https://doi.org/10.1093/brain/awae059 BRAIN 2024: 147; 2203-2213 | 2203

Localization of stuttering based on causal
brain lesions

Catherine Theys, > Elina Jaakkola,*>T Tracy R. Melzer,»*%” Luc F. De Nil,®°
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T*These authors contributed equally to this work.

Stuttering affects approximately 1 in 100 adults and can result in significant communication problems and social
anxiety. It most often occurs as a developmental disorder but can also be caused by focal brain damage. These latter
cases may lend unique insight into the brain regions causing stuttering.

Here, we investigated the neuroanatomical substrate of stuttering using three independent datasets: (i) case reports
from the published literature of acquired neurogenic stuttering following stroke (n =20, 14 males/six females, 16-77
years); (ii) a clinical single study cohort with acquired neurogenic stuttering following stroke (n =20, 13 males/seven
females, 45-87 years); and (iii) adults with persistent developmental stuttering (n =20, 14 males/six females, 1843
years). We used the first two datasets and lesion network mapping to test whether lesions causing acquired stuttering
map to a common brain network. We then used the third dataset to test whether this lesion-based network was rele-
vant to developmental stuttering.

In our literature dataset, we found that lesions causing stuttering occurred in multiple heterogeneous brain regions,
but these lesion locations were all functionally connected to a common network centred around the left putamen,
including the claustrum, amygdalostriatal transition area and other adjacent areas. This finding was shown to be spe-
cific for stuttering (Prwe < 0.05) and reproducible in our independent clinical cohort of patients with stroke-induced
stuttering (Prwe < 0.05), resulting in a common acquired stuttering network across both stroke datasets. Within the
common acquired stuttering network, we found a significant association between grey matter volume and stuttering
impact for adults with persistent developmental stuttering in the left posteroventral putamen, extending into the ad-
jacent claustrum and amygdalostriatal transition area (Prwe < 0.05).

We conclude thatlesions causing acquired neurogenic stuttering map to a common brain network, centred to the left
putamen, claustrum and amygdalostriatal transition area. The association of this lesion-based network with symp-
tom severity in developmental stuttering suggests a shared neuroanatomy across aetiologies.
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Introduction

Stuttering is characterized by the occurrence of sound and syllable
repetitions, prolongations and blocks in speech. Associated beha-
viours (e.g. facial grimacing, word avoidance) and negative emotions
and attitudes (e.g. social anxiety) are also important components of
stuttering? and can have a profound negative impact on people’s
lives.? Behavioural treatments can help, but results may be challen-
ging to maintain* and there are currently no effective pharmaco-
logical® or neuromodulation® treatment options for stuttering.

The most typical form of stuttering is developmental, which oc-
curs in 5%-11% of pre-schoolers and persists into adulthood for al-
most 1% of the population.”® A large number of neuroimaging
studies have investigated developmental stuttering, but results
have been largely inconsistent, and the neuroanatomical basis of
stuttering remains unclear.® For example, studies have reported ab-
normalities in cortical motor, somatosensory and auditory regions,
the anterior cingulate, frontal operculum, basal ganglia and cere-
bellum, among other regions, with no clear convergence.'®*?

Stuttered speech disfluencies can also emerge following ac-
quired brain injuries or diseases, in individuals who previously
spoke without overt stuttering. Stroke is the most prevalent cause
of acquired neurogenic stuttering, accounting for half of the re-
ported cases in the literature.’® In a study focusing on incidence
of acquired stuttering following stroke, 5% of patients met the cri-
teria for diagnosis of neurogenic stuttering.'* People with acquired
neurogenic stuttering may also present with associated behaviours
such as fist clenching and word avoidance, and negative emotions
such as frustration.'® Studying focal brain lesions can establish a
causal neurobehavioural relationship—a link between brain dam-
age and specific symptoms.’>’® However, lesions causing acquired
neurogenic stuttering occur in highly heterogeneous brain areas,
leaving its localization unclear.”"*® A recently developed method,
lesion network mapping, extends the use of focal brain lesion loca-
tion information by studying the network connections common to
a group of lesions.'>' Lesion network mapping has successfully
been applied to localize multiple symptoms and signs,*>*° includ-
ing movement disorders,?" > neuropsychiatric disorders,?* 2% con-
sciousness®?° and other behavioural changes.**? Importantly,
the networks identified using lesion network mapping seem to con-
sistently generalize across primary brain disorders causing similar

symptoms, suggesting a shared neural substrate for a symptom
despite distinct aetiologies.??* Finally, investigating lesion con-
nectivity has been shown to identify efficacious neurosurgical
treatment targets, suggesting relevance for treatment,?*?*33

Our first goal was to test if brain lesions causing acquired neuro-
genic stuttering connect to a common brain network that could
lend insight into the neural substrates of stuttering. To accomplish
this, we applied lesion network mapping to two independent data-
sets of acquired neurogenic stuttering following stroke. We hy-
pothesized that lesion network mapping findings across both
acquired neurogenic stuttering datasets would converge onto simi-
lar brain areas, resulting in a common neurogenic stuttering net-
work. Our second aim was to test if the identified acquired
neurogenic stuttering network might be relevant across stuttering
aetiologies. We hypothesized that, in a third independent cohort
comprised of adults with persistent developmental stuttering, stut-
tering severity would be associated with structural grey matter
changes within the identified neurogenic stuttering network.

Materials and methods

Case reports of new-onset stuttering following acute onset brain le-
sions were searched from PubMed on 30 November 2021 using
search terms ‘(stuttering OR stammering) AND (lesion OR stroke
OR hemorrhage OR haemorrhage OR infarct OR bleeding OR bleed)
AND (case report OR case series)’. The search resulted in 132 papers,
which were evaluated for agreement with our inclusion/exclusion
criteria. The inclusion criteria were: (i) new-onset stuttering caused
by an acute onset lesion; (ii) article showing an image of the brain
lesion with sufficient quality to delineate the lesion; and (iii) patient
aged 16 years or older. The exclusion criteria were: (i) one or more
earlier lesions in other locations; (ii) history of developmental or ac-
quired stuttering; and (iii) additional traumatic haemorrhage, such
as subarachnoid haemorrhage or subdural haematoma. The search
identified 20 case reports (16-77 years, six females, 14 males), which
are described in Supplementary Table 1.
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To control for typical stroke lesion locations, 169 stroke patients
(27-92 years, 64 females, 105 males) from Turku University Hospital
were included as a control group to test the specificity of the find-
ings to neurogenic stuttering.

The second, independent dataset consisted of 20 patients with
stroke-related (ischaemic stroke or intracerebral haemorrhage) ac-
quired neurogenic stuttering (45-87 years, seven females, 13 males)
and 17 matched controls who had a stroke but did not develop stutter-
ing (50-83 years, six females, 11 males; Supplementary Table 2).3*
Controls did not differ significantly from the neurogenic stuttering
group with regard to age, sex, cognitive functioning and other
speech-language symptoms caused by the stroke, including aphasia,
dysarthria and apraxia of speech (all P> 0.3).>* To assess presence
of stuttered disfluencies, speech samples during conversation,
monologue and reading tasks were video-recorded, transcribed and
analysed by a qualified speech-language therapist. Neurogenic stut-
tering was diagnosed if patients had >3% stuttered syllables (sound
and syllable repetitions, monosyllabic word repetitions, prolonga-
tions and blocks) during atleast one of the included speech tasks (con-
versation, monologue and/or reading), similar to previously published
work.%%3> The control group was used to identify connectivity spe-
cific to neurogenic stuttering, by controlling for other stroke-induced
speech-language symptoms.

Twenty adults with developmental stuttering (18-43 years, six
females, 14 males) were recruited for the third dataset. The study
was conducted with ethical approval of the University of Canterbury
and all participants provided written informed consent prior to their
participation in accordance with the Declaration of Helsinki. Apart
from developmental stuttering, the participants did not have a history
of speech, language or neurological problems. All participants self-
identified as having developmental stuttering. Diagnosis of stuttering
was confirmed by a qualified speech-language therapist, based on
clinical observation and analysis of stuttered disfluencies, associated
behaviours (e.g. eye blinking, facial movements) and stuttering im-
pact. For analysis of disfluencies, video-recorded conversation sam-
ples of at least 400 words were transcribed and the frequency of
occurrence of stuttered disfluencies was calculated (in % stuttered
syllables). The Overall Assessment of the Speaker’s Experience of
Stuttering (OASES) was used to assess the impact of stuttering from
the speaker’s perspective.®*® These two measures—the objective
speech measure calculated by the clinician and the subjective impact
measure reported by the participant—were not highly correlated
(Spearman’s rank correlation test r;=-0.02, P =0.93), reflecting the
discrepancy between clinician scores of observed speech behaviours
and self-perceived impact, which is commonly reported in persistent
developmental stuttering®” (Supplementary Table 2).

The methodology of lesion network mapping has been described in
detail,’**! including a full description of image processing.?’
Briefly, the lesion locations shown in the 20 original case reports
were first manually transferred to the Montreal Neurological
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Institute 152 (MNI152) template. This approach produced 2D cross-
sections of lesions that capture only a portion of the entire 3D
lesion. This could theoretically introduce bias; however, this
approach has been validated previously, showing that 2D and 3D
lesion connectivity profiles correspond very well (spatial correl-
ation coefficients between connectivity maps calculated from 2D
and 3D lesions are ~0.9) and have little impact on lesion network
mapping results.’>**® Second, whole brain connectivity maps
were calculated for each of the lesion locations using a resting state
functional connectivity MRI (rs-fcMRI) dataset from a large cohort
of 1000 healthy volunteers (18-36 years, 500 females, 500 males).
Details regarding this connectome dataset have been described
previously and a processed version of this connectome dataset is
publicly available (https:/doi.org/10.7910/DVN/ILXIKS).>**! Note
that it is not possible to compute functional connectivity with the
lesion location using functional connectivity data from the same
stroke patient, as the tissue (and thus the functional MRI signal)
at the lesion location is lost. As such, we use a large normative con-
nectome as an approximation of the connectivity in each individual
at the time of their stroke, consistent with prior lesion network
mapping studies.’®?* Although rs-fcMRI can vary as a function of
age, sex and disease, prior work has shown that these changes
are small relative to the overall connectivity pattern and have little
impact on network mapping results.>'%?”4243 Third, the connect-
ivity maps were thresholded to T > 5 [corresponding to the uncor-
rected P < 107° and whole brain family-wise error (FWE) corrected
Prwe <0.05] to define brain regions connected to these lesions
(‘lesion networks’). Finally, the lesion networks of each case were
combined and the amount of overlap was calculated for every brain
voxel. Thresholding the resultant map at 80%-100% overlap identi-
fied brain regions consistently connected to most of the lesions
causing stuttering, i.e. brain regions sensitive for stuttering.

The lesion network overlap analysis allowed determination of
common brain regions connected to lesions causing neurogenic
stuttering. To test whether connectivity to these regions was spe-
cific to stuttering and not due to the tendency of strokes to affect
some brain regions more than others, the lesion network connect-
ivity values were compared between the cases with stroke-related
neurogenic stuttering and the group of 169 consecutive stroke con-
trols with heterogeneous symptoms from Turku University
Hospital. The group comparisons were conducted using FMRIB
Software Library (FSL)’s tool for non-parametric permutation infer-
ence of neuroimaging data.** Correction of multiple comparisons
was conducted for the whole brain search volume, with FWE cor-
rected P-values <0.05 using threshold-free cluster enhancement
(TFCE) considered significant.*® Cluster coordinates are reported
for clusters including at least 10 voxels. A conjunction analysis
with the areas identified as sensitive in this cohort (i.e. connected
to lesion locations causing stuttering), resulted in the identification
of areas both sensitive and specific to stuttering.??

Lesion network mapping in the 20 cases in the clinical cohort was
performed as described for the literature cohort, with the exception
that full 3D lesion maps in MNI152 space were used. As the clinical
cohort was less heterogeneous than the literature cohort, an in-
creased threshold of 90%-100% overlap was used. The thresholds
for the literature and clinical cohort lesion network overlap ana-
lyses were data-driven and selected based on the maximal overlap
in these datasets (higher threshold for less heterogeneous clinical
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cohort). However, to ensure this choice did not influence our re-
sults, we repeated our analyses using the same threshold in both
datasets.

Specificity of the identified network for stuttering compared to
other speech-language problems following stroke was assessed by
comparing the 20 participants with acquired neurogenic stuttering
and the 17 matched controls. Similarly to the literature cohort, voxel-
wise non-parametric permutation tests with TFCE and FWE cor-
rected P-values < 0.05 were considered significant. Again, a conjunc-
tion analysis with the areas identified as sensitive in this cohort was
performed to identify areas both sensitive and specific to stuttering.

Next, a final common acquired neurogenic stuttering network
was created by identifying the areas of overlap across the sensitiv-
ity and specificity analyses in both datasets.

For participants with persistent developmental stuttering, MRI was
performed with a 3T scanner (Siemens Skyra) using a 64-channel
head and neck coil. Itincluded a 3D T;-weighted sequence [magnet-
ization prepared rapid gradient echo; MPRAGE, echo time/repeti-
tion time/inversion time =2.85/2000/880 ms, flip angle =8°, Field
of view =256 mm, acquisition matrix =256 x 256, sagittal acquisi-
tion with 208 slices, phase acceleration generalized autocalibrating
partially parallel acquisitions (GRAPPA) =2, bandwidth =240 Hz/
pixel, voxel size=1x1x1mm?®. The Computational Anatomy
Toolbox (CAT12) (r1450, http:/www.neuro.uni-jena.de/cat/), a tool-
box of Statistical Parametric Mapping (SPM12; v7487, http:/www.fil.
ion.ucl.ac.uk/spm/), running in MATLAB 9.6 (R2019a), was used to
segment and normalize T;-weighted structural images. Images
were bias corrected, spatially normalized via SHOOT (geodesic
shooting, using the MNI-registered template provided within
CAT12), modulated to compensate for the effect of spatial normal-
ization, and classified into grey matter, white matter and CSF, all
within the same generative model.***’ Modulated, normalized
grey matter segments were smoothed with an 8 mm full-width at
half-maximum (FWHM) Gaussian kernel. Intracranial volume
(ICV) was calculated using the ‘reverse brain mask method’, in
which the MNI ICV mask (provided with SPM) was warped into
each participant’s native space using the inverse deformation fields
produced during the structural processing.*®

To identify relevance of the acquired stuttering findings to
developmental stuttering, multiple linear regression models were
used to test the positive and negative associations between regional
grey matter volume and both OASES scores and frequency of sylla-
bles stuttered in participants with persistent developmental stutter-
ing. All models included age, sex and intracranial volume as
covariates. Comparisons were performed using FSL’s randomize
within the common acquired stuttering network, i.e. regions identi-
fied to be both sensitive and specific in both of the lesion datasets.
For each contrast, the null distribution was generated over 10 000 per-
mutations and the voxel-wise alpha level set at TFCE-corrected Pryg
<0.05.%

Results

In the dataset of 20 published cases of neurogenic stuttering caused
by a focal stroke, the location of the brain lesions was highly hetero-
geneous, with little overlap between lesions (Fig. 1). Three cases
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presented with right-sided, six with bilateral and 11 with left-sided
lesions. Lesions were present in the frontal, temporal, parietal and
occipital lobes; thalamus, basal ganglia and brainstem; as well as in
the corona radiata and corpus callosum.

Next, we applied lesion network mapping to these cases.
Lesions causing neurogenic stuttering were connected to a com-
mon set of brain regions (Fig. 2A and B). We also compared the
neurogenic stuttering data with findings from 169 stroke controls
to understand which brain areas were specific to neurogenic stut-
tering rather than associated with brain regions commonly affected
by stroke. Compared to lesion locations of controls, lesions causing
neurogenic stuttering were significantly more positively connected
to brain regions centred around the bilateral putamen and left in-
ferior frontal gyrus. The two most prominent clusters with negative
associations were located in the occipital lobes (Fig. 2C and
Supplementary Table 3).

Similar to the literature cohort, the locations of lesions causing
neurogenic stuttering in our clinical cohort were highly heteroge-
neous (Supplementary Fig. 1A). Fifteen lesions were left-lateralized,
four were restricted to the right hemisphere and one was bilateral.
Lesions were present in the cerebral cortex in all four lobes, thal-
amus, basal ganglia, brainstem and cerebellum.

Using lesion network mapping, lesion locations were connected
to a common set of brain regions (Fig. 3A), converging with the le-
sion network mapping results in the literature cohort. Specificity
of the findings to stuttering versus other speech-language disorders
following stroke was assessed by comparing the neurogenic stut-
tering cases in the clinical cohort to their matched controls. Only
significant positive associations resulted from this analysis, with
the largest cluster centred around the left putamen (Fig. 3B and
Supplementary Table 4).

In the conjunction analysis of the two cohorts, the common net-
work of brain areas linked with acquired stuttering across both
the literature and clinical cohorts included the putamen, extending
to the claustrum and amygdala bilaterally, and to the pallidum in
the left hemisphere (Fig. 4 and Supplementary Table 5).

Next, we set out to investigate relevance of the identified data-
driven acquired neurogenic stuttering network to persistent devel-
opmental stuttering. More severe impact of stuttering was signifi-
cantly associated with increased grey matter volume in one
cluster of voxels consisting of the left-sided posteroventral puta-
men, ventral claustrum and amygdalostriatal transition area
[Prwe = 0.01, size = 105 voxels, centre of gravity (COG)=-32.8 -11.4
-10.5, Fig. 5]. No such relationship was present with the frequency
of occurrence of stuttered disfluencies, an objective measure of se-
verity recorded by the clinician.

To ensure that our results are not driven by the choice of the lesion
network overlap thresholds, all analyses were repeated using dif-
ferent threshold combinations and the significance of the main re-
sults and final localization did not change (Supplementary Figs 2
and 3).
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Figure 1 Lesion maps of the literature cohort. Numbers correspond to cases listed in Supplementary Table 1 and represent the 20 cases with

stroke-induced neurogenic stuttering identified in the published literature.

Discussion

This study reveals several important findings. First, although the le-
sions causing acquired stuttering described in the literature oc-
curred in heterogeneous locations, they were connected to a
common brain network, centred around the putamen. Second,
this stuttering network was reproducible in an independent clinical
cohort with lesion-induced stuttering and shown to be specific for
stuttering versus other communication changes following stroke.
Finally, in adults with persistent developmental stuttering, grey
matter volumes within the identified common neurogenic stutter-
ing connectivity network were associated with stuttering impact,
confirming the involvement of the posteroventral putamen, poster-
oventral claustrum and amygdalostriatal transition area in the left
hemisphere in developmental stuttering.

A shared neuroanatomical substrate across
developmental and acquired stuttering aetiologies

Previous studies have reported parallels in behavioural characteris-
tics (i.e. stuttered speech disfluencies, associated non-speech
and negative affective behaviours) across acquired neurogenic
and persistent developmental stuttering.’® The current study pro-
vides evidence for similarities across stuttering aetiologies at a
neuroanatomical level by showing that, within the common ac-
quired neurogenic stuttering network, structural brain differences
in adults with persistent developmental stuttering were associated

with self-reported impact of stuttering. However, no such relation-
ship was observed with the frequency of occurrence of stuttered
disfluencies as measured by the clinician. One possible explanation
may be that, while stuttering frequency can be used to identify
the presence of stuttering, it may be an insufficient indicator of
the extent of neuroanatomical variation between people who stut-
ter, given the many factors that may influence the frequency of
stuttered disfluencies, such as the inherent temporal variability
of stuttering frequency, use of coping and avoidance behaviours,
and fluency-enhancing skills acquired during treatment. Because
measures such as the OASES can be thought of as capturing a com-
bination of the experienced severity of disfluencies and their im-
pact on the individual, this broad-based assessment may better
reflect the neuroanatomical variation associated with stuttering.

The putamen as the core neuroanatomical substrate

Theoretical accounts suggesting a causal role for the basal ganglia
in stuttering have been formulated previously,*® but lack compre-
hensive direct evidence.”® Our study provides support for an im-
portant role of the putamen in stuttering and extends previous
theories by suggesting that specifically the posteroventral part of
the putamen may be a key node in an extended network.

The putamen is generally responsible for internal timing and se-
quencing of complex motor movements in an integrated manner.>*
It is organized somatotopically, with the posterior region identified
in our study known to be responsible for motor regulation of the
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Overlap
80%
c Sensitivity and specificty <0.001
Put
Cl Pewe
-2 0.05

Figure 2 Lesion network mapping in the literature cohort. (A) Lesion locations for each of the 20 cases served as the input for the lesion network
analysis. For each case, an individual lesion network map was created using a normative connectome, resulting in a map of brain networks typically
connected to the focal brain lesion location. Individual lesion network maps were thresholded at T > 5 corresponding to Py < 0.05. Positive associa-
tions are shown in red-yellow, negative associations in blue-light blue. (B) Lesion network maps of the 20 cases were overlaid and thresholded at >80%
overlap to show regions connected to most of the lesion locations (i.e. regions sensitive to stuttering). (C) To identify regions specific for stuttering, the
20 acquired stuttering cases and 169 stroke controls were compared (whole brain Prywr < 0.05), followed by a conjunction analysis with B to identify
areas both sensitive and specific for stuttering. Amy = amygdala; ASt = amygdalostriatal transition area; Cl = claustrum; Front = frontal; FWE = family-

wise error; Occ = occipital; Pall = Pallidum; Put = putamen.

face area, including lip movements.’>*® Deficiencies in internal
timing networks have been proposed to result in developmental
stuttering, based on observations, such as the decrease in stuttered
speech disfluencies during fluency-inducing conditions (e.g. sing-
ing and rhythmic speech).**>* While these theories focused on in-
volvement of wider networks, including the basal ganglia and
supplementary motor area in stuttering, our results suggest that
a specific alteration in left posterior putaminal function may be a
key contributor to differences in internal timing networks. In add-
ition, the left posterior putamen exhibits a response profile that is
linked to habituation and learning in humans.>>*® This is consist-
ent with observations that developmental stuttering typically has
an onset in the preschool years during periods of rapid develop-
ment when speech production needs to become more automated
to cope with language growth.”” Findings on treatment-induced
changes in adults with persistent developmental stuttering further
support a key role of the putamen, as this area has consistently
been reported to respond to successful behavioural stuttering
treatments.*®%°

In our cohort of adults with persistent developmental stutter-
ing, increased left posterior grey matter putaminal volume was as-
sociated with a more severe impact of stuttering. A similar increase
in grey matter volume in the left putamen has previously been
identified in adults with persistent developmental stuttering, sup-
porting our findings.®* However, children with developmental stut-
tering seem to have decreased putaminal volumes.®®> Contrasting
findings between children and adults with developmental stutter-
ing have previously been reported, and could be linked to divergent
trajectories of brain development between children who later re-
cover from stuttering, compared to those whose stuttering persists
into adulthood.®*®> Mapping the developmental trajectories in grey
matter volume, specifically in the posteroventral part of the left pu-
tamen, is an important avenue for future research.

Our findings are also supported by observations from patients
with stuttering onset following other acquired neurological aetiolo-
gies. For example, 7 of 10 patients in a study on acquired stuttering
following penetrating brain injuries presented with lesions in the
lentiform nuclei (putamen and pallidum).®® In addition, these regions
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Lesion network overlap in the clinical cohort

L 100%

B Sensitivity and specificity in the clinical cohort

Overlap
z=12 90%
<0.001
Prwe
z=12 0.05

Figure 3 Lesion network mapping in the clinical cohort. (A) Lesion network maps of the 20 cases were overlaid, and thresholded at >90% overlap to
show regions connected to most of the lesion locations (i.e. regions sensitive to stuttering). (B) To identify regions specific for stuttering, the 20 cases
with neurogenic stuttering and 17 matched controls were compared (whole brain Ppwg <0.05), followed by a conjunction analysis with B to
identify areas both sensitive and specific for stuttering. Positive associations are shown in red-yellow, negative in blue-light blue. Amy = amygdala;
ASt =amygdalostriatal transition area; Cl = claustrum; FWE = family-wise error; Pall = Pallidum; Put = putamen; Th = thalamus.

Put

Cl

> 7 =2 z=12

Figure 4 Common acquired neurogenic stuttering network. Common areas that were sensitive and specific across both neurogenic stuttering cohorts.
Amy =amygdala; ASt = amygdalostriatal transition area; Cl = claustrum; Pall = Pallidum; Put = putamen.

are known to be affected in parkinsonism,?**>®” which may explain

the high (up to 60%)" prevalence of neurogenic stuttering following
onset of Parkinson’s disease. Interestingly, pallidal (GPi) deep brain
stimulation in Parkinson’s disease has been reported to cause new-
onset stuttering,®® providing further evidence for the causal role of
the basal ganglia motor circuits in stuttering and suggesting rele-
vance of our findings for neuromodulation treatments.

Together, these observations on putaminal involvement sug-
gest that deficiencies in automation of internal timing mechanisms
for sequencing of complex motor movements of the articulators
may lead to speech disfluencies across both acquired neurogenic
and developmental stuttering aetiologies.

The claustrum and amydalostriatal transition area
as new areas of interest

In addition to the posteroventral putamen, our analyses highlighted
involvement of the claustrum and amygdalostriatal transition area

across all three independent datasets. The claustrum is typically not
reported as a separate area in studies and models of speech produc-
tion and its function is still poorly understood.®*”* However, our re-
sults included the claustrum, which is clearly differentiated from
the putamen and insular regions. The claustrum has extensive con-
nections with cortical and subcortical brain areas, and has been hy-
pothesized to integrate sensory information and play a role in
neural homeostasis.”?In speech, emerging evidence suggests involve-
ment in motor planning as well as execution, including in the coord-
ination of movements in articulatory subsystems.”* The claustrum
also plays a role in social punishment in humans’ and in controlling
anxiety-related responses in mice,”® suggesting that the positive rela-
tionship between stutteringimpact and grey matter volume in our co-
hort with persistent developmental stuttering could reflect motor as
well as associated emotional consequences of stuttering.

Todate, the claustrum has notbeen considered important for stut-
tering, despite two previous studies reporting a positive relationship
between claustrum activation and severity of developmental
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Figure 5 Association between stuttering impact and grey matter volume in developmental stuttering. Regression analyses within the identified com-
mon acquired neurogenic stuttering network (from Fig. 4, transparent red in current figure) showed that more negative experiences with stuttering
(OASES scores) were associated with increased grey matter volume in participants with persistent developmental stuttering (Prwe < 0.05, shown in
blue). ASt=amygdalostriatal transition area; Cl=claustrum FWE = family-wise error; OASES = Overall Assessment of the Speaker’s Experience of

Stuttering; Pu = putamen.

stuttering.”®”” Of note, one of the treatment studies reporting
putaminal changes had a cluster peak in the left claustrum, with
pretreatment claustrum overactivation normalizing in those who
successfully completed treatment.’® As the claustrum is a very small
structure—its maximal thickness only a few millimetres’>—future
studies should consider making a priori decisions on including it as a
region of interest in their analyses and further assessing its contribu-
tions to speech motor changes and associated affective behaviours in
stuttering.

The significant left-sided findings across all three datasets also
extended into the amygdalostriatal transition area. As a small
structure positioned between the posteroventral putamen and
amygdala, it is ideally suited for evaluating threats and providing
motor responses to those threats.”® A recent study in mice indi-
cated that its neuronal activity is responsible for driving freezing
and avoidance behaviour,”® showing direct relevance to stuttering
as both freezing, for example blocks in speech, and speech avoid-
ance are key components of stuttering.?

Of clinical relevance, the acquired stuttering network areas that
showed relevance to persistent developmental stuttering were iden-
tified when stuttering severity was assessed from the perspective of
the speaker, taking all components of stuttering into account. The
lack of significant findings based on observable speech disfluencies
alone emphasizes the importance of also considering speaker experi-
ences, including socio-emotional responses, in assessment and man-
agement of stuttering. In fact, it is possible that the identified brain
regions are primarily associated with multiple factors contributing
to self-perceived impact of developmental stuttering. Therefore,
treatments targeting these areas may have a broader impact on stut-
tering, such as reducing anxiety and mitigating visible signs of dis-
tress associated with stuttering episodes.

Limitations

There are some limitations that should be acknowledged. The lit-
erature cohort was developed following a systematic literature
search. We therefore cannot exclude publication bias, as lesion lo-
cations previously reported to be linked to stuttering may be more
likely to be reported; although the competing novelty bias might
mitigate this. In addition, relying on diagnoses of acquired stutter-
ing from prior publications leaves a certain degree of uncertainty in
the causal link between the lesion and symptoms. The control
group for the literature-based cases also included unselected stroke
patients and was not matched to the literature cohort stuttering

sample. However, these issues would mainly add noise to our ana-
lyses, biasing us against the current findings. Furthermore, the clin-
ical cohort with full 3D lesion maps, systematic assessment of
stuttering symptoms, and clear temporal relationship between
the stroke and onset of stuttering alleviates these limitations and
demonstrates consistent results with the literature cohort.

It should also be noted that lesion network mapping is based on
normative functional connectivity data, leaving some uncertainty
to the causal relationships and warranting independent confirm-
ation.”® Nevertheless, multiple lines of evidence, for example
from lesions following other acquired stuttering aetiologies®® and
deep brain stimulation of the basal ganglia motor circuits,®® sup-
port the causal role of the brain regions identified here in stuttering.

Conclusion

Lesion locations causing neurogenic stuttering map to a common
brain network, which includes brain areas that also demonstrate
relevance for persistent developmental stuttering, suggesting a
shared neural substrate across aetiologies. Findings overlapped in
the left-sided posteroventral putamen, including the ventral claus-
trum and amygdalostriatal transition area. Together, these neuro-
anatomical findings provide links with brain functions supporting
stuttering characteristics.

Of the many theoretical accounts of stuttering proposed previ-
ously, our data provide support for a crucial role of the basal gan-
glia. Importantly, our findings propose a specific and biologically
plausible neuroanatomical circuit for stuttering centred on the pos-
teroventral part of the left putamen, which is responsible for auto-
mation and internal timing for sequencing of complex motor
movements of the lips and other articulators. The additional find-
ings implicating the ventral claustrum and amygdalostriatal transi-
tion area in stuttering provide an important new direction in
mapping the neural basis of stuttering, and ensuring the best pos-
sible diagnostic and treatment approaches can be developed.

Data availability

The authors confirm that data supporting the findings of this study
are available within the article and in the Supplementary material.
Additional data supporting the findings are available from the corre-
sponding authors upon reasonable request, subject to national legis-
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