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Atypical development of Broca’s area in a
large family with inherited stuttering

Daisy G. Y. Thompson-Lake,' Thomas S. Scerri,”* Susan Block,*
Samantha J. Turner,” Sheena Reilly,>° Elaina Kefalianos,”’ Alexandra F. Bonthrone,*
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Developmental stuttering is a condition of speech dysfluency, characterized by pauses, blocks, prolongations and
sound or syllable repetitions. It affects around 1% of the population, with potential detrimental effects on mental
health and long-term employment. Accumulating evidence points to a genetic aetiology, yet gene-brain associa-
tions remain poorly understood due to a lack of MRI studies in affected families. Here we report the first
neuroimaging study of developmental stuttering in a family with autosomal dominant inheritance of persistent
stuttering.

We studied a four-generation family, 16 family members were included in genotyping analysis. T;-weighted and
diffusion-weighted MRI scans were conducted on seven family members (six male; aged 9-63years) with two age
and sex matched controls without stuttering (n = 14). Using Freesurfer, we analysed cortical morphology (cortical
thickness, surface area and local gyrification index) and basal ganglia volumes. White matter integrity in key
speech and language tracts (i.e. frontal aslant tract and arcuate fasciculus) was also analysed using MRtrix and
probabilistic tractography.

We identified a significant age by group interaction effect for cortical thickness in the left hemisphere pars opercu-
laris (Broca’s area). In affected family members this region failed to follow the typical trajectory of age-related thin-
ning observed in controls. Surface area analysis revealed the middle frontal gyrus region was reduced bilaterally in
the family (all cortical morphometry significance levels set at a vertex-wise threshold of P < 0.01, corrected for
multiple comparisons). Both the left and right globus pallidus were larger in the family than in the control group
(left P=0.017; right P=0.037), and a larger right globus pallidus was associated with more severe stuttering
(tho = 0.86, P = 0.01). No white matter differences were identified. Genotyping identified novel loci on chromosomes
1 and 4 that map with the stuttering phenotype.

Our findings denote disruption within the cortico-basal ganglia-thalamo-cortical network. The lack of typical de-
velopment of these structures reflects the anatomical basis of the abnormal inhibitory control network between
Broca’s area and the striatum underpinning stuttering in these individuals. This is the first evidence of a neural
phenotype in a family with an autosomal dominantly inherited stuttering.
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Introduction

Developmental stuttering is a condition of speech dysfluency,
characterized by blocks, prolongations and repetitions. Stuttering
onset is most commonly between 2 and 4 years of age," with 65%
of children recovering by 7 years.? In adulthood, stuttering remains
highly prevalent, affecting around 1% of the population.® It is asso-
ciated with negative impacts on psychological well-being, educa-
tional opportunities,” career progression and earnings.’
Additionally, interpersonal relationships and overall quality of
life may be greatly affected.®” Individuals who stutter experience
a 2-fold increase in psychiatric disorders, including anxiety,
depression and suicidal ideation, compared to the general
population.®

While the genetic architecture for stuttering is poorly under-
stood, evidence from twin and adoption studies®'® suggests a
significant genetic contribution. Heritability estimates are often
>0.8, and concordance for stuttering is higher in monozygotic
compared to dizygotic twins.”'® Monogenic contributions of rele-
vance to the general population with stuttering remain elusive
despite decades of investigation. Rare variants of lysosomal tar-
geting pathway genes (GNPTAB, GNPTG and NAGPA) were initially
identified in consanguineous Pakistani families with non-syn-
dromic persistent stuttering, and later in unrelated Pakistani and
North American cases.'” Recent evidence has linked these genes
to both grey matter volumetric differences in stuttering’? and to
functional connectivity within the stuttering network." Rare loss
of function variants in AP4E1 have also been described in individ-
uals with stuttering from Cameroon and Pakistan. AP4E1 encodes
a protein that is functionally related to the lysosomal targeting
pathway.>'* Distinct genetic variants may target different neur-
onal pathways or brain structures, and yet, still culminate in the
same behavioural phenotype of stuttering. This phenomenon is
seen in other speech disorders such as childhood apraxia of
speech, where reductions of the caudate nucleus have been repli-
cated in individuals with FOXP2 variants™'® but not observed in
other cases without known genetic determinants.”” Thus, in
speech disorders, genetic heterogeneity may underpin inconsist-
ent neuroimaging findings. Despite extensive neuroimaging re-
search in stuttering over the last few decades, investigation of

DWI = diffusion-weighted

imaging; FAT =frontal aslant tract;

neural phenotypes in genetically homogenous individuals is not-
ably absent.

Structural neuroimaging studies of individuals who stutter
have identified differences in both the volumes of, and connec-
tions between, regions of the cortex concerned with speech motor
control.**2! In both children and adults, there has been converging
evidence of reduced integrity of white matter underlying the left
rolandic cortex?? and in the arcuate fasciculus.”*# This dorsal lan-
guage pathway®® connects the posterior superior temporal gyrus,
auditory processing regions, to the left inferior frontal gyrus (IFG,
Broca’s area). Various white matter pathways have been impli-
cated outside these speech-related tracts. Recent evidence indi-
cates reduced integrity of the frontal aslant tract (FAT) which
connects the IFG with the presupplementary motor area, supple-
mentary motor area and anterior cingulate cortex.’>*' Although
adults who stutter demonstrate increased mean diffusivity in the
left FAT and preserved fractional anisotropy,®? children present
with increased fractional anisotropy in the right FAT®, Overall,
there is strong evidence of white matter alterations in individuals
who stutter, but the location and characteristics of these perturba-
tions vary.

In addition to white matter, grey matter anomalies have been
identified in both the basal ganglia-thalamo-cortical and auditory-
motor networks in the left hemisphere.”®** Both increased and
decreased grey matter volume within the same cortical regions
have been reported.’®?:%>3¢ vet there is extensive evidence of
reduced grey matter in the left IFG (Broca’s area) and ventral pre-
motor cortex in both children and adults***° and of increased
grey matter volume in the right precentral and superior temporal
gyrus.>*4%*! Inyestigations of subcortical structures in adults have
demonstrated increased volume of the left putamen, as well as
reductions in the left caudate nucleus.*? In contrast, studies in
children have found volumetric increases in the right caudate,*®
and reductions in the left putamen.®” Thus, it is critical to acknow-
ledge that brain anomalies associated with stuttering may change
with age and may vary depending on the underlying genetic con-
tributions to symptomatology.

Here we establish the neural phenotype associated with a
strong history of inherited stuttering in this four-generation fam-
ily. Structural and diffusion MRI enabled measures of cortical
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morphometry, subcortical volumes and white matter integrity in
the arcuate fasciculus, frontal aslant, corticobulbar (CBT) and corti-
cospinal (CST) tracts. We also examined the relationship between
stuttering severity and subcortical volumes. In parallel, we used
linkage analysis to map genetic loci since the inheritance pattern
in the family appeared consistent with transmission of a single,
rare autosomal dominant allele of large effect causing a monogen-
ic form of stuttering. To identify gene variants of interest at the
genetic loci, we then performed exome sequencing.

Materials and methods

We studied a four-generation Australian family of Caucasian ori-
gin segregating persistent developmental stuttering (Fig. 1 and
Table 1). All family members over the age of 5 years were invited to
take part in an MRI scan, and seven agreed to take part: 16 family
members were genotyped (Fig. 1). None of the family members
had any diagnosis of psychiatric, neurodevelopmental or neuro-
logical disorder, as ascertained via an extensive health and medic-
al interview in person including a follow-up written survey, as well
as confirming this via accessing family health records. The Human
Research Ethics Committee of the Royal Children’s Hospital,
Melbourne, Australia (HREC 37353), approved the study. Written
informed consent was obtained according to the Declaration of
Helsinki from participants, or their parents or legal guardians in
the case of minors.

Qualified speech pathologists (A.M., S.B., S.T.) assessed family
members (see Table 1 for individual profiles). Stuttering severity
was confirmed by a case history, observation of stuttering behav-
iours and calculating percent syllables stuttered (%SS), with
>2%SS denoting a clinical diagnosis. Ratings were based on
Sminutes of audio-recorded conversational speech and averaged
across three raters who were qualified speech pathologists experi-
enced in stuttering assessment (S.B., EX., S.T.). Raters provided a
description of all stuttering behaviours (Table 2) observed during
each of the speech samples. Participants also provided a self-re-
port of stuttering status, indicating whether they identified as a
person with persistent or recovered stuttering. Verbal and non-
verbal IQ were measured using standardized tests** (Table 1).
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All participants were monolingual English speakers, each fam-
ily member was matched to two control participants based on age,
sex, handedness, ethnicity, education and socio-economic status.
Control participants had no history of speech or language disorder,
medical or neurodevelopmental conditions and no contraindica-
tions for MRI scanning.

Whole blood or saliva was obtained from family members.
For blood, genomic DNA was extracted using the Qiagen QlAamp
DNA Maxi Kit. For saliva obtained using the Oragene kit,
genomic DNA was extracted using the prepIT L2P kit (DNA
Genotek Inc.).

Sixteen family members (I-1, I-2, II-1, 1I-2, II-3, II-5, II-6, III-1, III-2,
I1I-4, III-9, I1I-12, 111I-13, IV-1, IV-2 and IV-3; Fig. 1) were genotyped
on Illumina OMNI Express Arrays with genotyping call
rates above 99.5% for all samples. Genotyping data were prepro-
cessed for genotype calls, sex and Mendelian errors using
Linkdatagen®® before parametric and non-parametric multipoint
linkage analysis using MERLIN®®. Parametric linkage analysis
was performed specifying a rare dominant allele population
frequency of 0.001, a penetrance of 0.0001 for homozygous wild-
type individuals and a penetrance of 1.000 for heterozygous
or homozygous carriers of the disease allele. Haplotypes were
determined through visual inspection of plots produced by
Haplopainter.*’

Eighteen participants underwent MRI imaging acquired with a
3.0T Siemens Trio Tim scanner at the Brain Research Institute in
Melbourne, Australia. One hundred and sixty T,-weighted images
were obtained using an MP-RAGE sequence (TR =1900ms,
TE=25ms, flip angle of 9°, voxel size=1x 1 x 1mm®. Due
to a contraindication with participant weight, one of the
family members and their two age-matched controls were
scanned on a Siemens SKYRA scanner (III-I) (number of
slices =160, TR=1900ms, TE=2.6ms, flip angle=9°, voxel
size=1 x 1 x 1mm?),
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Figure 1 Australian family with persistent developmental stuttering. Sixteen family members (indicated by numbers) from the four-generation fam-
ily were genotyped, and seven of those were scanned (circled in red). Circles represent females and squares represent males.
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Table 2 Features of stuttering phenotype of scanned family members
Pedigree Sound Part word Whole word Phrase Blocks Sound Interjections Avoidance
repetition repetition repetition repetition prolongations (word)
II-1 X X X X X X X
1I-5 X X X X X X X
-1 X X X X X X
1II-4 X X X X X X X
1-12 X X X X X X X
Iv-1 X X X X X
V-2 X X X X X

X = feature is present.

The diffusion-weighted imaging (DWI) data were acquired for
9min with the following sequence parameters: field of view
240 x 240mm; 60 contiguous axial slices, a 96 x 96 matrix; TR/
TE =8300/110ms; voxel size: 2.5 x 2.5 x 2.5mm? b-value of
3000s mm?. On the SKYRA, TR/TE was 8800/110 ms, with 68 vol-
umes (64 directions).

Data were processed using the Freesurfer v.6.0.0 recon-all pipeline
in order to produce 3D images and surface reconstructions from
T;-weighted images.*®**° All images were processed using a Mac
OS X10.7. Details of the pipeline can be found online (https:/surf
ernmr.mgh harvard.edu/; accessed 8 February 2022). In brief, this
involves intensity correction, skull stripping and noise filtering,
identification of white matter, separation of the hemispheres and
creation of a tessellated mesh representation of the white matter
boundary and the pial surface.

Data were mapped to the fsaverage template and smoothed
with a full width half maximum kernel of 10 mm. Cortical regions
were parcellated into 34 regions per hemisphere according to the
Deskian-Killiany atlas. Due to radiological abnormalities in the
family, all data were manually inspected for accuracy of registra-
tion to the template by examining overlays of the cortical and sub-
cortical parcellations onto to each anatomical image, slice by slice
along each axis. The non-linear registration used in the Freesurfer
pipeline resulted in the registration being unaffected by the mac-
roanomalies. Where necessary, we manually edited the pial sur-
face or white matter regions that were incorrectly identified by the
Freesurfer automatic registration. These edits were made for
both controls and family members according to the Freesurfer
guidelines (https://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/
TroubleshootingDataV6.0; accessed 8 February 2022), and none
were in the location of macroanomalies. Cortical and subcortical
parcellations were re-examined on any edited output to ensure
successful registration.

Images were visually inspected for signal dropout caused by mo-
tion during acquisition of the sequence. All diffusion-weighted
images were analysed using a standard pipeline in MRtrix3 soft-
ware package®! (www.mrtrix.org; accessed 8 February 2022) and
underwent the following procedures: (i) thermal noise correction
to improve signal to noise ratio®?; (ii) correction for susceptibility
induced distortions using TOPUP in FSL>3>™%; (iii) motion correction
using an outlier replacement strategy and eddy current correction
using EDDY in FSL>% and (iv) correction for bias field inhomogen-
eity using ANTS N4 tools®®; and (v) global intensity normalization.

One family member (IlI-I), and their two corresponding
controls were scanned on the SKYRA did not have a DWI
dataset with the same imaging parameters and were
therefore removed from the diffusion analysis. Another family
member (IV-I) had excessive movement during the scan and
was excluded along with his controls. There were five family
members (II-1, 1I-5, 1II-4, III-12, IV-2) and 10 controls in the final
DWI analysis.

Probabilistic tractography using constrained spherical deconvolu-
tion®” was conducted to create fibre orientation distributions. CST
and CBT tractography was conducted according to previously pub-
lished methods.*®'”*® Tractography of the anterior segment of the
arcuate fasciculus (AF) was performed according to the methods
from Liegeois et al. *® Tractography of the FAT was carried out
using parcellations of the supplementary motor area and pars
opercularis. NiftyReg®®®? was used to extract parcellations by
registering the T;-weighted image to the DWI scan and non-linear-
ly registering the automated anatomical labelling template®
(https://www.gin.cnrs.fr/en/tools/aal/; accessed 8 February 2022) to
each participant’s T;-weighted scan in DWI space. Four binary
masks of the left and right supplementary motor area and pars
opercularis were extracted. Parcellations were overlain onto the
DWI images and manually edited to exclude fibres from the CST
and AF. The maximum number of streamlines generated was set
at 100000 and a maximum of 1000 streamlines were retained.

Using a surfaced-based whole brain approach, cortical thickness,
cortical surface area and local gyrification were compared between
the family and controls, with age as a covariate, using a vertex-
wise general linear model (GLM) in Freesurfer’s Query, Design,
Estimate, Contrast module. Corrections for multiple comparisons
were implemented using a Monte Carlo simulation (10000 itera-
tions) with a cluster-wise threshold of P < 0.05. For post hoc analy-
ses of the regions within the significant cluster (Supplementary
material) we extracted values from the regions within the signifi-
cant clusters resulting from this GLM analysis and conducted uni-
variate analyses in IBM SPSS v.24 to determine the significance
level and effect size of each region within the cluster.

All remaining additional analyses were conducted in SPSS v.24.
Global grey matter, white matter, cerebrospinal fluid and total
intracranial volume were compared using a non-parametric
Mann-Whitney U-test with values extracted from Freesurfer’s
‘aseg’ output. Hemisphere cortical thickness was analysed using
mean thickness provided from Freesurfer’s ‘aparc’ output. Left and
right hemisphere mean thickness was entered into a multivariate
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analysis of covariance (ANCOVA), with group as a main factor and
age as a covariate.

Subcortical region analyses

The volumes of the basal ganglia (caudate, putamen and pallidum)
were extracted as a percentage of total estimated intracranial vol-
ume. Left and right hemisphere volumes were combined for each
structure due to their high collinearity. To account for modest
sample sizes, we conducted Bayesian statistical analysis in sup-
port of the null hypothesis (i.e. no differences between the family
and controls) using JASP Team.®* Bayes factors were calculated
using the default Cauchy’s prior width (0.07) and a Monte Carlo
simulation of 5000 iterations. For structures where evidence sup-
ported differences between the two groups, we conducted Mann-
Whitney U-tests. Finally, for structures where a group difference
was identified, we examined the relationship between volumes
and stuttering severity in family members using a bivariate
Spearman’s rank correlation. Bayes factors were determined with
a Bayesian Pearson’s correlation. As there was no significant cor-
relation between age and stuttering severity (rho =-0.68; P = 0.09),
age was not used as a covariate.

Diffusion-weighted imaging analysis

Volumes, mean fractional anisotropy and mean diffusivity were
extracted for all tracts. Tract metrics from each hemisphere were
entered into two separate MANOVA models with group (family
versus controls) as a main factor and age as a covariate. We further
compared DWI metrics with a Bayesian Mann-Whitney U-test
using the default Cauchy prior width, as in Liegeois et al."’

Data availability

The data that support the findings of this study are available from
the corresponding author on reasonable request.

Results

Neuroimaging was performed on seven affected family members
(aged 9-63years) and an age and gender matched control group

D. G. Y. Thompson-Lake et al.

(n=14) (P> 0.97). The mean full scale IQ score of the family fell
within the average range [mean (standard deviation, SD):
98.1(13.0), range 73-114; see Table 1 for individual IQ and language
scores| and did not differ from that of controls [108 (11.2), range
92-130; t(19) =-1.7, P > 0.09]. There were no differences between
groups in either verbal or non-verbal IQ subscales (P > 0.76). All
family members self-identified as having persistent stuttering
(Table 1). Stuttering severity ratings by speech pathologists ranged
from mild to moderate, with an average of 4.8% syllables stuttered
(SD=3.15, range 1.8-10.2; Table 2 for individual stuttering
features).

Radiological brain abnormalities in the family

We noted macrostructural anomalies on the T;-weighted images
of all family members. These findings varied in size or location
and were not considered clinically relevant (Fig. 2 for examples
and Supplementary Fig. 2 for individual findings) after review by
an experienced neuroradiologist. Additional analyses accounting
for any anomalies that may encroach on significant regions can be
found in the Supplementary material.

Global brain volumes

There were no significant differences between groups in either glo-
bal grey matter volume (family median =708.79cm? control
median = 744.65 cm?; U = 40.0, P = 0.50); white matter volume (fam-
ily median =412.67 cm? control median =484.75cm? U =28.0,
P =0.12); total ventricular CSF (family median = 25.68 cm?; control
median = 22.82 cm?; U = 34.0, P = 0.26) or estimated total intracranial
volume (family median = 1515.65 cm?; control median = 1545.95 cm?;
U=41.0,P =0.55).

Cortical thickness in Broca’s area decreases with age
in the control group but not in affected family
members

A vertex-wise GLM analysis of thickness confirmed there was no
significant group difference in any cortical region with age as cova-
riate. There was, however, a significant age by group interaction
effect in the left hemisphere pars opercularis (cluster size:

Figure 2 Examples of macroscopic brain MRI anomalies in family members. (A) Marked enlargement of extra-axial CSF disproportionate to age-
related atrophy. Unknown if cause is malformative or atrophic in origin (seen in n = 2 family members). (B) Mega cisterna magna with increased retro-
vermian CSF (n = 1). (C) Right hemisphere middle cranial fossa arachnoid cyst with mass effect on right anterior temporal pole (n = 1). Other anoma-
lies (not shown) in family members include: (i) abnormal morphology of left cingulate (n = 3) including interrupted anterior cingulate, straightened
morphology and branching of anterior cingulate; (ii) round lesion in branch of left anterior cingulate sulcus (n = 1); (iii) atypical sulcation in left hemi-
sphere (n = 2), including extending of left superior frontal gyrus from precentral gyrus, ramus crossing superior temporal gyrus to join sylvian fissure;
elongation of back of sylvian fissure and radiating sulci; and (iv) asymmetrical hippocampi (n = 1) smaller left hippocampus.
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2623.1mm? Talairach coordinates: x=-37.6, y=15.5, z=9.8)
extending to the pars triangularis, rostral middle frontal, caudal
middle frontal and superior frontal cortices (Fig. 3A and
Supplementary Fig. 1). As age increased, thickness decreased in
the control group but not in family members (vertex-wise thresh-
old of P < 0.01 corrected for multiple comparisons, Fig. 3B). There
was no correlation between age and cortical thickness in the IFG
[r(4) =0.40, P = 0.43] after covarying for stuttering severity.

Bilateral middle frontal surface area is reduced in
the family

A vertex-wise GLM corrected for multiple comparisons (controlling
for age) revealed bilateral surface area reductions in the caudal
middle frontal gyri in the family compared with controls. The right
hemisphere cluster (cluster size: 1474.8 mm? Talairach coordi-
nates x=32.6, y =18.7, z=47.2) extended into the inferior precen-
tral gyrus. In the left hemisphere, the cluster (cluster size:
1196.3mm? Talairach coordinates: x=-41.5, y=3.5, z=46.8)
extended from the caudal middle frontal into the middle precen-
tral gyrus (Fig. 4). There was no correlation between age and sur-
face area in the middle frontal gyri [right: r(4) =-0.35, P = 0.50; left:
r(4) =-0.03, P=0.96] after covarying for stuttering severity. There
was no significant group by age interaction for surface area in any
region. The GLM for local gyrification index revealed no differences

A
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between the two groups in either hemisphere and no group by age
interaction (all significance levels set at a vertex-wise threshold of
P < 0.01, corrected for multiple comparisons).

The globus pallidus is larger bilaterally in affected
family members

Bayesian Mann-Whitney analysis (Supplementary Table 1) indi-
cated there was anecdotal evidence that differences in the volume
of the pallidum could support the alternative hypothesis. Further
analyses determined the family members had larger left (U =17,
P =0.017; mean of increase 21%) and right (U = 21, P = 0.037, mean
increase of 7%) globus pallidi. A larger right globus pallidus was
associated with more severe stuttering (rho=0.86, P=0.01,
BF10 = 42)

No evidence of white matter differences between
groups

When controlling for age, a multivariate ANCOVA revealed no
group differences in tract volumes for the corticobulbar tract, CST,
AF, or the FAT (P > 0.15). When analysed by hemisphere, neither
fractional anisotropy nor mean diffusivity differed between family
members and controls in any tract (all P > 0.39). Bayes factors sug-
gested anecdotal evidence for increased fractional anisotropy in

5. Left pars opercularis thickness and age
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Figure 3 Atypical cortical thickness in Broca’s area in the family. (A) Region where an age by group interaction is significant for cortical thickness.
Peak cluster in the pars opercularis extends to the pars triangularis, rostral middle frontal, caudal middle frontal and superior frontal cortices. Colour
bar indicates -log;oP value. (B) Cortical thickness of the pars opercularis in relation to age in the family (n = 7) and controls (n = 14).

Left -5.00 250

Right

Figure 4 Surface area reductions in bilateral caudal middle gyri. Shaded blue regions indicate a decreased surface area in the family versus controls.
Clusters are significant at P < 0.01 after Monte Carlo corrections. Colour bar indicates -log;oP value.
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family members in the left CST and reduced mean diffusivity in
left corticobulbar tract that could support the alternative hypoth-
esis (Supplementary Table 2). All other Bayes factors were consist-
ent that data were either more likely under the null hypothesis or
provided insufficient evidence.

Inheritance of stuttering in this large four-generation family was
consistent with an autosomal dominant pattern, with six instan-
ces of male-to-male transmission arguing against X-linkage, Y-
linked or mitochondrial inheritance (Fig. 1). Males do not pass on
their X-chromosome to male progeny, there are females in the
family who stutter and who do not carry a Y chromosome, and
males do not transmit mitochondrial DNA as it only comes from
females via the oocyte, and not the sperm; for these reasons, the
mode of transmission must be autosomal. We performed paramet-
ric linkage analysis in 16 family members (10 affected) assuming
an autosomal dominant mode of inheritance with a rare dominant
allele population frequency of 0.001, a penetrance of 0.0001
(phenocopy rate) for homozygous wild-type individuals and full
penetrance (one) for heterozygous or homozygous carriers of the
disease allele. Peak logarithm of odds scores of 3.0088 were found
on chromosomes 1 and 4, as shown in Table 3 and Supplementary
Table 3. Subsequent haplotype analysis at the loci on chromo-
somes 1 and 4 revealed that all 10 genotyped affected family mem-
bers shared the same locus-specific haplotype at each locus
indicating likely complete penetrance. Since the initial linkage
analysis was performed with only a set of SNPs at an average spac-
ing of 0.3 cm, we re-ran the analysis with the complete set of SNPs
in the chromosome 1 and 4 regions to refine the haplotypes. This
revealed that the originally identified locus on chromosome 1 was
actually comprised of two adjacent loci as shown in
Supplementary Table 4. A non-parametric linkage analysis per-
formed using MERLIN failed to identify any additional regions
(data not shown).

None of the three loci identified in the family overlap with eight
known loci or genes for persistent developmental stuttering:
GNPTAB (12g23.2; OMIM #607840), GNPTG (16p13.3; OMIM #607838),
NAGPA (16p13.13; OMIM #607985), STUT1/AP4E1 (15g21.2; OMIM
#184450/607244), STUT2 (12q24.1; OMIM #609261), STUT3 (3q13.2-
q13.33; OMIM #614655) and STUT4 (16q12.1-q23.1; OMIM #614668)
(Supplementary Table 4). Nor do they overlap with the eight
known genes (CHD3, GLB1, GTS, NBIA1, PHARC, PRTS, SCYL1, SOX3)
for syndromes associated with stuttering. The loci on chromosome
1 are 1a, comprising only two genes, and 1b, comprising over 200
genes. The locus on chromosome 4 comprises over 50 genes
(Supplementary Table 4), indicating that there are many potential
candidate genes. At the chromosome 1 loci, a number of genes
have been associated with neurological disorders including child-
hood apraxia of speech (POGZ; OMIM #614787) as we recently
described,®® a neurodevelopmental disorder with brain malformations

Table 3 Linkage regions detected in family
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(ARHGEF2; OMIM #607560) and severe developmental delay and
intellectual disability (ASH1L OMIM #607999). Similarly, at the chromo-
some 4 locus, a number of genes have been associated with neurode-
velopmental disorder with severe speech and language deficits
(GRIA2; OMIM #138247), hyperekplexia (GLRB; OMIM #614619) and
familial adult myoclonic epilepsy (RAPGEF2; OMIM #138492). However,
none of these phenotypes overlap with persistent developmental
stuttering.

We performed exome sequencing on three affected family mem-
bers and interrogated variation in the linkage regions on chromo-
somes 1 and 4 for novel or ultra-rare gene variants. We identified
28 variants (Supplementary Table 5) based on the criteria outlined
in the ‘Materials and methods’ section, and a relevant known gene
expression pattern or function (e.g. neuronal). None of these var-
iants were in the genes outlined previously, and none of the genes
in which they were located have an obvious phenotypic or func-
tional link to stuttering. To ensure that other variants of interest
were not missed, we performed Sanger sequencing of exons that
had low depth of coverage on exome sequencing in the linked
regions on chromosome 1 and 4. For this analysis, we prioritized
23 exons in 11 genes based on gene function and expression (e.g.
neuronal genes expressed in brain), identifying eight new variants
(Supplementary Table 6). None of the variants stood out as likely
to be related to the phenotype, reflecting our lack of knowledge of
genes causal for stuttering.

Discussion

We studied a large family with persistent developmental stutter-
ing across four generations. Neuroimaging of seven affected family
members revealed that Broca’s area failed to follow the typical
age-related thinning seen in the control group. Additionally, we
found reduced surface area of the middle frontal gyri and enlarged
bilateral globus pallidi. Taken together, these results point to an
inherited disruption within the cortico-basal ganglia thalamo-cor-
tical loop as a neural phenotype of stuttering.

By genotyping 16 affected or unaffected family members we
identified novel loci on chromosomes 1 and 4 that map in an auto-
somal dominant mode with the stuttering phenotype. Notably,
autosomal dominant inheritance of stuttering has already been
reported, for example for the APE41 gene (STUT1 locus) in a large
Cameroonian family.™ This demonstrates linkage mapping of sin-
gle families does lead to reports of new loci. However, it should be
noted that the fact that the inheritance in the Cameroonian fam-
ily, and the family described in this report, appears to be auto-
somal dominant does not preclude the possibility that stuttering is
a complex trait in other families or individuals with stuttering.
Exome sequencing analysis has not revealed an obvious candidate
gene segregating with stuttering in the family but did identify

Chromosome Flankers and markers
Beginning of region End of region LOD score
SNP Physical Genetic SNP Physical Genetic Parametric
position (bp) position (cM) position (bp) position (cM)
1 15655315 110215178 137.62 15640692 175739003 191.62 3.0088
rs1869965 155969377 159.97 rs1021318 169 340639 173.47 3.0088
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several promising candidate genes expressed in critical brain
regions. So far, we have not found variants in these genes in any of
our other families or sporadic patients with stuttering.

Our cross-sectional data showed that cortical thickness
remained relatively unchanged with age in Broca’s area in affected
family members. Lack of developmental thinning in the posterior
part of Broca’s area was also reported in a large cross-sectional
study of unrelated children and adults with developmental stut-
tering,'® suggesting this is a consistent neural marker. There is
strong evidence for functional anomalies in the pars opercularis in
people who stutter, such as reduced cerebral blood flow at rest®®
and decreased oxygenated haemoglobin during speech tasks.* In
people with no history of stuttering, transcranial magnetic stimu-
lation over Broca’s area causes blocking during both overt and in-
ternal speech.”’” Our data indicate that genetically driven
structural differences could underlie dysfunction in Broca’s area
and manifest as stuttering.

Interestingly, the younger members of the family demon-
strated cortical thickness values within the range of their non-
stuttering peers. We therefore suggest that cortical thickness per
se is not directly related to stuttering, but rather evidence of a dis-
rupted neurodevelopmental process. According to the expansion-
renormalization model,®® initial increases in cortical thickness due
to practice or skill acquisition are followed by reduction and ‘re-
normalization’ within a few weeks. Cortical thinning is a genetical-
ly driven normal developmental process partly attributed to
synaptic pruning and occurs latest in the frontal cortex.®® The gen-
etic variant linked to stuttering in this family may therefore inhibit
or delay progression to the synaptic pruning process, resulting in
the lack of typical developmental thinning in Broca’s area.

Another critical finding in our study was an increase in size of
the globus pallidus bilaterally in affected family members, and an
association between stuttering severity and volume of the right
globus pallidus. The role of the basal ganglia in the initiation and
inhibition of movements is well documented’® including in rela-
tion to fluent speech.”* Specifically, there is high connectivity be-
tween the globus pallidus (the main output structure of the basal
ganglia with a primarily inhibitory function) and frontal cortex via
the thalamus.”® Adults can develop a stutter following disruption
to the globus pallidus after deep brain stimulation’? and after
lesions to the basal ganglia,”® highlighting the importance of this
network for fluency. The combination of an increase in globus pal-
lidus size and Broca’s area anomaly suggests a genetic origin of
disrupted signalling between the two regions in affected family
members. This disruption is in line with the hypothesis of an
altered cortico-basal ganglia-thalamo-cortical loop in develop-
mental stuttering.”* In their review, Chang and Guenther’* pro-
pose that this malfunctioning loop could result in stuttering by
disrupting the timing, initiation/termination and sequencing of
speech motor programs. They suggest malfunction could originate
from multiple causes, namely structural basal ganglia anomalies,
or connections at different levels within this loop.

The combination of an increase in globus pallidus size and
Broca’s area anomaly suggests a genetic origin of disrupted signal-
ling between the two regions in affected family members. We pro-
pose that disrupted signalling from the globus pallidus to the
thalamus affects the direct and indirect pathways of the cortico-
basal ganglia-thalamo-cortical loop. This in turn results in both
over activation of motor cortices (e.g. repeated syllables) and exa-
cerbated inhibition of movement (e.g. blocking).

Our pars opercularis and globus pallidus findings are consistent
with previous work 7® that reported positive psychophysiological
interaction (PPI) between the two regions during an anticipatory
task in unrelated adults who stutter, whereas controls showed a
negative PPIL. This study focused on the external segment of the
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globus pallidus, however, Freesurfer does not yet have the capabil-
ities to distinguish between the internal and external segments.
Additionally, our structural findings do not inform functional con-
nectivity. Nevertheless, our findings could be in agreement with
the theory that a synchronicity between the globus pallidus and
the IFG is related to increased activation of the indirect pathway,
which would in turn increase the motor inhibition within the cor-
tex in those who stutter.””

More recently, limbic structures have also been examined in
unrelated adults who stutter. An enlarged right nucleus accum-
bens led to the suggestion that this region may mediate between
the limbic and motor systems during social speech.”® Our a priori
hypotheses regarding the basal ganglia did not account for the nu-
cleus accumbens, however, an exploratory analysis post hoc (not
reported) did not reveal any group difference. Including other pre-
viously overlooked subcortical areas in future MRI studies may in-
crease our understanding of the neurobiology of developmental
stuttering. For example, the habenula is known to play a pivotal
role in negative reward ’’ and, as with the nucleus accumbens,
demonstrates disrupted connectivity to frontal motor areas after
repeated dopaminergic exposure.”® Further study on the role of
the limbic-motor system in stuttered speech could have important
treatment implications.

We further identified surface area reductions bilaterally in the
posterior middle frontal gyri in the family. Given that the middle
frontal gyrus sits at the interface between the ventral and dorsal
attention networks,”® we propose that the surface area reductions
in affected family members indicate a deficiency in self-regulation
and attention. These cognitive deficits have been commonly
reported in both pre-schoolers®® and adults who stutter.5*

The macroanomalies identified within the family members
were all deemed ‘not clinically significant’ by an experienced radi-
ologist were in a range of locations, with few similarities between
family members. No family member had previous MRI scans due
to neurological symptoms or concerns. Although we cannot com-
pletely rule out that anomalies may have affected downstream
cortical measurements within the Freesurfer pipeline, we thor-
oughly checked registration to the template and observed no
issues. Additional analyses excluding either regions or participants
of concern replicated initial results, thus demonstrating the ro-
bustness of our findings. It is difficult to argue a causal link be-
tween the stuttering phenotype and these cortical variations given
their inconsistent locations. We currently hypothesize they are a
by-product of a genetic variant that, unexpectedly, alters brain
development in a heterogenous manner.

Based on our Bayesian analyses, selected as a more viable alter-
native to frequentist analyses due to its capabilities to account for
small sample size, we found no evidence for reduced fractional an-
isotropy in the family in the arcuate or FATs. Notwithstanding,
we should not discount the alternative interpretation of our
results; that our sample may not have been sufficient to detect
group differences. However, from our findings, overall, we
have little evidence that white matter disruptions are the main
consequence of genetic aberration, and instead propose that grey
matter anomalies are more likely causal links to stuttering within
this family.

In summary, in this family with autosomal dominant persist-
ent stuttering, we have identified two novel chromosomal loci
without finding the underlying pathogenic variant. Our neuroi-
maging findings suggest an imbalance of cortical inhibition within
the cortico-basal ganglia-thalamo-cortical speech network. This
disruption is associated with structural differences in Broca’s area
and the globus pallidus with large effect sizes. Normalization of
this network using a behavioural or pharmacological intervention
could provide an avenue for personalized treatment.
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