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ARTICLE INFO ABSTRACT

Writer's cramp (WC) is a focal task-specific dystonia characterized by sustained or intermittent muscle con-
tractions while writing, particularly with the dominant hand. Since structural lesions rarely cause WC, it has
been assumed that the disease might be caused by a functional maladaptation within the sensory-motor system.
Therefore, our objective was to examine the differences between patients suffering from WC and a healthy
control (HC) group with regard to the effective connectivity that describes causal influences one brain region
exerts over another within the motor network. The effective connectivity within a network including con-
tralateral motor cortex (M1), supplementary motor area (SMA), globus pallidus (GP), putamen (PU) and ipsi-
lateral cerebellum (CB) was investigated using dynamic causal modeling (DCM) for fMRI. Eight connectivity
models of functional motor systems were compared. Fifteen WC patients and 18 age-matched HC performed a
sequential, five-element finger-tapping task with the non-dominant and non-affected left hand within a 3T MRI-
scanner as quickly and accurately as possible. The task was conducted in a fixed block design repeated 15 times
and included 30 s of tapping followed by 30 s of rest. DCM identified the same model in WC and HC as superior
for reflecting basal ganglia and cerebellar motor circuits of healthy subjects. The M1-PU, as well as M1-CB
connectivity, was more strongly influenced by tapping in WC, but the intracortical M1-SMA connection was
more facilitating in controls. Inhibiting influences originating from GP to M1 were stronger in controls compared
to WC patients whereby facilitating influences the PU exerts over CB and CB exerts over M1 were not as strong.
Although the same model structure explains the given data best, DCM confirms previous research demonstrating
a malfunction in effective connectivity intracortically (M1-SMA) and in the cortico-basal ganglia circuitry in WC.
In addition, DCM analysis demonstrates abnormal reciprocal excitatory connectivity in the cortico-cerebellar
circuitry. These results highlight the dysfunctional cerebello-cortical as well as basalganglio-cortical interaction
in WC.
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1. Introduction

Dystonia is a clinical syndrome characterized by sustained muscle
contractions, producing twisting, repetitive, and patterned movements,
or abnormal postures. The dystonic syndromes include a large group of
diseases that have been classified into various etiological categories,
such as primary, dystonia-plus, heredodegenerative, and secondary
(Albanese et al., 2013). In addition to the investigation of differences in
isolated brain regions between patients and healthy controls, a series of

studies indicated abnormalities in brain circuits as the underlying me-
chanism of focal dystonia with focus on the primary motor cortex (M1),
the supplementary motor area (SMA), cerebellum (CB), parts of the
basal ganglia - in detail the globus pallidus (GP) and putamen (PU) - as
well as the thalamus. On the one hand there is evidence that dysfunc-
tions of a network are embedded in the cortico-striatal pathway (Ibanez
et al., 1999; Islam et al., 2009; Oga et al., 2002; Wu et al., 2010). For
instance, abnormal dopaminergic function within the cortico-striatal
circuity has been described in dystonia (Simonyan et al., 2017). In
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addition, dysfunctions in the cerebello-cortical pathway have been
detected as well. Neuronal activity in the cerebellum in writer's cramp
(WQ) is increased (Hu et al., 2006; Preibisch et al., 2001), and therefore
the cerebellar influence on the motor cortex possibly leads to a deficit in
cortical inhibition and stronger dystonic symptoms (Bradnam et al.,
2015). Just recently, Gallea et al. (2018) confirmed the hypothesis of
cortico-cerebellar abnormalities in WC. They found an abnormal de-
crease of GABA-A receptor density in the right cerebellum and the left
sensorimotor cortex resulting in the loss of inhibitory cortical control
(Gallea et al., 2018). Even in resting-state networks WC patients show a
divergent neuronal activation compared to healthy controls. Thus, a
reduced positive subcortico-cortical functional connectivity in combi-
nation with an increased negative cortico-cerebellar functional con-
nectivity was evident (Dresel et al., 2014). Since primary dystonia is
considered a network disorder (Blood et al., 2006; Delmaire et al.,
2009; Gallea et al., 2018; Hinkley, 2013; Islam et al., 2009; Oga et al.,
2002; Simonyan et al., 2017; Wu et al., 2010; Zeuner et al., 2015) the
investigation of the functional connectivity between the nodal points of
the network may give new pathophysiological insights. Thus, the aim of
the present study was to investigate the movement-dependent patho-
physiology of WC while focusing on the effective connectivity within
the motor network activated during a finger-tapping task. In contrast to
previous studies that focused on isolated brain regions, the purpose of
our study was to examine the affected network in a more holistically
manner. This approach is crucial to get a closer understanding of the
diverging interaction among motor areas in patients with WC compared
to healthy subjects. Based on previous literature, we firstly assumed a
movement-dependent abnormal activation within the cortico-striatal
network comprising the motor cortex, the putamen and the globus
pallidus in patients with WC compared to healthy controls (Ibanez
et al., 1999; Oga et al., 2002; Simonyan et al., 2017; Wu et al., 2010).
Secondly, we expected diverging cortico-cerebellar network activation
(Bradnam et al., 2015; Gallea et al., 2018). We implemented dynamic
causal modeling (DCM) to address the question whether the underlying
neuronal motor network during finger-tapping is identical in writer's
cramp and healthy controls and if so, whether single connections be-
tween network regions are different. DCM is a method for network
analyses employing effective connectivity and has been introduced by
Friston et al. (2003). The advantage of DCM is the possibility to esti-
mate hidden neuronal states based on measuring brain activity, e.g.
blood oxygenation level depended (BOLD) signal. Changes within a
network analysis depend on the motor performance (Pool et al., 2013).
Hence, comparing the functional connectivity of patients suffering from
dystonia with matched controls may be confounded by impaired motor
performance in dystonic patients. In order to exclude such a con-
founding factor, we investigated in this study the activity of the motor

Table 1
Characteristics of included patients suffering from writer's cramp.
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network, while tapping with the non-affected in WC Patients and con-
trols. We recently demonstrated that WC patients performed a finger-
tapping task with the non-affected hand equivalent to controls. Re-
gardless, changes in the motor network were still evident in dystonic
patients while performing this motor task with the non-dominant hand
(Zeuner et al., 2015).

2. Materials and methods
2.1. Subjects

The results of the structural and functional MRI analysis have been
published by Zeuner et al. (2015) previously. In this study, we included
fifteen patients suffering from writer's cramp (6 women, mean age of
51.6 *= 11.1years, range: 35-69) with a mean disease duration of
15.7 + 8.9years (range: 3-36 years). Four patients disclosed simple
writer's cramp showing symptoms only during writing, while all further
patients suffered from complex writer's cramp and even demonstrated
dystonic symptoms when performing fine motor tasks other than
writing. Further, nine patients exhibited mirror dystonia. The diagnosis
of dystonia was established by medical history and by using the Writer's
Cramp Rating Scale (Wissel et al., 1996) and the Arm Dystonia Dis-
ability Scale (Fahn, 1989). The Arm Dystonia Disability Scale (ADDS)
contains seven items that together estimate the impairment of manual
skills reported by patients. A score of 100% indicates normal motor
function. The final score represents the percentage of normal manual
activity. Therefore, a lower ADDS score means the patient suffers from
more severe functional impairment. According to the Arm Dystonia
Disability Scale, writer's cramp patients exhibited difficulties in other
fine motor tasks such as using a computer mouse, using the keyboard of
a computer, battening shirts, blouses, using silverware for eating,
grasping objects or difficulties with homework or in the job. The mean
of the ADDS was equal to 56.4% ( = 14.1% SD).

We further used the Writer's Cramp Rating Scale (WCRS) (Wissel
et al., 1996) to examine the clinical presentation. Patients were vi-
deotaped while writing the German sentence “Die Wellen schlagen
hoch” (“The waves are surging high”) ten times without a break be-
tween consecutive sentences, and the severity of writer's cramp was
analyzed from the video segments (Wissel et al., 1996). A higher total
WCRS score (with a maximum score of 30 points) means the patient
showed more severe dystonic signs during handwriting. The mean in
our sample was equal to 8.8 ( + 4.6). Table 1 displays an overview of
patients' characteristics. Eighteen age-matched healthy individuals (7
women) with a mean age of 51.1 * 8.4 years (range: 33-68) served as
controls. All participants were right-handed, ascertained through the
Edinburgh Inventory (Oldfield, 1971), but in our study they performed

Patient ID Age (y) Symptom duration Type of writer's Last injection Duration BoNT treatment  Total ADDS score ~ Total WCRS Mirror dysonia
W) cramp (months) ) (%) score
P101 69 9 Complex 4 8 60 10 Yes
P106 49 10 Complex n.a. n.a. 68.57 5 Yes
P107 43 9 Complex 60 3 64.29 22 Yes
P108 36 11 Simple n.a. n.a. 55.71 8 Yes
P110 60 14 Simple n.a. n.a. 51.43 6 No
P112 36 3 Complex 17 0.7 42.85 7 No
P115 56 14 Simple 5 10 60 10 No
P119 35 21 Complex 36 0.5 48.9 14 Yes
P120 58 25 Complex 72 0.25 60 5 Yes
P122 59 13 Complex 120 0.5 51.43 6 No
P123 68 25 Complex 132 0.5 25.71 8 No
P125 55 4 Complex 18 3 81.43 5 Yes
P127 51 19 Complex 3 4 72.86 3 Yes
P128 57 34 Complex 10 2 34.29 12 Yes
P129 42 22 Simple 6 1 68.57 11 No
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Fig. 1. (A) The experimental design consists of fifteen blocks, whereby (B) each block comprises 30 s of sequence tapping followed by a 30-second pause. (C) Participants tapped the 5-
element sequence (5-2-4-3-5) with the left hand, whereby the forefinger corresponds to 2 and the little finger to 5.

a finger-tapping task with the left hand. Participants with any neuro-
logical or psychiatric disorder other than writer's cramp, a history of
any impairment to the nervous system, as well as musicians and pro-
fessional typists were excluded from the study. Furthermore, a criterion
was that the last botulinum toxin was injected at least 3 months prior to
inclusion. All participants had given written informed consent before
their participation. The study was approved by the local ethics com-
mittee in Kiel and conducted in full accordance with the Declaration of
Helsinki.

2.2. Experimental design

Using the fingers of the left hand, which were assigned the numbers
2-5 beginning with the forefinger to tap corresponding numbers on
keys, participants repeated a five-element sequence (5-2-4-3-5) on a
manual hand device that was part of the Invivo IFIS fMRI system
(Invivo, Gainesville, Florida, USA) programmed on E-Prime® software
(Psychology Software Tools, Inc., Sharpsburg, USA). The investigator
instructed participants to tap as fast and accurately as possible. A block
contained 30 s of tapping followed by a rest pause of equal time. This
block was repeated 15 times (Fig. 1). During the whole experiment the
numeric sequence was displayed to the participants through a mirror
within the MRI scanner to minimize the influence of working memory.
After each key press, the fixation cross on the screen switched to a circle
for 100 ms with no accuracy feedback provided. Prior to the examina-
tion in the scanner the task was explained to the participants who then
practiced the sequence a few times to make certain they understood the
task. For further analysis, timing and accuracy of the key press re-
sponses were recorded.

2.3. Image acquisition and processing

Anatomical and functional images were acquired with a 3.0T
whole-body MRI scanner (Achieva 3T, Philips, Best, Netherlands)
provided with an 8-channel head coil in the Neurocenter at Kiel
University hospital. An IFIS system was used for stimulus presentation
and response recording. For functional MR images a whole-brain echo
planar imaging (EPI) sequence with the following parameters was used:

repetition time (TR) = 2500ms, echo time (TE) = 36.4ms, field of
view (FOV) = 216 x 216 x 125.1 mm?, flip angle =90°, ma-
trix = 64 X 64, volumes = 360, slices = 38, slice thickness = 3.0 mm,
and interslice gap = 0.3 mm. The axial slices were acquired parallel to
the anterior-posterior plane. For all subjects, additional three-dimen-
sional (3D) T1-weighted gradient echo MRI scans with sagittal volume
excitation were acquired with the following parameters: TR = 7.8 ms,
TE = 3.6ms, FOV =160 x 240 x 240mm?>, flip  angle = 8°,
slices = 160, matrix = 256 x 256, voxel size = 1 x 0.94 x 0.94 mm°>.

The SPM12 (Release 6225) software package (SPM12; Wellcome
Department of Imaging Neuroscience, London, http://www.fil.ion.ucl.
ac.uk) as well as Matlab Version 8.5 (R2015a) (MathWorks Inc., Natick,
Massachusetts, USA) were used for image preprocessing, modeling
(DCM) and statistical analysis. The structural T1 images were spatially
normalized using the segment function to the standard coordinates of
the Montreal Neurological Institute (MNI) space delivered with the
SPM12 software. To compensate for movement artifacts during the
experiment, the functional EPI images were realigned using the SPM12
two pass realignment procedure (pass 1: register to first image; pass 2:
register to mean image). Then, we coregistered the mean image of these
realigned EPIs to the corresponding individual T1-weighted image and
reoriented all EPIs by the resulting transformation. The T1 aligned EPI
images were finally normalized by using the parameters determined in
the T1 segmentation step. This step wrote normalized versions of the
EPI images (2 x 2 X 2mm?) allowing optimized voxel wise analysis of
the BOLD time-series and statistical group comparisons. Finally, data
were smoothed with a Gaussian kernel filter of 8 mm full-width at half-
maximum (FWHM).

2.4. Sequential finger-tapping task

To discover potential differences in behavioral variables between
patients and controls, i.e. number of correct tabs and number of correct
sequences, we conducted two separate two-factorial analyses of var-
iances (ANOVA) for repeated measurements with the within-subject
factor number of blocks and the between-subject factor group (patients
vs. controls). For statistical testing a P-value of 0.05 and less was con-
sidered a significant result.
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3. Dynamic causal modeling

DCM (Friston et al., 2003) was used to examine the effective con-
nectivity within parts of the motor system activated by finger-tapping.
DCM is a method to modulate neuronal activity between brain regions
mathematically, whereby each region is described by one time-depen-
dent output (z) corresponding to the observed BOLD signal in this re-
gion. Using a bilinear deterministic model with the neuronal state
equation F, changes in neuronal activity over time are modeled as

dz m .
- = . - - —
F@,u,0) W—z—(A+Ej=1 ujBf)z +Cu o
a=9E_%lz_y

0z 0z

) .

B/ = o°F =i<3_z

6zauj 6uj 0z
c=%lz_o

du 2

z is the time-dependent state vector containing the neuronal activity
in the different brain regions and ¥ is the input vector to the system,
depending on the experimental design. In a block design a positive
value codes the presence of the task and a negative value or zero codes
the absence, so that @ contains two different values. Each dynamic
model is defined by three sets of parameters. First, matrix A describes
the endogenous coupling between regions regardless of the actual ex-
perimental condition and is therefore condition-invariant. Off note, the
endogenous coupling parameters do not refer to resting state activity
within the network as the BOLD signal measured during tapping
overlaps the rest periods of 15 s. In such a short time, the motor system
does not reach a resting state. Friston et al. (2003) refers to matrix A as
effective connectivity, that is, the influence one neuronal system (brain
region) exerts over another in terms of inducing a response gl in the
mean of a change in neuronal activity. In regard to the design we used
here, the parameters of matrix A reflect the strength of the connections
between the regions of the motor system without the influence of tap-
ping. Second, the B-matrices contain the parameters for changes in
coupling between the motor regions induced by the j-th input of the
motor task. Therefore, these matrices can be interpreted as the mod-
ulation of the effective connectivity by an external influencing factor,
which is the finger-tapping task in this study. Parameters of these B-
matrices indicate how strong finger-tapping influences the coupling
between different regions of the motor system. Thus, to differentiate
between matrix A and B the most relevant aspect to keep in mind is,
that A represents the general connection strengths between regions.
Matrix B adds the influence of tapping on these connections, which
changes the strength of the coupling between the regions. Finally,
matrix C represents the influences of direct extrinsic inputs (&) to the
system. All parameters (A, B/, C) of the bilinear deterministic model are
integrated in 6. For a more expedient interpretation of the results it is
appropriate to forego the splitting of the model parameters in matrix A
and B. Instead, one can aggregate the respective values. We consider
this as a permissible method as the neuronal state equation F is a linear
combination of the model parameters. Therefore, we calculated the
addition for matrix A and B.

3.1. Regions of interest (ROIs)

The aim of our study was to investigate the movement-dependent,
but symptom-independent interactions in terms of effective con-
nectivity among the right motor cortex (M1), the right supplementary
motor area (SMA), the right putamen (PU), the right globus pallidus
(GP) and the left cerebellum (CB) while subjects performed the task
with their left and therefore unaffected hand. As it is the first DCM
analysis in patients with WC, we intended to define a simple model.

NeuroImage: Clinical 18 (2018) 149-159

Therefore, we restricted the analysis to the contralateral motor areas
and the ipsilateral cerebellum as effective connectivity using this
paradigm with relation to the clinical manifestation of focal dystonia.
The regions were chosen under consideration of various general theo-
retical motor learning models (Doyon et al., 2009; Hikosaka et al.,
2002) and took the findings of affected regions within the motor net-
work in writer's cramp into account. To extract time series from sig-
nificant voxels in each region of interest (ROI) in the tapping > rest
contrast, subject-specific sphere centers were defined as the closest
suprathreshold voxel (P < .001) to the coordinates of the second level
analysis over all subjects (mean effects of tapping). For participants
with neuronal activation under the mentioned threshold in up to two
regions of interest, we reduced the threshold to P < .01. The in-
dividual time series were then computed as the first eigenvariate across
all suprathreshold voxels within 6 mm (M1, SMA, CB) or, as applicable,
4 mm (PU, GP) radius from the sphere center and adjusted for effects of
no interest, namely, the movement parameters. DCM as a method to
analyze effective connectivity assumes that all data were acquired at
the same time. Friston et al. (2003) exhibited that DCM is robust to
slice-timing differences in block designs of up to 1 s. However, TR here
was longer. Therefore, we inverted the normalized coordinates of the
ROIs to identify the exact slice where each region was located and
thereby received the exact slice timing (Kiebel et al., 2007).

3.2. DCM specification and Bayesian Model Selection

Hypotheses about the task-invariant and therefore endogenous
connectivity are required for specifying the structure of different dy-
namic causal models. Further, one needs an assumption about the ef-
fective connectivity driven by the task and the input nodes that are
affected by tapping. We conducted an analysis in two steps: First, we
searched for the best endogenous connectivity network with the ap-
propriate input node (specifying matrices A & C; B = 0) followed by the
determination of affected connections by tapping (specifying the B
matrix).

3.2.1. First step: specifying a network of endogenous connectivity with input
nodes

For the specification of different model structures we chose the
motor network's interconnection of healthy subjects as a basis (model
1). Based on the current understanding of the basal ganglia and the
cerebellar motor circuits in writer's cramp, we assumed that three dif-
ferent possible model structures reflect the abnormalities of the en-
dogenous connections between regions of the motor network as de-
picted in Fig. 2. It is important to keep in mind, that connections
between regions in dynamic causal models do not necessarily reflect
neurobiological connections. In this case, the connection between the
cerebellum and motor cortex is not a direct one in the sense of neuro-
biology as this pathway passes the thalamus.

— Model 1 is derived from the basal ganglia and cerebellar motor
circuits of healthy subjects (Alexander and Crutcher, 1990), where
the cortical motor areas communicate with the cerebellum as well as
with the basal ganglia by affecting the putamen that triggers the
globus pallidus and sends the signal back to cortical motor areas via
the thalamus. This model reflects the cortico-basal ganglia and
cortico-cerebellar circuits as well as their interaction in healthy
subjects.

Model 2 reflects the assumption of a cortico-basal ganglia circuit
dysfunction in writer's cramp and other types of focal dystonia
(Blood et al., 2006; DeLong, 1990; Granert et al., 2011). Therefore,
we reduced model 1 by the connections from M1 to the putamen and
to the pallidum - M1 path.

Model 3 refers to the postulated cortical-cerebellar circuit mala-
daptation that may be inherent in focal hand dystonia (Bradnam
et al., 2015; Delmaire et al., 2007; Filip et al., 2013; Hubsch et al.,
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2013; Odergren et al., 1998) and reflects a reduction in the appro-
priate connections from model 1 again.

— Model 4 takes further assumption about network dysfunction in
writer's cramp into account concerning the basal ganglia-cerebellar
connection (Filip et al., 2017; Neychev et al., 2008).

As the cerebellum (Tzvi et al., 2014; Tzvi et al., 2015) and the SMA
(Pool et al., 2013; Rehme et al., 2013; Wang et al., 2011) have been
discussed as potential input nodes (matrix C) of the task to the motoric
system, we included both areas in our analysis. So each of the four
models reflects different aspects of network theory in writer's cramp
and has been combined with either the supplementary motor area or
the cerebellum as an input node.

After estimating each model for all subjects we conducted in this
first step an analysis to draw inference on the model structure regarding
the endogenous connections and the input node on group level via
Bayesian Model Selection (BMS), which is an established statistical
procedure based on the computation of an approximation to the model
evidence p(y|m). This probability gives information about how likely
data y is under the assumption of a certain model m. For our data we

chose a random effects analysis (RFX) BMS implemented in SPM12,
which does not, in contrast to a fixed effects analysis (FFX), assume an
identical optimal model structure in the population and is therefore
more robust against outliers (Stephan et al., 2010). When performing
RFX BMS the recommendation is to use family-level inference, because
RFX BMS results may possibly be incorrect (Penny et al., 2010). The
eight specified models can be separated into two families: First, the
structure family, determining the different connectivity patterns and
containing four types of models, and second, the input family, referring
to the different input nodes and containing two types of models. We
preferred an interface model of both family analyses, that is, the model
with the highest posterior probability of generating the data was the
“winner model” of step one.

3.2.2. Second step: defining possible paths of effective connectivity

In the second step of the analysis we defined the matrix determining
possible connections affected by tapping, namely, the effective con-
nectivity matrix (B) of the motor system while tapping. Therefore, we
took over the “winner model” from the first step and applied it to the
groups. We then equated the appropriate matrix of endogenous
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connectivity to the matrix of effective connectivity, as each connection
required for the task-invariant motor network of the tapping task can
potentially be modeled by tapping. This model with completed and
defined model matrices was inverted and estimated again for each
subject.

3.3. Parameter averaging

Before averaging the subject specific DCMs, the stability of the in-
dividually estimated DCMs was checked by computing the Lyapunov
exponent of each endogenous connectivity matrix (A), which provides a
mathematical degree of stability of a differential equation system's so-
lution (Goldhirsch et al., 1987). Since dynamic causal models are
computed on the single subject level, the model parameters for each
participant are individually different. As we consider the posterior
parameters to be estimates of an underlying true parameter that is the
same for all healthy subjects or patients, we conducted a fixed-effects
averaging. So these individual connectivity parameters were entered
into a fixed-effects (FFX) group level analysis resulting in one averaged
DCM per group using a Bayesian approach again, so-called Bayesian
Parameter Averaging (Kasess et al., 2010). Further, we computed t-tests
on group level adjusted for alpha inflation within each matrix to test
whether the averaged parameters differed significantly from zero and
then compared the corresponding parameters between the groups to
identify potential group differences.

4. Results
4.1. Behavioral results of the sequential finger-tapping task

The ANOVA for the number of correct tabs as a repeated measure-
ment including the within-subject factor number of blocks and the be-
tween-subject factor group revealed a main effect of number of blocks
(F14,434 = 35.38; P < .001; Fig. 3A) but no significant differences in
behavior between patients and controls (F;, 30 = 0.571; P < .456;
Fig. 3A). The second ANOVA with the number of correct sequences as a
repeated measurement pointed to a very similar outcome structure with
a main effect of number of blocks (F14 434 = 20,16; P < .001; Fig. 3B)

Tapping Frequency per Block

65

Number of Taps

45

4 - 6

Number of Blocks

7 8 9

Mean WC

+ Mean HC

nonlinear Regression WC

nonlinear Regression HC
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Table 2
Extract from main effects of tapping in all subjects. Whole brain cluster peaks after cor-
rection for multiple comparisons (P < .05; FWE corrected).

Region Left hemisphere Right hemisphere

X y z t-Value x y Z t-Value
Precentral -50 2 40 11.93 56 8 36 11.64
Postcentral -62 -—-18 24 12.77 56 —-18 38 13.18
Inferior parietal —44 =30 40 14.31 42 —42 46 13.67
Superior temporal —-52 -36 18 10.53 60 —-30 20 10.45
Middle frontal —-38 38 22 6.17 34 50 2 5.61
Supp Motor Area -8 4 62 13.63 8 12 60 9.69
Cerebellum 6 -20 -56 -—-24 17.19 20 -56 -—-24 13.70
Putamen 26 2 8 10.98
Pallidum -22 0 0 9.22

and again no group differences (F;, 30 = 0.367; P < .549; Fig. 3B).
Fig. 3 shows an overview of the behavioral data. In addition to statis-
tical analyses of behavioral data, the investigator monitored the finger-
tapping through a mirror and interviewed the patients after the ex-
periment whether they had dystonic symptoms during tapping or at
rest. None of the patients reported dystonic symptoms during the ex-
perimental procedure.

4.2. Neural activity during finger-tapping

Finger-tapping was associated with increased BOLD signals in all
regions of interest as well as in further tapping-associated areas
(P < .05, FWE corrected). For an overview see Table 2. In Fig. 4 five
ROIs and the distribution of the subject-specific sphere centers are
displayed. We chose those ROIs that were defined as the closest su-
prathreshold voxel (P < .001, uncorrected) to the predefined ROI
center. For participants with neuronal activation below the mentioned
threshold in up to two regions of interest, we reduced the threshold to
P < .01. This procedure was necessary for six subjects with small
BOLD signal in two regions and three subjects in one region. Further,
we limited the sphere centers for all subjects and ROIs to a Euclidean
distance under 10 mm.

Number of correct Sequences per Block

Number of correct Sequences

5 6

Number of Blocks

7 8 9

Fig. 3. Behavioral data for controls and patients. The left panel shows the mean number of correct taps per block ( = SEM), the right panel the mean number of correct sequences per
block ( = SEM), whereas the light grey line represents the controls (squares) and the dark line the patients (circles). Additionally, the nonlinear regression curves (polynomial regression
of 3rd order) are displayed. A significant increase in the number of correct taps over blocks can be found in patients (r> = 0.98) and controls (r> = 0.96) as well as a significant increase in

the number of correct sequences (patients: r> = 0.96; controls: > = 0.88).
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Table 3
Cluster peaks of significant regions for the contrast HC > WC while tapping (P <

NeuroImage: Clinical 18 (2018) 149-159

Fig. 4. Statistical maps of the functional magnetic re-
sonance imaging (fMRI) analysis from the finger-tapping
task including all subjects for the tapping > rest contrast
(P < .05, FWE corrected). The legend depicts t-values. The
cyan contours depict the ROIs specified through the AAL
Atlas. The blue points show the distribution of the subject-
specific sphere centers. All individual centers lay within a
sphere of 10 mm Euclidean distance.

.001; uncorrected).

Region Left hemisphere Right hemisphere

X y z t-Value Cluster size X y z t-Value Cluster size
Supp Motor Area 10 2 62 4.00 22
Putamen —24 2 2 3.32 444 32 -6 6 3.50 22
Pallidum —14 4 4 4.46 444 22 0 6 4.12 94

Additionally, we found significant differences between healthy
controls and focal hand dystonia in the right supplementary motor area,
bilateral globus pallidus, as well as bilateral putamen (Table 3). In these
areas writer's cramp showed significantly decreased BOLD signals
compared to healthy controls. Fig. 5 displays three different transverse
cross sections corresponding to the regions where the BOLD response
differ between patients and controls.

4.3. DCM analysis

4.3.1. Bayesian Model Selection
As we described in the methods section, we conducted the network
analyses in two steps, first identifying the best model structure of
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Fig. 5. Statistical maps of the functional magnetic resonance
imaging (fMRI) analysis of the finger-tapping task. The legend
depicts t-values. Patients exhibited reduced blood oxygen level-
dependent (BOLD) signal in the bihemispheric putamen and
globus pallidus (z = 2mm and z = 6 mm) as well as in the right
supplementary motor area (z = 62 mm). Figure shows the re-
sults of the whole-brain analysis without any masking
(P < .001; uncorrected).

16.0

12.0

8.0

4.0

0.0

endogenous connectivity out of eight previously specified models.
Using random effects Bayesian Model Selection (RFX BMS), the model
reflecting the basal ganglia and cerebellar motor circuits of healthy
subjects with the cerebellum as the input node (Model 1, Fig. 2) showed
the highest expected posterior probability (exp_r) of the eight tested
models in both groups as it was the intercept model of both “winner”
families (HC: exp_rcg = 0.93 exp_rg = 0.72; WC: exp_rcg = 0.94, ex-
P_rran = 0.74). This led us to conclude that this model is most likely the
generative model of the given data. Further results of the RFX BMS
procedure can be seen in Fig. 6. The analysis of effective connectivity's
stability via the Lyapunov exponent resulted in no exclusion. Thus, 18
individual parameter sets of the “winner” DCM were averaged, al-
lowing us to receive a second level DCM in the control group. The same
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Fig. 6. (A) Family expected posterior probability for the input family, indicating a strong emphasis for the cerebellum as the input node in both groups (HC: exp_rcg = 0.93; WC:
exp_rcg = 0.94). (B) The result of the family-wise BMS procedure concerning the model structure resulted in favor of the fully connected model again in both groups (HC: exp_r,; = 0.72;

WC: exp_rp = 0.74).

procedure was exerted with 15 parameter sets in patients.

4.3.2. Connectivity analysis of the motor network

4.3.2.1. Endogenous coupling. Table 4 displays the group-wise averaged
connectivity parameters for the endogenous connectivity (matrix A)
between the motor regions in the “winner” model. These parameters
reflect changes between brain regions independent of experimental
input. The parameter values characterize the connections' strength and
their rate of change between the respective regions. Positive parameters
are interpreted as facilitation, whereas negative parameters suggest an
inhibition of neural activity. Most connectivity parameters in both
groups showed significance strength (P < .05, Bonferroni corrected).
This points to relevant connectivity between regions in the motor
system in patients as well as in controls. Merely, the connections from
the motor cortex to the putamen and to the cerebellum in the patient
group showed connectivity strengths close to zero and therefore failed
to reach significance. This finding indicates a loss of intrinsic
connectivity between the relevant regions in patients comparing with
healthy controls (t > 3.31 in HC).

Several differences in the endogenous connectivity (P < .05,
groupwise Bonferroni corrected for matrix A) occurred between writer's
cramp and healthy controls: The HC group showed significant facil-
itating connections from M1 to putamen and to CB while the same
connections failed to be significant in the patient group (Table 4,
Fig. 7). However, WC patients had stronger facilitating endogenous
connectivity in the CB-M1, CB-Put and Put-CB connections in

Table 4

Task invariant (A-matrix) coupling parameters in 1/s of the averaged DCMs (P < .05,
Bonferroni corrected) within each group and differences in endogenous connectivity
parameters between patients and controls (P < .05, Bonferroni corrected separated by
matrices). The difference contrast was defined as parameteryc—parameteryc. A significant
t-value greater than zero indicates a less strong influence of the connection in the patients'
model. A significant t-value smaller than zero indicates a stronger influence of the con-
nection in the patients' model.

Connection WC (n =15) HC (n=18) Group differences
Parameter  t-Value  Parameter t-Value  t-Value
M1-SMA 2.21° 8.47 1.85° 7.73 —-15.67
M1-PU 0.05 0.03 0.79 3.13 15.71
M1-CB 0.19 0.45 1.38 5.56 16.78
SMA-M1 0.72" 2.71 0.67 2.78 —2.52"
PU-GP 2.21 8.42 2.10° 8.75 —2.83
PU-CB 1.00° 3.70 0.76 2.97 —4.62
GP-M1 -1.34 —5.34 -1.27 —5.57 1.71
CB-M1 0.99 3.78 0.80° 3.34 -19.87
CB-PU 1.72° 6.59 1.59 6.62 —5.78

* P < .05 (Bonferroni corrected seperated by matrices).

comparison to HC (Table 4, Fig. 7).

4.3.2.2. Task-dependent coupling. The strength of effective connectivity
exerted over the motor system while tapping is significant in all tested
connections for both groups. However, it differs between groups in a
few points (Table 5, Fig. 7). The connectivity between M1 and putamen
as well as M1 and cerebellum is more strongly influenced by tapping in
WC than in HC. However, the intracortical connection from M1 to SMA
is less facilitating in patients. In addition, the inhibiting influence
originating from the globus pallidus to M1 is less strong in patients than
in controls as well as the facilitating influence the putamen exerts over
CB and CB exerts over M1. Further, our analysis identified the
cerebellum as input node to the motor system for both groups with
no significant difference between the connection strength.

4.3.2.3. Integration of endogenous coupling and the influence of tapping on
the motor system. We outlined in the methods section that it is possible
to sum up matrix A (Table 4) and B parameters (Table 5) as the bilinear
deterministic model integrates them into a linear combination. This
procedure results in one parameter for every connection within the
model and point the interpretation to more abstract and therefore
clinical relevant aspects of the pathophysiological differences between
patients and controls. In this study, this approach led to a lower
facilitating bidirectional influence between M1 and SMA in WC. For the
cortico-basal ganglia circuit, the inhibition M1 exerts over PU and PU
exerts over GP was higher in WC, but GP inhibited M1 less strong. In the
cortical-cerebellar loop we found increased bidirectional facilitation in
WC compared to HC, while the interaction between CB and PU was less
facilitating.

5. Discussion

The present study explored the effective connectivity of the motor
network in patients with writer's cramp and healthy controls during
continuous finger-tapping with the non-dominant and therefore non-
affected left hand. Analysis of behavioral data revealed no group dif-
ferences. Patients and healthy controls showed no significant differ-
ences in the number of correctly tapped sequences and frequency.
Conversely, we detected differences in functional imaging analysis and
in the effective connectivity. Dynamic causal modeling (Friston et al.,
2003) was used in a network including the right motor cortex, putamen,
globus pallidus and SMA as well as the left cerebellum. DCM treats the
brain as a nonlinear and - in our case - deterministic system, whose
neural activity changes through an external input, e.g. finger-tapping.
This in turn leads to a change in the measured BOLD signal (Friston
et al., 2003). Random Effects Bayesian Model Selection across a pre-
defined set of models was used to assess the optimal individual model
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Fig. 7. The left panel depicts the effective connectivity of the motor system in healthy controls. The arrows between two regions refer to the tapping invariant connectivity, while the
small arrows perpendicular to those mirror the tapping dependent connectivity. Green arrows (positive parameters) refer to facilitation of neural activity, while red ones (negative
parameters) reflect inhibition. The right panel shows the effective connectivity of writer's cramp as well as the differences to the healthy controls' model. Thick arrows depict significant
more facilitation or inhibition for the WC model while dotted lines refer to significant less influence in comparison to HC. Black dotted lines are non-significant connections. All tests were

significant on P < .05 (Bonferroni corrected separated by matrices).

Table 5

Tapping-dependent (B-matrix) coupling parameters in 1/s of the averaged DCMs
(P < .05, Bonferroni corrected) within each group and differences in these parameters
between patients and controls (P < .05, Bonferroni corrected separated by matrices).
The difference contrast was defined as parameteryc—parameteryc. A significant t-value
indicates an influence of the connection in the patients' model.

Connection WC (n = 15) HC (n =18) Group differences
Parameter  t-Value Parameter  t-Value t-Value
M1-SMA 3.57 13.39 6.91 28.53 21.47
M1-PU —5.06 —-20.11 —-4.17 18.26 6.68
M1-CB 9.50 36.08 6.62 27.24 —14.77
SMA-M1 0.53 1.71 0.86 3.34 3.92
PU-GP -7.31 —-29.36 —6.86 -30.29 1.66
PU-CB 2.10 7.15 4.45 17.78 9.21
GP-M1 -1.70 -7.12 -3.96 -17.44  -15.37
CB-M1 1.91 7.34 2.03 8.56 10.84
CB-PU 1.56 5.85 1.74 7.15 3.25

* P < .05 (Bonferroni corrected seperated by matrices).

structure in both groups followed by inference on the parameter level.
Our analysis revealed two main findings: (1) we found diverging ef-
fective connectivity in the cortico-cerebellar loop and in the cortico-
basal ganglia pathway between HC and WC. (2) The interactions be-
tween the cerebellum and the basal ganglia showed a pathophysiolo-
gical divergence as well.

5.1. Deviations in the cortico-basal ganglia and the cortico-cerebellar loops

The advantage of this study in comparison to previous imaging
studies is that we were able to investigate a comprehensive motor de-
pendent network activity during finger-tapping. Furthermore, the ef-
fective connectivity in our study was investigated bidirectional that
gives us a differential insight into the pathophysiology of dystonia in
contrast to other techniques such as fMRI, VBM or DTI analyses. Several
different imaging studies with controversial results demonstrated the
involvement of the cerebellum in writer's cramp (Delmaire et al., 2007;
Peller et al., 2006; Preibisch et al., 2001; Wu et al., 2010). However, the
connectivity between the cortex, the cerebellum and the basal ganglia
has not been described in any of those studies. Connectivity in patients
with WC has been examined in the absence of task, which is resting
state fMRI. While two studies describe a deviation in subcortical-cor-
tical functional connectivity in writer's cramp (Dresel et al., 2014;
Mohammadi et al., 2012), functional connectivity has been reduced in
the cerebellar and the basal ganglia network in a more recent analysis
(Mantel et al., 2018). Abnormal anatomical connectivity of the cortico-
subcortical sensorimotor structures in WC patients has also been
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described previously, but did not include the cerebellum (Delmaire
et al., 2009). Therefore, the new aspect in our study is the demon-
stration of activity dependent bidirectional connectivity abnormalities
during a motor task that included not only one of the structures such as
basal ganglia, the cerebellum or the motor cortex, but all structures
involved in the pathophysiology of WC. Here, we detected abnormal
effective connectivity within bidirectional connections from the motor
cortex to the cerebellum and the basal ganglia in WC patients, a finding
that fits well with the results from those previous studies. One of the
most striking divergences in our network analyses between writer's
cramp and healthy controls was the strongly reduced inhibition the
globus pallidus exerts over the motor cortex. This is in accordance with
the finding of a decrease in GABA in sensorimotor cortex and the len-
tiform nuclei (Levy and Hallett, 2002). It is conceivable that the im-
paired center surround inhibition in the basal ganglia (Beck et al.,
2008) accounts for this decreased inhibitory influence of the globus
pallidus to the motor cortex and therefore causes the loss of inhibition
in M1 (Beck et al., 2008; Hallett, 2011; Levy and Hallett, 2002; Ridding
et al., 1995). As a result, dystonic co-contraction may occur in writer's
cramp. In concordance with previous studies showing a hyperactivity of
the basal ganglia (Peller et al., 2006) the putamen effects the globus
pallidus stronger in writer's cramp. Besides these pathophysiological
divergences in the interaction between the basal ganglia and the motor
cortex our analyses resulted in the pathophysiological involvement of
the cortico-cerebellar circuity. Divergent resting state functional con-
nectivity within the cortico-cerebellar loop was found in focal hand
dystonia (Hinkley, 2013) and other types of focal dystonia (Haslinger
et al., 2017). During tapping we found a slightly stronger facilitation
the cerebellum exerts over the motor cortex. However, M1 facilitates
the cerebellum significantly stronger in writer's cramp. Future studies
need to answer the question, whether the reduction of self-inhibition in
M1 might cause the divergence in the facilitating influence the motor
cortex exerts over the cerebellum. Recently, Gallea and colleagues
found an impaired GABAergic neurotransmission in the cerebellum and
the sensorimotor cortex that could explain the loss of inhibitory control
in focal hand dystonia (Gallea et al., 2018). It is also conceivable that
increased facilitation in the cerebellum reflects a compensatory phe-
nomenon in a deficient cortico-striato-pallido-thalamo-cortical circuit
in focal hand dystonia. This has been assumed in hereditary forms of
dystonia (Carbon et al., 2008). The cerebellum has been considered to
play a role in tuning movement preparation, while the basal ganglia are
supposed to inhibit involuntary movements and adapt or select volun-
tary movements. Nevertheless, both motor systems are anatomically
interconnected.



L. Rothkirch et al.

5.2. Pathophysiological cerebellar-basal ganglia connectivity

It is generally accepted that there is a close bidirectional connection
between the basal ganglia and the cerebellum (Bostan et al., 2010,
2013; Shakkottai et al., 2017). The purpose of our study was to evaluate
differences within the communication of the basal ganglia and the
cerebellum in dystonic patients compared to controls. Indeed, the pu-
tamen facilitated the cerebellum less strong in writer's cramp patients,
while the reversed connectivity is only slightly reduced in its facil-
itating influence on the putamen. In contrast to previous studies that
demonstrated only cortico-subcortical abnormal connectivity, it is the
aspect of our data that there is also a cerebellar-putaminergic mis-
communication in WC, which is bidirectional. These results are in line
with a recent study that detected decreased cerebellar connectivity to
basal ganglia structures in patients with cervical dystonia (Filip et al.,
2017). Most recently, Fuertinger and Simonyan (2017) found evidence
for an abnormal functional integration of basal ganglia, cerebellum and
thalamus in the laryngeal form of dystonia using a graph theoretical
approach (Fuertinger and Simonyan, 2017) and Battistella et al. de-
tected a fragmentation of the functional community between basal
ganglia and cerebellum (Battistella et al., 2015). Different from us, the
both studies took large-scale functional networks as a basis for their
analysis but came to a comparable conclusion concerning the cere-
bellar- basal ganglia connectivity. However, detailed insight in the
pathophysiological bidirectional connectivity is still missing and has to
be an objective of future studies.

5.3. Limitations

We investigated the non-affected hand in WC patients in order to get
unaffected behavioral data that could be used to build the basis of a
valid interpretation of functional data. Therefore, we did not examine
the fully blown dystonic network in WC present in the affected hand
while writing. However, up to a quarter of patients showed problems in
movement execution of the non-affected hand and it has already been
suspected by others that network changes within the contralateral hand
resemble the pathological motor network present in the affected hand
in WC (Wu et al., 2010). In this context, it would be interesting to in-
vestigate the bilateral motor network to find possible misbalances be-
tween the hemispheres in writer's cramp. A further potential extension
of the motor network model is the consideration of the thalamus as an
important node within the network. Unfortunately, individual BOLD
signal in our data was not strong enough in this area. Namely, an
analysis of the BOLD response over all subjects showed an activation of
this region, but DCM requires an extraction of the individual time series
in a region of interest. Thus, it was not possible to include the thalamus
into our network structures. One restriction for the interpretation of the
model structure derives from the definition of the model space. As
dynamic causal modeling is a hypothesis-driven approach (Stephan
et al., 2010). This model space is defined by specifying several plausible
models. Given the diverse possibility for connections of the motor
network in humans, it is quite likely that we have not found the best
model to explain the given data. Therefore, when talking about a “best”
or “winner” model in connection with dynamic causal modeling,
models outside the actual model space possibly explain the given data
better. Therefore, future research should include more or different re-
levant motor regions, for instance the premotor area or the thalamus.
Another limitation results from the definition of the regions of interest.
As the choice of ROIs' extent and form are arbitrary, one can find dif-
ferent specifications. The here chosen parameters (4mm or 6 mm
spheres) are inspired by other DCM research done in the field of motor
network (Grefkes et al., 2008; Pool et al., 2013; Pool et al., 2014; Tzvi
et al., 2014, 2015). Another reason for diverging results in relation to
other research outcome is the definition of the ROIs' sphere centers
because anatomically different centers potentially lead to other time
series that have to be extracted as the basis for each DCM analysis.
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6. Conclusion

The network discussed within this study was the first approach
examining a network of effective connectivity in WC and resulted in
pathophysiological divergences in the cortico-cerebellar and the cor-
tico-basal ganglia loop. The bidirectional connectivity between the
motor cortex and the cerebellum was found to be stronger facilitating.
In the cortico-basal ganglia circuit the globus pallidus' inhibitory in-
fluence on the motor cortex was weakened while the motor cortex in-
hibited the putamen stronger in WC. Since the behavioral results of the
finger-tapping task were comparable between the groups, it is con-
ceivable that patients with WC activate connections within the motor
system with more effort to reach the same performance level as healthy
subjects.

Further annotations
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