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Abstract

Sensory trick may relieve dystonic symptoms in patients with idiopathic cervical dystonia (CD). We investigated the patterns
of brain functional MRI (fMRI) during resting state, sensory trick simulation and sensory trick imagination in CD patients
both with and without an effective sensory trick. We recruited 17 CD patients and 15 healthy controls. Nine patients (CD-
trick) had an effective sensory trick, while 8 patients (CD-no-trick) did not. Cervical range of motion validated instrument
assessed dystonic posture and sensory trick effect. Participants underwent resting state fMRI, which was repeated by patients
while executing the sensory trick. Patients also performed an fMRI task in which they were asked to imagine a sensory trick
execution. CD-trick and CD-no-trick patients were comparable in terms of CD severity. Applying the sensory trick, CD-trick
patients significantly improved dystonic posture. CD-no-trick patients showed an increased functional connectivity of senso-
rimotor network relative to controls during classic resting state fMRI. During resting state fMRI with sensory trick, CD-trick
patients showed a decrease of sensorimotor network connectivity. During the sensory trick imagination fMRI task, CD-trick
relative to CD-no-trick patients increased the recruitment of cerebellum bilaterally. This study suggests a hyper-connectivity
of sensorimotor areas during resting state in CD-no-trick subjects. In CD-trick patients, the sensory trick performance was
associated with a decreased connectivity of the sensorimotor network. The increased activation of cerebellum in CD-trick
patients during the sensory trick imagination suggests a possible role of this area in modulating cortical activity.
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Introduction

Cervical dystonia (CD) is a common form of focal dystonia

characterized by involuntary twisting or turning movements

of the head leading to intermittent or constant abnormal
postures [1]. The sustained co-contraction of agonist and
antagonist muscles such as the sternocleidomastoid and the

splenius capitis interferes with voluntary movements with a
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electrotherapy has been reported to improve head position,
pain, and quality of life [7].

Up to 70-80% of CD patients have the possibility to
reduce dystonic symptoms using spontaneous alleviating
gestures, usually called “sensory tricks” [8]. These maneu-
vers consist in touching the face with fingertips to temporary
ameliorate the dystonic posture or to reduce the abnormal
movements causing discomfort [9]. A slight touch of the
chin, cheek or neck is usually sufficient to relieve symptoms
[10]. Sometimes, even the beginning or the imagination of
the gesture without touching the face are described as useful
to improve symptoms [11, 12].

Both the pathophysiology of CD and the mechanisms
underlying sensory trick phenomenon are still debated.
Several neuroimaging and neurophysiological studies have
investigated the pathophysiology of primary dystonia sug-
gesting a structural and functional alteration of the cere-
bello-thalamo-cortical circuit [13—17]. An altered cerebello-
thalamo-cortical connectivity may cause a loss of inhibition
at the cortical level and an excessive motor output [18]. Par-
ticularly, basal ganglia damage and their altered connections
with the thalamus and brainstem can cause hyperactivity of
the direct pathways and a consequent loss of inhibition of the
motor cortex [19, 20]. Recent evidence confirmed the pres-
ence of abnormal patterns of cortical sensorimotor inhibi-
tory functions in CD [21]. The presence of proprioceptive
deficits in CD patients has been suggested by the correlation
between the severity of the symptoms and the altered activ-
ity of the primary sensory cortex [22]. Cerebellum might
also play a key role in this complex scenario because of its
importance in the modulation of the primary motor cortex
output. Cerebellar alterations have been reported in dystonia
patients [23, 24]. A subsequent abnormal sensorimotor cor-
tex plasticity may occur in dystonia patients [25].

A few studies using positron emission tomography (PET)
and transcranial magnetic stimulation (TMS) suggested the
possible role of sensory trick in modulating the increased
sensorimotor cortex excitability in CD patients [26, 27].
The efficacy of sensory trick could be due to an integration
of both motor and sensory inputs which together may bal-
ance the abnormal inhibition to facilitation ratio at multiple
levels of the central nervous system [8, 26]. However, the
functional brain networks involved in the case of an effective
sensory trick are still under investigation. A better knowl-
edge of the mechanisms underlying alleviating maneuvers
could help to better understand the pathophysiology of CD
and to individuate new targets of treatment.

The aims of this study were to investigate the patterns
of resting state fMRI connectivity in patients with CD with
and without an effective sensory trick (CD-trick and CD-
no-trick), and to assess the patterns of brain fMRI activa-
tion during the imagination of sensory trick in CD-trick and
CD-no-trick patients.

@ Springer

Methods
Participants and clinical assessment

Seventeen patients with CD (9 CD-trick and 8 CD-no-trick)
and 15 matched healthy controls were enrolled. CD patients
with rotational torticollis and laterocollis were included.
We excluded cases with severe antero-retrocollis and head/
upper limb tremor interfering with the possibility to per-
form MRI. Neurological evaluation included the Toronto
Western Spasmodic Torticollis Rating Scale (TWSTRS)
(Table 1) [28]. In addition, CD patients performed a spe-
cific assessment of the head position to assess the severity
of the dystonic posture using a cervical range of motion
(CROM) validated instrument (Fig. 1, Table 1) [29]. CD-
trick patients underwent the CROM evaluation also with
the application of their own sensory trick to measure the
improvement of dystonic posture [30]. Patients were asked
to touch the chin, cheek or neck with the finger-tip accord-
ing to their most used and effective sensory trick maneuver.
Subjects were asked to perform the trick as they were used
to do, without voluntary activation of antagonistic muscles
and avoiding counterpressure. Both the maximal excursion
of dystonia and the posture achieved with sensory trick were
assessed 5 times each and a mean value was calculated to
take into account the possible dystonia variability during
the assessment. Through the CROM device, three dial angle
meters are used to take most of the measurements: the sag-
ittal plane meter and the lateral flexion meter are gravity
meters; the rotation meter is magnetic and responds quickly
to the shoulder-mounted magnetic yoke, accurately measur-
ing cervical rotation. The CROM device permitted to pre-
cisely assess the severity of dystonia by measuring cervical
rotation, lateral flexion, flexion and extension degrees and
to detect the effect of sensory trick on the head position. All
measures were acquired ~3 months after BONT-A injection,
immediately before the next injection (patients underwent
BoNT-A injections every 3 months).

MRI acquisition

Structural and functional MRI scans were obtained on a 3.0
Tesla system (Intera, Philips). The following sequences were
acquired:

Structural MR sequences

(1) T2-weighted spin echo (repetition time [TR]=3000 ms,
echo time [TE]=85 ms, echo train length=15,
flip angle =90°, matrix size=512x512, field of
view [FOV]=230x%208 mm? 46 axial slices with
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Table 1 Demographic and clinical data in CD-trick, CD-no-trick and healthy controls

Demographic and clinical variables HC CD-trick CD-no-trick p p D p CD-trick
CD-trick vs HC CD-no-  CD-trick vs  without trick vs
trick vs  CD-no-trick with trick
HC

Number 15 9 8 - - - -

Age (years) 55.86+5.19 55.53+1532 56.46+13.83 0.95 0.90 0.89 -

Sex (women/men) 8/6 5/4 4/4 0.94 0.74 0.81 -

Disease duration (years) - 19.49+15.69 11.94+6.37 - - 0.21 -

BoNT-A therapy duration (years) - 10.44+7.87 10.62+5.90 - - 0.95 -

N treatment cycles - 13.50+14.34 25.66+11.14 - - 0.20 -

TWSTRS - 26.00+9.54 15.37+6.73 - - 0.02 -

CROM antero/retrocollis without - 10.67+10.02 11.37+1445 - - 0.81 0.87
sensory trick [°]

CROM antero/retrocollis with sen- ~ — 6.81+5.51 - - -
sory trick [°]

CROM laterocollis left/right without — 10.93+£698 7.7+6.23 - - 0.93 0.017
sensory trick [°]

CROM laterocollis left/right with - 4.29+3.95 - - -
sensory trick [°]

CROM rotation left/right without - 32.89+23.84 10.97+7.11 - - 0.37 0.008
sensory trick [°]

CROM rotation left/right with sen- — 3.04+3.18 - - -

sory trick [°]

Values are means + standard deviations. p values refer to comparisons between CD-trick, CD-no-trick and HC using the Mann—Whitney test or
Chi squared; or to comparisons between CD-trick with sensory trick and CD-trick without sensory trick application using the Wilcoxon test

BoNT-Abotulinum toxin type A, CROM cervical range of motion [angular degrees], CD cervical dystonia, CD-no-trick CD patients not respon-
sive to sensory trick, CD-trickCD patients responsive to sensory trick, HChealthy controls, Nnumber, TWSTRS Toronto Western Spasmodic
Torticollis Rating Scale, with sensory trick CD-trick patients while applying sensory trick, without sensory trick CD-trick or CD-no-trick patients

while maintaining dystonia posture without sensory trick application

thickness =3 mm, voxel size 0.449 x0.449 x 3 mm3); 2)
three-dimensional (3D) sagittal T1-weighted fast field
echo: TR="7.1 ms, TE=3.5 ms, echo train length= 163, flip
angle =8°, matrix size =256 X256, FOV =256 x204 mm>,
150 axial slices with thickness =1 mm, voxel size=1x1x1
mm3).

Resting state fMRI

(1) T2*-weighted EP imaging (EPI) sequence for “classic”
resting state fMRI (TR =3000 ms, TE=35 ms, flip angle 90°,
matrix = 128 x 128, FOV =240 x 240 mm?, 30 axial slices
with thickness =4 mm, voxel size 1.875 % 1.875 x4 mm>; 100
sets of images). During scanning, subjects were instructed to
keep their comfortable head position, to remain motionless
and to keep their eyes closed; (2) the same T2*-weighted EPI
sequence for “sensory trick” resting state fMRI. CD subjects
were asked to perform (CD-trick) or to simulate (CD-no-trick)
the sensory trick (i.e., slight touch on the cheek/chin/neck)
before starting the scan and to maintain it for the entire scan-
ning while remaining motionless with eyes closed. Only when
the maximal effect of sensory trick was achieved (when the
patients were able to stay motionless with the hand on their

face), the technician started to acquire the scan to avoid move-
ments of the head during the acquisition. CD-no-trick patients
simulated sensory tricks, matching one by one the CD-trick
subjects;

Task-based fMRI

T2*-weighted EPI “sensory trick imagination” task:
TR =2500 ms, TE=35 ms, flip angle 85°, matrix=128 x 128,
FOV =240 x 240 mm?, 30 axial slices with thickness =4 mm,
voxel size 1.875x 1.875x4 mm?). A block design (ABAB)
was used, in which activation periods (A) alternated with rest-
ing periods (B). During activation periods (at the acoustic sig-
nal “go”), CD-trick patients were asked to imagine their own
effective sensory trick while CD no-trick imagined a simula-
tion of sensory trick. Before scanning, participants were famil-
iarized with the experimental conditions.

@ Springer
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Fig.1 Cervical range of motion (CROM) validated instrument used
to precisely assess the severity of dystonia by measuring cervical
rotation, lateral flexion, flexion and extension degrees and to detect
the effect of sensory trick on the head position

MRI analysis
Resting state fMRI: pre-processing

The main pre-processing steps were performed using
SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12
/) and REST software (https://resting-fmri.sourceforge.net/).
Resting state fMRI scans were rigid-body realigned to the
mean of each session to correct for minor head movements
(mean absolute cumulative translation in healthy controls:
x=0.11 mm, y=0.17 mm, z=0.18 mm; mean rotation:
x=0.23° y=0.11°, z=0.17°; mean absolute cumulative
translation in CD patients during “classic” resting state:
x=0.51 mm, y=0.53 mm, z=0.30 mm; mean rotation:
x=0.51°, y=0.40°, z=0.51°; mean absolute cumula-
tive translation in healthy controls in CD patients during
“sensory trick” resting state: x=0.47 mm, y=0.55 mm,
z=0.51 mm; mean rotations: x=0.57°, y=0.51°, z=0.57°).
Realigned resting state fMRI images were then normalized
to the SPM12 standard Montreal Neurological Institute
(MNI) EPI template using a non-linear transformation. Lin-
ear detrending and band-pass filtering (0.01-0.08 Hz) were
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performed to partially remove low-frequency drifts and
physiological high-frequency noise. Finally, normalized
images were smoothed using a 3D 6-mm Gaussian kernel.

Resting state fMRI: independent component analysis

Resting state functional connectivity (FC) was assessed
using independent component analysis (ICA) and the GIFT
software (https://mialab.mrn.org/software/gift/) following
three main steps: (1) data reduction, (2) group ICA, and
(3) back reconstruction, as described in detail elsewhere
[31]. The number of independent group components was
40, a dimension determined using the minimum descrip-
tion length criterion [31]. The statistical reliability of the IC
decomposition was tested using the ICASSO toolbox [32].

Visual inspection of the spatial patterns, a frequency
analysis of the spectra of the estimated ICs and a template-
matching procedure allowed removing components clearly
related to motion-related artifacts and physiological noise,
and to select the resting state sensorimotor network (Fig. 2a),
basal ganglia, right and left fronto-parietal networks, default
mode network, visual network, visuo-associative network
and cerebellum.

Resting state fMRI: seed-based functional connectivity
analysis

Statistical maps of resting state FC between the left and right
primary motor cortex, supplementary motor area and cer-
ebellum, separately, and the remaining voxels of the brain
were obtained for each subject using a seed-region correla-
tion approach. We decided to further explore seed-based FC
of specific sensorimotor areas with the whole brain because
the ICA analysis showed significant results only within the
sensorimotor network (see “Results”). Seeds of the primary
motor cortex, supplementary motor area and cerebellum
were obtained using the masks of L and R Brodmann Areas
(BA) 4, 6 and cerebellum included in the WFU PickAtlas
toolbox (https://fmri.wfubmc.edu/software/PickAtlas).
Then, resting state FC was investigated by calculating the
correlation coefficients between the time series extracted
from the L and R seeds and any other voxel in the brain. A
Fisher’s z transform was used to improve the gaussianity of
the obtained correlation coefficients.

Task-based fMRI

Changes in blood oxygenation level dependent (BOLD)
contrast associated with the performance of the tasks were
assessed on a pixel-by-pixel basis, using the general lin-
ear model and the theory of Gaussian fields. FMRI data
were analyzed using the statistical parametric mapping
(SPM12) software. Prior to statistical analysis, all images


https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://resting-fmri.sourceforge.net/
https://mialab.mrn.org/software/gift/
https://fmri.wfubmc.edu/software/PickAtlas

Journal of Neurology (2020) 267:1103-1115

1107

D JFC BA4 Left
Middle frontal

Cerebellum
4-5

7" ™ /d®)

Supramarginal  Superior parietal

Superior Precuneus Postcentral

temporal

Fig.2 a The resting state fMRI (RS-fMRI) sensorimotor network
obtained from the independent component analysis (ICA); b ICA
differences between healthy controls (HC) and patients with cervi-
cal dystonia without sensory trick (CD-no-trick) during the “clas-
sic” RS-fMRI; ¢ ICA differences between the “classic” RS-fMRI and
the “sensory trick” RS-fMRI in patients with cervical dystonia with

were realigned to the first one to correct for subject motion,
spatially normalized into the standard space of SPM, and
smoothed with a 10-mm, 3D-Gaussian filter. A first-level
design matrix, where motion parameters were used as
regressors of non-interest, was built. Then, specific effects
were tested applying appropriate linear contrasts (i.e., BOLD
changes occurring during sensory trick imagination in each
subject). Significant hemodynamic changes were assessed
using t statistical parametric maps (SPMt).

Statistical analysis
Demographic and clinical data

Demographic and clinical data were compared between
groups using the Mann Whitney test or Chi squared test.
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sensory trick (CD-trick); d seed-based functional connectivity of the
BA4: differences between CD-trick and HC during a “classic” resting
state fMRI; e seed-based functional connectivity of the BA4: differ-
ences between CD-no-trick and CD-trick during a “classic” resting
state fMRI. Results are shown on axial sections of the Montreal Neu-
rological Institute standard brain. Colour bars denote T values

Within the CD-trick groups, CROM values with and without
sensory trick application were compared using the Wilcoxon
test.

Resting state fMRI

Individual resting state maps derived from ICA and seed-
based FC maps were entered into SPM12 random-effect
analysis to assess significant within-group FC (one-sample
t test) and between-group differences (two-sample ¢ test).
Specifically, one-sample 7 test (p < 0.05, family wise error
[FWE] corrected for multiple comparisons) was used to
assess the average fMRI activity during the resting state with
and without sensory trick execution. A second-level random-
effect analysis was performed to assess differences between
CD groups and healthy controls during the “classic” resting
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state fMRI. A second-level random-effect analysis was per-
formed to assess differences between CD groups (CD-trick
vs CD-no-trick) during the resting state fMRI with the sen-
sory trick execution. Within-group changes after the sensory
trick application were evaluated using paired ¢ tests (“clas-
sic” resting state vs “sensory trick” resting state). Significant
results were corrected at the cluster level using small volume
correction (SVC) for multiple comparisons (10 mm radius,
cut off value for significance p <0.05).

Task-based fMRI

One-sample ¢ test in SPM was used to assess the aver-
age fMRI activity during the “sensory trick imagination”
task in each group (p < 0.05, FWE corrected). A second-
level random-effect analysis was performed to assess dif-
ferences between CD groups (CD-trick vs CD-no-trick)
during the task. Significant results were corrected at the
cluster level using SVC for multiple comparisons (10 mm
radius, cut off value for significance p <0.05).

Clinical-fMRI correlations

Multiple linear regression models were used to assess the
correlations between fMRI changes (“classic” vs “sen-
sory trick” resting state) and CROM showing significant
changes after sensory trick execution (rotation and latero-
collis) in DYT-trick patients.

Results

None of the study participants were excluded from analysis
because of motion artifacts. Head translations and rotations
were not significant (mean absolute cumulative translation
and rotation < 0.6 mm and degrees, respectively) both in
healthy controls and CD patients during the fMRI scans.

Clinical data

CD patients and healthy controls were matched for age and
sex (Table 1). CD-trick and CD-no-trick patients did not dif-
fer in terms of clinical variables (disease duration, therapy
duration and number of treatment cycles), except for the
TWSTRS values which were higher in the CD-trick group
(Table 1). All CD-trick patients showed an effective maneu-
ver ipsilaterally to head rotation, only two patients showed
also a contralateral sensory trick but less effective. For this
reason, all the patients were evaluated using their ipsilateral
sensory trick. The evaluation using CROM showed that CD-
trick and CD-no-trick patients were comparable in terms of
torticollis severity at rest. As expected, CD-trick patients
significantly reduced the rotation and laterocollis CROM
during the sensory trick application (Table 1).

Independent component analysis functional
connectivity

Only the sensorimotor network showed significant altera-
tions. During the classic resting state fMRI, CD-no-trick
patients showed an increased FC of the right premotor/
primary motor cortices and supramarginal gyrus relative
to healthy controls (Fig. 2b; Table 2). No differences were
observed between CD-trick and healthy controls. Only CD-
trick subjects showed an effect of sensory trick in terms of
reduced FC of the right pre/postcentral areas relative to rest-
ing state fMRI without trick (Fig. 2c; Table 2).

Seed-based functional connectivity
Classic resting state fMRI (no sensory trick)

During classic resting state fMRI, CD-trick patients showed
a decreased FC of bilateral BA 4 with fronto-parietal areas
bilaterally, left superior occipital cortex and right cerebel-
lum 4-5 relative to healthy controls (Fig. 2d; Table 3). CD-
no-trick patients showed no differences relative to healthy
controls. CD-no-trick relative to CD-trick patients showed

Table 2 Regions of decreased/
increased resting state

functional connectivity
(independent component
analysis) of the sensorimotor
network in CD-trick, CD-no-
trick patients and healthy
controls

“Sensory trick” resting state
fMRI < “Classic” resting state
fMRI

CD-trick

Area BA X y z T
“Classic” resting state fMRI
CD-no-trick>HC R Supramarginal gyrus 40 48 -32 40 5.29
R Premotor area 6 58 -4 42 6.69

N

50 - 11 28 7.72
50 -12 28 7.72

R Precentral gyrus

—

R Postcentral gyrus

BABroadmann area, CD cervical dystonia, CD-no-trick CD patients not responsive to sensory trick, CD-
trick CD patients responsive to sensory trick, FCfunctional connectivity, HChealthy controls, Lleft, Rright
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Table 3 Regions of decreased/increased resting state functional connectivity (seed-based) of the BA4 in CD-trick, CD-no-trick patients and

healthy controls

Area BA X y z T
“Classic” resting state fMRI
CD-trick vs HC | FC left BA4 L Middle frontal gyrus 8 —49 19 38 4.02
L Premotor area 6 - 54 5 38 4.00
L Supramarginal gyrus 40 - 62 -21 38 4.61
R Supramarginal gyrus 40 63 - 18 38 4.83
L Postcentral gyrus 1 -36 —42 66 5.19
R Postcentral gyrus 1 28 —41 66 6.08
L Superior parietal gyrus 7 - 18 — 64 66 5.12
| FC right BA4 R Middle temporal gyrus 38 50 12 -30 4.14
R Cerebellum IV_V / 11 —-43 8 4.79
L Premotor area 6 - 58 6 36 4.96
L Superior occipital lobe 19 - 16 -90 36 4.28
L Middle frontal gyrus 8 — 46 21 41 4.13
R Supplementary motor area 6 6 -5 56 4.21
R Precentral gyrus 4 49 - 11 56 3.79
R Superior parietal gyrus 7 23 - 67 56 4.45
L Supramarginal gyrus 40 -50 - 28 56 3.90
L Superior parietal gyrus 7 -33 -50 64 4.98
L Postcentral gyrus 1 -39 —40 67 5.13
R Postcentral gyrus 1 33 —45 67 6.33
L Supplementary motor area 6 - 16 10 69 4.03
CD-no-trick > CD-trick 1 FC left BA4 R Superior temporal gyrus 22 64 —40 10 4.95
L Precuneus 31 2 -39 49 4.20
R Precuneus 31 -2 -39 49 4.20
R Postcentral gyrus 1 30 -35 72 5.27
1 FCright BA4 L Cerebellum cyrus_I / - 38 - 56 -30 5.36
R Insula 13 36 2 7 7.29
L Supplementary motor area 6 -2 - 40 48 6.05
“Sensory trick” resting state fMRI

CD-trick vs CD-no-trick | FC left BA4 R Primary visual cortex 17 14 -85 8 4.66
R Secondary visual cortex 18 15 — 86 12 4.92
R Cuneus 18 11 - 96 12 5.30
L Inferior frontal gyrus 44 -39 21 23 5.25
L Precuneus 31 -3 - 53 48 4.80
R Precentral gyrus 4 45 - 14 48 5.91
L Supplementary motor area 6 - 18 -4 64 4.95
R Supplementary motor area 6 18 -4 72 5.18
R Postcentral gyrus 1 30 —-43 72 5.12
| FCright BA4 L Supplementary motor area 6 -3 -25 53 5.33
L Secondary visual cortex 18 —-12 -9 -6 4.46
L Calcarine 18 0 - 80 -4 4.46
L Precuneus 31 -3 - 38 54 5.33
L Precentral gyrus 4 50 -12 58 4.46

“Classic” resting state fMRI and “sensory trick” resting
state fMRI
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Table 3 (continued)

Area BA X y z T
CD-trick 1 FC left BA4 L Amygdala 34 -21 0 - 16 6.07
L Caudate 48 - 14 -1 20 4.82
| FC left BA4 R Fusiform gyrus 37 40 —-42 -20 8.49
L Inferior occipital 18 -20 - 98 -8 4.79
L Secondary visual cortex 18 -12 - 61 4 5.36
R Secondary visual cortex 18 12 - 61 4 7.17
L Middle occipital 19 -37 - 83 19 6.64
R Precentral 4 53 -6 24 7.05
L Angular gyrus 39 —-43 - 68 24 5.76
R Postcentral gyrus 1 52 - 14 33 6.64
L Precuneus 31 0 -6l 38 5.69
L Superior frontal gyrus 8 -20 34 40 8.14
L Middle frontal gyrus 9 — 18 33 41 5.50
| FC right BA4 R Fusiform gyrus 37 30 —40 - 18 6.15
L Superior frontal gyrus 9 -22 37 35 7.33
L Precuneus 31 -6 - 60 44 6.68
L Middle frontal gyrus 6 -24 12 58 5.52
CD-no-trick | FC left BA4 L Cerebellum crus_II / - 50 - 58 —41 13.35
L Cerebellum crus_VIIb / -3 -173 -30 8.37
1 FC left BA4 R Inferior frontal operculum 44 60 18 20 8.37

BA Broadmann area, CD cervical dystonia, CD-no-trick CD patients not responsive to sensory trick, CD-trick CD patients responsive to sensory

trick, FC functional connectivity, HChealthy controls, Lleft, Rright

an increased FC of left BA 4 with right postcentral gyrus,
left precuneus and right superior/inferior temporal gyri and
between right BA 4 and bilateral supplementary motor area,
right insula and left cerebellum crus I (Fig. 2e; Table 3).

Resting state fMRI with sensory trick

During resting state fMRI with sensory trick, CD-trick
showed a decreased FC of bilateral BA 4 with frontal, pari-
etal and occipital areas relative to CD-no-trick patients
(Fig. 3a; Table 3).

Resting state fMRI with vs without sensory trick

CD-trick patients, performing sensory trick, showed a
reduced FC between bilateral BA 4 and frontal, parietal
and occipital areas and an increased FC of left BA 4 with
left caudate and amygdala was observed during resting
state fMRI with trick relative to resting state without trick
(Fig. 3b; Table 3).

CD-no-trick subjects, during resting state with the simu-
lated sensory trick relative to resting without trick, showed
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a reduced FC of left BA 4 with cerebellar cortex (just few
spots in crus II and VIIb) and an increased FC between left
BA 4 and right inferior frontal operculum (Table 3).

Task-fMRI: sensory trick imagination task

Figure 4a shows the fMRI patterns of activation in CD
patients during the sensory trick imagination fMRI
task. CD-trick relative to CD-no-trick patients had an
increased recruitment of right (x=38; y=— 62; z=— 34,
T value=4.05) and left (x=— 30; y=—64; z=—36; T
value =5.27) cerebellum crus I (Fig. 4b).

Correlations

ICA fMRI results did not show any correlation with CROM
values. Seed-based fMRI analysis showed that CROM
improvement during the sensory trick execution was cor-
related with FC changes between classic and sensory trick
resting state in CD-trick subjects. Lower values of rotational
CROM (lower severity of dystonic symptoms using sensory
trick) correlated with a higher reduction of FC between right
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Fig.3 a Seed-based functional connectivity of the BA4: differences
between patients with cervical dystonia with sensory trick (CD-trick)
and without sensory trick (CD-no-trick) during “sensory trick” rest-
ing state fMRI; b seed-based functional connectivity of the BA4: dif-

BA 4 and left postcentral gyrus (BA=1; x=—48, y=— 23,
z=30; T value="7.32; r=— 0.93), superior frontal gyrus
(BA=10;x=—-20, y=62, z=22; T value=9.79; r=— 0.88)
and precuneus (BA=31; x=- 5, y=— 55, z=43; T
value=11.48; r=— 0.86).

Discussion

This study investigates brain fMRI patterns during resting
state, sensory trick simulation and sensory trick imagina-
tion in CD patients both with and without an effective sen-
sory trick. Results showed that CD patients had an overall
increased resting state functional connectivity of the senso-
rimotor network. However, considering CD-trick and CD-
no-trick cases separately, different patterns of resting state
brain connectivity alterations were observed: CD-no-trick
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ferences between “classic” and “sensory trick” resting state fMRI in
CD-trick patients. Results are shown on axial sections of the Mon-
treal Neurological Institute standard brain. Colour bars denote T val-
ues

patients showed not only an increased functional connec-
tivity within the sensorimotor network (premotor and pri-
mary motor cortices) compared to healthy controls but also
between BA4 and parietal, temporal and cerebellar regions
relative to CD-trick patients; on the other hand, CD-trick
patients showed a decreased functional connectivity between
BAA4 and frontal, parietal, occipital and cerebellar areas rela-
tive to healthy controls. In CD-trick patients, the sensory
trick was associated with a functional connectivity modu-
lation both within the sensorimotor network and between
sensorimotor and frontal, parietal and occipital areas. Inter-
estingly, the improvement of dystonic posture during the
sensory trick execution in CD-trick patients was correlated
with the functional connectivity decrease between BA4 and
frontal/parietal areas.

These findings support the hypothesis that CD is a net-
work disorder involving not only the sensorimotor network
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Fig.4 a fMRI patterns of activations in patients with cervical dys-
tonia with and without sensory trick during a “sensory trick imagi-
nation” task; b Differences in fMRI patterns of activations between
patients with cervical dystonia with sensory trick (CD-trick) and

but also executive and visual circuits [33, 34]. Previous
resting state fMRI results have already suggested a func-
tional miscommunication between different brain areas
in CD patients showing both increased and decreased
functional connectivity alterations [34—-36]. Particularly,
a decreased functional connectivity of the sensorimotor
and visual networks and an increased functional connec-
tivity of the executive network were found in CD patients
[34-36]. Our results are only partially in line with previous
findings. Indeed, we found an overall increased connectiv-
ity of the sensorimotor network, which was mainly driven
by the CD-no-trick group. On the contrary, we found that
patients with an effective sensory trick had a reduced con-
nectivity between sensorimotor areas and visual/execu-
tive areas, which was further reduced with the sensory
trick execution. We can speculate that CD-trick patients
have the possibility to frequently modulate the functional
connectivity of sensorimotor, visual and executive circuits
through sensory trick. It is well known that the sensory
trick has a temporary effect, however these patients use
the sensory trick very often in their daily life. Thus we
can hypothesized that they constantly modulate their brain
activity reducing the hyper-connectivity of sensorimotor
areas. Also preliminary PET findings suggested that sen-
sory trick reduces the recruitment of the supplementary
motor area and primary sensorimotor cortex contralateral
to the side of CD and improves the activation of the ipsi-
lateral parietal cortex [27].

@ Springer

T values

without (CD-no-trick) during a “sensory trick imagination” task.
Results are shown on an axial section of the Montreal Neurological
Institute standard brain. Colour bar denotes T values

Some evidence showed that patients with CD have pro-
prioceptive and somatosensory integration deficits [37—40],
which are less prominent in patients presenting an effec-
tive alleviating maneuver [39]. Thus, sensory trick could
improve the integration of peripheral sensory input, which
could modulate the motor cortex output [41]. Recent evi-
dence confirmed the presence of different proprioceptive
processing in CD patients with and without an effective sen-
sory trick, reinforcing the hypothesis about different patho-
physiological mechanisms in CD subgroups [42].

The cerebellum is highly involved in the modulation of
the primary motor cortex output by integrating sensorimotor
information, correcting abnormal patterns of movements,
supporting executive functions and contributing to the gen-
eration of pre-programmed motor patterns [20]. Different
studies showed structural, functional and metabolic cerebel-
lar alterations in primary dystonia patients and a miscom-
munication between cerebellum and basal ganglia in CD
subjects [23, 24, 43, 44]. Also evidence from the stroke lit-
erature suggested that patients with cerebellar lesions can
present dystonic symptoms [45]. Moreover, post-mortem
studies confirmed a loss of cerebellar Purkinje cells in CD
patients [46]. Thus, there is a growing interest in studying
the potential role of the cerebellum in the pathophysiology
of dystonia and in the mechanisms underlying sensory trick
efficacy [20, 47]. In this study, we found that CD-no-trick
patients had an increased connectivity between BA4 and
cerebellum at rest relative to CD-trick cases. We also found
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that the sensory trick imagination elicited an increased acti-
vation of the cerebellum in CD-trick patients. To date, it
is not clear if the cerebellar involvement in CD subjects is
causal, contributory, or compensatory [48]. We hypothesized
that the increased recruitment of the cerebellum during the
sensory trick imagination might play a compensatory role
to inhibit the abnormal motor output and to reduce dystonic
manifestations. Accordingly, preliminary studies suggested
that non-invasive cerebellar stimulation with TMS could
be a promising way to modulate CD symptoms [49, 50].
Probably, CD-trick subjects have the possibility to modu-
late the activity of the cerebellum during the sensory trick
execution and thus they preserve an “adaptation” ability,
which is considered a type of motor learning [47]. If this
is the case, we can speculate that CD-trick patients might
have better chances to respond to rehabilitation approaches
[7] such as physiotherapy and TMS relative to CD-no-trick
patients. Thus, intensive movement practice together with
neuromodulation could enhance motor re-learning particu-
larly in CD subjects with a preserved ability to adapt the
sensorimotor circuit such as CD-trick patients. On the other
hand, the increased activity of the cerebellum during imagi-
nation of sensory trick in the CD-trick group could reflect
a higher sensorimotor and working memory ability because
these subjects repeat the gesture every day. Future studies
should also investigate patients with a partial sensory trick
effect or patients who lost the sensory trick effectiveness to
better clarify the role of cerebellum.

This study is not without limitations. First, the sample
size is small and consequently the fMRI analysis are cor-
rected at a cluster level, but it is important to consider that
CD patients fulfilling the criteria to perform fMRI are rare
(we excluded patients with important antero-retrocollis and
head tremor interfering with the possibility to perform MRI).
Moreover, CD was relatively more severe in CD-trick rela-
tive to CD-no-trick patients. We think that this heterogeneity
could only partially affect our results because, despite the
more severe symptoms, CD-trick patients have the poten-
tial to ameliorate dystonia and to modulate brain functional
connectivity during sensory trick execution. Furthermore,
the correlation between fMRI results and CD improvement
(objectively evaluated using the CROM assessment) during
sensory trick execution supports the specificity of our find-
ings. Second, the lack of standardization of fMRI stimuli is
a critical point of our experiment. By definition, the effec-
tive maneuvers were different among CD-trick patients.
Although sensory tricks simulated (or imagined) by CD-
no-trick patients were matched one by one with those of
CD-trick subjects, we cannot rule out that the variability of
the stimuli had impacted our results. Moreover, the supine
position maintained to lying down in the scanner could par-
tially alleviate CD; thus, the occiput touching the bed could
work as a sensory trick per se [10]. As we noticed that both

CD-trick and CD-no-trick patients showed a slight allevia-
tion of dystonia lying down in the scanner without a com-
plete resolution and with no apparent differences between
groups, we can hypothesize that the different fMRI patterns
observed in the two patient populations are not directly
related with the position during the scan.

In conclusion, this study demonstrates two different
patterns of brain FC in CD patients with and without an
effective sensory trick. This study contributes to the cur-
rent knowledge about the mechanisms underlying allevi-
ating maneuvers in CD and could suggest new targets of
treatment.
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