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ABSTRACT: Background: Cervical dystonia is charac-
terized by abnormal neck and head movements, possibly
related to a dysfunction of the interstitial nucleus of Cajal
(INC) and the head neural integrator, a system responsi-
ble for the control of head and eye movements. How-
ever, neuroanatomical evidence of alterations in the head
neural integrator in cervical dystonia is sparse.
Objectives: We investigated structural and functional
integrity of the INC and its connections in cervical dystonia.
Methods: This cross-sectional, observational study com-
pared 19 cervical dystonia patients and 21 healthy con-
trols, using anatomical, diffusion-weighted, and resting-
state functional images. We reconstructed tracts con-
verging on the INC, and involved in the control of head
movements. We evaluated group differences in micro-
structural integrity using fixel-based analysis, and effec-
tive connectivity using dynamic causal modeling.
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Results: Compared with controls, patients showed
microstructural abnormalities within the INC and cerebral
peduncle. Effective connectivity showed abnormal self-inhi-
bition in the INC, substantia nigra, and vermis in patients,
with decreased excitation from the substantia nigra to the
INC, increased inhibition from the deep cerebellar nuclei
and primary sensorimotor cortex, and decreased excitation
from the INC to the cerebellar vermis.

Conclusions: A dysfunction of the INC might contribute to
altered sensorimotor integration in cervical dystonia, and
abnormal feedback from its afferent connections could alter
its integrative function, resulting in a disturbed head and
neck posture. © 2025 The Author(s). Movement Disorders
published by Wiley Periodicals LLC on behalf of International
Parkinson and Movement Disorder Society.

Key Words: interstitial nucleus of Cajal; fixel-based
analysis; dynamic casual models; brainstem

Cervical dystonia (CD) is a focal form of dystonia,
characterized by sustained or intermittent neck move-
ments, resulting in abnormal posture of head, neck,
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and/or shoulders."* CD is considered a large-scale-
network disorder, and includes nodes in the
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frontoparietal regions, the insula, and the cerebellum.
In parallel, CD has been linked to a dysfunction of the
head neural integrator, a system by which eye and head
movements are coordinated through the integration of
gaze velocity signals into tonic position commands.”'°
In particular, the interstitial nucleus of Cajal (INC) rep-
resents a central hub of the head neural integrator,
processing information from spinal, subcortical, and
cortical areas to control head and eye movements.'">!?
The INC lays in the brainstem within the medial longi-
tudinal fasciculus (MLF), and is part of the reticular
formation, ventrolateral to the periaqueductal gray
matter in the rostral part of the midbrain.'? Studies in
animals and humans have confirmed that the INC influ-
ences the control of the head,'® vertical and torsional
eye movements, and vestibulo-ocular responses.'*'*

Early research in CD patients has shown that vertical
head movements and contraction of the neck muscles
can be modulated by electrical stimulation of the
INC.'? Electrical recording of INC neurons in CD
patients has suggested that the oculomotor function is
normal in CD, whereas combined head-eye movement
is defective, possibly due to abnormal head turning,
which could interfere with saccadic function.'"

One attractive hypothesis on the pathogenesis of CD
is that abnormal feedback from the cerebellum, basal
ganglia, or cerebral cortex converging on the head neu-
ral integrator can alter its integrative function and subse-
quent generation of the motor program. Alternatively,
an intrinsic dysfunction of the INC and disrupted com-
munication with structures involved in its efferent path-
ways could explain the defective head neural integrator
in CD.13:19-23

Indeed, the INC receives afferent fibers from the deep
cerebellar nuclei,”* cortical regions such as the frontal
eye field (FEF), the supplementary motor area (SMA),
and the sensorimotor cortex, as well as the substantia
nigra (SN).'? Studies have further postulated that
abnormal activity of lateral cerebellar lobules and den-
tate nucleus in CD could affect the feedback system that
stabilizes gaze during head movements.®!>1%2>2¢ Like-
wise, abnormal integration of the neck proprioceptive
information at the cerebellar level could partially
explain the mechanisms of CD.?” CD patients also
show functional and structural abnormalities in wide-
spread cortical networks involving parietal, motor, and
premotor cortices connected with the INC.%”*%%? In
particular, head shift has been associated with struc-
tural and functional changes in the FEF and of the
head/trunk representation areas in the sensorimotor
cortex.>?” There is also evidence that the nigro-
brainstem pathway might functionally contribute to
symptoms in CD.?*-*!+32

The mechanisms leading to dysfunction of the head
neural integrator in CD, whether they are associated to
INC intrinsic properties or to dysregulation of the INC

6,8

connections, are unknown, mostly because technical
challenges have hampered direct neuroimaging evidence
of structural or functional dysfunctions of the INC.

Here, after careful localization of the INC through a
systematic pipeline, we investigated morphometry of
white matter fibers in the circuitry of the head neural
integrator using fixel-based analysis (FBA), as well as
effective connectivity using dynamic casual modeling
(DCM) on resting-state functional magnetic resonance
imaging (fMRI). We hypothesized that, compared with
healthy controls (HC), CD patients show abnormalities
in the INC and its circuitry, at both structural and func-
tional levels.

Methods

Subjects and General Procedure

Nineteen CD patients (7 males, mean age=
47.3 £ 8.6 years) and 21 HC (9 males, mean age =
45.3 £ 10.6 years) participated in this cross-sectional,
observational study. We included patients with a diag-
nosis of idiopathic CD, no botulinum toxin injection
(BoT) within 3 months prior to the examination, and
stable pharmacological treatment for at least 1 month
prior to the experiment. We excluded participants with:
(i) a neurological disorder other than CD, (ii) any sec-
ondary etiology of CD, and (iii) incompatibility with
MR environment. All patients performed the Toronto
Western Spasmodic Torticollis Rating Scale (TWSTRS),
subscale for severity, at the time of inclusion to assess
symptom severity.>> Between-group differences in age
were assessed with independent-sample -tests, and dif-
ferences in the ratio between male and female partici-
pants were assessed with y* tests.

During the MR session, participants lay still in the
scanner while fixating a cross displayed on a screen.
Eye-tracking was employed to monitor their gaze. We
acquired diffusion-weighted imaging (DWI), resting-
state fMRI, and one structural image in one single ses-
sion with a 3 T Magnetom Prisma (Siemens, DE) and a
64-channel head coil. Detailed acquisition parameters
and preprocessing steps are included as Supplementary
Material and Supplementary Figure S1.

The study was carried out in accordance with the lat-
est version of the Declaration of Helsinki and approved
by the local Ethics Committee (approval number:
C17-04-AU1360, ClinicalTrial.gov ID: NCT03351218).
All participants gave their written informed consent
prior to inclusion.

Localization of the Interstitial Nucleus of Cajal

The exact delineation of the INC was done together
with an experienced neuroanatomist (D.H.), by using
anatomical landmarks, and then verified by two inde-
pendent procedures.
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We first used the Atlas of the Human Brainstem as
the template for the identification of the INC.** In the
atlas, we measured the total length from the obex to
the meso-diencephalic junction, which was 64 mm, and
searched for the INC on each plane along the vertical
line. The INC was visible from the plane obex+41 mm
to obex+47 mm (Supplementary Table S1).

We then considered the T1-weighted images in MNI
space and realigned them to the sagittal plane with the
obex, the floor of the fourth ventricle, and the posterior
commissure (Fig. 1A). In this way, the T1-weighted
images and the brainstem atlas presented the same orien-
tation. We then imported the realigned T1-weighted
images into Mango (Research Imaging Institute, Univer-
sity of Texas, San Antonio, TX, USA), and set the refer-
ence point at the tip of the obex in the midsagittal plane.
For each histological plane, we chose the nearest MR
axial planes of the atlas between obex+41 mm to obex
+47 mm, and selected obex+45 mm as the best slice.
After superimposing the atlas regions over the
T1-weighted images (Fig. 1B), the INC was localized in
the upper midbrain, at the level of the superior colliculus,
below the rostral interstitial nucleus of the MLF, at the
level of the upper part of the red parvocellar nucleus.

With the first verification method, we checked that the
INC was intermingled with the MLF (Fig. 1C, see also
Supplementary Material for detailed extraction of the
MLF). With the second verification method, we checked
that it was ventrolateral to the nucleus of Darkschewitsch
and dorsolateral to the red parvocellar nucleus.

Fixel-Based Analysis (FBA)

In order to define the tracts of interest (TOIs) of the
head neural integrator, we reconstructed the white
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NUCLEUS AND CERVICAL DYSTONIA
matter fibers passing through the INC from the whole-
brain tractogram, based on existing literature in animal
and human research.'>* We then isolated seven tracts
responsible for eye and head control: (i) a tract
connecting the right and left INC to the cerebellar ver-
mis, flocculus and para-flocculus, passing through the
inferior olive and the inferior cerebellar peduncle
(Fig. 2A),**37 (ii) two tracts connecting the right and
left INC to the contralateral dentate and fastigial nuclei
of the cerebellum, respectively, through the superior
cerebellar peduncle (Fig. 2B),>***® (iii) two tracts con-
necting the right and left INC to the ipsilateral FEF,
SMA, and neck representation area of the sensorimotor
cortex, respectively, through the cerebral peduncle
(Fig. 2C), and (iv) two tracts connecting the left and
right INC to the ipsilateral SN (Fig. 2D; see details on
the employed regions of interest — ROIs — in the Supple-
mentary Material and Supplementary Fig. S$2).°”*°
Other INC connections not involved in eye and head
movement were not extracted. To verify the specificity
of the INC tracts, we reconstructed the neighboring
medial lemniscus, corticospinal and cerebellothalamic
tracts, and verified that no overlap existed between
these tracts and the INC ones. (Supplementary Fig. S3).
For each voxel of the INC, we considered a 5000-fiber
streamline with the following tracking parameters: step
size = 0.5 mm, maximum trace length = 100 mm, and
maximum angle between successive steps = 45°.*1 We
then binarized the identified tracts, merged them in one
single TOI, and consider that as the actual TOI for the
statistical analyses.

We investigated white matter fiber-specific differences
between CD patients and HC with FBA.** We
extracted fiber density (FD) and fiber bundle cross-
section (FC), as indicators of the within-voxel intra-

(C)

)

A

4

-N_

@.
=

FIG. 1. Localization of the interstitial nucleus of Cajal (INC). (A) Sagittal view. (B) Axial view at Obex+45. (C) Three-dimensional (3D) visualization of the
INC within the medial longitudinal fasciculus (MLF). The MLF is depicted in dark blue, the medial lemniscus in yellow, and the corticospinal tract in light
blue. White crosshairs indicate the INC, and the red box indicates the axial view in 3D. PAG, periaqueductal grey; DK, nucleus of Darkschewitsch;
RPC, red parvocellular nucleus; MB, mamillary body. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 2. Tractography of the interstitial nucleus of Cajal (INC) and definition of the tracts of interest (TOls). (A) Efferent tract from the bilateral INC to the
cerebellar vermis and flocculus. (B) Afferent tracts from the cerebellar dentate and fastigial nuclei to the contralateral INC. (C) Afferent tracts from the
frontal eye field (FEF), supplementary motor area (SMA), and neck representation area of the somatosensory cortex to the ipsilateral INC. (D) Afferent
tracts from the bilateral substantia nigra to the ipsilateral INC. Crosshairs indicate the INC. Tracts through the right INC are depicted in blue, tracts
through the left INC are depicted in red, and climbing fibers from the bilateral olive to the cerebellar flocculus, para-flocculus, and vermis are depicted

in yellow. [Color figure can be viewed at wileyonlinelibrary.com]

axonal volume of a fiber bundle and between-voxel
intra-axonal volume of the fiber bundle, respectively.
We also computed a third measure combining FD and
FC (ie, FDC). We performed connectivity-based
smoothing and statistical inference with connectivity-
based fixel enhancement (CFE), using 2 million stream-
lines, C = 0.5, E =2, H = 3, and smoothing = 10 mm
full width at half maximum.** Finally, we implemented
a general linear model (GLM) testing statistical differ-
ences between CD patients and HC in FD, FC, and
FDC, respectively, in the defined TOIs. We included
total intracranial volume (TIV), age and sex as nuisance
regressors, and used family-wise error (FWE) to correct
for multiple comparisons (peorrected < 0.050).%*

Dynamic Casual Modeling (DCM)

We studied the effective connectivity with dynamic
casual modeling (DCM), and addressed directionality
of information across regions connected to the INC.
ROIs, as defined in the FBA and transformed into
MNI space (see Supplementary Fig. S4), included the
merged left and right INC (n = 20 voxels) to ensure
sufficient BOLD signal resolution. ROIs were sorted
into those sending information to the INC (ie, SMA,
FEF, SN, deep cerebellar nuclei, and neck/trunk repre-
sentation in the primary sensorimotor regions, as iden-
tified from the Brainnetome Atlas® and previous
research®’), and those receiving information from the
INC (ie, bilateral cerebellar vermis, flocculus, and
para-flocculus). BOLD signals were extracted as the
first eigenvariate of the voxels within each region.
Using parametric empirical Bayes (PEB) methodology,
we determined the direction and strength of excitatory

and inhibitory connections.**** We defined different
models based on the categories of ROIs. All the
models included the bilateral INC. Models of afferent
connections to the INC were based on the laterality of
anatomical connections converging on the INC, with a
maximum of four input ROIs. For instance, we
included in the same model the left cortical (associa-
tive and primary somatosensory) areas, left SN, and
the right deep cerebellar nuclei, and entered the right
cortical areas, right SN, and left deep cerebellar nuclei
in a separate model. The model of efferent connections
from the INC included the vermis, flocculus, and
paraflocculus.

For each analysis (ie, two cortical afferents, two cere-
bellar afferents, and one cerebellar efferent, respec-
tively), the PEB model tested both the commonalities
across all participants and between-group differences.
All models included framewise displacement as co-
variate to account for potential influence of head
movements. Then, we used a data-driven approach
(ie, automatic search) over connection parameters to
remove any parameters from the PEB not contributing
to the model (ie, the commonalities across participants
and between-group differences). The parameter values
from the final iteration of the search were averaged and
weighted by their model evidence (Bayesian model aver-
aging) considering all participants.>®

Finally, we extracted two measures from the resting-
state effective connectivity: intrinsic connectivity and
coupling parameter between nodes. The former, also
referred to as self-inhibition, is a marker of internal
instability of a region, reflecting how sensitive a region
is to afferent inputs. The latter reflects how one area
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drives the activity of another in a positive or negative
manner, termed excitatory for positive parameters and
inhibitory for negative parameters. We report estimated
parameters with a high level of evidence (posterior
probability, P > 0.95) based on free energy.>®

Results

Population

No significant differences were found in age, cogni-
tive abilities, and sex ratio between male and female
participants (Table 1). Thirteen patients suffered from
torticollis as a major clinical presentation, four
from lateral shift and two from laterocollis. Seven
patients showed right laterality of head position. A
detailed description of the clinical presentation is dis-
played in Supplementary Table S2.

Fixel-Based Analysis (FBA)

The results of FBA evidenced significant differences
between CD patients and HC. The tracts from the right
and left sensorimotor and premotor regions towards
the ipsilateral INC showed decreased FDC in CD
patients, within the bilateral INC proper (pPeorrected =
0.046), and within the bilateral cerebral peduncle
(Peorrected = 0.038, Fig. 3). Similarly, CD patients
showed reduced FD in the bilateral cerebral peduncle
(Peorrected = 0.044). These abnormalities were located in
white matter fibers that specifically connect the cerebral
cortex and the INC, as they did not overlap with the
corticospinal tract and the cerebellothalamic tract (see
Supplementary Fig. S3).

Dynamic Casual Modeling (DCM)

The results of DCM evidenced significant differences
between CD patients and HC in the effective connectiv-
ity (Supplementary Tables S3-S5). Commonalities are
displayed in Figure 4A,C and show the results of the

TABLE 1  Study participants’ clinical and demographic information.

r CAJAL

NUCLEUS AND CERVICAL DYSTONIA
baseline characteristics of connectivity parameters.
Based on these commonalities, we can infer on the
group differences (increase or decrease) displayed in
Figure 4B,D. Effective connectivity showed group dif-
ferences in both self-inhibition and coupling parame-
ters. Compared with controls, patients had decreased
self-inhibition of the INC and SN, but increased self-
inhibition of the associative frontal cortex and the ver-
mis (see short curved arrows in Fig 4B and 4D). In
addition, patients showed increased inhibitory connec-
tion from areas sending information to the INC (i.e.,
from the deep cerebellar nuclei and the left primary sen-
sorimotor cortex). Patients showed decreased excitatory
connection from the bilateral SN to the INC (Fig. 4B).
Lastly, patients showed decreased excitatory connection
from the INC to the cerebellar vermis (Fig. 4D).

Discussion

Compared with HC, CD patients showed microstruc-
tural abnormalities, namely decreased FD and FDC, in the
INC and within the cerebral peduncles connecting motor
and premotor regions to the INC. Patients also showed
lower self-inhibition in the INC and SN, as well as higher
self-inhibition in the cerebellar vermis and associative fron-
tal areas. Moreover, cerebellar, SN, and primary sensori-
motor connections had abnormal modulatory drive on the
ING, and the INC showed abnormal modulatory drive on
the cerebellar vermis. Our findings bring experimental evi-
dence in humans supporting an important role of the head
neural integrator in the pathogenesis of CD.

Localizing the INC is challenging, due to its small size
and position within the midbrain.'? Based on a-priori
neuroanatomical knowledge, we propose a pipeline to
identify its location. Using a well-known atlas,>* we
defined precise anatomical landmarks, such as the obex
and the forth ventricle to isolate the axial plane con-
taining the INC, as well as the nucleus of

Parameter CD (N =19) HC (N = 21) Statistics

Sex (male/female) 7/12 9/12 x(1) = 0.15, P = 0.698
Age (years), mean = SD 47.3 £ 8.6 45.3 £10.6 #(38) = 0.66, P = 0.512
WAIS-IV 116.3 £5.6 116.3 £ 4.8 1(38) = 0.02, P = 0.984
BDI 37£43 09+13 1(38) = 2.84, P = 0.007
TWSTRS 18.0 + 4.3 = =

Opverall medication, n (% of CD) 19 (100%) =

BoT, n (% of CD)* 17 (89.5%) =

Note: Comparison of clinical and demographic scores between groups.

Abbreviations: BoT, botulinum toxin injection; BDI, Beck Depression Inventory; CD, cervical dystonia; HC, healthy controls; SD, standard deviation; TWSTRS, Toronto

Western Spasmodic Torticollis Rating Scale; WAIS, Wechsler Adult Intelligence Scale.
Last botulinum toxin injection administered at least 3 months prior to the experiment.
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FIG. 3. Results of fixel-based analysis. Reduced FDC (a measure combining fiber density and fiber bundle cross-section) in patients in the cerebral
peduncle, bilaterally. Crosshairs indicate the peak of the significant differences. Clusters represent the P-values corrected for multiple comparisons with

family-wise error (FWE). [Color figure can be viewed at wileyonlinelibrary.com]

Darkschewitsch, the red parvocellular nucleus, and the
superior colliculus for the in-plane localization of
the INC. Next, we confirmed the INC localization by
reconstructing the MLF based on independent proce-
dures described in the literature and verified its overlap
with the INC.'> We used a combination of cutting-edge
methods (ie, FBA and DCM) to investigate the head
neural integrator network and its dysfunction in
CD. More precise than standard voxel-based methods,
FBA enables the investigation of microstructural prop-
erties of white matter fibers, such as direction within a
fiber bundle connecting distant brain areas.***° For
instance, the differences observed in the cerebral pedun-
cle were likely due to a smaller number of axons or the

(e-)- FEF/SMA — ®) EEF/SMA

Left cerebral hemisphere
alaydsiway |e1qai1a0 Jybry

Left cerebellar hemisphere
alaydsiway Je|jagalao by

presence of smaller axons (ie, reduced FD), or a combi-
nation of smaller axons and axonal shrinkage (ie,
reduced FDC).** Complementarily, DCM brought valu-
able insights on the INC afferent and efferent connec-
tions, and on the sensitivity of a specific brain area to
its afferent input.*®

Some limitations should be mentioned. We cannot
reliably distinguish causal, compensatory, and epiphe-
nomenal mechanisms across networks.” Of note, we
considered excitatory/inhibitory connections in the con-
text of DCM (ie, when a given region negatively drove
the activity of the other region).”' However, we cannot
infer causal relationships at the neurophysiological level
(ie, on the effect one neuron has on the firing activity of

© (D)

— INC

Dorsal view

Ventral view

Floccullus
Nodulus

Floccullus
Nodulus

FIG. 4. Results of dynamic casual modeling (DCM) analysis. (A-B). Models with afferent connections to the interstitial nucleus of Cajal (INC). (C-D)
Model with efferent connections from the INC. (A) and (C) display the main effect of the connection, from the model averaging over the whole study
population. (B) and (D) display the group difference with P > 0.95. Red arrows display positive coupling parameters termed excitatory connections. Blue
arrows display negative coupling parameters termed inhibitory connections. The arrow thickness coded for the strength of coupling parameters. For
details on the coupling strength see Supplementary Table S2. FEF, frontal eye field; SMA, supplementary motor area; SM1, primary sensorimotor cor-
tex; SN, substantia nigra. [Color figure can be viewed at wileyonlinelibrary.com]
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another).’? In addition, we did not verify the INC loca-
tion using an eye-movement paradigm or vibration
stimulation over the neck during task-based fMRI. This
would have been possible with a 7T scanner rather
than the 3 T scanner used in the present study. Future
research may examine the specific activity of the INC
with such task-based fMRI experiments. It is worth
noting that even though CD is mainly a disorder of
head posture, the activity of the head neural integrator
is tightly related to the control of saccadic eye
movements,’> though our study design did not include
behavioral measures of eye movements.

Prior research has investigated head movements in
CD, and has suggested that the abnormal neck posture
could be explained by deficient activity of the INC
circuitry.”® However, direct evidence in humans of a
role of the INC in CD is missing.”>>*° For instance,
recording of neurons in cats have shown that the INC
receives afferent information from neck proprioceptors,
mediating the control of the head,’®*” and pharmaco-
logical deactivation of the INC in monkeys leads to def-
icits in holding the head still.'”'®* Our findings reveal
abnormal microstructural integrity of the INC,
complemented by a decrease of INC self-inhibition, in a
population of CD patients. Inhibitory input of self-
connection controls the gain of regional response to
extrinsic connection,*®>® influencing the decay of syn-
aptic activity’® and the excitatory/inhibitory balance of
a specific region (ie, the less positive the self-connection,
the less inhibited the region, and the more this region is
sensitive to the inputs from the network,*® which
is what we observed for the INC in CD patients). We
suggest that the intrinsic instability of the INC contrib-
utes to abnormal processing of the sensorimotor infor-
mation, which in turn may account for a dysfunction of
the head neural integrator.

In addition to an intrinsic INC dysfunction, an
impairment of the head neural integrator could be
aggravated by an imbalance of its afferent connec-
tions.”’ Our results support this hypothesis, as we
found that incoming connections from the cerebellum
were structurally intact but functionally altered. CD
patients had increased inhibitory connection from the
deep cerebellar nuclei to the INC, possibly indicating
that cerebellar signals sent to the INC could interfere
with its integrative functions controlling neck and head
position.®® We suggest that abnormal coupling from
the cerebellum to the INC could then be associated with
abnormal feedback processing from the neck proprio-
ceptive information in CD patients. In addition, we
found decreased excitatory connection from the INC to
the vermis in CD patients. The vermis receives
somatosensory information on head posture via ascend-
ing spinal pathways, as well as cortical information
from the medial motor and premotor cortices.®’ We
previously demonstrated that the connectivity of the
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vermis is altered in CD,*" and our findings indicate that
a dysfunction of the cerebellar-INC connectivity may
play a role in the disruption of information processing
related to neck sensory input.®>®?

We also observed increased inhibitory connection
from the cortical sensorimotor areas towards the INC
in CD patients, which was complemented by reduced
FDC in the cerebral peduncle connecting the sensorimo-
tor cortex to the INC. Previous research has consis-
tently found an involvement of the motor areas in
CD,** and we showed that the white matter fibers of
the cerebral peduncle are locally altered in CD in
regions specific to INC projections, with no overlap
with cerebellothalamic or corticospinal tracts. In addi-
tion, we found that self-inhibition was increased in
associative frontal areas in CD patients, but this had no
impact on information transfer to the INC. This may
indicate that the associative frontal regions have more
stable intrinsic activity than the sensorimotor ones,
hence their efferent connections are less affected. In
other words, symptoms of dystonia may arise from a
dysfunction of the head neural integrator at the level of
cerebellar and primary sensorimotor projections, rather
than its associative frontal connections.

We considered the SN as the component of the basal
ganglia connected to the head neural integrator and
involved in the neck/head posture.®” CD patients had
weaker self-inhibition in the SN, and disrupted connec-
tivity from the SN to the INC. We suggest that reduced
input from the SN could have a synergic effect on an
intrinsically instable INC, and produce an abnormal
activity during head holding.'® Other factors that could
play a role in the INC instability are the projections
carrying proprioceptive information from the spinal
cord, such as the spinothalamic tract and the medial
lemniscus. However, the connections of these tracts to
the INC are not well delineated in humans, and their
role in the head neural integrator remains speculative.

Of note, our results did not evidence an effect of
laterality of head position in the INC and its connec-
tions, which was expected as our sample included
patients with mixed right and left tilts. In CD, the neck
is physically twisted towards one side of the body, con-
sidering the midline as reference. However, a lateral
head tilt results from the engagement of both left and
right side muscles, and we still miss a robust clinical
method to evaluate laterality of CD. Future research
may address this topic by stratifying patients with right
and left head tilts, which was not possible in the current
study due to the small sample size.

In addition, although the investigation of patients
with a tremulous or jerky form of CD may be ham-
pered by obvious technical limitations, they represent a
large group of patients in clinical practice. Future stud-
ies may therefore consider the inclusion of patients
encompassing the full phenomenological spectrum of
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CD to further examine the contribution of the head
neural integrator to the clinical presentation. Similarly,
as new avenues on the role of midbrain structures in
the pathophysiology of CD emerge, future research
may test the hypothesis that CD is related to abnormal-
ities in the superior colliculus, which may disrupt the
activity of the midbrain attentional orienting network,
and contribute to overt symptoms of dystonia.’

In summary, a common mechanism of dystonia is a
distorted feedback processing abnormally integrated
with motor commands, resulting in dystonic move-
ments. Our findings of structural and functional abnor-
malities in the head neural integrator in CD patients
suggest that midbrain structures, especially the INC,
could be a key player in the specific case of CD. We
propose that altered feedback from the cortical and cer-
ebellar regions, or from spinal pathways conveying
neck proprioceptive information onto the head neural
integrator, could alter its integrative function, resulting
in a disturbed head and neck posture. Alternatively, the
structural and functional changes in the INC could
reflect an attempt to compensate aberrant afferent input
accompanying the dystonic movements. @
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