
Contents lists available at ScienceDirect

Neuropsychologia

journal homepage: www.elsevier.com/locate/neuropsychologia

Motor cognition in patients treated with subthalamic nucleus deep brain
stimulation: Limits of compensatory overactivity in Parkinson's disease

Klara Hagelweidea,b,⁎, Anna R. Schönbergera, Lutz W. Krachtc, Theo O.J. Gründlerd,e,
Gereon R. Finka,f, Ricarda I. Schubotza,b

a Department of Neurology, University Hospital Cologne, Kerpener Str. 62, D-50937 Cologne, Germany
bDepartment of Psychology, University of Muenster, Fliednerstr. 21, D-48149 Münster, Germany
cMax Planck Institute for Metabolism Research, Gleueler Str. 50, D-50931 Cologne, Germany
d Center for Behavioral Brain Sciences, Otto-von-Guericke-University Magdeburg, Universitaetsplatz 2, 39106 Magdeburg, Germany
e Faculty of Economics and Management, Otto-von-Guericke-University Magdeburg, Universitaetsplatz 2, 39106 Magdeburg, Germany
f Institute of Neuroscience and Medicine (INM3), Cognitive Neuroscience, Research Centre Jülich, Leo-Brandt-Straße, D-52425 Jülich, Germany

A R T I C L E I N F O

Keywords:
Supplementary motor area
Premotor cortex
Serial prediction task
Positron emission tomography
Cognitive impairment
Motor loop

A B S T R A C T

Recent fMRI findings revealed that impairment in a serial prediction task in patients suffering from Parkinson's
disease (PD) results from hypoactivity of the SMA. Furthermore, hyperactivity of the lateral premotor cortex
sustained performance after withdrawal of medication. To further explore these findings, we here examined the
impact of deep brain stimulation of the subthalamic nucleus on the activity of the putamen and premotor areas
while performing the serial prediction task. To this end, we measured eight male PD patients ON and OFF deep
brain stimulation and eight healthy age-matched male controls using [15O] water positron emission tomography
to measure regional cerebral blood flow. As expected, PD patients showed poorer performance than healthy
controls while performance did not differ between OFF and ON stimulation. Hypoactivity of the putamen and
hyperactivity of the left lateral premotor cortex was found in patients compared to controls. Lateral premotor
hyperactivity further increased OFF compared to ON stimulation and was positively related to task performance.
These results confirm that the motor loop's dysfunction has impact on cognitive processes (here: prediction of
serial stimuli) in PD. Extending prior data regarding the role of the lateral premotor cortex in cognitive com-
pensation, our results indicate that lateral premotor cortex hyperactivity, while beneficial in moderate levels of
impairment, might fail to preserve performance in more severe stages of the motor loop's degeneration.

1. Introduction

The hallmark of Parkinson's disease (PD) is the loss of dopaminergic
neurons projecting from substantia nigra pars compacta to the striatum.
The resulting dopamine deficiency in the basal ganglia causes brady-
kinesia, resting tremor, muscle rigidity, and posture and gait problems,
but also depression and cognitive decline (Rodriguez-Oroz et al., 2009)
via depletion of different cortico-basal ganglia-thalamo-cortical loops
(Alexander et al., 1986; Sawamoto et al., 2008).

When cognitive deficits in PD are investigated, the focus is often put
on impairments in executive functions, i.e., set shifting, planning,
conflict resolution, response inhibition, and working memory
(Dirnberger and Jahanshahi, 2013). Shortcomings in these domains,
subsumed under the notion of a dysexecutive syndrome, are ascribed to
a dysfunction of the dorsolateral prefrontal loop (e.g., Brück et al.,

2001; Gawrys et al., 2014; Owen, 2004; Rinne et al., 2000; Saint-Cyr
et al., 1988), the anterior cingulate and the orbitofrontal loop (Polito
et al., 2012; Zgaljardic et al., 2006).

On the contrary, the motor loop, which bundles input from the
supplementary motor area (SMA), lateral premotor cortex (PM), and
primary motor and sensory cortices to the putamen and projects back to
the SMA via the internal globus pallidus and thalamus, is often ne-
glected in relation to cognitive deficits. While some studies suggest the
dysexecutive syndrome to be distinct of motor impairment (Cooper
et al., 1991; Lewis et al., 2003; Muslimović et al., 2005), others con-
sidered them to be interdependent (Elgh et al., 2009; Mortimer et al.,
1982; Poletti et al., 2012; Williams et al., 2007). For instance, Nagano-
Saito et al. (2014) found that patients with mild cognitive impairment
showed premotor hypoactivity during the execution of set-shifting in a
computer version of the Wisconsin Card Sorting Test, suggesting that
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the motor loop may contribute to cognitive processes involved in ex-
ecutive functions.

We examined the motor loop's contribution to cognitive processes in
two previous studies by testing PD patients ‘on’ and ‘off’ dopaminergic
medication in the serial prediction task (Schönberger et al., 2013,
2015). This task requires participants to monitor stimulus sequences
and indicate violations of the sequences’ structure. Patients showed
poor task performance related to motor impairment (Schönberger et al.,
2013), particularly in a modified task version (SPT+) which heigh-
tened the need for internal sequence representation as supported by the
SMA (Goldberg, 1985). In both studies medication mitigated perfor-
mance deficits which were associated with hypoactivity of the SMA and
putamen while successful performance was related to higher SMA ac-
tivity. After withdrawal of medication, PM hyperactivity emerged,
supposedly reflecting a compensatory mechanism as suggested by a
positive correlation with serial prediction (Schönberger et al., 2015).
Importantly, these results are reminiscent of a pattern also observed in
motor tasks, namely SMA hypoactivity in PD patients co-occurring with
PM hyperactivity (Haslinger et al., 2001; Mallol et al., 2007; Sabatini
et al., 2000; Samuel et al., 1997) when performance is preserved under
external guidance (Hanakawa et al., 1999; Michely et al., 2015).

To confirm and extend these findings, the influence of subthalamic
nucleus (STN) deep brain stimulation (DBS) on serial prediction per-
formance and its neural underpinnings was examined in the current
study. Similar to dopaminergic medication, DBS significantly improves
patients’ motor symptoms and quality of life (Perestelo-Pérez et al.,
2014), but the exact mechanism of DBS to date remains elusive
(Alhourani et al., 2015; Chiken and Nambu, 2016; Udupa and Chen,
2015). A plausible hypothesis is that stimulation of STN disrupts the
pathological synchronization in the beta frequency band (Silberstein
et al., 2005). In particular, DBS may normalize the exaggerated phase
amplitude coupling between the beta rhythm in STN and gamma ac-
tivity in primary motor cortex (De Hemptinne et al., 2013; Oswal et al.,
2013) by reducing the pathological beta rhythms’ coherence between
STN and SMA (Oswal et al., 2016). Studies examining DBS influences
on brain activity show that DBS at rest increases activity in the STN
region, thalamus, posterior cerebellum, and precuneus while metabo-
lism is reduced in a network including the PM, SMA, dorsolateral pre-
frontal cortex, and anterior cingulate cortex (Alhourani et al., 2015;
Boertien et al., 2011). On the contrary, DBS during tone-paced joystick
movements is associated with increased cerebral blood flow in tha-
lamus and putamen (Thobois et al., 2002), PM (Ceballos-Baumann
et al., 1999; Grafton et al., 2006), rostral SMA (Ceballos-Baumann et al.,
1999; Grafton et al., 2006; Limousin et al., 1997; Strafella et al., 2003),
dorsolateral prefrontal cortex (Ceballos-Baumann et al., 1999; Limousin
et al., 1997; Strafella et al., 2003; Thobois et al., 2002) and anterior
cingulate cortex (Ceballos-Baumann et al., 1999; Strafella et al., 2003).
These activity changes are related to stable (Limousin et al., 1997) or
reduced movement latencies under stimulation (Ceballos-Baumann
et al., 1999; Strafella et al., 2003; Thobois et al., 2002) and are inter-
preted as normalization of pathological activity (Grafton et al., 2006).

Taken together, prior studies support the idea that DBS restores the
normal function of the motor loop and improves sensory processing,
while DBS effects on cognition are still debated (Boertien et al., 2011).
Experiments testing for changes in cognitive functions with onset of
stimulation found some tasks to be improved and some to be impaired
during DBS (Boertien et al., 2011; Jahanshahi et al., 2000; Heo et al.,
2008). A study which examined the effects of DBS on motor and cog-
nitive symptoms in comparison to medical therapy in a large sample of
patients found minor cognitive decrements in the patients receiving
DBS compared to levodopa, while motor symptoms were clearly im-
proved with DBS (Weaver et al., 2009). Furthermore, Carbon et al.
(2003) investigated effects of internal pallidal DBS on a sequence motor
learning task and found a significant enhancement in the underlying
neural network resulting in better task performance, while a decrease in
network activity and no behavioural changes were observed after

levodopa infusion. These findings point to the idea that DBS may have a
stronger positive effect on motor symptoms, while levodopa rather
improves cognitive measures.

Against this background, we investigated whether performance in
serial prediction is heightened during DBS. Similar to other cognitive
tasks, serial prediction might not be significantly improved by DBS. But
as serial prediction relies predominantly on the functionality of the
motor network (Schubotz, 2007), while many other cognitive tasks
rather depend on the prefrontal loops, we expected DBS to have posi-
tive effects on serial prediction performance. Drawing on our previous
findings we hypothesized patients to show impaired serial prediction
compared to healthy controls, especially i) with deactivated DBS, and
ii) when the need for SMA engagement is heightened (SPT+; hypoth-
esis 1). The performance deficit was expected to be positively correlated
with patient's individual motor impairment and to co-occur with hy-
poactivity of SMA and putamen (hypothesis 2). In addition to the motor
loop's dysfunction, we expected patients to show PM hyperactivity, in
particular without DBS and in SPT+, providing a compensatory me-
chanism which therefore should be related to better performance (hy-
pothesis 3).

2. Material and methods

2.1. Participants

Eight male patients suffering from Parkinson's disease according to
the UK Parkinson's disease Society Brain Bank Criteria (Hughes et al.,
1992) were included in the study. Patients had a mean age of 61.5 years
(range: 54–69 years; for further demographical and clinical data see
Table 1). In all patients quadripolar electrodes had been implanted
bilaterally into the STN (for stimulation parameters see Table 1). The
severity of symptoms measured according to Hoehn and Yahr (1967)
ranged between II and III under regular medication. The motor score of
the UPDRS (Fahn and Elton, 1987) was assessed by a movement dis-
order specialist once ON DBS and once OFF DBS. All patients received
dopaminergic medication regularly which was discontinued at least
fourteen hours before testing while withdrawal of long-acting dopa-
mine agonists lasted up to thirty-six hours.

Eight healthy male participants comparable to the patients re-
garding age were measured as control subjects. No participant had a
history of any psychiatric or other neurological disease or suffered from
dementia as tested by the Parkinson neuropsychometric dementia as-
sessment (PANDA; Kalbe et al., 2008). Two additional patients were
excluded from the analysis due to behavioural performance at chance
level for both SPT0 and SPT+.

All participants gave their written informed consent prior to parti-
cipation. The study was performed according to the Declaration of
Helsinki and approved by the local ethics committee of the Medical
Faculty, University of Cologne, Germany (study number: 09–139).
Permission to administer radioactive substances was obtained from the
regulatory authorities (Bundesamt für Strahlenschutz).

2.2. Stimuli and tasks

We applied the serial prediction task in two versions (SPT0 and
SPT+) in which participants had to indicate whether a sequence of 15
stimuli ended regularly or with a switch in the sequence's order (Fig. 1).
Stimuli consisted of concentric circles with twelve differing sizes. To
allow learning of the sequence, a triplet of three consecutively pre-
sented circles (1-2-3) was repeated five times per trial. In half of the
trials a novel triplet with switched positions of two circles (1-3-2 or 2-1-
3) was presented during the fifth repetition. Then participants had to
decide whether the sequence contained a switch or not in a forced-
choice-response phase of 3.5 s. Overall, one trial lasted 18.75 s in-
cluding response and feedback. After feedback a fixation cross was
presented for 2 s before the next trial started.
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The SPT+ condition was identical to SPT0 except for a parametric
modulation of the necessity for internal sequential representations: In
SPT+ trials two, three, or four stimuli were replaced by wildcards, i.e.,
non-informative stimuli that replaced standard circle-stimuli of the
sequence.

The SPT+ and SPT0 conditions were presented in blocks of 10 trials
each lasting 3.4 min. The experiment contained 12 blocks, always al-
ternating between a SPT0 and SPT+ block. It was inter-individually
balanced if the scanning session was started with an SPT+ or SPT0
block.

2.3. Procedure

Participants were measured with positron emission tomography
(PET) because of safety concerns regarding functional magnetic re-
sonance tomography in patients with DBS (Finelli et al., 2002; Georgi,
Stippich, Tronnier, and Heiland, 2004; Shrivastava et al., 2012).

Every participant attended our study on two consecutive days. On
the first day, every subject received training on SPT0 and SPT+ outside
the scanner. Furthermore, subjects were asked to complete the PANDA,
the Beck depression inventory-II, and the Barratt Impulsiveness Scale
Version 11. On the second day the participants attended the experi-
mental PET session. Patients’ dopaminergic medication was dis-
continued at least fourteen hours before testing while withdrawal of
long-acting dopamine agonists lasted up to thirty-six hours. The order
of DBS ON and DBS OFF measurements was counterbalanced across
patients to avoid confounds of the DBS effect with possible training or
repetition effects on serial prediction performance. Therefore, the fol-
lowing procedure was applied: In four patients, DBS was switched OFF
at least 30min before the first PET scan and DBS OFF state UPDRS III
scores were assessed. Then the patients received six PET scans while
performing one task block per scan. The six scans took about 60min
including breaks to allow the radiation to decay between scans. DBS
was switched ON again directly after the sixth PET scan. Before starting
the seventh scan (after at least 30min) the patients’ UPDRS III scoresTa
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Fig. 1. Set-up of the serial prediction task. SPT0: Participants were instructed to
watch a triplet of circles (1st-2nd–3rd), which was repeated five times per trial
to allow learning of the sequence. After presentation of a fixation cross (1 s) at
the beginning of a trial every circle was presented for 600ms with an inter
stimulus interval of 125ms. At the end of a trial participants had to respond in a
forced-choice-response phase within maximum 3.5 s whether the sequence
ended as predicted (50%: 1st–2nd-3rd) or not (25%: 1st–3rd-2nd; 25%: 2nd-1st-
3rd). One response button was provided for answering "correct sequence" and
one for responding "a sequential switch occurred". Answers were delivered with
the right index and middle fingers. A valid feedback indicated a correct, false,
or missing answer. SPT+: In modification of SPT0, 1–4 stimuli of every trial
were replaced by wildcards: instead of a circle a blank card was shown. The first
three stimuli of a trial were not replaced, and never two consecutive stimuli
were replaced by wildcards. The last triplet contained maximal one wildcard.
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were assessed once again to document motor improvement ON DBS. In
these patients, DBS stayed ON during the subsequent six PET scans that
again lasted about 60min. In the other four patients, UPDRS III scores
were assessed ON DBS and the first six PET scans were performed. Right
after the sixth scan, DBS was switched OFF. After at least 30min, the
decay of the stimulation effect was measured with UPDRS III, and the
seventh scan was started. DBS remained OFF in these patients until the
end of the twelfth PET scan and was switched ON right after the PET
scanning. Healthy subjects also performed twelve blocks but were only
exposed to six PET scans for reasons of radiation reduction. Because
waiting times matching the patients’ schedule were applied to the
healthy controls, the PET session lasted 150–180min in total in all
participants.

2.4. PET scanning

Regional cerebral blood flow (rCBF) was measured by recording the
regional distribution of cerebral radioactivity after the intravenous in-
jection of [15O] water. The PET measurements were carried out using
an ECAT EXACT HRRT dedicated brain scanner (CTI Siemens,
Knoxville, TN, USA) with a total axial field of view of 252mm covering
the whole brain (Wienhard et al., 2002). Data were acquired in three-
dimensional mode. For each measurement of rCBF, 550 MBq of [15O]
water were given intravenously as a bolus injection. Each PET scan was
started after the participants had performed two trials to make sure that
they were involved in the serial prediction task. Emission data were
thereafter collected over 45 s. This process was repeated for each
emission scan, with 8min between scans to allow for an adequate decay
of radioactivity. All emission scan data were corrected for scattered
events and for radiation attenuation by means of a transmission scan
taken prior to the first emission measurement. The corrected data were
reconstructed using OSEM3D into 207 transaxial images of 256×256
pixels (1.218750mm isotropic voxels). The reconstructed PET images
had a resolution of 2.2 mm in the center and 2.5mm at 10 cm of axis
and were regarded to represent rCBF qualitatively.

2.5. Analysis of PET scans

Image processing and statistical analysis of PET scans was con-
ducted using MATLAB version 8.0 (The Mathworks Inc., Natick, MA)
and statistical parametric mapping software (SPM8, Wellcome
Department of Imaging Neuroscience, London, UK). All PET scans were
realigned to the first scan of each session to correct for movements
between scans. This resulted in 2×6 aligned images for each patient
and 6 aligned images for each control plus a mean relative rCBF image
compiled for each participant. This mean image was normalized to the
standard SPM8 template in MNI space using linear as well as non-linear
transformations (Friston et al., 1995) in order to apply this set of nor-
malization parameters to the other scans. The spatially normalized PET
images were smoothed using a low-pass Gaussian filter of 12mm. The
resulting voxel size in stereotactic space was 2× 2×2mm3.

Finally, analyses of variance (ANOVA) were performed to compare
rCBF of patients and healthy controls. Condition related differences in
global CBF were removed by treating global activity as a covariate
(Friston et al., 1990). Only activations that exceeded a statistical
threshold of p < .05 (whole brain corrected for multiple comparisons)
with a cluster size of at least five voxels were considered significant. In
addition, six regions, i.e., left and right SMA, left and right PM and left
and right putamen, were selected for region-of-interest (ROI) analyses.
Identical to the approach in Schönberger et al. (2015), SMA and PM
regions were based on coordinates of maximum activity during per-
formance of SPT0 and SPT+ compared to a control task in young
healthy participants (Schubotz and von Cramon, 2004). These peak
voxel coordinates were converted from Talairach to MNI space and the
resulting coordinates (left SMA: x=− 5, y=− 4, z= 56; right SMA:
x=1, y=3, z= 53; left PM: x=− 53, y= 2, z= 37; right PM:

x=56, y=6, z= 25) were used as the centres of spherical volumes of
interest with 6mm radius each. The ROI analysis of putamen activity
was based on anatomic masks of the left and right putamen provided by
the anatomical atlas (Tzourio-Mazoyer et al., 2002) implemented in the
WFU pick-atlas toolbox (Maldjian et al., 2003). The statistical threshold
was set to p < .05 (small-volume correction) and an extend threshold
of at least five voxels was applied.

2.6. Behavioural analysis

The software package SPSS (SPSS Statistic 22.0, IBM, Chicago, IL)
was used for statistical analyses. Behavioural performance was assessed
by probability of recognition (Pr; Snodgrass and Corwin, 1988) defined
as the difference of hit rate and false alarm rate (cf. Schönberger et al.,
2013). All participants included in the statistical analysis performed
above chance levels (0.22 in SPT0 and SPT+) in at least one version of
the task. Note that faster responses do not reflect better performance as
participants were instructed to give correct and non-speeded responses.
Nevertheless, response times of correct answers were included in the
analysis to suspend the possibility of a speed-accuracy trade off. Be-
cause of the small sample size, non-parametric tests were conducted. As
patients and controls were matched for gender and age, all comparisons
between groups were carried out using Wilcoxon tests, i.e., a non-
parametric substitute for paired t-tests. Correlational analyses were
conducted using Spearman's Rho, a rank-based non-parametric mea-
sure. Results with p-values< .05 were considered significant.

3. Results

3.1. Behavioural results of the PET study

Wilcoxon tests were conducted comparing age, PANDA, scores in
Beck depression inventory-II and scores in the Barratt Impulsiveness
Scale Version 11 of patients and controls. No significant differences
were found (see Table 2). UPDRS III scores ON DBS (20.13 ± 8.1;
mean ± standard deviation) and OFF DBS (37.5 ± 14.4) showed a
significant effect of stimulation within the patient group (Z=2.53;
p= .012).

Performance of all participants was measured in two sessions.
Group comparisons were conducted with the controls’ data averaged
over both sessions as neither performance in SPT0 (Z=− 0.255,
p= .799) and SPT+ (Z=− 0.73, p= .465) nor reaction times in SPT0
(Z=− 0.28, p= .779) and SPT+ (Z=−0.14, p= .889) differed be-
tween their two sessions. Average performance rates of controls and
patients ON DBS and OFF DBS are depicted in Fig. 2.

While all eight patients performed sufficiently well in SPT0, the
individual performance of four patients was below the chance level of

Table 2
Subject demographics and neuropsychological test data.

Characteristic Mean ± standard deviation pa

Patients (n= 8) Controls (n= 8)

Age, years 61.5 ± 5.1 61.5 ± 6.7 .833
PANDA 27.8 ± 1.8 27.9 ± 1.8 .914
BDI-II 4.3 ± 5.8b 5.8 ± 6.6 .686
BIS-11 52.6 ± 7.7c 57.9 ± 11.8 .345

PANDA = Parkinson neuropsychometric dementia assessment (dementia cut-
off<= 24; max. value = 30); BDI-II = Beck depression inventory-II (de-
pression cut-off>= 19; max. value = 63); BIS-11= Barratt Impulsiveness
Scale Version 11 (scores>= 72 correspond to highly impulsive individuals;
max. value = 120).

a Significance of differences between groups, computed with non-parametric
Wilcoxon tests.

b n=7.
c n= 6.
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0.22 in SPT+ (Table 3). Because of the poor performance of patients in
the SPT+ version, all following analyses that include the patient group
are restricted to results of the SPT0 task.

As hypothesized, controls performed significantly better than pa-
tients ON DBS in SPT0 (Z=− 2.10, p= .035). Patients’ performance
OFF DBS showed a trend for deficits in SPT0 (Z=− 1.86, p= .063). In
congruence with our previous findings, controls showed higher per-
formance rates in SPT0 than in SPT+ (controls: Z=− 2.53, p= .012).
Regarding the effect of DBS, no significant difference between ON and
OFF state was found for SPT0 (Z=− 0.63, p= .528).

To estimate the influence of patients’ characteristics on their per-
formance, non-parametric correlations were calculated. Age, PANDA
scores, UPDRS III scores ON DBS, the years since the diagnosis of
Parkinson's disease, and the effectiveness of DBS in ameliorating motor
symptoms was correlated with performance in SPT0 in ON and OFF
state. The DBS effectiveness was calculated as UPDRS III score OFF
minus ON DBS divided by the score OFF DBS (cf. Evans et al., 2006;
Weinberger et al., 2006). When testing for intercorrelations of the pa-
tients’ characteristics, only the duration of Parkinson's disease and the
UPDRS III scores ON DBS were found to be correlated (ρ= .747,
p= .033). Results show a significant negative relation of the patients’
age and their performance in SPT0 in OFF state, while there was no

significant influence of age in controls (see Table 4). The effectiveness
of DBS was positively correlated with SPT0 performance ON and OFF
DBS.

No significant differences in response times were found, neither
between controls and patients ON DBS in SPT0 (controls: 828ms ±
181 ms; patients ON: 994ms ± 609 ms; Z=− 0.14, p= .889), nor
between controls and patients OFF DBS in SPT0 (patients OFF:
981ms ± 626 ms; Z=0, p=1). Furthermore, patients in ON vs. OFF
state did not differ in response times in SPT0 (Z=− 0.42, p= .671).

3.2. PET imaging results

Notably, only four patients performed above chance level in SPT+.
A statistical analysis based on these four data sets was discarded due to
its low statistical power caused by too few independent measurements.
Therefore, all eight data sets were used, but restricted to scans during
SPT0 performance to ascertain that results reflect brain activity related
to successful task performance. Consequently, all reported imaging re-
sults and their correlations with performance correspond to the suc-
cessfully executed SPT0 task. Scans recorded during SPT0 were entered
into a general linear model (GLM) comprising patients ON DBS, patients
OFF DBS, and controls. Contrasts were calculated comparing controls
vs. patients ON DBS, controls vs. patients OFF DBS, and patients ON vs.
patients OFF DBS. As there was no baseline measurement included in
the experimental protocol, these contrasts contain the pure network
effect of stimulation and effects of the evolving resting tremor which
was documented in three patients ON DBS and seven patients OFF DBS
(see tremor scores in Table 1). Consequently, the stimulation effect is
not distinguishable from task activations. To differentiate between pa-
tients’ and controls’ general differences and influences of the stimula-
tion, conjunctions of the comparisons of controls with both patients ON
DBS and patients OFF DBS were calculated [(controls vs. patients ON
DBS) ∩ (controls vs. patients OFF DBS)]. This conjunction reveals group
differences independent of confounding stimulation effects. The influ-
ence of DBS is directly tested by comparing patients ON DBS and pa-
tients OFF DBS. Resting tremor was previously found to activate a
network of cerebellum, primary sensory and motor cortex, cingulate
cortex and putamen (Mure et al., 2011) including SMA (Davis et al.,
1997; Fukuda et al., 2004). To minimize activations due to resting
tremor in all comparisons, the UPDRS III scores of item 20 coding for
resting tremor were used as covariates in the following way: the sum of
left hand and left foot scores were combined to a left side resting tremor
score, and the sum of right hand and right foot were summed to a right
side resting tremor score (see Table 1; no patient showed resting tremor
of the head). These two measures were included in the GLM as cov-
ariates to parcel out the effect of resting tremor on the data. Finally, to
test for significant relations between performance and rCBF, the prob-
ability of recognition corresponding to each scan was added as

Fig. 2. Average performance in the two applied versions of the serial prediction
task (SPT0= serial prediction task with ongoing stimuli; SPT+ = serial pre-
diction task with wildcard stimuli). Performance is measured as probability of
recognition (Pr; Snodgrass and Corwin, 1988); Pr is calculated as the difference
of hit rate and false alarm rate. Resulting values represent the ability to cor-
rectly differentiate deviant and non-deviant sequences. Values greater than
0.22 indicate performance above chance level. Whiskers depict the standard
deviation.

Table 3
Individual performance during SPT0 and SPT+ calculated as probability of
recognition.

Patient Control

Number SPT0 SPT+ SPT0 SPT+

1 0.47 0.03 0.97 0.93
2 0.40 0.04 0.87 0.50
3 0.97 0.73 0.94 0.87
4 0.27 0.04 0.90 0.67
5 0.90 0.64 0.77 0.54
6 0.97 0.80 1.00 0.80
7 0.63 0.30 0.90 0.53
8 0.34 − 0.17 0.90 0.70

SPT0= serial prediction task with ongoing stimuli; SPT+= serial prediction
task with wildcard stimuli; Bold numbers mark performance rates below chance
level (< 0.22).

Table 4
Correlations of participants’ characteristics with performance calculated as Pr
(probability of recognition).

Characteristic Patients Controls

Pr SPT0 Pr SPT0 Pr SPT+

ON DBS OFF DBS

Age − 0.51 − 0.83* 0.12 0.02
PANDA scores 0.15 0.68 − 0.15 − 0.49
UPDRS III scores ON − 0.55 − 0.57 – –
Years since diagnosis − 0.07 − 0.11 – –
DBS effectiveness 0.86* 0.74* – –

Correlation coefficients computed as Spearman's Rho; *p < .05. SPT0= serial
prediction task with ongoing stimuli; SPT+= serial prediction task with
wildcard stimuli; PANDA = Parkinson neuropsychometric dementia assess-
ment.
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covariate. Whole brain results of all contrasts and covariates are listed
in Table 5.

The ROI analysis testing for increased activity in controls compared
to patients confirmed the hypothesized hypoactivity in patients' left
putamen (peak T-value = 4.81; cluster size k=5), but not in SMA, and
no difference of PM activity. Thus, a partial hypoactivity of the motor
circuit was found to accompany the patients’ deficits in task perfor-
mance. When testing for increased activity in patients compared to
controls, results matched the hypothesized pattern of hyperactivity in
the left PM (T=3.7; k= 41) with no differences of activity in SMA or
putamen.

Regarding the stimulation effect, the expected hyperactivity of left
PM when OFF compared to ON DBS (T= 4.16; k= 30) was confirmed,
while SMA and putamen activity did not change. Patients ON DBS did
not show higher activity than OFF DBS in any ROI.

When examining the relation of SPT0 performance and ROI activity,
higher probability of recognition was related to increased activity in left
PM (T=3.83; k= 26). This result shows SPT0 blocks with better
performance to be related to higher PM activity within each participant,
i.e. in both patients and controls. The performance level was not as-
sociated with activity in SMA or putamen. No negative correlation of
SPT0 performance and activity was found in any ROI. To test if left PM
hyperactivity in patients was related to better performance, an addi-
tional analysis was conducted. A conjunction of the performance
parameter and hyperactivity of patients vs. controls [performance ∩
(patients ON DBS> controls) ∩ (patients OFF DBS> controls)] re-
vealed a significant activation in left PM (T= 3.39; k= 4). On the
contrary, a conjunction of the performance parameter and hypoactivity
of patients [performance ∩ (controls> patients ON DBS) ∩ (con-
trols> patients OFF DBS)] revealed no significant activity in left PM.

To explore the relation of mean left PM activity to individual per-
formance, which was found to be positive in patients of the fMRI study
(Schönberger et al., 2015), the first eigenvariate of this ROI was ex-
tracted in SPM (Friston et al., 2006) to correlate the estimated mean
rCBF with the individual probability of recognition of each participant

(see Fig. 3). The resulting correlations demonstrate in which way the
participants’ mean activity in PM was related to their overall perfor-
mance. While the controls’ SPT0 performance showed descriptively a
positive relationship with left PM activity (ρ= .561, p= .148), the
opposite was found in patients ON DBS (ρ= − .683, p= .062). The
correlation was not significant in patients OFF DBS (ρ= − .361,
p= .379).

3.3. Comparison of the PET sample's disease severity with previous samples

It is noteworthy that only half of the patients performed above
chance in the SPT+ task, as the previous studies found 27 of 36 PD
patients to pass the SPT+ (Schönberger et al., 2013, 2015). To in-
vestigate reasons for the patients’ poor SPT+ performance, character-
istics of the current study's participants (labelled PET sample in the
following) were compared to the previous samples’ data (see Table 6).
Mann-Whitney U tests showed the UPDRS III scores OFF DBS in the PET
sample to be higher than the scores of patients OFF dopaminergic
medication in the fMRI study (Schönberger et al., 2015) and, by trend,
in the behavioural study (Schönberger et al., 2013). Therefore, the data
suggest that the PET sample's more severe motor impairment might
explain the striking deficits in task performance.

4. Discussion

To examine the effect of DBS on performance in a cognitive task we
measured patients suffering from PD and matched healthy controls with
PET while subjects performed a serial prediction task. Notably, the
serial prediction task is a purely cognitive task, as participants do not
give speeded responses, but evaluate the serial structure of visual
events. This perceptual sequence processing recruits the SMA and PM in
healthy individuals (Schubotz and von Cramon, 2003; Schubotz, 2007)
and in PD patients (Schönberger et al., 2015). We hypothesized that
performance would be impaired in patients (hypothesis 1) in con-
currence with hypoactivity of the mesial motor loop, i.e., SMA and

Table 5
Results of the whole brain analysis.

Brain area BA H Peak voxels' MNI coordinates Peak t-value k

x y z

(A) Areas hypoactive in patients [(controls > patients ON) ∩ (controls > patients OFF)]
Thalamus L − 20 − 20 2 5.71 21
Medial temporal gyrus 37 L − 48 − 56 2 5.91 13
Medial temporal gyrus 37/39 R 56 − 64 16 6.91 264
Temporal lobe 37 R 36 − 30 2 5.89 18

L − 42 − 30 4 5.47 5
Lingual gyrus/calcarinus/precuneus 18/30 L/R 5 − 56 10 7.33 305
Lingual gyrus 19 L − 18 − 54 2 5.94 25
Cuneus 18/19 R 2 − 86 16 5.74 160

L − 22 − 88 20 6.62 121
L − 12 − 84 32 5.27 19

(B) Areas hyperactive in patients [(patients ON > controls) ∩ (patients OFF > controls)]
Medial frontal gyrus 46/9 L − 38 46 16 8.866 449

46 /10 R 38 38 26 6.6375 257
Paracentral lobule 4 R 4 − 30 80 5.8361 79

(C) Areas with increased activity in patients ON (patients ON > patients OFF)
Thalamus R 8 − 18 14 5.5247 8
Medial orbital frontal cortex 11 R 20 32 − 20 5.7912 20

(D) Areas with increasing activity in relation to resting tremor (covariate left resting tremor)
Supplementary motor area 6 L − 2 0 68 5.5942 15
Inferior frontal gyrus 45 R 50 30 2 5.2773 7
Medial temporal gyrus 39 R 56 − 66 16 5.8124 65

39 R 42 − 58 22 5.4806 8

(E) Area with increasing activity in relation to performance
Medial temporal gyrus 39 R 62 − 48 10 5.2127 5

Significant activations at p < .05 after FWE correction for multiple comparisons. BA = Brodmann area; H = hemisphere; k=number of significant voxels.
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putamen (hypothesis 2). Additionally, we expected to find PM hyper-
activity in patients, especially without deep brain stimulation (hy-
pothesis 3). We concentrated on a ROI analysis of SMA, putamen, and
PM driven by these hypotheses.

Supporting previous results (Schönberger et al., 2013, 2015), PD
patients showed the hypothesized impaired serial prediction perfor-
mance when compared to healthy controls (hypothesis 1). These defi-
cits were unexpectedly large, as only half of the patients performed
above chance level in the task version with increased load on the mesial
motor loop (i.e., SPT+). Therefore, the results were limited to the
(easier) task version (i.e., SPT0) with continuous stimuli that all par-
ticipants performed successfully. The deficit in this task was accom-
panied by hypoactivity of putamen in patients compared to healthy
controls, consistent with the expected dysfunction of the motor loop
(hypothesis 2). As tremor scores were related to heightened activity of
SMA located right dorsal to the area used in the ROI analysis (Table 5),
the patients’ resting tremor possibly interacted with sequence related
processing, preventing to find hypoactivity of SMA as well. Importantly,
we rather underestimated the patients’ hypoactivity found in putamen
because resting tremor activates the dorsal putamen (Mure et al.,
2011). Finally, we found more activity in left PM in patients compared
to controls and in patients OFF compared to ON stimulation, thereby
supporting hypothesis 3.

Unexpectedly, there was no significant improvement of serial

prediction performance ON compared to OFF DBS. This may be due to
low statistical power because of the small sample size or other limiting
factors such as the variability in individual medication and levodopa
equivalent dose (see Table 1). However, DBS significantly reduced
motor impairment, and therefore possibly was not as effective in re-
storing serial prediction performance as medication in our previous
studies. Notably, DBS effectiveness in ameliorating motor symptoms
was positively correlated to task performance in all conditions. Patients
who show a good levodopa response and few non-responsive motor
symptoms benefit more from DBS (Bronstein et al., 2011), suggesting
that patients with a general loss of sensitivity to treatment performed
poorly in serial prediction. We therefore argue that the cognitive per-
formance level is attributable to patients’ disease progression which
causes deficient sequence processing normally provided by the SMA.
Consistently, the current sample was more affected OFF DBS than the
patients OFF medication in our previous studies.

Although there was no apparent effect of DBS on performance, DBS
influenced activity in the motor loop, as patients ON DBS showed less
activity of the left PM than patients OFF DBS. Therefore, the lack of
performance differences OFF vs. ON DBS may also be related to the
involvement of compensatory resources provided by PM hyperactivity
when OFF DBS. Notably, PM activity showed specific correlations with
serial prediction performance, thus rebutting the possibility that PM
hyperactivity was caused by resting tremor: blocks with better perfor-
mance were correlated to higher levels of PM activity in all participants.
In contrast, the general level of PM activity showed a group specific
pattern. While well performing controls tended to show more left PM
engagement, patients performed the worse the higher levels of left PM
activity they exhibited under stimulation (see Fig. 3). This pattern may
clarify why half of the patients failed to perform the more difficult task
version that challenges the mesial motor loop: The most parsimonious
explanation is that DBS could not amplify the patients’ severely affected
motor loop activity to the required performance level, wherefore PM
hyperactivity under these more challenging task conditions could not
restore performance. In line with this interpretation, the extent of PM
engagement differs from the previous fMRI study which found hyper-
activity only when both the load on the mesial motor loop was in-
creased and patients’ dopaminergic medication was discontinued
(Schönberger et al., 2015). In the current sample, PM hyperactivity was
observed in the easier task version (i.e., SPT0) and in patients compared
to controls independent of stimulation. This suggests that patients en-
gaged in PM activation earlier, most likely because of advanced dys-
function of the motor loop. Notably, we previously found that the
ability to increase SMA activity was related to good performance when
internal sequence representation was challenged (Schönberger et al.,
2015). This suggests that PM hyperactivity may preserve performance
only for moderate PD stages with sufficient SMA engagement, while

Fig. 3. Scatter plots show the relation of performance in serial prediction (SPT0) and mean regional cerebral blood flow (rCBF) in the left PM ROI in healthy controls
and patients ON DBS. Spearman's Rho, a rank-based non-parametric measure, shows a significant correlation of performance and rCBF in patients ON DBS.

Table 6
Comparison of patients’ characteristics of the current and previous samples.

Mean ± standard error of the mean pa

Characteristic PET sample
(n= 8)

fMRI sample
(n= 16)

Behav.
sample
(n= 20)

PET
vs.
fMRI

PET vs.
Behav.

Age, years 61.5 ± 1.8 60.1 ± 2.1 57.9 ± 1.5 .759 .169
PANDA 27.8 ± 0.6 25.8 ± 0.9 25.7 ± 0.7 .370 .089
UPDRS III ON 20.1 ± 2.9 15.3 ± 1.5 17.6 ± 1.9 .159 .373
UPDRS III OFF 37.5 ± 5.1 23.6 ± 2.7 26.6 ± 2.0 .038 .059

PET sample = patients of the current study; fMRI sample = patients of the
study described in Schönberger et al. (2015); behav. sample = patients of the
study described in Schönberger et al. (2013); PANDA = Parkinson neu-
ropsychometric dementia assessment. In the behavioural and the fMRI sample
UPDRS III ON refers to motor scores under normal medication and UPDRS III
OFF to motor scores after withdrawal of medication. In the PET sample, UPDRS
III ON refers to motor scores ON DBS after withdrawal of medication, and
UPDRS III OFF refers to motor scores after withdrawal of medication and OFF
DBS.

a Significance of differences between groups, computed with Mann-Whitney
U tests.
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compensation via PM involvement is no longer possible in more severe
stages, also reflecting that compensatory mechanisms are limited.

Restrictions of compensation via increased activation have been
described for the aging brain (Park and Reuter-Lorenz, 2009; Reuter-
Lorenz, 2002; Steffener et al., 2009) and have also been observed in PD
patients in a motor sequence learning task with different levels of task
difficulty depending on sequence length (Mentis et al., 2003a, 2003b).
In the latter study PD patients who showed task performance equal to
controls exhibited an intensified activation of the same network in-
cluding premotor and other frontal areas. Particularly, the left hemi-
sphere was additionally activated compared to controls so that the
patients showed almost normal performance when task difficulty was
moderate. However, PD patients failed to learn long sequences that
required bilateral activation in healthy participants. A further study
implementing the same task suggested that the ability to compensate
through elevated task-specific activation diminished with disease pro-
gression (Carbon et al., 2010), resulting in decremented task perfor-
mance over time. These findings may parallel the limits of compensa-
tion via PM hyperactivity that were evident during serial prediction.

Regarding the influence of DBS on serial prediction, the question
arises if DBS would have significantly improved performance in a less
severely affected sample. It is plausible that DBS is less effective than
medication in modulating task performance independent of the dis-
ease's progress, as shown in other cognitive tasks (Carbon et al., 2003).
To answer this question, further research is needed, ideally comprising
a group of DBS patients and non-DBS patients with similar disease
status or comparing the effect of both therapies on serial prediction
performance in one sample of DBS patients. Nevertheless, we replicated
our previous results in the current sample of DBS patients, as we found
the expected co-occurrence of hypoactivity in the putamen and cogni-
tive impairments of PD patients. Furthermore, a compensatory in-
volvement of the lateral premotor cortex was shown. We take the re-
sults to support our assumption that PD patients’ deficits in the
prediction of serial stimuli are due to motor loop dysfunction and that
PM hyperactivity provides a compensational mechanism that is limited
by disease progression.

To conclude, our results point to a contribution of premotor func-
tions to some cognitive abilities of PD patients. Thus, cognitive deficits
in PD are not exclusively caused by affected prefrontal loops but can be
more appropriately explained by the interplay of multiple mechanisms
including motor loop dysfunction. An impairment in perceptual se-
quence processing, as measured in the serial prediction task, may
produce deficits in various cognitive tasks that require the processing of
serial information and the prediction of future events. Therefore, it is
worth considering to which degree premotor engagement can be ad-
vantageous in other cognitive tasks not only as a motor component, but
as an interface with other frontal areas.
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