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Abstract

Parkinson’s disease (PD), which is caused by degeneration of dopaminergic neurons in the midbrain, results in a heterogene-
ous clinical picture including cognitive decline. Since the phasic signal of dopamine neurons is proposed to guide learning
by signifying mismatches between subjects’ expectations and external events, we here investigated whether akinetic-rigid
PD patients without mild cognitive impairment exhibit difficulties in dealing with either relevant (requiring flexibility)
or irrelevant (requiring stability) prediction errors. Following our previous study on flexibility and stability in prediction
(Trempler et al. J Cogn Neurosci 29(2):298-309, 2017), we then assessed whether deficits would correspond with specific
structural alterations in dopaminergic regions as well as in inferior frontal cortex, medial prefrontal cortex, and the hip-
pocampus. Twenty-one healthy controls and twenty-one akinetic-rigid PD patients on and off medication performed a task
which required to serially predict upcoming items. Switches between predictable sequences had to be indicated via button
press, whereas sequence omissions had to be ignored. Independent of the disease, midbrain volume was related to a general
response bias to unexpected events, whereas right putamen volume correlated with the ability to discriminate between rel-
evant and irrelevant prediction errors. However, patients compared with healthy participants showed deficits in stabilisation
against irrelevant prediction errors, associated with thickness of right inferior frontal gyrus and left medial prefrontal cortex.
Flexible updating due to relevant prediction errors was also affected in patients compared with controls and associated with
right hippocampus volume. Dopaminergic medication influenced behavioural performance across, but not within the patients.
Our exploratory study warrants further research on deficient prediction error processing and its structural correlates as a core
of cognitive symptoms occurring already in early stages of the disease.
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Introduction and resting tremor, changes in cortico-basal ganglia-cortical

projections also result in initially subtle but progressive cog-

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder, which results from depletion of dopamine (DA)
production in the substantia nigra (SN). The degeneration
of dopaminergic neurons in the SN progressively affects
both subcortical and cortical areas along different neuronal
pathways (Braak et al. 2003; Goedert et al. 2013). Apart
from specific motor symptoms such as bradykinesia, rigidity,
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nitive impairment (Muslimovi¢ et al. 2005; Chaudhuri and
Schapira 2009; Kehagia et al. 2010). The question, which
structural changes lead to which specific impairment, has
moved into the focus of cognitive neuropsychology (see
Biundo et al. 2016, for a review), but is thus far not answered
conclusively.

Cognitive deficits in PD include impaired prediction of
upcoming events implicated by experience-based internal
models of the world that guide motor as well as cognitive
control by (probabilistic) inference: For example, Schon-
berger et al. (2013) reported that patients show difficulties
in predicting stimulus sequences and, moreover, that these
difficulties are intra-individually correlated with the severity
of motor dysfunctions. Other studies found compromised
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learning from prediction errors (PEs), i.e., mismatches
between subjects’ expectations and external events (Schott
et al. 2007; Schonberg et al. 2010; Galea et al. 2012). PE
processing deficiencies are likely to be caused by the disrup-
tion of DA production in PD since phasic DA release in the
SN appears to be triggered by unpredicted external stimuli
(Schultz and Dickinson 2000; Redgrave and Gruney 2006;
Schiffer et al. 2015).

Beyond signalling surprise, violations of predictions can
be differentiated based on their behavioural implications.
They could either signal the need for adapting to lasting
changes of the environment (thereby requiring flexible
updating), or be caused by temporary distractors (requiring
stabilisation of predictions). Irrespective of predictive func-
tioning, Cools and D’Esposito (2011) suggest that optimal
dopamine (DA) levels in frontostriatal circuits are respon-
sible for balancing the trade-off between cognitive stability
and flexibility. On the one hand, DA receptor activation in
the striatum—one of the main target structures of SN projec-
tions—is associated with flexible gating of relevant informa-
tion into working memory (Badre 2012; Chatham and Badre
2015; Frank et al. 2001; Cools et al. 2007; D’Ardenne et al.
2012). In contrast, DA in the lateral prefrontal cortex (PFC)
is essential for stabilising working memory representations
(Cohen et al. 2002; Miller and Cohen 2001; Bilder et al.
2004; D’Esposito 2007). According to the dual-state theory
of working memory, representations in the PFC are regu-
lated by so-called attractor networks, with either high or low
energy barriers favouring either maintenance of the current
representational state or flexible and fast switching among
different states (Durstewitz and Seamans 2008). Regarding
PD, there is evidence that in the early stages of PD, when
DA depletion primarily affects the striatum, patients per-
form worse at flexible updating. On the contrary, the ability
to maintain working memory content is not affected or can
even be improved compared with healthy controls (Cools
et al. 2003, 2009).

Within the specific scope of prediction, we recently found
slightly different networks for stabilisation and flexible
updating of internal models (Trempler et al. 2017). Here,
stability was defined as the capacity to shield the internal
model against unexpected irrelevant temporary changes,
whereas flexible updating was required in response to unex-
pected, but lasting changes of the environment. Because of
this operationalisation approach, the striatum was activated
by either relevant or irrelevant sequential PEs highlighting
striatal gating to control cognitive and motor representations
in the frontal cortex (Chatham and Badre 2015; Cools 2011).
Stabilisation was associated with activity of the inferior
frontal gyrus (IFG), consistent with its role in active main-
tenance of working memory representations and inhibition
(Baddeley 1986). In contrast, flexible adaptation was accom-
panied by activation of medial prefrontal cortex (mPFC) and
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the hippocampus contributing to updating and learning from
PEs (Schlichting and Preston 2015; Schiffer et al. 2012).
Owing to the evidence for an involvement of DA in predic-
tion on the one hand, and in flexibility and stability on the
other, the present study aimed at investigating whether sta-
bility and flexibility in the particular case of prediction are
both impaired in PD. By reason of the various findings on
the relationship between cognitive deficits and grey matter
alterations in the striatum as well as in frontal and temporal
regions in PD (see Kehagia et al. 2012, for a review on the
progression of structural abnormalities in PD), we further
explored whether deficient PE processing would relate to
structural variations within a priori defined brain regions.

To this end, akinetic-rigid PD patients and healthy con-
trols performed a task previously described in Trempler et al.
(2017). The task requires monitoring of a digit sequence
for order-violating items. Switches between predictable
sequences need to be indicated via button press (requiring
prediction flexibility), whereas digit omissions, drifts hereaf-
ter, should be ignored (requiring prediction stability). Using
correlation analysis on the rate of correctly ignored drifts
and detected switches, we first assessed whether (1) cogni-
tive stability and cognitive flexibility of prediction would
act in an antagonistic fashion in patients and not in healthy
controls (Cools et al. 2003, 2009; Trempler et al. 2017).
Moreover, we hypothesised that (2) patients compared with
controls would show deficits in discriminating between irrel-
evant and relevant PEs and, as a result, impaired cognitive
stability and flexibility as reflected in lower rates of drift
rejection and switch detection, respectively. Since midbrain
DA neurons are suggested to respond to unexpected events,
(3) midbrain volume variations were expected to be associ-
ated with the probability to respond to surprising stimuli
per se, i.e., a general response bias irrespective of stimulus
identity (Redgrave and Gurney 2006). Striatal volume was
(4) predicted to correlate with difficulties in discriminat-
ing between drifts and switches (Chatham and Badre 2015;
Trempler et al. 2017). Furthermore, we expected (5) deficits
in cognitive stability to be accompanied by structural altera-
tions in IFG, which is known to be involved in maintain-
ing working memory content and inhibition (Cohen et al.
2002; Fegen et al. 2015). In contrast, (6) reduced cognitive
flexibility would correlate with inter-individual hippocam-
pus volume and mPFC thickness differences due to the role
of these regions in updating and learning (Schlichting and
Preston 2015). Comparing correlation coefficients between
the groups helped to quantify the specificity of the hypoth-
esised brain-behaviour relationships. Finally, in view of the
evidence for an involvement of DA in stability and flexibil-
ity of prediction, we (7) expected performance at switches
and drifts to be partially improved by medication within and
across patients and assessed whether daily medication dose
would be associated with grey matter changes.
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Materials and methods
Participants

23 right-handed patients with akinesia-rigidity domi-
nant idiopathic Parkinson’s disease (abbreviated as PD
in the following) (6 females; 58.83 +9.24 years old;
range 40-72 years) participated in the study. A group of
21 healthy participants (6 females; 60.05 +10.05 years
old; range 36-74 years) similar to the patients regarding
age and gender served as control subjects. Patients were
acquired from the neurologic outpatient clinic of the Uni-
versity Hospital of Cologne, Germany. Only those patients
that met the United Kingdom Parkinson’s Disease (UKPD)
Society Brain Bank Criteria for idiopathic Parkinson’s dis-
ease (Hughes et al. 1992) and no patients with atypical
parkinsonian syndrome were included in the study, also
indicated by a significant response to their individual
dopaminergic medication. To select a clinically homoge-
nous group and to minimize potential movement artefacts,
only patients of the akinetic-rigid subtype according to a
clinical judgment of an experienced movement disorder
specialist were selected. No participant had undergone
neurosurgical treatment for the disease or had a history of
other neurological or psychiatric diseases. Symptoms of
nine patients were left-dominant, and symptoms of eight
patients were right-dominant (with onset of symptoms as
criterion). All patients were tested once on their regular
medication and once off medication to investigate whether
DA medication could improve not only motor but also
cognitive deficits resulting from the disease. Patients in
the OFF-state were studied after overnight withdrawal of
dopaminergic medication. The levodopa equivalent daily
dose (LEDD) was calculated according to Tomlinson et al.
(2010) and the severity of clinical symptoms was defined
according to Hoehn and Yahr (1967) and to the motor
score of the Unified Parkinson’s Disease Rating Scale
(UPDRS III) (Fahn and Elton 1987). Hoehn and Yahr rat-
ings ranged between I and III under regular medication.
UPDRS III was assessed by a movement disorder special-
ist and additionally determined on the basis of video tapes
by a second specialist blinded for the state of medication
(see Supplementary Material). Patients and controls with
any evidence of dementia or depression would have been
excluded from the study. However, all participants scored
between 19 and 30 points in the Parkinson Neuropsy-
chometric Dementia Assessment (PANDA; 18-30 points
= “age adequate cognitive performance”) (Kalbe et al.
2008) and lower than 19 points in the Beck depression
inventory-II (BDI-II; cut-off for depression: > 20 points)
(Hautzinger et al. 2006). Two patients were excluded due
to difficulties in completing the main task. Thus, a total of

21 PD patients (6 females, 58.81 +9.89-years-old; range
40-72) were included in the analyses. For further assess-
ment, all participants performed the two subtests “Divided
Attention” and “Go/NoGo” of the TAP (Testbatterie zur
Aufmerksamkeitspriifung) (Zimmermann and Fimm 1993)
and completed the Barratt Impulsiveness Scale (BIS-11;
Patton et al. 1995). Table 1 summarises demographic data
of patients and controls.

All subjects gave written informed consent prior to par-
ticipation. The study was performed in accordance with
the Declaration of Helsinki and had been approved by the
ethics committee of the Medical Faculty of the University
Hospital Cologne, Germany. Each participant submitted a
signed informed consent notification and received reim-
bursement for participation afterwards (10 € per hour plus
travel expenses).

Procedure and task

Healthy controls and PD patients attended the study on 1 and
3 days, respectively. Controls performed training, experi-
ment, and additional assessments on the same day, whereas
patients were first screened for being able to perform the task
with their regular dopaminergic medication. The second day,
50% of patients were tested on medication and 50% were
tested off medication. The third day was arranged in the
same way as day two, except that the other 50% of patients
were now tested off medication and vice versa. Healthy con-
trols did not receive any medication.

Participants performed a slightly modified version of
the paradigm as described in Trempler et al. (2017). They
were presented with one of two different digit sequences,
which allowed them to predict forthcoming input (ascending
model: 1-2-3-4, descending model: 4-3-2-1) (Fig. 1). Dig-
its continuously succeeded one another and were presented
one at a time at the centre of the screen for 1 s, separated
by an inter-stimulus interval of 100 ms. Sequences repeated
constantly to enable the participants to predict the regular
sequence. Switches between the sequences, i.e., directional
changes, occurred at a random ordinal position within the
initial sequence so that participants had to flexibly adapt
their prediction according to the new direction of the pre-
sented sequence. In addition, single digits were omitted
occasionally at variable positions without a temporal gap
(drifts, hereafter). Contrary to switches, drifts disturbed the
predictive process and required stabilisation of the internal
model. Hence, the participants’ task was to signal a switch
from one model to the other by button press (switch detec-
tion), but to ignore the sequential omissions (drift rejection).
Moreover, a motor control task was implemented to assess
the individual mean reaction time. Here, one digit of the
sequence repeated continuously, but maximally eight times
until the participant pressed the response button. Baseline
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Table 1 Demographic and

. . Characteristics Mean (+SD) p value®
clinical data of study population
Healthy controls PD patients
(n=21) (n=21)
Age (years) 60.05 (10.05) 58.81 (9.89) 0.689
Female 60.17 (10.65) 58.17 (11.32) 0.759
Male 60.00 (10.18) 59.07 (9.68) 0.799
BDI-II 5.95 (4.93) 7.81 (4.69) 0.218
BIS-11 69.93 (6.28) 71.19 (4.84) 0.404
Attentional 16.52 (1.83) 17.10 (2.80) 0.438
Non-planning 22.43 (3.34) 24.20 (3.25) 0.091
Motor 30.86 (3.48) 29.90 (4.10) 0.421
PANDA 27.33 (2.31) 27.38 (3.01) 0.954
OFF ON
UPDRS 111 5.33(3.02) 27.14 (9.46) 19.62 (7.48) <0.001%**
TAP
Divided attention 2.10(2.07) 2.67 (2.60) 3.38 (4.30) 0.416
Go/NoGo 0.25(0.72) 0.43 (1.12) 0.71 (2.24) 0.614
Disease duration® - 4.29 (3.33) -
LEDD - 511.38 (290.33) -

SD standard deviation, PD Parkinson’s disease, BDI Beck’s depression inventory, BIS Barratt impulsive-
ness scale, PANDA Parkinson neuropsychometric dementia assessment, UPDRS Unified Parkinson’s Dis-
ease Rating Scale, TAP Testbatterie zur Aufmerksamkeitspriifung, LEDD levodopa equivalent daily dose

#%p <0.001

p value of independent ¢ test or analysis of variance

®Years since PD diagnosis

Fig. 1 Schematic diagram of the task. Stimuli of a simple 4-digit
sequence continuously followed each other with a duration of 1 s and
an inter-stimulus interval of 100 ms. Subjects had to indicate changes
from ascending to descending sequences (and vice versa) (switch),
as displayed in the left row, via button press. Moreover, they had to

trials with a 6 s presentation of a fixation cross were distrib-
uted equally across the experiment.

The task was binned into 12 blocks that either had a high
or low probability of switches, either paired with a high or
low probability of drifts. Each block consisted of an average
number of 125 trials in a full-factorial 2 (probability: high
vs. low) X 2 (event: switch vs. drift) design. Stimulus expo-
sure per block was pseudo-randomised using the stochastic
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ignore the omission of a single digit (drift), as displayed in the mid-
dle row. During a motor control task, depicted on the right, one digit
repeated continuously until the participant pressed the response but-
ton

universal sampling method (Baker 1987). Results of this
probability manipulation will be reported elsewhere.

The training session contained ten blocks of 80 trials each
and a probability of 16% for switch or drift occurrence. To
enable participants to get accustomed to the task, presenta-
tion speed started at 1400 ms per digit and adapted block-
wise with a decrease of 50 ms if the participant reacted cor-
rectly to 75% of the events. In addition, patients performed
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a short training directly prior to the main experiment con-
sisting of three blocks with 80 trials at the main experi-
ment’s digit presentation speed of 1 s. The randomisation
was programmed using MATLAB R2012b (The MathWorks
Inc., Natick, MA, USA) and stimuli were presented using
Presentation 13.1 (Neurobehavioral Systems, San Francisco,
CA, USA).

Behavioural data analysis

Unpaired ¢ tests were used to explore group differences in
demographic variables. Derived from signal detection theory
measures, task performance was assessed by hits (correct
detection of switches), correct rejections (CRs) of drifts and,
correspondingly, switch misses and false alarms at drifts.
Differences in task measures between controls and patients
OFF were regarded as effects of the disease, whereas dif-
ferences between patients ON and OFF were interpreted as
effects of DA medication. No comparisons between controls
and patients ON were carried out due to lacking hypoth-
eses about potential differences. Individual response time
windows per participant were calculated from the mean
reaction time plus two standard deviations as determined
by the motor control task. If the participants pressed the
button within this specific time window after a switch, their
response was acknowledged as hit, whereas it counted as
CR, if the participants did not press the button after a drift.
There were no differences between the groups in the indi-
vidual response time window length (controls (M =2432.38,
SD =490.38) vs. patients OFF (M =2318.50, SD =649.79):
1(40)=0.644, p=0.511; patients OFF vs. patients ON
(M =2430.54, SD=2800.24): 1(20)=1.496, p=0.15).

A discrimination index [P,; probability of recognition of
switches and drifts, i.e., P, = hit rate - false alarm rate] indi-
cating the participants’ ability to discriminate between drifts
and switches and a bias index [B,; response probability in
an uncertain state, i.e., B, = false alarm rate/(1 — P,)] for an
assessment of the overall motor threshold were calculated
(Snodgrass and Corwin 1988). Data points per participants
for each behavioural variable exceeding two standard devia-
tions from the respective group mean were regarded as out-
liers and excluded from further analyses. This procedure
resulted in exclusion of one healthy participant of analyses
including the switch measure and the P, index.

To assess the relationship between drift CRs and switch
hits we calculated Pearson’s correlation coefficients for each
group separately. Comparisons between control participants
and patients OFF regarding behavioural measures were car-
ried out by an analysis of covariance (ANCOVA). B, index
served as a covariate as variations in drift CRs and switch
hits can partly be explained by the individual probability to
respond to surprising stimuli in general. Differences in CRs
and hits between PD patients ON and OFF were assessed by

paired ¢ tests on the unstandardized residuals of the regres-
sion of hits and CRs on B, index. Reaction times were cal-
culated for each group separately and compared by either
unpaired ¢ tests to determine differences between controls
and patients OFF or by paired ¢ tests for differences between
patients ON and OFF. Finally, we calculated the Pearson’s
correlation coefficient for an assessment of the relationship
between LEDD and task performance in the ON-state. If
not stated otherwise, significance tests were performed at
a=0.05, one-sided, based on directional hypotheses with
regard to the behavioural data. Statistical analyses were per-
formed using IBM SPSS Statistics 22.

Brain imaging and data processing

Whole-brain imaging data of healthy controls and PD
patients were collected at the Research Centre Jiilich, Ger-
many, on a 3 T Siemens TIM TRIO MRI scanner using
a Tx/Rx CP head coil. Structural data were acquired for
each participant using a standard Siemens 3D T1-weighted
MPRAGE sequence for detailed reconstruction of anatomy
with isotropic voxels (1x 1x 1 mm?) in a 256 mm field of
view (256 X 256 matrix, 172 slices, TR =2250, TE=3.03).
In addition, functional images were acquired during the main
task using a gradient T2*-weighted single-shot echo-planar
imaging (EPI) sequence sensitive to blood oxygenation level
dependent (BOLD) contrast. The corresponding results will
be reported elsewhere.

Estimates of cortical thickness and volumetric segmenta-
tion were obtained using FreeSurfer 5.3.0 (http://surfer.nmr.
mgh.harvard.edu/). The technical details of these procedures
have been described in previous publications (Dale et al.
1999; Fischl and Dale 2000). The standardised processing
includes motion correction, removal of non-brain tissue,
automated Talairach transformation, segmentation of the
subcortical white matter (WM) and deep grey matter (GM)
volumetric structures, intensity normalization, tessellation
of the GM/WM boundary, and automated topology correc-
tion. The FreeSurfer data were checked visually after pre-
processing for any topological defects in the surface. For
each subject, a triangular mesh was used to measure the
distance from the pial surface to the GM/WM boundary for
each hemisphere. A priori regions of interest (ROIs), i.e.,
bilateral portions of the inferior frontal gyrus (pars orbitalis,
pars triangularis, pars opercularis), bilateral rostral anterior
cingulate cortex (rACC) and superior frontal gyrus, based
on gyral anatomical landmarks were parcellated on each
hemisphere (Desikan et al. 2006). Subcortical GM vol-
ume measures for bilateral caudate nucleus, putamen and
hippocampus were automatically extracted as part of the
standard FreeSurfer pipeline. Midbrain segmentation was
automatically performed by the application of a Bayesian
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algorithm relying on a probabilistic atlas of the brainstem
as described in Iglesias et al. (2015).

Statistical analysis of a priori ROIls

Thickness of left and right IFG was computed by averaging
the extracted measures of pars orbitalis, pars triangularis,
and pars opercularis due to the lack of specific hypotheses
on the respective substructures. Thickness of left and right
mPFC was computed by averaging measures of rACC and
superior frontal gyrus as these regions correspond closest
to the activation pattern found in our previous study (Trem-
pler et al. 2017). Thickness per region was proportionally
normalised by the mean thickness of the respective hemi-
sphere. Volumes of subcortical ROls, i.e., midbrain, cau-
date, putamen, and hippocampus, were normalised by the
estimated total intracranial volume. Unpaired ¢ tests were
used to assess group differences in volume and thickness of
the respective regions.

For cognitive measures, partial correlations, controlling
for age, were performed between midbrain and B, index for
each group separately to investigate whether volume vari-
ations were associated with the probability to respond to
surprising stimuli per se. Correlations between bilateral
caudate and putamen volume and P, index were analysed to
determine the contribution of morphology of these regions
to differences in the capacity to discriminate between differ-
ent types of PEs. Furthermore, we examined the relationship
between drift CRs and IFG thickness and between switch
hits and hippocampus volume by partial correlations, con-
trolling for age, for healthy controls and patients OFF. To
investigate the specificity of these effects also the reversed
correlations were calculated. Coefficients were compared
between the groups to assess whether relationships were spe-
cific to the disease or could also apply to healthy controls.
For bilateral tests, the alpha level was corrected to p <0.025.
Finally, we performed a regression analysis of GM measures
on LEDD, controlling for age and disease duration.

Results
Group differences in task performance

To investigate differences in the relationship between cog-
nitive stability and flexibility in patients and controls, we
calculated and compared correlation coefficients between
drift CRs and switch hits of each group separately. The cor-
relation was more negative in patients OFF, r = — 0.073,
p=0.753, compared with controls, r=0.345, p=0.136,
and with patients ON, r=0.265, p=0.246, but the differ-
ences between these correlation coefficients did not reach
significance (Controls vs. Patients OFF: z=1.28, p=0.201;
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Patients ON vs. Patients OFF: z=1.03, p=0.303). Thus, (1)
there was a weak positive though non-significant relation-
ship in controls and patients ON, but no systematic correla-
tion in patients OFF (Fig. 2a).

Behavioural manifestations of deficits in cognitive
stability were determined by comparisons of drift CRs
of PD patients OFF and healthy controls, controlling for
the general response bias as assessed by the B, index. In
contrast, impaired cognitive flexibility was measured by
comparisons of switch hits of the two groups, controlling
for the B, index. In accordance with our hypothesis, (2)
patients OFF compared with healthy controls had lower
rates of both drift CRs, F(1,39)=3.085, p=0.044, and
switch hits, F(1,38)=3.924, p=0.028. Accordingly, the
P, index that measures discrimination between drifts and
switches significantly differed between the two groups,
1(39)=2.062, p=0.023 (Fig. 2b). Reaction times of switch
hits, [Controls (M =1394.47, SD=481.60) vs. Patients OFF
(M=1485.77, SD=412.92): 1(39) = — 0.522, p=0.604] and
drift false alarms [Controls (M =1393.46, SD=584.41) vs.
Patients OFF (M =1412.92, SD=743.73): t(39) = — 0.091,
p=0.928] did not differ between the groups.

Contrary to our hypothesis, (7) patients ON and OFF
did not differ in drift rejection, #(20)=0.413, p=0.684, and
switch detection, #(20)=0.559, p=0.582. Likewise, there
were no differences in the P, index, #(20)=0.867, p=0.396.
Finally, dopaminergic medication did not affect reaction
times at switch hits [Patients ON (M =1494.73, SD=613.22)
vs. Patients OFF: #(19) = — 0.673, p=0.509] and drift false
alarms [Patients ON (M =1519.05, SD=557.90: #(19) =
— 0.410, p=0.687]. However, focusing on the effects of
individual dopaminergic medication dose on task perfor-
mance across patients in the ON-state, we found a signifi-
cant positive correlation between LEDD and the P, index,
r=0.404, p=0.035.

Group differences in GM measures

Patients compared with healthy controls exhibited a sig-
nificant decrease of left caudate volume, #(38)=3.883,
p <0.001, and differences in right caudate volume at a
probability of significance close to the adjusted alpha level,
1(39)=2.33, p=0.025. Midbrain, bilateral putamen and hip-
pocampus volumes as well as [IFG and mPFC thickness did
not differ between the two groups (p >0.13) (Fig. 3).

To explore whether left caudate atrophy contributes to
morphological alterations in these apparently non-affected
regions, we calculated a post hoc regression analysis of
GM measures of midbrain, bilateral putamen, bilateral hip-
pocampus, bilateral IFG and bilateral mPFC on left caudate
volume, controlling for age. This analysis revealed a signifi-
cant positive association with right hippocampus volume,
p=0.647, p=0.023, but a significant negative relationship
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Fig.2 a Scatter plot of correla-
tion between switch hits and
drift correct rejections (CRs) in
healthy controls and akinetic-
rigid Parkinson’s Disease

(PD) patients in the OFF- and
ON-state. As expected, the two
measures were not significantly
correlated with each other. b
Unstandardized residuals of
the regression of B, index on
switch hits (left) and drift CRs
(middle) and P, index (right)
of healthy control participants
and patients OFF and ON. In
all three measures, PD patients
OFF significantly differed from
controls, whereas there were
no differences between patients
OFF and ON. *p <0.05, one-
tailed

Fig.3 Volume and thickness
of different regions of interest
of healthy controls and patients
with akinetic-rigid Parkinson’s
Disease (PD). Only left caudate
nucleus volume significantly
differed between the two
groups. R, Right; L, Left; Hipp,
Hippocampus; IFG, inferior
frontal gyrus; mPFC, medial
prefrontal cortex. The n-sub-
script indicates that volume
and thickness were normalised
by estimated total intracranial
volume and mean hemi-

sphere thickness, respectively;
*p<0.025
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with right IFG thickness, f = — 0.411, p=0.007, and left
mPFC thickness, # = — 0.409, p=0.019, with R?=0.558,
F(10,28)=3.535, p=0.004.

Association of GM measures with PE processing

We hypothesised (3) a relationship between the response
bias B, and midbrain volume. Partial correlation control-
ling for age revealed a non-significant correlation in patients
OFF, r=0.429, p=0.059, but a significant correlation in
controls, r=0.473, p=0.042. Correlation became signifi-
cant when considering the whole group, r=0.451, p=0.002
(Fig. 4a). In contrast, our hypothesis (4) of a relationship
between the P, index, which represents the ability to dis-
criminate between different types of PEs, and caudate
nucleus volume was not confirmed, neither for patients
OFF nor for controls (p > 0.404). However, since there was
a trend towards a significant correlation between bilateral
putamen and P, index in both groups [Controls: R (right):
r=— 0471, p=0.042, L (left): r = — 0.398, p=0.093;
Patients OFF: R: r = — 0.455., p=0.044, L: r = — 0.401.,
p=0.080] we assessed the relationship across the whole
sample revealing a significant association of P, index with
right, r = — 0.395, p=0.012, but not with left putamen, r =
—0.312, p=0.050 (Fig. 4b). Thus, volume of dopaminergic
regions, i.e., midbrain and right putamen, was related to the
probability to respond to surprising stimuli per se and to the
ability to discriminate between them, respectively, though
not specific to the disease.

We finally predicted disease-specific structural variations
in (5) the IFG and (6) the mPFC and hippocampus to be
related to deficits in cognitive stability and cognitive flex-
ibility, respectively. Partial correlation analyses controlling
for age revealed a significant negative correlation between
CRs and right IFG thickness in patients OFF, but not in
healthy controls. In contrast, switch hits of patients but not
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Fig.4 Scatter plots of significant correlations between a residu-
als of midbrain (controlling for age) and B, index indicating a gen-
eral response bias to unexpected events and b between right putamen
residuals (controlling for age) and P, index measuring the ability to
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of controls correlated negatively with right hippocampus
volume (Fig. 5).

Correlations appeared to be specific as there was no rela-
tionship between drift CRs and hippocampus volume or
switch hits and IFG thickness as well as no differences in
coefficients between the groups. However, contrary to our
expectation left mPFC negatively correlated with drift CRs,
but not with switch hits in patients only (Table 2).

Association of GM with medication

For an assessment of (7) the relationship between medica-
tion and GM, we performed a regression analysis of our GM
measures on LEDD, controlling for age and disease dura-
tion. This analysis revealed a negative relationship between
LEDD and right hippocampus, f = — 2.591, p=0.049,
right caudate, f = — 2.960, p=0.032, and right putamen,
p=—2.916, p=0.033, with R>=0.947, F(7,31)=6.807,
p=0.023. Thus, patients with smaller volume of these
regions might require a higher dose of dopaminergic medi-
cation. Note that left hippocampus, caudate, and putamen
negatively relate to LEDD, albeit not reaching significance
(p>0.052) (see Table S3 in the Supplementary Material).

Discussion

In the present study, we investigated whether structural devia-
tions in a priori defined brain regions of akinetic-rigid PD
patients are accompanied by deficient processing of unpre-
dicted stimuli that either had to be ignored (indicating cog-
nitive stability) or detected (indicating cognitive flexibility).
In sum, (1) there was no significant correlation between our
behavioural measures of cognitive stability and flexibility
in prediction, neither in patients on and off medication nor
in healthy participants. (2) Both functions were affected in
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discriminate between different types of events across healthy controls
and akinetic-rigid Parkinson’s disease patients in the OFF-state. The
n-subscript indicates that volume was normalised by estimated total
intracranial volume
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Fig.5 Above, overlay of mean
thickness of right inferior
frontal gyrus (R IFG) and mean
volume of right hippocampus
(R Hipp) of healthy controls
(in dark colour) and akinetic-
rigid Parkinson’s disease (PD)
patients (in light colour). Mean
thickness and volume did not
significantly differ between the
groups. Below, scatter plots
displaying the relationship
between measures of stability
(drift correct rejections, CRs)

Stability

Flexibility

&

and flexibility (switch hits) @ Healthy Controls  ©PD Patients OFF @ Healthy Controls @ PD Patients OFF
and unstandardized residuals 0,08 1 xi0®
of right IFG thickness and hip- § © ° §
pocampus volume, respectively, D 004 | S ° 0® i 0,6 I ® o
for healthy controls and PD 8 o X 8
patients OFF (controlled for g ol CRS Q___?.__ &
age). There was a significant g - @0 S
negative correlation between 3 004 b ) g ® °
drift CRs and right IFG thick- £ ® ° o 8 2
ness and between switch hits o T
and right hippocampus volume e -008 - o
. : . 0,5 0,6 0,7 0,9 1 0,5 0,6 0,7 0,8 0,9 1
in patients, but not in controls ) ) i
Drift CRs Switch Hits
Table 2 Brain-Behaviour Correlations
Drift CRs Switch hits
Healthy controls ~ PD patients OFF  z-score =~ Healthy controls ~ PD patients OFF  z-score
Inferior frontal gyrus thickness, R 0.197 — 0.486* 2.19% -0.192 0.025 - 0.65
L 0.346 - 0.107 1.40 0.122 0.156 -0.1
Hippocampus volume, R 0.347 —-0.110 1.42 —0.064 — 0.644* 2.07*
L 0.355 —0.086 1.37 —0.243 —0.467 0.76
Medial prefrontal cortex thickness, R 0.082 -0.234 0.95 0.079 0.056 -0.07
L 0.290 — 0.600* 2.93% 0.395 —0.028 -1.32

Coefficients are partial correlations, controlling for age, between thickness and volume of the respective region and our measures of stability and
flexibility. Fisher’s z depicts differences of coefficients between healthy controls and patients off medication

The n-subscript indicates that volume and thickness were normalised by estimated total intracranial volume and mean hemisphere thickness,

respectively
CRs correct rejections, PD Parkinson’s disease, R right, L left

*Significant at p <0.05, one-tailed

patients as reflected in difficulties in ignoring irrelevant and
detecting relevant, but unpredicted events. Furthermore, data
confirmed our hypothesis that (3) midbrain volume relates to
a general response bias to unexpected events, though this was
not specific to PD. Likewise, (4) right putamen volume related
to the ability to discriminate between relevant and irrelevant
events across the whole sample. (5) Morphological differences
in right IFG were associated with variations in cognitive stabil-
ity only in patients, whereas (6) differences in hippocampus
volume related to specific deficits in flexible adaptation to
relevant input. Contrary to our hypothesis, mPFC thickness
correlated with our measure of stability in patients, but not

in controls. Finally, (7) although we did not find performance
differences between patients on and off medication, individual
dose of medication positively correlated with discrimination
ability across the patients in the ON-state. Increased daily
medication dose was in turn associated with smaller right hip-
pocampus, caudate and putamen volume.

Contribution of morphological variations to general
PE detection

We found distinct patterns for the association of differ-
ent anatomical structures with difficulties in dealing with
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unpredicted events. Smaller midbrain was related to a lower
probability to respond to unpredicted sensory input across
the whole sample, i.e., independent of the disease. Pha-
sic DA release in the midbrain projecting to the striatum
is involved in signalling mismatches between anticipated
and actual events (Redgrave and Gurney 2006), allowing
for a fast adaptation of behaviour (D’Esposito and Postle
2015). Our results further suggest that structural variations
in the midbrain matter with regard to differences in the
ability to identify and respond to PEs as such. Moreover,
patients compared with controls exhibited a reduced ability
to discriminate different types of PEs which was negatively
correlated with volume of the right putamen in the whole
sample. This finding corresponds with previous studies on
response selection especially within the domain of motor
processing (Humphries et al. 2006; Lo and Wang 2006;
Howard et al. 2017; Hiebert et al. 2014). It is suggested that
the primary role of the basal ganglia entails the selection
of behaviours represented in prefrontal and premotor areas
to be executed. Cognitive representations within the frontal
cortex are selected by striatal actions via caudate-prefrontal
loops (Houk and Wise 1995; Jueptner and Weiller 1998) and
then executed via the motor loop connecting the putamen
to the lateral premotor cortex and the supplementary motor
area (Alexander et al. 1986). The motor loop contributes to
the prediction of upcoming events (see Schubotz 2007, for
areview), and impaired performance in predicting stimulus
sequences in PD has been found to be accompanied by motor
loop dysfunction (Schonberger et al. 2015). Thus, although
we could not replicate our previous finding of a relation-
ship between caudate nucleus and discrimination ability
in young healthy subjects (suggesting the involvement of
the prefrontal loop) (Trempler et al. 2017), the relationship
between thickness of the right putamen and discrimination
ability emphasises the importance of overt motor aspects of
discrimination ability or cognitive impact on motor control
in older age.

Impaired cognitive stability and flexibility in PD

Compared with controls patients rejected and detected sig-
nificantly lower amounts of drifts and switches, respectively,
suggesting deficits in both cognitive stability and flexibility
of prediction. It has been suggested that cognitive inflexibil-
ity in PD, i.e., difficulties in updating in response to relevant
input, appears to be beneficial for stability by becoming less
prone to distraction (Cool et al. 2003, 2009). It is noteworthy
that unlike previous studies on the interplay of stability and
flexibility, we here measured the two functions in a predic-
tive setting. We define stability as the ability to shield the
initial internal model that allows prediction of visual input
in the face of distraction, thereby also inhibiting motor reac-
tions. In contrast, flexibility refers to the ability to update
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the internal model in response to a lasting change, along
with an appropriate motor reaction. To avoid confounds with
working memory capacity influencing performance in both,
stability and flexibility, we used an overlearned predictable
digit sequence serving as the internal model. Thus, our oper-
ationalisation of stability and flexibility refers to the ability
to deal with different types of PEs and is, thus, only partly
comparable to previous studies. Usually, active maintenance
of working memory content (without external input) plays
a substantial role for stability (Durstewitz 2000), whereas
flexibility is measured by switching between different tasks
or task sets (Stelzel et al. 2010; Frober and Dreisbach 2017).
However, as Cools and D’Esposito (2011) point out it is
conceivable that stability and flexibility are accomplished
by two separate mechanisms that nevertheless influence and
partly oppose each other.

Hence, in the present study we did not find a significant
negative relationship between the rate of drift CRs and the
rate of switch hits. Measures of cognitive stability and flex-
ibility showed a non-significant trend towards a weak posi-
tive relationship in healthy controls and patients in the ON-
state, whereas there was no relationship in the OFF-state.
Thus, in case of prediction flexible updating might diminish
with disease progression, but independent of the ability to
reject irrelevant distractors (or vice versa). The weak posi-
tive relationship in controls and patients ON might point to
some superior function modulated by DA, from which both
stability and flexibility can profit, so that withdrawal results
in a more incidental dealing with unpredicted events.

Structural correlates of cognitive stability
and flexibility

We found that deficits in cognitive stability relate to higher
thickness of right IFG (note that we will discuss possible
mechanisms regarding the direction of this effect in the fol-
lowing section). The lateral PFC is responsible for stabilisa-
tion of working memory representations, i.e., active mainte-
nance (Baddeley 1986) and cognitive inhibition in the face
of distractors (Lavie 2005). The involvement of IFG in drift
rejections in our previous and in the present study might
point to heightened verbal working memory load in response
to sequential interruptions because the common task strat-
egy was subvocalization of the digit sequence (Shergill et al.
2002; Fegen et al. 2015). However, it has been suggested that
particularly the right IFG is relevant for motor inhibition
(see Aron 2007, for a review) and attentional control when
facing salient stimuli (Hampshire et al. 2010). Structural
abnormalities in the right IFG have been reported for neu-
ropsychiatric disorders that are linked to impaired inhibi-
tion, such as attention-deficit hyperactivity disorder (Depue
et al. 2010) and obsessive—compulsive spectrum disorders
(Menzies et al. 2007). The present results further indicate
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that higher thickness in the right, but not in the left IFG of
PD patients is related to a decline in inhibitory control and
maintenance of the internal model in face of unpredicted
distractors. However, thickness of the left mPFC, activated
in response to switches in our previous fMRI study (Trem-
pler et al. 2017), was also associated with our measure of
cognitive stability in the patient sample. As right IFG and
left mPFC thickness negatively correlated with left caudate
volume, changes within these two regions might contribute
to the same dysfunctional profile in patients, namely over-
reacting to unexpected but irrelevant input. We suggest that
frontal contribution to instable responses reflects impaired
inhibition on the one hand (due to the involvement of right
IFG) but also concurrent reliance on cognitive control over
behavioural responses by recruitment of left mPFC (di Pel-
legrino et al. 2007; Alexander and Brown 2011). Thus,
compensatory but mal-adaptive attentional resources might
be recruited to maintain motor control to some degree in
the early stage of the disease, whereby this results in rather
unspecific and even unstable responses to unexpected stimuli
(see Seidler et al. 2010, for a review).

Considering cognitive flexibility, right hippocampus vol-
ume negatively correlated with the rate of correctly detected
switches in patients, but not in controls. In line with the
hippocampus’ role in updating and learning (Ross et al.
2009; Chen et al. 2011), morphological changes within this
region might result in specific impairment in flexible deal-
ing with behavioural relevant PEs. Structural changes of
the hippocampus of PD patients have been found in several
studies, commonly associated with a progression towards
dementia, independent from frontal dysfunction (Shimada
et al. 2009). It has been suggested that posterior cortical
changes in PD are caused by cholinergic loss and not by
dopaminergic (dys-)function (Hall et al. 2014). Although
it is not provable by the present results whether deficits in
flexible updating of prediction in PD result from changes in
cholinergic transmission in temporal regions, they suggest
subtle differences in morphology to be accompanied by cog-
nitive deficits associated with learning and memory already
in early stages of the disease.

Cerebral reorganisation in Parkinson’s disease

It is not a trivial question why increased GM was related
to cognitive performance deficits in the present study. Both
GM increases and decreases in PD have been described in
previous studies, and heterogeneous findings mirror the
complexity of the underlying pathophysiology including
multiple neurotransmitter deficiencies as well as genetic
risk factors (see Biundo et al. 2016, for a review). Addi-
tionally, WM fractional anisotropy could be the underly-
ing cause of the reported effects since it has been shown
to contribute to variations in GM estimates (Villain et al.

2010; Freund et al. 2011; Henry et al. 2009). For instance,
Price et al. (2016) found that a reduced prefrontal frac-
tional anisotropy in addition to reduced GM caudate vol-
ume predicted processing speed of PD patients, which
highlights the importance of GM-WM interactions for
cognitive symptoms in PD.

One hypothesis is that cortical thickening may occur due
to temporary compensatory, but inefficient cytoarchitectural
reorganisation that cannot counterbalance cognitive decline
(Rektorova et al. 2014). Evidence for this assumption is pro-
vided by a negative correlation between left caudate volume
and thickness of right IFG and left mPFC in the present
study suggesting that striatal volume loss is accompanied by
compensatory thickening of target frontal regions. Biundo
et al. (2013) proposed a non-linear progression of structural
changes with patients initially exhibiting hyperactivation
or thickening in task-relevant brain structures reflecting
compensatory mechanisms, and subsequently developing
hypoactivation or cortical thinning with disease progress.
However, regarding the hippocampus its positive relation-
ship with left caudate indicates hippocampus atrophy rather
than thickening. Because smaller volume of the right hip-
pocampus was associated with higher LEDD, which in term
influenced PE discrimination ability, it may be possible that
patients with decreased volume of these regions might ben-
efit more from medication than those with higher volume
and, as a result, perform better at switches. This would cor-
respond with the suggestion of the inverted-U-shaped action
of DA on cognitive functions according to which either too
little or too much DA action can reduce performance on
cognitive tasks (Cools and D’Esposito 2011). In line with
this, some studies relate aberrant cerebral alterations to a
hyperdopaminergic state induced by DA medication. DA is
involved in modulating synaptogenesis, dendritic arborisa-
tion, and can induce cytotoxic long-term effects (Tessitore
et al. 2016). Thickening of the anterior cingulate and orbito-
frontal cortex in PD patients with impulse control disorder
(Tessitore et al. 2016) as well as of the right IFG in levodopa
induced dyskinesia has been reported (Cerasa et al. 2013).
These findings indicate that DA medication might initially
preserve cognitive and motor functions, at least to some
degree, whereas other areas become hyperactive due to DA
overdose, also accompanied by structural alterations. In this
regard, future investigations of cognitive dysfunctions in PD
should take possible paradoxical effects of DA medication
into account (see Cools 2006, and; Vaillancourt et al. 2013,
for a review).

Finally, the detected associations could also result from
GM variations from birth, with subjects with thinner cortex
and smaller subcortical volume being resistant to cognitive
deficits, whereas subjects with thicker and larger structures
are more prone to cognitive decline (Cerasa et al. 2013).
This might also explain why we did not find differences
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between the two groups in thickness and volume of the cor-
responding regions.

Medication effects

Contrary to our expectation, there was no difference between
patients on and off medication in behavioural performance.
Since most of the patients were in the early stage of the
disease (Hoehn and Yahr ratings between I and III) the
remaining neurons in the SN were possibly still capable
of storing DA medication also in the off-state (Chase et al.
2013). Moreover, some of the patients took slow release
dopaminergic medication and, due to ethical concerns, we
decided not to affect these patients too much by longer-term
withdrawal. Thus, although withdrawal affected motor per-
formance as seen in significant differences in UPDRS-score
between patients ON and OFF, the patients’ cognitive func-
tioning was possibly retained. Alternatively, loss of other
neurotransmitters might contribute to deficits in stability
and flexibility as operationalised in our study. As already
mentioned, deficits in flexible updating of prediction may
result from changes in cholinergic transmission in temporal
regions. Moreover, there is growing evidence for noradrena-
line depletion in PD (Delaville et al. 2011) that might cause
cognitive inflexibility (Vazey and Aston-Jones 2012).

However, we found a positive relationship between the
dose of individual dopaminergic medication and perfor-
mance under medication across patients. This suggests that
in the long run DA can indeed enhance the ability to identify
and deal with different types of unpredicted events either
requiring cognitive stability or flexibility, though short-term
withdrawal does not provoke a significant drop in perfor-
mance. In this connection, it is also interesting that—albeit
not reaching the level of significance—there was a weak
positive relationship between stability and flexibility in
patients on medication (as observed in healthy controls),
whereas the correlation was absent or rather negative in the
OFF-state. Thus, stable and flexible responses to PEs appear
to be influenced equally by dopaminergic medication.

Limitations

We acknowledge the relatively small sample size of 21
patients and its heterogeneity in terms of disease duration,
PD subtypes, and stages as limitations of the current study.
Future studies should elaborate on deficits in cognitive sta-
bility and flexibility of prediction, in particular because the
reported effects could be more pronounced when examin-
ing a larger sample. To assess a non-linear progression of
specific cerebral morphological patterns, longitudinal stud-
ies with a larger PD cohort including patients with mild
cognitive impairment should be conducted. Regarding the
small effects of medication, we acknowledge that we did not
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assess the presence or absence of medication fluctuations per
patient. This could have been beneficial to take into account
potential interactions with present task performance.

Furthermore, we are unable to rule out that participants
missed, that is, did not detect drifts instead of actively reject-
ing them. Although there is no reason to assume that sub-
jects would only signal switches (given the fact that there
was no systematic relationship between switch misses and
drift CRs), functional imaging could ensure that drifts elic-
ited activity in areas associated with stability of prediction.

Finally, to understand the specific pathophysiological
mechanisms causing grey matter changes multimodal studies
and joint research between disciplines from subcellular or
cellular to functional level are required. Therefore, we high-
light our considerations on causes of cerebral reorganisation
to be still speculative. However, deriving hypotheses on the
DA-mediated interactions between cognitive PE processing
and cerebral morphology, our exploratory study holds great
potential for future investigations.

Conclusion

Taken together, our study is the first to show that inter-indi-
vidual differences in cerebral morphology of akinetic-rigid
PD patients are linked to deficits in cognitive processing of
either relevant or irrelevant unpredicted sensory informa-
tion. Deficient stabilisation is accompanied by disruption
of dopaminergic frontostriatal circuits, which is reflected
in cerebral alterations in prefrontal areas, whereas impaired
updating of current predictions is associated with structural
hippocampal alterations.
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