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Dopaminergic modulation of motor network
dynamics in Parkinson’s disease

Jochen Michely,"2 Lukas ). Volz,"2 Michael T. Barbe,"3 Felix Hoffstaedter,r”4
Shivakumar Viswanathan,'” Lars Timmermann,' Simon B. Eickhoff,>"* Gereon R. Fink'®
and Christian Grefkes'*?

Although characteristic motor symptoms of Parkinson’s disease such as bradykinesia typically improve under dopaminergic medica-
tion, deficits in higher motor control are less responsive. We here investigated the dopaminergic modulation of network dynamics
underlying basic motor performance, i.e. finger tapping, and higher motor control, i.e. internally and externally cued movement
preparation and selection. Twelve patients, assessed ON and OFF medication, and 12 age-matched healthy subjects underwent func-
tional magnetic resonance imaging. Dynamic causal modelling was used to assess effective connectivity in a motor network comprising
cortical and subcortical regions. In particular, we investigated whether impairments in basic and higher motor control, and the effects
induced by dopaminergic treatment are due to connectivity changes in (i) the mesial premotor loop comprising the supplementary motor
area; (ii) the lateral premotor loop comprising lateral premotor cortex; and (iii) cortico-subcortical interactions. At the behavioural level,
we observed a marked slowing of movement preparation and selection when patients were internally as opposed to externally cued.
Preserved performance during external cueing was associated with enhanced connectivity between prefrontal cortex and lateral pre-
motor cortex OFF medication, compatible with a context-dependent compensatory role of the lateral premotor loop in the hypodo-
paminergic state. Dopaminergic medication significantly improved finger tapping speed in patients, which correlated with a drug-
induced coupling increase of prefrontal cortex with the supplementary motor area, i.e. the mesial premotor loop. In addition, only in the
finger tapping condition, patients ON medication showed enhanced excitatory influences exerted by cortical premotor regions and the
thalamus upon the putamen. In conclusion, the amelioration of bradykinesia by dopaminergic medication seems to be driven by
enhanced connectivity within the mesial premotor loop and cortico-striatal interactions. In contrast, medication did not improve
internal motor control deficits concurrent to missing effects at the connectivity level. This differential effect of dopaminergic medication
on the network dynamics underlying motor control provides new insights into the clinical finding that in Parkinson’s disease dopa-
minergic drugs especially impact on bradykinesia but less on executive functions.
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Network dynamics in Parkinson’s disease

Introduction

Patients suffering from Parkinson’s disease often present
with the cardinal motor signs of bradykinesia, rigidity,
tremor, and postural instability (Jankovic, 2008). Even at
early stages of the disease, patients may additionally suffer
from cognitive decline, especially affecting executive func-
tions (Elgh et al., 2009; Godefroy et al., 2010). Such ex-
ecutive deficits comprise impaired response preparation,
selection and inhibition (Siegert et al, 2002; Gauggel
et al., 2004; Werheid et al., 2007; Obeso et al., 2011).
Moreover, patients often show specific impairments when
relying on internal control processes as opposed to pre-
served performance when being externally cued (Brown
and Marsden, 1988; Georgiou et al., 1994; Siegert et al.,
2002; Michely et al., 2012). Although dopaminergic treat-
ment reliably ameliorates the classic motor symptoms, an
effective therapy of dysexecutive symptoms to date remains
elusive (Kehagia et al., 2010; Fasano et al, 2012;
Narayanan et al., 2013). Previous studies investigating the
effect of dopaminergic medication on executive functions in
Parkinson’s disease revealed inconsistent effects. Depending
on the respective task, both improvement and worsening of
executive functions have been reported (for reviews see
Cools, 2006; Dirnberger and Jahanshahi, 2013). Thus,
dopamine seems to differentially impact upon motor con-
trol loops in the parkinsonian brain (Redgrave et al., 2010;
Jenkinson and Brown, 2011).

Neuroimaging has contributed significantly to our under-
standing of the pathophysiology underlying Parkinson’s
disease symptoms, especially with respect to motor mani-
festations of the disease (Rowe and Siebner, 2012). Studies
consistently revealed hypoactivation/connectivity of me-
sial premotor regions such as the supplementary motor
area (SMA) (Haslinger et al, 2001; Buhmann et al.,
2003; Rowe et al., 2010; Wu et al, 2010; Esposito
et al., 2013) and hyperactivation/connectivity of lateral
premotor regions such as the lateral premotor cortex
(PMC) (Samuel et al., 1997; Sabatini et al., 2000;
Haslinger et al., 2001; Rowe et al., 2010; Wu et al.,
2010). Consequently, this shift from mesial to lateral
premotor loops has been suggested to constitute a core
pathological or compensatory mechanism related to the
impairment of internally generated as compared to
externally cued movements in patients (Ceballos-
Baumann, 2003; Grafton, 2004; Rowe et al., 2010).
Another finding consistently reported is disturbed effective
connectivity between prefrontal cortex, premotor areas,
and putamen (Rowe et al., 2002, 2010; Wu et al., 2010,
2011). Despite these studies, our insights into the differen-
tial impairment of motor control mechanisms and the
underlying network pathologies remain incomplete.
Furthermore, whether the observed differential effects of
dopaminergic drugs on basic motor function and higher
motor control result from differential modulation of the
different premotor loops

and/or interactions with
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subcortical areas remains unclear (Mattay et al., 2002;
Rowe et al., 2008; Jahanshahi et al., 2010).

We have previously shown that deficits in internal motor
control affecting response preparation and selection re-
spond less well to dopaminergic medication than bradyki-
nesia (Michely et al., 2012). Based on these findings, we
designed a functional MRI motor task that enabled us to
contrast basic motor function (finger tapping) with higher
motor control (internal response preparation and selection)
(Michely et al., 2012; Hoffstaedter et al., 2013). The aim of
the present study was to identify altered network inter-
actions in patients suffering from Parkinson’s disease
underlying impaired basic motor function and higher
motor control by analysing effective connectivity with
Dynamic Causal Modelling (DCM; Friston et al., 2003).
In particular, we intended to investigate whether (i) dis-
ease-associated impairment of internal action control is
due to hypoconnectivity of the mesial premotor loop and
preserved externally cued performance results from com-
pensatory hyperconnectivity of the lateral premotor loop.
Moreover, we hypothesized that (ii) dopaminergic medica-
tion reinstates or strengthens connectivity of the mesial pre-
motor loop. Finally, we were interested in testing whether
(iii) differential effects of dopamine on basic motor symp-
toms (bradykinesia) and deficits of higher motor control are
associated with a medication-induced shift from the lateral
to the mesial premotor loop and/or additional effects on
network dynamics.

Materials and methods

Subjects

Twelve male right-handed patients diagnosed with idiopathic
Parkinson’s disease according to the British Parkinson’s
Disease Society Brain Bank criteria (Hughes et al., 1992)
were recruited from the Cologne University Hospital (mean
age 64.5 years). Bradykinesia was the predominant symptom
in the patient group, no patient was classified as tremor-dom-
inant. All patients were tested twice, on two separate days:
once with their regular dopaminergic medication (‘ON’,
mean levodopa equivalent daily dose 566.3 mg; Tomlinson
et al., 2010) and once after at least a 12-h overnight with-
drawal from medication (‘OFF’). Longer withdrawal periods
(up to 36 h) were used for long-acting dopamine agonists. The
sequence of ON and OFF sessions was pseudorandomized and
counterbalanced across patients. A comprehensive description
of the patients’ demographic data including detailed dopamin-
ergic medication is provided in Table 1. Twelve right-handed
healthy male subjects with no history of neurological or psy-
chiatric disease served as age-matched reference for both be-
havioural and neuroimaging data (mean age 62.1 years,
P=0.398). We refer to this group as ‘healthy controls’.
According to the Edinburgh handedness inventory (Oldfield,
1971), all participants were strongly right-handed, with no
significant difference between groups (P =0.590). The study
was approved by the local ethics committee, and carried out
in accordance with the Declaration of Helsinki. All
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subjects gave informed written consent before entering the
study.

Clinical scores

All subjects underwent (i) Parkinson Neuropsychometric
Dementia Assessment (PANDA) (Kalbe ef al., 2008); and (ii)
Beck’s Depression Inventory II (Beck et al, 1996). The
PANDA is an assessment of cognitive features typically af-
fected in patients with Parkinson’s disease, i.e. executive func-
tions, working memory, attention, and visuospatial functions.
(Subtle) cognitive impairment is defined for scores < 18 points
(Kalbe et al., 2008). There was no significant difference in
PANDA between groups (Patients: mean 26.6;
Controls: mean 25.6, P=0.630). In contrast, Beck’s
Depression Inventory II scores were significantly higher in pa-
tients (Patients: mean 8.0; Controls: mean 2.6, P =0.008).
Importantly, some of the items that are part of the Beck’s
Depression Inventory II assessment may reflect symptoms of
the disease rather than symptoms of depression (Marsh et al.,
2006). Therefore, when excluding items that are related to
Parkinson’s disease symptomatology and treatment side effects
(i.e. lack of energy, agitation, sleep changes, irritability appetite
changes, concentration problems, and fatigue), no significant
difference between patients and controls was observed
(Patients: mean 2.8; Controls: mean 1.2, P = 0.242).

At each session, both motor function and disease severity of
patients were rated using the Unified Parkinson’s Disease
Rating Scale motor examination (UPDRS, part III; Fahn and
Elton, 1987) and the Hoehn and Yahr (1967) rating scale.
Subtests were videotaped and subsequently rated by a
Movement Disorder Society certified rater (M.T.B.) blinded
for state of medication (ON, OFF). Dopaminergic medication
induced a significant improvement of the UPDRS motor score
in patients (OFF: mean 21.4; ON mean 14.3, P = 0.002), indi-
cating that patients showed a strong response to their regular
medication.

scores
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Functional MRI paradigm

We used a computerized motor task to probe basic motor
functions as well as executive functions engaged in movement
preparation and selection (Fig. 1). In all conditions, subjects
responded via button presses on a MRI compatible response
device using the right or left index finger. Visual stimuli were
generated using the ‘Presentation’ software package (Version
10.3, Neurobehavioral Systems Inc.). The task comprised four
conditions [slightly modified version of the task used in
Michely et al. (2012)]. Each condition was presented in
blocks of 20s duration separated by resting baselines of 16
during which subjects watched a blank screen. Each block was
introduced by a one-word instruction presented for 2.5s, in-
forming the subject about which of the four conditions fol-
lowed next.

(1) Condition ‘Tapping’: Finger tapping at maximum speed.
In the Tapping condition, subjects were asked to perform vertical
tapping movements at maximum speed using the right or left
index finger. A white arrow presented in the centre of a black
screen pointed to the left or right and thereby indicated which
finger to use. This cue was presented throughout the entire tap-
ping period. As in earlier studies, we used short finger tapping
periods of 3s followed by a 2.5-s break instead of continuous
tapping throughout the entire 20's block to prevent fatigue (Wang
et al., 2011). In each block, four tapping periods had to be per-
formed with fingers balanced, i.e. two right, two left.
(2) Condition ‘Free’: Self-timed movement selection.

In the Free condition, subjects were instructed to press either the
left or right button at any self-chosen time. Hence, subjects were
free in terms of both movement lateralization and timing. Every
response was followed by an immediate visual feedback consist-
ing of an arrow pointing to the side of the button-press (duration:
400 ms). By providing a feedback arrow we kept the conditions
more comparable in terms of visual input and display delays.
Moreover, during feedback, no further response was allowed to
prevent repetitive finger tapping. As subjects were not allowed to
press any button while the feedback arrow was presented, re-
sponse times in the ‘Free’ condition reflect the interval between

Table | Demographic and clinical parameters of patients with Parkinson’s disease

Patient Age DD H+Y UPDRS llion UPDRS Il PANDA BDI-lI Medication LEDD
| 59 4 2 17 21 30 6 Pra, Ras, Ama 715
2 73 4 2 6 8 28 8 LD, Pra 782
3 65 | 2 4 5 30 | Pra, Ras 152
4 66 6 2 21 34 29 8 LD, Ent, Rot, Ama 1092
5 72 5 2.5 21 29 25 15 LD, Pra, Ama 610
6 62 5 2 6 12 29 8 Rop, Ras 340
7 72 4 2 8 I 26 4 Pra, Ras 310
8 70 10 3 14 24 30 18 Pra, Ras 310
9 53 9 2.5 8 34 24 14 LD, Pra, Ama 1312
10 50 7 2 27 31 26 10 Rot, Pra, Ras 212
Il 66 2 3 20 28 21 | LD, Ras, Ama 700
12 66 9 2.5 19 31 21 2 Pra, Sel 260

For all patients age, disease duration (DD; in years), Hoehn and Yahr stages in the OFF state (H + Y), scores of UPDRS Il under dopaminergic medication (UPDRS llloy), UPDRS
after medication withdrawal (UPDRS lllogr), PANDA, Beck’s Depression Inventory Il (BDI-Il), medication (Ama = Amantadine; Ent = Entacapone; LD = Levodopa; Pra = Pramipexole;
Pir = Piribedil; Ras = Rasagiline; RoP = Ropinirole; Rot = Rotigotine; Sel = Selegiline); and levodopa equivalent daily dose (LEDD; in mg) at the time of examination are listed.
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the end of the presentation of the feedback arrow and the next
self-initiated button press. Subjects were instructed to roughly
balance between left and right button presses, and to avoid ex-
tensive periods of rest between button presses.

(3) Condition ‘Intern’: Reaction to a non-informative cue.
Subjects were asked to respond to a double-headed arrow, i.e.
non-informative cue (displayed for 400 ms) with a button press of
either their left or right index finger. As subjects were prompted
to press the right or left button as fast as possible, they were
restricted with regard to the time point of movement execution,
but free in terms of movement lateralization. Twelve to 14 stimuli
were presented per block with varying stimulus onset asynchrony
(ranging from 800 to 2600 ms), thereby minimizing anticipation
of the cue. As in the Free condition, subjects were instructed to
roughly balance between left- and right-sided responses.

(4) Condition ‘Extern’: Reaction to an informative cue.
In the Extern condition, subjects were instructed to respond as
fast as possible to a single-headed arrow (displayed for 400 ms),
pointing either to the left or right side. Hence, movements were
purely reactive, and thus restricted with regard to both time point
and movement lateralization. As in the Intern condition, 12-14
cues were presented per block.

The Tapping condition tested for basic motor function (i.e.
maximum tapping speed), whereas the other three conditions
probed different aspects of higher motor control. In contrast to
the Free condition where subjects were not reacting to any
external cue, the Extern and Intern conditions constituted ex-
ternally and internally triggered choice reaction time tasks
(Jahanshahi ez al., 1992). Before scanning, subjects were
trained outside and inside the scanner to warrant stable task
performance. A single functional MRI run lasted 21 min
including eight repetitions of each condition. The four condi-
tions were presented consecutively in blocks; however, within

Tapping Free

Free Response
Selection and Timing |

Feedback
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these blocks the order was pseudorandomized yet equal for all
subjects to account for ordering effects and to maintain
comparability.

Statistical analysis of behavioural data

In the reaction time conditions, i.e. Intern and Extern, we first
eliminated outliers that were unlikely to represent physiologic-
ally interpretable reactions to the visual stimuli: reaction times
>2000ms and <150 ms were regarded as random or antici-
patory responses (Hultsch ez al., 2002). Furthermore, for each
subject, all reaction times exceeding the individual mean reac-
tion time by >3 standard deviations (SDs) were eliminated
from further analysis.

Together, these steps removed 1.2% of the data in both the
patients and the control group. We also excluded erroneous
trials when subjects pressed more than one, or the wrong, or
no button. There was no significant difference between groups
and sessions regarding erroneous trials (all P > 0.1; controls:
6.4%, OFF: 5.9%, ON: 7.2%).

Statistical analyses of the behavioural data were conducted
using SPSS (version 21, IBM). ANOVAs were used to test for
main effects of the factors Group (levels: Patients, Controls) or
Medication (levels: ON, OFF) and Condition, the interaction
between the two factors when comparing Extern and Intern,
respectively. Moreover, we assessed trial x trial reaction time
effects regarding repetition (side of response identical to previ-
ous trial) or switching (side different from previous trial). We
also tested whether subjects generated non-random response
sequences in the two conditions involving self-chosen re-
sponses, i.e. Free and Intern, and how response patterns
were related to disease and medication states (Supplementary
material).

Free Response
Selection and Timi

Free Response
Selection and Timing

Figure | Functional MRI paradigm. Each block of trials started with the presentation of a fixation cross. Tapping condition: On appearance
of a white arrow pointing to the left or right side, subjects were instructed to start tapping movements with maximum speed with the respective
index finger as long as the respective arrow was shown (periods of 3 s), tapping periods were followed by a 2.5-s break again indicated by the
fixation cross. In each block, four tapping periods were recorded. Free condition: On appearance of the fixation cross, subjects were instructed to
press the left or right button with the respective index finger at any self-chosen time. Every response was followed by a visual feedback pointing to
the side of the button-press. Thereafter, the fixation cross reappeared until the next response was given by the subject. Thus, subjects were free
in terms of both movement lateralization and timing. Intern condition: Subjects were instructed to react as fast as possible and press the left or
right button upon appearance of a double-headed arrow pointing to both sides. Hence, subjects were restricted to the time point of movement
initiation but free in terms of movement lateralization. The fixation cross appeared for the time between stimuli. Extern condition: Subjects were
instructed to react as fast as possible and press the left button upon appearance of an arrow pointing to the left or the right button upon
appearance of an arrow pointing to the right. Thus, subjects were restricted to both time point and movement lateralization.

Reaction
Side Externally Cued

| Finger Tapping
000 ms
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Functional MRI image acquisition and
preprocessing

Functional magnetic resonance images were acquired using a
Siemens Trio 3 T scanner (Siemens Medical Solutions) apply-
ing standard acquisition and preprocessing parameters
(Supplementary material). We tested for group differences in
head motion parameters from image realignment by compar-
ing the framewise displacement and the root mean squared
movement (Power et al., 2012; Satterthwaite et al., 2013).
There was no difference between groups either in the frame-
wise displacement [all P > 0.1: controls: 0.37 (SD: 0.13); OFF:
0.38 (SD: 0.13); ON: 0.34 (SD: 0.09)] or in the root mean
squared movement [all P > 0.1: controls: 0.27 (SD: 0.09);
OFF: 0.27 (SD: 0.09); ON: 0.24 (SD: 0.07)]. Hence, head
movements did not account for differences in activity/
connectivity.

Functional MRI statistical analysis

Statistical analysis was performed within the framework of the
general linear model. The four experimental conditions and the
instructions were separately modelled using boxcar stimulus
functions convolved with a canonical haemodynamic response
function. The time series in each voxel were high-pass filtered
at 1/128 Hz. The six head motion parameters, as assessed by
the realignment algorithm, were treated as covariates to
remove movement-related variance from the image time series.

Simple main effects for each condition were computed by
contrasting task activity (e.g. Tapping/Free/Intern/Extern)
with the resting baselines for each subject. For group analyses,
individual contrast images were entered into a second level
model using a flexible factorial ANOVA to assess (i) disease-
related (between-subject factor Group, levels controls/
Parkinson’s disease OFF); and (ii) drug-induced (within-subject
factor Medication, ON/OFF) effects on the factor Condition
(i.e. Tapping/Free/Intern/Extern). Moreover, interactions be-
tween Group (or Medication) and Condition for the higher
motor control conditions, i.e. Free/Intern, Free/Extern, Intern/
Extern were computed.

Dynamic Causal Modelling

The focus of the present study was to investigate differences in
effective connectivity between controls and patients, and the
effect of dopaminergic medication on interregional interactions
using DCM. In DCM, changes in neuronal states over time are
modelled as in Equation 1.

m
% =(A+ Zu,-BW)x + Cu (1)

=1
where x is the state vector, A represents the endogenous (in-
trinsic) connectivity, B(j) represents the task-dependent modu-
lations of the modelled region driven by the input function u,
and C denotes the influence of direct inputs to the system.
Because of the block design of the present study, the input
function u covers not only the visual cues and motor responses
but also the cognitive state induced by the instruction of a
given condition. Endogenous connectivity (DCM-A matrix) is
always present during the experiment and reflects the context-
independent (i.e. constant) component of interregional
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coupling across the entire experimental setting. The context-
dependent modulations are represented in the DCM-B matrix
and reflect changes in interregional coupling evoked by a par-
ticular condition (Tapping/Free/Intern/Extern).

Regions of interest

DCM as a hypothesis-driven approach relies on a priori neuro-
biological models comprising relevant regions and connections
involved in a given task. In the current study, the selection of
areas was driven by regions that have been consistently re-
ported to show altered activity in Parkinson’s disease.
Accordingly, at the cortical level, we included primary motor
cortex (M1), PMC, SMA, and dorsolateral prefrontal cortex
(PFC) (for reviews see Ceballos-Baumann, 2003; Grafton,
2004; Rowe and Siebner, 2012). At the subcortical level, we
included putamen, thalamus and cerebellum (for reviews see
Wu and Hallett, 2013; Herz et al., 2014a). All these regions
constitute core areas of the motor system known to be
involved in movement preparation and execution (Grefkes
et al., 2008; Witt ef al., 2008; Rowe et al., 2010). Figure 2
illustrates the neural network activated in each condition con-
firming the relevance of the regions of interest in all conditions.
In DCM the number of areas that can be included in a model
is limited for computational reasons (Stephan et al., 2010).
Hence, we focused on the interregional coupling in the
motor-dominant left hemisphere (and right cerebellum) in
this group of right-handed subjects, as in earlier DCM studies
in Parkinson’s disease (Rowe et al., 2010; Herz et al., 2014b).
In addition, we computed the entire analysis also for the right
hemisphere as an internal replication to test whether the effects
found for the left hemisphere were also present in the right
hemisphere.

As DCMs are fitted to subject-specific blood oxygenation
level-dependent time series, we extracted the time series from
4-mm radius spheres centred on seven regions of interest at
subject-specific individual activation maxima based on the
first-level (i.e. single subject) analyses. All regions of interest
were defined by functional and anatomical criteria based on
the individual activation maps superimposed on the corres-
ponding structural T;-volume. The anatomical landmarks
used for region identification are described in the
Supplementary material.

The group maximum MNI coordinate was set as origin to
search for the closest local maximum in the individual SPMs.
As the location of maximum activation may also vary between
sessions (i.e. ON/OFF), a dispersion of coordinates up to
4 mm, equivalent to the radius of the extracted sphere, was
allowed between sessions to ensure within-subject consistency
of anatomical areas in patients. The coordinates of all regions
of interest for all groups are provided in the Supplementary
material.

Connectivity models

We constructed the endogenous structure of the network based
on evidence obtained from invasive connectivity studies in
non-human primates with respect to both cortical connectivity
and subcortical loops. The condition-specific modulation of
endogenous connectivity does not necessarily affect all possible
connections (Friston et al., 2003; Stephan et al., 2010).
Therefore, we constructed 40 neurobiologically plausible alter-
native models on interregional coupling (Supplementary mater-
ial). These models differed in the directionality of connections
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Figure 2 Blood oxygenation level-dependent activation pattern across all conditions. (A) Conjunction analysis of the neural network
activated by all four conditions in healthy controls (HC), representing the extended cortical and subcortical motor network. Regions of interest
used for DCM analysis are highlighted. P < 0.05, FWE-corrected. (B) Neural networks activated by the four different conditions (Tapping, Free,
Intern, Extern). Healthy controls (HC), patients with Parkinson’s disease OFF (PD-OFF) and ON medication (PD-ON). P < 0.05, FWE corrected.

(e.g. uni- and bidirectional) and cortico-subcortical connectiv- As outlined in the introduction, we were specifically inter-
ity between PFC, M1 and subcortical regions (Models 1-8). ested in changes of the mesial and lateral premotor loops.
The same models were computed for the right hemisphere Thus, we systematically modulated connectivity of the mesial

using equivalent regions. and lateral loops with respect to cortical (Models 9-24) and
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subcortical regions (Models 25-40). Following earlier DCM
studies in Parkinson’s disease (Rowe et al., 2010; Herz et al.,
2014b), we assumed that activity across conditions was driven
by the PFC given the role of this area in executive control over
motor output and movement preparation (Nishitani and Hari,
2000; Cieslik et al., 2013), which was necessary in all four
conditions to correctly perform the requested tasks. We used
Bayesian model selection to identify the model yielding the
highest evidence given the data using a random effects ap-
proach (Penny ef al., 2004). As we were interested in group
differences, i.e. disease-related and drug-induced changes in
coupling strength, we identified the most likely model for
each group comparison, i.e. controls/OFF, controls/ON, and
OFF/ON. To investigate the model fit of the ‘winning’
model, we computed the total mean variance explained by
this model using the spm_dcm_fmri_check.m script (Friston,
2012).

Statistical analysis of connectivity data

Our hypotheses predicted specific connectivity alterations of
the SMA (representing the mesial loop) and PMC (representing
the lateral loop). Therefore, in our models, both areas were
interconnected with the same regions at the cortical (PFC, M1)
as well as at the subcortical level (putamen, cerebellum, thal-
amus). Hence, both loops consisted of five nodes with equiva-
lent connections: PFC-SMA/PMC; SMA/PMC-M1; SMA/
PMC-putamen; SMA/PMC-cerebellum; thalamus-SMA/PMC
(Fig. 3). ANOVAs were used to test for differences between
groups in the respective loops or connections, followed by post
hoc t-tests in case of significant group or interaction effects.
Introducing the specific factor ‘Loop’ enabled us not only to
investigate differential shifts in patients versus controls or
patients ON and OFF medication concerning the different
premotor (SMA, PMC) loops, but also to disentangle specific
connections that were driving the putative differences between
these loops. For comparisons between groups (between-subject
factor Group, levels controls/Parkinson’s disease-OFF),
corresponding coupling parameters (within-subject factor
Connection) of the mesial and lateral premotor loops
(within-subject factor Loop) were entered into a mixed-design
ANOVA. This procedure was conducted separately for (i) en-
dogenous connectivity (DCM-A), and condition-specific con-
nectivity (DCM-B) of (ii) the basic motor condition, i.e.
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by introducing the additional within-subject factor Condition
(levels Free/Intern/Extern). For comparing treatment effects in
patients, the factor Group was replaced by the within-subject
factor Medication (levels ON/OFF). Follow-up comparisons on
the connection level for significant Group/Medication by con-
nection interactions were Bonferroni-corrected for the respect-
ive connections tested. A threshold of P < 0.05 was considered
to be significant (adjusted alpha level = 0.005). In addition, to
detect dopaminergic effects that were not restricted to our hy-
pothesis regarding a shift between the premotor loops, we also
computed #-tests comparing patients ON medication versus
OFF medication (paired #-tests) and versus controls (independ-
ent ¢-tests) across all connections, separately for all four tasks.
For this more explorative analysis, data were corrected for
multiple testing using the false discovery rate (FDR) approach,
which is less strict than the Bonferroni approach (Benjamini
and Hochberg, 1995).

Results

Behavioural data

Basic motor function

Maximum finger tapping speed in the Tapping condition
was significantly higher in controls than patients
[F(1,22) =9.713, P =0.005]. Furthermore, dopaminergic
medication induced a significant improvement in finger
tapping speed in patients ON medication compared to
OFF [F(1,11)=6.671, P =0.025] (Table 2). Hence,
medication induced a strong effect on basic motor
performance.

Higher motor control

There was no significant difference between patients and
controls in the Free condition, i.e. the two groups showed
a comparable timing with regards to initiating a button
press [F(1,22) = 0.093, P = 0.763]. However, when compar-
ing internally and externally cued reactions, we found a
significant main effect of Condition (Extern, Intern)
[F(1,22) =43.159, P < 0.001]. In addition, there was a sig-

Tapping; and (iii) the three higher motor control conditions nificant interaction between the factors Group and
Table 2 Behavioural group results obtained from the functional MRI paradigm
HC PD-OFF PD-ON HC versus HC versus ON versus
OFF P-value ON P-value OFF P-value
Tapping, Hz 5.6 44 4.8 0.005%* 0.047* 0.025%
(0.3) (0.3) (0.3)
Free Time, ms 961.4 1004.3 970.3 0.763 0.952 0.669
(76.9) (117.9) (124.4)
Extern RT, ms 354.7 377.5 382.1 0.198 0.176 0.576
(10.4) (13.7) (16.6) 0.035* 0.014* 0318
Intern RT, ms 281.8 341.8 3338 0.028* 0.040%* 0.621

(11.0) (23.1) @L.1)

Healthy controls (HC), patients with Parkinson’s disease OFF (PD-OFF) and ON medication (PD-ON); Square brackets denote Group/Medication x Condition interactions relating
to externally cued and internally selected reaction times. Tapping = maximum finger tapping speed; Time = intervals between button presses in the Free condition; RT = reaction

time; SEM in parentheses; *P < 0.05.
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Figure 3 DCM connectivity models highlighting mesial and lateral premotor loops. (A) Endogenous connectivity (DCM.A) matrix
based on structural connectivity data derived from invasive studies in non-human primates (for anatomical references see Supplementary
material). (B) Condition-dependent connectivity (DCM.B) matrix of the winning Model 4 as revealed to be the most likely model across all groups
by the random-effects Bayesian model selection procedure. PFC in grey indicates the region receiving the input driving network activity. Orange
arrows indicate connections of the SMA, constituting the mesial premotor loop. Blue arrows indicate equivalent connections of the PMC,
constituting the lateral premotor loop. CB = cerebellum; Put = putamen; Tha = thalamus.

Condition [F(1,22) = 5.034, P < 0.05]. Post hoc t-tests re-
vealed that there was no difference between groups in the
Extern condition. In contrast, we found a selective deficit of
patients in the Intern condition: patients reacted slower
when presented with a non-informative cue, i.e. when
they had to choose between a left or right index finger
response as fast as possible (Table 2). Dopaminergic medi-
cation did not have any significant effect on performance in
any of the higher motor control conditions (all P > 0.1).
Hence, despite a significant effect on bradykinesia, dopa-
minergic medication did not affect higher motor control
functions in patients (Table 2). In summary, the behav-
ioural findings represent a replication of the results of a
previous study applying the same paradigm in a larger
and independent sample of patients with Parkinson’s dis-
ease ON and OFF medication (Michely et al., 2012). This
underlines the robustness of the behavioural effects across
studies and samples. The differences regarding Extern and
Intern between patients and controls were independent of
whether a trial was a repetition or
Additionally, there was no specific effect of dopaminergic
medication on repetition or switch trials (Supplementary
material). There was no evidence for systematic non-
random behaviour of subjects, either for patients or con-
trols. Furthermore, there were no disease- or drug-related
differences regarding non-random response patterns
(Supplementary material). Moreover, to exclude systematic
differences with respect to the side of responses in the con-
ditions with self-chosen movement lateralization, we calcu-
lated the proportion of right-handed responses out of all
responses in the Free and Intern condition, i.e. the response
bias for the dominant hand. There were no differences

switch trial.

across conditions between groups and sessions and a
nearly perfect balance between left-right responses [all
P > 0.1; Free: controls 0.52 (SD: 0.05), OFF 0.52 (SD:
0.03), ON 0.52 (SD: 0.02); Intern: controls 0.51 (SD:
0.07), OFF 0.52 (SD: 0.03); ON: 0.52 (SD: 0.04)].

Neural activation pattern

Figure 2A depicts the neural network conjointly activated
by all four conditions. This ‘core network’ comprised M1,
lateral PMC, SMA, dorsolateral PFC, somatosensory
parietal cortex.
Furthermore, activation was found in the cerebellum, thal-
amus, putamen and globus pallidus. Similar patterns were
evident when analysing each condition separately (Fig. 2B).
Hence, the regions included in the DCM analysis were sig-
nificantly activated across all conditions.

However, contrasts comparing functional MRI activity
between groups did not vyield significant differences
(P < 0.05, family-wise error corrected at the voxel level)
for any of the four conditions. Moreover, there was no
interaction between the factors Group or Medication and
the higher motor control conditions.

cortex, cortex, and primary visual

Bayesian model selection

Random-effects Bayesian model selection revealed Model 4
to be the most likely across all group comparisons, i.e.
controls/OFF, controls/fON, OFF/ON (see Supplementary
material for Bayesian model selection results). The compu-
tation of the entire analysis for the right hemisphere re-
vealed the same winning model when applying the
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Figure 4 Connectivity in patients with Parkinson’s disease
in the OFF state. (A) Differences in endogenous connectivity
between healthy controls (HC) and patients with Parkinson’s dis-
ease OFF medication (PD-OFF). Red arrows indicate a significantly
reduced connectivity between two regions in patients as compared
to controls. *P < 0.05, **P < 0.01, ***P < 0.001, Bonferroni-cor-
rected for multiple comparisons. Bars represent coupling strength in
I/s. Error bars = SEM. (B) Selective difference in condition-specific
connectivity between patients with Parkinson’s disease OFF medi-
cation (PD-OFF) and healthy controls (HC), depending on exter-
nally cued (Extern) or internally selected (Intern) movement
lateralization. Green arrow indicates a significantly increased con-
nectivity of the lateral premotor loop between PFC and PMC in
patients OFF medication in the Extern condition. *P < 0.05,
Bonferroni-corrected for multiple comparisons; n.s. = not signifi-
cant. Bars represent coupling strength in I/s. Error bars = SEM. (C)
Selective difference in behavioural performance between patients
with Parkinson’s disease OFF medication (PD-OFF) and healthy
controls (HC), depending on externally cued (Extern, preserved
performance in patients) or internally selected (Intern, impaired
performance in patients) movement lateralization. *P < 0.05;

n.s. = not significant. Bars represent reaction time in milliseconds
(ms). Error bars = SEM. CB = cerebellum; Put = putamen;

Tha = thalamus.
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Bayesian model selection procedure across groups. Of note,
the coupling parameters of this model were very similar
and highly correlated between the right and left hemisphere
(Supplementary material).

The total mean variance explained by Model 4 was not
different between patients and controls, or between medi-
cation states [all P > 0.1; controls: 32% (SD: 15%); OFF:
24% (SD: 10%); ON: 23% (SD: 12%)].

All 40 models shared the same endogenous network
structure but differed in the modulation of these endogen-
ous connections as a function of condition. Compared to
the most complex Model 1, which included condition-de-
pendent modulation of all endogenous connections, Model
4 did not comprise modulation of connectivity between
PFC or M1 and subcortical regions (putamen, thalamus,
cerebellum) as a function of the experimental conditions
(Fig. 3). However, all regions comprised condition-specific
connectivity with both the mesial (SMA) and lateral (PMC)
premotor region. This highlights the prominent role of the
mesial and lateral premotor loops in all four experimental
conditions across groups.

Endogenous connectivity (DCM-A)

Endogenous connectivity refers to the coupling that was
constant across all experimental conditions. The ANOVA
for endogenous connectivity revealed a significant Group
effect when comparing controls with patients OFF medica-
tion [F(1,22)=23.246, P < 0.001]. Strongest differences
were found for cortico-subcortical connections (Fig. 4A).

However, when examining dopaminergic effects in pa-
tients, we found a significant interaction between
Medication x Loop x Connection [F(4,44) =9.023, P <
0.001]. Post hoc t-tests revealed that this interaction was
primarily due to a stronger coupling in the mesial loop
between PFC and SMA in the ON compared to the OFF
state (P < 0.05, Bonferroni-corrected, Fig. 5A). Equivalent
effects were found for endogenous connectivity of the right
hemisphere.

We next used a linear step-wise regression analysis to test
whether changes in endogenous connectivity related to
changes in behavioural parameters (change of performance
parameters of Tapping, Intern, and Extern [ON — OFF]
were entered as independent variables and change of
PFC-SMA [ON — OFF] as dependent variable). The ana-
lysis revealed that the change of PFC-SMA coupling was
best explained by performance changes in the basic motor
condition, i.e. Tapping [F(1,11)=18.7; r=0.81; P < 0.05,
Bonferroni-corrected, Fig. 5BJ.

In summary, dopaminergic medication caused a general
shift from the lateral to the mesial premotor loop in pa-
tients. This shift was implemented by a stronger excitatory
influence exerted by PFC upon SMA. Moreover, patients
featuring stronger drug-induced enhancement of PFC-SMA
coupling showed a stronger improvement of basic motor
function.
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Figure 5 Dopaminergic effects on connectivity and behaviour in patients with Parkinson’s disease. (A) Difference in endogenous
connectivity between patients with Parkinson’s disease ON (PD-ON) and OFF medication (PD-OFF). Green arrow indicates a significantly

increased connectivity between PFC and SMA in patients ON medication. *P < 0.05, Bonferroni-corrected for multiple comparisons. Bars

represent coupling strength in |/s. Error bars = SEM. (B) Correlation between increase in endogenous connectivity of the mesial premotor loop

between PFC and SMA (PFC—SMA) and improvement of finger tapping speed in the Tapping condition under dopaminergic medication (ON

versus OFF). Pearson’s correlation, *P < 0.05, Bonferroni-corrected for multiple comparisons. (C) Difference in condition-specific connectivity
between patients with Parkinson’s disease ON medication (PD-ON) and healthy controls (HC). Green arrows indicate a significantly increased

connectivity targeting the putamen in patients ON medication in the Tapping condition with no such differences in the higher motor control

conditions (Free/Intern/Extern). FDR-corrected for multiple comparisons, P < 0.05. (D) Significant improvement in finger tapping speed between
patients with Parkinson’s disease ON (PD-ON) and OFF medication (PD-OFF). No differences in patients in the higher motor control conditions
under dopaminergic medication. *P < 0.05; n.s. = not significant. Error bars = SEM.

Condition-specific connectivity

(DCM-B)

Basic motor function

The ANOVA for coupling parameters in the Tapping con-
dition revealed a significant Group effect when comparing

controls with patients OFF medication [F(1,22)=7.326,
P =0.013] without a significant interaction. There was no
significant difference between patients ON and OFF, i.e. no
Medication effect, nor an interaction (P > 0.05).

When directly testing each and every connection in an

exploratory

approach

the

independent  of

different
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premotor loops, we found a stronger facilitating input from
premotor regions (PMC, SMA) and the thalamus exerted
upon the putamen in patients ON medication compared to
controls (P < 0.05, FDR-corrected; Fig. 5C). This differ-
ence was not present between patients OFF medication
and controls. Similar effects were found for connections
targeting the putamen of the right hemisphere. Thus,
during maximum motor performance, patients under dopa-
minergic medication showed an enhanced excitatory drive
of cortical premotor regions and the thalamus influencing
activity in the putamen over and above the levels observed
in controls. Notably, this effect was independent from a
shift between the mesial or lateral premotor loops, and
highlights that cortico-striatal connectivity from premotor
regions was generally enhanced during finger tapping with
maximum speed.

Higher motor control

The mixed-ANOVA for the higher motor control condi-
tions  revealed a  significant
Group x Condition x Loop x Connection between patients
OFF  medication and controls [F(8,176) = 3.412,
P < 0.001]. Post hoc t-tests revealed that this interaction
was driven by a significantly stronger excitatory input
exerted in the lateral loop by PFC upon PMC in patients
OFF medication compared to controls in the Extern condi-
tion (P < 0.05, Bonferroni-corrected, Fig. 4B). Again, a cor-
responding effect during external cueing was also observed
for the PFC-PMC connection of the right hemisphere.
Interestingly, PFC-PMC coupling OFF medication was
also significantly higher in the Extern as compared to
both the Free and Intern conditions, i.e. the two voluntary
(P < 0.05, Bonferroni-cor-
rected). There was no such difference in the corresponding
connection of the mesial loop, i.e. PFC-SMA, either be-
tween patients and controls, or in the patients group be-
tween Extern and the two voluntary conditions (P > 0.1).
Here no significant Medication x Condition interaction
was observed when directly comparing patients ON and
OFF medication (P > 0.05). Rather, when selectively com-
paring the PFC-PMC connection in the Extern condition
between the OFF and ON state in patients, we found
that the hyperconnectivity was significantly reduced under
dopaminergic treatment (P < 0.05). The other conditions
(Intern, Free) did not differ between groups in terms of
their specific connectivity pattern induced by the respective
tasks. Moreover, changes in connectivity in the higher
motor control conditions did not significantly correlate
with behavioural performance (P > 0.1).

In summary, patients OFF medication featured pro-
nounced connectivity of the lateral premotor loop com-
pared to controls, induced by excitatory prefrontal
influences on PMC. This shift to the lateral premotor
loop in patients was exclusively present in the Extern con-
dition after dopaminergic withdrawal.

interaction for

action selection conditions

J. Michely et al.

Discussion

We used functional MRI to assess motor network dynamics
and the impact of dopaminergic medication in Parkinson’s
disease with regard to mesial and lateral premotor loops at
the cortical level as well as cortico-subcortical interactions.
We found that in patients endogenous connectivity was
disturbed particularly between cortical premotor areas
and subcortical regions. As endogenous connectivity in
DCM reflects neural coupling constant across conditions,
this accounts for the general affection of motor abilities
encountered in Parkinson’s disease, resulting in bradykine-
sia and impairment in motor control. In contrast, patients’
performance was preserved during external cueing, which
was associated with enhanced connectivity of the lateral
premotor loop (PFC-PMC) after dopaminergic withdrawal.
Dopaminergic medication increased connectivity of the
mesial premotor loop (PFC-SMA), which correlated with
improvement of basic motor performance, i.e. finger tap-
ping. Concurrently, during finger tapping, patients ON
medication also featured enhanced excitatory influences
exerted by cortical premotor regions and the thalamus
upon the putamen. Thus, dopaminergic treatment impacted
on bradykinesia via multi-level network effects, i.e. via a
cortical shift to the mesial premotor loop and enhanced
cortico-striatal connectivity. In contrast, internal movement
control of patients did not respond to medication, concur-
rent to missing effects at the connectivity level.

Higher motor control: use of external
cues

The phenomenon that patients with Parkinson’s disease can
overcome their impairment of initiating a movement by
drawing upon an external sensory cue has been initially
described as ‘kinesia paradoxica’ (Souques, 1921; Martin,
1967). The facilitation of movements by sensory cues has
been frequently reproduced, e.g. with regard to gait, reach-
ing movements and sit-to-stand movements (Majsak et al.,
1998; Azulay et al, 1999; Mak and Hui-Chan, 2004;
Nieuwboer et al., 2007). Similar effects have also been re-
ported for more cognitively controlled tasks, e.g. reactions
to visual cues requiring a self-selected or externally speci-
fied response or self-initiated versus externally triggered
task preparation during task-switching (Siegert et al.,
2002; Werheid et al., 2007; Michely et al., 2012).
Although in the present study the two conditions Extern
and Intern both constituted choice reaction tasks, patients’
performance differed in the two tasks: while patients per-
formed as healthy subjects in the condition with externally
cued lateralized movements (Extern), patients showed a sig-
nificant deficit in the condition necessitating a (fast) internal
choice regarding which hand to move (Intern). The lateral
PMC is implicated in guiding externally triggered visuo-
motor actions by mapping external cues to the adequate
movement (Passingham and Toni, 2001; Moisa et al.,
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2012). Increased activity, respective connectivity of the lat-
eral PMC, has been illustrated before in neuroimaging stu-
dies of Parkinson’s disease applying various types of motor
tasks (Samuel et al., 1997; Sabatini et al., 2000; Haslinger
et al., 2001; Mallol et al., 2007; Rowe et al., 2010; Wu
et al., 2010). Of note, in the present study connectivity
between PFC and lateral PMC was significantly enhanced
only in the Extern condition in patients OFF medication
compared to controls and compared to connectivity in
the conditions assessing self-chosen actions. This finding
strongly suggests a compensatory role of the PFC-PMC
connection in the hypodopaminergic state to maintain
task performance at normal levels during external cueing.
Such a compensatory mechanism is consistent with a
number of studies that have demonstrated enhanced pre-
frontal activity in cognitive tasks when patients were OFF
medication (Mattay et al., 2002; Farid et al., 2009; Cools
et al., 2010).

This interpretation is also compatible with the observa-
tion that PFC-PMC hyperconnectivity was reduced ON
medication without worsening of behavioural performance
in the Extern condition. Therefore, our data suggest that
hyperconnectivity of the lateral premotor loop, connecting
PFC and lateral PMC, is not a general phenomenon of the
disease, but context-specific. Thus, activation of the lateral
premotor loop may constitute a dynamic, compensatory
mechanism due to dopaminergic withdrawal accounting
for preserved performance in externally cued tasks as fre-
quently observed in clinical practice.

However, irrespective of the strong dopaminergic effect
on basic motor performance, deficits in the condition rely-
ing on internally controlled processes (Intern) were un-
affected by dopaminergic medication, both at the
behavioural and the neural level. Hence, our findings add
further support to the notion that executive deficits in
higher order control of actions like internal movement se-
lection and choice processes in Parkinson’s disease may be
related to neurotransmitter system dysfunction beyond the
dopaminergic system, such as, e.g. acetylcholine, noradren-
aline or serotonin (Marsh et al., 2009; Schmitt et al., 2010;
Narayanan et al., 2013; Ye et al., 2014a, b).

Basic motor performance:
bradykinesia

An abnormal regional response profile of the SMA, consti-
tuting the central node of the mesial premotor loop, has
been frequently considered to play a key role in motor
symptoms of Parkinson’s disease (Jahanshahi et al., 1995;
Haslinger e al., 2001; Escola et al., 2003; Rowe et al.,
20105 Esposito et al., 2013). Moreover, increases in SMA
activity levels after dopaminergic treatment correlate with
the amelioration of bradykinesia (Haslinger et al., 2001;
Buhmann et al., 2003). In line with that, dopaminergic
medication has been shown to modulate SMA connectivity
patterns with PFC (Rowe et al., 2010; Herz et al., 2014b)
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and sensorimotor cortex (Esposito et al., 2013). In the pre-
sent study, we observed that the amount by which connect-
ivity between PFC and SMA was enhanced by
dopaminergic medication was directly related to individual
improvements in finger tapping speed. Interestingly,
Gonzalez-Garcia et al. (2011) found that improvements of
bradykinesia following transcranial magnetic stimulation
are associated with enhanced PFC-SMA connectivity in pa-
tients. The congruency of these findings based on different
modulatory approaches (i.e. pharmacological and electro-
magnetic stimulation) suggests a pivotal role of the PFC in
the improvement of bradykinesia, e.g. at the level of cog-
nitive control of motor performance associated with a shift
from lateral to mesial premotor loops (Rowe et al., 2002,
2010; Ceballos-Baumann, 2003).

However, our connectivity analyses also revealed medica-
tion-induced changes of connections targeting subcortical
areas, in particular the putamen. Dopamine deficiency in
Parkinson’s disease is most prominent in the putamen,
and its dysfunction has been frequently shown to correlate
with clinical scores, especially bradykinesia (Taniwaki
et al., 2003; Postuma and Dagher, 2006). For example,
Vingerhoets et al. (1997) showed that measures of brady-
kinesia, e.g. reduced finger tapping speed, correlate with
reduced striatal dopamine uptake, quantified with PET.
Notably, in our study, enhanced excitatory input targeting
the putamen in patients ON medication was specifically
found for the condition in which task performance im-
proved under dopaminergic medication, i.e. finger tapping.
Thus, our finding that dopaminergic stimulation facilitated
cortical interactions with the putamen during finger tapping
extends previous assumptions of the role of the putamen in
bradykinesia by suggesting that not only regional activity
but especially enhanced cortical input to the putamen is a
key mechanism underlying improvement of movement
speed in Parkinson’s disease.

Importantly, under dopaminergic medication, excitatory
drive from cortical premotor regions and the thalamus
onto the putamen during finger tapping exceeded levels
observed in controls. Additionally, dopaminergic treatment
specifically increased endogenous PFC-SMA coupling.
Notably, this connection was not reduced in the OFF state
compared to controls. Taken together, the data suggest that
the positive effect of dopaminergic medication upon brady-
kinesia does not result from reinstating physiological cou-
pling patterns  but through recruiting additional
(‘unphysiological’) neural capacities relating to connectivity
patterns of SMA and putamen. Consistent with this view,
Herz et al. (2014¢) recently found that abnormal, dopamine-
induced increase of activity in the (pre-)SMA and the puta-
men predicted development of dyskinesia in patients with
Parkinson’s disease. Moreover, several studies found signifi-
cant overactivity, respectively altered cortical excitability, of
the SMA in patients with levodopa-induced dyskinesia
(Brooks et al., 2000; Koch, 2010; Cerasa et al., 2012).
Hence, it seems crucial to further investigate whether drug-
induced altered connectivity patterns in patients, initially
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yielding a beneficial effect on basic motor symptoms, could
lead to frequently observed side effects associated with dopa-
minergic medication, e.g. peak dose fluctuations and levo-
dopa-induced dyskinesia (Damier, 2009; Iravani et al.,
2012).

Limitations

Patients were tested after at least 12 h withdrawal of medi-
cation, which is standard practice in Parkinson’s disease
research as medication effects are minimized, yet preserving
the functionality of the patients for most of the wake time
(Defer et al., 1999). Although this procedure is widely
applied, we cannot rule out pharmacological long-term ef-
fects on network dynamics even in the OFF state (Fahn,
2005). Moreover, patients were under their standard doses
of medication in a clinically best ON state, but we cannot
rule out that a dopaminergic challenge with high doses of
levodopa might have induced different effects on brain net-
work connectivity. However, the fact that we found highly
significant improvements in UPDRS scores renders it very
unlikely that missing effects were caused by insufficient
stimulation of the dopaminergic system.

We implemented a bimanual task in a block design in
order to maximize sensitivity such that we could find a
group difference at both the behavioural (higher demands
on the motor effectors) and neural level (higher sensitivity
of block design versus event related designs). Consequently,
the respective connectivity models are not specific for one
hand, but rather reflect the general effect of the motor task
on network connectivity. Furthermore, when computing the
entire analysis for equivalent regions of the right hemisphere,
similar effects were found as for the left hemisphere. This
internal replication underpins the robustness of the DCM
findings, suggesting that both within- and between-group
analyses were mirror-symmetric in both hemispheres and
that neither the use of a unilateral model nor hemispheric
differences significantly impacted on our results.

Of note, our analyses did not yield strong group differ-
ences when focusing on blood oxygenation level-dependent
activity. In stark contrast, analyses of the coupling esti-
mates assessed via DCM were much more sensitive with
respect to disease- and drug-related changes in network
connectivity. This might be due to the region of interest
approach in DCM correcting for residual interindividual
variability in the precise anatomical location of areas in
individual subjects. Moreover, the haemodynamic response
function in DCM is computed for every region of interest
separately (Friston et al., 2003) in contrast to the ‘classical’
activation analysis, which uses a canonical haemodynamic
response function for all voxels. Consistent with this, a
recent neuroimaging meta-analysis reported a remarkable
heterogeneity of regional activation effects in Parkinson’s
disease, suggesting that local activation changes in patients
may be small and heterogeneous (Herz et al., 2014a). In
contrast, connectivity approaches have been shown to be
more sensitive especially with regard to systems level
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disorders like Parkinson’s disease, and both technical (tran-
scranial magnetic stimulation, deep brain stimulation) and
pharmacological treatment effects (Jahanshahi et al., 2010;
Rowe, 2010; Gonzalez-Garcia et al., 2011; Esposito et al.,
2013; Kahan et al., 2014).

Conclusion

Our findings highlight that facilitation of movement initi-
ation during external cueing in Parkinson’s disease is spe-
cifically associated with hyperconnectivity of the lateral
premotor loop. This hyperconnectivity constitutes a con-
text-dependent compensatory mechanism in the hypodopa-
minergic state. Moreover, our study suggests that
dopaminergic medication selectively improves bradykinesia
as opposed to deficits in higher motor control via specific
multi-level network effects, i.e. at the cortical level with a
dopamine-induced shift to the mesial premotor loop and
via strengthened cortico-striatal coupling targeting the pu-
tamen. The observed connectivity changes underlying the
dopaminergic improvement of bradykinesia could not be
observed for higher motor control. Hence, our data suggest
that higher motor control deficits in patients with
Parkinson’s disease are related to factors beyond mere
dopaminergic depletion.
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