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Abstract

The importance of insula in speech control is acknowledged but poorly understood, partly due to a
variety of clinical symptoms resulting from insults to this structure. To clarify its structural
organization within the speech network in healthy subjects, we used probabilistic diffusion
tractography to examine insular connectivity with three cortical regions responsible for sound
processing (Brodmann area (BA) 22), motor preparation (BA 44) and motor execution (laryngeal/
orofacial primary motor cortex, BA 4). To assess insular reorganization in a speech disorder, we
examined its structural connectivity in patients with spasmodic dysphonia (SD), a neurological
condition that selectively affects speech production. We demonstrated structural segregation of
insula into three non-overlapping regions, which receive distinct connections from BA 44 (anterior
insula), BA 4 (mid-insula) and BA 22 (dorsal and posterior insula). There were no significant
differences either in the number of streamlines connecting each insular subdivision to the cortical
target or hemispheric lateralization of insular clusters and their projections between healthy
subjects and SD patients. However, spatial distribution of the insular subdivisions connected to BA
4 and BA 44 was distinctly organized in healthy controls and SD patients, extending ventro-
posteriorly in the former group and anterio-dorsally in the latter group. Our findings point to a
structural segregation of the insular sub-regions, which may be associated with the different
aspects of sensorimotor and cognitive control of speech production. We suggest that distinct
insular involvement may lead to different clinical manifestations when one or the other insular
region and/or its connections undergo spatial reorganization.
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Introduction

Speech production is a complex motor behavior that requires multi-level and orchestrated
involvement of cortical, subcortical and cerebellar regions for integration between auditory
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input, sensorimotor transformations, working memory, emotional processing, and motor
output (Guenther 2006; Fuertinger et al. 2015; Hickok and Poeppel 2007). Among these,
several lesion studies in stroke patients have consistently pointed to the insula as one of the
important cortical regions in speech motor control (Baldo et al. 2011; Dronkers 1996).
Damages to the left anterior insula (specifically, its superior precentral gyrus) due to stroke
have been reported to lead to apraxia of speech (Dronkers 1996; Ogar et al. 2006; Hickok et
al. 2014; Nestor et al. 2003) with reduced fluency (Bates et al. 2003; Borovsky et al. 2007)
and rapidly changing articulatory movements (Baldo et al. 2011). This pointed to the critical
role of insula in speech articulation. However, this view has been challenged by other lesion
studies that argued for a more limited insular involvement in speech control, while
attributing most articulatory impairment to the damage of left posterior inferior frontal gyrus
(Hillis et al. 2004). Available functional MRI (fMRI) studies in healthy subjects have not
brought consensus to this debate. Some studies have favored the importance of the anterior
insula in speech coordination (Bohland and Guenther 2006; Murphy et al. 1997). Based on
the fMRI meta-analysis of speech production, the insula has been suggested to serve as a
relay station between the inferior frontal gyrus (Brodmann area (BA) 44) and motor
preparatory areas, including the basal ganglia and cerebellum (Eickhoff et al. 2009). Another
imaging study has questioned whether the insula is truly involved in speech articulation or is
rather associated with processes necessary for task completion, such as modulation of
speech and non-speech oral movements (Fedorenko et al. 2015).

Despite these controversies in the prior literature on the exact role of insula in speech
control, its abnormal activity as well as aberrant white matter organization and connectivity
continued to be discovered in more recent studies of various other neurological disorders
affecting voice and speech production (e.g., (Bianchi et al. 2017; Simonyan and Ludlow
2012; Chang et al. 2009; New et al. 2015)). Among these is spasmodic dysphonia (SD, or
laryngeal dystonia), which is a neurological movement disorder selectively impairing speech
motor control (but not of other vocalizations) due to involuntary spasms in the laryngeal
muscles. Although the causative pathophysiology of SD remains unknown, it is considered a
network disorder (Battistella et al. 2017) without an apparent brain damage or lesions.
Imaging studies have reported most common functional and microstructural alterations in
primary sensorimotor cortex, inferior parietal cortex, basal ganglia and cerebellum
(Fuertinger and Simonyan 2017; Haslinger et al. 2005; Simonyan and Ludlow 2010, 2012;
Kostic et al. 2016), with abnormal hub representation in the superior temporal gyrus
(Battistella et al. 2017) and symptom correlations with altered organization of the inferior
frontal gyrus (Simonyan and Ludlow 2010, 2012; Kostic et al. 2016). Imaging studies have
further suggested that these sensorimotor cortical alterations in SD may be influenced by the
presence of selective microstructural changes in the anterior insula and their correlations
with SD symptom severity (Simonyan and Ludlow 2012) across different clinical forms of
this disorder (Bianchi et al. 2017). A direct comparison between sporadic and familial SD
forms has further shown that alterations in the insula, together with left sensorimotor cortex,
right somatosensory cortex and supplementary motor area, underlie the formation of the
altered network that characterizes distinct SD genotypes (Battistella et al. 2016a). Finally,
along with significant connectivity changes within the sensorimotor and frontoparietal
cortices, the insula was shown to form an abnormal hub within the large-scale dystonic
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functional network, suggesting that internal representations of intended movements may be
abnormally enhanced in SD (Battistella et al. 2017).

Based on evidence of wide-ranging involvement of insula in different neurological
conditions and yet ambiguous role of this structure in speech control, we postulate that
examination of its structural cortical connectivity may help shed light into the understanding
of specific function(s) of this region at the different stages of speech processing and
production. We hypothesized that, in healthy individuals, the insula establishes multiple
parallel, spatially segregated pathways of connectivity with cortical regions that are involved
in the control of speech comprehension, motor preparation and motor output, respectively.
This insular organization may underlie its diverse functional contributions to the speech
network, both in healthy individuals and neurological speech disorders. Based on the
assumption that the insula is a multimodal brain region, we further hypothesized that its
structural connectivity follows the profile of bilateral hemispheric distribution similar to
other cortical regions involved in sensorimotor transformations during speech production
(Cogan et al. 2014; Silbert et al. 2014; Simonyan and Fuertinger 2015). Finally, we
hypothesize that neurological disorders affecting speech production are associated with
spatial reorganization of segregated (i.e., normal) insular pathways, particularly affecting its
connectivity with cortical regions responsible for speech motor preparation and output.

Experimentally, our first step included the use of probabilistic diffusion tractography in
healthy subjects in order to establish the structural connectivity of both normaland
disordered insular speech networks with the three cortical target regions responsible for
auditory processing (superior temporal gyrus, Brodmann area (BA) 22), motor preparation
(inferior frontal gyrus, BA 44), and motor output (laryngeal/orofacial primary motor cortex,
ventral portion of BA 4). These insular networks were examined in healthy subjects and SD
patients, respectively, who represented a suitable cohort for focused examination of the
insular speech network in a neurological disorder without an apparent brain damage.
Cortical regions were chosen because of their importance within the speech network
(Hickok and Poeppel 2007; Fuertinger et al. 2015). Specifically, in addition to its role in
speech comprehension and discrimination of pitch and intensity (Price 2000), BA 22 is the
core region for phonological retrieval prior to articulation (Binder 2015). On the other hand,
BA 44 is critical for articulatory and semantic preparation to speech production (Price et al.
1996; Schlosser et al. 1998; Silbert et al. 2014) as well as speech timing (Long et al. 2016).
Lastly, ventral BA 4 hosts laryngeal and orofacial motor representations and plays a
fundamental role in cortical motor output for speech production (Simonyan 2014).
Collectively, these regions contribute to and play distinct roles within the large-scale speech
network, from speech processing to articulation.

Study participants

Twelve healthy volunteers (7 female/5 male, mean age 55 7.06 years) and 12 patients with
SD (7 female/5 male, mean age 54.1 11 years) were enrolled in the study. All participants
were monolingual native English speakers and right-handed as determined by the Edinburgh
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Handedness Inventory (Oldfield 1971). All had normal cognitive performance on the Mini-
Mental State Examination. None of the participants had any history of neurological (except
for SD in the patient group), psychiatric, or otolaryngological problems. Diagnosis of SD
was established based on voice and speech acoustic examination, neurological evaluation,
and flexible nasolaryngoscopy in all patients. All SD subjects were fully symptomatic at the
time of testing. All participants provided written informed consent, which was approved by
the Internal Review Boards of the Icahn School of Medicine at Mount Sinai and
Massachusetts Eye and Ear, Harvard Medical School.

MRI acquisition protocol

Data were acquired on a 3T Philips scanner equipped with an 8-channel head coil. The
protocol included a T1-weighted gradient-echo sequence (MPRAGE, 172 contiguous slices,
1mm isotropic voxel, TR = 2300 ms, TE = 2.98 ms, FOV = 210 mm). Diffusion-weighted
images (DW1) were acquired using a single-shot spin-echo echo-planar imaging (EPI)
sequence with 54 contiguous axial slices along 60 non-collinear directions, in addition to
one volume without diffusion encoding (bp) at the beginning of the sequence as an
anatomical reference for motion and eddy current corrections (TR = 13,000 ms, FOV = 240
mm, matrix = 96 x 96 mm zero-filled to 256 x 256 mm, voxel size 2x2x2 mm, b =
1000s/mm2). To minimize the head movements during scanning, subjects’ head was tightly
cushioned and padded. Subjects were instructed to remain motionless throughout the scan;
possible movements were monitored online.

Data analysis

Image preprocessing—DWI data were analyzed using a combination of FSL, Freesurfer
and AFNI software packages (Fig. 1). For each individual, the preprocessing included
motion and eddy-current corrections, registration of the DWI to the b0 image using a 12-
parameter affine transformation, and computation of the fractional anisotropy (FA) maps in
the FSL FDT toolbox. Using the FSL Bedpostx tool, we performed Bayesian estimation of
diffusion parameters to model crossing fibers and to build distributions of diffusion
parameters within each voxel using the “ball and stick” multi-compartment decomposition
model (Behrens et al. 2003). The individual output was used to run probabilistic
tractography for connectivity-based segmentation of the insula using the FSL Probtrackx
tool (Behrens et al. 2007) with the following settings: 5000 streamlines per voxel; maximal
number of steps 2000; step length 0.5 mm; curvature threshold 0.2; 0.01 subsidiary fiber
volume fraction threshold; waypoint condition AND, and “loopcheck” to terminate
streamlines that loop back on themselves. Probabilistic tractography was performed between
each hemispheric insular seed region and each ipsilateral cortical target mask.

Insular seed and cortical target mask formation—To extract the insula and cortical
target masks, we performed a cortical parcellation of each subject’s T1-weighted image
using the Freesurfer software combined with the cytoarchitectonic maximum probability and
macrolabel atlas in the Talaraich-Tournoux space (Eickhoff et al. 2005) (Fig. 1). The
anatomical labels corresponding to the left and right insula were identified in the subjects’
native space, converted to binary masks, and used as seed masks for tractography. The target
masks included BA 44, BA 22, and ventral BA 4 regions, the latter encompassing the
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laryngeal/orofacial representations within the primary motor cortex (Simonyan 2014;
Bouchard et al. 2013). As described above, these target regions were chosen for focused
examination of the cortical regions involved in auditory processing, sensorimotor
preparation, and motor output during speech production, respectively. However, this
approach also represented a limitation of the current study due to the fact that the
contemporary views of functional anatomy of speech control involve much broader range of
cortical and subcortical regions along the dorsal and ventral streams of information
processing (Fuertinger et al. 2015; Hickok and Poeppel 2007). The insular and cortical
masks were spatially registered to each subject’s diffusion space by applying a nonlinear
transformation in the AFNI software. In addition, we created an exclusion mask, two slices
wide, along the sagittal plane to exclude spurious tracts passing between the two
hemispheres. Cortical target regions functioned as waypoint classification masks for
quantifying connections to the insula.

Insular segmentation—To determine the subdivisions of the insula that receive distinct
connections from BA 44, BA 22, and BA 4, we computed the number of streamlines
reaching each target mask from each voxel of the insular mask in each subject. We used the
seeds_to_waypoints files from FSL’s ProbtrackX tool, which at each voxel of the insula
show the number of streamlines from the voxel reaching the target mask. After thresholding
to the top 10%, the insular masks were binarized to create masks of high intensity cortical
projections for each subject. Each of the segmented insular subdivisions was back-registered
to the AFNI standard Talairach space using a combination of rigid, affine, and non-linear
transformations and averaged within the healthy and patient groups, separately. The overlap
between insular subdivisions based on these parcellations was subtracted, producing three
independent insular subregions for each hemisphere with unique projections to each cortical
target.

Quantitative analysis—To quantitatively assess differences in the spatial organization of
each segmented insular subdivision in healthy subjects and their reorganization in SD
patients, we calculated the percentage of the cluster volume overlap between the two groups
using the Dice’s coefficient (DC) (Dice 1945; Tie et al. 2014; Battistella et al. 2016b). DC
measures are calculated as the ratio of twice the number of non-zero voxels common to both
images divided by the total number of non-zero voxels in each image. The DC of 1 refers to
complete correspondence between the two groups; the DC of 0 refers to no overlap between
the two groups.

Because any (random) assignment of a larger sample of subjects into two groups may give
rise to a pattern of partial overlap between the two groups, we tested (separately for the three
different insular subdivisions per hemisphere) whether the degree of overlap between
healthy subjects and SD patients is smaller than would be expected in case of random
assignment of participants to two groups. We performed a permutation test for each insular
subdivision per hemisphere by generating 100 random sampling distributions of spatial
overlap (a total of 600) using a bootstrapping procedure with replacement. The level of
statistical significance was set considering the percentage of the permuted values and the
total number of permutations per each insular subdivision.
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Probabilistic tractography between the insular subdivisions and cortical
targets—We quantified the connected fiber tracts between the parcellated insular
subdivisions and cortical targets (BA 44, BA 22, and BA 4) by performing a probabilistic
tractography with the AFNI FATCAT toolbox, which allows for faster computation time and
greater versatility of the quantitative measures extracted from the tractography algorithm
(Taylor et al. 2012; Taylor and Saad 2013). Uncertainty of diffusion parameters was
calculated using jackknife resampling over multiple iterations. All insular and cortical masks
were first trimmed to include only the gray matter and then inflated to include the
underlying white matter. The threshold for white matter inclusion was determined using
each subject’s FA map. The FATCAT ALGOPTS tractography parameters included 0.2
threshold for DWI FA map; 120 degrees max angle; 0 mm minimum physical length of
tracts; 0.1 threshold, i.e., 50 tracts must pass through a voxel for a connection to be included:;
5 seeds per voxel per Monte Carlo iteration, and 1000 Monte Carlo iterations. Between-
group statistical differences in the normalized number of streamlines (calculated as the ratio
of the number of streamlines and the number of voxels in the target mask) originating from
each insular sub-region and reaching each cortical target mask were assessed using
independent two-sample #test at p 0.05, corrected for multiple comparisons.

Hemispheric laterality assessment—Based on its connectivity profile, we tested the
hemispheric dominance of each insular subdivision 7by calculating the laterality index (LI)
across subjects within each specific group, separately, using the equation: LI;= (L;-R)/(L;
+ R)). In each subject, L, represented the number of voxels in region 7in the left hemisphere
and R;in the right hemisphere. A positive value represented left lateralization; a negative
value represented right lateralization. Within-group statistical significance was tested using
an independent #test at p 0.05, corrected for multiple comparisons.

Insular subdivisions based on cortical connectivity profile

Three distinct insular subdivisions were delineated based on insular connectivity with BA
44, BA 4, and BA 22 in the right and left hemispheres, respectively (Fig. 2A). In healthy
subjects, the insular subdivision connected to BA 44 was identified anterior to the central
sulcus of the insula, partly overlapping with the dysgranular portion of insula. The insular
subdivision connected to BA 4 was located more ventrally and posterior to the central sulcus
in dysgranular insula, whereas the insular subdivision connected to BA 22 was the most
dorsal and posterior to the central sulcus in the granular portion of insula (Fig. 2A-1 and
Table 1). There were no significant hemispheric differences in insular connectivity measures
in healthy subjects (all p=0.2) (Fig. 2B). Spatial distribution of the insular subdivision in
SD patients showed a parcellation pattern that was visually similar to that of healthy controls
(Fig. 2A-11). However, a trend was observed towards left-hemispheric lateralization of
insular subdivision connected with BA 4 (uncorrected p= 0.06).

Mean probabilistic streamlines across healthy volunteers and SD patients illustrated white
matter fiber pathways connecting each insular subdivision to its corresponding cortical target
(Fig. 3A). BA 44 was connected to the corresponding insular cluster through short distance
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fibers along the superior longitudinal fasciculus, while fibers of the superior corona radiata
connected the speech motor cortex (BA 4) to the corresponding insular cluster. Connections
from BA 22 to the respective insular subdivision were instead established through the fibers
of the lateral branch of superior longitudinal fasciculus. Between-group statistical
comparison of the normalized number of streamlines connecting each parcellated insular
subdivision with its corresponding target cortical region showed no statistical significance (p
>0.1).

In healthy subjects, examination of the normalized proportion of streamlines from each
insular subdivision to the corresponding cortical target (Table 2) showed the prevalence of
bilateral insular-BA 44 connectivity (left 32.03%; right 25.02%), followed by insular-BA 22
(left 23.22%; right 14.64%) and insular-BA 4 connectivity (left 0.39%; right 0.66%) (Fig.
3B-1). A similar distribution was also observed in SD patients, although the overall
connectivity profile was slightly, but not significantly, reduced (Fig. 3B-11, Table 2).

In addition to these qualitative measures, our quantitative analysis revealed different degrees
of spatial overlap of the insular subdivisions when comparing SD patients to healthy subjects
(Fig. 4, Table 3). This suggested intrinsic reorganization of the insular network in the
presence of a speech-related disorder. Specifically, the insular subdivision connected with
BA 4 had the smallest overlap between the two groups (left DCinsular-Ba 4 = 0.36 [22%] and
right DCinsula-BaA 4 = 0.17 [9%]) and extended more dorsally and anteriorly in SD patients
compared to healthy subjects, who showed connections distributed more ventrally and
posteriorly (Fig. 4-1). A similar spatial pattern of dorsal/anterior distribution in SD patients
and ventral/posterior distribution in healthy subjects characterized the insular subdivision
connected to BA 44, which also showed a greater overlap between the two groups (left
DCinsula-BA 44 = 0.51 [35%)] and right DCijnsula-Ba 44 = 0.56 [39%]) (Fig. 4-I1). Finally, the
insular subdivision connected to BA 22 showed a sparser distribution along the dorsal-
ventral and anterior-posterior axes with a low-to-moderate overlap between the two groups
(left DCinsula-BA 22 = 0.42 [26%] and right DCingula-Ba 22= 0.32 [19%]) (Fig. 4-111). We
further found that the overlap of each insular subdivision between healthy subjects and SD
patients was smaller than in case of random assignment of participants to the two groups
(9%—-39% in empirical data vs. 99.7% in permutations).

Discussion

In this study, we evaluated normal and disordered structural connectivity of the insula with
cortical regions involved in speech processing, motor preparation and output. Using
probabilistic diffusion tractography in healthy subjects, we identified distinct non-
overlapping insular subdivisions that were connected to cortical targets of speech network,
namely BA 44 (anterior insula), ventral BA 4 (mid-insula), and BA 22 (posterior insula).
Previously, lesion studies argued about which, if any, regions of the insula may play a role in
speech control (Fedorenko et al. 2015; Hillis et al. 2004; Dronkers 1996; Ogar et al. 2006;
Hickok et al. 2014; Nestor et al. 2003; Bates et al. 2003; Borovsky et al. 2007; Baldo et al.
2011). The results of our study demonstrate that distinct subdivisions of insula establish
parallel, largely non-overlapping white matter pathways along its anterior-posterior extent
with cortical regions involved in speech processing and production. This spatially segregated
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organization of insular-cortical connectivity may underlie the differences in functional
specializations of insula, ranging from involvement in articulatory modulations to
communicative motivation. Furthermore, our findings suggest that damage to the different
insular subdivisions may lead to different clinical symptomatology, depending on which
branch of insular-cortical connectivity is being altered. As an example, we showed that
spatial distribution of insular subdivisions connected to BA 4 and BA 44 is shifted anteriorly
and dorsally in SD patients, whose disorder is characterized by selective loss of voluntary
control of speech motor output without altered speech processing, compared to more ventral
and posterior distribution of the same insular subdivisions in healthy subjects. This explains
why past and future lesion studies examining damage to different insular subdivisions as
well as imaging studies using different speech-related tasks to elicit insular activity for
assessment of its functional contributions to speech control may not necessarily agree in
their findings, as they likely capture different aspects of insular processing, depending on
underlying distinct structural connectivity with cortical regions of higher-level speech
control. Taken together, we conclude that different insular subdivisions adopt different roles
within the highly complex and distributed speech network and may distinctly influence
clinical symptomatology in patients with different neurological disorders affecting speech
control.

Distinct subdivisions of the insular speech network

The anterior insular cluster, which showed strong connections to BA 44, is known to have
direct neuroanatomical connections to the inferior frontal and lateral prefrontal regions
(Jakab et al. 2012; Deacon 1992), which have been associated with semantic, phonological
and syntactic aspects of speech and language production (Bedny et al. 2008; Rodd et al.
2010). More specifically, it has been shown that the ventral portion of left BA 44 is involved
in covert articulation (Papoutsi et al. 2009; Zheng et al. 2010) with increased activation for
phonological rather than semantic retrieval (Heim et al. 2009). The left dorsal part of BA 44
is instead active during speech processing prior to articulatory recording (Papoutsi et al.
2009). A recent study has also suggested a pre-articulatory function of BA 44 by
demonstrating that its activity precedes those of motor and premotor regions (Flinker et al.
2015).

Segregated from this region, the insular subdivision connected to BA 22 was located in the
most posterior insula. The latter region establishes extensive connections within the superior
temporal gyrus (STG) (Augustine 1996) for the control of auditory and phonological
processes for speech and language (Price 2010). The STG region has been associated with
auditory feedback (Zheng et al. 2010), exhibiting a trade-off between its activity and that of
the secondary somatosensory cortex during object naming (Seghier et al. 2015). Its posterior
region appears to respond to both speech perception and production (Buchsbaum et al.
2001), whereas the anterior portion reveals a vowel-specific mismatch response (Leff et al.
2009).

Finally, the mid-insular subdivision was found to establish connections with the laryngeal/
orofacial motocortical representation in BA 4. A recent study on neurosurgical patients has
discriminated the function of the ventral motor cortex from that of neighboring BA 44 by
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showing that the former is crucial in maintaining the quality of speaking while the latter is
responsible for speech rate (Long et al. 2016). In addition, our previous studies have found
that this portion of motor cortex is one of the pivotal regions within the whole-brain
functional connectome of speech control and represents the final cortical output region
during speech production (Simonyan and Fuertinger 2015; Fuertinger et al. 2015).

Based on probabilistic topography of such regionally segregated representations within the
insular subdivisions, we suggest that its most anterior region is involved in preparatory
motor processes via its connections with BA 44, whereas the mid-insula is responsible for
coordination of the speech motor output. The posterior insula likely plays a greater role in
integration of auditory information, where speech recognition and processing first occurs.
With these segregated subdivisions, the insula in its entirety represents an important
structure that contributes to a wide range of speech processes by being closely integrated at
the different stages of cortical speech control.

In addition, the segregated organization of the insular speech network appears to underlie its
differential contribution to clinical features of neurological disorders affecting speech
control. Particularly, in this study, we found that SD patients were characterized by spatial
reorganization of insular subdivisions, such as a more dorsal shift of insular clusters of
connectivity with BA 44 and BA 4, compared to a more ventral representation of the same
clusters in healthy subjects. This finding attests to abnormal sensorimotor processes during
speech preparation and production, which have been a hallmark of SD pathophysiology
(Simonyan and Ludlow 2010, 2012; Simonyan et al. 2008; Battistella et al. 2016a). Among
these, the anterior and mid-insular regions have been reported to carry structural alterations
in SD that are associated with distinct clinical phenotypes of this disorder (Bianchi et al.
2017; Simonyan and Ludlow 2012). Similar insular abnormalities have also been observed
in another form of task-specific dystonia that selectively affects writing, i.e., writer’s cramp
(Ceballos-Baumann et al. 1997; Lerner et al. 2004), thus leading to an overall conclusion
that the anterior/mid-insular sub-regions may be important contributors to the control of
complex learned voluntary movements.

Another aspect of the insular speech network observed in our study was a largely bilateral
representation of cortical target areas within the insula as well as bilateral structural
connectivity with the corresponding cortical regions. These findings are consistent with
overall bilateral insular activation during speech processing (Oh et al. 2014) and underscore
recently emerging view of the speech control system as a largely bilateral neural network
(Cogan et al. 2014; Silbert et al. 2014; Simonyan and Fuertinger 2015; Kumar et al. 2016).
Our current study adds the knowledge of bilateral insular connectivity within the speech
network that may underlie a functional flexibility in regulating different aspects of speech
control.

Our study provides evidence for a structural segregation of the insular subdivisions that are
likely associated with different aspects of sensorimotor and cognitive control of speech.
Such fine-grained and functionally relevant organization of the insula may unify previous,
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and at times controversial studies, which argued about non-overlapping roles of this
structure in speech control.
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Figure 1.
Flowchart illustrates the main steps of data analysis pipeline.
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(A) shows the spatial distribution of the three non-overlapping insular subdivisions with
connections to BA 44 (red), BA 4 (blue), and BA 22 (green) in healthy volunteers (upper
panel) and SD patients (lower panel). Results are superimposed on the standard Talaraich-
Tournoux brain. (B) depicts the laterality index (LI) for insular sub-regions in healthy
volunteers (HV) and SD patients.
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Figure 3.
Panel (A) shows the distribution of white matter tracts between each parcellated insular

region and the corresponding cortical target region across all subjects. Panel (B) depicts the
normalized proportion (in %) of each insular cluster streamlines reaching the corresponding
cortical target region. BA 4 — ventral primary motor cortex; L — left; R — right.
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Figure 4.
Spatial overlap of parcellated insular subdivisions between healthy volunteers (HV) and SD

patients. For each segmented insular cluster, we show the voxels overlapping between HV
and SD patients (light blue), specific to HV only (purple), and specific to SD patients only
(orange). Color bar indicates the percentage of overlapping and group-specific voxels. BA 4
—ventral primary motor cortex.
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Table 1

Center of mass and the number of voxels of the parcellated insula subregions in healthy volunteers and SD
patients. Coordinates are given in the standard Talairach-Tournoux space.

Cortical target regions Healthy subjects | SD patients

Talairach coordinates | # voxels | Talairach coordinates | # voxels

Left BA 44 -36 610 | 1477 | -32812 | 1176
-32-2614 494

Left BA 22 -35-125 295 -34-2413 916
-35-1519 152

Left BA 4 | -370-3 | 689 | -3510 | 1367

Right BA 44 | 35108 | 1575 | 36117 | 1078

Right BA 22 | 33-2211 | 419 | 33189 | 958
38-111 342

Right BA 4 3642 1552
394-3 171
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Spatial voxelwise overlap (in %) of the insular sub-regions between healthy subjects and SD patients.

Table 3

Overlap (%) | HV-specific (%) | SD-specific (%)
Left insula-BA 4 223 26.7 51.0
Left insula-BA 44 34.6 385 26.9
Left insula- BA 22 26.3 35.2 38.5
Right insula-BA 4 9.3 22.8 67.9
Right insula-BA 44 38.9 43.0 18.1
Right insula-BA 22 19.4 28.3 52.3
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