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Abstract
Neuroanatomical Substrates for Head Movements in Humans
By Cecilia N. Prudente

The neuroanatomical substrates for head movements in humans are not well
delineated. It is not clear whether neck muscles are controlled by the ipsilateral or
contralateral hemisphere, and the location of the neck motor region in the motor
homunculus is still debated. The lack of fundamental information regarding head control
is relevant to cervical dystonia (CD), a disorder characterized by involuntary contractions
of neck muscles and abnormal head movements. Current understanding of the
neuroanatomical basis of CD is very limited. Multiple brain regions have been implicated,
but findings across different studies are inconsistent. This thesis addresses the
neuroanatomical basis of head movements in normal individuals and in CD using
functional magnetic resonance imaging (fMRI) and neuropathology methods. The
studies had two main goals: to delineate the neural substrates for normal head
movements and to identify abnormalities associated with CD.

The initial studies investigated patterns of brain activity during isometric head
rotation with fMRI in healthy volunteers. Significant activation was observed bilaterally in
the precentral gyrus, both medial and lateral to the hand area. Next, brain activity was
studied in individuals with CD using the same conditions. Isometric head rotation in the
CD group produced less activation in the medial precentral gyrus in the same region
identified as involved in head rotation in normal individuals. Analysis of CD data
normalized according to the direction of abnormal movements indicated that moving the
head in the same direction as the abnormal movements involved more activity in the
cerebellum and pons, whereas moving the head in the opposite direction involved more
activity in the primary somatosensory cortex. These findings provide evidence of
potential cortical and subcortical areas that may be affected in CD. The final studies
involved postmortem brain samples of CD cases and age-matched controls to identify
neuroanatomical changes associated with CD. A broad survey of brain regions revealed
no abnormalities, but there was patchy loss of Purkinje cells in the cerebellum.
Quantitative analyses confirmed a significantly lower Purkinje cell density in CD in
comparison to controls, suggesting abnormal cerebellar physiology in this disorder.

Collectively, these findings begin to fill a critical gap in the understanding of
normal and abnormal head movements in humans. Furthermore, the results may help
guide future medical or surgical interventions for CD targeting relevant brain regions, as
well as future cellular and animal studies.
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Chapter 1: Introduction

Head movements in humans are highly complex. Head movements are
generated by several neck muscles and joints acting synergistically in a variety of
combinations. At the most basic level, neck muscles must be able to support the human
head in an upright position against gravity, as well as allow the head to move in different
directions. Notably, the head carries most of the sensory systems that enable humans
to function effectively in a three-dimensional environment. Thus, without adequate head
movement control, efficient spatial orientation and motor responses to visual and
auditory stimuli could not occur.

While the mechanics and dynamics of normal head movements have been
studied to some extent, the neuroanatomical substrates controlling head movements in
humans are not well delineated. Animal studies have suggested that the frontal eye
fields, primary motor cortex (M1), basal ganglia, cerebellum and brainstem are involved

in the control of head movements (Peterson and Richmond, 1988; Isa and Sasaki, 2002;

Peterson, 2004). Local activation or inactivation of many of these regions in various

animal species lead to activation of neck muscles and movements of the head, but how
they relate to various head movements in humans is not clear (Evinger, 2005).

Some fundamental questions about the neural basis of head control in humans
remain uncertain. It is not clear whether neck muscles are controlled by the ipsilateral,

contralateral or bilateral cortical hemispheres (Bender et al., 1964; Balagura and Katz,

1980; Benecke et al., 1988; Gandevia and Applegate, 1988; Berardelli et al., 1991;

Odergren and Rimpilainen, 1996; Thompson et al., 1997; Anagnostou et al., 2011). In

addition, several studies have debated the location of the representation of neck
muscles in the precentral gyrus. Evidence points to either a medial or a lateral neck

motor region in relationship to the hand representation (Rasmussen and Penfield, 1948;




Penfield and Rasmussen, 1950; Obrador, 1953; Thompson et al., 1997; Kang et al.,

2011; Pirio Richardson, 2014).

Studies of the neural basis of head movements face important methodological
limitations, since most techniques available, such electrophysiology and neuroimaging,
require the head to be still. The only neuroimaging study of normal individuals examined
visually guided head movements in a small humber of subjects, and the imaging

sequences were actually collected between movements (Petit and Beauchamp, 2003).

Thus, the relevance of these data for isolated head movements is uncertain.
The lack of fundamental information regarding the neural control of head
movements is relevant to cervical dystonia (CD), a disorder characterized by involuntary

contractions of neck muscles and abnormal head movements (Dauer et al., 1998;

Albanese et al., 2013). In CD, the head can be deviated in any direction, with the most

common abnormality involving turning right or left in the horizontal plane (torticollis)

(Jankovic et al., 2015). Current understanding of the neuroanatomical basis of the

disorder is limited. There is little or no evidence for overt structural anatomical
abnormalities, since traditional clinical imaging methods such as computed tomography
and structural magnetic resonance imaging (MRI) do not reveal any obvious

abnormalities (Neychev et al., 2011; Standaert, 2011; Zoons et al., 2011). Furthermore,

the few histopathology studies of CD have revealed no consistent abnormalities

(Foerster, 1933; Grinker and Walker, 1933; Alpers and Drayer, 1937; Tarlov, 1970;

Garcia-Albea et al., 1981; Zweig et al., 1986; Jankovic et al., 1987; Gibb et al., 1988;

Zweig et al., 1988; Holton et al., 2008). Imaging investigations in acquired or sporadic

CD have indicated microstructural defects in the somatosensory cortex, cerebellum and

cervical spinal cord (Ghika et al., 1998; Naumann et al., 2000; LeDoux and Brady, 2003;

Alarcon et al., 2004; Kumandas et al., 2006; Zadro et al., 2008; Pantano et al., 2011;

Prell et al., 2013; Piccinin et al., 2014a; Ramdhani et al., 2014). On the other hand,




functional neuroimaging studies have pointed to abnormal function in multiple areas,
including M1, premotor areas, somatosensory cortex, caudate nucleus, putamen,

cerebellum, and thalamus (Galardi et al., 1996; Magyar-Lehmann et al., 1997; Naumann

et al., 2000; de Vries et al., 2008; Obermann et al., 2008). Therefore, the findings by

different imaging modalities suggest that subtle anatomical defects may occur in CD.
Considering the gap in knowledge about the control of head movements in
normal individuals, we first addressed the neuroanatomical basis of normal movements
using functional MRI (fMRI). Functional imaging methods require the head to remain still
during scanning for optimal results. To overcome this requirement and allow
investigation of head control, we used a novel approach: patterns of brain activity were
examined during isometric head tasks. During an isometric task, muscle contractions
are maintained for a few seconds in the absence of overt movement. Thus, by using
isometric head rotation during fMRI scanning we were able to study the activation profile
related to horizontal head rotation without the performance of actual head movements.
Importantly, previous fMRI studies have investigated isometric hand movements in

normal individuals, but not isometric head tasks (van Duinen et al., 2008; Keisker et al.,

2010).

Next we addressed which of these regions might be responsible for abnormal
head movements in CD, again using fMRI. The focus in both normal individuals and in
CD was on rotational head movements, because these are the most commonly affected
in CD. Prior studies in CD have investigated neural activation patterns during tasks with

the upper extremities (Zoons et al., 2011), which do not provide information about brain

activity associated with head control. Therefore, our studies represent the first fMRI
investigation of a task directly related to the abnormal movements observed in CD.
Lastly, we investigated whether there are anatomical abnormalities in post-

mortem tissue of CD individuals in comparison to age-matched controls. In these



studies, we examined several brain regions in six cases using immunostains for specific
histopathological processes and quantitative comparisons between CD cases and
controls. These studies were the largest and most comprehensive autopsy study ever
conducted for CD.

Overall our work provides a more precise view of how the brain controls normal
head movements and enabled the identification of potential cortical and subcortical
regions affected in CD. By combining fMRI and histopathology methods, we employed
well-established anatomically-oriented methods with complementary strengths.
Identifying the areas involved in controlling neck muscles is relevant for the
understanding of normal head movements, the pathophysiology of CD, the design of
animal models for this disorder, and, eventually, the development of more effective

treatments for CD.



Chapter 2: Imaging the neuroanatomical substrates for head movements in

normal individuals*

2.1. Introduction
Head movements in humans are highly complex. At the most basic level, neck
muscles have to support the head against gravity. Head movements also orient sensory
structures of the head, especially those for vision, with both slow tracking movements

and rapid redirections (Richmond et al., 1999). Furthermore, the head needs to be

stable during eye-hand coordinated tasks and during movements or perturbations of the
whole body. Finally, head movements are used by humans for nonverbal
communications, like nodding and shaking the head, bowing, tilting the head backwards

or sideways.

2.1.1. Directions of head movements

Humans are able to perform head movements in three main directions: flexion-
extension (A), lateral tilt (B), and horizontal rotation (C) (Figure 2.1). Each of those
movements occurs mainly in one plane of motion: flexion-extension occurs in the sagittal
plane, lateral tilt happens in the coronal plane, and horizontal rotation occurs in the

transversal plane.

* Contents of this chapter were published as a peer reviewed manuscript in the Journal

of Neuroscience. Reference: Prudente et al., J Neurosci. 2015; 35(24): 9163-9172.



Figure 2.1: Directions of head movements. Flexion-extension (A), lateral tilt (B), and
horizontal rotation (C). Modified from Peterson and Richmond (1988).

2.1.2. Muscles involved in head movements
Head movements are mediated by several superficial and deep muscles acting

on seven cervical vertebrae and the cranium (Peterson and Richmond, 1988). During

head movements, the forces of gravity require synergistic activation of different muscle
patterns depending on the direction and speed of movement, the initial position of the
head, the presence and magnitude of loading on the head, and the joints around which
the movement is made.

Head movements are controlled by an intricate musculature that follows a similar
organization in primates and most laboratory quadrupeds. The muscles primarily
involved in head movements are arranged in three layers (Figure 2.2). The outermost
layer of long muscles connects the skull to the shoulder girdle and it is formed by the
sternocleidomastoid and trapezius. Under this outer layer a second set of muscles links
the skull with the vertebral column and it is formed by the splenius capitis, longissimus
capitis, semispinalis capitis, rectus capitis posterior major, rectus capitis posterior minor,
rectus capitis anterior major, rectus capitis anterior minor, rectus capitis laterallis,

obliquos capitis superior, and obliquos capitis inferior. A third and deeper set of muscles



closely interlinks the vertebrae of the cervical and thoracic region. This last layer is

formed by the splenius cervicis, longissimus cervicis, and semispinalis cervicis.

splenius capitis

semispinalis capitis

longissimus capitis

VEe
E e

obliquus capitis superior rectus capitis posterior minor

1/~ rectus capitis posterior major
obliquus capitis inferior

Figure 2.2: Neck muscles involved in head movements. Neck muscles are
organized in 3 layers: superficial (A), intermediate (B) and deep (C). Modified from
Peterson and Richmond (1988).

There are other neck muscles that are involved in head movements indirectly by

stabilizing or moving the lower cervical and upper thoracic vertebrae. These muscles



include the interspinales, multifidus spinae, intertranvessari, longus cervicis, scalenus,

rhomboideus major and minor and the levator scapulae.

2.1.3. Neuroanatomical substrates for head movements in humans

The different types of head movements performed by humans (posture,
voluntary, tracking, saccades, reflexive) suggest that they may require distinct control
mechanisms and different neural pathways, similar to what has been proposed for eye
movements. Animal and human studies have suggested that specific regions in the
cerebral cortex, basal ganglia, cerebellum and brainstem are involved in the control of

head movements (Peterson, 2004). However, how these different regions contribute to

head movements remains largely unexplored.

2.1.3.1.  Primary motor cortex
Regarding the primary motor cortex (M1), two fundamental questions remain

unanswered. First, it is still debated whether head movements are controlled

ipsilaterally (Balagura and Katz, 1980; Anagnostou et al., 2011), contralaterally

(Gandevia and Applegate, 1988) or bilaterally (Benecke et al., 1988; Berardelli et al.,

1991; Thompson et al., 1997) (Table 2.1). Second, the exact location of the neck area

in the somatotopic organization of M1 is not clear (Figure 2.3). Classic experiments that
mapped M1 by direct electrical stimulation suggested that the neck area is represented
laterally on the convexity of the cerebral hemisphere, between the finger and face areas

(Rasmussen and Penfield, 1948; Penfield and Rasmussen, 1950). In contrast, other

studies have suggested that the neck area is located more medially, between the

representations of the trunk and arm (Obrador, 1953; Thompson et al., 1997; Kang et

al., 2011; Pirio Richardson, 2014). This last location corresponds to the representation



of the head and neck in the somatosensory homunculus (Penfield and Rasmussen,

1950).

Table 2.1: Prior reports of the hemisphere controlling head movements in humans

Ipsilateral Contralateral Bilateral

Beevor (1909)* Hanajima et al. (1998)** Penfield and Rasmussen
(1950)**

Balagura and Katz (1980)* Kang et al. (2011)* Benecke et al. (1988)**

Willoughby and Anderson Gandevia _and Applegate

(1984)* (1988)**

Mastaglia et al. (1986)* Berardelli et al. (1991)**

Manon-Espaillat and Ruff Odergren _and Rimpilainen

(1988)* (1996)**

Anagnostou et al. (2011)* Odergren et al. (1997)**

Thompson et al. (1997)**
DeToledo and Dow (1998)*

The hemisphere controlling movements was taken from the results reported by each
study, because the interpretations sometimes did not match the actual results provided.
*Studies of stroke or epilepsy cases. **Studies of electrical or magnetic stimulation of
the precentral gyrus.
2.1.3.2.  Other brain regions

Evidence for the role of other brain regions in head movements is even more
limited. Motor areas such as the premotor cortex and supplementary motor area may be
active during head movements, similarly to movements of the limbs. In addition,
electrophysiological observations in humans and non-human primates suggest that the

frontal and supplementary eye fields also are involved in head movements (Bizzi and

Schiller, 1970; Petit and Beauchamp, 2003; Elsley et al., 2007; Proudlock and Gottlob,

2007; Goonetilleke et al., 2011). Yet, there is still uncertainty on whether the eye fields

control eye-head coordinated movements or independent eye and head movements.
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he
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toes

Somatosensory homunculus Motor homunculus

Figure 2.3: Representation of the neck region in the motor and sensory homunculi
according to different studies. The neck motor area identified by Penfield and
Rasmussen (1950) is indicated by the red arrow and has been replicated in many
textbooks of neurobiology. The black arrow indicates the neck area suggested by
other studies (Obrador, 1953; Thompson et al., 1997; Kang et al., 2011). The green
arrow represents the neck area in the somatosensory homunculus. Modified from
Penfield and Rasmussen (1950).

Anatomical tracing and electrophysiological investigations have implied

somatotopic representations in the basal ganglia and cerebellum (Gerardin et al., 2003;

Manni and Petrosini, 2004; Nambu, 2011; Mottolese et al., 2013), but data concerning

the representation of the head or neck are limited. Studies in animals have revealed an
essential role of the interstitial nucleus of Cajal and surrounding midbrain regions in the

control of head movements (Hassler and Hess, 1954; Foltz et al., 1959; Malouin and

Bedard, 1982; Klier et al., 2002; Farshadmanesh et al., 2007; Klier et al., 2007;

Farshadmanesh et al., 2008). Furthermore, there are several subcortical areas that

have direct projections to the cervical spinal cord and, consequently, may be involved in
controlling neck muscles. These pathways include the vestibulospinal, reticulospinal,

interstitiospinal, tectospinal and fastigiospinal tracts (Peterson, 2004). However, it is

important to note that these subcortical tracts have been identified mainly with targeted
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injections of classic neuronal tracers in rodents and cats, animals that differ from
humans in terms of head posture and movements. As a result, the relevance of those
subcortical tracts for the neural control of normal head movements in humans remains

unclear.

2.1.4. Limitations of studying the neuroanatomical substrates for head
movements
There are several reasons for the lack of conclusive information on the neural
systems controlling head movements in humans. The classical mapping studies
involving electrical stimulation of the exposed motor cortex could not be conducted with
the head free to move. More recent neurosurgical mapping studies aimed at delineating
surgical targets use a fixed frame to hold the head and, therefore, head movements are
restrained. Similarly, animal studies rely on fixed head preparations. Studies attempting
to use transcranial magnetic stimulation (TMS) have shown that consistent neck

responses are difficult to elicit in all subjects (Hanajima et al., 1998; Pirio Richardson,

2014). Finally, neuroimaging methods cannot be conducted when the head is moving

because head motion degrades data quality.

2.2. Objectives and significance
The purpose of the following experiments was to determine the neuroanatomical
substrates for head motor control in humans using an isometric head task during
functional magnetic resonance imaging (fMRI). In isometric tasks, muscles are activated
without actual movements because the joint angle and muscle length do not change
during contraction. Prior studies have shown that isometric hand contractions activate

similar brain regions as actual hand movements (van Duinen et al., 2008; Keisker et al.,

2010), suggesting that isometric head tasks can be used to explore the patterns of brain
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activation related to head movements. Therefore, isometric head tasks may represent a
method to bypass the technical limitations of assessing head movements during fMRI.
These experiments will provide some fundamental information regarding the
neural systems controlling head movements in humans, which is a prerequisite for
understanding disorders that affect the control of head movements, such as head tremor

and cervical dystonia.

2.3. Materials and methods

2.3.1. Participants

All procedures were approved by the Emory University Institutional Review
Board, and all participants gave informed consent. All subjects were neurologically
normal and had the ability to perform a full range of head movements in all directions.
Participants were excluded if they had significant orthopedic problems affecting the
cervical spine, difficulty lying in the supine position, abnormal head movements at rest,
significant neck pain, contraindications for MRI, or untreated psychiatric problems.
Eighteen participants were scanned, but all data from one was excluded due to
excessive motion (see below). Thus, data from 17 participants (12 women, 5 men) were
included in the final analyses; their mean age was 56.8+14.5 years (range 30-74 years);

14 were right-handed and 3 were left-handed.

2.3.2. MR scanning

Scans were performed on a 3 Tesla Siemens TIM™ Trio scanner (Siemens
Medical Solutions, Malvern, PA) using a quadrature transmit-receive head coil at the
Emory Biomedical Imaging Technology Center. Total scanning time was approximately
25 minutes. Functional images with blood oxygenation level dependent (BOLD) contrast

were acquired using a T2*-weighted single-shot gradient-recalled echoplanar imaging
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(EPI) sequence with the following parameters: 30 axial slices of 4 mm thickness,
repetition time (TR) 2040 ms, echo time (TE) 30 ms, flip angle (FA) 90° in-plane
resolution 3.4x3.4 mm?, and in-plane matrix 64x64. Following the functional imaging
runs, a 3D T1l-weighted sequence (MPRAGE) of 176 sagittal slices of 1 mm thickness
was obtained with TR 2300 ms, TE 3 ms, inversion time 1100 ms, FA 8°, in-plane
resolution 1x1 mm? and in-plane matrix 256x256. Acoustic noise attenuation was
provided by headphones (Etymotic Research, Elk Grove Village, IL) that also were used

to convey instructions and audio cues for each task.

2.3.3. Experimental design

Scanning was conducted during isometric head or hand tasks. All tasks were
practiced outside the scanner first. Head tasks consisted of isometric horizontal head
rotation to the right or left. Subjects were instructed to perform an isometric sub-
maximal contraction in the direction of head rotation to either side. Actual head
movements during tasks were prevented by firm foam padding around the head and
restraining straps within the head coil, placed tightly across the forehead and chin. In
order to avoid eye movements, subjects were asked to look at all times at a white cross
projected on a black screen, viewed via a mirror mounted inside the head coil.

Hand tasks were investigated as a positive control. Hand movements were
chosen because they reliably give robust signals and because their cortical
representations have been more extensively mapped than other body regions closer to
the neck, such as the shoulder or lower face. Hand tasks consisted of isometric wrist
extension with one or the other hand, the arm being positioned in a neutral position
between pronation and supination. Note that right wrist extension was therefore
associated with a rightward movement effort and left wrist extension with a leftward

movement effort, matching the corresponding directions for head rotation. Participants
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were asked to extend the wrist of either hand with a sub-maximal contraction against
sandbags placed along the lateral aspect of both arms and hands. The sandbags
prevented any changes in joint angles and ensured isometric contractions.

Functional data were collected during 2 runs. A block design was used with
alternating blocks of active tasks and rest periods (Figure 2.4). Each run consisted of
16 active blocks (4 per condition), separated by rest periods of 12.24 s; a rest period
also occurred at the start and end of each run. The task conditions were: isometric head
rotation to the right, isometric head rotation to the left, isometric right wrist extension,
and isometric left wrist extension. Task blocks were interleaved in a predetermined
pseudo-random sequence. Each active block lasted 20.4 s and involved 4 repetitions of
a single task separated by periods of 1 s.

The timing of stimulus presentations was provided by audio cues controlled by
Presentation software (Neurobehavioral Systems, Albany, CA). Immediately preceding
each block, a verbal cue was presented for 1 s to prepare the subject for the next
condition. The following cues were used: “relax”, “press right cheek”, “press left cheek”,
"press right wrist" or “press left wrist”. Empirically, these cues were found in pilot studies
to lead to less head movements compared with instructions to “rotate” or “turn” the head.
Timing for each movement during task blocks was cued by beeps played at a frequency

of 0.2 Hz.
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Figure 2.4: Experimental design. Tasks consisted of isometric head rotations to the
right or left, and right or left wrist extensions. Each active block consisted of 4 trials of
the same task. The sequence of active tasks blocks was pseudo-randomly repeated
4 times within each run. L, left; R, right.

2.3.4. Electromyography (EMG)

Because the presence or absence of actual movements could not verified by
visualizing during scanning, compliance with isometric tasks during practice and
scanning was confirmed by surface EMG of the sternocleidomastoid (SCM) and the
extensor carpi ulnaris (ECU) muscles bilaterally (Figure 2.5). The SCM is an agonist in
contralateral horizontal rotation of the head, while the ECU is an agonist for wrist
extension. Recordings were collected using MRI-compatible electrodes and Brain Vision
Recorder version 1.20 (Brain Products GmbH, Munich, Germany). EMG signals were
recorded at a sampling rate of 5000 Hz. EMG procedures, electrode placement and

safety guidelines followed published protocols (van Duinen et al., 2008; Criswell and

Cram, 2010; Noth et al., 2012). The safety guidelines dictated use of the transmit-

receive head coil (see above) rather than other available coils permitting higher-

resolution, parallel imaging. EMG signals were MR corrected, filtered with a low-cutoff
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frequency of 20 Hz and rectified using Brain Vision Analyser version 2.0 (Brain Products
GmbH, Munich, Germany). Recordings were verified during scans and offline. After all
data were collected, EMG signals were evaluated by an observer blinded to tasks to

verify activatation of the correct muscles.

Figure 2.5: Sternocleidomastoid (SCM) and extensor carpi ulnaris (ECU) muscles.
Modified from: http://rom-therapy.com/2011/trigger-point-muscle-
sternocleidomastoid/sternocleidomastoid2/ and www.rudyard.org.

2.3.5. Head motion correction

Several measures were taken to ensure that head motion was minimized. These
included practice periods before scans, stabilization of the head with firm supports in the
scanner, motion correction of imaging data, and analysis of actual head motion during
scans. Motion correction of imaging data was completed in two stages to account for
head motion during scanning.

The first motion correction step occurred during data acquisition using the

scanner’s inbuilt software Prospective Acquisition Correction (3D-PACE) (Thesen et al.

2000). 3D-PACE allows detection and correction of head motion during data acquisition
and is able to compensate for translation (displacement) and rotation in the x, y and z

planes within a single scanning run. With 3D-PACE, each brain volume is compared


http://rpm-therapy.com/2011/trigger-point-muscle-sternocleidomastoid/sternocleidomastoid2/
http://rpm-therapy.com/2011/trigger-point-muscle-sternocleidomastoid/sternocleidomastoid2/
http://www.rudyard.org/
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with the previous one and head motion is calculated and displayed in real-time. For
acquisition of the next dataset, slice position and orientation are adjusted according to
the altered position of the head. Thus, the correction of motion is done prospectively on
the actual imaging data acquired every TR.

The second motion correction step involved the alignment of brain volumes using
sinc interpolation in BrainVoyager to account for head movements that occurred
between different runs. When multiple runs of a task are collected during a scanning
session, 3D-PACE corrects for movement within each run. However, subjects may
potentially move between runs. To compensate for this potential between-run
movement, an intra-session alignment of all brain volumes was conducted. For this
alignment, a target brain volume was selected from the functional run collected closest in
time to the structural scan because images collected during this run had the smallest
variance in space with images from the structural scan. All other brain volumes within
the scanning session were aligned to this target volume in BrainVoyager, using an
algorithm that matches structure better than the algorithm used by 3D-PACE. This intra-
session alignment of all brain volumes over a scanning session produces the most

precise alignments.

2.3.6. Head motion analysis

In addition to the motion correction of imaging data, we also examined actual
head motion during scanning. This analysis determined how much motion correction
was required by 3D-PACE, since the software does not store a log file with the
movement parameters required for correction. We examined the “raw” data (not
corrected by 3D-PACE) in BrainVoyager, which generated motion log files with the 6
motion parameters representing the amplitude of head movement that actually occurred

during scanning. These motion log files from BrainVoyager were exported to MATLAB
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R2014a (version 8.3.0.532, The MathWorks Inc., USA) and analyzed with custom
scripts. In MATLAB, rotation values were transformed from degrees to millimeters using
each subject's brain dimensions for the transformation. Next, all data were evaluated for
movement amplitude in each plane. Additional analyses included searching for trends in
head movement direction and task-related head motion.

In keeping with prior recommendations for acceptable head motion during fMRI
scanning, we used a threshold of 1.75 mm (approximately half the size of a functional

voxel) as the maximum head motion allowed in any plane (Poldrack et al., 2011).

Consequently, if head motion was greater than 1.75 mm, either during an active task
period or during rest, we selected a continuous sequence of blocks including the instant
with excessive head movement and beginning and ending with a rest period. This
continuous sequence of blocks was then removed from the final data analysis. We
attempted to balance block numbers for each task within a run to minimize potential
contributions of unbalanced trials numbers on activation magnitude maps. Using these
criteria, all data for one subject were excluded because substantial portions of the data
showed excessive head movement. For 3 other subjects, data for 1-3 blocks of active

and rest periods were excluded because of excessive head motion

2.3.7. Imaging data analysis
Image processing and analysis was performed using BrainVoyager QX 2.8.4

(Goebel et al., 2006). Individual functional data were preprocessed utilizing cubic spline

interpolation for slice scan time correction, sinc interpolation for intra-session alignment
of functional volumes (as described above), and high-pass temporal filtering to 2 cycles
per run to remove slow drifts in the data. Anatomic 3D images were processed, co-
registered with the functional data, and transformed into Talairach space (Talairach and

Tournoux, 1988). For group analyses, the data were spatially smoothed with an
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isotropic Gaussian kernel (full-width half-maximum 4 mm) (White et al., 2001) and

normalized across runs and subjects with the percent signal change transformation.
BOLD signal time-courses were obtained by averaging at individual data points across
blocks of the same type and then averaging across participants.

We used a two-stage strategy to delineate brain regions involved in the control of
head movements. Because our primary aim was to identify the hemisphere and regions
of M1 associated with isometric head rotation to the right or left, the first stage was a
region of interest (ROI) approach focused on the precentral gyrus, which includes M1.
The second stage was an exploratory whole-brain analysis to investigate which regions
other than the precentral gyrus were active during isometric head rotation. Statistical
analyses consisted of individual analyses using the general linear model method to
model the hemodynamic response during active blocks in comparison to baseline,
followed by group-level analysis treating participant as a random variable. Group
activations during isometric head rotation to either side were contrasted with the rest
condition using Student's t-test on a voxel-by-voxel basis with a voxel-wise significance
level of p<0.05, corrected for multiple comparisons with a 3D extension of the cluster-
correction method (Cluster Threshold Estimator plugin in BrainVoyager) (Forman et al.,
1995). Specifically for the ROI approach, the bilateral precentral gyrus was used as a
mask in the general linear model analysis. This mask was defined using known
anatomical landmarks to identify its boundaries (central sulcus, precentral sulcus,
longitudinal fissure, cingulate sulcus and lateral sulcus).

Group results for the ROI and whole-brain analyses were displayed on an
“averaged anatomical brain” created in BrainVoyager by first selecting a representative
(target) Talairach-normalized brain from the 17-participant group. We then individually
aligned the 16 remaining participants' Talairach-normalized brains to the target brain (co-

registration to match gyral/sulcal pattern, followed by sinc transformation). The 16
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transformed brains were then averaged. Finally, the 16-participant average brain was
combined with the single target brain, creating a Talairach template which was used to
display the activations for the 17-participant group. Activations were localized with

respect to 3-dimensional anatomy with the help of MRI atlases (Duvernoy, 1999;

Schmahmann et al., 1999; Cho, 2010). Considering that handedness may affect brain

activation maps, fMRI data for the right-handed subgroup (n=14) were examined
separately, but no major differences were observed in comparison to the whole group.

For this reason, the results presented here represent the findings for all 17 participants.

2.4. Results
2.4.1. Task confirmation
Participants were able to complete all tasks adequately as judged by
observations during training and EMG during scanning. For 2 subjects, appropriate task
performance was verified only manually during training because EMG could not be
conducted. For the remaining participants, the appropriate muscles for each task were

activated correctly on average of 96.9 percent of all trials (Table 2.2).

Table 2.2: Task confirmation with electromyography

Muscle Task Active (%)
right ECU wrist extension, right 99.0
left ECU wrist extension, left 97.1
right SCM head rotation, left 97.1

left SCM  head rotation, right 94.2
Muscle activity is shown as percent of trials in which there was obvious muscle
activation in comparison to background. ECU, extensor carpi ulnaris; SCM,
sternocleidomastoid.

2.4.2. Head motion during scans
To verify that isometric head rotation was not associated with significant head

movements, head translation and rotation were examined in all 3 planes using the
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uncorrected head motion data. For each participant, the analysis generated 1
measurement for each of the 6 movement parameters for every TR analyzed, yielding
53,244 data points for the whole group. After exclusion of 1-3 blocks with excessive
motion for 3 participants (see Materials and Methods), the final analysis was completed
with a total of 49,788 data points. Figure 2.6 shows the distribution of head motion
measurements and their amplitudes. The vast majority of head motion (99.9%) was
below our threshold of 1.75 mm, which is considered within acceptable limits for most

fMRI studies (Poldrack et al., 2011). We also verified the distribution and average of

head motion amplitudes during rest, hand and head tasks for all 3 planes of translation
and rotation. These measurements suggested that tasks and rest periods had

comparable movement during scanning (Figure 2.7 and Table 2.3).
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Figure 2.6: Distribution of total head motion measurements and their amplitudes for
all subjects. The y axis represents the amplitude of each movement measured in
mm. The x axis shows the distribution of head motion measurements as % of total
values generated (n=17 subjects; total data points: 49,778). Measurements for
translational and rotational movements were combined.
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Figure 2.7: Head movements during rest, hand and head tasks.

and z).

Table 2.3: Head motion during scans

The y axis
represents the amplitude of each movement measured in mm. The x axis shows the
distribution of head motion measurements as a percentage of total values generated
(n=17 subjects, total data points: rest: 9,654; hand tasks: 7,620; head tasks: 7,620).
Translational and rotational movements are shown for all 3 planes separately (x, y

Translation (mm)

Rotation (mm)

Task Plane Mean SD Task Plane Mean SD
X 0.08 0.07 X 0.28 0.26
rest y 0.11 0.12 rest y 0.16 0.17
z 0.33 0.31 y4 0.21 0.17
X 0.08 0.06 X 0.26 0.23
hand y 0.11 0.11 hand y 0.15 0.14
z 0.32 0.30 z 0.21 0.16

22
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Translation (mm) Rotation (mm)
Task Plane Mean SD Task Plane Mean SD
X 0.10 0.08 X 0.31 0.31
head y 0.13 0.14 head y 0.19 0.17
y4 0.37 0.33 y4 0.24 0.18

SD, standard deviation.

2.4.3. ROl analysis of hand tasks

Isometric hand tasks were evaluated to provide a positive control and activation
landmark for subsequent head tasks. Activation maps, Talairach coordinates and BOLD
signal curves for hand tasks in comparison to baseline are shown in Figure 2.8 and
Table 2.4. Consistent with prior studies, isometric wrist extension with the right or left
hand showed significant activation of contralateral precentral gyrus in the area known as

the “hand knob” (Yousry et al., 1997). For isometric right wrist extension, significant

activation also was observed in a precentral area located more laterally and ventrally to

the hand knob.

2.4.4. ROl analysis of head tasks

Activation maps and BOLD signal curves for head tasks in comparison to
baseline are shown in Figure 2.8; Talairach coordinates are given in Table 2.4.
Isometric head rotation to the right showed significant activation of 2 foci in the
contralateral precentral gyrus: one was medial and anterior to the hand knob, whereas
the other was located lateral and ventral to the hand knob. In contrast, isometric head
rotation to the left showed significant activation of bilateral precentral gyrus with 2 foci in
each hemisphere: one located medial and anterior to the hand knob, and the other
lateral and ventral to the hand knob. For head rotation to either side, the location of the
medial precentral foci in each hemisphere was symmetrical. However, the location of

the lateral foci did not exactly match between hemispheres (Figure 2.8), which may
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have may be due to anatomical variations between participants or true asymmetry

between hemispheres.
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Figure 2.8: Region of interest analysis of the
precentral gyrus for isometric wrist extension and
head rotation tasks in comparison to rest.
Activation maps for hand and head tasks to the
same side were superimposed to allow
comparisons of the anatomical distribution of
activation patterns. Areas with  significant
activation are shown in blue for hand tasks and in
orange for head tasks (p<0.05, corrected for
multiple comparisons). Color t-scales for each
condition are shown at the bottom. Blood
oxygenation level dependent (BOLD) signal
curves for each focus of activation show the
average percent signal change over time (y axis:
% BOLD response; x axis: time measured in
scans, from -1 to 15 scans). The dashed line
shown in each curve represents 0% or baseline
level for the BOLD response. PCG, precentral

gyrus.
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Table 2.4: Talairach coordinates, maximum t-values (tmax), and p-values for the ROI

analysis
Isometric task PCG Region Hemi X Y  Z  tnax p
Wrist extension, right hand knob L -27 -28 49 5.32 0.00
lateral/ventral L -54 5 31 490 0.00
Wrist extension, left  hand knob R 36 -25 49 6.17 0.00
Head rotation, right medial L -15 -22 49 3.42 0.00
lateral/ventral L 54 -1 31 3.69 0.00
Head rotation, left medial R 21 -22 52 3.83 0.00
medial L -21 -28 52 3.94 0.00
lateral/ventral R 30 -13 46 3.57 0.00
lateral/ventral L -57 2 34 576 0.00

Hemi, hemisphere; L, left; M1, PCG, precentral gyrus; R, right; ROI, region of interest.

It is noteworthy that the precise anatomical boundaries for M1 proper, the dorsal
premotor area (PMd), and the ventral premotor area (PMv) in humans are only partly

delineated (Picard and Strick, 2001; Rizzolatti et al., 2002; Mayka et al., 2006).

Consequently, it is not clear whether the medial precentral area identified in head tasks
represents M1 or lies within PMd. Similarly, it is not clear whether the lateral precentral
focus in the left hemisphere activated during isometric head rotation to both sides and
during right wrist extension should be considered as part of M1 or PMv. The lateral
precentral focus in the right hemisphere most likely belongs to PMv because of its
location on the precentral sulcus. Considering that M1, PMd and PMv have direct
projections to the spinal cord, these three areas can potentially control neck muscles.
Therefore, regardless of the precise cortical areas, our results suggest that the medial
and lateral precentral areas are involved in isometric head rotation.

The BOLD signal time courses for each condition (Figure 2.8) showed that
activation in the left lateral precentral focus was not specific to body region during
rightward tasks. In contrast, there appeared to be greater selectivity (albeit relative) for
the head in both left and right lateral precentral foci during leftward tasks. BOLD signal

time courses for the left medial precentral focus showed low, non-selective activity



26

during rightward tasks but seemed more head-specific for leftward tasks; whereas the

right medial precentral focus was non-selectively active for leftward tasks.

2.4.5. Whole-brain analysis of hand tasks

Maps and Talairach coordinates of activations for hand tasks in comparison to
baseline are shown in Figure 2.9 and Table 2.5. Isometric right wrist extension evoked
contralateral activation in the hand knob, supplementary motor area (SMA), PMd, PMy,
postcentral gyrus, parietal and frontal operculum, and putamen. There also was
significant activation of the ipsilateral cerebellar hemisphere in lobules IV and V.
Isometric left wrist extension activated the contralateral hand knob, bilateral SMA,
contralateral postcentral gyrus and parietal operculum. There was significant activation
of the ipsilateral cerebellar hemisphere, again mainly in lobules IV and V. These results
are consistent with prior studies of both isometric and actual hand movements (Picard

and Strick, 2001; Gerardin et al., 2003; van Duinen et al., 2008; Keisker et al., 2010;

Mottolese et al., 2013)

2.4.6. Whole-brain analysis of head tasks

Maps and Talairach coordinates of activations for head tasks in comparison to
baseline are shown in Figure 2.9 and Table 2.6. Isometric head rotation to the right
significantly activated the contralateral precentral gyrus, the bilateral SMA, anterior
insula, frontal operculum, and posterior putamen. Ipsilateral activation was observed in
the mid-insula, anterior putamen, globus pallidus, and ventrolateral thalamus. No
significant activation was observed in the cerebellum. This may be due to threshold
effects, since the uncorrected maps revealed activation of bilateral cerebellum.
Isometric head rotation to the left evoked bilateral activation of M1, SMA, anterior and

mid-insula, frontal and parietal operculum, putamen, globus pallidus, and postcentral
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gyrus. In addition, there was significant activation of the ipsilateral caudate, ventrolateral
thalamus and middle occipital gyrus, contralateral pre-SMA and middle cingulate gyrus.
Cerebellar activation occurred in the ipsilateral hemisphere (lobules 1V, V, VI, Crus | and
dentate nucleus) and spread slightly into the adjacent vermis (vermal lobules V and VI).
The BOLD signal curves for each condition (Figure 2.9) suggested that
putaminal activation was more prominent ipsilaterally than contralaterally during head
rotation to either side. The BOLD curves also showed that the ipsilateral lobules VI and
Crus | demonstrated specificity for isometric head rotation to the left in comparison to left

wrist extension.
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Figure 2.9: Whole-brain analysis for isometric wrist
extension and head rotation tasks in comparison to
rest. Activation maps for hand and head tasks to
the same side were superimposed to allow
comparisons of the anatomical distribution of
activation patterns. Areas with significant
activation are shown in blue for hand tasks and in
orange for head tasks (p<0.05, corrected for
multiple comparisons). Color t-scales for each
condition are shown on the right. Blood
oxygenation level dependent (BOLD) signal curves
from selected sites show the average percent
signal change of the BOLD response over time (y
axis: % BOLD change; x axis: time measured in
scans, from -1 to 15 scans). The dashed line
shown in each curve represents 0% or baseline
level for the BOLD response.
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Table 2.5: Talairach coordinates, maximum t-values (tnax) and p-values for whole-brain
analyses of hand tasks versus baseline

Isometric task Region Hemi X y Z | lmax p
Wrist  extension, SMA L -6 -13 52 7.02 0.00
right PMd L -21 -19 64 6.07 0.00
PMv L -54 5 22 575 0.00
postcentral gyrus L -33 -28 46 5.68 0.00
parietal operculum L -60 -34 34 5.78 0.00
frontal operculum L -45 -1 13 5.73 0.00
putamen L -27 -10 4 425 0.00
cerebellum, lobule IV R 9 -43 -14 5.12 0.00
cerebellum, lobule V R 27 -40 -23 5.76 0.00
Wrist extension, SMA L -9 -10 55 3.18 0.01
left SMA R 3 -10 46 4.36 0.00
SMA, superior R 6 -13 64 3.43 0.00
postcentral gyrus R 36 -31 49 5.99 0.00
parietal operculum R 51 -22 37 4.60 0.00
cerebellum, lobule IV-V L -9 -46 -14 4.08 0.00
cerebellum, lobule V L -18 -43 -17 4.46 0.00
cerebellum, lobule V-VI L -27 -40 -23 453 0.00

Hemi, hemisphere; L, left; PMd, dorsal premotor area; PMv, ventral premotor area; R,
right; SMA, supplementary motor area.

Table 2.6: Talairach coordinates, maximum t-values (tmax) and p-values for whole-brain
analyses of head tasks versus baseline

Isometric Region Hemi X y Z  tmax p

task

Head SMA L -6 -13 52 4.09 0.00

rotation, right SMA R 9 7 55 3.12 0.01
anterior insula L -33 11 13 4.16 0.00
anterior insula R 24 20 13 4.12 0.00
mid-insula R 36 -1 7 3.65 0.00
frontal operculum L -39 8 7 4.32 0.00
frontal operculum R 42 -1 13 4.72 0.00
putamen, anterior R 27 -1 7 4.24 0.00
putamen, posterior L -27 -16 13 3.41 0.00
putamen, posterior R 24 -10 7 494 0.00
globus pallidus L 18 -6 4 3.46 0.00
ventrolateral thalamus L 15 -10 4 3.44 0.00
ventrolateral thalamus, inferior L 18 -16 13 2.47 0.03

Head SMA L -9 -13 55 5.07 0.00

rotation, left ~ SMA R 9 -13 61 4.47 0.00
Pre-SMA/ cingulate gyrus R 8 -1 40 2.89 0.01
cingulate sulcus L -18 11 34 297 0.01
posterior cingulate sulcus R 21 -34 31 2.80 0.01
postcentral gyrus R 60 -19 31 3.61 0.00
parietal operculum R 57 -31 31 3.98 0.00
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Isometric Region Hemi X y Z  tmax p

task

Head postcentral gyrus / parietal L -61 -34 34 5.02 0.00

rotation, left operculum

(cont.) postcentral gyrus / parietal L -57 -28 25 4.79 0.00
operculum
STS/MOG L -30 -55 19 3.79 0.00
frontal operculum L -48 2 13 4.83 0.00
frontal operculum R 39 4 13 4.64 0.00
anterior insula L -36 11 7 6.31 0.00
anterior insula R 30 14 10 2.97 0.01
mid-insula L -39 -1 4 6.49 0.00
mid-insula R 33 -1 10 3.55 0.00
caudate head L 15 -1 31 4.20 0.00
ventrolateral thalamus L -15 -13 4 4.28 0.00
putamen, mid L 27 -13 10 4.94 0.00
putamen, mid R 24 -4 13 2.79 0.01
putamen, posterior L -27 -10 4 6.26 0.00
putamen, superior R 24 -10 16 4.40 0.00
globus pallidus L -18 -10 7 4.08 0.00
globus pallidus R 21 -14 13 3.57 0.00
cerebellum, lobule VI L -15 -61 -17 4.58 0.00
cerebellum, crus | L -36 -49 -39 3.92 0.00
dentate nucleus L -18 -34 -32 3.32 0.00

Hemi, hemisphere; L, left; MOG, middle occipital gyrus; R, right;, SMA, supplementary
motor area; STS, superior temporal sulcus.
2.5. Discussion
Our studies demonstrate that isometric wrist extension activates similar brain

regions as prior studies have shown for actual hand movements (Picard and Strick,

2001; Gerardin et al., 2003; van Duinen et al., 2008; Keisker et al., 2010; Mottolese et

al., 2013). These results open the door to using fMRI to identify brain regions involved

with head movements. Overall, isometric head rotation elicited bilateral activation in the
precentral gyrus, SMA, insula, frontal operculum and putamen, as well as ipsilateral
activation in the thalamus and cerebellum. Our findings clarify some of the conflicting
results obtained with other methods regarding the hemisphere controlling head
movements and the location of the regions controlling neck muscles in the motor

homunculus, and also point to other brain areas involved in head movements in humans.
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2.5.1. Is M1 control ipsilateral, contralateral or bilateral?

The hemisphere controlling head movements has been debated extensively, with
previous studies providing evidence for ipsilateral, contralateral or bilateral control
(Table 2.1). These differences may be due to the different methods used. For instance,
nearly all studies suggesting ipsilateral control were based on the assessment of neck

muscle weakness after stroke (Beevor, 1909; Balagura and Katz, 1980; Willoughby and

Anderson, 1984; Mastaglia et al., 1986; Manon-Espaillat and Ruff, 1988; Anagnostou et

al., 2011). In contrast, most studies suggesting bilateral or contralateral control used

electrical or magnetic stimulation in healthy individuals (Penfield and Rasmussen, 1950;

Benecke et al., 1988; Gandevia and Applegate, 1988; Berardelli et al., 1991; Thompson

et al., 1997; Hanajima et al., 1998; Pirio Richardson, 2014). Moreover, many studies

focused on the role of the contralateral SCM in horizontal head rotation, ignoring the
ipsilateral splenius capitis and other suboccipital muscles. In fact, the splenius capitis
may be more important than the SCM for horizontal rotation of the head (Vasavada et

al.. 1998).

We found bilateral precentral gyrus activation during isometric head rotation to
the left, whereas rightward head rotation evoked only contralateral activity. This is likely
due to threshold effects, since there also was ipsilateral activation for rightward head
rotation that failed to survive correction for multiple comparisons (data not shown).
These findings suggest that head movements are controlled bilaterally, although

contralateral control may be more prominent, as proposed by others (Gandevia and

Applegate, 1988; Berardelli et al., 1991; Thompson et al., 1997). Consistent with this

idea, head rotation is mediated by synergistic muscles on opposite sides of the body; the
ipsilateral splenius capitis combined with the contralateral SCM. Thus bilateral activation

in M1 may reflect bilateral muscular control of head rotation. Alternatively, the bilateral
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M1 activation could reflect the fact that 10-15% of corticospinal tract fibers projecting to

motor neurons are uncrossed in humans (Lemon, 2008).

2.5.2. Is the neck region in the precentral gyrus medial or lateral?
Another basic question has been the location of the neck motor area within the

precentral gyrus (Figure 2.3). Some studies suggested this area lies in a region medial

to the representation of the upper limb (Obrador, 1953; Thompson et al., 1997; Kang et

al., 2011; Pirio Richardson, 2014). TMS over this medial area induced motor evoked

responses in the contralateral (Pirio Richardson, 2014) or bilateral (Thompson et al.,

1997) SCM. A case report of a small stroke in this medial precentral region was
associated with ipsilateral head tilt, suggesting weakness of contralateral neck muscles

(Kang et al., 2011). Conversely, classic mapping studies placed the neck motor area in

a region more lateral than the hand area (Rasmussen and Penfield, 1948; Penfield and

Rasmussen, 1950). These same studies mapped somatosensory areas to parallel

locations in the post-central gyrus, with the sole exception of the neck. Our results
argue for a more medial representation of the neck motor area in the motor homunculus,

a location that is more in line with prior studies mapping the neck sensory region.
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Medial

Lateral

Figure 2.10: Possible location of the medial and the lateral foci identified in our fMRI
studies of isometric head rotation. The orange arrows indicate the location of these
two foci in relationship to the original homunculus by Penfield and colleagues.
Modified from Penfield and Rasmussen (1950).

We identified 2 foci in the precentral gyrus of each hemisphere showing
significant activation during isometric head rotation. In both hemispheres, one focus was
located medial to the hand knob, whereas the other was more lateral and ventral. The
possible location of the medial and the lateral foci identified in our fMRI studies is
represented in Figure 2.10. However, these areas do not correspond precisely with the

Penfield homunculus (Rasmussen and Penfield, 1948). There are some possible

explanations for these differences. First, in the Penfield studies the head was somewhat
restrained by towels, so some subtle or weak movements may have been missed.
Second, Penfield’s results for head movements were obtained from only 9 patients, and
motor responses were not consistent. For comparison, the experiments involving limb

movements included more than 200 patients (Penfield and Rasmussen, 1950). Finally,

the neck area in the motor homunculus represented different head movements, such as
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flexion, retraction or contraction of the trapezius. Contralateral rotation of the head was
also observed, as a result of stimulation in the anterior margin of the precentral gyrus, in
the region just anterior to the hand representation (Figure 2.11). The authors proposed
that head rotation is a movement more related to orienting the eyes and ears, and it may

not be elicited from M1 (Rasmussen and Penfield, 1948). Therefore, they decided to

exclude its locus from the motor homunculus.

Contraversion of the head Other head movements

Figure 2.11: Stimulation site for contralateral head rotation (left) and other head
movements (right) according to Rasmussen and Penfield (1948). The region
involved in contralateral head rotation was not included in the original motor
homunculus. Modified from Rasmussen and Penfield (1948). A, anterior; P,
posterior.

Medial and lateral neck areas in each hemisphere also were identified in a TMS

study of the cortical representation of the SCM (Thompson et al., 1997). The authors
suggested that the medial head area represented the SCM, while the lateral area
represented the platysma. Although we did not monitor the activity of the platysma, this
muscle is not typically involved in head movements of any type and, therefore, this
explanation seems unlikely. However, it remains possible that our medial and lateral

precentral foci may control different sets of muscles. Activation of our lateral precentral
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focus occurred during head rotation to both sides and during right wrist extension. This
could be due to movements required to stabilize the body during isometric tasks. As we
only recorded EMG in the SCM and ECU, we cannot exclude this possibility.
Alternatively, the lateral focus may be involved in any isometric motor task or in
performing movements after sensory cues. Activation of the inferior precentral gyrus
was reported in a study of isometric finger movements at different force levels (van

Duinen et al., 2008). Activity in this area extended to the frontal operculum and lateral

insula, similarly to what was observed in the present study. The authors proposed that
this area is not directly responsible for hand movements, but rather in monitoring
feedback and guiding motor performance. Therefore, our findings suggest that the
lateral precentral focus may be involved in any isometric task, while the medial

precentral focus has a more prominent role in generating head movements.

2.5.3. Is the activation in the precentral gyrus M1, PMd or PMv?

As noted above in the Results section, it is not clear whether the medial and the
lateral foci identified in the precentral gyrus in our studies belong to M1 proper, PMd or
PMv.

The precentral gyrus is the cerebral cortical region located immediately anterior
to the central sulcus. In humans, the precentral gyrus corresponds to Brodmann area 6,
which is approximately 9 mm anterior to the hand representation in the central sulcus.

Consequently, M1 proper does not occupy the precentral gyrus (Picard and Strick,

2001), except for its most medial portion. In nonhuman primates, the premotor cortex
has been divided into dorsal (PMd) and ventral (PMv) areas on the basis of anatomical

and physiological differences (Picard and Strick, 2001; Rizzolatti et al., 2002; Mayka et

al., 2006). No distinction between dorsal and ventral premotor cortex has classically

been made in humans (Rizzolatti et al., 2002). Therefore, it is not possible to establish a
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definite correspondence between the functional subdivisions of the monkey motor areas
and the same regions in humans. In addition, it is challenging to identify the boundaries
of M1 proper, PMd and PMv based on structural MRI data.

Tracing studies in nonhuman primates have shown that those three regions have

direct connections with the spinal cord (Picard and Strick, 2001) and, therefore, may be

involved in controlling neck muscles. Also, PMd and PMv are densely interconnected
with M1. Thus, regardless of the cytoarchitectonic and functional subdivisions, our
findings argue for an important role of the medial and lateral precentral foci in controlling

isometric head rotation in humans.

2.5.4. Role of other brain regions

Animal studies have shown that head movements can be elicited by
experimental manipulations of many regions including the frontal eye fields, cerebellar
fastigial nucleus, caudate nucleus, interstitial nucleus of Cajal, red nucleus, reticular

formation and superior colliculus (Isa _and Sasaki, 2002; Klier et al., 2002). Similar

evidence comes from human studies showing that lesions in various subcortical regions

can cause abnormal movements of the head (LeDoux and Brady, 2003).

The basal ganglia are thought to have a somatotopic organization (Scholz et al.

2000; Gerardin et al., 2003; Nambu, 2011), but data concerning the neck are limited.

Our studies revealed bilateral activation of the putamen (with ipsilateral predominance)
during isometric head rotation to either side, with activation for head tasks located more
dorsal than that for hand tasks. Bilateral basal ganglia activation has been reported for
movements with the hands and other body parts, even when M1 activation is unilateral

(Scholz et al., 2000; Gerardin et al., 2003).

Historically, the cerebellar hemispheres were viewed as involved in the control of

limb movements, while the vermis was associated with control of axial muscles (Manni
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and Petrosini, 2004). However, other studies have suggested that the cerebellum has a

fractured somatotopic organization, with multiple scattered representations of a single

body part that overlap with different body regions (Manni and Petrosini, 2004; Schlerf et

al., 2010; Mottolese et al., 2013). We observed activation of the ipsilateral cerebellar

hemisphere during head tasks, with spread into the vermis and overlap with areas
activated in hand tasks. The relatively broad activations of the cerebellum associated
with head and hand tasks may reflect the cerebellar fractured somatotopic organization
and do not support the view of the hemispheres as exclusively responsible for the

control of imb movements.

2.5.5. Limitations and future studies

Our study had some shortcomings that should be acknowledged. The first
involves the known limitations of fMRI. The spatial resolution of fMRI does not allow
reliable identification of small subcortical structures important for head movements such

as the interstitial nucleus of Cajal (Fukushima, 1987; Klier et al., 2002; Farshadmanesh

et al., 2008). Also, the imaging parameters used for functional scans led to an

incomplete coverage of the inferior posterior cerebellum, so no conclusions can be made
about this region. Another limitation is that the proposed protocol did not allow
dissociation of motor signals from proprioceptive signals during isometric tasks. This
caveat is relevant to all studies of motor tasks, since it is challenging to eliminate
somatosensory signals generated from movement itself. Another limitation of our study
is that the amount of force exerted during isometric tasks was not measured or
controlled. Even though subjects were asked to perform submaximal isometric hand

and neck contractions, the force exerted during tasks may have varied, which can affect

the magnitude and extent of brain activations (van Duinen et al., 2008). Additionally, our

study was focused on horizontal head rotation and, thus, the findings may not be
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applicable to head movements in other directions. Finally, our studies did not allow
testing whether isometric head rotations evoke similar patterns of activity as actual head
movements. Nevertheless, the chosen tasks represent a reasonable strategy for

investigating changes in brain function related to head motor control in humans.

2.5.6. Conclusions

These findings provide new information regarding the neural control of head
movements in humans. Our results suggest that isometric tasks may provide a suitable
method for investigating head movements to bypass the normal limitations of holding the
head still during brain imaging. We conclude that head movements in humans are
controlled bilaterally in the precentral gyrus, but with contralateral predominance. The
study also provides evidence for the role of the cerebellum and basal ganglia in head

tasks.
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Chapter 3: Imaging neuroanatomical substrates for head movements in cervical

dystonia*

3.1. Introduction
Head movements can be impaired or abnormal in several conditions affecting the
brain or the musculoskeletal system. Head movements may appear to be disrupted or
elicited inappropriately in a range of clinical disorders, such as head tremor, dystonia,
tics, epilepsy, Tourette’s syndrome, cerebral palsy, vestibular dysfunction, congenital
muscular torticollis, and orthopedic problems involving the vertebral spine and
shoulders. This chapter is focused on abnormal head movements caused by dystonia of

the neck, which is known as cervical dystonia (CD).

3.1.1. Dystonia
Dystonia is currently defined as “movement disorder characterized by sustained

or intermittent muscle contractions causing abnormal, often repetitive, movements,

postures, or both” (Albanese et al., 2013). Further characteristics of dystonia include
patterned, twisting or tremulous movements. Symptoms are often initiated or worsened
by voluntary action and associated with overflow of muscle activation. They tend to
abate during rest or relaxation.

Dystonic movements may emerge at any age, and in any region of the body.
Some emerge abruptly and remain static, others are progressive or intermittent. In
many cases, dystonic movements are slow and torsional. In some cases, however,

dystonic movements may be rapid or jerky, or they lead to semi-rhythmical oscillations

*Parts of this chapter will be submitted as an original manuscript in a peer reviewed

journal.
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resembling tremor (Fahn, 1984, 1989; Defazio et al., 2013b). If dystonic movements are

the only clinical problem, the disorder is called isolated dystonia. However, they often
are combined with other neurological or medical problems, and then are called
combined dystonia. These many different clinical manifestations of dystonic movements
are classified according to four dimensions (Table 3.1) that include the age at onset, the
region of the body affected, their temporal aspects, and whether they are combined with

additional clinical problems (Albanese et al., 2013).

Table 3.1: Classification of the dystonias according to clinical features
Dimension for classification Subgroups
Age at onset Infancy (birth to 2 years)

Childhood (3-12 years)
Adolescence (13-20 years)
Early adulthood (21-40 years)
Late adulthood (40 years and older)

Body distribution Focal (one isolated region)
Segmental (2 or more contiguous regions)
Multifocal (2 or more non-contiguous regions)
Hemidystonia (half the body)
Generalized (trunk plus 2 other sites)

Temporal pattern Disease course (static vs. progressive)
Short-term variation (persistent, action-specific,
diurnal, paroxysmal)

Associated features Isolated (with or without tremor)
Combined (with other neurological or systemic
features)

In addition to the many varied clinical appearances of dystonic movements, there

also are several different etiologies (Fung et al., 2013). The many causes are grouped

according to whether there is evidence for a genetic or acquired cause, and whether
there is evidence for any overt neuropathological defects in the nervous system (Table

3.2).
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Table 3.2: Classification of the dystonias according to etiology
Dimension for classification Subgroups
Nervous system pathology = Degenerative
Structural (typically static)
No evidence for degenerative or structural lesions
Heritability Inherited (autosomal dominant, autosomal
recessive, mitochondrial, etc...)
Acquired (brain injury, drugs/toxins, vascular,
neoplastic, etc...)
Idiopathic Sporadic
Familial

3.1.2. Cervical dystonia: clinical characteristics and epidemiology

Any skeletal muscle or combinations of muscles can be affected in dystonia.
Focal involvement of neck muscles is known as cervical dystonia (CD) or spasmodic
torticollis, which is associated with abnormal movements and postures of the head in

any direction (Dauer et al., 1998; Jinnah et al., 2013). The head is typically tilted or

turned to the right, left, upwards or downwards (Figure 3.1). The most common
abnormality involves turning right or left in the horizontal plane (torticollis) (Jankovic et

al., 2015). Disease progression is often characterized by spread of dystonia to muscles

of the lower face, eyes and upper limbs.

Figure 3.1: Types of cervical dystonia. Torticollis (A), laterocollis (B), anterocollis (C)
and retrocollis (D). Modified from http://www.dysport.com/cervical-dystonia-tools-
and-resources.

Most CD patients report temporary improvement of involuntary movements after

using specific gestures known as sensory tricks, such as touching the lower face or


http://www.dysport.com/cervical-dystonia-tools-and-resources
http://www.dysport.com/cervical-dystonia-tools-and-resources
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neck, and touching the posterior or superior part of the head (Tarsy and Simon, 2006;

Patel et al., 2014). Interestingly, sensory tricks tend to be patient-specific, but they

consist of a common strategy adopted by patients with different types of dystonia.
CD is the most common subtype of dystonia, with an estimated prevalence of

about 23 to 182 per million worldwide (Nutt et al., 1988; Jankovic et al., 2007). It is more

prevalent in women, with a mean age of onset of 40 years (Defazio et al., 2004; Defazio

et al., 2007; Marras et al., 2007; Steeves et al., 2012; Defazio et al., 2013a). The

abnormal head postures frequently interfere with the ability to engage in daily activities

and are very stigmatizing, causing avoidance of social interaction. Consequently, CD

has a significant negative impact on quality of life (Werle et al., 2014), comparable to
what is reported by patients with multiple sclerosis, Parkinson’s disease and stroke

(Camfield et al., 2002).

Most cases of CD are classified as sporadic because a cause cannot be
identified. In contrast, a cause is identifiable in acquired CD and may include
medications, trauma, space-occupying lesions, and developmental or degenerative
conditions. Botulinum toxin is the most effective treatment, with about 75% of patients

showing improvements (Chan et al., 1991; Dauer et al., 1998; Crowner, 2007). Benefits

from injections usually last for 3 to 4 months (Jinnah and Factor, 2015). Other treatment

options are oral medications, neurosurgery, and rehabilitation, but there is limited
evidence for the long-term benefits of these therapeutic modalities in isolated CD

(Vidailhet et al., 2013; De Pauw et al., 2014; Jinnah and Factor, 2015).

3.1.3. Anatomical basis of CD
Although CD is the most common sporadic dystonia, conclusive evidence

implicating specific regions of the central nervous system is lacking (Hedreen et al.,

1988; McGeer and McGeer, 1988; Standaert, 2011). Historically, many studies of other
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types of dystonia have implicated the basal ganglia (Berardelli et al., 1998; Hallett, 2006;

Mink, 2006; Breakefield et al., 2008). This historical focus derives from a clinical

neuroimaging case report of 28 patients with acquired hemidystonia in which the basal

ganglia were more commonly affected than other brain regions (Marsden et al., 1985).

Only two of the patients in this study had CD, which was associated with lesions of the
caudate nucleus. A more recent study focusing on acquired CD found that the majority
of lesions were in the posterior fossa (brainstem and cerebellum), and the remaining
cases were equally distributed in the cervical spinal cord and basal ganglia (LeDoux and
Brady, 2003). Abnormal vestibular function has also been implicated in CD (Munchau

and Bronstein, 2001; Munchau et al., 2001; van Gaalen et al., 2012).

There are no accepted animal models of CD, but investigations in non-human
primates, cats and rodents have indicated that abnormal function of the interstitial
nucleus of Cajal and surrounding midbrain regions can lead to head postures resembling

CD (Hassler and Hess, 1954:; Foltz et al., 1959; Malouin and Bedard, 1982; Fukushima

et al., 1987; Nakazawa et al., 1999; Matsumoto and Pouw, 2000; Klier et al., 2002;

Evinger, 2005; Farshadmanesh et al., 2007; Farshadmanesh et al., 2008).

3.1.4. Neuroimaging studies in CD
Findings from neuroimaging investigations of individuals with CD are somewhat

inconsistent (Neychev et al., 2011; Zoons et al., 2011). Imaging data in sporadic CD

comes mainly from studies with positron emission tomography, voxel-based

morphometry and diffusion tensor imaging (Neychev et al., 2011; Zoons et al., 2011).

These studies have suggested abnormal metabolism, abnormal white and gray matter
volumes and microstructural defects in multiple areas, including primary motor cortex
(M1), premotor areas, somatosensory cortex, putamen, cerebellum, and thalamus.

More recent studies have used resting-state functional imaging to investigate the
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functional connectivity in CD, which is measured by the level of co-activation of separate

brain regions at rest (van den Heuvel and Hulshoff Pol, 2010). These studies identified

decreased functional connectivity in the basal ganglia and sensorimotor networks,
whereas increased connectivity has been suggested for the executive function network

(Delnooz et al., 2013a, b).

The few available functional magnetic resonance imaging (fMRI) studies in CD
have tested brain activity during tasks with the hand rather than the head (Table 3.3) (de

Vries et al., 2008; Obermann et al., 2008; Obermann et al., 2010; Opavsky et al., 2011;

de Vries et al., 2012; Opavsky et al., 2012). CD patients showed increased activation in

the caudate nucleus, putamen and thalamus when compared to controls during a grip

force task (Obermann et al., 2008). Another study showed decreased activation in the

premotor cortex, postcentral gyrus, and superior parietal and temporal cortices during

imagined wrist movements in CD (de Vries et al., 2008). Interestingly, most of these

studies have reported abnormal activation patterns in CD subjects compared to controls

(de Vries et al., 2008; Obermann et al., 2008; Obermann et al., 2010), suggesting that

this disorder may affect sensory and motor networks related to movements with
unaffected muscles. Nonetheless, these studies do not provide information about brain
activity directly related with head controls. Consequently, their relevance to
understanding the pathogenesis of abnormal head movements, which is the main clinical
problem in CD, is uncertain.

In summary, findings from different neuroimaging studies of CD point to
abnormalities in several brain regions. Even though certain areas are implicated more
frequently such as the basal ganglia, sensory and motor cortical areas, the lack of
concordance in findings across different studies is noteworthy. The different areas
identified may be due to the use of different methods. However, the lack of agreement

between studies is evident even for modalities that measure a common biological
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phenomenon such as brain activity, or even within a single type of imaging modality.
Other reasons for inconsistencies may be the investigation of regions of interest vs.
whole brain analysis, inclusion of a heterogeneous group of CD subjects or
heterogeneity of individuals investigated among different studies, relatively small
numbers of patients in some studies, use of different reference groups as control, and

methodological differences in data acquisition and analyses.
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Table 3.3: Task-based fMRI studies of CD
Regions affected

Cases/

Controls DESUATERS Cortical Subcortical N e

8/9" execution and motor  Execution: {INS Execution: {PUT Whole brain (de Vries et
imagery of hand Imagery: + S2, PM, sPar, sTL al., 2008)
flexion/ extension

9/14 execution of grip TCAUD, PUT, THAL M1, BG, (Obermann
force task THAL et al., 2008)

17/17°  passive forearm 751, S2, INS,CING TCBL Whole brain  (Obermann
movement et al., 2010)

7/9¢ skilled hand motor ~ CD pre-BoNT: {SM CD pre-BoNT: {Caud, Whole brain  (Opavsky et
task pre and post- CD pre-BoNT vs. controls: TS2 GP, THAL al., 2011)
BONT® CD pre vs. post-BoNT: LSMA, PMd ~ CD post-BoNT vs.

controls: {GP

7/9¢ electrical stimulation  CD pre-BoNT vs. controls: 1S2, INS Whole brain  (Opavsky et
of median nerve pre  CD pre vs. post-BoNT: 1S2, INS, iPar al., 2012)
and post BoNT®

7/10F motor imagery and Execution with vs. without TMS, CD Execution with vs. Whole brain  (de Vries et
execution of hand group: TiPar without TMS, CD group: al., 2012)

movements with or  Execution with vs. without TMS, CDs ~ TTHAL

without TMS* vs. controls:  ANG
: Hand movements were clinically normal. The data shown represent results corrected for multiple comparisons.
: CD subjects were investigated in the middle of their usual BONT application interval to minimize movement artifacts in the scanner.
: Rotational CD.
: The tested extremity in all CD subjects was ipsilateral to the direction of the head deviation.
: One subject had generalized dystonia with prominent CD; another subject had CD and spasmodic dysphonia.
: TMS was applied over the left superior parietal cortex.
ANG, angular gyrus; BG, basal ganglia; BoNT, botulinum toxin; CAUD, caudate; CBL, cerebellum; CD, cervical dystonia; CING,
cingulate gyrus; fMRI, functional magnetic resonance imaging; GP, globus pallidus; iPar, inferior parietal cortex; INS, insula; M1,
primary motor cortex; NS, not significant; PMd, dorsal premotor area; PUT, putamen; ROI, regions of interest; S1, primary
somatosensory area; S2, secondary somatosensory area; SM, sensorimotor cortex; SMA, supplementary motor area; sPar, superior
parietal cortex; sTL, superior temporal lobe; THAL, thalamus; TMS, transcranial magnetic stimulation
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3.1.5. Limitations of neuroimaging studies of CD

CD has been investigated with neuroimaging less frequently than other dystonias
because these individuals have impaired ability for maintaining their head still and
straight, as is required for brain scanning. The main movement impairment observed in
CD, head movements, has not been tested with available imaging instruments in these

subjects.

3.2. Objectives and significance

In our experiments in healthy volunteers, we demonstrated the feasibility of
studying isometric head tasks with fMRI to delineate the neural substrates for normal
head movements. The purpose of the following experiments was to determine the
neural substrates for abnormal head movements in CD using similar methods.

Identifying the neuroanatomical substrates for abnormal head movements in CD
is relevant for better understanding the pathogenesis of the main problem in this
disorder. This information is also crucial for future studies focused on identifying the
cause of the disease as well as the development of new therapeutic approaches for

patients.

3.3. Materials and methods
3.3.1. Participants
All procedures were approved by the Emory University Institutional Review
Board. CD participants were recruited by an experienced neurologist at the Movement
Disorders Clinic at Emory University. Inclusion criteria consisted of a diagnosis of
isolated CD with predominantly rotational abnormality (torticollis), absence of any
apparent dystonia of the hands or other body parts, ability to straighten the head fully

when lying relaxed, absence of tremor when lying relaxed, and absence of other
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significant neurological diseases. The severity of dystonia was assessed with the
Toronto Western Spasmodic Torticollis Rating Scale (TWSTRS) and Global Dystonia

Rating Scale (GDRS) (Comella et al., 2003). Control subjects were the same group of

healthy volunteers that participated in the experiments described in Chapter 2. Control
participants were age-matched, neurologically normal and had the ability to perform
head movements in all directions. Subjects were excluded if they had significant
orthopedic problems of the cervical spine, head tremor or other abnormal movements
when lying supine, significant neck pain, contraindications for MRI, or untreated
psychiatric problems. All participants gave informed consent prior to enrollment in the
study.

On the morning of scanning, participants were instructed to delay taking any of
their usual oral medications until scans were completed. For those CD participants who
were being treated with botulinum toxin, scanning was conducted just before the next
scheduled injection to minimize treatment effects. We did not limit to participants not
being treated with botulinum toxin because the vast majority of CD individuals receive
these treatments, and excluding them would have yielded an atypical patient population.

We recruited 17 individuals with CD. One CD subject was excluded because of
poor compliance with tasks. As a result, the final analyses were conducted with data
from 17 controls (12 women, 5 men) and 16 participants with CD (9 women and 7 men).
Mean age was 56.8+14.5 years (range 30-74 years) for the control group and 56.6£11.4
years (range 31-75 years) for CD. All CD subjects had rotational CD. Involuntary
rotational movements were towards the right for 10 subjects and left for 6. Pure
rotational torticollis is uncommon, so several participants also had additional horizontal
(laterocollis) or vertical (anterocollis or retrocollis) movements, but none had dystonia of

the limbs (Table 3.4).
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Table 3.4: CD patrticipants
ID Disease Side of Severity of Other symptoms Head Hand Motor GDRS Time

duration torticollis  torticollis tremor tremor  severity (neck) since
(years) (TWSTRS) score BONT
(TWSTRS) (months)
1 5 R Severe latercollis (R) No No 18 4 NA
2 13 L Moderate retrocollis Yes Yes 20 7 2.5
3 3 L Mild anterocollis No No 12 4 3.4
4 15 R Slight latercollis (L) Yes No 18 4 4.4
5 2 L Moderate none No No 18 5 3.2
6 13 R Mild none No No 18 4 3.3
7 5 R Slight latercollis (R) No No 18 4 3.0
8 9 L Slight latercollis (R), No Yes 17 5 3.2
lateral shift (R)
9 21 R Mild anterocollis No No 7 3 2.9
10 10 L Slight posterior shift No No 16 5 2.7
11 2 L Mild latercollis (R) No No 11 3 3.3
12 13 R Mild anterocollis No Yes 13 6 11.0
13 24 R Moderate retrocollis Yes No 15 6 2.8
14 26 R Moderate latercollis (R), Yes No 23 8 4.7
anterocollis
15 7 R Moderate latercollis (L), No No 18 7 26.0
anterocollis

16 8 R Severe none Yes No 16 8 3.0

BoNT, botulinum toxin treatment; GDRS, Global Dystonia Rating Scale; L, left; NA, not applicable; R, right; TWSTRS, Toronto
Western Spasmodic Torticollis Rating Scale.
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3.3.2. MR scanning
The procedures for MRI scanning were the same as described in Chapter 2,

section 2.3.2.

3.3.3. Experimental design

The same experimental design was used for controls and CD participants.
Details about the design were described in Chapter 2, section 2.3.3 and Figure 2.3.
CD subjects were carefully monitored during practice and scanning to ensure there were

no involuntary movements of the head or other body parts.

3.3.4. Electromyography (EMG)
Methods and procedures for EMG recording and rating were the same as

described in Chapter 2, section 2.3.4.

3.3.5. Head motion correction and analysis

The procedures to minimize head movements during scanning, head motion
correction, and analysis of head movement followed the same steps as described in
Chapter 2, sections 2.3.5 and 2.3.6. For the CD group, we recruited subjects capable
of lying supine without head tremor and took special care to assure that they were
relaxed with the head in the most comfortable position.

The threshold of 1.75 mm (half the size of a functional voxel) in any direction also

was used as a criterion to exclude data from the final analyses in both groups.

3.3.6. Imaging data analysis
Imaging processing included the same procedures and methods as described in

Chapter 2, section 2.3.6.
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The imaging data analysis involved a two-stage whole-brain approach to
examine the patterns of activation associated with head tasks in CD. First, we
performed within-group analyses to identify the regions active during isometric head
tasks in the control and CD groups separately, to delineate the distribution of activations.
Next, we conducted between-group comparisons to directly identify significant
differences between CD subjects and controls.

Statistical analyses of all imaging data involved use of the general linear model to
assess the BOLD signal during active blocks in comparison to baseline, followed by
group-level analyses treating participant as a random variable. Group activations during
isometric tasks to either side were contrasted with the rest condition using a voxel-wise
significance level of p<0.05, corrected for multiple comparisons with a 3D extension of

the cluster-correction method of (Forman et al., 1995). Results were displayed on an

averaged anatomical brain for each group as described in Chapter 2. MRI atlases were
used for localization of activation maps with respect to 3-dimensional anatomy

(Duvernoy, 1999; Schmahmann et al., 1999; Cho, 2010).

3.4. Results

3.4.1. Task confirmation

Participants were able to complete the tasks adequately as determined by
observations during practice and EMG during scanning (Table 3.5). For 4 subjects (2
controls and 2 CDs), appropriate task performance was verified only manually during
training because EMG could not be conducted for technical reasons. Qualitative EMG
analysis revealed that controls and CD subjects were able to activate the appropriate
muscles for each task on an average of 96.9 and 97.7 percent of all trials, respectively.
In addition, the EMG data for the CD group indicated that involuntary head movements

did not occur during scanning.
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Table 3.5: Task confirmation with electromyography

Muscle Task Co_ntrols .CD
Active (%)  Active (%)
right ECU wrist extension, right 99.0 100.0
left ECU  wrist extension, left 97.1 94.3
right SCM  head rotation, left 97.1 96.6
left SCM  head rotation, right 94.2 100.0

Muscle activity is shown as percent of trials in which there was obvious muscle
activation in comparison to background. CD, cervical dystonia; ECU, extensor carpi
ulnaris; SCM, sternocleidomastoid.

3.4.2. Head motion during scans

The distribution and amplitude of head motion were analyzed to ensure that
subjects with CD did not have excessive head movements, and that isometric head
tasks were not associated with increased head motion. For each subject, the analysis
generated 1 measurement for each of the 6 movement parameters (3 planes of
translation and 3 planes of rotation) associated with every brain volume collected,
resulting in 106,488 data points for the whole sample. Using the threshold of 1.75 mm
head motion in any plane (as described in section 3.3.5), we eliminated 1-3 blocks in 9
subjects (3 controls and 6 CD). This resulted in a total sample size of 33 subjects (17
controls and 16 CD), and a total of 91,452 data points for the final analysis.

After exclusion of data with excessive movements, we examined the distribution
of total head motion measurements and their amplitudes in both control and CD groups
Figure 3.2). This indicated that the vast majority of head motion fell below the
movement cutoff of 1.75 mm in any plane in both groups (99.9% of total data points). To
determine if head motion was different between CD and controls, an independent
samples t-test was performed comparing total head motion (translation and rotation
combined) between groups. This analysis showed that the amplitude of head
movements was significantly greater in the CD group in comparison to controls
(t(91,450)=-48.08, p=0.00, two-tailed). Although statistically significant because of the

very large number of data points analyzed, the actual magnitude of the difference
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between groups was quite small (average motion: CD = 0.28+0.27 mm, controls = 0.20 +
0.23 mm). Importantly, head motion in both CD and control groups was within

acceptable limits for most fMRI studies (Poldrack et al., 2011).
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Figure 3.2: Distribution of head motion measurements and their amplitudes for
control and cervical dystonia (CD) groups. The vast majority of head motion in both
groups fell below acceptable limits for fMRI studies. The y axis represents the
amplitude of each movement measured in mm. The x axis shows the distribution of
head motion measurements as % of total values generated (Controls: n=17, total
data points: 49,788; CD: n=16, total data points: 41,664). Measurements for
translational and rotational movements were combined.

Next, we examined the distribution and average of head motion amplitude in the
CD group during different tasks (rest periods, hand and head tasks) and in different
planes (X, y and z) to verify if head motion was greater during a specific task or plane of
motion.  The results suggested that each condition and plane of movement

demonstrated comparable head motion in the CD group (Figure 3.3 and Table 3.6).
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Figure 3.3: Head movements during rest, hand and head tasks in the CD group.
The y axis represents the amplitude of each movement measured in mm. The x axis
shows the distribution of head motion measurements as a percentage of total values
generated (n=16 subjects, total data points: rest: 8,112; hand tasks: 6,360; head
tasks: 6,360). Translational and rotational movements are shown for all 3 planes
separately (X, y and z).

Table 3.6: Head motion during scans

Translation (mm) Rotation (mm)
Task Plane Mean SD Task Plane Mean SD
X 0.12 0.10 X 0.40 0.34

rest y 0.16 0.15 rest y 0.19 0.17
z 0.36 0.24 z 0.34 0.29
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Translation (mm) Rotation (mm)
Task Plane Mean SD Task Plane Mean SD
X 0.15 0.15 X 0.44 0.35
hand y 0.17 0.16 hand y 0.23 0.20
z 0.46 0.32 z 0.42 0.37
X 0.13 0.10 X 0.39 0.31
head y 0.17 0.15 head y 0.19 0.17
z 0.38 0.26 z 0.39 0.34

SD, standard deviation.

3.4.3. Within-group analyses for control and CD participants

Findings for isometric hand and head tasks for the control group are described in
Chapter 2, sections 2.4.5-2.4.6, and summarized in Figures 2.8-2.9 and Tables 2.4-
2.6.

Isometric hand tasks were evaluated first to provide a positive control and
activation landmarks for subsequent comparison of head tasks. Isometric wrist
extension with either hand among CD participants activated similar regions as controls,

including the contralateral precentral gyrus in the hand knob (Yousry et al., 1997), the

contralateral postcentral gyrus, bilateral supplementary motor area (SMA), bilateral basal
ganglia, and ipsilateral cerebellum (Figure 3.4-3.5 and Table 3.7). Activation in the left
lateral/ventral precentral gyrus was observed in isometric tasks both with the right and
the left hands.

Isometric head rotation to the right or left also produced overall patterns of
activation similar to controls, with some exceptions (Figure 3.4-5 and Table 3.8).
Similarities included activation of bilateral SMA, basal ganglia, insula, frontal and parietal
operculum, and ipsilateral cerebellum. Different than controls, CD participants activated
the left medial precentral gyrus during head tasks to either side. In the control group,
activation of the medial precentral gyrus during head tasks was either contralateral or
bilateral. Furthermore, the activation of the medial precentral gyrus in CD seemed less

prominent than in controls.
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Figure 3.4: Within and between groups analyses of isometric hand and head tasks in
comparison to rest for CD, controls, and CD versus controls. The left columns in
each panel show individual group analyses overlaid as blue (control) and CD
(orange). The right columns in each panel show the direct contrasts between
groups. Activations were considered significant at p<0.05 (random effects analysis
with cluster correction). Color t-scales for each group are shown on the upper right
corner. CD, cervical dystonia; R, right; vs., versus.
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Figure 3.5: Blood oxygenation level dependent (BOLD) signal curves for selected
sites for the within-group analysis in the CD group. BOLD signal curves show the
average percent signal change over time for each task in comparison to baseline (y
axis: % BOLD response; x axis: time measured in scans, from -1 to 15 scans). The
dashed line shown in each curve represents 0% or baseline level for the BOLD
response. CD, cervical dystonia; L, left; PCG, precentral gyrus; R, right.

Table 3.7: Talairach coordinates, maximum t-values (tnax) and p-values for within-group
analysis of isometric hand tasks versus baseline in CD

Isometric Region Hemi X y Z  tmax p

task

Wrist precentral gyrus, hand knob L -27 -28 52 8.79 0.00

extension, lateral/ventral precentral gyrus L -58 5 31 5.03 0.00

right SMA L -3 -13 61 5.14 0.00
pre-SMA/middle cingulate gyrus L -3 -10 49 7.31 0.00
pre-SMA R 6 -4 49 3.70 0.00
putamen L -30 -16 10 6.07 0.00
putamen R 27 -10 10 4.23 0.00
globus pallidus L -18 -7 4 4.09 0.00
globus pallidus R 15 -10 4 3.31 0.00
ventrolateral thalamus L -12 -19 4 4.04 0.00
middle frontal gyrus R 36 38 19 4.76 0.00
anterior insula L -30 14 13 4.90 0.00
mid-insula L -39 4 13 4.82 0.00
mid-insula R 42 2 1 496 0.00
frontal operculum L -48 -1 4 591 0.00
frontal operculum R 42 -4 10 5.03 0.00
parietal operculum L -54 -34 31 6.55 0.00
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Isometric Region Hemi X y Z  thax p
task
Wrist parietal operculum R 60 -19 25 582 0.00
extension, postcentral gyrus L -39 -34 46 7.84 0.00
right (cont.)  cerebellum, lobules IlI-V R 15 -43 -20 8.94 0.00
vermis, lobules V-VI R 3 -55 -23 4.46 0.00
Wrist precentral gyrus, hand knob R 24 -28 61 5.96 0.00
extension, lateral/ventral precentral gyrus L -54 5 22 3.09 0.01
left SMA R 3 -13 52 5.08 0.00
pre-SMA/middle cingulate gyrus R 6 -7 46 551 0.00
putamen R 27 -10 10 4.30 0.00
globus pallidus R 18 -5 1 3.48 0.00
ventrolateral thalamus R 15 -16 7 297 0.01
anterior insula L -:30 14 13 5.87 0.00
mid-insula R 39 -1 13 6.17 0.00
mid-insula L 42 2 0 3.60 0.00
frontal operculum R 51 4 13 4.36 0.00
frontal operculum L -45 -1 10 4.76 0.00
parietal operculum R 36 -25 22 554 0.00
parietal operculum L 54 22 22 4.77 0.00
superior temporal gyrus L 51 2 1 6.74 0.00
postcentral gyrus R 36 -28 61 7.72 0.00
postcentral gyrus L -39 -43 40 2.89 0.01
cerebellum, lobules I11-V L -12 -46 -17 9.22 0.00
vermis, lobule V L -3 -58 -20 2.92 0.01

Hemi, hemisphere; L, left; R, right; SMA, supplementary motor area.

Table 3.8: Talairach coordinates, maximum t-values (tmax) and p-values for within-group
analysis of isometric head tasks versus baseline in CD

Isometric Region Hemi x y z e p

task

Head medial precentral gyrus L -21 -25 55 3.07 0.01

rotation, right lateral/ventral precentral gyrus L 51 2 22 379 0.00
lateral/ventral precentral gyrus R 54 1 -37 435 0.00
SMA L -3 -10 58 454 0.00
SMA R 3 -13 55 411 0.00
pre-SMA L -3 -7 52 445 0.00
pre-SMA R 6 8 49 366 0.00
anterior cingulate gyrus R 4 14 31 3.08 0.01
middle cingulate gyrus L -9 -1 40 316 0.01
middle cingulate gyrus R 13 11 37 326 0.01
putamen L -27 -13 10 4.45 0.00
putamen R 24 -7 10 442 0.00
globus pallidus L -15 2 4 346 0.00
globus pallidus R 15 -1 7 4.03 0.00
ventrolateral thalamus L -15 13 7 3.04 0.01
superior frontal gyrus L -6 26 49 3.38 0.00
middle frontal gyrus L -42 38 25 3.84 0.00
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Isometric Region Hemi x y Z tmax p

task

Head middle frontal gyrus 39 44 19 421 0.00

rotation, right anterior insula -30 14 13 525 0.00

(cont.) anterior insula 36 14 16 4.77 0.00
mid-insula -33 2 10 5.99 0.00
mid-insula 39 -1 10 4.82 0.00

-45 11 4 7.26 0.00
54 5 16 6.74 0.00
-45 -37 31 347 0.00
54 -31 22 3.75 0.00
-57 -25 22 417 0.00
54 -19 22 391 0.00
21 -34 -20 326 0.01
0 -58 -17 3.09 0.01
15 -55 -17 3.21 0.01
18 -49 -26 293 0.01
12 -34 -29 5.65 0.00

frontal operculum
frontal operculum
parietal operculum
parietal operculum
postcentral gyrus
postcentral gyrus
cerebellum, lobule Il
vermis, lobule V
cerebellum, lobules V
cerebellum, lobules V-VI
dentate nucleus

Head medial precentral gyrus -21 -25 55 347 0.00
rotation, left ~SMA 3 -13 55 493 0.00
SMA -13 61 4.93 0.00
pre-SMA 9 2 46 3.99 0.00
middle cingulate gyrus -9 -4 40 281 0.01
putamen 24 -10 16 469 0.00
putamen -:30 -10 7 401 0.00

18 -4 4 3.07 0.01
21 -7 7 3.79 0.00
12 -10 4 261 0.02
-15 -7 10 499 0.00
9 14 55 404 0.00
36 41 22 498 0.00
-36 26 31 490 0.00
42 17 4 440 0.00
-30 14 13 5.00 0.00
36 -1 13 465 0.00
-39 2 7 6.54 0.00
45 17 10 511 0.00
-51 -1 13 5.67 0.00

parietal operculum 51 -28 34 4.47 0.00

postcentral gyrus 54 -22 28 412 0.00
Hemi, hemisphere; L, left; R, right; SMA, supplementary motor area.

globus pallidus
globus pallidus
ventrolateral thalamus
ventrolateral thalamus
superior frontal gyrus
middle frontal gyrus
middle frontal gyrus
anterior insula
anterior insula
mid-insula

mid-insula

frontal operculum
frontal operculum
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3.4.4. Between-groups comparisons for control and CD participants
Overall, visual comparisons of the areas of activation for both hand and head
tasks suggested that CD participants activated broader areas in most regions (orange

versus blue in Figure 3.4), including SMA, basal ganglia, ventrolateral thalamus, frontal
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and parietal operculum, insula and cerebellum. To determine if the differences apparent
in the within-group analyses were statistically significant, we directly compared the
activation patterns between CD and control groups. Between-groups comparisons
revealed statistically significantly differences only for right wrist extension and head
rotation to the left (right columns in Figure 3.4 and Table 3.9).

For isometric right wrist extension there was significantly greater activity in the
CD group in comparison to controls in the contralateral hand knob extending into the
postcentral gyrus, parietal operculum, ipsilateral cerebellar hemisphere, vermis, and
pons. The BOLD signal curves for each group (Figure 3.6) further confirmed this
difference. These results are consistent with previous fMRI studies of hand tasks in CD

showing greater activation in motor and sensory areas (Zoons et al., 2011).

For isometric head rotation to the left, there was greater activity in controls in
comparison to CD in two small regions in the temporo-parietal cortex: the ipsilateral
angular gyrus and posterior middle temporal gyrus (Figure 3.4 and Table 3.9).
However, the BOLD signal curves for each group suggest that the difference between
groups may not be biologically meaningful (Figure 3.6).

Table 3.9: Talairach coordinates, maximum t-values (tnax) and p-values for between-
groups analyses of isometric tasks versus baseline in CD versus controls

Group Isometric  Region Hemi x y Z  tmax p
task
CD > Wrist hand knob/ postcentral L -33 -28 43 4.40 0.00
Controls extension, gyrus
right parietal operculum L -42  -43 43 3.25 0.00
vermis, lobules 1V-V L -3 -46 -23 293 0.01
vermis, lobule V L 3 -61 -17 3.03 0.01
cerebellum, lobules V-VI L 24 -43 -26 4.44 0.00
cerebellum, lobule VI L 18 -58 -29 2.79 0.01
pons L 9 -25 -26 241 0.02
pons L 15 -22 -23 3.08 0.00
Controls Head angular gyrus L -36 -52 25 2.82 0.01
>CD rotation, posterior MTG L -42 -64 16 2.60 0.01

left

Contrasts that did not reach statistical significance are not shown. CD, cervical dystonia;
Hemi, hemisphere; L, left; MTG, middle temporal gyrus.
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Figure 3.6: Blood oxygenation level dependent (BOLD) signal curves for selected
sites for the between-groups analyses of CD (orange) versus controls (blue). BOLD
signal curves show the average percent signal change over time for each task (y
axis: % BOLD response; x axis: time measured in scans, from -1 to 15 scans). The
dashed line shown in each curve represents 0% or baseline level for the BOLD
response. CD, cervical dystonia; L, left; MTG, middle temporal gyrus; R, right.

The lack of statistical significance for isometric left wrist extension and head
rotation to the right may be due to our stringent statistical thresholds used for data
analysis. Indeed, the uncorrected maps showed areas of significantly different activation
between CD and control groups for both contrasts. However, another possible
explanation may be that combining individuals with right and left torticollis in the same
group analysis produced excessively large variance in the data due to hemispheric
asymmetries associated with head movement in the direction of torticollis. This latter

possibility was further examined next.

3.4.5. Directional preference of torticollis
Involuntary head movements in CD occur in a consistently patterned direction for

each individual (Shaikh et al., 2013). This directional preference may be associated with

significant asymmetry of brain activity. Consequently, combining individuals with right or



62

left torticollis in the same group might result in increased variance and obscure any
consistent abnormalities. Therefore, to address the hypothesis that the directional
preference of head movements in CD might produce significant hemispheric
asymmetries, we re-analyzed the CD data in two additional ways.

First, we divided the CD group in those with right (n=10) or left (n=6) torticollis
and conducted a whole-brain analysis for each subgroup separately. These analyses
showed that the CD data were driven largely by the results in the right torticollis
subgroup (data not shown). This was expected, since there were a larger number of
participants with right torticollis. We also performed an additional analysis to verify
whether isometric head tasks in the direction of abnormal head movements evoked
different activation patterns than head tasks in the opposite direction in each subgroup.
This analysis was designed to more directly address our hypothesis that the directional
preference of head movements in CD might produce significant hemispheric
asymmetries during head tasks. With this purpose, we directly compared isometric head
rotation to the torticollic and non-torticollic directions in both right and left torticollis
subgroups. However, no statistical differences were observed for these contrasts (data
not shown). Therefore, the strategy of dividing the CD group according to right or left
torticollis did not reveal any further abnormalities, either because no such abnormalities
exist, or because the numbers of cases with either right or left torticollis were too small to
produce a statistically significant result.

As noted above, dividing the CD group into those with right or left torticollis
addressed potential problems associated with asymmetric brain activations, but reduced
statistical power for detecting abnormalities because the group sizes became much
smaller. We therefore used a second strategy to address the potential consequences of
directional bias in CD. This strategy involved digitally reversing the functional datasets

of CD patrticipants with left torticollis to match those with right torticollis. For the subjects
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whose scans were flipped, we also digitally reversed the right/left orientations of each
task. Data normalized in this manner are referred to hereafter as “CDnorum”.
Within-group analysis for the CDyorw data did not considerably change the
previously observed activation maps for hand tasks (Figure 3.7 and Table 3.10,
orange). For isometric head rotation in the direction of torticollis in comparison to
baseline, there was bilateral (instead of ipsilateral in the non-normalized data) cerebellar
activation (Figure 3.7, orange). No notable differences were observed for isometric
head rotation in the non-torticollic direction in comparisons to baseline (compared to the
non-normalized data). Direct comparisons between the control and CDynorm groups also
provided overall results similar to the non-normalized data for all tasks. These findings
confirmed that flipping the imaging data and tasks for the CD participants with left
torticollis did not result in profound distortion of the overall results, with only small

changes in the final results that were likely due to statistical threshold effects.
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Figure 3.7: Within and between-groups analyses of isometric hand and head tasks
in comparison to rest for CDyorw @and controls. The left columns in each panel show
individual group analyses overlaid as blue (control) and CDnorv (Orange). The right
columns in each panel show the direct contrasts between groups. Activations were
considered significant at p<0.05 (random effects analysis with cluster correction).
Color t-scales for each group are shown on the upper right corner. CDyorm, Cervical
dystonia group normalized to side of torticollis; R, right.
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Table 3.10: Talairach coordinates, maximum t-values (tmax) and p-values for between-
groups analyses of isometric tasks versus baseline in CDyoru VErsus controls

Group Isometric  Region Hemi  x y Z  tmax p
task
CDnorv > Wrist hand knob/postcentral L -33 -31 46 4.27 0.00
Controls extension, gyrus
right postcentral gyrus R 39 -40 40 3.64 0.00
frontal operculum L -48 -19 22 293 0.01
vermis, lobules IV-V L -6 -52 -26 2.71 0.01
cerebellum, lobules V- R 24 -43 -26 4.62 0.00
VI
pons L -3 -25 -23 3.66 0.00
pons R 15 -22 -23 3.33 0.00
Wrist posterior insula R 39 -16 7 3.79 0.00
extension, superior temporal gyrus R 45 -22 10 3.20 0.00
left middle temporal gyrus R 48 -58 -11 3.44 0.00
inferior parietal gyrus R 33 -58 -5 443 0.00
middle occipital gyrus R 21 -76 -2 4.01 0.00
Head SMA R 6 -13 58 3.88 0.00
rotation, pre-SMA R 9 -4 52 280 0.01
right postcentral gyrus L -48 -16 28 3.80 0.00
middle frontal gyrus L -33 44 22 3.02 0.01
inferior frontal gyrus L -39 38 -5 3.73 0.00

Contrasts that did not reach statistical significance are not shown. CDyorm, Cervical
dystonia normalized to side of torticollis; PMd, dorsal premotor area; SMA,
supplementary motor area.

Finally, we compared activation maps in the CDyorm data for moving the head to
the right (i.e., in the direction of torticollis) or left (direction opposite to torticollis). We
hypothesized that these comparisons would enable us to address which regions drive
the involuntary turning movements and which regions are invoked to oppose the
involuntary movements. Comparing the activation patterns between the torticollic and
non-torticollic directions in CDyorm revealed that isometric head rotation in the direction
opposite to torticollis was associated with greater activation in the contralateral
postcentral gyrus, ipsilateral precentral sulcus and middle cingulate gyrus. In contrast,
isometric head rotation in the direction of torticollis produced significant activation of the
ipsilateral anterior cerebellum and vermis (Figure 3.8-3.9 and Table 3.11). These
results suggested that significant asymmetries of brain activity are associated with the

torticollic and non-torticollic directions of head movements.
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Figure 3.8: Non-torticollic and torticollic directions of isometric head rotation in
CDnorm (n=16). The image on the left shows regions with greater activation for the
non-torticollic direction of head movement in comparison to the torticollic direction.
These regions included the postcentral gyrus (right hemisphere), middle cingulate
gyrus (left hemisphere) and precentral sulcus (not shown). The right image shows
regions with greater activation for torticollic direction of head movement in
comparison to the non-torticollic direction. These regions consisted of the ipsilateral
cerebellum and contralateral pons. Areas with significant activation are shown in
orange (p<0.05, random effects analysis with cluster correction). The color t-scale is
shown on the upper right corner. CDunoru, Cervical dystonia group normalized to side
of torticollis; R, right.
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Figure 3.9: Blood oxygenation level dependent (BOLD) signal curves for selected
sites for the contrasts between non-torticollic (blue) and torticollic (orange) directions
of head movements in the CDyorv group. BOLD signal curves show the average
percent signal change over time for each task (y axis: % BOLD response; x axis:
time measured in scans, from -1 to 15 scans). The dashed line shown in each curve
represents 0% or baseline level for the BOLD response. CDnorv, Cervical dystonia
normalized to side of torticollis; L, left; R, right.
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Table 3.11: Talairach coordinates, maximum t-values (tnax) and p-values for within-
group analysis of isometric head rotation to the torticollic direction versus the non-
torticollic direction in CDyogrwm

Isometric task Region Hemi x y z - p
Non-torticollic > postcentral gyrus R 33 -37 46 3.67 0.00
Torticollic postcentral gyrus 30 -46 52 3.67 0.00

R
postcentral gyrus R 30 -37 58 3.05 0.01
precentral sulcus L -33 -10 34 3.80 0.00
middle cingulate gyrus L -15 2 46 3.48 0.00

R

L

R

Torticollic > vermis, lobule -1V 3 -40 -20 3.63 0.00
Non-torticollic vermis, lobule IlI-1V -3 -40 -20 3.60 0.00
cerebellum, lobules IlI-V 15 -40 -20 4.35 0.00
pons L -3 -28 -17 254 0.02
CDnorm, cervical dystonia normalized to side of torticollis; Hemi, hemisphere; L, left; R,
right.

3.5. Discussion

Our studies involving a novel approach with isometric head tasks permitted the
exploration of regional functional changes associated with abnormal head movements in
CD. Overall, participants with CD showed similar regions of brain activation as controls.
However, when the data were normalized according to the direction of torticollis
(CDnorwv), the results suggested that moving the head in the direction of torticollis
involved greater activation in the ipsilateral anterior cerebellum, whereas moving the
head in the opposite direction was associated with greater activity in a few sensory and
motor cortical regions. Collectively, these findings indicate potential cortical and
subcortical areas that may be affected in CD, and imply significant asymmetries of brain

activity associated with the torticollic and non-torticollic directions of head movements.

3.5.1. Neuroanatomical substrates for head movements in CD
All the available fMRI studies in CD have identified abnormal activations during
different types of tasks with the upper limbs, such as grip force, passive forearm

movement, and imagined wrist movements (Table 3.3) (de Vries et al., 2008; Obermann

et al., 2008; Obermann et al., 2010; Opavsky et al., 2011, 2012). While these studies
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provide evidence for abnormal brain activation in CD during tasks with a clinically normal
body part, they do not teach us about the involuntary head movements observed in CD.
By investigating isometric head rotation during fMRI, we were able to address some
important issues regarding the neural control of head movements in CD.

Our studies suggested that isometric head rotation to either side may be
associated with less prominent activation of the medial precentral gyrus in CD subjects
(Figure 3.4). This limited activity was suggested by the within-group analyses, but not
after statistical comparisons with the control group. Since previous fMRI studies in CD

did not address brain activation patterns associated with head movements (Zoons et al.

2011), comparisons with our data for isometric head tasks is not possible. However, our
experiments in controls revealed that the bilateral medial precentral gyrus has an
important role in the performance of isometric head rotation (Chapter 2). Thus, one
potential explanation is that the medial precentral gyrus plays a relatively less important
role in head rotation in CD than in normal individuals. An alternative explanation could
be that the medial precentral gyrus is chronically over-active in CD. If this is the case,
then comparing head rotation tasks to the resting condition to assess the change in
BOLD signal for each case may result in apparently lower activations because of a
ceiling effect. This latter interpretation is more consistent with positron emission

tomography (PET) studies implying enhanced cortical metabolic activity (Galardi et al.

1996; Magyar-Lehmann et al., 1997), and with transcranial magnetic stimulation (TMS)

studies implying enhanced cortical excitability (Odergren et al., 1997; Hanajima et al.,

1998) in persons with CD. Future PET imaging studies could investigate whether
regional metabolism or cerebral blood flow in the medial precentral gyrus region is
greater in CD in comparison to controls address this more directly. Another way to test
this would be to compare active and resting motor thresholds of the medial precentral

gyrus with TMS in CD and controls.
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3.5.2. Direction of head movements and side of torticollis
One of the limitations inherent to neuroimaging studies is that it is challenging to

distinguish cause from effect (Neychev et al., 2011). In other words, it is difficult to

distinguish the brain region that may cause an abnormality from secondary effects.
These secondary effects may reflect relatively short-term reactive changes in brain
activity, such as the nearly instantaneous alterations in sensory feedback following an
abnormal movement. Alternatively, they may reflect long-term adaptations to a
chronically abnormal brain region, such as disuse atrophy.

We attempted to discriminate cause from effect by exploring the functional
imaging data in relation to the direction of spontaneous abnormal rotations in the CD
group. Because the involuntary movements in CD are chronically patterned in a single
direction for each case, we reasoned that attempts to voluntarily turn the head might
reveal hemispheric asymmetries associated with the abnormal movement. Presumably,
voluntarily turning the head in the same direction as torticollis would require less
volitional effort because of the inherent tendency of the involuntary mechanisms. This
condition might point more specifically to the regions responsible for the abnormal
movements.

To address this hypothesis, we analyzed the CD data in two additional ways.
First, we separated the CD group into those with right or left torticollis. Data analysis of
each subgroup separately or in comparison to controls did not reveal very informative
results likely because of a low statistical power. Next, we normalized the data according
to the side of torticollis in all subjects (CDyorm). Interestingly, the CDyorm data revealed
that isometric head rotation in the direction torticollis in comparison to the opposite

direction involved prominent activity of the ipsilateral anterior cerebellum, which plays a

key role in motor control and in the modulation of cortical excitability (Coffman et al.,

2011; Manto et al., 2012; Bostan et al., 2013), and has been implicated as playing a
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causal role in dystonia (Neychev et al., 2011; Avanzino and Abbruzzese, 2012; Filip et

al., 2013; Prudente et al., 2014). Thus our results suggest the cerebellum may be the

primary driver of abnormal head rotation in CD.

Conversely, turning the head opposite to the direction of torticollis would
presumably require more volitional effort to antagonize the inherent tendency of the
involuntary mechanisms in CD. It may also be associated with more prominent sensory
feedback from proprioceptors in muscles that fail to relax. Consistent with this idea,
analysis of CDyorm revealed significant activation in the contralateral postcentral gyrus,
the ipsilateral middle cingulate gyrus and precentral sulcus. The primary somatosensory
area is located in the postcentral gyrus, and it is important for processing of sensory
information from the contralateral side of the body. The middle cingulate gyrus is
activated primarily in relation to movement execution, while the regions surrounding the

precentral sulcus are mainly involved in motor planning (Picard and Strick, 2001). Thus,

our results suggest that moving the head opposite to the pathological direction involved
increased somatosensory and motor processing. If this is the case, then the increased
cortical activation reflects a compensatory adaptation to the involuntary rotational
movements.

Although it is impossible to distinguish cause and effect from our imaging data,
we can build a speculative model that could be tested in future studies. In this model,
abnormal asymmetric function originating from the cerebellum and its brainstem
connections is responsible constant involuntary rotation of the head. These abnormal
movements are then partly counteracted by forebrain mechanisms that attempt to
correct the abnormal head posture. Thus the dynamic position of the head observed in
CD may reflect an interaction between two mechanisms involved in motor control; a
pathological one and a compensatory one. This proposed mechanism is identical to that

known to cause gaze-evoked eye nystagmus, where abnormal slow drifting movements
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of the eyes from a target caused by cerebellar dysfunction are constantly being

corrected by rapid saccades mediated by forebrain structures (Shaikh et al., 2013).

3.5.3. Wrist movements in CD

Even though our main purpose was to delineate the neuroanatomical substrates
for head movements in CD, we included isometric wrist movements as a positive control
condition since hand tasks have been extensively studied in normal and CD populations.
We observed increased activation in the CD group in comparison to controls in the
contralateral pre- and postcentral gyri (hand knob vicinity), parietal operculum, ipsilateral
cerebellum, vermis and pons during isometric right wrist extension (Figure 3.4). These
findings suggested abnormal processing in the motor network during movements with
clinically normal muscles. This is consistent with investigations showing a similar

phenomenon in CD and other focal dystonias (Zoons et al., 2011; Jinnah et al., 2013;

Lehericy et al., 2013). Furthermore, these results imply a more general central nervous

system defect that may be clinically evident only in a single body region.

3.5.4. Limitations

Although our results provide novel insights into patterns of brain activity
associated with head movements in CD, some limitations must be noted.

First, neuroimaging studies rarely allow the discrimination of cause from effect,
as noted above. Thus any interpretations regarding causal mechanisms must be
considered speculative. Further studies that involve manipulation of the proposed sites
in humans and animals are needed. Longitudinal and intervention studies in patients, as
well as experimental manipulations in animals, may help clarify this issue. A related
problem is that the abnormal head movements in CD are largely involuntary, while

intentional isometric contractions are voluntary. Thus the results presented here are
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likely to reflect an interaction between voluntary and involuntary brain mechanisms, and
it is not feasible to conclusively distinguish which brain regions contribute to the different
mechanisms.

A third limitation is that fMRI is not ideal for detecting changes in relatively small
brain regions that have been proposed to play a role in the abnormal head movements

of CD, such as the interstitial nucleus of Cajal (Klier et al., 2002), superior colliculus

(Holmes et al., 2012), or red nucleus (Nakazawa et al., 1999). On a related note, the

imaging parameters used in our studies determined that coverage of the brain extended
from the cortex through most of the cerebellum, but the very caudal regions of the
cerebellum and brainstem fell outside of the imaging window. Therefore, no comments
can be made regarding involvement of those regions.

A fourth limitation is that apparent differences between CD subjects and controls
were observed for the within-groups analyses of brain activity, but most of these
differences failed to achieve statistical significance in between-groups analyses. The
most likely explanation for this discrepancy is that the magnitude of differences between
CD and controls was small, so they did not survive the stringent statistical comparisons
that required a voxel-wise significance level of p<0.05, corrected for multiple
comparisons. In fact, significant group differences could be revealed with less stringent
statistical comparisons without cluster-correction. The ideal study would require a much
larger group of CD subjects, all with pure rotational torticollis to one side, but recruiting
such a population is not feasible because CD is so rare. In this regard, it is worth
emphasizing that our study is one of the largest fMRI studies of CD to be conducted,
with the most uniform population of subjects with pure CD with a mostly rotational head
abnormality.

A final limitation was that we were able to monitor the EMG activity of only two

pairs of muscles during the isometric tasks, i.e., the bilateral SCM and ECU. While the
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EMG recordings were appropriate for verifying task performance, we did not investigate
the role of other muscles with synergistic or antagonistic actions for each task.
Considering that dystonic patients often show overflow of activity to muscles not

primarily involved in a movement (Albanese et al., 2013; Jinnah and Factor, 2015), it

would have been interesting to measure the EMG activity of other muscles, such as
those involved in stabilizing the shoulders and trunk, and neck muscles important for
head movements in other directions. Nonetheless, the use of EMG during fMRI
scanning is technically challenging and it requires a number of safety precautions (van

Rootselaar et al., 2008; van der Meer et al., 2010; Noth et al., 2012). Thus, the mere

fact that we used EMG represents an improvement in comparison to prior neuroimaging

studies of CD.

3.5.5. Conclusions and future directions

By investigating a task directly related to the involuntary movements observed in
CD, our findings have pointed to cortical and subcortical areas that may be involved in
the abnormal head movements observed in CD.

There was limited activation in the medial precentral gyrus in the CD group, a
region we demonstrated that is relevant for isometric head rotation in normal individuals.
This finding suggested that CD participants had impaired voluntary control of the
isometric head tasks, which is consistent with the involuntary head movements that are
characteristic of this disorder. Future investigations in humans with CD should explore
the role of the medial precentral gyrus in head movements in other directions and other
types of CD. Moreover, follow-up neuroimaging studies may use the medial precentral
gyrus as a region of interest for investigations of brain metabolism, blood flow, structural

and functional connectivity.
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Our studies have also provided a valuable experimental paradigm that can be
used by others to address questions relevant to CD and other dystonias. For instance,
future studies using a similar design can be conducted to investigate hand dystonia and
directly compare the results with CD subjects. This would be relevant to study
simultaneously two distinct types of dystonia during performance of tasks unrelated to
symptoms and tasks that trigger dystonia, providing clearer evidence about the brain
regions associated with causal or compensatory mechanisms. Additionally, future
investigations may also examine isometric tasks involving other body parts to study
movements directly relevant to other dystonias, such as an isometric foot task in foot
dystonia.

Our studies represent an improvement from prior fMRI investigations of CD. In
comparison to previous investigations, we investigated an unusually homogeneous
group and a large sample size. Not only did we limit to isolated CD, but we focused on
rotational CD because different types of head directions may yield different results.
Furthermore, we focused on isometric head rotation in our experiments, since this was
the most prominent problem for the CD group. Finally, we employed a novel analytical
approach to address the possibility that the directional pattern of involuntary head
movements in CD might produce significant hemispheric asymmetries. Normalizing the
CD data to direction of torticollis revealed that CD participants demonstrated prominent
activation in the ipsilateral anterior cerebellum during the performance of isometric head
rotation to the side of torticollis. In contrast, isometric head rotation in the opposite
direction induced greater activity in isolated cortical regions involved in sensory and
motor processing. This suggests that the abnormal head movements observed in CD
may be largely driven by subcortical pathways, while voluntary mechanisms from cortical
areas are elicited to correct the abnormal head postures. This combination of

subcortical abnormalities and voluntary readjustments may ultimately result in the
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unstable head positions observed in CD. Other regions such as the basal ganglia may
also be involved in driving or compensating for the abnormal head movements in CD.
Nonetheless, this hypothesis provides important clues for potential targets for future
investigations in humans, as well as candidate regions for experimental manipulations in

animals.
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Chapter 4: Neuropathology of cervical dystonia*

4.1. Introduction

Neuropathological studies can be very helpful for identifying regions of brain
abnormality associated with a neurological disorder. They are especially useful when
multiple brain areas are known to control a specific function, yet the abnormality may be
limited to only one of these. A well known example is Parkinson’s disease, a disorder
characterized by different kinds of movement impairments, such as slowness, tremor
and limited motion. Many brain regions may contribute to these movement impairments,
but neuropathological studies have isolated the source of the problem to nigrostriatal
dopamine neurons. Therefore, neuropathology investigations provide valuable tools for
pointing towards brain regions that may be involved in human disease.

The neuropathology of cervical dystonia (CD) has not been well characterized

(Neychev et al., 2011; Standaert, 2011). A review of the literature disclosed only 15

autopsy reports for CD, and no consistent neuropathological changes were noted (Table
4.1). With only one exception, all of these reports were conducted more than 2 decades
ago, and did not include immunohistochemical methods for detecting specific
pathological processes. Additionally, most studies included fewer than 3 cases, and
comparisons to healthy controls were often lacking. The failure to detect overt changes
has contributed to the belief that there are no neuropathological defects in sporadic CD.

However, additional studies with modern stains and quantitative methods are needed.

* Contents of this chapter were published as a peer reviewed manuscript in the journal

Experimental Neurology. Reference: Prudente et al., Exp Neurol. 2013; 241: 95-104.



Table 4.1: Postmortem studies of cases with CD

7

Onset Ageat Sex Body region Brain regions Pathological findings Source
death affected investigated
23 24 M neck BG, MB/BS, CBL loss of neurons, gliosis, (Foerster, 1933)
multiple lacunes in PUT,
substantia innonimata;
perivascular lymphocytic
infiltration suggestive of
vasculitis
21 25 F neck CTX, THAL, CAUD, cell loss in CTX; cell loss inthe  (Grinker and Walker, 1933)
PUT, GP, SN, CBL molecular and Purkinje cell
layers in CBL; diffuse
perivascular lymphocytic
infiltration and meningeal
thickening consistent with
chronic encephalitis
43 90 M neck, tongue, CTX, GP, CAUD, PUT, atrophy of CAUD and PUT; cell (Alpers and Drayer, 1937)
forearm, hand, THAL, SN, RN shrinkage in CAUD, PUT and
fingers GP bilaterally, with
vacuolization, pyknotic nuclei,
neuronophagia, gliosis, and
presence of lipoid pigment; cell
loss in GP
59 65 F neck CTX, THAL, GP, normal (Tarlov, 1970)
CAUD, PUT, CBL
(vermis, hemispheres
and peduncles), MB,
NBM, RN, SN, INC,
pons, medulla, SC
NA NA NA  neck upper pons normal (Tarlov, 1970)
56 62 F neck, upper BG, SC, BS, CBL, normal (Garcia-Albea et al., 1981)
and lower face  cerebrum
NA 50 F neck NA normal (Zweig et al., 1986)
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Onset Ageat Sex Body region Brain regions Pathological findings Source
death affected investigated
61 68 F upper face, CTX, HIP, CAUD, normal (Jankovic et al., 1987)
larynx, neck PUT, GP,
hypothalamus, THAL,
MB, pons, medulla,
CBL
47 50 F neck HIP, amygdala, GP, normal (Zweiqg et al., 1988)
CAUD, PUT, basal
forebrain, THAL, STN,
BS, CBL
<33 68 M upper and HIP, amygdala, CAUD, depigmentationin SN, LC; NFT (Zweig et al., 1988)
lower face, PUT, ACC, GP, THAL, in NBM; neuronal loss in SN,
neck STN, CBL, SN, LC, raphe, PPN, LC; astrocytosis in
NBM, raphe, PPN, SN
medulla, CN Ill, CN IV
59 68 F neck, lower CTX, CAUD, PUT, GP, normal (Gibb et al., 1988)
face NBM, THAL, STN,
RN, SN,LC, raphe,
inferior olive, SC
(cervical and thoracic)
54 72 F neck, face PAG, PPN, RF, CNF, diffuse gliosis in GP; patchy (Holton et al., 2008)
GP, CAUD, PUT, HIP, gliosis in CAUD, PUT; signs of
CTX (anterior frontal, AD, Lewy bodies in BS
parietal, temporal)
46 79 F neck, lower same as above cystic infarct in CAUD; diffuse (Holton et al., 2008)
face, hand gliosis in GP; patchy gliosis in
CAUD, PUT,; small vessel
disease in BG
47 65 M axial, larynx same as above diffuse gliosis in GP; patchy (Holton et al., 2008)

gliosis in CAUD, PUT; mild
small vessel disease
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Onset Ageat Sex Body region Brain regions Pathological findings Source
death affected investigated
73 80 F neck same as above diffuse gliosis in GP; patchy (Holton et al., 2008)

gliosis in CAUD, PUT

This table includes only cases originally described or typically cited as examples of sporadic or idiopathic dystonia. Segmental and
multifocal dystonia cases were included if dystonia of the neck also was a prominent feature of the disorder. ACC, nucleus
accumbens; AD, Alzheimer’s disease; BG, basal ganglia; BS, brainstem; CAUD, caudate; CD, cervical dystonia; CNF, cuneiform
nucleus; CN lllI, cranial nerve Ill; CN IV, cranial nerve IV; CBL, cerebellum, CTX, cerebral cortex; GP, globus pallidus; HIP,
hippocampus; ID, identifier; INC, interstitial nucleus of Cajal; MB, midbrain; NA, not available; NFT, neurofibrillary tangles; NBM,
nucleus basalis of Meynert; PAG, periaqueductal gray; PPN, pedunculopontine nucleus; PUT, putamen; RF, reticular formation; RN,
red nucleus; SC, spinal cord; STN, subthalamic nucleus; THAL, thalamus.
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Despite the absence of overt structural defects, functional imaging techniques have
revealed areas of abnormality in sporadic CD. Paositron emission tomography (PET) imaging of
regional blood flow or glucose metabolism have shown abnormal patterns of activity involving

cortical motor areas, the basal ganglia, thalamus, and cerebellum (Stoessl et al., 1986; Galardi

et al., 1996; Magyar-Lehmann et al., 1997). Other imaging studies have raised the possibility of

subtle architectural disturbances in these regions. Voxel-based morphometric studies of MRI
scans from affected individuals have shown abnormal white and gray matter volumes in the

cerebral cortex, basal ganglia, cerebellum, and thalamus (Draganski et al., 2003; Egger et al.,

2007; Obermann et al., 2007; Draganski et al., 2009; Walsh et al., 2009). Diffusion tensor MRI

also has shown abnormal fractional anisotropy in white matter tracts within the prefrontal cortex,
basal ganglia, thalamus and corpus callosum, a measure that reflects microstructural anomalies

(Colosimo et al., 2005; Bonilha et al., 2007; Fabbrini et al., 2008; Bonilha et al., 2009). Finally,

investigations in animals have suggested that abnormal function of several brain regions can

lead to abnormal head movements resembling CD (Evinger, 2005). Thus, findings from these

investigations raise the possibility that subtle anatomical defects occur within specific brain

regions in CD.

4.2. Objectives and significance
The purpose of the following experiments was to search for subtle histopathological
abnormalities in postmortem brain tissue of individuals with CD in comparison to age-matched
controls. We used the findings from imaging and animal studies as a guide to delineate
potential neuropathological changes in sporadic CD. Identifying the regions of the brain that
may cause CD is important for a better understanding of pathogenesis of the disorder and for

rational design of new treatment strategies.

4 .3. Materials and methods
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4.3.1. Autopsy material

The National Institute of Child Health and Development Brain and Tissue Bank for
Developmental Disorders at the University of Maryland was searched for autopsy specimens of
subjects with CD. Twenty cases of possible sporadic CD were reviewed with approval by the
Institutional Review Board of the Johns Hopkins University. Among these, 14 had histories
compatible with sporadic CD according to current criteria, but only 4 had sufficient tissue of
good quality for study (CD1-4). Tissue from 2 additional cases (CD5 and CD6) became
available after the initial screening study and was included in the second part of the study.
Because these samples came from a public brain bank, systematic sampling of multiple regions
for stereological studies was not feasible, and clinical information was sometimes limited.
Tissue from normal controls was obtained from the Johns Hopkins Brain Resource Center and
the Emory Alzheimer’s Disease Research Center.

Formalin-preserved tissue was methodically sampled with regions of interest based on
recent human imaging investigations, animal studies, and findings from acquired CD. The
regions sampled included the somatosensory cortex, caudate nucleus, putamen, globus
pallidus, midbrain (including substantia nigra, red nucleus, interstitial nucleus of Cajal),
brainstem, cerebellar hemispheres and vermis, and deep cerebellar nuclei. Tissue was

embedded in paraffin and sectioned at 10 um.

4.3.2. Genetic testing

Genotyping was performed on unstained sections from all CD cases and controls.
Tested sections were from the cerebral cortex, midbrain, basal ganglia or cerebellum. Brain
tissue was scraped from slides and transferred to microcentrifuge tubes. DNA was extracted
with the Classic™ Genomic DNA Isolation Kit (Lamda Biotech, St. Louis, MO) and examined for

sequence variants in exon 5 of TOR1A and all exons and introns of THAP1 in 2 independent
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runs involving sections from different brain regions, with Sanger sequencing as described

previously (Xiao et al., 2009; Xiao et al., 2010).

4.3.3. Histological procedures
The staining battery was designed to detect inclusion bodies, in view of studies of other

forms of dystonia (McNaught et al., 2004). Stains for degenerative processes were included in

view of the association between CD and degenerative Parkinsonian disorders (Boesch et al.,

2002; Papapetropoulos and Singer, 2006). Stains for inflammatory processes were included

because of prior associations of focal dystonia with autoimmune diseases (Moore et al., 1986;

Rajagopalan et al., 1989; Deitiker et al., 2011). Staining methods included hematoxylin/eosin

(H&E), cresyl violet, Hirano silver, and immunohistochemistry. For immunohistochemistry,
sections were stained for neuronal markers (parvalbumin, calbindin, calretinin), markers for
intracellular inclusions (IC2 for polyglutamine sequences, TAR DNA binding protein 43,
ubiquitin), neuroglial markers (glial fibrillary acidic protein, human leukocyte antigen-DR and
ionized calcium binding adapter molecule 1), and cluster of differentiation 3, a T-cell marker.
Sections first were heated at 37°C overnight, then heated to 60°C for 1 hr and deparaffinized.
For antigen retrieval, sections were boiled in distilled water for 7 min. Nonspecific binding was
blocked with 5% goat serum in phosphate-buffered saline, containing 0.4% Triton X-100 for 1 hr
at room temperature. Slides were incubated with primary antibody overnight at room
temperature and then with secondary antibody for 1 hr. Sections then were incubated with
streptavidin-peroxidase complex and developed for 5 min with diaminobenzidine, and

counterstained with cresyl violet.

4.3.4. Two-stage analysis
In the first stage of the analysis, an experienced neuropathologist examined the first 4

brains for overt changes. This subjective assessment revealed frequent ubiquitin-positive
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inclusions in melanized nigral neurons and a patchy loss of cerebellar Purkinje cells. In the
second stage of the study, material from the original 4 brains plus 2 additional brains that
became available after the initial study were analyzed. The two main subjective findings
identified in stage one were quantified and compared to age-matched controls by a microscopist
blinded to phenotype. Tissue from 12 controls was investigated for the analysis of nigral
inclusions, and 13 controls were studied for the Purkinje cells analysis. Quantification of the
number of nigral inclusions and Purkinje cells was performed using Stereo Investigator
(MicroBrightField, Inc., Williston, VT, USA). Two ubiquitin-stained sections from different
regions of the substantia nigra were randomly selected for counting intranuclear inclusions for
each case. Two H&E-stained sections from different regions of the cerebellum were randomly

selected for Purkinje cell counts for each case.

4.3.5. Statistical analyses

To examine the association between CD and the number of nigral intranuclear
inclusions, two statistical approaches were used. In one approach, the analysis was based on
the proportion of cells with at least one inclusion. A logistic regression model was fitted to the
proportion of cells with inclusions, and both age and group (CD or control) were analyzed as
explanatory variables. To adjust for the correlation among neuronal cells within a given case,
the Williams weighting option was used as implemented in SAS PROC LOGISTIC (SAS
Institute Inc., Cary, NC, USA), which assumed an exchangeable correlation structure. The
above approach had the limitation that it ignored information about the number of inclusions per
cell. To use this cell-specific information, we considered an alternative approach based on the
number of inclusions (ranging from 0 to 6) for each neuron. A log-linear regression model was
fitted for the number of inclusions, and age and group were analyzed as explanatory variables.

The generalized estimating equation method (Liang and Zeger, 1986) was used to adjust for

intra-individual correlation among the cells.
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Purkinje cell loss was investigated by examining linear Purkinje cell density measured as
the number of cells/mm of Purkinje cell layer. Fitted linear regression models employing the
generalized estimating equation approach were used to examine the association between CD
and Purkinje cell density, with adjustments for age and the intra-individual correlation of Purkinje

cell density measurements (Liang and Zeger, 1986). In this model, Purkinje cell density was the

response variable and both age and group (CD or control) were explanatory variables. Residual
plots were used to determine if there were departures from model assumptions, such as
evidence of nonlinearity or non-constant variance.

A linear regression analysis using the generalized estimating equation approach also
was conducted to investigate the association between the occurrence of THAP1 sequence
variants and Purkinje cell density, adjusted for age and group. In all regression analyses

described, two persons with ages reported as “over 80” were assigned arbitrarily the age of 85.

4.4. Results

4.4.1. Samples

The CD cases consisted of 5 women and 1 man (Table 4.2). Mean age at onset was
45+10.7 years, and mean age at death was 70.0+10.4 years. Mean duration of CD was
25+15.3 years. Post-mortem intervals ranged from 5 to 25 hours. None of the 6 CD cases
examined had clinical histories of prolonged agonal states with hypoxia, nor histories of taking
drugs known to cause neuropathological changes. In stage 2 of the study, findings from CD
individuals were compared to 16 age-matched controls (average age at death of 69.5+9.8
years, Table 4.2).

Although none of the CD cases had a family history of dystonia, all were examined for
mutations associated with DYT1 and DYT6 dystonia. There were no ¢.904_906delGAG
mutations or other variants in exon 5 of TOR1A. In contrast, 2 single nucleotide sequence

variants in the non-coding region of THAP1 (c.71+9C>A and ¢.268-31A>G) were identified in
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both cases and controls (Table 4.2). The intron 1 variant (c.71+9C>A) was found in 3 CD
cases. The intron 2 variant (c.268-31A>G) was found in 2 CD cases and 1 control. The c.268-

31A>G variant is novel, but the ¢.71+9C>A variant has been reported (Xiao et al., 2010; LeDoux

et al., 2012).




Table 4.2: Clinical information for CD cases and controls

86

ID Diagnosis Sex Ageat Ageat PMI  Cause of death Family THAP1 gene
onset  death history
CD1 CD,BL,FD F 39 60 18 COD negative c.71+9C>A, het
Cbh2 CD F 53 75 20 COD NA €.268-31A>G, het
CD3 CD,BL M 52 58 5 temporal glioma negative c.71+9C>A, hom
€.268-31A>G, hom
Ch4 CD F 40 65 25 CVvD negative c.71+9C>A, het
CD5 CD,FHD F 29 82 6 COD negative normal
CD6 CD, NT,HT F 57 80 22 respiratory arrest NT normal
N1 normal M NR 55 NA lung carcinoma NA normal
N2 normal M NR 59 NA multiple sclerosis, stroke NA normal
N3 normal M NR 60 NA cardiopulmonary arrest NA normal
N4 normal F NR 61 NA cardiac failure NA normal
N5 normal M NR 62 NA carcinoma of lymph nodes, liver, lung  NA normal
N6 normal F NR 62 NA leiomyosarcoma NA normal
N7 normal M NR 64 NA lung carcinoma NA €.268-31A>G, het
N8 normal M NR 70 NA nasopharyngeal carcinoma, leukemia NA normal
N9 normal F NR 74 NA aortic aneurysm NA normal
N10 normal F NR 76 NA lung carcinoma, aortic aneurysm NA normal
N11 normal M NR 76 NA cardiac arrest NA normal
N12 normal M NR 77 NA pneumonia NA C.71+9C>A, hom
N13 normal M NR 84 NA bronchopneumonia, rheumatoid NA normal
myocarditis
N14 normal F NR 80+ NA NA NA normal
N15 normal M NR 80+ NA NA NA normal
N16 normal M NR 69 NA aortic aneurysm NA normal

Information was obtained from the University of Maryland Brain and Tissue Bank for Developmental Disorders, Johns Hopkins Brain

Resource Center and the Emory Alzheimer's Disease Research Center.

Age is expressed in years.

BL, blepharospasm; CD,

cervical dystonia; COD, “complication of disorder”; CVD, cardiovascular disease; F, female; FD, facial dystonia; FHD, focal hand
dystonia; HT, hand tremor; hom, homozygous; het, heterozygous; ID, identifier; M, male; NA, not available; NR, not relevant; NT,
neck tremor; PMI, post-mortem interval in hours. The glioma in CD3 was restricted to the temporal lobe on one side of the brain.
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4.4.2. Screening phase

Tissue quality for all CD cases chosen for the final examinations showed good
preservation and no signs of prolonged hypoxia before death.

The most salient findings in the midbrain included focal areas of gliosis, satellitosis
(accumulation of glial cells around neurons), and frequent ubiquitin-positive intranuclear
inclusions in the substantia nigra (Figure 4.1). These small and homogeneous round inclusions
resembled Marinesco bodies, a common finding in melanin-pigmented neurons in the substantia

nigra pars compacta and locus ceruleus of normal aged humans (Yuen and Baxter, 1963).

Findings in the cerebellum included focal areas of Bergmann gliosis, patchy loss of
Purkinje cells, and torpedo bodies in the granule cell layer (Figure 4.2). Torpedo bodies are
axonal swellings of Purkinje cells that are thought to be a non-specific result of abnormal

accumulation of cellular constituents (Mann et al., 1980; Louis et al., 2009). No consistent

abnormalities were seen in regions implicated in recent imaging and animal studies including
the cerebral cortex, basal ganglia, interstitial nucleus of Cajal, red nucleus or pons. Findings for

each case are summarized in Table 4.3.



Figure 4.1: Histopathology in the midbrain. Panels A-B show typical ubiquitin-positive
inclusions in the substantia nigra (Marinesco bodies). Nigral neurons with one or
multiple inclusions were observed (black arrows). Panel C shows an example of
satellitosis (arrow) around a dopaminergic neuron in the substantia nigra. Panel D
shows increased number and activation of astrocytes (gliosis, arrows) in a midbrain
section of a cervical dystonia case. Panels A-B: ubiquitin immunostaining; Panel C:
hematoxylin and eosin; Panel D: glial fibrillary acidic protein.
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Figure 4.2: Histopathology in the cerebellum. Panels A-B shows areas with patchy
loss of Purkinje cells, as indicated by the black arrows. Torpedo bodies (white arrows)
can be identified in Panels B-C. Panel D shows a typical Purkinje cell layer with
morphologically normal cell bodies. Panels A-D: silver impregnation.
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Table 4.3: Main findings of the subjective screening study

90

ID BS MB INC RN BG CBL CTX
CD1 normal gliosis, ballooned normal normal arrested gliosis, slight microgliosis, cell normal
neurons, satellitosis, migration of loss in dentate nucleus
uINlin SN neuroblasts
CD2 normal corpora amylacea, normal normal hyalinosis and frequent torpedo bodies, normal
isolated axonal mineralization patchy loss of Purkinje cells
swellings, satellitosis, (GP)
ulNlin SN
CD3 ulINI (LOC) slight microgliosis, slight normal normal satellitosis patchy microgliosis in normal
satellitosis, patchy peduncle, gliosis around
microgliosis in TG, ulNI Purkinje cells, slight
in SN satellitosis, Bergmann gliosis,
torpedo bodies, patchy loss of
Purkinje cells
CD4  normal isolated axonal normal normal hemosiderin corpora amylacea, Bergmann  normal
swellings, clusters of loaded gliosis in vermis, frequent
oligodendrocytes, focal macrophages torpedo bodies,

astrogliosis, satellitosis,
ulNI in SN

patchy loss of Purkinje cells

Tissue from cases CD5 and CD6 was not analyzed during the initial screening study. BG, basal ganglia (caudate, putamen, globus
pallidus); BS, brainstem; CBL, cerebellum; CTX, cerebral cortex; GFAP, glial fibrillary acidic protein; GP, globus pallidus; ID,
identifier; INC, interstitial nucleus of Cajal; LOC, locus ceruleus; MB, midbrain; RN, red nucleus; SN, substantia nigra; TG,
tegmentum; ulNI, ubiquitinated intranuclear inclusions.
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4.4.3. Quantification phase

Ubiquitin-positive intranuclear inclusions in the substantia nigra were quantified in
6 CD individuals and 12 controls (Table 4.4). The number of melanized neurons
available for counting ranged from 139 to 1393. The number of inclusions in individual
melanized neurons ranged from 0 to 6. Among CD cases, 8% of the cells counted had
at least one inclusion, as compared to 11% of cells counted in the control group. The
mean * standard deviation for the total number of inclusions indentified was 35.8+25.2
for the CD group and 63.0+81.3 for the controls. The logistic regression analysis
indicated that neither group (Wald test: W=0.44; 1 df; p=0.51) nor age (Wald test:
W=1.41; 1 df; p=0.24) was a significant predictor of the proportion of cells with
inclusions. The estimated intra-individual correlation was r=0.06 among the cells
counted. Further analysis included an investigation of the association between number
of inclusions per cell, group and age. Log-linear regression analysis based on the
number of inclusions (ranging from 0 to 6) per cell failed to converge to a solution, owing
to numerical difficulties. As an alternative, computationally simpler approach, a square
root transformation was applied to the inclusion counts in order to stabilize their
variances, and a linear regression model was fitted using the generalized estimating
equation method. The results of this cell-specific regression analysis showed that
neither group (Wald test: W=0.89; 1 df; p=0.37) nor age (Wald test: W=-0.74; 1 df;
p=0.46) was a significant predictor of the number of inclusions. The quantitative study

therefore failed to confirm any abnormality of nigral inclusions in the CD brains.
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Table 4.4: Number of nigral inclusions in melanized neurons in the substantia nigra

Total Total number  Proportion of Number of cells with 1 to 6
ID cell of cells w/ cells with inclusions per cell

count inclusions inclusions (%) 1 2 3 4 5 6
CD1 698 58 8.3 28 12 12 5 O 1
CD2 407 12 2.9 6 3 2 1 0 0
CD3 263 8 3.0 5 0 2 1 0 0
CD4 396 31 7.8 16 12 1 1 1 0
CD5 365 72 19.7 37 24 9 2 0 0
CD6 531 34 6.4 24 8 2 0O O 0
N2 262 43 16.4 29 8 4 2 0 0
N3 197 0 0.0 0 0 0 0 O 0
N5 139 3 2.2 2 0 1 0O O 0
N6 727 53 7.3 40 10 3 0 O 0
N7 141 8 5.7 2 4 2 0 O 0
N8 705 15 2.1 10 4 1 0O O 0
N9 1393 252 18.1 130 71 32 16 3 0
N10 200 47 235 28 17 2 0 O 0
N12 980 199 20.3 78 52 40 21 7 1
N14 353 7 2.0 6 0 0 1 0 0
N15 355 35 9.9 21 9 4 1 0 0
N16 504 94 18.7 53 21 12 7 O 1

Ubiquitin-positive intranuclear inclusions in the substantia nigra were quantified in 6
CD individuals and 12 controls. The number of inclusions in each melanized neurons
ranged from O to 6. Logistic regression analysis indicated that neither group nor age
was a significant predictor of the proportion of cells with inclusions, or the number of
inclusions per cell. 1D, identifier.

Main subjective findings in the cerebellum included loss of Purkinje cells, areas
of focal gliosis and torpedo bodies. Due to difficulties in quantifying gliosis and the low
frequency of torpedo bodies, the only variable analyzed was Purkinje cells. The linear
density of Purkinje cells was measured in two separate cerebellar sections from each of
6 CD individuals and 13 controls (Figure 4.2A). The CD group had an average linear
density of 2.26+0.48 cellsrmm, whereas controls had an average linear density of
2.70+0.58 cellss/mm. Regression analysis indicated that CD was significantly associated
with lower linear density of Purkinje cells (Wald test: W=-2.06; 1 df; p<0.05). The
estimated intra-individual correlation was r=0.73 for the linear density of Purkinje cell

measurements. Age was not a significant predictor of Purkinje cell linear density

(p=0.72). Moreover, dropping age from the model did not affect the fitted regression
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coefficient for group, indicating that age was not a confounding variable. Residual plots
did not reveal any apparent departures from model assumptions. These results confirm
a lower linear density of Purkinje cells in CD brains in comparison with controls.
Independent from patient group (CD vs. controls), samples with a THAP1
sequence variant had a lower linear density of Purkinje cells (2.14+0.54 cells/mm)
compared to THAPLl negative cases (2.75+0.48 cellssmm) as revealed by linear
regression analysis (Wald test: W=-2.00; 1 df; p<0.05; Figure 4.2B). The controls with
THAP1 sequence variants (N7 and N12) fell at the lower limits of normal for linear
density. The unexpected finding of THAP1 sequence variants in the control group led to
a more detailed investigation of the available medical records. N7 had no neurological
problems, but N12 had a history of hand tremors. The neuropathological evaluation of
N12 was not consistent with Parkinson’s disease, but available records were insufficient

to determine if the tremors were consistent with dystonic or essential tremor.
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Figure 4.3: Box and whisker plot comparing Purkinje cell linear density in 6
cervical dystonia (CD) cases and 13 controls. In this type of plot, the upper and
lower limits of the box show the upper and lower quartiles of the data, with the
horizontal line in between showing the median. The whiskers show the entire
data range, and circles depict each data point. Two independent sections for
each subject were analyzed, and all 12 points for the CD group and 26 for the
controls are shown. Regression analysis indicated that CD was significantly
associated with lower density of Purkinje cells at p<0.05 (A). Regression
analysis also revealed that cases with a THAP1 sequence variant (THAP1 sv+)
had a significantly lower linear density of Purkinje cells compared to THAP1
negative cases at p<0.05 (THAP1 sv-) (B). In A, open and closed circles
represent the data for THAP1 positive and negative cases within each group.
In B, open and closed circles represent the data for CD and controls within
each THAP1 group.

4.5. Discussion
The experiments described provide neuropathological findings from the largest
cohort of CD patients ever evaluated. Guided by recent findings from human
neuroimaging studies and animal models, this investigation provides a more thorough
and guantitatively rigorous evaluation than previously available. In the more traditional

subjective phase of these studies when 4 CD brains were available, two changes
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appeared salient. The CD brains appeared to have a relatively large number of
Marinesco bodies in the substantia nigra. The CD brains also appeared to show
reduced cerebellar Purkinje neurons, along with related findings of increased torpedo
bodies and focal regions of gliosis. Extensive stains failed to reveal any consistent
defects in the basal ganglia, cerebral cortex, red nucleus, or interstitial nucleus of Cajal.
The absence of consistent structural defects in these regions was disappointing,
considering that these areas have been implicated in multiple prior studies relevant to

CD (Carpenter et al., 1958; Malouin and Bedard, 1982; Fukushima, 1987; Walker et al.,

1990; Neychev et al.,, 2011). In the second quantitative phase of our studies, the

reduced number of Purkinje neurons was confirmed, but the increase in nigral inclusions
was not. Although we did not intend to address neuropathology associated with THAP1
sequence variants, an incidental finding was a significantly lower linear density of
Purkinje cells among cases harboring such variants, regardless of whether they had CD
or not. The results are valuable for three main reasons. First, they highlight some
general weaknesses in the way that human neuropathological studies for dystonia have
been conducted, and they lead to suggestions for potential solutions. Second, they
guestion recent classifications of dystonia that propose to discriminate acquired from
sporadic forms by the presence or absence of neuropathological correlates. Third, they
highlight limitations inherent to all studies that involve attempts at clinico-pathological

correlations, including dystonia.

4.5.1. Limitations of human neuropathology

While it may initially seem surprising that no prior study has identified the
changes described in the current studies, an analysis of the prior reports reveals several
explanations. One reason is that there are only 15 reported cases, with most studies

including only 1-2 cases, making it difficult to appreciate subtle defects (Foerster, 1933;
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Grinker and Walker, 1933; Alpers and Drayer, 1937; Garcia-Albea et al., 1981; Jankovic

et al., 1987). Moreover, all prior studies relied exclusively on subjective impressions of a

neuropathologist, with no quantification of suspected abnormalities, eliminating the
possibility of identifying subtle quantitative differences. Additionally, several of these
reports included cases with clinical or neuropathological findings suggesting acquired
CD (Table 4.1), and others combined different types of dystonias, presuming a common

neuropathological substrate (Gibb et al., 1988; Zweig et al., 1988; Holton et al., 2008).

By mixing different disorders in the same study, any potentially consistent defect limited
to sporadic CD becomes difficult to discern. With a single exception (Holton et al.,
2008), all prior reports were published more than two decades ago; and they did not
include special methods such as immunohistochemistry with the power to detect specific
neuropathological processes.

Perhaps the most serious shortcoming of prior studies is that many focused only

on specific regions of interest. As summarized in a recent review (Neychev et al., 2011),

the belief that all forms of dystonia arise from dysfunction of the basal ganglia has
dominated scientific thought for decades, despite accumulating evidence that other brain
regions are involved. Some of the prior autopsy studies highlighted abnormalities in the

striatum and/or globus pallidus in tissue of CD individuals (Foerster, 1933; Alpers and

Drayer, 1937; Holton et al., 2008). However, brain regions other than the basal ganglia

were often not analyzed in detail, so it is possible that additional defects in other areas
were overlooked. Furthermore, several prior studies of CD did not address the

cerebellum (Alpers and Drayer, 1937; Tarlov, 1970; Zweiqg et al., 1986; Gibb et al., 1988;

Holton et al., 2008). Among the few studies that reported a broader analysis in cases of

probable sporadic CD, one described patchy loss of Purkinje cells, but quantitative

comparisons to controls were lacking (Garcia-Albea et al., 1981). As a result, the

authors interpreted these findings as incidental.
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Wherever possible, we aimed to avoid the limitations of prior studies. To avoid
problems associated with mixing different forms of dystonia together, we focused on
cases with isolated sporadic CD. Cases of acquired CD were excluded. Although
dystonia outside of the neck region was allowed, CD was the main clinical problem. We
also employed an extensive battery of histological stains sensitive for detecting inclusion
bodies, degeneration, or inflammatory processes. We also took advantage of evidence
from modern human neuroimaging studies and animal studies to guide selection of brain
regions. The Marinesco bodies in the substantia nigra initially were intriguing, in view of
evidence that they may be more frequent in dopamine-related disorders (Beach et al.,
2004), combined with evidence of dysfunction of dopamine pathways in dystonia

(Perlmutter and Mink, 2004; Wichmann, 2008; Zhao et al., 2008). The cerebellar defects

also were intriguing, in view of recent studies suggesting abnormal cerebellar Purkinje

neuron activity in dystonia (Pizoli et al., 2002; Neychev et al., 2008; Chen et al., 2009).

As a final step, we sought to confirm subjective findings with rigorous quantitative
methods. We were unable to confirm an increase in Marinesco bodies, highlighting the
weakness in relying on subjective impressions. However, we were able to confirm a
reduction in the linear density of cerebellar Purkinje neurons. Purkinje neurons densities
in CD overlapped with those of controls (Figure 4.2), explaining how such a defect might
be overlooked in prior studies.

After the histopathology was completed, molecular studies were conducted to
identify sequence variants associated with DYT1 and DYT6 dystonia. Although none
had the GAG deletion of DYT1 dystonia, 4 cases and 2 controls unexpectedly were
found to harbor sequence variants in THAP1. The spectrum of THAP1 mutations
responsible for causing DYT6 dystonia is heterogeneous and not yet fully defined (Xiao

et al., 2010; LeDoux et al., 2012; Paudel et al., 2012). The c.71+9C>A variant was first

reported by Xiao and colleagues (Xiao et al., 2010) with an allele frequency of 7/2420 in
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mainly adult-onset sporadic dystonia and 1/1200 in matched controls. A follow-up

investigation revealed that this variant is likely to be pathological (Vemula et al., 2014).

The ¢.268-31A>G variant is novel. In comparison to previous work using DNA derived

from whole blood (Xiao et al., 2010), the relatively high frequency of THAP1 variants in

the post-mortem samples examined in this study suggests the possibility that THAP1 is

prone to somatic mutations (Kennedy et al., 2012). Nonetheless, THAP1 sequence

variants appear to be associated with significantly lower linear density of Purkinje cells
regardless of the existence of CD, a finding consistent with observations that Purkinje

cells express the highest levels of this gene in the brain (LeDoux et al., 2012). The

existence of THAP1 sequence variants in 2 controls led to questions regarding whether
they should be included in the final analysis, especially since one clinically had overt
tremor. However, eliminating these controls improved the strength of the association
between lower Purkinje cell density and CD, because both of these controls fell at the
lowest limits of the control group (Figure 4.3). These findings emphasize the
importance of molecular diagnosis in both cases and controls.

Despite an improved study design, our study still had several shortcomings. We
examined only 6 CD brains. Based on the results we obtained for Purkinje cell linear
density, a power analysis indicates the need for 15 CD cases for a confirmatory follow-
up study. Because CD is so rare, obtaining this many cases could take many years
without a large-scale cooperative effort. The rarity of CD and the small number of brains
evaluated also creates a risk of missing subtle changes elsewhere in the brain, but were
not sufficiently obvious to be detected in the screening neuropathological portion of our
study. Many histological findings were not quantified, so it remains possible that
significant changes exist in brain regions other than the cerebellum.

Another limitation of our study was that it involved tissue available through a

public brain bank, where precise selection of matched brain regions was not feasible.
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Tissue selection is important, because different body regions are represented
somatotopically in many brain regions, including the cerebellum. Notably, tissue from
different regions of the cerebellum were not available for analysis. It also was not
possible to compare the corresponding right and left sides of the brain, which may be
important for a disorder such as CD, where the head and neck are consistently turned or
tilted in one direction. A related limitation was the paucity of detailed clinical information,
such as the direction of head movements, which could be important for interpreting
asymmetrical findings in the brain, or presence of tremor, which is associated with

neuropathological findings similar to those reported here (Louis et al., 2006; Louis and

Vonsattel, 2008; Shill et al., 2008; Louis et al., 2009; Louis et al., 2011).

A final limitation was the inability to include truly stereological methods for
counting inclusions and cells. Truly unbiased stereological studies of human autopsy
material are rarely feasible because of specific requirements including sectioning of the
entire region of interest, systematic random sampling through the tissue, and particularly

the requirement for random planes of section (Kristiansen and Nyengaard, 2012).

Finally, despite a comprehensive battery of stains, none was sensitive for the detection
of changes in the fine structure of neurons, such as dendrites. Most of these limitations
are a common problem in autopsy studies and they might be solved by the
establishment of a centralized brain bank, where the collection and processing of clinical
information together with post-mortem brains could be standardized. Any follow-up
study also would have to account for THAP1 sequence variants, and ideally incorporate

new evidence regarding which of these variants may be pathogenic.

4.5.2. Relevance for classifying the dystonias
The results of these studies are directly relevant to efforts that classify the many

different dystonias by etiology. Traditionally, idiopathic and acquired dystonias are
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distinguished largely based on whether the clinical phenotype is pure or mixed with non-
dystonic features. However, some investigators have suggested that the distinction also

includes the occurrence of histopathogical defects (Neychev et al., 2011). For example,

some authors have described idiopathic dystonia as a “neurofunctional disorder”

because of the absence of apparent neurodegeneration (Breakefield et al., 2008).

Others have similarly stated that idiopathic dystonia is characterized by “abnormal

functioning of a structurally-normal appearing brain” (Tanabe et al., 2009). Several

additional authors have implied that idiopathic dystonias are defined in part by the

absence of neuropathological abnormalities (De_Carvalho Aguiar_and Ozelius, 2002;

Nemeth, 2002; Schwarz and Bressman, 2009).

The current studies showing a lower linear density of Purkinje neurons in the
cerebellum in CD demonstrate that neuropathological changes may be revealed in
dystonia when appropriate methods are applied. In fact, prior studies of human DYT1
generalized dystonia have shown perinuclear inclusions in the brainstem, although frank

cell loss was not apparent (McNaught et al., 2004). Histological studies of animal

models of DYT1 dystonia also have revealed subtle changes of the structure of the

dendrites of cerebellar Purkinje neurons (Zhang et al., 2011) or size of midbrain

dopamine neurons (Song et al., 2012). Finally, modern human neuroimaging studies of

CD have repeatedly provided evidence for microstructural defects (Neychev et al., 2011;

Zoons et al.,, 2011). In view of these findings, it seems likely that additional

neuropathological changes will be uncovered. If this is the case, then reliance on the
presence or absence of neuropathological abnormalities to discriminate idiopathic from

acquired dystonia becomes increasingly problematic.

4.5.3. Inferring causation from clinico-pathological studies
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Results from clinico-pathological studies inevitably lead to questions regarding a
causal link between the clinical features and the histopathological defects. The results
presented here are correlative and cannot establish a causal link between CD and a
lower linear density of Purkinje neurons. In fact, Purkinje cell loss is a non-specific
finding that is associated with a variety of conditions. Purkinje cell loss is typical of a

large group of disorders known as the spinocerebellar ataxias (Yang et al., 2000; Sarna

and Hawkes, 2003). However, Purkinje cell loss sometimes is associated with other

degenerative disorders such as Parkinson’s disease (Takada et al., 1993; Wenning et

al., 1996) or Alzheimer’s disease (Sarna and Hawkes, 2003; Mavroudis et al., 2010).

Purkinje cell loss also occurs in non-degenerative disorders including essential tremor

(Louis et al., 2006; Louis and Vonsattel, 2008; Louis et al., 2011), hypoxia/ischemia

(Sarna _and Hawkes, 2003; Kern and Jones, 2006), traumatic brain injury (Sarna and

Hawkes, 2003; Park et al., 2007), autism (Sarna and Hawkes, 2003; Kern and Jones,

2006), a variety of drugs and toxins (Sarna and Hawkes, 2003), and even normal aging

(Sarna and Hawkes, 2003; Zhang et al., 2010). Cerebellar Purkinje neurons therefore

seem unusually vulnerable to many biological processes.

It is important to note that our cases had a relatively narrow age range that
statistically did not contribute to Purkinje cell density, none had clinical histories of using
drugs known to affect Purkinje neurons, none had evidence of another
neurodegenerative disease or trauma, and tissue quality was good with no evidence of
prolonged hypoxia before death. Thus, it is unlikely that Purkinje cell loss resulted from
these other conditions. However, the association of Purkinje neuron loss with other
disorders emphasizes that the lower linear density of Purkinje neurons found in CD is
not specific to this disorder, and probably not responsible for causing dystonic

symptoms.
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The relationships between CD and essential tremor are important to consider.
Clinically, up to two thirds of patients with CD have a tremor that resembles essential

tremor (Jankovic et al., 1991; Pal et al., 2000), and recent studies have suggested that

CD and essential tremor may share similar genetic substrates (Hedera et al., 2010).

The neuropathology of essential tremor is similar to our findings, with subtle reductions
in the linear density of Purkinje neurons, prominent torpedo bodies, and focal areas of

Bergmann gliosis (Louis et al., 2006; Louis and Vonsattel, 2008; Shill et al., 2008; Louis

et al., 2009; Louis et al., 2011). In view of the many relationships between CD and

essential tremor, it is perhaps not surprising that they may share some similar
pathological features. In essential tremor, the loss of Purkinje neurons may not cause
tremor, but instead may reflect a pathological neurophysiological process involving
aberrant oscillatory activity in circuits that involve the cerebellum, thalamus, and motor

cortex (Raethjen and Deuschl, 2012). The reduction in the linear density of Purkinje

neurons in CD may similarly reflect abnormal cerebellar physiology, although the nature
of the physiological changes probably differs from essential tremor. Animal studies have
suggested that abnormal bursting patterns of cerebellar Purkinje neurons may underlie
dystonia, and this abnormal bursting may predispose to torpedo body formation, gliosis,

and loss of these neurons (LeDoux and Lorden, 2002; Chen et al., 2009). Thus a

reduction in Purkinje cell density is neither specific nor causal in CD, but may instead
provide a clue to an abnormal physiology. This interpretation is consistent with recent
genetic studies suggesting that CD may result from mutations affecting Purkinje neuron

function (Xiao et al., 2012).
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Chapter 5: Summary and final conclusions*

5.1. Overview

The findings from Chapters 2-4 begin to fill critical gaps in the understanding of
normal and abnormal head movements in humans. Our results indicate that isometric
tasks provide a suitable method for investigating head movements with functional
magnetic resonance imaging (fMRI). They open the door to using brain imaging to
identify brain regions involved with head movements in any direction, both in normal and
diseased populations. Furthermore, the neuroimaging and neuropathology studies
focused on cervical dystonia (CD) added valuable information to our knowledge of brain
regions responsible for this poorly understood disorder.

In Chapter 2, we described the patterns of brain activity associated with
isometric head rotation that were investigated with fMRI in healthy volunteers (Prudente
et al., 2015). Isometric wrist extension activated similar brain regions as prior studies
have reported for actual hand movements. Isometric head rotation significantly activated
the bilateral precentral gyrus, but with contralateral predominance. Activation of the
precentral gyrus in each hemisphere was observed both medial and lateral to the hand
area. The medial precentral focus was activated only during head tasks, whereas the
lateral precentral focus was active during both hand and head tasks. These results
suggest that the medial precentral gyrus has a more specific role in generating head
movements, while the lateral precentral focus may be involved in any isometric task,
either monitoring movement or stabilizing the body. Other regions involved in head

movements

* Contents of this chapter were published as a peer commentary in the journal

Neuroscience. Reference: Prudente et al., Neurosci. 2014; 260: 23-35.
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were also indicated by our studies, such as the supplementary motor area, insula,
putamen, and ipsilateral cerebellum. These findings help to clarify the location of the
neck region in the motor homunculus and reconcile prior conflicting results in the field.

The fMRI studies in CD described in Chapter 3 represent the first task-based
neuroimaging investigation of head movements in this population. Isometric head
rotation in the CD group produced less prominent activation of the medial precentral
gyrus, the same region identified as important for isometric head rotation in normal
individuals. Additionally, CD subjects had an overall broader activation of cortical and
subcortical areas during head and hand isometric tasks, but direct comparisons between
controls and CD did not reveal statistically significant differences. Perhaps the most
relevant findings derived from the analyses of CD data normalized to the side of
torticollis. This novel analytical strategy indicated that isometric head rotation in the
direction of torticollis is associated with more activation in the ipsilateral cerebellum,
whereas moving the head in the opposite direction is associated with more activity in
sensory and motor cortical areas. Although prior studies had never considered the
impact of the direction of abnormal movements in CD in imaging studies, our findings
are perhaps not surprising. The importance of laterality has been well accepted in
imaging studies of the limbs. No one would ever consider combining results from one
limb affected by writer's cramp or stroke with the unaffected limb to be a reasonable
strategy. The same applies for CD, even though the head is a single structure that
moves as one unit.

The investigation of postmortem brain samples of CD individuals and controls
described in Chapter 4 represented the largest autopsy study of dystonia using
guantitative and immunostaining methods. Guided by findings from animal models and
imaging studies in humans, several brain regions were examined with an extensive

battery of histopathological stains in a two-stage study design (Prudente et al., 2015).
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The initial subjective neuropathological assessment revealed only two regions with
relatively consistent changes. The substantia nigra had frequent ubiquitin-positive
intranuclear inclusions known as Marinesco bodies. Additionally, the cerebellum
showed patchy loss of Purkinje cells, areas of focal gliosis and torpedo bodies. Other
brain regions showed minor or inconsistent changes. In the second stage of the
analysis, quantitative studies confirmed a significantly lower Purkinje cell density in CD.
Our interpretation is that the reduction in the linear density of Purkinje neurons in CD
may reflect abnormal cerebellar physiology, and this may predispose to torpedo body
formation, gliosis, and subtle loss of Purkinje neurons. Furthermore, the results indicate
that subtle neuropathological changes may be revealed in CD when appropriate
methods are applied.

Overall, the fMRI results combined with the neuropathology findings provide
convergent evidence that the cerebellum is involved in head movements, and that
abnormal cerebellar function may be associated with CD. Consistent with these

findings, several investigations in animals and humans have implicated the cerebellum in

different types of dystonias (Neychev et al., 2011; Filip et al., 2013; Prudente et al.,
2014). In this chapter, we explore how the cerebellum may be involved in CD and
speculate about which neural pathways may mediate the abnormal head movements
observed in the disorder. We will focus on five main questions:

¢ What does greater cerebellar fMRI activation mean?

e |s cerebellar involvement due to degeneration or abnormal function?

e Is there any other evidence of cerebellar dysfunction in CD?

e How can dysfunction of the cerebellum lead to abnormal head movements in CD?

¢ How can the results be used to guide future studies?
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5.2. What does greater cerebellar fMRI activation mean?

The most relevant finding of our fMRI studies in CD was the greater activity in the
cerebellum during isometric head rotation in the direction of torticollis when compared to
head rotation to the opposite side. However, how can greater fMRI activation in the
cerebellum be related to abnormal head movements in CD?

The neurophysiological processes that drive the cerebellar blood oxygenation
level dependent (BOLD) signal are not fully understood. In the cerebral cortex, activity-
dependent energy use and the BOLD signal are thought to be mainly driven by the
postsynaptic effects of glutamate caused by excitatory inputs to a cortical region (Arthurs

and Boniface, 2002; Heeger and Ress, 2002). Thus, to understand the source of the

cerebellar BOLD signal, it is important to understand how much energy is demanded by
neural processes within the cerebellum.
Stimulation of mossy and climbing fibers in rodents leads to time-locked

increases in blood flow in the cerebellar cortex (Mathiesen et al., 2000). Granule cells

use 67% of the energy, most of which is consumed by the process of relaying mossy

fiber input in the cerebellar cortex (Diedrichsen et al., 2010). Studies in rodents have

shown that 18% of the energy in the cerebellar cortex is consumed by Purkinje cells

(Thomsen et al., 2004). Furthermore, stimulation of parallel fibers in rats increases

blood flow and tissue oxygen in the cerebellar cortex (Diedrichsen et al., 2010). If the

proportional increases of blood flow and energy use observed in the cerebral cortex hold
for the cerebellum, those numbers suggest that increased activity in the mossy and
parallel fiber systems contributes most to the BOLD signal. Therefore, increased fMRI
activation in the cerebellum is likely driven by increased signaling in the cerebellar cortex

(Diedrichsen et al., 2010).

Considering the intrinsic and extrinsic cerebellar connections, we can speculate

that the increased cerebellar BOLD signal observed in our fMRI experiments was a
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result of increased signaling in granule and Purkinje cells, which in turn led to
augmented inhibition of the deep cerebellar nuclei. The final result would be decreased
or altered cerebellar output to the ventrolateral thalamus and other subcortical areas
receiving inputs from the cerebellum, such as the red nucleus, vestibular nuclei, reticular
formation, inferior olive, superior colliculus and interstitial nucleus of Cajal.

Altered activation of the ventrolateral thalamus by the deep cerebellar nuclei
would lead to abnormal excitation of the cerebral cortex, especially in the primary motor
cortex (M1). As a result, abnormal signals would be transmitted from M1 to cervical
neck motor neurons through the corticospinal and corticobulbar tracts, which may
explain the impaired voluntary control of neck muscles observed in CD. Similarly,
distorted cerebellar output to the other efferent connections of the cerebellum may
ultimately lead to abnormal activation of several direct subcortical pathways to cervical
motor neurons. These pathways include the vestibulospinal, reticulospinal, tectospinal,

interstitiospinal and fastigiospinal tracts (Fukushima, 1987; Peterson, 2004). Altered

output to these subcortical pathways may lead to abnormal activation of neck motor
neurons and induce altered activity of cervical muscles in individuals with CD.

Although available data regarding the sources of cerebellar BOLD signal provide
a model for the neurophysiological processes underlying increased fMRI activation in the
cerebellum, we cannot determine the cause of this increased BOLD signal in our
experiments. In individuals with CD the source of increased signaling in the cerebellar
cortex may be due to altered function of any region that sends projections through the
mossy or climbing fiber systems, intrinsic abnormalities of granule cells, or altered
function of Purkinje cells. Interestingly, in Chapter 4 we observed decreased density of
Purkinje cells associated with signs of Purkinje cell injury in CD cases. Therefore, based

on the neuropathology data, we hypothesize that the greater BOLD signal during head
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rotation in the direction of torticollis in comparison to the opposite direction represented

abnormal function of the remaining Purkinje cells in participants with CD.

5.3. Is cerebellar involvement due to degeneration or abnormal function?

In Chapter 4, we identified a lower density of Purkinje cells in CD brains in
comparison to age-matched controls. These findings lead to the pertinent question of
whether cerebellar involvement in CD is due to neurodegeneration in the cerebellum.
Considering that evidence of degeneration of the cerebellum or any other brain regions
has not been reported in sporadic dystonias, we propose that the subtle Purkinje cell
loss observed in CD cases does not represent a cause for the disorder. Instead, we
propose that Purkinje cell function in CD is chronically abnormal and the loss of these
neurons is a consequence of their distorted function.

Overt lesions of the cerebellum detectable with imaging methods are those that
involve loss of cerebellar tissue, such as stroke, and they usually cause ataxia, not
dystonia. But what might be the outcome of lesions that are irritative and distort
cerebellar output instead? It has been proposed that dystonia can result from lesions of

the cerebellum that distort cerebellar output (Neychev et al., 2011). Such “lesions” may

result from local irritation, such as hemorrhage, or functional derangements due to
compressive effects of mass lesions. Such “lesions” may also be primarily functional,
with no overt anatomical abnormality.

A simple and well-documented illustration of this point involves the
consequences of lesions in M1. Destructive lesions with loss of cortical function in M1
result in weakness or paralysis. On the other hand, irritative lesions causing distorted
cortical output cause epileptic seizures. lIrritative lesions often are not visible with routine
clinical imaging studies. In some cases the responsible lesions can be revealed with

detailed histological studies. In other cases, the “lesion” is based on a functional defect.
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Thus, lesions of M1 can cause different motor phenotypes, depending on the nature of
the lesion and its consequences. This phenomenon is not unique to the cerebral cortex,
but also is known to occur in most other regions of the nervous system. Therefore, it is
possible that distorted cerebellar output instead of loss of function may result in dystonia,

not ataxia (Figure 5.1).

A. Normal B. Stroke C. Atrophy D. Irritative

===

o === ="

Figure 5.1: Lesions of the cerebellum may cause different phenotypes depending on
the nature of the lesion and its consequences. Normal cerebellar structure and
output from the cerebellum result in normal patterns of movements (A). Decreased
cerebellar output due to cerebellar stroke (B) or atrophy (C) may cause ataxia. In
contrast, irritative lesions causing distorted cerebellar output (represented in red)
may lead to dystonia (D).

The hypothesis of distortion of cerebellar output is consistent with prior literature

indicating that cerebellar lesions occasionally may cause dystonia (Neychev et al.,

2011). Such lesions are more likely to be space-occupying lesions such as tumors that
compress and distort surrounding cerebellar functions, or hemorrhages that cause a
local irritative focus. This hypothesis also is consistent with observations that the vast
majority of function-based imaging studies of human dystonia, such as positron emission
tomography (PET) studies of fluorodeoxyglucose or blood flow, have revealed increases

in cerebellar activity, not decreases (Neychev et al., 2011). Furthermore, the hypothesis

is consistent with the strong relationship between dystonia and tremor, because tremor

also is viewed as functional distortion of cerebellar processing.
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It also is important to acknowledge a phenomenon in studies that attempt to link
focal lesions with dystonia. Following an acute insult to the nervous system such as
stroke, dystonia rarely emerges immediately. Instead, it typically emerges after a delay

of several weeks or years (Saint Hilaire et al., 1991; Ghika et al., 1994; He et al., 1995;

Scott and Jankovic, 1996; Palfi et al., 2000; Kim, 2001). This delay argues that the

lesion itself cannot be causing dystonia by loss of function from the damaged region.
Instead, dystonia must arise from some secondary adaptive response to the lesion. The
location of this adaptive response is unknown. It may occur in nearby undamaged
structures, or it may occur in more remote regions. Thus the lesion method, while used
extensively to establish structure-function relationships in clinical neurology, has an
unexplained limitation in studies of dystonia. However, studies addressing potential
adaptive changes in the brain that occur with the development of dystonia could provide
powerful clues to the real source of the problem.

The distinction between lesions that cause distorted function versus loss of
function is also consistent with multiple animal studies showing that dystonia arises from
distorted cerebellar output due to abnormal increase in Purkinje cell firing or abnormal

bursting patterns, rather than loss of output (LeDoux et al., 1993; LeDoux et al., 1995;

LeDoux et al., 1998; Pizoli et al., 2002; Xiao and Ledoux, 2005; Calderon et al., 2011;

Alvarez-Fischer et al., 2012; Fan et al., 2012; Raike et al., 2012; Raike et al., 2015). For

instance, generalized dystonia in the dt mutant rat arises from abnormal Purkinje neuron

output (LeDoux et al., 1993; LeDoux et al., 1995). Paroxysmal dystonia in tottering

mutant mice similarly arises from dysfunctional Purkinje neurons (Campbell and Hess,

1999; Campbell et al., 1999; Neychev et al., 2008; Raike et al., 2013). Importantly,

removal of the cerebellum or selective genetic deletion of Purkinje neurons eliminates

dystonia in those models (LeDoux et al., 1993; LeDoux et al., 1995; Campbell and Hess,

1999; Campbell et al., 1999; Neychev et al., 2008; Raike et al., 2013), suggesting that
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the abnormal firing of Purkinje cells caused the aberrant movements, not cell death.
Interestingly, some of these studies have suggested that the abnormal bursting patterns
of cerebellar Purkinje neurons may predispose to torpedo body formation and gliosis

(LeDoux and Lorden, 2002; Chen et al., 2009; Raike et al., 2015), similar to the findings

observed in our neuropathology investigation of human tissue.

In summary, we propose that CD does not result from degeneration of Purkinje
cells. Instead, loss of these neurons may be an indirect sign of their chronically
abnormal electrophysiological activity. Furthermore, if Purkinje neurons have
abnormally increased activity in CD as is suggested by some rodent models of dystonia,
then the inhibitory output to the deep cerebellar nuclei will be enhanced, leading to
decreased activation of these nuclei and, in turn, decreased output from the cerebellum
to the thalamus and several brainstem areas. Decreased activation of regions receiving
efferent connections from the cerebellum can ultimately alter the control of neck muscles

through several pathways and lead to abnormal head movements in CD.

5.4. Is there any other evidence of cerebellar dysfunction in CD?
There has been increasing appreciation that the cerebellum is involved in

dystonias (Neychev et al., 2011; Avanzino and Abbruzzese, 2012; Sadnicka et al., 2012;

Filip et al., 2013), but what is the evidence suggesting that the cerebellum plays a role

specifically in CD?

5.4.1. Evidence from human studies
Clinical imaging studies using computed tomography and structural MRI have

linked CD with focal lesions of cerebellar circuits (LeDoux and Brady, 2003; Kumandas

et al., 2006; Zadro et al., 2008; Neychev et al., 2011). A diffusion tensor imaging (DTI)

study in individuals with craniocervical dystonia (dystonia of facial and neck muscles
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combined) indicated abnormal cerebellar microstructure and fiber organization,

especially in the anterior cerebellum and vermis (Prell et al., 2013). Another DTI study

showed that persons with CD had decreased axonal fiber organization in the superior
cerebellar peduncles, which carry the output fibers from the cerebellum to the thalamus

and brainstem (Blood et al., 2012). Voxel-based morphometry studies in CD have

demonstrated both increases and decreases in cerebellar grey matter volume, including

the anterior cerebellum (Draganski et al., 2003; Obermann et al., 2007; Zoons et al.,

2011; Prell et al., 2013; Piccinin et al., 2014b). PET studies have indicated increased

glucose metabolism in the bilateral cerebellar hemispheres (Galardi et al., 1996).
Increased fMRI activation bilaterally in the cerebellum during a unilateral passive

forearm task has also been reported (Obermann et al., 2010). Collectively, these

imaging investigations suggest abnormal structure and function of the cerebellum and its
connections in CD.

It has been proposed that cerebellar dysfunction underlies defects in
sensaorimotor integration or maladaptive plasticity in CD and other dystonias (Neychev et

al., 2011; Quartarone and Hallett, 2013). Human physiological studies have revealed

subclinical abnormalities of eyeblink conditioning in CD (Tolosa et al., 1988; Teo et al.,

2009; Hoffland et al., 2013). Eyeblink conditioning is thought to be an intrinsic function

of the cerebellum, and thus cannot be readily ascribed to dysfunction of other brain

regions (Gerwig et al., 2007; Avanzino and Abbruzzese, 2012).

Some surgical studies also suggest involvement of the cerebellum, since

dentatectomy (Hitchcock, 1973; Davis, 2000) or deep brain stimulation of regions of the

thalamus receiving cerebellar afferents can relieve dystonia in some cases (Fukaya et

al., 2007; Goto et al., 2008; Morishita et al., 2010; Hedera et al., 2013). There is also

anecdotal evidence of beneficial effects of deep brain stimulation of the cerebellum in a

case of axial dystonia. Additionally, noninvasive stimulation of the cerebellum has
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shown to lead to temporary improvements of symptoms in a few cases of focal hand

dystonia and CD (Hoffland et al., 2013; Bradnam et al., 2014; Koch et al., 2014; Bharath

et al., 2015).

5.4.2. Evidence from animal studies

There is evidence from multiple animal models that abnormal activity of the
cerebellum may lead to dystonia. Abnormal movements of the head and neck
resembling CD have been reported following experimental manipulations in nonhuman

primates (Table 5.1) (Foltz et al., 1959; Malouin and Bedard, 1982; Klier et al., 2002;

Holmes et al., 2012). Even though those studies did not involve direct manipulations of
the cerebellum, they explored several subcortical areas that have direct connections with
the cerebellum. Perhaps the strongest evidence of cerebellar involvement in dystonia

comes from studies in rodents, as described in section 5.3 (LeDoux et al., 1993; LeDoux

et al., 1995; LeDoux et al., 1998: Pizoli et al., 2002; Xiao and Ledoux, 2005; Calderon et

al., 2011; Alvarez-Fischer et al., 2012; Fan et al., 2012; Raike et al., 2012). Importantly,

twisted postures and movements of the head have been reported in some of these

models (Table 5.2) (LeDoux et al., 1998; Pizoli et al., 2002; Alvarez-Fischer et al., 2012;

Fan et al., 2012; Raike et al., 2012), further suggesting that abnormal cerebellar function

may lead to CD.



Table 5.1: Some primate studies reported to show dystonic movements of the head
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Species Region targeted Manipulation Motor phenotype References
Macaca mulatta red nucleus electrolytic lesion torticollis (Carpenter, 1956)
Macaca mulatta reticular formation electrolytic lesion torticollis (Foltz et al., 1959)
Macaca mulatta, vestibular nuclei physical lesion torticollis, nystagmus (Tarlov, 1969)

Theropithecus gelada,
Pan troglodytes

Macaca mulatta tegmentum electrolytic lesion

torticollis

(Malouin and Bedard, 1982)

Macaca fascicularis substantia nigra, bicuculline, muscimol
globus pallidus

torticollis, limb dystonia

(Burbaud et al., 1998)

Macaca fascicularis, interstitial nucleus  muscimol torticollis (Klier et al., 2002;

Macaca mulata of Cajal Farshadmanesh et al., 2007)
Macaca nemestrina substantia nigra bicuculline, muscimol torticollis (Dybdal et al., 2012)
Macaca mulatta substantia nigra, muscimol torticollis (Holmes et al., 2012)

superior colliculus

The term torticollis, which literally means twisted neck, historically was used often as a synonym for cervical dystonia.



Table 5.2: Some smaller mammals reported to have abnormal or dystonic movements of the head

Type of Species Cause Type of Motor phenotype References
dystonia model
modeled
cervical cat electrical stimulation, phenotypic  sustained abnormal (Malouin and Bedard,
kainic acid, or 60HDA head/neck postures 1982, 1983)
in midbrain
cervical cat bicuculline in putamen  phenotypic  sustained abnormal (Yamada et al., 1995)
head/neck postures
cervical cat electrical stimulation of phenotypic  sustained abnormal (Eilion and Hebert, 1983)
globus pallidus head/neck postures
cervical rat sigma receptor ligand  phenotypic  abnormal head/neck (Matsumoto et al., 1990;
in red nucleus postures Nakazawa et al., 1999)
focal mouse electrical stimulation phenotypic  sustained but reversible (Raike et al., 2012)
or kainic acid injection abnormal postures of the
into cerebellum trunk, limbs, neck or face
generalized mouse electrical stimulation phenotypic  sustained but reversible (Pizoli et al., 2002;
or rat or kainic acid injection abnormal postures of the Alvarez-Fischer et al.,
into cerebellum trunk, limbs, neck and face 2012; Raike et al., 2012)
paroxysmal mouse tottering or rocker phenotypic  attacks of transient twisting  (Shirley et al., 2008)
mutants of (Cacnala or abnormal postures of the
gene) trunk, neck, limbs and/or
face
paroxysmal hamster  unknown gene phenotypic  attacks of transient twisting  (Loscher et al., 1989)

or abnormal postures of the

trunk, neck, limbs and/or
face

60HDA, 6-hydroxydopamine.
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5.5. How can dysfunction of the cerebellum lead to abnormal head movements in
CD?

In order to propose a model to explain how the cerebellum may be linked to the

abnormal head movements observed in CD, it is useful to briefly review the anatomical

structure and connections of the cerebellum with other brain regions.

5.5.1. Intrinsic cerebellar anatomy

The cerebellar cortex is structurally organized in three layers. The outermost or
molecular layer of the cerebellar cortex contains the cell bodies of inhibitory
interneurons, the stellate and basket cells, dispersed among the axons of granule cells
and dendrites of Purkinje cells. The axons of the granule cells in this layer run parallel to
the long axis of the cerebellar folia and therefore are called parallel fibers. Beneath the
molecular layer is the Purkinje cell layer, consisting of a single layer of Purkinje cell
bodies. Purkinje neurons have large cell bodies and dendritic arborizations that extend
upward into the molecular layer. Their axons project into the underlying white matter to
the deep cerebellar or vestibular nuclei and provide the sole output of the cerebellar
cortex. This output is entirely inhibitory and mediated by the neurotransmitter gamma-
aminobutyric acid (GABA). Lastly, the innermost or granular layer contains a vast
number of granule cells, which release the neurotransmitter glutamate and, thus, are

considered excitatory. Also in this layer are a few inhibitory Golgi interneurons.

5.5.2. Cerebellar connections
The cerebellum has afferent and efferent connections with several brain regions

(Fukushima, 1987; Manni and Petrosini, 2004; Apps and Garwicz, 2005; Ramnani, 2006;

Glickstein and Doron, 2008; Apps and Hawkes, 2009; Manto et al., 2012; Bostan et al.,

2013). There are two main types of afferent inputs to the cerebellum: mossy fibers and
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climbing fibers. All efferent connections from the cerebellum originate from the deep
cerebellar nuclei and project to the ventrolateral thalamus and multiple brainstem nuclei.
The deep cerebellar nuclei are comprised by the fastigial nucleus, interposed nuclei
(emboliform and globose), and the dentate nucleus.

Mossy fibers enter the cerebellum via the middle and inferior cerebellar
peduncles and terminate as excitatory synapses on the dendrites of granule cells. There
are several sources of inputs to mossy fibers, the largest of which are the pontine nuclei,
which in turn receive extensive projections from the cerebral cortex and spinal cord. In
non-human primates, the densest cortico-pontine projections arise in the precentral
gyrus, and there are also less prominent projections from dorsal areas of the prefrontal

cortex (Ramnani, 2006; Bostan et al., 2013). Other sources of mossy fibers include the

vestibular nerve and nuclei, the reticular formation, the spinal cord, and feedback from
deep cerebellar nuclei. These fibers carry sensory information from the periphery as

well as information from the cerebral cortex (Apps and Garwicz, 2005; Manto et al.,

2012).

Climbing fibers are the neuronal projections from the inferior olivary nucleus to
the cerebellum. These axons pass through the pons and enter the cerebellum via the
inferior cerebellar peduncle where they form excitatory synapses with the deep
cerebellar nuclei and Purkinje cells. Each climbing fiber forms synapses with 1-10
Purkinje cells, whereas each Purkinje cell receives input from a single climbing fiber.
This highly specific connectivity of the climbing fiber system contrasts with the massive
convergence and divergence of the mossy and parallel fibers. Inferior olivary neurons
that give rise to climbing fibers convey somatosensory, visual, or motor information from
various sources, such as the spinal cord, vestibular system, red nucleus, superior

colliculus, reticular formation and sensory and motor cortices. Climbing fiber activation
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is thought to serve as a motor error signal sent to the cerebellum, and is an important

signal for motor timing and coordination (Manto et al., 2012).

The outputs from the cerebellum originate from the deep cerebellar nuclei and
leave the cerebellum through the superior cerebellar peduncle. The fastigial nucleus is
the most medially located of the cerebellar nuclei. It receives input from the vermis and
from cerebellar afferents that carry vestibular, proximal somatosensory, auditory, and
visual information. There have been reports of projections from the fastigial nucleus to
the vestibular nuclei, the reticular formation, interstitial nucleus of Cajal (INC) and spinal

cord (Fukushima, 1987). The interposed nuclei comprise the emboliform nucleus and

the globose nucleus, which are situated lateral to the fastigial nucleus. They receive
input from the intermediate zone and from cerebellar afferents that carry spinal,
somatosensory, auditory, and visual information. The interposed nuclei project to the
contralateral red nucleus from which originates the rubrospinal tract. The dentate
nucleus is the largest and the most lateral of the cerebellar nuclei. It receives inputs
from the cerebellar hemispheres and afferents that carry information from the cerebral
cortex via the pontine nuclei. It projects to the contralateral red nucleus and the
ventrolateral thalamic nucleus. Importantly, the ventrolateral thalamus projects to the
premotor cortex and M1 and contributes to motor planning and descending output to
muscles via the corticospinal tract. Thus, the cerebellar projection to the thalamus has
important modulatory influence over cortical motor areas.

Finally, it is important to consider the anatomical connections of the cerebellum
and basal ganglia. Subcortical pathways of communication linking those regions have
been identified by tract tracing studies in both rodents and non-human primates

(Ichinohe et al., 2000; Hoshi et al., 2005; Bostan et al., 2010; Bostan and Strick, 2010;

Bostan et al., 2013). In primates, it has been shown that the cerebellar dentate nuclei

have disynaptic connections with the striatum through the ventroanterior and/or
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ventrolateral thalamus (Hoshi et al., 2005). These projections to the striatum originate

from motor and non-motor domains in the dentate nuclei, and they terminate in regions
of the putamen and caudate known to be within the “sensorimotor” and “associative”

pathways of the basal ganglia (Hoshi et al., 2005). A trisynaptic connection between the

dentate nuclei and the globus pallidus externus has also been reported (Bostan et al.

2013). On the other hand, studies in primates have also identified projections from the
subthalamic nucleus to the pontine nuclei, which in turn send afferents to the cerebellar

cortex through the mossy fibers (Bostan et al., 2010). These connections originate from

motor and non-motor domains within the subthalamic nucleus, and they terminate in
motor and non-motor regions of the cerebellar cortex. Altogether, these findings indicate
that the cerebellum and the basal ganglia have reciprocal connections carrying motor
and non-motor information, and, therefore, the cerebellum can influence the function of

the basal ganglia and vice versa.

5.5.3. Cerebellar dysfunction and abnormal head movements

Considering the cerebellar connections described above, abnormal function of
the cerebellum can indirectly influence the descending control over motor neurons
innervating cervical muscles via several pathways (Figure 5.2). Here | propose two
pathways by which abnormal cerebellar function could lead to abnormal head

movements in CD.
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Figure 5.2: Anatomical connections of the cerebellum. Plus signs represent
excitatory connections and negative signs represent inhibitory connections. CF,
climbing fibers; INC, interstitial nucleus of Cajal; MF, mossy fibers.

The first pathway involves the indirect efferent connection of the cerebellum with
the cerebral cortex (Figure 5.2), more specifically with M1. The cerebellar dentate
nucleus projects to the ventrolateral thalamus, which in turn sends direct connections to
M1. The axons of neurons from M1 project to different levels of the spinal cord form the
corticospinal tract, and they are thought to be involved in the control of voluntary
movements. Similarly, the corticobulbar tract is formed by the projections from M1 to
cranial nerve nuclei in the brainstem. The corticospinal and corticobulbar tracts control
the activation of motor neurons for neck muscles. As result, the cerebellum can
influence activity in muscles controlling head movements by indirect modulation of the

excitability of the corticospinal/corticobulbar tracts. Hence, if cerebellar function is
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abnormal in CD, as suggested by our fMRI and neuropathology findings, then the
aberrant head postures and movements may occur due to faulty signals about head
position from the cerebellum to M1 through the cerebello-thalamo-corticospinal pathway.
Data supporting this hypothesis come from studies showing cerebellar modulation of M1
excitability using noninvasive stimulation methods in healthy individuals and in a few

cases of focal dystonia, including CD (Ugawa et al., 1995; Brighina et al., 2009; Grimaldi

et al., 2013; Koch et al., 2014; Celnik, 2015). Additionally, neuroimaging investigations

in persons with CD and other dystonias have suggested structural and functional

abnormalities of the cerebello-thalamo-cortical networks (Neychev et al., 2011; Zoons et

al., 2011).

Some types of movement, such as basic reflexes or postural control, may not
require cortical involvement, raising the possibility that the cortex may not be required as
the final pathway for CD. Thus, another potential pathway that could influence activation
of motor neurons controlling neck muscles is the direct connection between the deep
cerebellar nuclei and brainstem areas (Figure 5.2). For example, the cerebellar fastigial
nucleus sends projections to the interstitial nucleus of Cajal, which is located in the

midbrain (Fukushima et al., 1977; Fukushima et al., 1979a; Fukushima et al., 1979b).

The interstitial nucleus of Cajal has been proposed to serve a central role in the control
of head movements by integrating afferents from the cerebral cortex, cerebellum,

vestibular system, basal ganglia and neck proprioceptors (Fukushima, 1987). It has

direct efferents to motor neurons of the cervical spinal cord, placing it in a position where
it could directly disrupt head control without involvement of the cerebral cortex.
Consequently, it is possible that abnormal cerebellar output to the interstitial nucleus of
Cajal could induce altered function in this area and, in turn, lead to abnormal head
postures and movements in CD. Supporting this hypothesis, pharmacological and

electrophysiological manipulations of this region provoke abnormalities of head control
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resembling CD both in humans and primates (Sano et al., 1970; Vasin et al., 1985; Klier

et al., 2002; Klier et al., 2007; Farshadmanesh et al., 2008; Loher and Krauss, 2009).

A point that deserves consideration is how the pathways described may affect
the activity of both alpha and gamma motor neurons. Alpha motor neurons innervate
extrafusal muscle fibers, which provide the force for muscle contraction. Gamma motor
neurons innervate the ends of intrafusal fibers and help maintain the tension of muscle
spindles to keep them sensitive to changes in muscle length. The activity of alpha and
gamma motor neurons must be synchronized in order to allow coordinated movements
to be generated. This synchronization, known as alpha-gamma coactivation, maintains
muscle spindle length when the muscle actively contracts. Alpha-gamma coactivation
occurs because most sources of input to alpha motor neurons have collaterals that
project to gamma motor neurons. Thus, whenever motor commands are sent by
descending pathways to alpha motor neurons, the appropriate compensating commands
also are sent to gamma motor neurons. As a result, it is important to keep in mind that
the cerebellum and the pathways described may be involved in CD and other dystonias
by modulating the activation of alpha and/or gamma motor neurons. A few studies have
hypothesized that abnormal sensitivity of muscle spindles could be involved in dystonia

(Kaji et al., 1995; Grunewald et al., 1997; Rosales and Dressler, 2010). Tonic vibration

of neck muscles, which is thought to primarily affect muscle spindle afferents, induces

abnormal head orientation responses in persons with CD (Anastasopoulos et al., 1997;

Lekhel et al., 1997). Similar findings of abnormal movements after vibration of dystonic

muscles have also been reported for arm muscles (Kaji et al., 1995; Grunewald et al.,

1997). There is as yet, however, no conclusive evidence regarding whether changes in
fusimotor sensitivity and activation in dystonia represent a cause or a consequence of

the disorder.



123

Finally, it is important to note that the pathways described were based on the
hypothesis of the cerebellum as the source of the problem in CD. However, based on
our fMRI and neuropathology data, it is not possible to determine whether abnormal
cerebellar function is a cause or a consequence of the abnormal movements observed
in CD. Thus, an alternative hypothesis could be that abnormal function of any region
that has connections with the cerebellum can modify cerebellar signaling and,
consequently, modulate the neural outputs to cervical muscles through the pathways
described above. For instance, several studies have proposed that CD and other

dystonias are caused by deficits in sensorimotor integration (Grunewald et al., 1997;

Kanovsky, 2002; Tinazzi et al., 2003; Neychev et al., 2011; Quartarone and Hallett,

2013). The cerebellum plays an essential role in the central integration of movement
performance through feed-forward and feedback mechanisms. As such, it continuously
receives inputs from motor planning areas (cerebral cortex and basal ganglia), muscle
spindles and proprioceptors about the planning and progression of any given movement.
Therefore, faulty afferent inputs from any of those sources could lead to abnormal

activation of cervical muscles.

5.6. How can the results be used to guide future studies?

In view of the findings from Chapters 2-4, we conclude the cerebellum is
involved in normal head movements, and that abnormal cerebellar function may be
associated with CD. Even though the results do not prove a causal relationship between
distorted function of the cerebellum and CD, they provide a framework that may guide
future investigations focused on the mechanisms of the disorder or new treatment
strategies for patients:

¢ Future imaging studies could examine head movements in other directions both in

healthy individuals and in persons with CD.
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¢ Neuroimaging investigations focused on CD could examine individuals with similar
patterns of abnormal head movements to avoid the normalization methods required
in our studies.

e Neurophysiology investigations and even surgical interventions could examine the
effects of stimulating the cerebellum ipsilateral to the side of torticollis to try to
alleviate symptoms in patients with CD.

¢ Future neuropathology studies could investigate a larger sample of CD cases,
perform a quantitative analysis of cerebellar torpedoes, examine different regions of
the cerebellum, or compare the findings with other types of dystonia.

¢ Animal studies could target specifically the anterior cerebellum using chemical,
electrical or genetic manipulations to test whether abnormal activity in this region can
lead to distorted head postures and movements.

e |Investigations in animals could explore specific pathways to determine whether the
abnormal inputs to cervical muscles in CD travel through the thalamo-corticospinal,
interstitiospinal, rubrospinal, fastigiospinal or other pathways.

¢ Animal studies could test the effects of manipulating the alpha/gamma system to
examine whether abnormal gamma sensitivity is a cause or consequence of
dystonia.

¢ Future investigations focused on the neurochemical properties of the cerebellum

may point to alternative pharmacological targets for CD.

In summary, our work has provided fruitful ideas for follow up investigations that
will contribute even further for the understanding of normal and abnormal head

movements in humans.
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