improvement of ≥25%

were characterized by  a  trend for impaired lexical  VF.

These results indicate that  positive motor expectations  exert  both  motor  placebo  and cognitive nocebo

responses by  further enhancing  the  STN-DBS-effect  on  proximal movements  and  by  impairing  VF. The

placebo response  on  motor  performance  resembles  the clinically  known  STN-DBS-effect  with stronger

improvement  in proximal  than distal  movements. The  nocebo  response on  VF is likely  due  to implicit

learning mechanisms associated  with  an expectation-induced  placebo  response  on  motor  performance.

© 2013 Elsevier B.V. All rights reserved.

Abbreviations: BDI, Beck depression inventory; DBS, deep brain stimulation;

MedOFF,  off antiparkinsonian medication; MedON, on antiparkinsonian medication;
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rating  scale; PD, Parkinson’s disease; STN, subthalamic nucleus.
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1. Introduction

Placebo responses represent a complex psychobiological phe-

nomenon. The counterpart of a placebo response is  the so  called

nocebo response, comprising all negative effects such as worsen-

ing  of symptoms or side effects induced by an  inert substance or

treatment. Cognitive factors like expectations regarding the effect

of  a treatment and associative learning processes like classical con-

ditioning, have been identified as main mechanisms mediating

placebo  responses [for reviews see  1,2].

0166-4328/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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In Parkinson’s disease (PD), motor symptoms and physiologi-

cal  processes can be substantially affected by placebo treatments.

For  example, the administration of placebo drugs induces a sig-

nificant  dopamine release in the dorsal and ventral striatum [3,4]

as well as alterations in neuronal firing patterns in the subthala-

mic  nucleus [5] which are both associated with an improvement in

motor function. Moreover, in  a recent meta-analysis, Goetz et al.

[6] conclude that clinical improvement in response to pharma-

cological placebo treatment is  observed in  16% (range: 0–55%) of

PD  patients. Furthermore, placebo and nocebo responses have also

been  described in  PD patients treated with deep brain stimulation

of  the subthalamic nucleus (STN-DBS). For instance, bradykinesia

is  not only affected by the stimulation condition per se (STN-DBS

ON  vs. OFF) but is additionally modulated by patients’ varying

expectations induced by awareness vs. non-awareness of the fact

that  STN-DBS is switched ON vs. OFF [7].  Likewise, motor func-

tion  can be considerably modulated by means of opposite positive

or  negative expectations regarding STN-DBS with improved motor

performance following positive expectation and impaired motor

performance in  consequence of  negative expectation [8,9].

Dopamine replacement therapy and STN-DBS are well estab-

lished  and effective treatments of motor symptoms in PD [12–14].

Although both treatments generally lead to an  improvement in

motor  function, differential therapeutic effects have been described

for  fine finger movements representing distal movements and arm

movements reflecting proximal movements: While the dopamine

precursor levodopa has a  more pronounced effect on distal com-

pared to proximal movements, STN-DBS improves proximal more

than distal movements [15,16]. Additionally, a  side-effect often

observed in  patients treated with therapeutic STN-DBS is  impair-

ment  in verbal fluency [17–19].

Being part of a transregional and translational research unit

investigating the role of conditioning and expectation as under-

lying mechanisms of  placebo and nocebo responses in  different

physiological systems, pathophysiological conditions and thera-

peutic  interventions, we set out to study the effect of  expectation in

PD  patients treated with STN-DBS addressing specific issues which

have  not been investigated so far. Placebo and nocebo responses in

PD  patients treated with STN-DBS have not  been studied regarding:

(1) motor functions differentially affected by STN-DBS such as dis-

tal  and proximal movements, (2) executive cognitive functions

affected  by STN-DBS, i.e. verbal fluency, (3) the manipulation of

the  pharmacological status, i.e. with and without antiparkinsonian

medication, (4)  a PD patient subgroup that is homogenous with

respect to  the predominant clinical symptoms, i.e.  hypokinetic-

rigid  PD patients. Thus, the effect of  expectation regarding STN-DBS

should be  investigated considering motor and non-motor functions

that  are specifically affected by therapeutic STN-DBS. Therefore, the

aim  of the present study was to  investigate how differing expec-

tations (positive [placebo], negative [nocebo], neutral [control])

regarding STN-DBS modulate motor function and verbal fluency

in  hypokinetic-rigid PD patients with and without antiparkinso-

nian  medication. Given evidence that placebo responses mimic  the

response  to the active treatment, we hypothesized that the effect

of  expectation would be  more pronounced on proximal compared

to  distal movements. Moreover, as typical side-effects of  the active

treatment can also be induced by placebo treatments [20], a  fur-

ther  aim of the study was to  analyze whether expectation regarding

the  impact of STN-DBS on motor function would also affect verbal

fluency.

2. Materials and methods

2.1. Participants

Twenty-four Parkinson’s disease patients of the hypokinetic-rigid subtype (12

men  and 12 women, mean age: 62.83 ± 1.9 [SEM] years, range: 39–77) with chronic

bilateral STN-DBS participated in the study. Patients were recruited from the Move-

ment  Disorder Centre of the University hospital of Duesseldorf. In order to rule

out  possible cognitive impairment and clinically relevant depressive symptoms all

patients  were tested with the Mattis Dementia Rating Scale (MDRS) [21] with a

cut-off  score of <130 and filled in the Beck Depression Inventory (BDI) [22] with

a  cut-off score for clinically relevant depression of ≥18 before study participation.

For  patients’ characteristics and stimulation parameters, see supplementary Tables

1  and 2.

Supplementary data associated with this article can be found, in the online

version,  at http://dx.doi.org/10.1016/j.bbr.2013.04.051

2.2. Experimental design and procedure

Three expectation conditions (positive [placebo], negative [nocebo], neutral

[control])  were applied in a counterbalanced order using a repeated-measures

design.  Patients were randomly assigned to one of six possible orders.

Each  patient participated twice on two consecutive days, 1 day on  pharmacolog-

ical  treatment, i.e. patients took their usual antiparkinsonian medication (MedON)

and  1  day when patients had withdrawn from any antiparkinsonian medication for

at  least 12 h  (MedOFF) prior to  study participation. Whether patients were on  or off

medication  on the first day was counterbalanced across patients, i.e.  half of them

were  without medication on the first day and on medication on the second day and

vice  versa. The six orders of the expectation conditions were randomly combined

between  MedON and MedOFF.

The experimental sessions were performed at the Department of Neurology of

the  University hospital of Duesseldorf. First, at the start of the experimental session

STN-DBS was turned off (Stim OFF). After a time interval of ten minutes patients

were  informed that STN-DBS would be turned on again. However, before STN-DBS

was  switched on, patients’ expectations regarding the effect of the subsequent

stimulation on motor symptoms were manipulated through verbal suggestions by

an  experienced movement disorders physician (L.W., C.H. or S.F.). The physician

who induced expectations was held constant for each patient. Positive expecta-

tions  were induced by informing the patient that the stimulator will be turned on

with  parameter settings which will strongly improve motor function (placebo condi-

tion).  Negative expectations were induced by telling the patients that the stimulator

will  be turned on with parameter settings which will strongly impair motor func-

tion  (nocebo condition). To induce a neutral expectation regarding the effect of the

upcoming  stimulation, patients were told that  the parameter settings of the subse-

quent  stimulation will not have any impact on motor function (control condition).

Immediately  after expectations were verbally induced, patients rated the extent to

which  they expected an improvement or impairment or no change of their cur-

rent  motor function by the upcoming stimulation (see Section 2.2.1).  Thereafter,

the  stimulator was turned on (Stim ON) according to the patient’s individual ther-

apeutic  settings. Note that the stimulation parameters (intensity, frequency and

pulse  width) were  identical under all three conditions (placebo, nocebo and con-

trol).  After each condition the stimulator was switched off  for 10 min. STN-DBS

usually  improves symptoms such as rigidity and tremor in less than a minute and

improvement in bradykinesia is gradually achieved within a couple of minutes [23].

Therefore,  in each condition dependent variables were assessed after the stimulator

had  been turned on for 15 min. The experimental session lasted about 120 min  per

day.  For an overview of the experimental procedure, see Fig. 1.

The  experimenter who assessed the dependent variables was blinded regarding

the  expectation condition whereas patients were blinded with respect to the

fact  that in each condition the identical therapeutic stimulation parameters were

applied.  Hence, to ensure the successful manipulation of expectation it was neces-

sary  that patients were naïve concerning the exact aim of the study. Accordingly, the

written  patient information included a cover story regarding the aim of the study,

i.e.  that the study was designed to systematically investigate different settings of

STN-DBS stimulation parameters and their effect on motor function. In addition, it

gave  note that three stimulator settings would be randomly chosen and that patients

would  be informed about the subsequent effect on motor function which would be

induced  by the chosen parameter settings. This  approach was approved by the local

ethics  committee (see Section 2.3). Furthermore, the patient information comprised

details  about possible transient unpleasant but unharmful side effects resulting from

changes  of stimulation parameters like prickling or dizziness.

2.2.1.  Expectation rating

Immediately after expectations regarding the stimulation effect of STN-DBS on

motor  symptoms were verbally induced, patients rated to  what extent they expected

an  improvement, impairment or no change of their current motor state. Therefore,

patients’  expectation was assessed by means of a numeric rating scale (NRS) ranging

from  +5 indicating expectation of strong improvement to -5 indicating expecta-

tion  of strong impairment of motor function while 0 represented expectation of no

change  of motor function.

2.2.2. Movement parameters

2.2.2.1. Distal and proximal movements: finger tapping and diadochokinesia. A finger

tapping  task was  chosen to reflect distal movements and diadochokinesia was  used

to  determine proximal hand movements. Finger tapping and diadochokinesia were

objectively  assessed by means of a 3D ultrasound motion detection system (CMS 70P
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Fig. 1. Overview of the experimental procedure. Throughout the experiment, three different expectations (positive [placebo], negative [nocebo], neutral [control]) were

verbally  induced in a counterbalanced order. Motor function and verbal fluency were assessed three times. Parkinson’s disease patients participated twice, once with (n = 24)

and  once without (n = 23) antiparkinsonian medication. Stim OFF denotes that deep brain stimulation of the subthalamic nucleus (STN-DBS) was  switched off whereas

130  Hz-Stim indicates that STN-DBS was switched on at a frequency of 130 Hz or higher.

v  5, Zebris, Isny, Germany). This system detects the position of the ultrasound mark-

ers  with a 1  mm  spatial and high temporal resolution (100 Hz  with two markers) by

estimating  transmission times and triangulation of marker position from three ultra-

sound  microphones integrated into a mobile receiver platform. The mobile receiver

platform was positioned about 1  m  opposite to the side of the hand  that performed

finger  tapping and about 1  m  in front of the hand  performing diadochokinesia,

respectively. While assessing distal (finger tapping) and proximal (diadochokine-

sia)  movements patients were comfortably seated in a chair with bilateral armrests.

Patients  performed finger tapping and diadochokinesia using the hand/arm of the

clinically  more affected side.

For  the finger tapping the elbow was positioned on the chair’s armrest and the

lower  arm was elevated in an angle of about 70◦ above the armrest. Two ultrasound

transmitters  were attached to the patients’ hand; one to the lateral side of the index

finger  and one to the thumbnail. Patients were instructed to perform the finger

tapping  by moving the index finger and thumb as fast and as  wide apart as  possi-

ble.  Moreover, patients were instructed to  perform the movements as smoothly as

possible.  Three trials of 10 s of finger tapping were carried out in each condition.

Between  the three trials patients paused for a period of 30 s.

During diadochokinesia the elbow was positioned on the chair’s armrest and the

lower  arm was  elevated in an  angle of about 70◦ above the armrest. Patients were

asked  to hold a wooden bar (diameter: 2.8  cm,  length: 20 cm,  weight: 104 g) with two

3D  markers (ultrasound transmitters) attached to each end in the fist of the clinically

more  affected side. As a starting position patients were asked to keep the bar verti-

cal  and were then further instructed to turn it clockwise and anti-clockwise as fast,

as  smoothly and as far as possible to each side by alternating pronation–supination

movements  of the forearm. Furthermore, patients were asked to avoid shifts in the

movement plain while performing diadochokinesia. Three trials of 10 s of diado-

chokinesia  were performed in each condition. After  each trial patients paused for a

period  of 30 s.

2.2.3. Clinical parameters: UPDRS

Overall motor function was assessed using the motor section of the Movement

Disorder  Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale

[24].  On 18 items, motor function is rated on a 5  point scale where 0 indicates nor-

mal  function and 4 indicates severe impairment. For the motor section (MDS-UPDRS

III)  the ratings across all items are summed up to a total score between 0 and

132.  MDS-UPDRS III was  videotaped and – except for  rigidity which was assessed

immediately  within the experimental sessions –  rated by three blinded movement

disorder  specialists (C.H., M.S., L.W.) at  a later date.

2.2.4.  Cognitive function: verbal fluency

Assessment of verbal fluency was performed using four different tests, a formal

lexical  test, a semantic category test, a formal lexical category change test and a

semantic  category change test. In all tests patients were instructed to produce as

many words as possible within a time period of 1 min.

In  the formal lexical test patients were asked to produce words beginning with

a  certain letter (e.g. ‘S’). In the semantic category test patients had to name words

of  a specific semantic category (e.g. ‘animals’). In  the formal lexical category change

test,  patients were instructed to switch between two different letters (e.g. a word

beginning with the letter ‘G’ followed by a word beginning with the letter ‘R’). In the

semantic  category change test patients were asked to alternate between two seman-

tic  categories (e.g. ‘clothes’ and ‘flowers’). The aforementioned tests assess divergent

thinking  with focus on  the creativity of search strategies in the formal lexical and

semantic  category test. In contrast, the formal lexical and semantic category change

test  put a stronger emphasis on flexibility functions.

As  dependent variables were assessed six times throughout the experimental

sessions (three conditions in MedON and in MedOFF, respectively), six parallel test

versions of each verbal fluency test were used to avoid learning effects. The order

of  the parallel tests was applied randomly.

2.2.5. Questionnaires

To identify potential mediators of placebo and nocebo responses, patients’ state

and  trait anxiety were assessed using the STAI-S and STAI-T questionnaire [25].

Moreover, patients were  asked to fill in a questionnaire on beliefs about medicines

[26] which assesses general views about medicines with the subscales overuse and

harm.  Additionally, this  questionnaire focuses on specific views assessing personal

beliefs  about the necessity of prescribed medication to treat the disease (subscale

necessity)  and concerns about potential adverse effects of the treatment (subscale

concern).  For a more detailed description of the questionnaire see Horne et  al. [26].

2.3.  Ethics

All patients gave informed, written consent. The study was approved by the

local  ethics committee of the Medical Faculty, Heinrich-Heine-University (study

no.  3403), Duesseldorf, Germany and was in accordance with the standards of the

declaration  of Helsinki guidelines.

2.4.  Data analysis and statistics

Prior to  the beginning of the experimental session in MedON, one patient

dropped  out because he was  feeling ill on that day resulting in a sample size of

n  = 23 in MedON and of n = 24 in MedOFF.

Data  of distal (i.e. finger tapping) and proximal (i.e. diadochokinesia) move-

ments  were stored on the recording PC’s hard disk and analyzed offline. Each data

set  was inspected offline for artifacts. Epochs containing artifacts were excluded

from  further analysis. Due to considerable artifacts, one dataset of finger tapp-

ing  was  excluded in MedON and MedOFF, respectively. Data were analyzed using

custom-made MATLABTM 7.1 (The Mathworks Inc., Natick, MA,  USA) scripts. Fin-

ger  tapping was analyzed regarding mean frequency. Additionally, the product of

mean  amplitude and mean frequency was assessed. Therefore, we calculated the

Euclidian  distance between the two ultrasound transmitters and reduced noise by

Savitzky–Golay filtering (order: 5, frame size: 41). Subsequently, we  applied the

Matlab  function ‘findpeaks’ to the sign-inverted signal to detect local minima. A

local  minimum was  considered to  represent a touch of thumb and index finger if

it  was smaller than an individually adapted threshold. The tapping frequency was

defined  as the mean number of touches per second. In order to detect local max-

ima,  the function ‘findpeaks’ was  applied to the original signal. A  local maximum

was  required to exceed 0.1 times the signal’s standard deviation. Marker distance

was  averaged over all  local maxima to obtain mean amplitude. Diadochokinesia was

analyzed  with respect to mean angular speed, calculated as  follows: subtraction of

ultrasound  transmitter coordinates yielded a vector in 3-dimensional space that

represented  the pointing direction of the bar at each point in time. Ideally, this vec-

tor  moves in one plane only. In practice, however, there is  a plane containing most

but  not  all of the movements. This plane was estimated by singular value decom-

position.  Subsequently, we projected the pointing direction vectors onto this plane

and  calculated the angle with the second singular vector to  obtain angular motion.

Angular  motion was smoothed using a Savitzky–Golay filter (order: 10, frame size:

100).  Angular velocity was computed by calculation of the first derivative of angular

motion.  Angular speed was defined as the absolute of angular velocity.

Of  the three recorded trials for finger tapping and diadochokinesia, respectively,

only  the trial with the best performance was used for further analysis. This procedure

was  applied for each of the three conditions.

For MDS-UPDRS III, in each condition, a sumscore was calculated as well as a sub-

score  for bradykinesia. Moreover, for the clinically more affected side, subscores were

calculated  for the MDS-UPDRS III items finger tapping representing distal movements

and  for pronation–supination reflecting proximal movements.
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Table  1
Descriptive data of the outcome measures: mean and standard error of mean angular speed of diadochokinesia, frequency as well as frequency ×  amplitude of finger tapping,

MDS-UPDRS III-sumscore and MDS-UPDRS III-subscores for  bradykinesia, finger tapping, pronation–supination and verbal fluency tests.

MedOFF MedON

Placebo Control Nocebo Placebo Control Nocebo

Mean angular speed of diadochokinesia (degree/s)a 324.57 ± 30.06 296.52 ± 24.25 279.35 ± 25.13 379.98 ± 25.21 382.09 ± 26.57 380.70 ± 22.55

Frequency  of finger tapping (tap/s)a 2.59 ± 0.15 2.49 ± 0.16 2.56 ± 0.17 2.79 ± 0.19 2.85 ± 0.20 2.90 ± 0.20

Frequency  × amplitude of finger tappinga 191.95 ± 20.95 182.92 ± 21.12 174.70 ± 19.08 206.69 ± 19.37 191.43 ± 12.58 193.53 ± 14.54

MDS-UPDRS III-sumscore 23.50 ± 1.90 24.46 ± 1.83 24.08 ± 1.65 19.61 ± 1.92 19.78 ± 1.73 19.26 ± 1.65

MDS-UPDRS III-bradykinesia 17.33 ± 1.40 18.17 ± 1.33 18.00 ± 1.14 13.61 ± 1.23 13.91 ± 1.22 13.34 ± 1.15

MDS-UPDRS III-finger tappinga 1.83 ± 0.18 1.70 ± 0.20 1.67 ± 0.17 1.43 ± 0.15 1.39 ± 0.17 1.17 ± 0.16

MDS-UPDRS III-pronation–supinationa 1.75 ± 0.21 1.96 ± 0.21 2.04 ± 0.19 1.48 ± 0.19 1.61 ± 0.19 1.61 ± 0.20

Formal  lexical (no. of words) 9.33 ± 0.94 9.96 ± 0.89 9.42 ± 0.89 9.87 ± 0.77 10.87 ± 0.97 10.43 ± 1.03

Semantic  category (no. of words) 14.41 ± 0.97 15.29 ± 0.84 14.08 ± 0.96 14.57 ± 1.21 15.83 ± 1.21 14.87 ± 1.15

Formal  lexical category change (no. of words) 4.04 ± 0.34 4.17 ± 0.25 4.29 ± 0.46 4.22 ± 0.33 4.26 ± 0.45 4.30 ± 0.41

Semantic  category change (no. of words) 5.38 ± 0.38 5.50 ± 0.30 6.38 ± 0.62 5.78 ± 0.48 5.91 ± 0.49 6.00 ± 0.37

MedOFF, off antiparkinsonian medication; MedON, on antiparkinsonian medication; MDS-UPDRS, Movement Disorder Society-sponsored revision of the Unified Parkinson’s

Disease  Rating Scale
a Clinically more affected side.

Regarding verbal fluency, correct number of words was summed up for  each

patient  for each of the four subtests in each condition. Then mean number of words

were  computed across all patients and compared between conditions.

For  the statistical analysis, prior to  all  analyses, univariate normal distribu-

tion  was  tested using Kolmogoroff–Smirnov goodness-of-fit test for each variable.

Repeated measures analyses of variance (ANOVA) with condition (placebo vs.

control  vs. nocebo) as repeated measures factor were computed for MedON and

MedOFF.  Greenhouse–Geisser corrections were applied in case of violations of

sphericity  assumption. Paired t-tests were used for  post hoc analyses. When multi-

ple  comparisons were performed, Bonferroni correction was applied. Statistical data

analysis  was performed using PASW statistics version 18 (SPSS, Chicago, IL). More-

over,  for the complete group, a placebo-/nocebo-induced change was determined

by  calculating the percentage deviation from the control condition. This change

was  then correlated with disease associated factors (e.g. disease duration, intake of

levodopa  equivalent dose, duration of chronic bilateral STN-DBS) using Pearson’s

correlation.

In  case of a significant effect of expectation on motor function we  further ana-

lyzed  data with respect to placebo/nocebo responders. Therefore, a placebo/nocebo

response  was  defined as an improvement (placebo) or impairment (nocebo) in

motor  function of at least 25% compared to control condition (i.e. patients’ indi-

vidual  therapeutic STN-DBS with neutral expectation reflecting the actual STN-DBS

effect).

3. Results

In summary, expectation modulated proximal movements

whereas no effect of  expectation was observed for distal move-

ments. Furthermore, verbal fluency was affected in patients who

showed a  placebo response in proximal movements. Descriptive

data of results are presented in Table 1.

3.1.  Effects of  expectation on movement parameters

Proximal movements, i.e. mean angular speed of  diadochoki-

nesia, were significantly modulated by expectation in MedOFF

(F(2, 46) = 5.24, p < 0.01; see Fig. 2). In the placebo condition,

angular speed was significantly higher than in the nocebo

condition (t(23) = 2.808, p = 0.005 [one-tailed]). The comparison

between placebo vs. control condition revealed increased mean

angular  speed in the placebo condition (+9.46%) but missed

the  Bonferroni adjusted significance level (t(23) = 1.962, p = 0.03

[one-tailed]). For the nocebo vs. control comparison, no effect

was  observed with respect to mean angular speed of proxi-

mal  movements (t(23) = −1.476, p = 0.08 [one-tailed]). Moreover,

the  placebo-induced change in  proximal movements in MedOFF

was inversely correlated with disease duration (r =  −0.44, p < 0.05)

whereas it was not associated with intake of levodopa equivalent

dose or duration of  chronic bilateral STN-DBS (all p > 0.58).

The  effect of expectation on proximal movements was  also

reflected in a trend regarding the MDS-UPDRS III subscore

pronation–supination (F(2,  46) =  2.60, p =  0.085). As can be inferred

from  the descriptive data (see Table 1), this trend is basically

due  to the difference between the placebo and nocebo condition

indicating that patients were less impaired on proximal move-

ments  in the placebo than in  the nocebo condition. In contrast,

for MedON, no effect of expectation on proximal movements

observed (F(2,  44) =  0.007, p =  0.993). Likewise, expectation did nei-

ther  affect finger tapping (frequency and frequency ×  amplitude)

nor  any other MDS-UPDRS III sub- or sumscore in MedOFF and

MedON, respectively (all p > 0.13).

Fig. 2. Effect of expectation on  proximal movements. Mean and standard error of

the  mean are shown for mean angular speed of proximal hand movements of the

clinically  more affected side under the three expectation conditions (placebo, con-

trol,  nocebo) when the same Parkinson’s disease patients were off (n  =  24, A) and

on  antiparkinsonian medication (n = 23, B). *  indicates that the empirical p-value

is  lower than the Bonferroni corrected significance level of ˛′ = 0.017 whereas (*)

represents  a trend (p = 0.03) after Bonferroni correction.
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Since a  significant effect of expectation was observed on proxi-

mal  movements in  MedOFF, these data were further analyzed with

respect to responders vs. non-responders. According to the pre-

specified  criterion of a  placebo or nocebo response, 10 out of 24 (i.e.

43.67%)  patients showed a placebo response with a mean improve-

ment of 33.71 ± 3.56% in  proximal movements. Only one nocebo

responder was observed (with a  decrease in mean angular speed

of  −30.71% compared to control). Responders and non-responders

did  not differ with respect to disease associated variables (disease

duration, intake of levodopa equivalent units, duration of  chronic

bilateral STN-DBS), psychological variables (trait and state anxiety,

beliefs about medicine) and expectation rating (all  p >  0.12).

3.2.  Effects of  expectation on verbal fluency

To  test for an impairment in  verbal fluency in placebo respon-

ders,  we compared the mean number of  words between the

placebo and control condition, separately for the four subtests in

MedOFF.  In the formal lexical test, patients produced on average

fewer  words in the placebo (−12.5%) than in the control condition

(placebo: 9.1 ±  1.84 vs. control: 10.4 ± 1.45) which was reflected

in  a trend (t(9) =  −1.948, p = 0.08) whereas no effect of expecta-

tion  was observed for any other verbal fluency subtest (all p >  0.39;

mean number of words: semantic test: placebo: 15.4 ± 1.65 vs. con-

trol:  15.9 ±  0.78; lexical category change test: placebo: 4.2 ± 0.63

vs.  control: 4.5  ± 0.48; semantic category change test: placebo:

5.0  ± 0.49 vs. control: 5.3  ± 0.65). Moreover, for the complete group,

no  significant effect of expectation regarding motor function was

observed on any verbal fluency test in  MedOFF (all p > 0.21) and

MedON  (all p >  0.40), respectively.

3.3. Expectation rating regarding the effect of  STN-DBS on motor

function

Under the three conditions, patients’ expectations regarding

motor  function differed significantly in MedOFF (F(2,  46) = 84.98,

p  < 0.001) and MedON (F(2,  44) = 64.29, p <  0.001). Post hoc pairwise

comparisons revealed a significant difference between all condi-

tions  in  MedOFF and MedON with regard to patients’ expectation

(all  p < 0.001) which indicates that opposite expectations as well as

a  control condition were induced successfully (see Fig. 3).

4.  Discussion

The aim  of  the present study was to investigate the role of  expec-

tation  on motor and non-motor functions in hypokinetic-rigid PD

patients chronically treated with STN-DBS.

A  key finding of  the present study is  that performance in prox-

imal movements was modulated by expectation when patients

were  off medication whereas distal movements were not affected.

The  further subgroup analysis of the expectation effect regarding

responders vs. non-responders revealed a placebo response in 10

out  of  24 patients. In these placebo responders, impairment in  lexi-

cal  verbal fluency was observed in MedOFF, indicating that positive

expectations regarding motor function exert both motor placebo

and  cognitive nocebo responses.

4.1. Motor effects

Our findings regarding motor responders are  in  line with other

studies  where placebo responses were reported in PD patients [3]

treated with STN-DBS [8,9] and indicates that the effect of STN-DBS

on  proximal movements can be further enhanced by means of ver-

bally induced positive expectations. The occurrence and extent of

placebo responses usually vary considerably across individuals and

studies. While some individuals are prone to respond to  placebo

Fig. 3. Expectation rating. Mean and standard error of the mean for the expectation

rating  under the three conditions (placebo, nocebo, and control) when the same

Parkinson’s disease patients were off (n = 24, A) and on antiparkinsonian medication

(n  = 23, B). On a numeric rating scale patients’ expectations regarding the impact of

the following deep brain stimulation of the subthalamic nucleus on motor symp-

toms  were assessed. +5 indicates expectation of strong improvement, −5 indicates

expectation  of strong impairment while 0 represents expectation of no change of

motor  function. ***p <  0.001.

treatments and subsequently show substantial placebo responses,

others do not  respond to placebo treatments at all [27]. Thus, in

placebo research, the identification of possible psychological, neu-

roendocrine and genetic factors that might play a  role in placebo

responsiveness and responses, respectively, is matter of current

debate and investigation [for a review see 28].  In an  attempt to iden-

tify  factors that potentially mediate placebo responses, we analyzed

whether placebo responders and non-responders differed with

respect to  disease associated variables, psychological variables and

expectation rating. However, as responders and non-responders

did  not differ significantly regarding the aforementioned factors

there are  apparently other factors involved that are related to

placebo responses in PD which need to be  elucidated in future

studies.

As regards the underlying mechanism of  placebo responses in

PD,  there is  evidence for an expectation-induced dopamine release

in  the ventral and dorsal striatum [3,4,29] in which the dopamine

release in the latter is related to improvement in motor function

[3].  Such an endogenous dopamine release subsequently to  positive

expectation might have occurred and mediated placebo responses

in  the patients of the present study. This hypothesis is supported

by  the observed inverse correlation between the placebo-induced

change in proximal hand movements and disease duration. This

correlation might thus be  interpreted as proneness of earlier stages

of  PD – due to a lower dopaminergic deficit – to placebo responses.

However, the exact role of dopamine release in the present placebo
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responses remains speculative as dopamine release was not mea-

sured.

On  the other hand, it is of interest that in MedOFF expectation

did  not have an  effect on distal movements. Given that STN-DBS

compared to  levodopa has a more pronounced impact on proximal

than  on distal movements and vice versa [15,16], our data suggest

that  the effect of  expectation is  particularly prominent on symp-

toms primarily suppressed by the actual treatment – independent

of  the role of dopamine.

4.2. Cognitive effects

We  showed that positive expectations regarding motor func-

tion  exerted cognitive nocebo responses besides motor placebo

responses. Deterioration of verbal fluency is  a side-effect often

described in PD patients treated with STN-DBS [17–19].  Although

the  exact neurophysiological mechanisms underlying this STN-DBS

associated impairment are still not precisely understood, there is

evidence  from imaging studies suggesting a  decreased activation in

a  left-hemispheric frontotemporal network during high-frequency

stimulation of the STN which is  related to impairment in  verbal

fluency [30,31].  This indicates that a stimulation-induced inter-

ference with basal ganglia thalamocortical circuits may  underlie

impairment in verbal fluency. The observed impairment in  verbal

fluency  in placebo responders of the present study is  in line with a

previous study which showed that typical side-effects can also be

triggered by a  placebo treatment [20] and suggests the occurrence

of  implicit learning between the therapeutic effect, i.e. improved

motor function and side effects, i.e. impaired verbal fluency.

For  the complete group, expectation regarding the impact of

STN-DBS on motor function had no effect on verbal fluency in Med-

OFF.  This indicates that expectation of improvement or impairment

in  a specific domain does not exert a global (placebo/nocebo) effect.

More  precisely, expectation of improvement or  worsening in (e.g.

motor function) does not readily generalize to other domains (e.g.

cognitive function), emphasizing that the effect of expectation is

restricted  to the domain as to which it is elicited.

4.3.  Placebo- versus nocebo-response

In  contrast to  previous findings, we did not observe relevant

nocebo responses regarding motor performance in  consequence

of  verbally induced negative expectations as reported by oth-

ers  [8,9].  A possible explanation might be  based on the fact

that  patients generally have positive experiences and thus strong

positive expectations regarding the effect of STN-DBS on motor

symptoms whereas the majority of patients usually have not expe-

rienced impairment of motor symptoms due to STN-DBS. Thus, in

the  absence of a previously experienced impairment induced by

STN-DBS, it obviously might be more difficult to induce negative

expectations regarding STN-DBS than it is  to evoke positive expec-

tations.  This notion is  also supported by the patients’ expectation

ratings regarding the impact of STN-DBS on motor function: the

degree  to which patients expected a  worsening of motor function

by  STN-DBS is  considerably lower than to which patients expected

an  improvement (see Fig. 3). Therefore, it is  likely that patients’

expectations regarding the effect of STN-DBS on motor function

were  biased by their previous good experience in  each condition.

The  importance of  prior experience in the context of  placebo and

nocebo responses is  also pointed out by studies in the field of  exper-

imentally induced pain [32,33].

4.4. Medication ‘on’ versus medication ‘off’

Regarding proximal and distal movements, MDS-UPDRS III

scores as well as verbal fluency, no effect of expectation was

observed when patients were taking their usual prescribed

antiparkinsonian medication (MedON). Moreover, in  contrast to

MedOFF, no placebo responders were observed with respect to

proximal movements. A possible explanation for this might be the

presence of a  ceiling effect: the best possible performance is already

obtained in  combined therapy (i.e. combination of  pharmacologi-

cal  treatment and STN-DBS) and thus cannot be  further enhanced

by  placebo interventions. This interpretation is  also corroborated

by  the fact that across all conditions the best performance in  distal

and in proximal movements as well as in  MDS-UPDRS III scores was

observed when patients were on combined therapy (see Fig. 2 and

Table 1). Correspondingly, Timmermann et al. [15] showed that

performance in  proximal movements did  not differ between PD

patients under combined therapy and healthy matched controls.

5.  Conclusion

Taken together, the results of the present study suggest that

the  effect of  expectation regarding STN-DBS closely resembles the

actual STN-DBS effect with stronger improvement in  proximal

than  in distal movements and impairment in  formal lexical verbal

fluency. This indicates that the STN-DBS effect on proximal move-

ments can be further enhanced by positive expectations suggesting

that  even in  very effective treatments as in  STN-DBS, the effect

of  the actual treatment can be  boosted by placebo interventions.

Moreover, the occurrence of  a  cognitive nocebo response reflected

in  impaired verbal fluency in  motor placebo responders implies that

nocebo responses cannot only be induced by nocebo interventions

but may – putatively due to implicit learning between improve-

ment  of  symptoms and side effects – also be triggered by placebo

interventions. Altogether, the findings of the present study under-

score  the potency and clinical relevance of patients’ expectations

regarding therapeutic interventions and their outcomes.
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Abstract

Expectation contributes to placebo and nocebo responses in Parkinson’s disease (PD). While there is evidence for
expectation-induced modulations of bradykinesia, little is known about the impact of expectation on resting tremor.
Subthalamic nucleus (STN) deep brain stimulation (DBS) improves cardinal PD motor symptoms including tremor whereas
impairment of verbal fluency (VF) has been observed as a potential side-effect. Here we investigated how expectation
modulates the effect of STN-DBS on resting tremor and its interaction with VF. In a within-subject-design, expectation of 24
tremor-dominant PD patients regarding the impact of STN-DBS on motor symptoms was manipulated by verbal
suggestions (positive [placebo], negative [nocebo], neutral [control]). Patients participated with (MedON) and without
(MedOFF) antiparkinsonian medication. Resting tremor was recorded by accelerometry and bradykinesia of finger tapping
and diadochokinesia were assessed by a 3D ultrasound motion detection system. VF was quantified by lexical and semantic
tests. In a subgroup of patients, the effect of STN-DBS on tremor was modulated by expectation, i.e. tremor decreased
(placebo response) or increased (nocebo response) by at least 10% as compared to the control condition while no
significant effect was observed for the overall group. Interestingly, nocebo responders in MedON were additionally
characterized by significant impairment in semantic verbal fluency. In contrast, bradykinesia was not affected by
expectation. These results indicate that the therapeutic effect of STN-DBS on tremor can be modulated by expectation in a
subgroup of patients and suggests that tremor is also among the parkinsonian symptoms responsive to placebo and
nocebo interventions. While positive expectations enhanced the effect of STN-DBS by further decreasing the magnitude of
tremor, negative expectations counteracted the therapeutic effect and at the same time exacerbated a side-effect often
associated with STN-DBS. The present findings underscore the potency of patients’ expectation and its relevance for
therapeutic outcomes.
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Introduction

In Parkinson’s disease (PD), dopamine replacement therapy and

deep brain stimulation (DBS) of the subthalamic nucleus (STN) are

well established and effective treatments for the cardinal symptoms

resting tremor, bradykinesia and rigidity [1–3]. Although both

treatments generally lead to improvement in motor symptoms,

tremor is usually more effectively supressed by STN-DBS as

compared to dopamine replacement therapy (for a review see [4]).

Moreover, while STN-DBS does not affect overall cognitive

function [5,6], adverse effects of therapeutic STN-DBS have been

reported for verbal fluency [7–9].

There is considerable evidence that PD is among the disorders

in which placebo and nocebo responses play a significant role and

can thus contribute to the outcome of treatments. The occurrence

of placebo and nocebo responses in PD has been observed in

pharmacological placebo-controlled clinical trials [10–12] and in

studies experimentally investigating the role of expectation as one

of the main mechanisms mediating those responses (for reviews see

[13,14]). For example, the administration of placebo drugs which

PD patients expect to be a potent antiparkinsonian medication

induces a substantial dopamine release in the striatum and

alterations in the firing rate of single neurons in the STN

associated with improvement in rigidity [15–17]. Furthermore, the

therapeutic effect of STN-DBS on bradykinesia can be modulated

by verbally induced opposite expectations regarding the effect of

STN-DBS with improvement following positive expectation and

impairment in consequence of negative expectation [18–21].

Interestingly, a modulation of verbal fluency has been described in

relation to expectation-induced placebo responses in bradykinesia

in PD patients treated with STN-DBS [21].

While it has been repeatedly shown that bradykinesia and

rigidity are responsive to verbally induced expectation [15,18–21],

research regarding its effect on resting tremor in PD patients

treated with STN-DBS is scarce. Given evidence of a worsening of

resting tremor in PD patients performing cognitive tasks or during
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mental stress [22], it is of clinical relevance to investigate whether

the therapeutic effect of STN-DBS on tremor can also be

modulated by patients’ expectations. Furthermore, while there is

strong evidence for expectation-induced placebo responses, much

less is known about nocebo responses in PD which have only been

described for bradykinesia in two studies so far [18,20]. Thus, the

primary aim of the present study was to systematically investigate

how differing expectations induced by verbal suggestions (positive

[placebo], negative [nocebo], neutral [control]) modulate the

therapeutic effect of STN-DBS on resting tremor and its

interaction with verbal fluency in tremor-dominant PD patients.

The secondary aim was to study the effect of expectation regarding

STN-DBS on proximal and distal movements.

The present study was part of a transregional and translational

research unit investigating the role of conditioning and expectation

as underlying mechanisms of placebo and nocebo responses in

different physiological systems, pathophysiological conditions and

therapeutic interventions, where we set out to examine the effect of

expectation on motor and cognitive functions in PD patients

treated with STN-DBS.

Materials and Methods

Participants
Twenty-four Parkinson’s disease patients of the tremor-domi-

nant subtype (19 men and 5 women, mean age: 64.1761.6 [SEM]

years, range: 45–75) with chronic bilateral STN-DBS participated

in the study. Patients were recruited from the Movement Disorder

Centre of the University Hospital Duesseldorf. In order to rule out

a possible cognitive impairment and clinically relevant depressive

symptoms all patients were tested with the Mattis Dementia

Rating Scale (MDRS [23]) with a cut-off score of #130 and filled

in the Beck Depression Inventory [24] with a cut-off score for

clinically relevant depression of $18 before study participation.

For patients’ characteristics and stimulation parameters see Table

S1 and Table S2.

Experimental Design and Procedure
Using a repeated-measures design, three expectation conditions

(positive [placebo], negative [nocebo], neutral [control], see below)

were applied in a counterbalanced order and patients were

randomly assigned to one of six possible orders. Patients

participated twice on two consecutive days, one day on (MedON)

and one day off (MedOFF) antiparkinsonian medication, i.e, after

withdrawal from any antiparkinsonian medication for at least

twelve hours prior to study participation.

The experimental sessions were performed at the Department

of Neurology of the University Hospital Duesseldorf. Different

expectations (positive, negative, neutral) were induced using verbal

suggestions. Prior to each verbal suggestion, STN-DBS was

switched off for ten minutes. Before STN-DBS was turned on

again patients’ expectations regarding the effect of STN-DBS on

motor symptoms were verbally manipulated by an experienced

movement disorders physician (L.W., M.S., S.F.). In the positive

expectation condition, patients were informed that parameter

settings of the upcoming stimulation would be adjusted in order to

strongly improve tremor and motor function in general (placebo

condition). That is, in the aforementioned condition patients were

told the following: ‘The upcoming stimulation will be turned on

with parameter settings which will effectively improve tremor and

motor function and thus will considerably improve your current

motor state’. In contrast, in the negative expectation condition

patients were told that the subsequent stimulation would strongly

worsen tremor and motor function (nocebo condition). In the

neutral expectation condition, patients were informed that the

upcoming stimulation would not have any impact on tremor and

motor function (control condition). Thus, the neutral expectation

condition in which no specific expectation was induced served as a

control condition considered to reflect the genuine STN-DBS

effect. The text used for verbal suggestions was standardized and

the physician who induced expectations was held constant for each

patient. After expectations were verbally induced, STN-DBS was

turned on (Stim ON) according to the patient’s individual

therapeutic settings in each condition. This means that stimulation

parameters (intensity, frequency and pulse width) were identical in

all three conditions, a fact patients were blinded to. In between the

conditions, the stimulator was switched off for ten minutes. STN-

DBS usually improves symptoms such as rigidity and tremor in less

than a minute and improvement in bradykinesia is gradually

achieved within a couple of minutes [25]. Consequently, in each

condition assessment of dependent variables was undertaken after

STN-DBS had been turned on for 15 minutes. The experimental

session lasted about 120 minutes per day. For more details of the

procedure see Keitel et al. [21].

Expectation Rating. Directly after expectations were ver-

bally induced, patients rated to what degree they expected

improvement, impairment or no change of their current motor

state on a numeric rating scale. The numeric rating scale ranged

from +5 indicating expectation of strong improvement to 25

indicating expectation of strong impairment of motor function

while 0 represented expectation of no change of motor function.

Motor Function: Resting Tremor, Distal and Proximal

Movements. Resting tremor was objectively determined by

means of an accelerometer whose signal was recorded using an

analogue channel of a 3D ultrasound motion detection system

(CMS 70P v 5, Zebris, Isny, Germany). In order to assess resting

tremor, the accelerometer was attached to the patient’s hand of the

clinically more affected body side. Tremor was then recorded

during 30 seconds of rest in each condition. For recording, patients

were seated in a chair with bilateral armrests, placed the hand of

the clinically more affected side as comfortable as possible on the

armrest and were asked to avoid any voluntary movements.

Moreover, the ultrasound motion detection system was used to

assess performance in proximal (diadochokinesia) and distal (finger

tapping) movements. For the assessment of diadochokinesia,

patients were asked to rotate using a wooden bar with two 3D

markers (ultrasound transmitters) attached to each end. To record

finger tapping, two ultrasound transmitters were attached to the

patients’ hand; one to the lateral side of the index finger tip and

one to the thumbnail. Patients performed three trials of 10 seconds

of finger tapping as well as of diadochokinesia using the hand/arm

of the clinically more affected side in each condition. Between the

trials, patients paused for a period of 30 seconds. Details regarding

the assessment of diadochokinesia and finger tapping can be found

elsewhere [21].

Cognitive Function: Verbal Fluency. Verbal fluency was

assessed using four different tests: a formal lexical test, a semantic

category test, a formal lexical category change test and a semantic

category change test. In each test, patients were asked to produce

as many words as possible within a time period of one minute. In

the formal lexical test patients were instructed to produce words

beginning with a specific letter (e.g. ‘S’). In the semantic category

test they had to name words of a certain semantic category (e.g.

‘animals’). In the formal lexical category change test, patients were

asked to switch between two different letters (e.g. a word beginning

with the letter ‘G’ followed by a word beginning with the letter

‘R’). In the semantic category change test patients had to alternate

between two semantic categories (e.g. ‘clothes’ and ‘flowers’).

Expectation Modulates the Effect of DBS
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As dependent variables were assessed six times throughout the

experimental sessions (three conditions in MedON and in

MedOFF, respectively), six parallel test versions of each verbal

fluency test were employed in a randomized order to avoid

learning effects.

Questionnaires. To identify potential mediators of placebo

and nocebo responses, patients’ state and trait anxiety were

assessed using the STAI-S and STAI-T questionnaire [26].

Moreover, patients were asked to fill in a questionnaire on beliefs

about medicines [27] which assesses general and specific views

about medicines.

Ethics
According to the cognitive screening (MDRS-scores, see

Materials and Methods as well as Table S1) none of the patients

who participated in the present study was cognitively impaired and

had thus no compromised capacity to consent. All patients gave

informed, written consent themselves. The study was approved by

the local ethics committee of the Medical Faculty, Heinrich-

Heine-University (study no. 3403), Duesseldorf, Germany and was

in accordance with the standards of the declaration of Helsinki

guidelines.

Data Analysis and Statistics
Data of tremor as well as of distal (i.e. finger tapping) and

proximal (i.e. diadochokinesia) movements were stored on the

recording PC’s hard disk and analyzed offline. Each data set was

inspected offline for artifacts. Epochs containing artifacts were

excluded from further analysis. Data were analyzed using custom-

made MATLABTM 7.1 (The Mathworks Inc., Natick, MA, USA)

scripts. Tremor was analyzed regarding power at tremor

frequency. For each patient, the tremor frequency was determined

when STN-DBS was switched off and when patients were off

antiparkinsonian medication and power at tremor frequency was

assessed. Input to spectral analysis was the signal of the

accelerometer. Spectral power at individual tremor frequency

61 Hz was computed using Welch’s method with half-overlap-

ping segments. The segment length equaled twice the sampling

rate, i.e. frequency resolution was 0.5 Hz. Additionally, using an

exploratory approach, tremor data were further explored with

respect to placebo/nocebo responders. Therefore, a placebo/

nocebo response was defined as an improvement (placebo) or

worsening (nocebo) in resting tremor of at least 10% compared to

the control condition (i.e. patients’ individual therapeutic STN-

DBS with neutral expectation reflecting the actual STN-DBS

effect).

Finger tapping was analyzed with respect to mean frequency

and additionally regarding the product of mean amplitude and

mean frequency. Therefore, the Euclidian distance between the

two ultrasound transmitters attached to index finger and thumb

was calculated and noise was reduced using Savitzky-Golay

filtering (order: 5, frame size: 41). A tap was defined as a local

distance minimum and tap amplitudes were determined by the

detection of local maxima. The Matlab function ‘findpeaks’was

applied to the sign-inverted signal in order to detect local minima.

A local minimum was considered to represent a touch of thumb

and index finger if it was smaller than an individually adapted

threshold. The tapping frequency was defined as the mean

number of taps per second. For detection of local maxima the

function ‘findpeaks’ was applied to the original signal. A local

maximum was required to exceed 0.1 times the signal’s standard

deviation. Distance traces were checked visually to ensure that

individual taps and tap amplitudes were identified correctly.

Diadochokinesia was analyzed with respect to mean angular

speed which was calculated as follows: Subtraction of ultrasound

transmitter coordinates yielded a vector in 3-dimensional space

that represented the pointing direction of the bar at each point in

time. Ideally, this vector moves in one plane only. In practice,

however, there is usually a plane which contains most but not all of

the movements. This plane was estimated by singular value

decomposition. Afterwards, we projected the pointing direction

vectors onto this plane and calculated the angle with the second

singular vector to obtain angular motion. Using a Savitzky-Golay

filter (order: 10, frame size: 100), angular motion was smoothed.

Angular velocity was computed by calculation of the first

derivative of angular motion and angular speed was defined as

the absolute of angular velocity. In each condition, only the trial

with the best performance in finger tapping and diadochokinesia,

respectively, was used for further analysis.

In order to analyze verbal fluency, for each patient the correct

number of words was summed up for each subtest in each

condition. Then the mean number of words was computed across

all patients and compared between conditions.

Prior to all statistical analyses, univariate normal distribution

was tested using Kolmogoroff-Smirnov goodness-of-fit test for

each variable. Repeated measures analyses of variance (ANOVA)

with condition (placebo vs. control vs. nocebo) as repeated

measures factor were computed for MedON and MedOFF.

Paired t-tests were utilized for post-hoc analyses. In case of

violation of sphericity, Greenhouse-Geisser corrections were

applied. The non-parametric Friedman test was used instead of

ANOVA in case of violation of normal distribution, which was the

case for tremor data. When multiple comparisons were performed,

Bonferroni correction was applied. Comparison of placebo/

nocebo responders vs. non-responders was carried out using the

non-parametric Mann-Whitney U test. Statistical data analysis was

performed using PASW statistics version 18 (SPSS, Chicago, IL).

Regarding tremor data, four outliers were excluded prior to

further statistical analysis as the values deviated from the

respective group mean by more than three standard deviations.

Results

In brief, expectation did not significantly affect resting tremor

on group level but modulated the effect of STN-DBS on resting

tremor in a subgroup of patients. Furthermore, verbal fluency was

adversely affected in patients showing a nocebo response in resting

tremor. On the other hand, bradykinesia of proximal and distal

movements was not significantly modulated by expectation.

Descriptive data of the results are presented in Table 1.

Effect of Expectation on Tremor
In an exploratory approach, tremor data were inspected

individually for the analysis of responders and non-responders.

According to the prespecified criterion (i.e. improvement [placebo]

or worsening [nocebo] in resting tremor of at least 10% compared

to the control condition), eight out of twenty patients showed a

placebo response with a mean tremor reduction of

222.8465.20% (see Fig. 1A) and five patients displayed a nocebo

response with a mean tremor increase of 39.00613.80% (see

Fig. 1B) in MedON. In MedOFF, seven patients were character-

ized by a placebo response with a mean tremor reduction of

238.3066.77% (see Fig. 1C) and two patients showed a nocebo

response with a mean tremor increase of 95.03672.41% (see

Fig. 1D). Yet on group level, expectation did not have a significant

effect on resting tremor in MedON and MedOFF (all p.0.59).

Expectation Modulates the Effect of DBS

PLOS ONE | www.plosone.org 3 December 2013 | Volume 8 | Issue 12 | e81878



Moreover, responders and non-responders did not differ

significantly with respect to disease-associated variables (disease

duration, intake of levodopa equivalent units, duration of chronic

bilateral STN-DBS), psychological variables (trait and state

anxiety, beliefs about medicine) and expectation rating (placebo

responders vs. placebo non-responders: all p.0.14; nocebo

responders vs. nocebo non-responders: all p.0.10).

Effect of Expectation on Verbal Fluency
To assess the impact of expectation regarding STN-DBS on

verbal fluency, we tested whether it was affected in the subgroups

of patients showing a placebo or nocebo response in resting

tremor. Therefore, for placebo responders, the mean number of

words was compared between the placebo and control condition,

separately for the four subtests. For nocebo responders, this

comparison was undertaken for the nocebo and control condition.

Due to the small sample size of responders, these analyses were

performed using the non-parametric Wilcoxon signed-rank test.

These analyses revealed that verbal fluency in the semantic

category change test was reduced in nocebo responders, i.e., they

produced significantly fewer words in the nocebo compared to the

control condition (p,0.05; see also Fig. 2) whereas no significant

effect of expectation was observed for any other verbal fluency

subtest (all p.0.19). In contrast, no significant effect of expectation

on verbal fluency was observed for placebo responders (all

p.0.28). Moreover, on group level, the three conditions did not

differ significantly regarding lexical and semantic verbal fluency in

MedOFF and MedON (all p.0.12).

Effect of Expectation on Bradykinesia
Expectation did not significantly affect bradykinesia of distal

and proximal movements in MedOFF and MedON, respectively

(all p.0.39).

Expectation Rating regarding the Effect of STN-DBS on
Motor Function
Patients’ expectations regarding the effect of STN-DBS on

motor function differed significantly in MedON (F (2, 46) = 30.87,

p,0.001) and MedOFF (F (2, 46) = 21.30, p,0.001), respectively.

Post-hoc pairwise comparisons using paired t-tests revealed a

significant difference between all conditions in MedON (all

p,0.01; see Fig. 3A). In MedOFF, expectations between the

placebo and nocebo condition as well as between the placebo and

control condition differed significantly (p,0.001) whereas no

significant difference was observed for the comparison between the

nocebo and control condition (t(23) =20.90, p=0.38; see Fig. 3B).

Discussion

The main findings of the present study are that the therapeutic

effect of STN-DBS on resting tremor was modulated by verbally

induced expectation in a subgroup of PD patients and that

negative expectation regarding the STN-DBS effect on motor

function also adversely affected verbal fluency in patients showing

a nocebo response in resting tremor.

Effect of Expectation on Tremor
A nocebo increase of tremor subsequently to negative verbal

suggestions was observed in some patients when they were on and

in others when they were off antiparkinsonian medication,

indicating that the effect of a dopaminergic treatment as well as

STN-DBS can be undermined by negative expectations in a

subgroup of patients. Given the known phenomenon that tremor

often worsens in PD patients experiencing mental stress or

performing cognitive tasks [22], the observed increase of tremor

in the nocebo condition suggests that expectation of symptom

worsening is apparently also a factor which can contribute to

tremor aggravation. Regarding expectation-induced placebo

responses, subsets of patients on as well as off antiparkinsonian

medication were characterized by a reduction in resting tremor

suggesting that expectation of benefit can increase the therapeutic

effect of STN-DBS on tremor. Thus, these findings provide

evidence that the therapeutic effect of STN-DBS on resting tremor

can be modulated by patients’ positive and negative expectations

and indicate that tremor is also among the parkinsonian symptoms

responsive to placebo and nocebo interventions. This view is

supported by a study which evaluated the placebo arm of a

randomized placebo-controlled pharmacological trial in PD

patients assessing the response of motor symptoms to placebo

medication. In essence, cardinal motor symptoms such as

bradykinesia, rigidity and tremor responded to placebo treatment.

Yet tremor was the symptom where the magnitude and

occurrence of placebo responses was lowest [10]. Hence, it seems

generally possible to modulate tremor by placebo and nocebo

treatments although compared to other parkinsonian symptoms

Table 1. Descriptive data of the outcome measures: Mean and standard error of power at tremor frequency, mean angular speed
of diadochokinesia, frequency as well as frequency x amplitude of finger tapping and verbal fluency tests.

MedOFF MedON

Placebo Control Nocebo Placebo Control Nocebo

Power at Tremor Frequency (a.u.) 1.4760.40 1.8860.74 1.6060.51 1.0360.20 1.1260.22 1.3960.38

Mean Angular Speed of Diadochokinesia
(degree/s)#

432.31633.70 436.38634.99 425.96639.09 428.90628.95 421.47629.38 441.82627.76

Frequency of Finger Tapping (tap/s)# 2.2660.13 2.2560.10 2.3260.13 2.3960.16 2.4460.16 2.4160.18

Frequency x Amplitude of Finger Tapping# 179.00617.70 182.43620.98 179.70617.53 186.60619.80 187.25620.42 178.71621.01

Formal Lexical (no. of words) 9.0460.89 8.1360.98 8.3960.86 8.7460.98 7.6160.68 7.2660.81

Semantic Category (no. of words) 13.8760.98 13.4861.47 13.9161.01 13.4861.02 13.2660.86 12.7860.74

Formal Lexical Category Change (no. of words) 3.3060.40 3.5660.48 3.1360.46 3.5760.46 3.5760.30 3.6560.38

Semantic Category Change (no. of words) 5.6160.59 5.0460.54 5.3960.38 5.7860.59 6.0060.62 4.7060.35

MedOFF = off antiparkinsonian medication; MedON= on antiparkinsonian medication; # refers to the clinically more affected side; a.u. = arbitrary units.
doi:10.1371/journal.pone.0081878.t001
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such as bradykinesia and rigidity it appears to be the symptom

least responsive to those interventions. Interestingly, concordance

in patients who showed a placebo as well as a nocebo response was

rather low indicating that being responsive to placebo interven-

tions is not necessarily accompanied by proneness to respond to

nocebo treatments.

On group level, expectation did not significantly affect resting

tremor in the patients of the present study. This finding is in

agreement with a study by Mercado et al. [19] who did not

observe a modulation of tremor using a different paradigm to

manipulate patients’ expectation regarding STN-DBS. However,

given the relatively small number of placebo and nocebo

responders in the present study, the lack of statistical significance

on group level is not surprising. In general, the occurrence and

extent of placebo and nocebo responses vary considerably across

individuals and studies [28]. Thus, the identification of potential

psychological, neuroendocrine and genetic factors that might play

a role in mediating responsiveness and responses, respectively, is a

matter of current debate and investigation in placebo and nocebo

research (for a review see [14]). In an attempt to identify factors

potentially mediating placebo and nocebo responses in PD,

responders and non-responders were compared regarding dis-

ease-associated variables, psychological variables and expectation

ratings but did not differ significantly with respect to those factors.

Consequently, this may indicate involvement of other factors that

are related to placebo and nocebo responses in PD which were not

assessed in the present study and need to be elucidated in future

studies. Moreover, as the subgroup of responders was considerably

small, statistical power might not have been sufficient in order to

detect significant differences between responders and non-

responders.

Another possible explanation for the absence of an effect of

negative verbal suggestions on resting tremor in the overall group

of the present study might be related to the fact that it is obviously

Figure 1. Impact of expectation on resting tremor. Power at tremor frequency (mean and standard error of the mean) in tremor-dominant
Parkinson’s disease patients treated with deep brain stimulation (DBS) of the subthalamic nucleus (STN). Upper row: Power of tremor in placebo
responders in the placebo (open bars) and control condition ([grey bars] n = 8, Fig. 1A) and in nocebo responders in the nocebo (black bars) and
control condition (n = 5; Fig. 1B) on antiparkinsonian medication. Lower row: Power of tremor in placebo responders (n = 7, Fig. 1C) in the placebo
and control condition and in nocebo responders in the nocebo and control condition (n = 2, Fig. 1D) off antiparkinsonian medication.
doi:10.1371/journal.pone.0081878.g001
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more difficult to induce negative expectations regarding STN-

DBS. This interpretation is corroborated by the patients’expecta-

tion ratings (see Fig. 3) indicating that on average patients did not

expect strong impairment of motor symptoms by STN-DBS in the

nocebo condition. Generally, the majority of patients had long-

standing beneficial experience with effective suppression of tremor

by STN-DBS whereas they usually had not experienced worsening

of tremor induced by this treatment and consequently did not

establish strong expectations of impairment in the nocebo

condition. Indeed, the importance of prior experience with

effectiveness or ineffectiveness of a treatment in order to form

pronounced expectations regarding its (in-)efficacy, thus providing

the basis for the occurrence of placebo and nocebo responses, is

also pointed out by studies on placebo analgesia and hyperalgesia

[29,30]. Furthermore, the absence of an expectation-induced

effect on resting tremor in the placebo condition on group level

might be explained by a floor-effect: As resting tremor was assessed

when STN-DBS was switched on, power at tremor frequency was

rather low in most patients and barely detectable in some patients

in the control condition. Thus, positive expectation could not

further substantially decrease resting tremor in the placebo

condition. In future studies it would be of interest to assess the

impact of expectation on tremor when STN-DBS is - unbe-

knownst to the patients - switched off to avoid potential floor

effects.

There is one limitation regarding the assessment of resting

tremor that we would like to address. Given that the amplitude of

resting tremor in Parkinson’s disease can show considerable

variability over time, a longer period of tremor recording would

have been useful. However, for practicability reasons - mainly to

keep time and effort for the patients on a reasonable level - tremor

was only measured for 30 seconds keeping in mind that the study

lasted approximately 120 minutes each on two consecutive days.

Although we do not have any reason to assume that spontaneous

fluctuations in the amplitude of resting tremor varied substantially

between conditions, a measurement for a longer period should be

considered in future studies to control for potential variability in

tremor that might occur over time.

Effect of Expectation on Verbal Fluency
Those patients who showed an aggravation of resting tremor in

the nocebo condition were also characterized by impairment in

semantic verbal fluency. Thus, negative expectation regarding the

effect of STN-DBS on motor function did not only modulate the

magnitude of resting tremor but additionally had an adverse effect

on a cognitive function often affected in PD patients treated with

STN-DBS [6–9]. This suggests an expectation-induced general-

ization of a nocebo response manifesting on motor as well as on

cognitive functions. Yet this finding has to be substantiated in

future studies using larger sample sizes in order to increase the

likelihood of a greater number of potential responders. In contrast

to patients in the subgroup who showed a nocebo response in

tremor, no significant effect of expectation on verbal fluency was

observed on group level.

Figure 2. Impact of expectation on verbal fluency in nocebo
responders. Performance in verbal fluency of tremor-dominant
Parkinson’s disease patients showing a nocebo response in tremor:
Number of words (mean and standard error of the mean) produced in
the semantic category change test in the nocebo condition (black bars)
and the control condition (grey bars) in 5 patients on deep brain
stimulation of the subthalamic nucleus and on antiparkinsonian
medication. * p,0.05.
doi:10.1371/journal.pone.0081878.g002

Figure 3. Expectation Rating. Mean and standard error of the mean for the expectation rating under the three conditions (placebo, nocebo,
control) when the same Parkinson’s disease patients were on (n = 24 [Fig. 3A]) and off antiparkinsonian medication (n = 24 [Fig. 3B]). On a numeric
rating scale patients’ expectations regarding the effect of deep brain stimulation of the subthalamic nucleus on motor symptoms were assessed. +5
indicates expectation of strong improvement, 25 indicates expectation of strong impairment while 0 represents expectation of no change of motor
function. ** p,0.01; *** p,0.001
doi:10.1371/journal.pone.0081878.g003

Expectation Modulates the Effect of DBS

PLOS ONE | www.plosone.org 6 December 2013 | Volume 8 | Issue 12 | e81878



In a previous study using the same paradigm as employed in the

present study [21], hypokinetic-rigid PD patients who showed a

placebo response in bradykinesia were also characterized by a

tendency for impairment in lexical verbal fluency. Thus, in

contrast to the present study, expectation of beneficial STN-DBS

modulated motor and cognitive functions in opposite directions.

The discrepant results of an expectation-induced modulation of

the STN-DBS effect on motor and cognitive functions in tremor-

dominant and hypokinetic-rigid PD patients, indicates that these

two PD subtypes do not only differ regarding the clinical

phenotype and related underlying pathophysiological patterns

such as neuronal oscillations [31,32], neuroimaging patterns of

dopaminergic degeneration [33] and cortical Lewy bodies [34],

but diverge also with respect to expectation-induced placebo and

nocebo responses and their interaction with verbal fluency.

Effect of Expectation on Bradykinesia
Expectation did not affect bradykinesia of distal or proximal

movements in the patients of the present study. This result differs

from the findings of previous studies where a modulation of

bradykinesia by expectation was reported [18–21]; yet in those

studies either exclusively hypokinetic-rigid or a mixture of

hypokinetic-rigid and tremor-dominant PD patients were analyzed

suggesting that placebo and nocebo responses mainly manifest on

symptoms of predominant relevance to the patients, that is, tremor

in the patients of the present study. Moreover, although

expectations regarding the effect of STN-DBS were not exclusively

induced with respect to tremor but also regarding motor

symptoms in general, patients may have specifically focused their

expectation on tremor rather than on other symptoms such as

bradykinesia.

Conclusion

Taken together, the results of the present study provide

evidence that the therapeutic effect of STN-DBS on resting

tremor can be modulated by expectation in a subgroup of patients.

Moreover, the present findings indicate that tremor is among the

parkinsonian symptoms responsive to placebo and nocebo

interventions - although less so than other cardinal symptoms.

While positive expectations enhanced the effect of STN-DBS by

further decreasing the magnitude of resting tremor, negative

expectations did not only counteract the therapeutic effect of

STN-DBS by increasing the amplitude of tremor, but additionally

exacerbated impairment in verbal fluency, a side-effect often

associated with therapeutic STN-DBS. This suggests that – at least

in a subgroup of patients - negative expectations can undermine

the therapeutic effect even of very efficacious treatments such as

STN-DBS while at the same time exacerbating side-effects.

However, given the relatively small size of responders and the

exploratory descriptive approach, future studies are needed to

substantiate the findings of the present study and to elucidate the

prerequisites and patient-associated factors which contribute to

responsiveness to placebo and nocebo interventions in PD.

Nevertheless, the present results underscore the potency of

patients’ expectation and thus its relevance for therapeutic

outcomes and should consequently be considered in the context

of patient-physician interaction.
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chosen, as this treatment has been reported to display beneficial effects with respect to

behavioural responsiveness in DOC. Local field potential (LFP) oscillations were recorded

from central thalamic electrodes and their changes elicited by speech stimuli consisting
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studied. In response to familiar-addressing speech we observed modulation of oscillatory
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crease in thalamocortical coherence in the theta band. Furthermore, the theta phase was

coupled to the amplitude of gamma locally in the thalamus. These findings indicate a local

and long-range cross-frequency response which is not only indicative of the principle

involvement of the central thalamus in processing emotional and cognitive information,

but also point towards intact physiological functions that may serve as a marker in diag-

nosing DOC patients and determining novel targets and parameters concerning thera-

peutic efforts.
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1. Introduction

Assessment of consciousness is still a major issue in the field

of clinical neuroscience, both concerning basic research, as

well as clinically relevant applications. Recently, it has been

suggested to extend established clinical routines in the eval-

uation of patients displaying diverse disorders of conscious-

ness (DOC) by determining changes in brain activity towards

externally applied stimuli (Menon et al., 1998; Monti et al.,

2010; Owen et al., 2006). In this context, a differential

response in electrophysiological (Cruse et al., 2011) and/or

neuroimaging (Eickhoff et al., 2008) derived signals may indi-

cate distinct residual functions of processing emotional and

cognitive information and could, thereby, contribute to amore

appropriate and sophisticated estimation of a patient's indi-

vidual state of consciousness, regardless of individual (clini-

cally determined) responsiveness (Fins & Schiff, 2010).

Identifying neurophysiological correlates of such residual ca-

pacities may, moreover, reveal new and promising targets for

novel therapeutic interventions. There is evidence that inva-

sive neuromodulation by means of electrical deep brain

stimulation (DBS) of the central thalamus is associated with

improvements in behavioural responsiveness after traumatic

brain injury (Schiff et al., 2007; Yamamoto & Katayama, 2005;

Yamamoto et al., 2005). This is thought to reflect the principle

involvement of the thalamus in providing excitatory pro-

jections to wide-spread cortical areas and, in turn, facilitating

sensory processing. In this context, emphasizing patterns of

activity elicited by sensory stimulation via DBS may promote

information processing and, thereby, help to re-establish

functional integrity in DOC patients.

We examined in a case of chronic DOC distinguishable

patterns of central thalamic activity in response to emotion-

ally and cognitively relevant sensory stimulation, i.e., the

addressing voices of her children, as compared to unfamiliar

voices. The patient was shown before to exhibit specific pat-

terns of cortical and subcortical activity towards these stimuli

as revealed by functional magnetic resonance imaging (MRI)

(Eickhoff et al., 2008). With respect to these findings, we sub-

sequently assessed electrophysiological measures by means

of combined surface EEG recordings and local field potentials

(LFPs) from the central thalamus (Ncl. reticularis thalami and

internal medullary lamina) to determine modulations in

oscillatory activity within these areas.

There are recent publications of LFP recordings from

various thalamic regions in different diseases in humans and

animals. They report theta, alpha and beta thalamocortical

coherence. Especially reports about theta-coherence

(Sarnthein & Jeanmonod, 2007, 2008), betaegamma cross-

frequency coupling in memory retrieval (Staudigl et al., 2012)

and alphaegamma coupling based on attention demands

(Saalmann, Pinsk, Wang, Li, & Kastner, 2012) supported our

hypothesis that (though recorded from a different thalamic

site) stimulus-elicited coupling and maybe also local changes

in lower frequency power (theta, alpha and/or beta) might

occur. We proposed that theta coupling might be a signature

of long-range thalamocortical communication and theta

might show local entrainment with gamma activity by means

of cross-frequency coupling.

2. Methods

2.1. Patient and procedure

A 45-year-oldwoman sustained a closed head injury at the age

of 38 resulting in a massive subarachnoid haemorrhage and

right-hemispheric, space occupying parenchymal haema-

toma associated with a chronic DOC. Except for stereotypic

movements of the left arm she never showed any sponta-

neous motor activity nor did she respond to environmental

stimuli. In the initial assessment following the trauma she

was diagnosed with a Glasgow coma scale (GCS) of 4 in the

beginning and failed to respond to pharmacotherapeutical

intervention (for details of the clinical status see Eickhoff

et al., 2008). Since there is evidence for beneficial effects of

central thalamic DBS in patients with DOC on behavioural

parameters (Schiff et al., 2007; Yamamoto & Katayama, 2005;

Yamamoto et al., 2005), after obtaining an ethical vote of the

local ethic committee the patient was designated to undergo

implantation of bilateral DBS electrodes in the internal med-

ullary lamina and the Ncl. reticularis thalami (Fig. 1A). Target

localisation was defined based on atlas coordinates using the

atlas by Mai and colleges (Mai, Assheuer, & Paxinos, 2004).

Targeting was achieved with neuroimaging by fusion of ste-

reotactic cranial computed tomography (CT) and high-

resolution MRI. Furthermore, intraoperative microelectrode

recordings using the INOMED MER system (INOMED Corp.,

Emmendingen, Germany) were performed to obtain some

information about the occurrence of bursting activity e.g., of

the reticular thalamus. During the operation final macro-

electrodes (model 3387 quadripolar DBS lead, Medtronic Inc.,

Minneapolis, MN, USA) were connected to sterile percuta-

neous extension wires (model 3550-05, Medtronic), which

were led out through the scalp and could be connected post-

operatively to EEG amplifiers (BrainAmp, Brain Products

GmbH, Gilching, Germany) via external cable connectors

(twist lock cable model 3550-03, Medtronic and custom made

connector to DIN 428092 touch proof connectors). Thus,

postoperative recordings of LFPs from the central thalamus

were achieved. Postoperative electrode localisation was visu-

alized on a 3D atlas (Yelnik et al., 2007) by fusion of preoper-

ative MRI and postoperative CT scans with the atlas (Bardinet

et al., 2009).

2.2. Recordings

Recordings of intrathalamic LFPs were conducted two days

after initial implantation of the DBS electrodes and prior to

internalization of the corresponding leads and impulse gener-

ator. Electrodes provided four distinct contacts along the

dorsoventral axis,whichprovidedpost-hoc bipolar referencing

of adjacent contacts to ensure the local origin of the recorded

potentials. Electrical activity of the cortex was measured

applying surface EEG-electrodes that were mounted according

to the 10-20-System and consisted of the fronto-central (Fz),

centro-central (Cz), parieto-central (Pz), occipito-central (Oz)

temporal 4 (T4) and temporal 3 (T3) site with a frontopolar

reference (Fpz). Signals were recorded with a sampling-

frequency of 5 kHz, amplified, low-pass filtered (1000 Hz) and
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stored to hard disk for later off-line analysis (BrainVision

Recorder, Brain Products GmbH, Gilching, Germany).

2.3. Paradigm

The patient was presented with auditory stimuli that appar-

ently differed in the magnitude of emotional connotation and

cognitive demand. These consisted of voices of her children

(both girls, aged 6 and 8) addressing the patient in short sen-

tences (10 short words) or voices of a non-familiar female

speaker enumerating a list of neutral words (longer nouns,

cumulatively eight syllables) without addressing the patient.

Each stimulus lasted 4 sec and was equal with respect to

loudness. Speech stimuli were applied binaurally via head-

phones. Stimuli were chosen from and according to findings

observed in previous fMRI experiments showing that these

were capable of causing a speaker-specific (emotionally) plus

contentspecific (cognitively)brain responses indistinct cortical

and subcortical areas (Eickhoff et al., 2008). The patient was

presented consecutively with the unfamiliar non-addressing

and familiar-addressing speech stimuli, starting with the

latter ones in a block design. The stimulus duration was 4 sec

(þjittered 4e5 sec inter-stimulus-interval) for each particular

stimulus, resulting in a total of 80 trials per condition, which

were averaged in the subsequent analysis in order to improve

the signal-to-noise-ratio and to assess stimulus-specific

evoked plus induced power changes in oscillatory activity.

2.4. Data analysis

All off-line analysis was performed applying algorithms from

the software suite BrainVision Analyzer (Brain Products

GmbH, Germany) and by the use of MATLAB scripts (Math-

Works, Natick, Massachusetts, USA) and the FieldTrip toolbox

(Oostenveld, Fries, Maris,& Schoffelen, 2011). Recordings were

visually inspected for high amplitude technical artefacts

resulting in an elimination of one trial in the neutral and three

trials in the familiar-addressing condition. Signals were

downsampled to a sampling-frequency of 512 Hz and filtered

applying a high-pass filter of 1 Hz (48 dB/oct) and a low-pass

filter of 80 Hz (48 dB/oct). Also a notch-filter with a given

centre-frequency of 50 Hz was applied to attenuate power-

supply-associated artefacts. Virtual bipolar re-referencing of

the four contacts of the DBS-electrode was performed using

combinations of adjacent contacts, i.e., left contact 0 (most

ventral; LFPL0) versus left contact 1 (LFPL1), LFPL1 versus

LFPL2, and LFPL2 versus LFPL3 (most dorsal) resulting in three

bipolar channels per hemisphere. Surface signals were also

referenced bipolarly considering neighbourhood relations

resulting in a virtual montage of Cz/Fz, Pz/Cz, Oz/Pz, T3/Cz

and T4/Cz channels.

2.4.1. Local oscillatory activity
Power was analysed using stimulus-locked wavelet time fre-

quency analysis. The initial transformations applied here

were of the Morlet Wavelet type (width ¼ 5). On each hemi-

sphere the bipolar channel with highest theta power across

conditions over the whole length of the trial was used for

further analysis. The choice of the theta band was driven by

the aforementioned hypotheses and due to a distinct peak in

the power spectrum. Thus, contact LFPL23 and LFPR23 was

selected. In the first step, driven by hypotheses and to obtain

statistical power, analysiswas focused on the frequency range

from 4 to 25 Hz within the first second of the trial. The pre-

stimulus time from �1000 to �1 msec was considered as

baseline. Frequency wise mean baseline power was sub-

tracted from each time frequency plot bin for baseline

correction. A cluster-based (for dimensions time and fre-

quency) randomization approach (Maris & Oostenveld, 2007)

was used for statistical analysis between conditions consid-

ering a p-level of .05 in a two-sided test. Thus, modulations

elicited specifically by the degree of the speaker's familiarity

and cognitive demand (emotional-addressing) were revealed.

Due to the finding of theta thalamocortical coherence and

theta-gamma cross-frequency coupling (see below), in second

step of analysis we took a closer look on theta and gamma

throughout the whole duration of the trial (0e4 sec). Gamma

Fig. 1 e Anatomical localisation on different atlases. A:

Planned trajectory (black line) projected on an anatomic

atlas (Mai et al., 2004), section 30, coronary, 10.7 mm

behind AC (red line: AC-PC plane). Red circles mark

targeted areas of the lowermost 15 mm (atlas grid size:

10 mm) with iml ¼ internal medullary lamina thalami and

Rt ¼ reticular thalamic nucleus. VA ¼ ventroanterior

thalamic nucleus, AV ¼ anteroventral thalamic nucleus,

AM ¼ anteromedial thalamic nucleus, Fa ¼ fasciculosus

nucleus, IthA ¼ interthalamic adhesion B. Final electrode

in the central thalamus visualized on a 3D atlas (Yelnik

et al., 2007). Two orthogonal planes of section along the

axis of the electrode in the right hemisphere after

registration of the 3D atlas with the CT scan. The four

contacts of the electrode (blue circles) are located in the

right thalamus (R-Thal). GPi ¼ internal globus pallidus,

STN ¼ subthalamic nucleus, ZI ¼ zona incerta,

RPT ¼ reticular perithalamic nucleus, RN ¼ red nucleus.
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was then visualized between 30 and 80 Hz, with a window

length of seven cycles, moved in steps of 25 msec and three

tapers from a multitaper sequence resulting in smoothing of

.3*frequency. Based on descriptive findings of late theta in-

crease, theta (4e7Hz) was additionally statistically testedwith

the cluster-based randomisation approach between condi-

tions for the 2e3 sec time period of the trial.

2.4.2. Thalamocortical coherence
Frequency coupling revealed by coherence analysis (defined

as a measure of the linear relationship in the frequency

domain of two signal time series displaying a constant ratio of

amplitudes; Halliday et al., 1995) between the thalamic and

cortical activity during the auditory stimulation (0e4 sec) was

determined. LFP-EEG coherence was calculated for the same

bipolar contact (LFP23 left and right) that had been used for

power calculations. Coherence was calculated to all bipolarly

referenced surface EEG channels (Cz/Fz, Pz/Cz, Oz/Pz, T3/Cz

and T4/Cz). The epoch from to 0e4 sec in each trial was cut

into segments (segment duration: 1 sec, overlap: 50%).

Coherence was computed up to 25 Hz over all segments for

each condition. For statistics a cluster-based (for dimensions

time and frequency) randomization approach for within-

subject analysis of coherence was used considering a p-level

of .05 in a two-sided test (Maris, Schoffelen, & Fries, 2007).

Furthermore, the imaginary part of coherence was computed

(Nolte et al., 2004).

2.4.3. Cross-frequency phase amplitude coupling (PAC)
For cross-frequency analysis, the entire, continuous recording

was used and PAC was calculated. A methodology called

normalized direct PAC (ndPAC) was used (for details see:
€Ozkurt, 2012). In essence, it is a normalized version of the

Modulation Index as used by Canolty et al (Canaolty, et al.

2006). ndPAC shows if a given coupling is significant or not.

All spurious couplings were set to 0 (p-level: .01) without a

further test for differences between conditions. Applied phase

frequency range was 3e22 Hz and amplitude frequencies

range was 35e80 Hz. The selected channels were LFPR23 and

EEGFzPz because of coherence changes there.

3. Results

3.1. Electrode localisation

Final coordinates (x; y; z) of the lowermost electrode contact

zero relative to the midcommissural point (MCP) was 4.3; 0.2;

4.1 mm for the right and 5.7; 3.4; 2.6 mm for the left hemi-

sphere. AC-PC length was 24.3 mm. Preoperative MRI and

postoperative CT corregistration was successful, however

MRI-atlas coregistration was complicated by the distorted

anatomy of the patient due to the head trauma. Thus, final

electrode visualisationwas assumed to be in central thalamus

with some uncertainty (Fig. 1B).

3.2. Local oscillatory activity

Analysis of the stimulus-locked modulation of oscillatory ac-

tivity within central thalamus revealed a right-sided

significant (p ¼ .044) increase of beta power (12e25 Hz) within

the first second (.45e.55 sec, Fig. 2) when contrasting both

experimental conditions (unfamiliar-neutral vs familiar-

addressing voices).

Furthermore, over the period of 3 sec theta power was

modulated. Statistical contrast between conditions revealed

significant (p ¼ .048) theta increase in the familiar-addressing

condition at 4e6.5 Hz, at second 2.6e2.8 on LFPL23 and in-

crease (trend) on LFPR23 (Fig. 5). Stimulus-elicited gamma

activity around 40 Hz from the beginning of the trial was fol-

lowed by broader and higher gamma activity up to 80 Hz

beginning about 2 sec after stimulus onset (Fig. 5).

3.3. Thalamocortical coherence

Coherence analysis of channel LFPR23 (right hemisphere)

yielded significant differences between conditions in the theta

band for coupling with surface EEG channel PzCz. Imaginary

part of coherence showed deviation from zero meaning a

phase delay between LFP and EEG. Thus, the effect was not

due to volume conduction (Fig. 3).

3.4. Cross-frequency PAC

Local analysis revealed significant (p ¼ .01) theta-gamma PAC

(with max. at 5-to-75 Hz) of right local LFP channel LFPR23-

LFPR23 in the familiar-addressing condition (Fig. 4).

4. Discussion

The present case study not only provides electrophysiological

evidence for the involvement of the central thalamus in pro-

cessing emotionally-cognitively relevant speech stimuli in

terms of increased oscillatory activity and thalamocortical

Fig. 2 e Time frequency plot of local oscillatory power

contrasting neutral versus familiar-addressing condition

for the first second. Colour coded are t-values. Top: left

channel LFPL23, bottom: right channel LFPR23. Significant

beta increase 12e25 Hz, .45e.55 sec, p ¼ .044 (red circle).
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coherence in different frequency bands, but also demon-

strates remarkable ‘higher-order’ residual functions in patient

with chronic DOC that may serve as a clinical marker of

awareness and may, further, help refining parameters of

potentially relevant therapeutic applications.

Some limitations of the study should bementioned: Due to

the block design of the paradigm habituation to the stimuli

might have biased the contrast between conditions. However,

analysis of mean LFP power over the trials in the frequency

band that showed significant differences between conditions

did not show a continuous reduction over time but rather a

stepwise reduction with the first neutral trial, which speaks

against a major bias by habituation. Furthermore, to make the

paradigm suitable for post-op recordings we shortened the

initial fMRI paradigm (Eickhoff et al., 2008) contrasting now

only two conditions.

Thus, it cannot be distinguished whether effects are due to

emotional or cognitive processing alone or combined or just

by addressing vs. non-addressing speech. When it comes to

interpretation of cognitive processing semantic content dif-

ferences between conditions have to be taken into account.

Finally, the fact that stimuli did not match exactly in terms of

speech rhythm and speed, acoustical differences has also

been regarded as limitation concerning the specificity of the

findings.

Although the subject presented here lacks of any signs of

behaviourally relevant consciousness, we observed a differ-

ential response in brain activity that was elicited specifically

by the addressing voices of her children. Unlike processing

simple auditory stimulation, evaluating the emotional and

addressing content of speech represents an elaborated higher

brain function. The findings reported by Eickhoff et al. (2008)

are also in line with this observation being a specific

emotional response, since it was shown that another

subcortical structure associated with limbic circuitry, namely

the amygdala, was also activated by the stimuli applied in this

particular patient. A further activation of the superior tem-

poral sulcus reflected cognitive language processing of the

Fig. 3 e EEG-LFP coherence. Familiar-addressing condition (red line) and neutral condition (blue line). Epoch of 0e4 sec cut

into segments of 1 sec duration and average over segments. A: Coherence with channel LFPL23 left hemisphere, B:

Coherence with channel LFPR23 right hemisphere. Red circle/stars showing significant difference between conditions for

coherence with channel PzCz, 5e6 Hz, p ¼ .044. C: Imaginary part of coherence of LFPR23 right hemisphere (in green circle

coherence with channel Cz) shows deviation from zero meaning a phase delay between LFP and EEG (thus effect not due to

volume conduction).
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direct addressing speech (Eickhoff et al., 2008). Since bipolar

referencing of the thalamic LFPswas carried out in the present

study, it is unlikely that the observed activity patterns reflect

mere far field potentials of the activity of the amygdala. The

‘higher-order’ character of the findings is also reflected by the

latency of the stimulus-elicited modulations of oscillatory

activity (~200 msec). Whereas event-related potentials of

simple auditory stimulation should be expected already

50 msec after stimulus onset (Onitsuka, Ninomiya, Sato,

Yamamoto, & Tashiro, 2000), the present findings reflect

rather elaborated processing.

Stimulus induced oscillatory activity has been shown to be

specifically modulated in the high gamma range (45e75 Hz) by

speech stimuli as compared to non-speech sounds (Palva et al.,

2002), which fits to our findings within the later time period of

the trials. Suchalterationsarediscussed to encode for complex

Gestalt or cognitive properties of the stimulus, such as coher-

ence or meaningfulness. A potential link to the functional

meaning of the effects in this context may arise when taking

into account the relationship between gamma and theta os-

cillations (as displayed by the patient). Cross-frequency

coupling, defined as the linear relationship between either

the amplitudes, the phases or the phase-to-amplitude-

correlation of two oscillating signals (Jensen & Colgin, 2007),

is thought to reflect a fundamental principal within function-

ally specialized networks of neuronal ensembles, providing

exact spatial and temporal mechanisms of communication

and processing. With respect to this assumption, it was

demonstrated, that the amplitude of stimulus-elicited gamma

oscillations is modulated by theta rhythms in terms of phase-

Fig. 4 e Phase amplitude coupling (PAC) for phase frequencies 3e22 Hz and amplitude frequencies 35e80 Hz. Colour coded is

normalized direct phase-amplitude coupling (ndPAC). Spurious coupling is set to 0 (p ¼ .01). Conditions: left: neutral, right:

familiar-addressing. A: PAC of right local LFP channel LFPR23-LFPR23 showing PAC in familiar-addressing condition with

max. at 5-to-75 Hz (red circle). B: PAC of right LFP-EEG combination with LFPR23-EEGPzCz.

c o r t e x 6 0 ( 2 0 1 4 ) 9 4e1 0 2 99



locking. This has been shown to apply for various areas of the

brain, including hippocampal formation and entorhinal cortex

(Mormann et al., 2005), as well as the auditory cortex (Lakatos,

Karmos, Mehta, Ulbert, & Schroeder, 2008).

As mentioned in the introduction, for the thalamus cross-

frequency coupling has been recently reported in different

frequency bands (Fitzgerald, Valentin, Selway, & Richardson,

2013; Saalmann et al., 2012; Staudigl et al., 2012). Our finding

of beta increase around 500 msec (though without prominent

betaegamma cross-frequency) might reflect memory

retrieval, as betaegamma coupling with a similar timing was

observed between the thalamus and cortex in such processing

(Staudigl et al., 2012).

The stimulus-elicited modulation of oscillatory activity

within the central thalamus and the associated increase in

thalamocortical coherence in the theta band observed in the

present study further suggests a thalamic involvement of the

theta rhythm that accounts for cortical cross-frequency

coupling. This is also in line with assumptions attributing

the central thalamus a key role in maintaining global excit-

ability of various brain areas (including cortical, thalamic and

striatal targets) underlying behaviourally relevant sensory

processing (Schiff, 2012). The functional significance of theta

driven activity has also been discussed to promote large-scale

integration across a variety of functionally distinct and

spatially separated brain areas (von Stein and Sarthein, 2000).

Due to their ‘slower’ nature and associated conduction delays,

theta oscillations have been discussed to be quite suitable for

temporo-spatial conduction, coordination and integration of

particular neural activity across the brain (Jensen & Colgin,

2007). In this context, the prominent role of (theta entrained)

gamma activity in feature binding should also be highlighted

(Singer, 1999). The findings reported here, contribute to the

comprehension of the central thalamic role in these oscilla-

tory phenomena. Standing to reason, a potential application

of these results would be to intervene in the central thalamus,

enhancing theta rhythms by means of central thalamic DBS

(CT-DBS) and, thereby, improving sensory processing that

may, in turn, increase behavioural responsiveness. As

demonstrated by Schiff et al. (2007), CT-DBS is capable of

reducing unresponsiveness in DOC patients. According to the

protocol reported, this study applied CT-DBS within a fre-

quency range of 70e250 Hz. Potential effects of stimulation

utilizing lower frequencies (i.e., theta or beta rhythms) would

be highly interesting with respect to stimulus-elicited brain

activity, as well as behavioural outcome.

Fig. 5 e Time frequency plots of local power changes at LFP23. A: Power difference from baseline in the familiar-addressing

condition over the period of the trial (0e4 sec). Left: broad frequency band 5e80 Hz, right: gamma band. Top row: left

hemisphere (LFPL23), bottom row: right hemisphere (LFPR23). Note: beside beta increase within the first second (green box)

there is early and late theta modulation (red box). Gamma around 40 Hz (green circle/ellipse) is followed by broader and

higher gamma up to 80 Hz. B: Statistical contrast between conditions illustrating significant theta increase in the familiar-

addressing condition at 4e6.5 Hz, at second 2.6e2.8 (red circle), p ¼ .048 on LFPL23 and increase (trend) on LFPR23. Colour

coded are t-values. Top: left hemisphere (LFPL23), bottom: right hemisphere (LFPR23).
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The obvious question if, despite her behavioural unre-

sponsiveness, the patient consciously perceives her chil-

dren's voices should be handled with care. It should be

noted that a consistent concept of human consciousness is

lacking in neuroscience, psychology and philosophy. One

can think of consciousness on different levels from

responsiveness and alertness to self-awareness. From the

neuroscientific view consciousness can be defined as an

emergent property of many interacting modules of percep-

tion and cognition (Owen, 2012 in Cyranoski, 2012). In this

context, the findings reported here may not be interpreted

as evidence for a conscious state of the patient, but as a

measure of functional integrity of a severely damaged

system.
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Behavioral and neurophysiological evidence for the enhancement
of cognitive control under dorsal pallidal deep brain stimulation
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Abstract Deep brain stimulation of the dorsal pallidum

(globus pallidus, GP) is increasingly considered as a sur-

gical therapeutic option in Huntington’s disease (HD), but

there is need to identify outcome measures useful for

clinical trials. Computational models consider the GP to be

part of a basal ganglia network involved in cognitive pro-

cesses related to the control of actions. We examined

behavioural and event-related potential (ERP) correlates of

action control (i.e., error monitoring) and evaluated the

effects of deep brain stimulation (DBS). We did this using

a standard flanker paradigm and evaluated error-related

ERPs. Patients were recruited from a prospective pilot trial

for pallidal DBS in HD (trial number NCT00902889).

From the initial four patients with Huntington’s chorea,

two patients with chronic external dorsal pallidum stimu-

lation were available for follow-up and able to perform the

task. The results suggest that the external GP constitutes an

important basal ganglia element not only for error pro-

cessing and behavioural adaptation but for general

response monitoring processes as well. Response moni-

toring functions were fully controllable by switching pal-

lidal DBS stimulation on and off. When stimulation was

switched off, no neurophysiological and behavioural signs

of error and general performance monitoring, as reflected

by the error-related negativity and post-error slowing in

reaction times were evident. The modulation of response

monitoring processes by GP-DBS reflects a side effect of

efforts to alleviate motor symptoms in HD. From a clinical

neurological perspective, the results suggest that DBS in

the external GP segment can be regarded as a potentially

beneficial treatment with respect to cognitive functions.

Keywords Deep brain stimulation � Cognitive
enhancement � Huntington � Response monitoring �
EEG � Globus pallidus

Introduction

Deep brain stimulation is increasingly considered as a

surgical therapeutic option in HD where GP is targeted

(Huys et al. 2013; Demeestere and Vandenberghe 2011;

Moro et al. 2004). Only a few cases have been reported so

far (e.g. Spielberger et al. 2012; Kang et al. 2011; Fasano

et al. 2008; Biolsi et al. 2008; Groiss et al. 2011). Besides
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preliminary findings reporting more beneficial cognitive

effects for external pallidal stimulation (globus pallidus

externus, GPe) (Temel et al. 2006) than for globus pallidus

internus (GPi) stimulation, the outcomes of pallidal DBS in

HD are widely unknown. However, computational models

consider the GP to be part of a basal ganglia network

involved in cognitive processes related to the control of

actions (Humphries et al. 2006). Action control processes

are an important instance of executive control functions

and are especially important when response errors occur.

Error monitoring processes are of special relevance in HD

because it has been suggested that the major phenotype of

HD (i.e., movement disturbances) may begin as a dys-

function in error feedback control (Smith et al. 2000). It is

therefore possible that, as far as motor symptoms are

alleviated by GP-DBS, error monitoring functions may also

be modulated.

These error monitoring processes are assumed to be

mediated via a basal ganglia anterior cingulate network

(Holroyd and Coles 2002) and have already been shown to

be altered in HD (e.g. Beste et al. 2006, 2007, 2008). In

particular it has been shown that the error-related nega-

tivity (ERN) (Gehring et al. 1993; Falkenstein et al. 1991),

which has been shown to drive behavioural adaptation

processes after an error has occurred (Debener et al. 2005),

is smaller in HD. Post-error slowing is also less

pronounced.

It is possible that during stimulation of the GP, error

processing functions are intact even in strongly affected

HD patients. Hence, if the GP is no longer stimulated, a

critical element in the basal ganglia circuitry for response

control processes becomes dysfunctional. It is therefore

possible that error monitoring as well as general response

monitoring functions unrelated to error processing are

diminished or even absent when the GP is transiently not

stimulated. In the current study we examine this question in

a case–control study where we report two cases with GP-

DBS and investigate error monitoring processes in these

cases with deep brain stimulation switched on and switched

off. To objectify error monitoring processes, we record

event-related potentials (ERPs) along with behavioural

data. Response monitoring processes are a relevant out-

come measure since these processes have repeatedly been

reported to be dysfunctional in HD (Beste et al. 2006, 2007,

2008; for review: Nguyen et al. 2010). We expect that error

monitoring is dysfunctional in HD when DBS is turned off,

which can be quantified by a reduced error-related nega-

tivity (ERN) amplitude and reduced post-error slowing

effects. We also compare the effects of DBS (on/off)

against a group of un-medicated manifest HD patients to

control for the effects of electrode placement in GP. We

expect that manifest HD patients show better performance

than un-medicated manifest HD patients (i.e., a larger ERN

and stronger post-error slowing) only when DBS stimula-

tion is turned on.

Materials and methods

Patients and controls

Patients were recruited from a prospective pilot trial for

pallidal DBS in HD (ClinicalTrials.gov NCT00902889).

This pilot trial is–to our knowledge–the biggest DBS

cohort so far available with HD-DBS. In this trial clinical,

effects of internal versus external dorsal pallidal stimula-

tion were assessed in patients with predominant movement

disorder and without severe psychiatric or cognitive dis-

abilities. From the initial four patients with HD, three

patients were available for long-term follow-up and two

patients (one male and one female) under chronic external

dorsal pallidum stimulation were able to perform the par-

adigm with respect to their hand motor abilities and thus

were included in this Flanker task study. Clinically they

had stable motor effects with DBS. The patients were

examined twice, with DBS turned on and off. The stimu-

lation condition was kept constant for 5 min before start of

the paradigm. The patients were not aware of the stimu-

lation parameter settings. Clinical data are provided in

Table 1. The electrode positioning in the brain of the two

patients are shown in Fig. 1.

To visualize the electrodes’ position in an individualized

manner in relation to the pallidum, whole brain segmen-

tation of the patients’ MRI was initially performed

employing the recon-all pipeline of the Freesurfer toolbox

(Fischl et al. 2002). Next, the resulting anatomical labels of

the pallidum and other structrues were converted into

three-dimensional models using Slicer (Fedorov et al.

2012, retrieved from http://www.slicer.org). These models

were implemented into Cicerone (Miocinovic et al. 2007),

which was used to reconstruct the electrodes position based

on the coordinates of the stereotactic target and the char-

acteristic artifact in the postoperative CT scan (Hemm et al.

2009). Using the individual stimulation settings and the

closest applicable impedance value (either 500 or

1,000 Ohms), Cicerone was utilized to approximate the

local volume of tissue activated.

The study was conducted in accordance with the Dec-

laration of Helsinki. All patients gave informed consent.

A sample of 20 subjects (10 females and 10 males)

between 30 and 60 years of age was recruited as a control

group. The mean age was 48.5 (±12.9) years and controls

had received 15.1 (±4.2) years of education. The controls

had normal or corrected-to-normal vision and no history

of psychiatric and neurological diseases. Furthermore, a

group of N = 13 manifest HD gene mutation carriers
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(5 females/8 males) between 35 and 57 years was included

in the study with a mean age of 40.52 (±9.1) years. This

group was without any medication and was included to

control for possible prolonged lesion effects of electrode

placement in the GP. The mean CAG-repeat length of this

group was 44.1 (±4.5), the mean UHDRS motor score was

22.25 (±6.6).

Task

The Flanker Task applied is identical to previous studies

in Huntington’s disease (e.g. Beste et al. 2006). The task

examines the ability to adapt behaviour in response to the

commitment of response errors. Stimuli (arrowheads)

were presented vertically arranged. The target stimulus

(arrowhead) was presented in the center with the arrow-

head pointing to the left or right. The central stimuli were

flanked by two adjacent arrowheads (above or below the

target) which either pointed in the same (compatible) or

opposite direction (incompatible condition). In case of

target stimuli (arrowheads pointing to the left or right)

participants had to press a response button with their left

or right thumb. The flankers preceded the target by

100 ms. The target was displayed for 300 ms. The

response-stimulus interval was 2,000 ms to avoid a large

number of missed trials in the motor disabled patients.

Flankers and target were switched off simultaneously.

Time pressure was administered by asking the subjects to

respond within 600 ms. Four blocks of 105 stimuli each

were presented in this task. Compatible (70 %) and

incompatible stimuli (30 %) were presented randomly (cf.

Beste et al. 2010).

EEG recording and analysis

During the task, EEG was recorded from 64 Ag–AgCl

electrodes against a reference electrode located at Fz at a

sampling rate of 5 kHz. Data were amplified and band-pass

filtered from 0.5 to 1,000 Hz using a portable amplifier

(BrainVision Recorder, BrainAmp MR plus, Brain Pro-

ducts GmbH, Munich, Germany, Version 1.03). Electrode

impedances were kept below 5 kX. First the EEG data

were filtered (0.3–20 Hz), also to eliminate the noise pro-

duced by the DBS generator. After that a raw data

inspection was conducted and technically occurring arti-

facts were discarded by manual inspection of the data.

Afterwards, independent component analysis (ICA, Info-

max algorithm) was applied and independent components

reflecting blinks, saccades and pulse were rejected. The

data were segmented into correct and error trials. The

response was set to time point 0 (i.e., the time point of

button press). A baseline correction was applied -200 ms

until button press. An automated artifact rejection proce-

dure was applied within the segments applying an ampli-

tude threshold of ±80 lV. After this data, were re-

referenced using the CSD-transformation, which eliminates

the reference potential (Nunez and Pilgreen 1991). Error-

related negativity (ERN) and correct-related negativity

(CRN/Nc) were defined as the most negative peak within

50–120 ms after response. The ERN occurs after the

commitment of a response error, while the Nc is a negative

going potential that is evident after correct responses

(Falkenstein et al. 1991). The ERN and Nc were quantified

at electrode FCz, which revealed the centre of the topog-

raphy in controls and the two HD patients. The ERN and

Table 1 Clinical data of the patients including DBS settings

Age

(years)

Sex CAG

repeats

Medication UHDRS

motor

score

(Stim

ON)

Mattis

score

Years

since

DBS

implant

DBS settings

(Kinetra�) left/right

x, y, z coordinates of

stimulated contacts in mm

with reference to AC-PC

line Left/righta

Patient

1

57 M 42 Trospiumchloride,

Olanzapine,

Mirtazapine

Tiapride,

Lorazepam,

Duloxetine

37 126/

144

4 2-C?, 2.5 V, 60 ls,
140 Hz, 650 X/6-C?,
1.7 V, 120 ls,
140 Hz, 890 X

27.7, 4.8, 5.4/20.8, 5.7, 2.1

Patient

2

32 F 53 Tiapride,

Sulpiride,

Citalopram,

Pirenzepine

46 137/

144

3 2-3-C?, 1.3 V, 120 ls,
130 Hz, 680 X/6-7-
C?, 1.3 V, 120 ls,
130 Hz, 680 X

20.0, 4.9, 1.7/20.1, 5.0, 2.6

Note that especially z coordinates suggest localization above AC-PC line in external parts of the pallidum

UHDRS unified Huntington’s disease rating scale, C case, V volt, ls microseconds, Hz hertz, X ohm
a If more than one contact was activated mean coordinates of activated contacts were calculated
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Nc are quantified as maximum negative peaks for error and

correct trials, respectively. To obtain an estimate about the

reliability of the neurophysiological data, we calculated the

signal-to-noise ratio (SNR) in the HD cases and controls as

implemented in the Brain Vision Analyzer II software

package (BrainProducts Inc.).

Statistical analysis

To compare the performance and electrophysiological data

of the HD cases on and off stimulation with the control

group and the un-medicated manifest HD group, we used

the Crawford Howell method (for review: Crawford and

Garthwaite 2012). This method offers the best way to

compare single cases with groups of control subjects (for

review: Crawford and Garthwaite 2012). For comparisons

within the control group, t tests were used and Bonferroni-

corrected wherever necessary.

Results

Behavioural data

The behavioural data are shown in Fig. 2a.

For the controls, reaction times (RTs) were faster on

error (289 ± 18 ms) than on correct trials (398 ± 19 ms)

(t19 = 19.28; p\ .001). The controls revealed a substantial

post-error slowing (44 ± 5 ms) significantly different from

0 (denoting no post-error slowing) (t19 = 22.67; p\ .001).

The un-medicated manifest HD group also revealed post-

error slowing (31 ± 5 ms), which was lower than in con-

trols (t31 = 4.52; p\ .001), but significantly different from

0 (t12 = 17.84; p\ .001). RTs were also faster on error

(270 ± 9 ms) than on correct trials (450 ± 23 ms)

(t12 = 11.35; p\ .001). Reaction times on correct trials

were also slower compared to the healthy controls

(t12 = 11.35; p\ .001).

In patient 1 reaction times on error and correct trials

were slower compared to controls, regardless of whether

DBS was switched on (correct 708 ms; error 592 ms) or off

(correct 751 ms; error 633 ms) (t = 3.78; p\ .001; 95 %

CI 2.57 to 5.16). The degree of post-error slowing in

patient 1 was 50 ms in DBS-on state and 3 ms in the DBS-

off state. Post-error slowing in the DBS-off state was sig-

nificantly lower than in controls (t = -8.02; p\ .001;

95 % CI -10.81 to -5.57); in the DBS-on state there was

no difference (p[ .4). Compared to the un-medicated

manifest HD group, the degree of post-error slowing was

lower in the DBS-off state (t = -8.67; p\ .001; 95 % CI

-12.58 to -5.40) and higher in the DBS-on state

(t = 6.42; p\ .001; 95 % CI 3.97 to 9.34).

In patient 2 similar results were obtained. Here, the

degree of post-error slowing was also different from con-

trols in the DBS-off state (5 ms) (t = -7.81; p\ .001;

95 % CI -10.55 to -5.43), but not in the DBS-on state

where slowing was at 45 ms. However, opposed to patient

2, the RTs on correct and error trials were no different from

controls in the DBS-on (correct 385 ms; error 354 ms) and

the DBS-off state (correct 354 ms; error 241 ms) (p[ .3).

Also in this patient the degree of post-error slowing was

lower in the DBS-off state (t = -8.03; p\ .001; 95 % CI

-11.66 to -4.99) and higher in the DBS-on state

(t = 4.81; p\ .001; 95 % CI 2.94 to 7.04), when com-

pared to the un-medicated manifest HD group. The

behavioural data, therefore, suggest that post-error slowing

becomes comparable to controls under GP-DBS and is

better than in un-medicated manifest HD patients.

Neurophysiological data

The neurophysiological data in controls are shown in

Fig. 1b together with the un-medicated manifest HD group,

Fig. 1 Individualized visualization of the DBS electrodes. For both

patients, the electrodes (turquoise) are shown with respect to the

dorsal pallidum (brown) on both hemispheres. The stimulation

settings were utilized to approximate the volume of tissue activated

(red). Details for patient 1 are visualized in a coronal view from

anterior (a) and for patient 2, in an angled view from anterodorsal (b).
Despite the heterogeneity of the volumes of tissue activated, a

common target for all four scenarios (left and right stimulation for

both patients) was the external part of the dorsal pallidum
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the two cases are shown in Fig. 1c. For the controls there

was a difference in the amplitude between the ERN

(-40.48 ± 2.82 lV/m2) and the Nc (-20.90 ± 2.12 lV/m2)

(t19 = -13.26; p\ .001). The latencies were not different

between correct and error trials (p[ .15). As to the

un-medicated manifest HD group, the results show that the

ERN amplitude was smaller in the group of un-medicated

manifest HD (-30.56 ± 3.11 lV/m2), compared to

controls (t31 = -6.44; p\ . 001). The Nc (-17.89 ±

3.02 lV/m2) was not different to controls (t = -1.91;

p[ .12).

In patient 1 the ERN was not different from controls in

the DBS-on state (p[ .4). However, in the DBS-off state,

the ERN was -1.23 lV/m2 and hence significantly smaller

than in controls (t = 15.22; p\ .001; 95 % CI 15.60 to

20.53). In the DBS-off state the Nc (-1.02 lV/m2) was

also smaller compared to controls (t = 3.09; p = .001;

95 % CI 2.06 to 4.25). Yet, in the DBS-on state, the Nc was

significantly larger (-34.12 lV/m2) than in controls

(t = 2.11; p = .02; 95 % CI 1.34 to 2.97) and not different

from the amplitude of the ERN in controls (p[ .4).

Compared to the un-medicated manifest HD group, the

ERN was larger in the DBS-on state (t = 3.06; p = .004;

95 % CI 1.89 to 4.42) and lower in the DBS-off state

(t = 15.22; p\ .001; 95 % CI 15.60 to 20.53). Compared

to the un-medicated manifest HD group, the Nc was larger

in the DBS-on state (t = 6.65; p\ .001; 95 % CI 4.3 to

9.43) and smaller in the DBS-off state (t = -5.44;

p\ .001; 95 % CI -7.73 to -3.49).

In patient 2 the results are similar. Here, the ERN was

also not different from controls in the DBS-on state

(p[ .4). In the DBS-off state, the ERN had an amplitude

of -2.13 lV/m2 and was thus significantly smaller than in

controls (t = 63.83; p\ .001; 95 % CI -9.24 to -4.76).

For the Nc the results show that in the DBS-off state, the

Nc was smaller than the Nc in controls (t = -3.56;

Fig. 2 a The degree of post-error slowing (ms) for the control group

and the two HD cases in the DBS-on state and the DBS-off state. Note

that in the DBS-on state, the degree of slowing was not different from

controls. b The event-related potentials (ERPs) in the control group.

Time point 0 denotes the time point of response execution. The black

ERP traces denote the potential on error trials (i.e., ERN), the grey

ERP traces denote the potential on correct trials (i.e., Nc). For the un-

medicated manifest HD group the potential on error trials is denoted

in blue, for correct trials in green. c Response-locked ERPs in error

and correct trials for the two DBS-HD cases. Dark green traces

denote the ERPs on errors trials in the DBS-on state, light green

traces denote the ERPs on correct trials in the DBS-on state. Red

traces denote the ERPs on error trials in the DBS-off state, orange

traces denote the ERPs on correct trials in the DBS-off state. Time

point 0 denotes the time point of response execution. Along with the

ERPs the CSD-scalp topography plots for error and correct trials are

given. In these plots the peak of the ERP component averaged across

subjects in controls and the un-medicated manifest HD group and for

the single HD patients undergoing DBS is given
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p = .001; 95 % CI -4.89 to -2.42). As with patient 1, the

Nc in patient 2 was also significantly larger in the DBS-on

state compared to controls (t = 2.27; p = .01; 95 % CI

1.46 to 3.18). As with patient 1 the ERN was larger in the

DBS-on state (t = 3.04; p = .004; 95 % CI 1.87 to 4.39)

and lower in the DBS-off state (t = -9.34; p\ .001; 95 %

CI -13.21 to -6.07) when compared to the un-medicated

manifest HD group. Also, the Nc was larger in the DBS-on

state (t = 7.11; p\ .001; 95 % CI 4.4 to 9.66) and smaller

in the DBS-off state (t = -8.56; p\ .001; 95 % CI

-12.77 to -5.87) compared the to the un-medicated

manifest HD group.

Calculation of the SNR, as implemented in the Brain

Vision Analyzer II software package, revealed that for

correct trials the SNR was 0.18 (±0.04) in controls, and for

error trials the SNR was 0.39 (±0.07) in controls. In the un-

medicated manifest HD group the SNR was 0.19 (±0.06)

for correct trials and 0.34 (±0.09) for error trials.

In patient 1 the SNR was 0.15 for correct trials and 0.34

for error trials; in patient 2 the SNR was 0.13 for correct

trials and 0.33 for error trials. The SNRs did not differ

between controls and un-medicated manifest HD patients

as well as the DBS-HD cases on correct and error trials

(p[ .7) showing that the EEG signals compared are sim-

ilarly reliable in the groups and the DBS-HD cases.

Discusssion

In the current study we analyzed response monitoring

processes in manifest HD patients with DBS of the external

GP. The behavioural and the electrophysiological data

show that error monitoring processes and general response

monitoring processes were intact and comparable to heal-

thy controls and un-medicated manifest HD in a state

where the GP was stimulated. For error-related behavioural

adaptation, the degree of post-error slowing and the

amplitude of the ERN were not different from controls.

Opposed to this, error monitoring processes were absent

when DBS was switched off; i.e., no ERN or post-error

slowing was evident. This concurs with increased error

rates suggesting that general response monitoring was also

deficient, which is further corroborated by the reduction in

Nc amplitude. The results suggest that error monitoring

processes are normalized in HD undergoing DBS in pal-

lidal structures. In comparison to the un-medicated mani-

fest HD group, the ERN was larger in the DBS-on state and

also post-error slowing was stronger. This underlines the

effectiveness of DBS treatment and the beneficial effects

on cognitive functions also in comparison to a non-DBS

HD group. These results fit well into the literature of DBS

effects in HD and the role of the globus pallidus for the

modulation of cognitive functions in HD. In a transgenic

animal study, Temel et al. (2006) showed that DBS in the

GPe lead to better response control in a continuous reaction

task. In an imaging study, Politis et al. (2011) provided

compelling evidence for the relevance of the GP for cog-

nitive functions in HD. Similar findings are also reported

by Jürgens et al. (2008). However, manipulating the DBS

parameter (on/off DBS) has an effect on motor perfor-

mance, as can be seen in the reaction time data in the

patients when DBS was turned off, compared to the ‘‘on-

state’’, though differences in reaction times were not large

(*60 ms). Importantly, this does not affect the post-error

slowing parameter. This parameter gives the prolongation

of responses after the commitment of a response error and

is calculated separately for the ‘‘on-state’’ and ‘‘off-state’’

in the DBS patients. Therefore, this parameter is not

affected by a general slowing of response times, because

the parameter is a ‘‘ratio’’ between two types of responses

that are equally affected by general effects of motor

slowing.

Interestingly, the Nc in the patients under GP-DBS was

as large as the ERN and furthermore did not differ from the

ERN of the controls; the Nc was also larger than in the un-

medicated manifest HD group. Usually, the Nc is smaller

than the ERN (e.g. Falkenstein et al. 1991). The Nc has

previously been shown to reflect general response moni-

toring functions related to the motor aspects of a response

(e.g. Beste et al. 2010; Yordanova et al. 2004). As such the

results suggest that GP stimulation does not exert differ-

ential effects on error monitoring and general response

monitoring processes. The results suggest that the GP

reflects a basal ganglia element important not only for error

processing and behavioural adaptation, but for general

response monitoring processes as well. These results are

well in line with computational assumptions of the basal

ganglia, indicating for a ‘selection pathway’ and ‘control

pathway’ (Humphries et al. 2006). These two functional

entities of the basal ganglia are mediated via distinct

neurobiochemical and neuroanatomical substrates. Here

the GP has been suggested to be part of the control pathway

(Humphries et al. 2006). Control and monitoring processes

are evident on correct and error trials. Therefore it seems

plausible that no differential effects of GP-DBS are evi-

dent. However, other targets within the basal ganglia may

show similar effects. The model by Humphries et al. (2006)

does not distinguish between the GPe and the GPi. It can

therefore not be ruled out that similar effects may be

obtained using GPi stimulation. Furthermore, electrode

localization in our study does not rule out stimulation

effects of the GPi. Moreover, the STN is involved in the

control pathway and may therefore also show similar

effects. Yet, as the STN is also part of the selection path-

way effects may also differ from the pattern observed in the

current study. Indeed it has been shown that the effects of
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STN-DBS on error monitoring depend on dopaminergic

medication profile and disease onset (Siegert et al. 2014).

The results are also of interest in the ongoing debate

whether the ERN and Nc reflect different functional pro-

cesses. It has been suggested that the ERN simply reflects

an intensification of processes also occurring during gen-

eral response monitoring, reflected by the Nc (Hoffmann

and Falkenstein 2010; Vidal et al. 2000; Coles et al. 2001).

The current results suggest that as far as the GP is con-

cerned, this may be possible since both the ERN and Nc

show similar modulations as an effect of switching GP-

stimulation on and off.

GP-DBS is currently investigated to treat motor symp-

toms in manifest HD. From a clinical neurological per-

spective the results suggest that GP(e)-DBS reflects a safe

treatment in HD with respect to cognitive functions, when

response monitoring processes are considered. A reason for

this may be that the emergence of motor symptoms in HD

and cognitive dysfunctions related to response monitoring

and error processing reflect interrelated phenomena (Smith

et al. 2000). As such, the modulation of response moni-

toring processes by GP-DBS reflects a side-effect of efforts

to alleviate motor symptoms in HD. However, it needs to

be noted that due to the limited sample size the results are

preliminary, but provide information useful in future multi-

center clinical studies investigating the effectiveness of

pallidal DBS in HD.
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Siegert S, Herrojo Ruiz M, Brücke C, Huebl J, Schneider G-H,
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Background: Reports about neural oscillatory activity in the globus pallidus internus (GPi) have targeted general
(GD) and cervical dystonia (CD), however to our knowledge they are nonexistent for tardive dystonia (TD).
Methods: Local field potentials (LFPs) from seven CD and five TD patients were recorded intraoperatively. We
compared LFP power in thetadelta, alpha and beta band during rest and sensory palmar stimulation (SPS) in pa-
tients with general anesthesia and local/analgo sedation.
Results:We found prominent LFP power activity in thetadelta for both CD and TD. Unlike TD, a significant differ-
ence between rest and SPS was revealed for CD.
Conclusions:Our data support the presence of LFP oscillatory activity in CD and TD. Thetadelta powermodulation
in the GPi is suggested as a signature for sensory processing in CD.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Dystonia is amovement disorder characterized by persistentmuscle
contractions and abnormal postures that may be idiopathic as in the
case of segmental or focal dystonia which includes cervical dystonia
(CD) [1]. Tardive dystonia (TD) is a secondary dystonia, occurring
as side effect of prescribed drugs. To date, the pathophysiology of
CD and TD remain poorly understood [2]. Nevertheless, several stud-
ies point towards neural dysfunction of multiple brain regions [3]
and particularly the basal ganglia which are targeted by deep brain
stimulation (DBS). This therapy aims to modulate changes in oscilla-
tory activity mostly in the globus pallidus internus (GPi) of dystonia
and myoclonus dystonia patients [4,5,6,7,8,9,10]. In particular, some
authors reported that neuronal synchronization indexed by LFP os-
cillations in the globus pallidus is correlated with movement param-
eters and signals such as dystonic muscle activity by focusing on
theta, alpha, low beta and gamma bands [11,12,13]. It was also
shown that such oscillations in the 8–12 Hz frequency range syn-
chronize with local neuronal discharges (microelectrode activity)

in the GPi and possess higher amplitude than in the globus pallidus
externus [14]. LFP oscillatory activity in the GPi has also been report-
ed from Huntington's [15] and Parkinson's disease [16], while the
spatial pattern of spectral power corresponding to intraoperative
trajectories has been studied by our group [15,17,18,19,20]. In this
report, we address the spatial oscillatory pattern of intraoperative
trajectories targeting GPi (frequency range up to 100 Hz) by focusing
on thementioned dystonic groups and also comparing LFP power be-
tween conditions: CD vs. TD, with vs. without general anesthesia,
and rest vs. sensory palmar stimulation (SPS) at specified frequency
bands. Based on our findings, we suggest thetadelta modulatory ac-
tivity in the GPi as a correlate of sensory processing in CD rather
than TD.

2. Materials and methods

2.1. Participants

A total of 18 GPis (eleven CD and seven TD) in seven CD and five TD
patients who underwent deep brain stimulation (DBS) surgery of the
GPi, were recorded (Table 1). The study was in compliance with the
Helsinki Declaration and had been approved by the local Ethics
Committee at the University Hospital Düsseldorf (Study Nr. 2459).
Informed consent was obtained from each patient.
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2.2. Micro- and LFP macrorecordings

DBS target was determined by fusion of stereotactic CT and preoper-
ative 3 Tesla MRI. Intraoperative multiunit activity (MUA) and LFPs
were recorded simultaneously with up to 5 combined micro-
macroelectrodes (microelectrode and macroelectrode tip 1.5 mm apart)
(M: medial, C: central, L: lateral, A: anterior and P: posterior or alterna-
tively AM: anteriormedial, AL: anteriorlateral, PM, posteriormedial, PL:
posteriorlateral) (Fig. 1A) in steps of 0.5 to 1 mm, starting 10 mm
above the target point by using the INOMED ISIS microelectrode record-
ing system (Inomed Medizintechnik GmbH, Emmendingen, Germany).

It was not possible to measure the impedance of the
macroelectrodes, although themanufacturer of the INOMED system re-
ports a generic value of 1 kΩ. LFP-signals were amplified by a factor of
2000 and sampled at 2.5 KHz. Patients were awake or sedated during
surgery by taking into consideration their particular symptoms and
physical condition. The protocol for patients in general anesthesia in-
cluded propofol (meandosage 6.088±1.730mg/min) and remifentanil
(mean dosage 15.110 ± 5.984 μg/min). Patients without general anes-
thesia underwent analgosedation with the above mentioned drugs
that were paused before recordings.

Determined by optimal microelectrode activity around the calculat-
ed target point (±1 mm) two conditions were recorded with LFP:
1) twice 1min of rest before and after (to avoid order effects) 2) twomi-
nutes of SPS of the contralateral hand (palm)with cotton swabs.We ap-
plied the same stimulation protocol for all the patients (CD and TD).

2.3. Off-line analysis

Postoperative (offline) analysis of macroelectrode trajectories
around the target point (±1 mm) was carried out by using BrainVision
Analyzer software (version 2, Brain Products GmbH,Munich, Germany).
Data were down-sampled to 512 Hz, band-passed between 0.5 and
160 Hz, and notch-filtered at 50 Hz. The fast Fourier transform (FFT)
was applied over each recorded segment of 120 s, with a Hanning win-
dow of 0.5 s and 50% overlap, leading to a spectral resolution of 1.2 Hz.
By using the FFT, power spectral density (PSD) was subsequently calcu-
lated as implemented in thementioned software. PSDwas used to study
the strength of LFP's spectral power variation as a function of frequency.
Throughout the text “PSD of LFP” is just referred to as PSD for brevity.

2.3.1. Peak analysis
For each GPi, the trajectory with the highest PSD peak amplitude in

the frequency range 1–30 Hz during rest condition was selected for fur-
ther statistical comparison. Analysis of LFP oscillatory activity was

performed by comparing amplitude and frequency of selected PSD
peaks between the considered conditions: CD vs. TD, rest vs. SPS and
with vs. without general anesthesia. The analysis focused on the frequen-
cy bands (thetadelta (θ-δ): 1–7 Hz, alpha: 8–12 Hz, beta: 13–30 Hz).

For the comparison of PSD peaks between conditions, we took the
peak with maximum amplitude (within a specified frequency band)
in the rest condition and compared it with the one in the SPS condition
by allowing a variance of ±1 Hz.

2.3.2. Grand average of PSD/mean PSD analysis
Grand average (GAV) of PSD was calculated for CD and TD across all

trajectories regarding the condition rest vs. SPS. For each PSD spectra
used in the calculation of these GAVs,mean PSD in the frequency ranges
thetadelta (θ-δ) (1–7 Hz) and theta-alpha (θ-α) (5–12 Hz) were
calculated.

In addition, GAV of PSD was calculated for each trajectory across all
patients regarding the condition rest vs. SPS. For each PSD spectra
used in the calculation of these GAVs, mean PSD in the frequency
range thetadelta (θ-δ) (1–7 Hz) was calculated.

SEM bar graphs were calculated for mean PSD values (rest and SPS)
in the case of CD for the frequency bands θ-δ and θ-α.

2.4. Statistical analysis

For selected trajectories in the peak analysis, we compared peak am-
plitudes and their corresponding frequencies for the considered condi-
tions. Because the assumption of normality in the distribution of most
variables was violated (Shapiro–Will test), we made use of the Mann–
Whitney and the Kruskal–Wallis tests for comparisons between indepen-
dent groups, and the Wilcoxon signed rank test (alternatively the sign
test for non-symmetrical distributions) for intra-individual differences.

For variables meeting the assumption of equality of variations a
mixed design ANOVAwas additionally performed to study a possible ef-
fect of anesthesia between groups, although with caution considering
the limitation of a small sample-size for both dystonic groups.

For the comparison ofmean PSD values between rest and SPS for CD,
TD and each trajectory, theWilcoxon signed rank test (alternatively the
sign test) was applied.

Statistical analysis was performed through SPSS software (IBM SPSS
Statistics, IBM Corp). The level of significance for all statistical tests was
fixed at p b 0.05.

3. Results

We obtained the oscillatory pattern of trajectories targeting the GPi
in CD and TD by focusing on the selected frequency bands.

With regard to CD (rest), we found prominent LFP oscillatory activ-
ity in thetadelta (all GPis), alpha (5 GPis) and beta (4 GPis) as reflected
by the presence of PSD peaks with maximum amplitude within each
considered frequency band.With regard to TD (rest), oscillatory activity
was found in thetadelta (all GPis), alpha (6 GPis) and beta (1 GPi).

Based on the number of recordings with a peak within a specified
frequency band for each trajectory (Table 2(A, B)), we found that each
considered frequency band was represented in each trajectory and
that the highest number of recordings with PSD peak occurrences
corresponded to the central trajectory. Note that Table 2 summarizes
the number of recordings over the whole group of patients/recordings.

The comparison between recording conditions revealed the follow-
ing details.

3.1. CD vs. TD

We found no significant difference between CD and TD by consider-
ing PSD peak frequency and PSD peak amplitude in the frequency bands
thetadelta, alpha and beta, which suggests a similar oscillatory pattern
for both dystonia groups.

Table 1
Patient's characteristics. (CD: cervical dystonia, TD: tardive dystonia).

Patient
#

Gender Disease Years since
disease
onset

Age in years
at
surgery

Anesthesia during
surgery

1 Male CD 12 59 General
2 Male CD 15 68 Local/analgo

sedation
3 Female CD 26 66 Local/analgo

sedation
4 Male CD 17 45 General
5 Female CD 25 66 General
6 Female CD 16 56 Local/analgo

sedation
7 Female CD 36 45 General
8 Female TD 21 44 General
9 Male TD 11 48 Local/analgo

sedation
10 Female TD 28 57 General
11 Female TD 24 72 General
12 Female TD 13 66 General
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3.2. Rest vs. SPS

3.2.1. Peak analysis
We found a significant difference between rest and SPS in peak

frequency (thetadelta) for the whole group (CD and TD)
(Z = −2.498, p = 0.013, Wilcoxon). In the case of CD, we found a
significant difference between rest and SPS in peak frequency
(thetadelta) (Z = −2.197, p = 0.028, Wilcoxon) and in peak am-
plitude (Z = −2.090, p = 0.037, Wilcoxon) e.g. a significant shift
in peak frequency from high (during rest) to a low (during SPS),
which was accompanied by a corresponding decrease in amplitude

(see example Fig. 1(B, top)). No significant difference was found
between rest and SPS for TD.

3.2.2. Mean PSD analysis
A significant difference (Z=−2.328, p=0.020,Wilcoxon) inmean

PSD values between rest and SPS in θ-δ for CD across all trajectories was
revealed (Fig. 1(B, middle (left)) (B, bottom (left))). Also, a significant
difference (p = 0.049, sign test) in mean PSD values between rest and
SPS in θ-δ for the central trajectory across all patients was revealed
(Fig. 1(B, middle (right))). Notably the significant difference in CD was

Fig. 1. (A) Mean recording location in posterolateral GPi (center of the cross) mirrored on left axial slice of Schaltenbrand atlas. Error bars denote standard deviation; circle defines spatial
range ofmicroelectrodes; (B, top) Example of LFP-PSD corresponding to a CDpatient, rest (red) and sensory palmar stimulation (SPS) (black). This graph illustrates a frequency shift in the
thetadelta range. Note: change in beta power seen in this examplewas not significant over the group. The LFP recordingwas performed 1mmbelow target and the patientwas awake; (B,
middle (left)) Grand average of LFP PSD for CD across all trajectories, a significant difference inmean PSDbetween rest and SPS in θ-δ (Z=−2.328, p=0.020) and a non-significant trend
(rest N SPS) (Z=−0.144, p = 0.88) in θ-αwere revealed; (B, middle (right)) Grand average of LFP-PSD for the central trajectory across all patients, a significant difference inmean PSD
between rest and SPS in Θ-δ was revealed (sign test, p = 0.049); (B, bottom) standard error of mean (SEM) bar graphs depicting grand average of mean PSD values for CD across all
trajectories in θ-δ (left) and θ-α (right). In the graphs, *denotes statistical significant difference and shaded (gray) areas correspond to the frequency band θ-δ.
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accompanied by a non-significant trend (restN SPS) in θ-α Fig. 1(B,mid-
dle (left), (B, bottom (right))).

3.3. Anesthesia

By focusing on PSD-peaks on a descriptive level for the comparison
of rest with SPS in CD, we found that 2/4 patients under general anes-
thesia exhibited a difference above average (with one of them showing
only a minor difference). 3/3 patients under local/analgo sedation ex-
hibited a difference above average.

This descriptive comparison in TD, showed that 2/4 patients under
general anesthesia and 1/1 patient under local/analgo sedation exhibit-
ed a difference above average between rest and SPS.

Statistically, we found no significant difference between with
(8 patients) and without (4 patients) general anesthesia groups
by focusing on peak frequency and peak amplitude in all of the
considered frequency bands and dystonia groups. However, only
in patients without general anesthesia, a significant difference be-
tween rest and SPS in peak frequency (thetadelta) (Z = −2.460,
p = 0.014, Wilcoxon) and peak amplitude (Z = −1.960, p = 0.05,
Wilcoxon) was revealed.

Furthermore, by using a mixed design ANOVA, we found no signifi-
cant effect of anesthesia between rest and SPS regardingpeak amplitude
in the alpha band (F = 0.009, p = 0.926), peak frequency in the beta
band (F = 1.011, p = 0.330), or peak amplitude in the thetadelta
band (F = 0.030, p = 0.866). In case of peak frequency in the alpha
band and thetadelta band and peak amplitdue in the beta band the as-
sumption of equality of variances was violated.

With regard to SPS, no significant difference betweenwith andwith-
out anesthesia groups concerning peak amplitude and peak frequency
in any of the considered frequency bands was revealed by the
Kruskal–Wallis test.

4. Discussion

To our knowledge this is the first study reporting on intraoperative
oscillatory activity in the GPi for TD, while our results supported previ-
ous studies addressing LFP oscillatory activity in the GPi for CD patients
[11,21].

Focusing on CD patients, we reported a significant peak frequency
shift from high (during rest) to low (during SPS) in thetadelta
band, which was often accompanied by a corresponding decrease
in peak amplitude. Such a power modulation during sensory stimu-
lation in contrast to the rest condition was observed in several of
the CD patients pointing to distinctive thetadelta oscillatory activity
in the pallidum.

We did not find a significant difference between with and without
general anesthesia groups nor an effect of anesthesia on the comparison
between rest and SPS, in contrast to studies reporting that GPi theta
power was significantly higher in patients without than in patients
with general anesthesia for CD [8]. However, in our data a significant
difference between rest and SPS was revealed only in patients without
general anesthesia.

Taken together, the results of our statistical analyses support only
minor effects of anesthesia on the contrast between rest and SPS in
thetadelta. Consequently, the significant thetadelta modulation of PSD
in CD thatwas found is suggested as a putative signature of sensory pro-
cessing for this group.

Nevertheless, it should bementioned that it is problematic to distin-
guish between with and without general anesthesia strictly as both
groups were exposed to sedative drugs. The clinical difference between
general anesthesia and analgosedation represents thus more two ends
of a continuum rather than two distinct approaches.

Previous studies reported that antagonistic gestures, such as
touching the face with fingertips, has the potential to relieve dys-
tonic symptoms in up to 70% of patients with idiopathic CD [22].
Moreover, evidence was recently provided that release of dystonic
contraction under sensory tricks in CD patients, is mediated by
changes of motor cortex excitability putatively linked to inhibition
of abnormal muscle contraction [23]. In the present study, we pro-
vide evidence for the involvement of the GPi in sensory motor pro-
cessing as we showed that the applied sensory stimulus on the
contralateral hand of CD patients led to significant LFP power mod-
ulation in the thetadelta band. Interestingly, such an effect was not
observed in TD patients, which might emphasize differential neural
processing in the GPi of both disorders. Nevertheless, we found
similar oscillatory signatures in both dystonia types. Further stud-
ies will be required to better understand the influence of different
sensory stimuli on CD and TD patients, which may lead to the de-
velopment of novel therapeutic approaches based on sensorimotor
stimulation.

Our results and others favor the hypothesis that sensory stimulation
facilitates sensorimotor integration and regulates excitability of the sen-
sorimotor system, which appears to be altered in dystonia patients [23,
24]. In fact, a very recent study provides evidence for the normalization
of sensorimotor integration in dystonia patients by applying 1 Hz repet-
itive transcranial magnetic stimulation over primary sensory andmotor
cortices [25].

Some limitations of the present study include a small sample
of dystonia patients, which is due to the rarity of the disease and
prevents us from performing statistical corrections for multiple
analyses. Due to variability in the anesthesia protocol (constitu-
ent dosage and administration throughout the surgery proce-
dure) and stimulation related factors such as density and
orientation of tactile mechanoreceptors in the palm of each pa-
tient, it is likely that neuronal oscillatory activity in the GPi
was influenced differently in some of the patients. As such, this
could be a contributing factor why some patients did not show
the pattern of decreased LFP power amplitude during sensory
stimulation in the thetadelta band. Although the sensory trick
was not directly administered in the dystonic limb or the
patient's face due to constraints in the surgery setting, it is
tempting to speculate that SPS provided activation of the GPi
via the sensory motor pathway thus stressing a potential role
of the GPi in sensory motor processing.

Table 2
Number of target point-recordings with a PSD peak within a specified frequency band
(thetadelta, alpha, beta) for each trajectory (M: medial, C: central, L: lateral, A: anterior
and P: posterior, AM: anteriomedial, AL: anteriolateral, PM, posteriomedial, PL:
posteriolateral). Note that due to anatomical constraints in some patients, a rotation of
the electrode system by 45° took place giving place to trajectories (AM, AL, PM, PL).

Macroelectrode Total recordings Thetadelta Alpha Beta

(A) Rest
A 11 11 10 11
M 13 10 9 9
C 18 17 17 18
L 12 12 11 12
P 11 7 7 7
AM 2 1 2 2
AL 2 1 2 2
PM 2 2 2 2
PL 2 2 2 2

(B) Sensory stimulation
A 11 11 11 11
M 13 10 10 10
C 18 17 18 18
L 12 12 12 12
P 11 7 7 7
AM 2 2 2 2
AL 2 1 2 2
PM 2 2 2 2
PL 2 2 2 2
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5. Conclusion

In conclusion, we provide support for the presence of LFP oscillatory
activity in CD and TD with emphasis on the thetadelta bandwidth.
Thetadelta power modulation in the GPi is suggested as a signature for
sensory processing in CD. We also hypothesize that the reported
thetadelta modulation in the GPi-LFP power may also be a signature of
sensory tricks. Further studies should clarify the role of such LFP
powermodulation by consideringdifferent sensory stimuli and stimula-
tion locations in a controlled setting.
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Abstract

We investigated neurophysiological mechanisms of subthalamic nucleus involvement in verbal fluency through of a verbal
generation task. The subthalamic nucleus is thought to act as a behavioural go/no-go instance by means of oscillatory commu-
nication in the theta band with the prefrontal cortex. Because subthalamic alpha-theta frequency stimulation has been shown to
exert beneficial effects on verbal fluency in Parkinson0s disease, we hypothesized that an alpha-theta oscillatory network involv-
ing the subthalamic nucleus underlies verbal generation task performance as a gating instance for speech execution. Postoper-
ative subthalamic local field potential recordings were performed during a verbal generation compared to a control task.
Time-frequency analysis revealed a significant alpha-theta power increase and enhanced alpha-theta coherence between the
subthalamic nucleus and the frontal surface EEG during the verbal generation task. Beta and gamma oscillations were not sig-
nificantly modulated by the task. Power increase significantly correlated with verbal generation performance. Our results provide
experimental evidence for local alpha-theta oscillatory activity in the subthalamic nucleus and coherence to frontal associative
areas as a neurophysiological mechanism underlying a verbal generation task. Thus, verbal fluency improvement during sub-
thalamic alpha-theta stimulation in Parkinson0s disease is likely due to an enhancement of alpha-theta oscillatory network activ-
ity. Alpha-theta oscillations can be interpreted as the rhythmic gating signature in a speech executing subthalamic-prefrontal
network.

Introduction

The subthalamic nucleus (STN) is involved in an associative basal-
ganglia-thalamocortical network (Temel et al., 2005) and acts as
input area through which the cerebral cortex controls motor and
behavioural aspects (Benarroch, 2008). Its ventromedial part corre-
sponds to the associative territory and has connections with the
prefrontal and anterior-cingulate cortices, critical structures in cog-
nition (Alexander et al., 1990; Benarroch, 2008). The clinical rele-
vance of this network is highlighted by cognitive side effects of
high-frequency deep brain stimulation (HFS). STN-HFS is an
established treatment in Parkinson’s disease (PD; Deuschl et al.,

2006; Weaver et al., 2009; Williams et al., 2010). However, stud-
ies report decline in verbal fluency (VF) during HFS (Witt et al.,
2008; Weaver et al., 2009). VF demands a complex performance,
including working memory and word retrieval, executive aspects
as a retrieval strategy, selection from competing lexical alterna-
tives, subcategory shifting and vocabulary access. STN-HFS
impairs VF-associated activation in a left-sided frontotemporal net-
work (Schroeder et al., 2003). Furthermore, VF decline correlates
with reduction in perfusion (Cilia et al., 2007) and metabolism
(Kalbe et al., 2009) in left dorsolateral-prefrontal, inferior-frontal
and anterior-cingulate areas. Although STN stimulation below
100 Hz can be beneficial to some motor aspects (di Biase & Fas-
ano, 2016), in contrast to HFS, low-frequency alpha-theta-stimula-
tion (LFS) of the STN of about 10 Hz worsens limb motor
symptoms in PD, possibly due to enhancement of a 10 Hz patho-
logic oscillatory network (Timmermann et al., 2003, 2004). On the
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other hand, alpha-theta-LFS at 10 Hz improves VF (Wojtecki
et al., 2006), possibly by activation of oscillatory connections with
frontal areas. Generally, oscillatory synchronization is a feature for
information processing of neuronal networks (Singer, 1999; Varela
et al., 2001; Schnitzler & Gross, 2005). 10 Hz oscillatory activity
may represent various cognitive operations in cortico-thalamic-cir-
cuits, such as theta-oscillations (4–7 Hz) reflect working memory
and alpha-oscillations (8–12 or 13 Hz, individually variable) play a
role in transient reactivation of long-term memory codes during
short-term storage (Klimesch et al., 2005).
A method to find evidence for the involvement of a neuronal

structure in a given task is to directly record local field potentials
(LFPs) from it. LFPs presumably reflect input signals of the target
structure and contain electrical activity of a millimetre range from
an electrode, consisting of the summated synchronized postsynaptic
excitatory and inhibitory potentials (Brown & Williams, 2005; Kuhn
et al., 2005b). Analysis of LFP-basal-ganglia-oscillations for the
cognitive domain has progressed substantially due surgery for deep
brain stimulation (Munte et al., 2008; Marceglia et al., 2011). Up to
date STN-LFP recordings suggest local involvement of theta-, alpha-
and beta-modulations (13–30 Hz) during cognitive tasks (Rektor
et al., 2009, 2010; Fumagalli et al., 2011).
Although VF is the most often affected cognitive function in

STN–HFS it has not extensively been investigated with LFPs so far.
There is first evidence for local gamma (30–100 Hz) STN modula-
tion during VF (Anzak et al., 2011) and beta desynchronization dur-
ing speech (Hebb et al., 2012). However, oscillatory activity in the
theta-band seems to be crucial for communication of the subthalamic
nucleus with the prefrontal cortex (Cavanagh et al., 2011) to act as
a behavioural go/no-go behaviour-gating instance (Frank, 2006).
Thus, using a verbal generation (VG) paradigm comprising all
aspects of a formal-lexical phonemic VF task we aimed to investi-
gate more elaborately if there is evidence for the involvement of the
STN in a VF-network, by means of increased low-frequency (alpha-
theta) oscillatory LFP-activity and coherence to surface electroen-
cephalography (EEG). This would provide an explanation for the
beneficial effects of STN-LFS on VF and disentangle the rhythmic
signature in a speech-gating network as representative example of
the integrative function of the STN.

Materials and methods

Patients and surgery

Sixteen patients with Parkinson’s disease (eight female, eight male;
age 62 � 6.6 years) who underwent bilateral implantation of deep
brain electrodes in the STN were enrolled in the study. In all
patients, cognitive impairment was excluded during routine presurgi-
cal evaluation [Mattis Dementia Rating Scale (MDRS) score
138.7 � 5.4 points]. Mean disease duration at the time of implanta-
tion was 14.1 years (�4.9 years). All patients showed motor symp-
toms, consisting of akinesia, resting tremor and/or rigidity that
responded positively to pharmacological treatment with levodopa,
with the exception of tremors. The presurgical Unified Parkinson’s
Disease Rating Scale (UPDRS; Fahn & Elton, 1987) ON and OFF
medication was assessed. Due to insufficient control of motor fluc-
tuations and/or tremor by medication, our centre’s guidelines sug-
gested to proceed with the implantation of deep brain stimulation
(DBS) electrodes to further reduce the patients’ symptoms in accor-
dance with the German recommendations for DBS in Parkinson’s
disease (Hilker et al., 2009; Voges et al., 2009).
All anti-parkinson medication was withdrawn at least 12 h before

surgery (dopamine agonists 2–3 days before). The clinical details
are summarized in Table 1. All patients were implanted bilaterally
in the STN. The location of the STN was determined based on
Schaltenbrand–Wahren-Atlas (SWA; Schaltenbrand & Wahren,
1977) coordinates, stereotactic cranial computed tomography (CT)
and high-resolution magnetic resonance imaging (T1 weighted
MPRAGE and T2 SPACE MRI). To determine the STN borders
and the optimal implantation area, we performed intraoperative
microelectrode recordings (MER), using the INOMED MER system
(INOMED, Emmendingen, Germany) with up to five electrodes
(central, anterior, posterior, lateral, medial) that were concentrically
configured with a distance of 2 mm from the central electrode. The
final placement of the DBS electrode (electrode model 3389, Med-
tronic Corporation, Minneapolis, MN, USA) was based on multi-
unit cell activity, a profile of stimulation effects, and side effects.
DBS surgery based on intraoperative multiple trajectories MER and
test stimulation can be beneficial to optimal placement of DBS
electrodes in the dorsolateral (motor) STN and clinical outcome

Table 1. Clinical characteristics of PD patients

Patient Gender
Age
(years)

Disease
Duration
(years)

PD Medication
(LED mg/day)

Disease Type
(AR: akinetic-rigid
T: tremor)

Predominant
Side MDRS

Motor UPDRS

OFF ON

1 Male 62 16 750 AR Left 142 36 11
2 Female 71 24 900 AR Right 142 25 16
3 Female 68 22 1150 AR Left 131 72 37
4 Male 55 14 950 AR Right 144 48 18
5 Female 62 10 200 AR Left 141 35 13
6 Female 66 14 900 AR Left 139 24 11
7 Male 57 8 400 T Left 139 31 15
8 Female 74 15 400 T Right 139 23 7
9 Female 67 14 625 AR Right 142 38 19
10 Female 55 15 1001 AR Left 133 45 21
11 Male 64 11 1300 AR Right 141 35 19
12 Male 68 8 700 AR Left 139 28 10
13 Male 60 15 300 AR Right 143 35 4
14 Male 51 10 1480 AR Right 138 35 26
15 Female 64 21 200 T Left 138 32 12
16 Male 55 9 600 T Left 140 45 38

LED, Levodopa equivalent dose of PD-medication at the day of the recording; MDRS, Mattis Dementia Rating Scale; UPDRS, Unified Parkinson´s disease-
rating scale with and without medication at the preoperative screening.
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(Reck et al., 2012). During the operation, final macroelectrodes
were connected to sterile percutaneous extension wires (model
3550-05, Medtronic), which were externalized through the scalp and
could be connected postoperatively to EEG amplifiers via external
cable connectors (twist lock cable model 3550-03, Medtronic and
custom made connector to DIN 428092 touch proof connectors).
Postoperative stereotactic computed tomography (CT) scans were
performed in all patients to ensure correct electrode placement.

Paradigm

The experiment consisted of two parts (Fig. 1). The first task was a
VG task, comprising all aspects of a formal-lexical (phonemic) VF
task. The task consisted of the presentation of the 10 most frequent
initial letters of the German language (S, A, M, K, B, G, R, H, E,
D), each presented for eight times successively (total of 80 trials).
Each trial began with the presentation of a letter in the centre of the
screen for 1 s. Onset of the letter was time point zero. Subjects were
instructed to think of a word beginning with that letter without
speaking aloud. Furthermore, patients were asked to avoid repeti-
tions, words with the same word stem and names. After a test period

of 3 s, rendering speech preparation and movement artefact-free seg-
ments, an exclamation mark appeared on the screen for 1 s repre-
senting a ‘go’ cue and indicating to the subjects to speak the thought
of word out loud during the presentation of the exclamation mark
and the following second. Between trials there was a variable inter-
stimulus interval of 1–3 s during which a fixation cross was pro-
vided at the centre of the screen. The last 1 s before time point zero
was used as baseline. The principle and timing of the task was
derived from electrophysiological studies examining word processing
and generation (Snyder et al., 1995; Rowan et al., 2004; Dalal
et al., 2009). The control task consisted of a word retrieval task
lacking only the executive component of a VF task. Instead of dif-
ferent initial letters only the letter ‘P’ was presented. Subjects were
instructed to always think of and verbalize the German version of
the word ‘pause’ during the total of 80 trials. To ensure efficient per-
formance, patients were trained with the task 1 day before operation.

Recordings

All patients gave written informed consent and the study was
approved by the ethics committee of the Medical Faculty of the
Heinrich-Heine-University Duesseldorf in accordance to the Declara-
tion of Helsinki. The whole postoperative recording session took
place 1 day after electrode implantation. All patients were examined
with their respective anti-parkinson medication without any change
to the preoperative dose. The medication ON state was chosen as
we wished to determine whether the subthalamic nucleus is involved
in the execution of a VG task in a state as physiological as possible.
None of the patients showed tremor or levodopa-induced dyskinesia
during the experimental session. During the experiment, patients
were comfortably seated in their bed about 80 cm from a personal
computer screen (10.6″ screen diagonal, screen refresh rate 60 Hz)
displaying the task stimuli, using E-PRIME software (Psychology Soft-
ware Tools, Inc., USA).
As the operation was performed bilaterally in all patients, record-

ings were carried out from 32 subthalamic nuclei. LFP activity was
monopolarly recorded during task performance from the four plat-
inum-iridium cylindrical contacts of the DBS-electrode numbered 0,
1, 2, 3 from the tip of the electrode (1.27 mm diameter and 1.5 mm
length and a contact to contact separation of 0.5 mm) against a
surface midline frontopolar reference. Signals were amplified and
band-pass filtered from 0.5 to 1000 Hz, using a portable amplifier
(BrainVision Recorder, BrainAmp MR plus, Brain Products GmbH,
Munich, Germany, Version: 1.03). Signals were sampled at 5 kHz
and monitored online. The responses to the stimuli were monitored,
tagging wrong or no responses to obtain a measure for task perfor-
mance for later correlation with electrophysiological findings. Addi-
tionally, in five patients, surface electrodes were placed at scalp
sites Fz, F3/4, F7/8, Cz, C3/4, Pz, Oz, and O1/2 to record a simulta-
neous scalp electroencephalogram (EEG).

Analysis

The aim of the analysis was to compare the focal maximum-
induced oscillatory activity changes from baseline – predominantly
in the alpha-theta band – during the test interval in a correct per-
formed VG task with the respective maximum activity changes dur-
ing the test interval in the control task. An additional aim was to
compare maximal STN-to-surface-EEG-coherence in the respective
time period and frequency band and at the same recording location
between the tasks. Thus, the first analysis step was to select only
data with correct behavioural performance in the test interval.

Fig. 1. Paradigm. (A) Verbal generation task. (B) Control task. After a jit-
tered interval of 1–3 s with a fixation cross on the screen patients were pre-
sented a certain letter in the VG task or the letter ‘P’ in the control task for
1 s. After letter offset, the movement artefact-free test period of 3 s for LFP
analysis began. After that an exclamation mark appeared on the screen for
1 s representing a ‘go’ cue and indicating to the subjects to verbalize the
thought-of word.
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Furthermore, bipolar STN references for each hemisphere with the
strongest averaged power changes during the test interval of
the considered task were selected for the alpha-theta band. For the
power analysis, the maximum activity was derived from 1-s during
the strongest activation in each task for each STN and an additional
t-test was applied. For coherence analysis, the EEG channel with
the strongest coherence in the alpha-theta band to the selected STN
reference was chosen and this coherence was compared between
tasks. In a further step, individual data were averaged for group
statistics between tasks. Details for each analysis step are provided
below.
All data were analysed offline, using the BRAINVISION ANALYSER

software (Brain Products GmbH, Munich, Germany, Version: 1.05).
Individual traces were visually inspected and trials containing noise,
movement or eye blink artefacts and trials with wrong or no beha-
vioural responses were discarded from further analysis. The four
DBS-electrode contacts were re-referenced against each other, result-
ing in six bipolar derivations for each STN (0–1, 0–2, 0–3, 1–2,
1–3, 2–3). The bipolar activity was filtered with a low pass filter of
160 Hz and down-sampled to 512 Hz. Trials were segmented start-
ing 1 s prior to stimulus onset to 2 s after exclamation mark onset,
resulting in segments of 7 s duration.

Definition of frequency bands

We focused our analysis on the theta, alpha, beta and gamma fre-
quency bands known from literature and stated in the introduction.
However, to exclude low frequency noise common in LFP record-
ings, we only included activity in the high theta range and defined
theta as 5–7 Hz. Regarding alpha activity, it should be mentioned
that individual alpha frequency (IAF) varies to a large extent as a
function of age, neurological diseases, memory performance, brain
volume and task demands from 8 to 13 Hz and ‘upper alpha’ can
be defined as 2 Hz above IAF and thus up to 15 Hz (Klimesch
et al., 2005). Therefore, we defined for our analysis alpha as 8–
15 Hz and alpha-theta as 5–15 Hz, Beta was defined as 13–30 Hz
and gamma as 30–100 Hz.

Local field potential activity analysis

LFP segments further underwent normalized baseline corrected
time-frequency analysis for induced activity with a continuous Mor-
let Complex Wavelet transformation with Morlet c = 8 and 10 linear
frequency steps (layers) from 5 to 15 Hz for the alpha-theta band
and 10 linear steps from 13 to 30 Hz for the beta band. For the
gamma band Morlet c = 15 was used with 10 linear steps from 30
to 100 Hz. Time-frequency plots were averaged across trials and
power modulations were defined as power change over the trials
during the 3 s test interval compared to individual baseline, consist-
ing of 1 s before stimulus presentation. The contact pair used for
further analysis was chosen according to the strongest activation
during the test interval in the VG tasks. For statistical comparison,
the mean activity of the 1-s and the respective frequency layer dis-
playing the strongest activation during the test interval was exported
for both tasks from each STN recording (for layer definition please
refer to the first sentence of this paragraph). As beta and gamma
bands represent a wide frequency range, a wide-band layer (13–
30 Hz for beta and 30–100 Hz for gamma) was exported for statisti-
cal analysis of higher frequencies. Mean activation over the group
was then compared between both conditions, using a Wilcoxon Test
(SPSS 18, Chicago, IL, USA). Differences were considered signifi-
cant at P < 0.05.

Furthermore, grand averages for left and right STN-LFP time fre-
quency plots were visualized for the lower frequency band and an
additional t-test between conditions was applied.
For surface EEG recordings, activation changes were calculated

and statistically analysed in the same way as for deep brain record-
ings. For this analysis, the bipolar surface EEG channels of both
hemispheres were chosen that showed the strongest coherence to the
ipsilateral bipolar STN recording with maximum activity increase.

Coherence analysis

Coherence analysis between the bipolar derivations of the left and
the right macroelectrode and respective ipsilateral and frontal scalp
electrodes (F3/7, F4/8 to Fz) was calculated for 10 STN recordings
to determine whether there was coupled activity between the
recorded low frequency LFPs and cortical activity changes during
VG and control tasks. Coherence is calculated in the range of 0–1,
with 1 representing an ideal linear correlation and 0 an indepen-
dence of the two signals (Halliday et al., 1995). After bipolar ref-
erencing of the respective ipsilateral scalp electrodes against Fz
and bipolar re-referencing of the DBS-electrode contacts, raw data
was processed as mentioned above. From the 7 s epoch, the period
of 3 s only including the test interval, starting at stimulus offset to
exclamation mark onset was selected. This segment was further
divided into equal sized segments of 1 s, with an overlap of 0.5 s.
Using the fast-Fourier transformation (FFT) power spectra of this
time window was obtained. To calculate the coherence, FFT trans-
formed data was analysed using the formula (abbreviations: c:
channel, f: frequency, CS: cross spectrum, i: index number of
segment):

B

C

A

Fig. 2. Time frequency plot of temporal activation changes from baseline
during the course of the task period. (A) Verbal generation. (B) Control
tasks. (C) Difference between both tasks. The temporal changes depict the
modulation of activation during the course of the task as indicated by the
paradigm schema at the bottom, starting from letter onset until exclamation
mark offset. The black frame highlights the task interval used for analysis.
Strongest activation relative to baseline in the difference plot between both
tasks takes place around 6–12 Hz. Mean relative wavelet power (Unit Scale)
changes are shown color coded (grand average of left bipolar contact pairs,
n = 16 subjects, 16 subthalamic nuclei of the left hemisphere). Arrows fur-
thermore highlight color coded t-values of t-test of the task interval.
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Cohðc1; c2Þðf Þ ¼ jCSðc1; c2Þðf Þj2
ðjCSðc1; c1Þðf ÞjjCSðc2; c2Þðf ÞjÞ

with

CSðc1; c2Þðf Þ ¼
X

c1; i ðf Þ c2; i ðf Þ:

To analyse the confidence level for the coherence, the methodology
implemented by Halliday et al. (1995) was used. Only peaks of LFP-
EEG coherence were accepted as significant if they reached a 95%
confidence level in the main frequency band of interest (alpha-theta).
The ipsilateral bipolar frontal electrode with strongest significant
coherence to the bipolar STN-LFPs during the VG task was chosen
for further analysis for each STN. The largest peak in the alpha-theta
band was determined for both conditions and statistically compared
over the group for the right and the left STNs separately with using a
Wilcoxon-Test (SPSS 18, Chicago, IL, USA), considering differences
as significant at P < 0.05. As an additional step, we analysed the
coherence between the STN and frontal regions during the overt
speech. We used the same procedure as stated above but only included
the active speech component of the trial (5000–6000 ms).

Recording location

For the inspection of the anatomical location of the contacts used
for analysis, the location of the electrodes was derived by fusion of
the postoperative stereotactic CT onto the individual preoperative
stereotactic planning software. This was available for 28 STNs
(Table 2). Contact coordinates with reference to the middle of ante-
rior-posterior-commissural line (mid-commissural point, MCP) were
normalized and visualized on the stereotactic Schaltenbrand Atlas
(Nowinski & Thirunavuukarasuu, 2004).

Results

Task-induced power changes

In the VG task, alpha-theta activity increase on the STN electrodes
could be detected during the task period mainly between 6 and

12 Hz. On the same bipolar electrode contacts, for the control task
power decrease in the alpha-theta band during the task period
could be observed over the group, with some individual recordings
showing a slight increase, decrease, or no change (see Table 3).
Figure 2 displays the time-frequency representation during the VG
and control task for all left nuclei. The activity in the alpha-theta
band (mean peak frequency around 8 Hz, see Table 3) was signifi-
cantly stronger for the VG task compared to the control task for
the same left and right bipolar derivations during the task period,
as revealed by the Wilcoxon test [relative modulation from base-
line: during VG task for all left nuclei = 1.4 (standard error of
mean (SEM) 0.2), during control task for all left nuclei = �0.6
(SEM 0.3), P < 0.001; mean during VG task for all right
nuclei = 1.4 (SEM 0.4), during control task for all right
nuclei = �0.8 (SEM 0.4), P < 0.001; Fig. 3]. Even when compar-
ing the bipolar contact derivations with the maximum activity dur-
ing the VG task with the bipolar derivation that showed maximum
activity increase in the control task [mean (SEM): left �0.1 (0.2),
right 0.1 (0.2)], the difference between both tasks remained highly
significant for both hemispheres (P < 0.01). Peak activity change
latencies were around 2000 ms.
On the most coherent surface EEG channels no local significant

(compared to the control task) VG-task related increase in low
frequency activity could be detected over the group altough mod-
ulation of activity was seen at the same mean peak frequency
around 8 Hz with increased activity in some patients (see
Table 3C).
Beta activity showed no task-induced modulation from baseline

that differed significantly between the two tasks [STN activity
change (SEM) left VG 0.07 (0.07), control �0.08 (0.1) right VG
�0.19 (0.1) control �0.29 (0.17), P > 0.05, n.s.].
Gamma activity showed minimal task-induced modulation, and

the comparison between the two tasks failed to reach significance
level [STN activity change in (SEM) left VG 0.00 (0.04), control
�0.04 (0.03), right VG �0.06 (0.06) control �0.1 (0.5), P > 0.05,
n.s.].
As a further control beta and gamma activity during baseline

(�1000–0 ms) was compared with the active speech component
(5000–6000 ms) of the trial. For beta a minimal desynchronization
during the active speech component could be observed, but as
revealed by the Wilcoxon test failed to reach significance
(P > 0.05). Gamma activity was also minimally modulated during
the active speech component, but not in a significant manner
(P > 0.05).

Coherence

Coherence analysis showed coupling of LFP- and (inferior)-fronto-
temporal EEG-electrodes. We identified significant coherence
between LFPs and surface electrodes in the alpha-theta frequency
band (mean peak frequency around 7 Hz) in all 10 STN recordings
in the VG condition and in six recordings in the control condition.
Maximum coherence to STN-LFPs found for (inferior)-frontotem-
poral location was: four times F3/F4 respectively, six times F7/F8
respectively. Comparison between the largest peaks in the alpha-
theta band of the two tasks revealed a significant difference of LFP-
EEG coherence during the VG task for both hemispheres (coherence
left hemisphere P = 0.036, coherence right hemisphere P = 0.016,
Fig. 4).
During overt speech, coherence analysis between the STN and

(inferior)-frontotemporal EEG electrodes failed to reveal significant
coupling of activity in the alpha-theta frequency band.

Table 2. Bipolar contact combinations used for final analysis and their
coordinates

Patient
Contact
left x y z

Contact
right x y z

1 1–2 �11.3 �2.1 �4.3 0–1 11.8 �3.5 �4.3
2 1–2 �12 �1 �0.9 2–3 11 �1.9 �1.6
3 0–2 – – – 0–2 – – –
4 0–2 �12.2 �2.8 �1.2 0–2 11.3 �2.8 �5.2
5 0–3 �12.3 �2.2 �2.7 0–3 12.6 �1.4 �1.9
6 1–2 �14.1 �1.1 �0.4 0–1 11.3 �3.6 �1.8
7 0–1 �12.3 3.4 �3.4 0–2 12 �1.8 �2.2
8 0–1 �12.7 �2.8 �5.4 0–2 11.6 �1.9 �4.8
9 1–2 �15.1 4.1 1.1 0–2 13.8 5.7 0.3
10 1–3 – – – 0–2 – – –
11 0–3 �11.2 �4.4 �3.9 0–2 11.4 �4.8 �6.9
12 1–2 �12.4 �0.1 �1.9 0–2 11.7 �4 �3.8
13 0–2 �12 �1.2 �4.6 1–2 8.8 �2.4 �2.4
14 0–2 �11.9 �1.8 �5.1 1–3 10.2 �1 �3.7
15 0–3 �13.5 1.2 �0.7 1–3 11.4 �1.8 �0.1
16 1–2 �13.1 �2 �5.2 1–2 12.7 �0.7 �4.1

Coordinates in mm with reference to the mid-commissural point (MCP)
derived from individual postoperative imaging.
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Recording location

All 32 bipolar contact pairs that showed the strongest task-depen-
dent low frequency modulation and thus were used for further anal-
ysis are listed in Table 2. The majority (28/32) of bipolar
derivations were recording a field below or around contact 1 (0–1,
0–2, 0–3, 1–2), which refers to the lower part of the electrode.
Accordingly, the most frequent contact combination was 0–2
(n = 12). Additionally, as Fig. 5 illustrates, the mean recording
coordinates with reference to the mid-commissural point (MCP) of
both the right and left hemispheres corresponded well with a loca-
tion within the STN rather than the outer dorsolateral border to

adjacent fibre tracts and thus reflect a recording location involving
non-motor parts of the nucleus (coordinates in mm with standard
deviation: right hemisphere x = 11.5 � 1.6, y = �1.9 � 2.5,
z = �3.0 � 2.0 mm; left hemisphere x = �12.6 � 1.1 mm,
y = �0.9 � 2.4 mm, z = �2.8 � 2.1 mm; Fig. 5).

Correlation of task-dependent activity changes with
performance

As a measure of performance in the VG task and the control task
the number of correctly performed words was counted. Discarding

Table 3. Individual task-related alpha-theta power changes and coherence. (A) STN power changes. (B) STN-Surface-EEG coherence. (C) Surface-EEG power
changes

A

Patient

Power left STN
Peak
Frequency (Hz)

Peak
Latency (ms)

Power right STN
Peak
Frequency (Hz)

Peak
Latency (ms)VG Control VG Control

1 1.9 0.3 8 2400 0.4 �0.8 9 2300
2 1.8 �1.1 8 1600 0.1 �2.1 8 1900
3 1.1 0.8 6 2500 2.9 2.3 9 2000
4 1.6 �1.6 8 1600 3.2 �2.6 6 1700
5 0.5 �2.1 10 2000 3.3 �0.2 8 2200
6 0.8 0.5 11 1700 0.9 0.4 10 2000
7 0.9 0.6 8 1900 0.9 �0.1 8 2500
8 2.3 �0.4 8 3200 3.1 0.3 7 1300
9 0.2 �1.3 10 2500 0.4 �2.2 10 1100
10 1.6 �0.9 7 1500 3.2 �4.5 8 1500
11 1.5 0.6 9 1200 2.5 �0.9 9 1700
12 1.0 0.6 8 2600 0.5 0.1 8 3100
13 2.0 �2.1 9 1600 1.1 �1.5 11 1500
14 2.3 �0.9 8 2500 1.5 �1.5 8 2700
15 0.6 �1.4 9 2800 0.3 0.3 9 3000
16 1.5 �0.3 8 2200 1.1 0.3 10 1300
Mean 1.4*** �0.6*** 8.4 2113 1.4*** �0.8*** 8.6 1988
SEM 0.2 0.3 0.3 139 0.4 0.4 0.3 152
SD 0.6 0.9 1.2 540 1.4 1.5 1.2 589

B

Patient

Coherence left STN to
surface EEG

Peak Frequency (Hz)

Coherence right STN to
surface EEG

Peak Frequency (Hz)VG Control VG Control

1 0.04 0.03 8 0.04 0.00 6
5 0.06 0.01 6 0.08 0.00 8
11 0.03 0.00 7 0.01 0.00 7
14 0.03 0.03 6 0.05 0.01 6
16 0.05 0.02 7 0.06 0.02 6
Mean 0.04* 0.02* 6.8 0.05* 0.01* 6.6
SEM 0.01 0.01 0.4 0.01 0.01 0.4

C

Patient

Power left surface EEG

Peak Frequency (Hz)

Power right surface EEG

Peak Frequency (Hz)VG Control VG Control

1 �4.6 �3.4 7 �3.4 �0.3 6
5 �0.6 �1.9 9 �1.3 �3.5 12
11 0.4 �0.2 9 0.4 �0.2 9
14 1.5 0.6 7 1.0 0.8 6
16 1.3 �0.1 8 1.1 �0.2 8
Mean �0.4† �1.0† 8 �0.4† �0.7† 8.2
SEM 1.1 0.7 0.4 0.8 0.7 1.1

(A) Rounded numbers for relative power changes from baseline at peak frequency and peak latency for the left and right STN in the VG and control task for
contact combination with strongest VG activation changes. ***P < 0.001 significant differences for the comparison between tasks. (B) Rounded numbers for
STN-surface-EEG coherence at peak frequency for the individual most coherent surface-EEG contact for both conditions. 0.00 indicates no significant coherence
peak. *P < 0.05 significant differences for the comparison between tasks. (C) Rounded numbers for power changes of surface recordings for EEG channels with
highest coherence to STN channels. †No significant differences for the comparison between tasks.
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trials with no responses (in the control and VG task) or with wrong
responses (repetitions, words with the same word stem and proper
names for the VG task) resulted in a mean performance of 71.3
(SEM 1.0) words in the VG task and 72.2 (SEM 0.8) words in the
control task. Furthermore, discarding trials containing noise, move-
ment or eye blink artefacts from further electrophysiological analysis
left on average 65.8 (SEM 1.6) trials for the VG task and 70.4
(SEM 0.8) for the control task. Pearson r was used to determine cor-
relation between performance and activity changes. Correct perfor-
mance of words correlated significantly with activity increase in the
left (r = 0.58, P < 0.05) and right (r = 0.82, P < 0.001) STN in the
VG task. This correlation was not significant in the control task,
additionally as Fig. 6 illustrates performance and activation showed
a restricted range in this task.

Discussion

We investigated the role of the STN in a VG task by means of post-
operative recordings of oscillatory activity. We show a dynamic

modulation of STN-LFP alpha-theta activity in response to and cor-
related with the performance of a VG task as opposed to a control
task. This finding renders electrophysiological proof for the involve-
ment of the STN in the processing of executive functions such as
VF and further supports the hypothesis that the STN processes these
functions by specifically modulating low-frequency oscillations.
Alpha-theta oscillations can be interpreted as the rhythmic gating
signature in a speech executing subthalamic-prefrontal network. A
direct modulation or interruption of this process through high fre-
quency stimulation may explain behavioural sequelea seen in
patients with STN-HFS. Furthermore, the improvement in VF during
LFS (Wojtecki et al., 2006) may thus be due to power increase in
this particular frequency. In the following, some particular aspects
of the work will be discussed.

Origin of recorded activation and the STN – cortical cognitive
network

The STN is part of the cortico-basalganglia-thalamo-cortical network
and is subdivided into different territories. Its ventromedial part cor-
responds to the associative territory with connections to pallidal and
nigral behavioural-cognitive circuits and input from the dorsolateral-
prefrontal and lateral-orbitofrontal cortex. This associative circuit
also involves cortical areas of the VF-mediating network, including
inferior frontal gyrus, anterior cingulate cortex and superior temporal
regions (Alexander et al., 1990; Benarroch, 2008).
In our analysis, contacts showing the strongest task-dependent

activation were located within the STN according to postoperative
imaging. Furthermore, placement of the electrode in the STN was
supported by intraoperative microelectrode recordings and test stim-
ulation. Finally, the use of bipolar re-referencing, analysing activity
as focal as possible, makes volume conduction from another neu-
ronal source unlikely. Our finding that the oscillatory activity was
modulated during an executive task therefore most likely represents
neuronal oscillatory activity of the STN or from the cortex project-
ing into the STN. The observation, that particularly recordings of
the lower contacts, with locations involving central rather than

Fig. 3. Mean wavelet power (Unit Scale) relative to baseline during the VG
and control tasks. VG task is shown in dark grey and control task in light
grey from the left (left plot, n = 16) and the right (right plot, n = 16) bipolar
macroelectrode pairs in the alpha-theta band. ***P < 0.001. Errors bars
showing standard error of mean.

Fig. 4. Coherence at peak frequency. Mean over the group coherence (A) and example of coherence spectra during the VG (B) and the control task (C). Mean
coherence (with errors bars showing standard error of mean) between STN contacts and respective ipsilateral frontal surface electrodes for the VG (dark grey)
and control (light grey) tasks from the left hemisphere (left plot, n = 5) and the right hemisphere (right plot, n = 5). *P < 0.05. Example for coherence between
contact pair 1–2 of one right macroelectrode and the respective bipolar surface electrodes (F8 against Fz). Dotted line indicates the 95% confidence level.
Coherence is normalized between 0 and 1. Main peak in alpha but also small significant peak in theta frequency during the VG task.
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dorsolateral parts of the STN, displayed activation during this cogni-
tive task corresponds to neuroanatomic evidence that especially the
ventromedial STN has connections with inferior-frontal associative
areas. Additionally, coherence analysis revealed significant coupling
between the STN LFPs and the (inferior-)frontotemporal surface

electrodes. This finding further supports a functional relevant con-
nection between the ventromedial STN and the frontal cortex. No
significant coherence was found for overt speech production. Failing
to do so might be due to the fact that the exact time point of overt
speech production for the analysis was not available to us. Due to
technical reasons, measured speech onset with EMG and a micro-
phone did not provide an exact time point for overt speech produc-
tion and we discarded this recording. Furthermore, the limited
number of available patients with surface EEGs has to be taken into
account pertaining to interpretation of the chorence statistics.

Verbal generation paradigm

VF has been shown to be affected by STN DBS on a behavioural
basis (Wojtecki et al., 2006) as well in functional imaging (Schroe-
der et al., 2003). For methodological reasons, we used a verbal gen-
eration task rather a verbal fluency task, however, still comprising
all aspects of a formal-lexical phonemic VF task. We chose a
phonemic task as it mainly involves frontal and subcortical regions,
compared to an involvement of temporal and parietal regions during
a semantic fluency task (Troyer et al., 1998; Baldo et al., 2006). In
order to be able to analyse averaged time-locked-induced activity
changes from baseline, we developed a paradigm in which a single
word was produced in each trial. Thus, we also had the possibility
to delineate the time point when the subthalamic nucleus was
engaged in the task (around 2000 ms). It has to be noted that this
might differ from a verbal fluency paradigm in which the production
of as many words as possible in 1 min is demanded. Therefore, we
termed the used paradigm as verbal generation. However, the useful-
ness of a VG paradigm to assess frontal networks involved in

Fig. 6. Correlation of task-dependent relative wavelet power changes with number of correctly performed words. (A) Verbal generation task left STN, (B)
Verbal generation right STN. (C) Control task left STN, (D) control task right STN. Coefficients: VG task: left: r = 0.58, P < 0.05/right r = 0.82, P < 0.001.
Control task: left: r = 0.07, n.s./right r = �0.08, n.s.

Fig. 5. Recording location visualized on anatomical atlas. (A) Coronary
slice, (B) Axial slice. Mean recording sites with standard deviation of anal-
ysed bipolar referenced contacts of (0–1, 0–2, 0–3, 1–2, 1–3 or 2–3) for both
the right and left STN visualized on the Schaltenbrand atlas. Coronary slice
3 mm postmid-commissural point (MCP), axial slice 3.5 mm below anterior-
posterior commissure line (AC-PC line). STN, subthalamic nucleus.
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executive function was derived from several publications outlined in
the following.
Invasive and non-invasive electrophysiological recording showed

processing of written words within the first second (Snyder et al.,
1995; Dalal et al., 2009). For VG event-related potential (ERP)
changes in surface EEG starting about 1 s after a cue and lasting 3-s
until a ‘speak’-cue can be found on frontocentral and inferior-frontal
electrodes in contrast to passive listening, non-word repetition and
word repetition. Furthermore, frontal EEG modulation is in agree-
ment with functional MRI data showing left inferior-frontal activa-
tion during this VG paradigm (Rowan et al., 2004). In terms of
timing, other imaging studies assessing a VF network ranged from
real fluency task with covert production of several words over a per-
iod up to a minute, to overt production of a few words in a short
block or overt production of a single word during a 2–4 s period
(Yetkin et al., 1995; Pujol et al., 1996; Phelps et al., 1997; Schlosser
et al., 1998; Abrahams et al., 2003; Schroeder et al., 2003; Weiss
et al., 2003, 2004; Amunts et al., 2004; Schaufelberger et al., 2005).
Whatever paradigm was chosen, the results revealed activation of a
fronto-temporal network including the middle frontal, anterior-cingu-
late, inferior-frontal gyrus and superior temporal regions. We aimed
to investigate oscillatory communication of the STN with this pro-
posed network. In the light of functional imaging and EEG studies it
is plausible to use the paradigm with the timing as presented. In
order to have control over the performance and to exclude movement
artefacts, we chose an overt speech paradigm and short trials with
analysis of the signals before the onset of speech of a single word.
However, one should be aware of limitations of the task, such as that
in the seconds after the letter presentation there is no clear evidence
as to what the patients are doing (e.g. maintain a word repeating it
continuously vs. searching for a new word). Furthermore, a similar
limitation should be noted for the control condition. Patients were
carefully instructed to covertly think of the word ‘pause’ during the
covert phase of the task. However, there is no absolute control over
the adherence of the patients to the instructions.

Frequency range of oscillatory activity changes

We focused the analysis on alpha-theta range between 5 and 15 Hz
as our previous work revealed improvement of VF with 10-Hz-
STN-LFS (Wojtecki et al., 2006). Our main finding was a signifi-
cant task-related modulation of local alpha-theta activity increase
focused between 6 and 12 Hz with a peak around 8 Hz. Our defini-
tions of the theta (5–7 Hz) and alpha bands (8–15 Hz) thus included
the relevant oscillations, regardless of defined boarders. There is fur-
ther evidence that oscillations in this frequency might be involved
in non-motor tasks such as motor imagination (Kuhn et al., 2006),
action observation (Marceglia et al., 2009) and emotional processing
(Kuhn et al., 2005a; Brucke et al., 2007; Huebl et al., 2011). A
modified oddball paradigm with increased demand on executive
function revealed an evoked potential in the STN which was modu-
lated by repetitive transcranial magnetic stimulation (TMS) of the
inferior-frontal cortex (Balaz et al., 2008). Respective STN oscilla-
tory activity showed alpha-beta desynchronization (8–20 Hz) in the
oddball tasks with increased demand on executive function (Rektor
et al., 2010). In a complex visuomotor-cognitive task including
planning, inhibition of automatic responses and mental inversion 7–
14 and 16–30 Hz modulation of alpha-beta was observed in the
STN (Rektor et al., 2009). During conflict decision, low frequency
alpha-theta (5–13 Hz) STN-modulation was reported (Fumagalli
et al., 2011). When it comes to language processing, recordings
from the thalamus showed ERP changes, reflecting the processing of

syntactic and semantic language violations (Wahl et al., 2008) and
first STN-LFP recordings suggest gamma changes associated with
verbal fluency (Anzak et al., 2011). However, there is lack of evi-
dence for the lower frequency range and its presumed network. In
this study, our main finding was a task-dependent significant local
alpha-theta activity increase between 6 and 12 Hz (peak around
8 Hz) and coherence increase to surface EEG between 6 and 7 Hz.
We also found activity in higher frequencies up to the gamma range,
but it has to be noted that this activity revealed no significant time
locked task-specific modulation, as it was the case for alpha-theta.
Irrespective of the used task gamma activity was expected, espe-
cially due to the used dopaminergic ON-state (Alegre et al., 2010;
Lopez-Azcarate et al., 2010). Minimal gamma and beta-modulation
during active speech phase was also not significant in our data
although this was reported before (Anzak et al.,2011; Hebb et al.,
2012). It should be taken into consideration that a lack of power
changes in the beta frequency may be due to a selection of bipolar
pairs that are representative of alpha-theta modulation and not beta
modulation. Our results reveal mild changes in beta activity that did
not differ significantly between both tasks. It should be noted, that
our main analysis focused on the test interval, during the cognitive
epoch of the task. As cited in our introduction and found in previ-
ous studies, mainly theta and alpha oscillations are revealed during
such cognitive processes. Additionally, as a further control, beta
activity during baseline was compared to the active speech compo-
nent of the trial. For beta, a minimal desynchronization during the
active speech component could be observed, but failed to reach sig-
nificance. This might be due to an analysis not timed precisely to
the time epoch of speech onset and termination. It should also be
noted, that for beta modulation, the window for the analysis of beta
changes for a single word might have been too wide.
Previous studies focusing on limb motor control have manly

revealed basal ganglia oscillations in the beta and gamma range
(Brittain & Brown, 2014). Theta and alpha oscillations have been
associated with ongoing cognitive processes such as verbal genera-
tion, as cited in our introduction.
As we aimed at studying a cognitive process underlying a verbal

generation task, we specifically employed a paradigm rendering LFP
recordings free from speech and movement artifacts. This paradigm
has already been used in previous electrophysiological studies exam-
ining word processing and generation (Snyder et al., 1995; Rowan
et al., 2004; Dalal et al., 2009). The analysis of the test interval free
of movement revealed results in line with previous studies, depicting
a role of theta and alpha oscillations during verbal control. Addition-
ally, analysis of the overt speech production epoch revealed beta
desynchronization, as expected by previous findings in literature.
Generally, theta oscillations found dominantly in our data reflect

working memory functions and alpha oscillations play a role in
long-term memory and transient reactivation of long-term memory
codes during short-term storage (Klimesch et al., 2005). Addition-
ally, theta oscillations can particularly be observed at frontal sites
when subjects maintain focussed attention by concentrating on a
task during an extended period of time (Klimesch et al., 2005).
All these components are crucial in our VG task and thus alpha-

theta activation is consistently found in our recording. Furthermore,
we found mean coherence to surface recording in the theta range,
which reflects the idea, that long-range synchronization is a func-
tional role of theta oscillations. On the other hand, local LFP power
increase was more prominent in the alpha range. Alpha oscillations
have been thought to reflect idling inhibition of task irrelevant areas,
but recent models propose that alpha rhythmicity plays an active
role in attention and consciousness (Palva & Palva, 2007). In
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contrast, beta-band oscillations might reflect a deterioration of flexi-
ble behavioural and cognitive control (Engel & Fries, 2010). The
idea of theta communication of the STN with cortical areas would
correspond well with the ‘systems oscillators theory’ proposed for
the role of the basal ganglia for speech and language: articulation
and phoneme are represented by a higher frequency than words and
sentences which are organized as packets over a slower frequency.
The frequency of oscillations in the basal-ganglia-thalamo-cortical
loop is given by the number of connection nodes, represented in
anatomical structures. In this model the STN is in a side loop with a
specific go/no-go gating function of the indirect and hyperdirect
pathway (Montgomery, 2008). As an experimental base for that
model STN microelectrode recording showed a modulation of burst-
ing activity during the generation of meaningful speech utterances in
sentence repetition compared to meaningless syllable repetitions
(Watson & Montgomery, 2006). Current findings further support
this model of a go/no-go gating instance of the STN by revealing
oscillatory theta activity in decision processes (Cavanagh et al.,
2011). These findings correspond well with our recordings suggest-
ing that the STN has oscillatory alpha-theta signature in gating
speech execution.

Clinical relevance of STN-stimulation for speech

This study provides evidence for regions in the STN relevant for
executive speech functions. We found a significant correlation of
VG performance with low-frequency oscillation increase in the
STN, thus improvement in VF during LFS might be explained by
enhancement of this predominant frequency. However, LFS can lead
to detoriation of motor functions (Timmermann et al., 2004). The
findings can be relevant for future stimulation patterns to improve
cognitive-motor outcome. New approaches of modelling volume of
tissue activated showed – congruent with our recordings – that ven-
tral contacts result in more tissue activation associated with affection
on VF performance (Mikos et al., 2011). This should be regarded
especially for the programming of the lower contacts. Modelling
stimulation parameters can lead to improved cognitive-motor out-
come (Frankemolle et al., 2010). Taking into account information
about frequency domains in executive functions derived by the cur-
rent study, one can anticipate that advanced frequency programming
(e.g. with special local low frequency interleaving modes on lower
electrodes) might further help to improve clinical outcome.

Disclosure

LW, JV and AS have received – unrelated to the current project –
honoraria in the past from Medtronic and St. Jude Medical and Bos-
ton Scientific, companies that manufacture DBS hardware. The
authors thank the patients for their excellent cooperation.

Acknowledgements

This work was supported by the Research Commission (0Forschungskommis-
sion0) of the Medical Faculty of the Heinrich-Heine University Duesseldorf
and by BMBF/ERANET Neuron Grant ‘TYMON’ (01EW1411) to LW.

Abbreviations

c, channel; CS, cross spectrum; CT, computed tomography; DBS, deep brain
stimulation; EEG, electroencephalography; ERP, event-related potential;
f, frequency; FFT, Fast-Fourier Transformation; HFS, high-frequency deep
brain stimulation; Hz, Hertz; i, index number of segment; LFP, local field
potentials; LFS, low-frequency alpha-theta-stimulation; MCP, mid-

commissural point; MDRS, Mattis Dementia Rating Scale; MER, microelec-
trode recordings; mm, millimetre; MRI, magnetic resonance imaging; PD,
Parkinson’s disease; STN, subthalamic nucleus; SWA, Schaltenbrand-Wah-
ren-Atlas; TMS, transcranial magnetic stimulation; UPDRS, Unified Parkin-
son's Disease Rating Scale; VF, verbal fluency; VG, verbal generation.

References

Abrahams, S., Goldstein, L.H., Simmons, A., Brammer, M.J., Williams,
S.C., Giampietro, V.P., Andrew, C.M. & Leigh, P.N. (2003) Functional
magnetic resonance imaging of verbal fluency and confrontation naming
using compressed image acquisition to permit overt responses. Hum. Brain
Mapp., 20, 29–40.

Alegre, M., Rodriguez-Oroz, M.C., Valencia, M., Perez-Alcazar, M., Guridi,
J., Iriarte, J., Obeso, J.A. & Artieda, J. (2010) Changes in subthalamic
activity during movement observation in Parkinson’s disease: is the mirror
system mirrored in the basal ganglia? Clin. Neurophysiol., 121, 414–425.

Alexander, G.E., Crutcher, M.D. & DeLong, M.R. (1990) Basal ganglia-tha-
lamocortical circuits: parallel substrates for motor, oculomotor, “prefrontal”
and “limbic” functions. Prog. Brain Res., 85, 119–146.

Amunts, K., Weiss, P.H., Mohlberg, H., Pieperhoff, P., Eickhoff, S., Gurd,
J.M., Marshall, J.C., Shah, N.J. et al. (2004) Analysis of neural mecha-
nisms underlying verbal fluency in cytoarchitectonically defined stereotaxic
space–the roles of Brodmann areas 44 and 45. Neuroimage, 22, 42–56.

Anzak, A., Gaynor, L., Beigi, M., Limousin, P., Hariz, M., Zrinzo, L., Folty-
nie, T., Brown, P. et al. (2011) A gamma band specific role of the subtha-
lamic nucleus in switching during verbal fluency tasks in Parkinson’s
disease. Exp. Neurol., 232, 136–142.

Balaz, M., Rektor, I. & Pulkrabek, J. (2008) Participation of the subthalamic
nucleus in executive functions: an intracerebral recording study. Movement
Disord., 23, 553–557.

Baldo, J.V., Schwartz, S., Wilkins, D. & Dronkers, N.F. (2006) Role of fron-
tal versus temporal cortex in verbal fluency as revealed by voxel-based
lesion symptom mapping. J. Int. Neuropsych. Soc., 12, 896–900.

Benarroch, E.E. (2008) Subthalamic nucleus and its connections: anatomic
substrate for the network effects of deep brain stimulation. Neurology, 70,
1991–1995.

di Biase, L. & Fasano, A. (2016) Low-frequency deep brain stimulation for
Parkinson’s disease: great expectation or false hope? Movement Disord.,
31, 962–967.

Brittain, J.S. & Brown, P. (2014) Oscillations and the basal ganglia: motor
control and beyond. Neuroimage, 85, 637–647.

Brown, P. & Williams, D. (2005) Basal ganglia local field potential activity:
character and functional significance in the human. Clin. Neurophysiol.,
116, 2510–2519.

Brucke, C., Kupsch, A., Schneider, G.H., Hariz, M.I., Nuttin, B., Kopp, U.,
Kempf, F., Trottenberg, T. et al. (2007) The subthalamic region is acti-
vated during valence-related emotional processing in patients with Parkin-
son’s disease. Eur. J. Neurosci., 26, 767–774.

Cavanagh, J.F., Wiecki, T.V., Cohen, M.X., Figueroa, C.M., Samanta, J.,
Sherman, S.J. & Frank, M.J. (2011) Subthalamic nucleus stimulation
reverses mediofrontal influence over decision threshold. Nat. Neurosci.,
14, 1462–1467.

Cilia, R., Siri, C., Marotta, G., De Gaspari, D., Landi, A., Mariani, C.B.,
Benti, R., Isaias, I.U. et al. (2007) Brain networks underlining verbal flu-
ency decline during STN-DBS in Parkinson’s disease: an ECD-SPECT
study. Parkinsonism Relat. D., 13, 290–294.

Dalal, S.S., Baillet, S., Adam, C., Ducorps, A., Schwartz, D., Jerbi, K., Ber-
trand, O., Garnero, L. et al. (2009) Simultaneous MEG and intracranial
EEG recordings during attentive reading. Neuroimage, 45, 1289–1304.

Deuschl, G., Schade-Brittinger, C., Krack, P., Volkmann, J., Schafer, H.,
Botzel, K., Daniels, C., Deutschlander, A. et al. (2006) A randomized trial
of deep-brain stimulation for Parkinson’s disease. New Engl. J. Med., 355,
896–908.

Engel, A.K. & Fries, P. (2010) Beta-band oscillations–signalling the status
quo? Curr. Opin. Neurobiol., 20, 156–165.

Fahn, S., Elton, R. & Commitee, U.P.S.D.R.S.D. (1987) Unified Parkinson0s
disease-rating scale. In Fahn, S., Marsden, C.D., Calne, D.B. & Goldstein,
M. (Eds), Recent Developments in Parkinson0s Disease. Macmillan, New
York, pp. 153–163.

Frank, M.J. (2006) Hold your horses: a dynamic computational role for
the subthalamic nucleus in decision making. Neural Networks, 19, 1120–
1136.

Frankemolle, A.M., Wu, J., Noecker, A.M., Voelcker-Rehage, C., Ho, J.C.,
Vitek, J.L., McIntyre, C.C. & Alberts, J.L. (2010) Reversing cognitive-

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–12

10 L. Wojtecki et al.



motor impairments in Parkinson’s disease patients using a computational
modelling approach to deep brain stimulation programming. Brain, 133,
746–761.

Fumagalli, M., Giannicola, G., Rosa, M., Marceglia, S., Lucchiari, C., Mra-
kic-Sposta, S., Servello, D., Pacchetti, C. et al. (2011) Conflict-dependent
dynamic of subthalamic nucleus oscillations during moral decisions. Soc.
Neurosci., 6, 243–256.

Halliday, D.M., Rosenberg, J.R., Amjad, A.M., Breeze, P., Conway, B.A. &
Farmer, S.F. (1995) A framework for the analysis of mixed time series/
point process data–theory and application to the study of physiological tre-
mor, single motor unit discharges and electromyograms. Prog. Biophys.
Mol. Bio., 64, 237–278.

Hebb, A.O., Darvas, F. & Miller, K.J. (2012) Transient and state modulation
of beta power in human subthalamic nucleus during speech production
and finger movement. Neuroscience, 202, 218–233.

Hilker, R., Benecke, R., Deuschl, G., Fogel, W., Kupsch, A., Schrader, C.,
Sixel-Doring, F., Timmermann, L. et al. (2009) Deep brain stimulation for
Parkinson’s disease. Consensus recommendations of the German Deep
Brain Stimulation Association. Nervenarzt, 80, 646–655.

Huebl, J., Schoenecker, T., Siegert, S., Brucke, C., Schneider, G.H., Kupsch,
A., Yarrow, K. & Kuhn, A.A. (2011) Modulation of subthalamic alpha
activity to emotional stimuli correlates with depressive symptoms in
Parkinson’s disease1. Movement Disord., 26, 477–483.

Kalbe, E., Voges, J., Weber, T., Haarer, M., Baudrexel, S., Klein, J.C., Kess-
ler, J., Sturm, V. et al. (2009) Frontal FDG-PET activity correlates with
cognitive outcome after STN-DBS in Parkinson disease. Neurology, 72,
42–49.

Klimesch, W., Schack, B. & Sauseng, P. (2005) The functional significance
of theta and upper alpha oscillations. Exp. Psychol., 52, 99–108.

Kuhn, A.A., Hariz, M.I., Silberstein, P., Tisch, S., Kupsch, A., Schneider,
G.H., Limousin-Dowsey, P., Yarrow, K. et al. (2005a) Activation of the
subthalamic region during emotional processing in Parkinson disease. Neu-
rology, 65, 707–713.

Kuhn, A.A., Trottenberg, T., Kivi, A., Kupsch, A., Schneider, G.H. &
Brown, P. (2005b) The relationship between local field potential and neu-
ronal discharge in the subthalamic nucleus of patients with Parkinson’s
disease. Exp. Neurol., 194, 212–220.

Kuhn, A.A., Doyle, L., Pogosyan, A., Yarrow, K., Kupsch, A., Schneider,
G.H., Hariz, M.I., Trottenberg, T. et al. (2006) Modulation of beta oscilla-
tions in the subthalamic area during motor imagery in Parkinson’s disease.
Brain, 129, 695–706.

Lopez-Azcarate, J., Tainta, M., Rodriguez-Oroz, M.C., Valencia, M., Gonza-
lez, R., Guridi, J., Iriarte, J., Obeso, J.A. et al. (2010) Coupling between
beta and high-frequency activity in the human subthalamic nucleus may be
a pathophysiological mechanism in Parkinson’s disease. J. Neurosci., 30,
6667–6677.

Marceglia, S., Fiorio, M., Foffani, G., Mrakic-Sposta, S., Tiriticco, M., Loca-
telli, M., Caputo, E., Tinazzi, M. et al. (2009) Modulation of beta oscilla-
tions in the subthalamic area during action observation in Parkinson’s
disease. Neuroscience, 161, 1027–1036.

Marceglia, S., Fumagalli, M. & Priori, A. (2011) What neurophysiological
recordings tell us about cognitive and behavioral functions of the human
subthalamic nucleus. Expert Rev. Neurother., 11, 139–149.

Mikos, A., Bowers, D., Noecker, A.M., McIntyre, C.C., Won, M., Chatur-
vedi, A., Foote, K.D. & Okun, M.S. (2011) Patient-specific analysis of the
relationship between the volume of tissue activated during DBS and verbal
fluency. Neuroimage, 54(Suppl 1), S238–S246.

Montgomery, E.B. (2008) Theorizing about the role of the basal ganglia in
speech and language. The epidemic of mis-reasoning and an alternative.
Commun. Disord. Rev., 2, 1–15.

Munte, T.F., Heldmann, M., Hinrichs, H., Marco-Pallares, J., Kramer, U.M.,
Sturm, V. & Heinze, H.J. (2008) Contribution of subcortical structures to
cognition assessed with invasive electrophysiology in humans. Front. Neu-
rosci., 2, 72–78.

Nowinski, W.L. & Thirunavuukarasuu, A. (2004). The Cerefy Clinical Brain
Atlas on CD-ROM. Thieme, Stuttgart, New York.

Palva, S. & Palva, J.M. (2007) New vistas for alpha-frequency band oscilla-
tions. Trends Neurosci., 30, 150–158.

Phelps, E.A., Hyder, F., Blamire, A.M. & Shulman, R.G. (1997) FMRI of
the prefrontal cortex during overt verbal fluency. Neuroreport, 8, 561–565.

Pujol, J., Vendrell, P., Deus, J., Kulisevsky, J., Marti-Vilalta, J.L., Garcia,
C., Junque, C. & Capdevila, A. (1996) Frontal lobe activation during word
generation studied by functional MRI. Acta Neurol. Scand., 93, 403–410.

Reck, C., Maarouf, M., Wojtecki, L., Groiss, S.J., Florin, E., Sturm, V.,
Fink, G.R. & Schnitzler, A.T.L. (2012) Clinical outcome of subthalamic

stimulation in Parkinson’s disease is improved by intraoperative multiple
trajectories microelectrode recording. J. Neurol. Surg. A Cent. Eur. Neuro-
surg., 73, 377–386.

Rektor, I., Balaz, M. & Bockova, M. (2009) Cognitive activities in the sub-
thalamic nucleus. Invasive Studies. Parkinsonism Relat. D., 15(Suppl 3),
S83–S86.

Rektor, I., Balaz, M. & Bockova, M. (2010) Cognitive event-related poten-
tials and oscillations in the subthalamic nucleus. Neurodegener. Dis., 7,
160–162.

Rowan, A., Liegeois, F., Vargha-Khadem, F., Gadian, D., Connelly, A. &
Baldeweg, T. (2004) Cortical lateralization during verb generation: a com-
bined ERP and fMRI study. Neuroimage, 22, 665–675.

Schaltenbrand, G. & Wahren, H. (1977). Atlas for Stereotaxy of the Human
Brain. Thieme, Stuttgart.

Schaufelberger, M., Senhorini, M.C., Barreiros, M.A., Amaro, E. Jr,
Menezes, P.R., Scazufca, M., Castro, C.C., Ayres, A.M. et al. (2005)
Frontal and anterior cingulate activation during overt verbal fluency
in patients with first episode psychosis. Rev. Bras. Psiquiatr., 27,
228–232.

Schlosser, R., Hutchinson, M., Joseffer, S., Rusinek, H., Saarimaki, A.,
Stevenson, J., Dewey, S.L. & Brodie, J.D. (1998) Functional magnetic res-
onance imaging of human brain activity in a verbal fluency task. J. Neu-
rol. Neurosur. Ps., 64, 492–498.

Schnitzler, A. & Gross, J. (2005) Normal and pathological oscillatory com-
munication in the brain. Nat. Rev. Neurosci., 6, 285–296.

Schroeder, U., Kuehler, A., Lange, K.W., Haslinger, B., Tronnier, V.M.,
Krause, M., Pfister, R., Boecker, H. et al. (2003) Subthalamic nucleus
stimulation affects a frontotemporal network: a PET study. Ann. Neurol.,
54, 445–450.

Singer, W. (1999) Neuronal synchrony: a versatile code for the definition of
relations? Neuron, 24, 49–65, 111–125.

Snyder, A.Z., Abdullaev, Y.G., Posner, M.I. & Raichle, M.E. (1995)
Scalp electrical potentials reflect regional cerebral blood flow responses
during processing of written words. Proc. Natl. Acad. Sci. USA, 92, 1689–
1693.

Temel, Y., Blokland, A., Steinbusch, H.W. & Visser-Vandewalle, V. (2005)
The functional role of the subthalamic nucleus in cognitive and limbic cir-
cuits. Prog. Neurobiol., 76, 393–413.

Timmermann, L., Gross, J., Dirks, M., Volkmann, J., Freund, H.J. & Schnit-
zler, A. (2003) The cerebral oscillatory network of parkinsonian resting
tremor. Brain, 126, 199–212.

Timmermann, L., Wojtecki, L., Gross, J., Lehrke, R., Voges, J., Maarouf,
M., Treuer, H., Sturm, V. et al. (2004) Ten-Hertz stimulation of subthala-
mic nucleus deteriorates motor symptoms in Parkinson’s disease. Move-
ment Disord., 19, 1328–1333.

Troyer, A.K., Moscovitch, M., Winocur, G., Alexander, M.P. & Stuss, D.
(1998) Clustering and switching on verbal fluency: the effects of focal
frontal- and temporal-lobe lesions. Neuropsychologia, 36, 499–504.

Varela, F., Lachaux, J.P., Rodriguez, E. & Martinerie, J. (2001) The brain-
web: phase synchronization and large-scale integration. Nat. Rev. Neu-
rosci., 2, 229–239.

Voges, J., Kiening, K., Krauss, J.K., Nikkhah, G. & Vesper, J. (2009) Neu-
rosurgical standards in deep brain stimulation: consensus recommendations
of the German Deep Brain Stimulation Association. Nervenarzt, 80, 666–
672.

Wahl, M., Marzinzik, F., Friederici, A.D., Hahne, A., Kupsch, A., Schneider,
G.H., Saddy, D., Curio, G. et al. (2008) The human thalamus processes
syntactic and semantic language violations. Neuron, 59, 695–707.

Watson, P. & Montgomery, E.B. Jr (2006) The relationship of neuronal
activity within the sensori-motor region of the subthalamic nucleus to
speech. Brain Lang., 97, 233–240.

Weaver, F.M., Follett, K., Stern, M., Hur, K., Harris, C., Marks, W.J. Jr,
Rothlind, J., Sagher, O. et al. (2009) Bilateral deep brain stimulation vs
best medical therapy for patients with advanced Parkinson disease: a ran-
domized controlled trial. JAMA, 301, 63–73.

Weiss, E.M., Siedentopf, C., Hofer, A., Deisenhammer, E.A., Hoptman,
M.J., Kremser, C., Golaszewski, S., Felber, S. et al. (2003) Brain activa-
tion pattern during a verbal fluency test in healthy male and female volun-
teers: a functional magnetic resonance imaging study. Neurosci. Lett., 352,
191–194.

Weiss, E.M., Hofer, A., Golaszewski, S., Siedentopf, C., Brinkhoff, C.,
Kremser, C., Felber, S. & Fleischhacker, W.W. (2004) Brain activation
patterns during a verbal fluency test-a functional MRI study in healthy
volunteers and patients with schizophrenia. Schizophr. Res., 70,
287–291.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–12

STN oscillations in verbal generation 11



Williams, A., Gill, S., Varma, T., Jenkinson, C., Quinn, N., Mitchell, R., Scott,
R., Ives, N. et al. (2010) Deep brain stimulation plus best medical therapy
versus best medical therapy alone for advanced Parkinson’s disease (PD
SURG trial): a randomised, open-label trial. Lancet Neurol., 9, 581–591.

Witt, K., Daniels, C., Reiff, J., Krack, P., Volkmann, J., Pinsker, M.O.,
Krause, M., Tronnier, V. et al. (2008) Neuropsychological and psychiatric
changes after deep brain stimulation for Parkinson’s disease: a randomised,
multicentre study. Lancet Neurol., 7, 605–614.

Wojtecki, L., Timmermann, L., Jorgens, S., Sudmeyer, M., Maarouf, M.,
Treuer, H., Gross, J., Lehrke, R. et al. (2006) Frequency-dependent recip-
rocal modulation of verbal fluency and motor functions in subthalamic
deep brain stimulation. Arch. Neurol., 63, 1273–1276.

Yetkin, F.Z., Hammeke, T.A., Swanson, S.J., Morris, G.L., Mueller, W.M.,
McAuliffe, T.L. & Haughton, V.M. (1995) A comparison of functional
MR activation patterns during silent and audible language tasks. AJNR
Am. J. Neuroradiol., 16, 1087–1092.

© 2016 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 1–12

12 L. Wojtecki et al.


