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ABSTRACT

Area 44 is a cytoarchitectonically distinct portion of Broca's region. Parallel and overlapping large-scale networks
couple with this region thereby orchestrating heterogeneous language, cognitive, and motor functions. In the
context of stuttering, area 44 frequently comes into focus because structural and physiological irregularities affect
developmental trajectories, stuttering severity, persistency, and etiology. A remarkable phenomenon accompa-
nying stuttering is the preserved ability to sing. Speaking and singing are connatural behaviours recruiting largely
overlapping brain networks including left and right area 44. Analysing which potential subregions of area 44 are
malfunctioning in adults who stutter, and what effectively suppresses stuttering during singing, may provide a
better understanding of the coordination and reorganization of large-scale brain networks dedicated to speaking
and singing in general. We used fMRI to investigate functionally distinct subregions of area 44 during imagery of
speaking and imaginary of humming a melody in 15 dextral males who stutter and 17 matched control partici-
pants. Our results are fourfold. First, stuttering was specifically linked to a reduced activation of left posterior-
dorsal area 44, a subregion that is involved in speech production, including phonological word processing,
pitch processing, working memory processes, sequencing, motor planning, pseudoword learning, and action in-
hibition. Second, functional coupling between left posterior area 44 and left inferior parietal lobule was deficient
in stuttering. Third, despite the preserved ability to sing, males who stutter showed bilaterally a reduced activa-
tion of area 44 when imagine humming a melody, suggesting that this fluency-enhancing condition seems to by-
pass posterior-dorsal area 44 to achieve fluency. Fourth, time courses of the posterior subregions in area 44
showed delayed peak activations in the right hemisphere in both groups, possibly signaling the offset response.
Because these offset response-related activations in the right hemisphere were comparably large in males who
stutter, our data suggest a hyperactive mechanism to stop speech motor responses and thus possibly reflect a
pathomechanism, which, until now, has been neglected. Overall, the current results confirmed a recently de-

scribed co-activation based parcellation supporting the idea of functionally distinct subregions of left area 44.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

consider operations of speech production, ranging from semantic, to
syntactic, and phonologic processing (Amunts et al., 2004; Eickhoff

In 1861, Broca assigned a region in the human left frontal lobe to a
designated function - articulated language. More than 150 years later,
it is still an open question, how the human brain generates well-
organized, fluent speech. The most famous functions of Broca's area
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et al., 2009; Flinker et al., 2015; Friederici, 2011; Heim et al., 2008;
Heim et al., 2010; Price, 2010; Sahin et al., 2009). Besides, this region
is engaged in domain-general functions including hierarchical structure
building (Sakai and Passingham, 2006), aspects of action processing
(Nishitani and Hari, 2000), rhythm and music processing (Platel et al.,
1997), working memory processing (Buchsbaum et al., 2005; Fiebach
et al., 2005; Ranganath et al., 2003), or cognitive control (Koechlin and
Summerfield, 2007). Recent theories postulate a rostral-to-caudal gra-
dient for structured sequence processing (Uddén and Bahlmann,
2012) and degree of automaticity (Jeon and Friederici, 2015) stretching
from orbital area 47, to area 45 and 44 over the whole left inferior
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frontal gyrus (IFG). Across cognitive domains including language, music
and action, it has been suggested that more abstract control demanding
components of action are supported by anterior prefrontal regions,
whereas, with increasing degree of automaticity, concreteness, and,
thus, temporally proximity more posterior regions are likely to be in-
volved (Badre, 2008; Jeon and Friederici, 2013).

Growing evidence consolidates morphological and physiological
subdivisions of Broca's area. Cytoarchitectonically, anatomists distin-
guish anterior area 45 and posterior area 44 (Aboitiz and Garcia,
1997; Amunts et al., 1999; Brodmann, 1909). Macroanatomic land-
marks give a coarse estimation of where these areas are settled. Howev-
er, real locations vary between subjects. The anatomical organization of
Broca's region has been detailed in the seminal works by Amunts and
colleagues (Amunts et al., 1999, 2010). Area 45 occupies the pars
triangularis of the IFG with a rostral border to area 47 occupying the or-
bital part of the IFG. Dorsally area 45 and area 44 border on areas in the
inferior frontal sulcus, ventrally opercular areas adjoin area 45 and area
44 at varying positions at the entrance of the Sylvian fissure. The border
between area 45 and area 44 has been described within the ascending
branch of the lateral fissure or between the diagonal sulcus and ascend-
ing branch on the cortical surface of the IFG. Area 44 is settled in the pars
opercularis of the posterior IFG, anterior to area 6 on the precentral
gyrus. These areas differ with respect to size and laminar distribution
of neurons (cytoarchitectonics) suggesting different attributions to
brain function. Results from diffusion-weighted magnetic resonance
imaging are complementary to this. Based on probabilistic
tractography, Broca's area was segregated into three cortical areas
with mutually distinct and internally coherent connectivity reminiscent
of the cytoarchitctonic parcellation (Anwander et al, 2007).
Receptorarchitectonically, area 45 can be further subdivided into an an-
terior (area 45a) and posterior (area 45p) part; area 44 can be further
subdivided into a dorsal (area 44d) and a ventral (area 44v) part
(Amunts et al., 2010), because neurotransmitter receptors are
expressed at largely varying density across these parts.

An additional operative segmentation was suggested by a recent func-
tional connectivity analysis reporting five functionally different subdivi-
sions of left area 44 (Fig. 1) (Clos et al., 2013). Theses subdivisions build
the regions of interest (ROI) of the current work. Clos and colleagues
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obtained this segmentation by a connectivity-based parcellation as a
way of meta-analytic connectivity modelling (Laird et al., 2009). Thereby,
area 44 was used as a seed region in a brain template (Amunts et al., 1999,
2004; Evans et al., 2012). Co-activation patterns of area 44 were subse-
quently extracted from a large data base, the BrainMap database
(https://www.brainmap.org/), considering several thousand imaging ex-
periments from pure mapping studies in healthy subjects. To delineate
the brain networks that are co-active across many different experimental
tasks, an algorithm computed the convergence across all reported foci of
all BrainMap experiments, where the seed region in question was report-
ed to be active. Eventually, the seed region was clustered into different
subdivisions based on similarities and differences in the co-activation pro-
file (Cieslik et al., 2013; Laird et al., 2009). Due to the co-activation based
parcellation analysis the region specific information processing of area 44
can be roughly described as following. Three anterior clusters (Fig. 1, C2,
(3, and C5) were primarily associated with language and cognition, and
two posterior clusters (Fig. 1, C1 and C4) were primarily associated with
action processes such as imagined movements, articulation of speech,
and rhythmic sequencing (Clos et al., 2013). In the following, area 44pd
refers to the posterior-dorsal cluster 1 and area 44pv refers to posterior-
ventral area 44.

Stuttering is associated with various neuronal changes throughout
cortical and subcortical networks. For a recent review see (Neef et al.,
2015a). The left prefrontal cortex is a brain region often associated
with stuttering as well as its remediation (Belyk et al., 2015; Kell et al.,
2009; Neumann et al., 2005) and has been considered as the region
with an etiologic role for stuttering (Lu et al., 2012). In particular, left
area 44 is a neural correlate of stuttering. Grey matter probability ma-
tures irregularly (Beal et al., 2015; Beal et al., 2013; Chang et al,,
2008), which is still evident in adulthood (Kell et al., 2009; Lu et al.,
2012). Various speech tasks elicit aberrant activation patterns (Braun
et al.,, 1997; Ingham et al., 2012; Lu et al., 2012; Salmelin et al., 2000;
Toyomura etal, 2011; Wymbs et al,, 2013), resting state functional con-
nectivity is diminished (Lu et al., 2012), and functional connectivity be-
tween left area 44 and the adjacent premotor cortex is reduced during
speech tasks (Chang et al., 2011). Here we investigated whether the
trait of stuttering can be associated with a particular subdivision of
area 44. To achieve this aim, we conducted a functional magnetic

Fig. 1. Area 44 parcels. The surface mesh of the left hemisphere of the MNI standard brain on the left shows the inferior frontal gyrus and the approximate location of Brodmann areas 44,
45, and 47. Coronal slices on the right display the Juelich probability map of area 44 (Amunts et al., 1999, 2004) in light-grey. Functionally distinctive area 44 clusters that resulted from a
co-activation based parcellation (Clos et al., 2013) are displayed separately on these coronal slices posterior (y = 8) to anterior (y = 17). The surface mesh of the left hemisphere of the

MNI standard brain shows the collocation of all clusters in left area 44 in the middle.
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resonance imaging study (fMRI) and extracted blood oxygenation level
dependent responses (BOLD) from the five subregions of area 44.

Fluent speech production requires planning, selection, and sequencing
of motor control signals, orchestrating a complex muscle system, thereby
generating the continuous flow of speech. While speaking, stuttering oc-
curs in the form of involuntary sound and syllable repetitions, prolonga-
tions or blocks. Some theories on stuttering propose that earlier speech
planning mechanisms are affected (Howell and Au-Yeung, 2002; Max
et al,, 2004; Walsh et al., 2015). Neuroimaging methods with a high
time resolution provide evidence for this hypothesis. An MEG study
showed a reversed timing pattern of the cascade of neuronal activity
that usually propagates from preparatory left precentral regions towards
the executing primary motor sites; in stuttering, however, primary motor
sites were more active at a very early stage of speech motor preparation
(Salmelin et al., 2000). A recent study from our lab showed that a
speech-planning related left-lateralized excitability increase of the speech
motor cortex was absent in adults who stutter (AWS) (Neef et al. 2015b),
which might be caused by a deficient functional coupling between the left
primary motor cortex, the left premotor cortex, and left area 44 (Chang
et al., 2011). This notion is supported by theories and models postulating
left area 44 to be one of the core cortical hubs in the network of speech-
planning-related operations (Bohland et al., 2009; Flinker et al., 2015;
Guenther and Hickok, 2015).

A remarkable phenomenon accompanying stuttering is the pre-
served ability to sing (Andrews et al., 1982). Speaking and singing are
connatural behaviours recruiting largely overlapping brain networks
(Callan et al., 2006; Koelsch et al., 2002; Ozdemir et al., 2006 ). Analysing
what effectively suppresses stuttering while singing may provide a bet-
ter understanding of the pathophysiology of stuttering itself. An early
imaging study relates singing and other fluency-enhancing techniques
to robust increases of activity in left hemisphere fronto-parieto-
temporal substrates along with the putamen (Stager et al., 2003), sug-
gesting a facilitating effect of a more effective coupling between audito-
ry and motor functions. Here, we chose two motor imagery tasks,
imagine speaking an over-learned vocal sequence, specifically the
months of the year, and imagine humming a non-verbal tune, specifical-
ly Mozart's “Eine kleine Nachtmusik” (Serenade No. 13 for strings in G
major), adopted by (Riecker et al., 2000). The induced motor simulation
processes neglect an auditory-to-motor coupling but likely reflect
motor preparation without execution (Bohland and Guenther, 2006;
Palmer et al., 2001; Tian et al., 2016) and thus should significantly in-
volve area 44 (Gunji et al., 2007). Given the preserved ability to sing,
it was plausible to hypothesize comparable activation patterns in fluent
speakers and AWS in the melody humming task. Contrastingly, the
speaking task was expected to elucidate area's 44 signatures of
stuttering. It is crucial to note that participants were not instructed to
imagine stuttering but to imagine speaking fluently a highly automa-
tized word list. This is an easy task and clinical observations show that
AWS often manage this fluently when actually speaking (Bloodstein
and Ratner, 2008). Importantly, the assumption here was not that
AWS naturally imagine stuttering. Hence, the recruited network likely
reflects processes of speech motor planning e.g. (Tian et al., 2016). The
underlying presumption is that actual stuttering is only the tip of the
iceberg of an anyway vulnerable speech motor system (Kent, 2000;
Ludlow, 2000; Smith and Kelly, 1997; van Lieshout et al., 2004). Thus,
the crucial aspect of the current study question is that not actual speak-
ing but such a preparatory process is related to a possibly altered func-
tion of left area 44. An additional aspect of this approach was the
avoidance of motion artifacts as well as physiological artifacts in the
fMRI signal that are likely to occur during vocal production (Callan
et al., 2006). We analyzed data from dextral, aged-matched males to
avoid interference of effects of handedness (Geschwind et al., 2002) or
sex (Ingham et al., 2004; Murphy et al., 1996). The present study
disentangled parcels of left area 44 that fundamentally contribute to
the trait of stuttering especially during speech motor simulation and
vocal motor simulation. The processes studied did not involve actual

speaking and humming or speaking- and vocalization-related
auditory-motor integration.

2. Material and methods
2.1. Participants

Data were analyzed from 32 native German-speaking males, 15 AWS
(19-63 years, mean age 37.3 years, SD = 13.1) and 17 fluent speakers
(20-62 years, mean age 37.6 years, SD = 14.0). These data were derived
from a study that included a larger population addressing the question
of the effect of sex on brain structure and function in AWS (Biitfering,
2015; Neef, 2013). A publication of these data is currently under prepa-
ration. To adequately address the study question, we included only the
analysis of the images of male participants. Apart from stuttering in the
group of AWS, participants reported no medical history, neurological
impairment, or drug use that would potentially affect their neurological
function. AWS were recruited from stuttering support groups. Fluent
speakers were recruited via advertisements. Groups were matched for
age, handedness (Oldfield, 1971), and years of formal education (1 =
school; 2 = high school; 3 = <2 years college; 4 = 2 years college;
5 =4 years college; 6 = postgraduate). Nine AWS reported a family his-
tory of stuttering. None of the fluent speakers reported a family history
of speech or language disorders. All subjects provided written informed
consent prior to inclusion in the study. Ethical approval from the local
ethical committee at the University Medical Center Goettingen and
written-informed consent were obtained prior to the investigation. Sub-
jects were each paid 20 Euros for participating.

Stuttering severity was assessed by collecting samples of speech
read aloud and from spontaneous speech elicited through a standard-
ized interview, where participants were asked to narrate their daily rou-
tine, describe their favourite movie or novel, and give directions when
asked the way. These samples were video recorded and analyzed offline
by a qualified speech and language pathologist who was unaware of the
diagnosis. The stuttering severity index (SSI-4) was employed to deter-
mine the frequency and duration of stuttered syllables as well as phys-
ical concomitants of stuttering (Riley, 2008). According to SSI-4, six
participants showed very mild stuttering, three were mild, one was se-
vere, and two were very severe. Three participants had an SSI score
lower than 10, but were included in the analysis because they stuttered
consistently during more stressful situations, such as a follow-up phone
call. Table 1 summarizes the demographic information of the partici-
pants, and Table 2 reports individual characteristics of all participants.

2.2. Experimental procedure

Fig. 2 illustrates the stimulus material and time flow of the two tasks
implemented in a slow-event-related design. Stimuli were presented
via LCD goggles (VisuaStim XGA, Resonance Technology Inc.,
Northridge, CA, USA). Speech motor imagery required naming the
months of the year. Melody motor imagery required the reproduction

Table 1
Participants demographic information and behavioural results.
Stuttering Controls Difference
N 15 17 n/a
Age (years) 36.7 (13.3) 37.6 (14.0) p =09 (ns.)
Age of stuttering onset (years) 4.5 (1.6) n/a n/a
SSI-4 overall score 15.6 (10.8) n/a n/a
% stuttered syllables 10.7 (20.4) 0.1 (0.1) p <0.001
Handedness (LQ) 89.7 (13.3) 95.6 (8.5) p=0.19 (n.s.)
Formal education 5 5 p = 0.96 (n.s.)

All values are group averages with the standard deviation in brackets, but education is re-
ported as median, SSI-4 = Stuttering Severity Instrument (Riley, 2008); % stuttered
disfluencies = stuttered syllables occurring per 100 syllables in a sample of 1000 syllables;
LQ = laterality quotient, n.s. = not significant. All group differences were tested by Mann-
Whitney U tests, but education was tested by an independent samples median test.
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Table 2
Participants individual characteristics.

ID Sex Age LQ Edu History %SS SSI Severity ASO
C1 m 24 100 4 None

C2 m 26 100 5 None

C3 m 52 100 6 None

C4 m 36 100 6 None

Cc5 m 25 80 5 None

C6 m 26 80 5 None

Cc7 m 36 100 6 None

C8 m 27 100 6 None

9 m 23 100 4 None

C10 m 47 75 1 None

Cll m 39 100 5 None

Cl12 m 56 100 6 None

Cl13 m 53 95 2 None

C14 m 30 100 6 None

Cl15 m 20 95 3 None

Cl16 m 57 100 1 None

C17 m 62 100 6 None

S1 m 27 80 5 Mother 13 8 Disclosed* 6
S2 m 23 80 3 None 69.6 40 Verysevere 4
S3 m 50 100 6 Uncle 39 14  Very mild 4
S4 m 63 70 6 Uncle 24 12 Very mild 6
S5 m 36 60 1 Father/cousin 3 19 Mild 5
S6 m 42 100 6 Brother 1 10 Very mild 4
S7 m 27 100 5 Brother 2.3 19 Mild 9
S8 m 52 95 6 n/a 0.9 4 Disclosed* 3
S9 m 26 100 4 Grandmother 2.4 13 Very mild 4
S10 m 55 100 1 None 15 12 Very mild 4
S11 m 19 75 1 None 2.3 11 Very mild 5
S12 m 30 90 6 None 49.1 43 Verysevere 3
S13 m 38 95 6 Father 7.9 22 Mild 3
S14 m 38 100 6 None 0.2 0 Disclosed* 4
S15 m 24 100 4 Father/brother 11.95 34 Severe 4

LQ = laterality quotient (Oldfield, 1971), Edu = education, History = family history of
stuttering, %SS = stuttered syllables occurring per 100 syllables across 1000 syllables
(reading and free production), SSI = stuttering severity index (SSI-4) overall score, ASO
= age of stuttering onset in years, *disclosed = SSI-4 does not give a diagnosis of
stuttering but participants reported their history of stuttering and disclosed continuing
stuttering.

of the non-lyrical tune drawn from a serenade (W.A. Mozart's, Eine
kleine Nachtmusik, KV 525). A trial was initiated by presenting a visual
cue, the letter “J”, as a prompt for participants to imagine speaking or a
note prompting them to imagine humming a melody. After 6 s, a plus
symbol signalled participants to stop imagining and rest for the follow-
ing 18 s. Twenty-four trials were randomly presented in a run with 12
repetitions per condition. A run lasted 10 min. Every participant, except
two AWS, performed three blocks resulting in 36 trials per condition.
The two AWS finished only 2 blocks. For them, task-related BOLD re-
sponses were averaged across the two available runs. The task was
adopted from (Riecker et al., 2000). Prior to the experiment, participants
listened to the melody and performed the tasks outside the scanner to
familiarize them with the test materials.

2.3. Magnetic resonance imaging
Magnetic resonance imaging was conducted in a 3-T (Tim Trio, Sie-

mens Healthcare, Erlangen, Germany) using an 8-channel head coil for
signal reception. Subjects were positioned supine inside the magnet
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bore. Initially, structural whole-brain T1-weighted MRI involved a
non-selective inversion-recovery 3D turbo FLASH sequence (TR =
2250 ms, TE = 3.26 ms, flip angle = 9°, TI = 900 ms) at 1 mm?° isotropic
spatial resolution. All fMRI measures were based on a gradient-echo EPI
sequence (TR = 2000 ms, TE = 30 ms, flip angle 70°) at a 3 mm? isotro-
pic spatial resolution. We acquired 33 consecutive slices positioned
roughly parallel to the intercommissural plane, thereby covering the
whole brain [64 x 64 x 33]. All images were corrected for motion in
k-space as supplied by the manufacturer (Siemens Healthcare, Erlang-
en, Germany). These motion corrected images were used for off-line
whole-volume analysis.

24. Data analyses

24.1. Pre-processing and whole-brain fMRI analysis

FMRI data processing was carried out using FEAT version 6.0, a tool
from the FMRIB Software library (FSL; http://fsl.fmrib.ox.ac.uk). Pre-
processing involved an additional motion correction by image-based
registration (Jenkinson et al., 2002), smoothing with a Gaussian kernel
of 8 mm full width at half maximum. Non-brain tissue was removed
(Smith, 2002) and all volumes were intensity-normalized by the same
factor. Temporal high-pass filtering was achieved by Gaussian-
weighted least-squares straight line fitting, with a high-pass filter cut-
off at 100 s. Functional images were spatially normalized to their respec-
tive anatomical image by an affine registration (Jenkinson and Smith,
2001). A further non-linear registration served to align functional im-
ages and the standard MNI152 template brain (Andersson et al.,
2010). Boxcar models were convolved with a Gamma function. Model
fit was determined by statistical time-series analysis in the framework
of the general linear model. A fraction of the temporal derivative of
the blurred original waveform was added to achieve a slightly better
fit to the data. Across the three runs, within-subject contrasts of imagine
speaking and rest, and imagine melody humming and rest were calcu-
lated with a fixed-effects analysis. Across participants, mixed-effects
group analyses were calculated. Z (Gaussianised T/F) statistic images
were thresholded using clusters determined by Z > 3.1 and a corrected
cluster significance threshold of p = 0.05 (Worsley et al., 1996).

2.4.2. Regions of interest analyses in area 44

Region of interest analyses in left area 44 was based on the 5 cluster
resolution of a co-activation-based parcellation as shown in Fig. 1 (Clos
et al., 2013). The corresponding NIfTI files are available under the fol-
lowing link: http://www.fz-juelich.de/SharedDocs/Downloads/INM/
INM-1/DE/Area44_Parcellation.html?nn=1277240. Clusters are nor-
malized to MNI space and numbered correspondingly to the
parcellation described in the paper by Clos and colleagues (Fig. 1).
Here, time courses of the filtered functional data were extracted sepa-
rately for every cluster. Subsequently, time courses were epoched be-
tween —2 and 24 s of a trial and averaged across conditions, speaking
or humming, by a custom written matlab script (The
MathWorks,Natick, MA). Finally, we calculated the ratio between signal
intensity at the first volume (—2 to 0 s) and the following volumes.
Thus, percent signal change indicated the change of signal intensity re-
lated to that of the first volume in every trial.

J

+
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-}

J*

-
6s

18s
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Fig. 2. Illustration of the stimuli prompting the participants to imagine speaking (letter J), to imagine humming a melody (note), or to stop imagine and rest (plus).
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2.4.3. Connectivity analysis seeding in left posterior area 44

To test whether coupling between left area 44 subregions and task
related brain regions was different between groups we employed con-
nectivity analyses similar to a psychophysiological interaction (PPI)
(Friston et al., 1997). The PPl analysis was carried out using FEAT version
6.0 (FSL; http://fsl.fmrib.ox.ac.uk). The two posterior clusters of left area
44 served as seed regions. We took these two clusters because they
showed the highest activation level in the previous analyses. Extracted
time courses were fed into the model as a regression variable (physio-
logical component) in addition to the regression variables defining the
task conditions (psychological component). PPIs were calculated as an
interaction between the respective task condition and seed activity.
For every run, four PPIs were calculated separately for seed region
(left area 44pd, area 44pv) and task (imagery of speaking, imagery of
humming a melody). Subsequent higher-level fixed effects analysis
served to calculate PPI contrast maps for a conjunction of both tasks.
The resulting parameter estimate images were then compared between
groups at random effects level. Z (Gaussianised T/F) statistic images
were thresholded using clusters determined by Z > 2.3 and a corrected
cluster significance threshold of p = 0.05 (Worsley et al., 1996).

2.4.4. Regions of interest analyses in right area 44

To achieve region of interest analyses in right area 44, it was necessary
to determine homologue areas. Therefore, two additional functional con-
nectivity analyses were calculated, one for left cluster 1 and another for
left cluster 4. We took these two clusters because they showed the highest
activation level in the previous analyses. First- and higher-level Feat anal-
yses were recalculated with the time courses of these clusters as an addi-
tional physiological regression variable in the model (O'Reilly et al., 2012).
The mean group contrast maps of the positive correlation between the
time course and all other voxels were thresholded until a cluster size
was achieved that was comparable to that in the left hemisphere.
Resulting cluster masks were again employed to extract the time courses
and to determine the beta estimates.

Spearman rank correlation analyses were calculated to determine
associations between magnitude of activation in the region of interest
and stuttering severity.

Statistical analyses were performed in SPSS (IBM Corp. Released 2013.
IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
For all imaging results we identified macroanatomical brain regions as
well as the cytoarchitectonic areas corresponding to the MNI coordinates
of activation by using the probabilistic atlases included with FSL (Desikan
et al,, 2006; Eickhoff et al.,, 2005; Lancaster et al., 2000).

3. Results

3.1. Imagery of speaking and humming involved bilateral fronto-parieto-
temporal networks including basal ganglia, thalamus, and cerebellum

Participants performed two imagery tasks in the scanner, speaking
and humming a melody. Contrast maps across all participants revealed
similar task-related networks involving cortical and subcortical areas as
reported in Table 3 (imagine speaking > rest) and in Table 4 (imagine
humming > rest). Fig. 3 shows the corresponding contrast images.
Speaking-related activations and humming-related activations are ren-
dered on the brain surface as well as on two axial sections visualizing
the striatum and the cerebellum, respectively. Hence, both imagery
tasks activated broad fronto-parieto-temporal networks including the
motor cortex, bilaterally, together with the premotor cortex, the IFG,
operculum, insula, supplementary motor area, inferior parietal lobule,
the supramarginal gyrus, posterior superior temporal gyrus, superior
temporal sulcus, middle temporal gyrus occipital cortex, putamen and
globus pallidus, thalamus, red nucleus, and cerebellum. Further activa-
tions involved the middle frontal cortex especially while imagine speak-
ing. Additionally, the tasks broadly recruited visual areas.

Table 3
MNI coordinates of cluster maxima and local maxima while imagine speaking derived
from a mixed-effects analysis across all participants.

Peak

Region Cytoa x y z 7 Voxels

L frontal pole —30 48 28 469 100

R frontal pole 26 58 —6 442" 37

R frontal pole 9 36 50 34 542 292

> L middle frontal gyrus 8 46 34 38 4,08

L frontal operculum 13 —34 20 6 7.20 2398

> L premotor cortex 6 —52 —4 48 7.07

> L premotor cortex 6 —42 0 36 6.27

> L anterior insula —40 12 0 6.25

> Linferior frontal gyrus 44/45  —50 12 —2 582

> Linferior frontal gyrus pars 44 _43 3 o 518
opercularis

R anterior insula 32 20 8 6.98 1962

> R inferior frontal gyrus pars 44 0 16 6 6558

opercularis

> R premotor cortex 6 56 2 46 5.90
> R premotor cortex 6 52 4 50 5.86
> R middle frontal gyrus 6 46 4 54 5.67
> R middle frontal gyrus 6 42 4 58 5.52
R supplementary motor area 6 6 6 64 826 1972
> L supplementary motor area 6 -4 0 66 8.22
> R superior frontal gyrus 14 0 64 6.74
> L paracingulate gyrus 24 -6 8 46 6.25
> R paracingulate gyrus 32 4 18 42 5.42
L anterior intraparietal sulcus hiP3 —32 —52 46 640 1418
> L anterior intra — parietal sulcus hlP1 —36 —46 44 580
> L superior parietal lobule 7A —24 —68 48 5.35
R superior parietal lobule 7P 30 —66 42 6.58 1735
> R precuneous 7A 10 —70 42 6.13
> R anterior intra — parietal sulcus hlP1 42 —48 44 5.69
> R supramarginal gyrus PF 52 —40 —54 5.55
> R anterior intra— parietal sulcus hIP1 36 —56 44 5.08
R posterior cingulate gyrus 23 4 —30 30 6.02 216
R inferior parietal lobule PFm 60 —40 16 541 527
> R middle temporal gyrus 48 —26 —6 452
> Posterior superior temporal 59 _33 9 428
gyrus
L parietal opercular cortex PFm —54 —40 22 590 400
> L middle temporal gyrus —52 =50 10 5.03
L superior temporal gyrus 22 —70 —26 4 412* 15
R middle temporal gyrus 58 —46 —8 3.89" 35
L occipital fusiform gyrus —42 —66 —12 7.02 3113
> L occipital fusiform gyrus —38 —68 —16 6.96
> L lateral occipital cortex V4 —40 —90 4 6.67
> L temporal occipital fusiform 34 —58 —22 610
cortex
R occipital pole V1 16 —98 6 7.55 4057
> R lateral occipital cortex V4 38 —78 —12 745
> R occipital fusiform gyrus 38 —-70 —12 717
> R temporal occipital fusiform 36 50 —18 7.05
cortex
L lingual gyrus 18 —4 —88 —10 6.07 374
> L occipital pole 17 -8 —100 4 5.95
L thalamus —12 —16 8 3.39* 16
R thalamus anterior nucleus 10 —12 14  4.07* 21
R thalamus ventral lateral nucleus 12 -12 2 3.67° 11
R brainstem 8 —28 —4 4.08* 137
> Rred nucleus 6 —16 —8 3.86*
> Lred nucleus -2 —18 —6 3.54"
L putamen —20 4 4 431*
R putamen 24 6 4 4.83*
L cerebellum —30 —54 —28 4.04
R cerebellum 36 —50 —26 6.01

Z-statistics were thresholded using clusters determined by Z> 3.1 and a corrected cluster
significance threshold of p = 0.05 (Worsley, 2001). *Uncorrected Z-values

3.2. Imagery of speaking and humming recruited the left posterior area 44
with a reduced activation of the posterior dorsal part in stuttering

Here, we investigated, which part of left area 44 contributed most to
the trait of stuttering. To achieve our aim, we extracted the task-related
time courses from five functionally distinct clusters of area 44 (Clos
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Table 4
MNI coordinates of cluster maxima and local maxima while imagine humming a melody
derived from a mixed-effects analysis across all participants.

Region Cytoa x y z geak Voxels

L frontal pole —32 50 32 544 133

L anterior insula —34 22 4 6.88 859

> Linferior frontal gyrus pars 44 _56 2 18 408
opercularis

> Linferior frontal gyrus pars a4 _50 8 18 407
opercularis

R frontal operculum 34 22 6 6.19 648

> R mferlor'frontal gyrus pars a4 48 10 0 466
opercularis

> R 1nfer10r-frontal gyrus pars 44 56 14 4 466
opercularis

> R mfer}or frontal gyrus pars 47 48 20 _6 416
orbitalis

L premotor cortex 6 —52 —4 50 6.79 514

> L middle frontal gyrus —42 -2 60 5.24

> L premotor cortex 6 —44 —6 62 498

R premotor cortex 6 52 2 44 6.33 584

> R middle frontal gyrus 40 6 62 492

R supplementary motor area 6 2 2 68 7.28 1336

> L supplementary motor area 6 -4 2 68 7.11

> L/R paracingulate gyrus 0 12 42 5.96

> L anterior cingulate gyrus -4 14 32 5.76

L superior parietal lobule 7A —34 —60 56 551 409

> L anterior intraparietal sulcus hIP3 —30 —50 42 531

> L superior parietal lobule 7A —32 =56 50 5.31

L inferior parietal lobule PFm —52 —40 22 550 149

R supramarginal gyrus 52 —38 12 540 667

> Linferior parietal lobule PF 58 —38 20 5.40

> L supramarginal gyrus 52 —42 10 5.37

> L posterior superior temporal 52 _3 0 472
gyrus

R posterior cingulate gyrus 2 —32 28 578 224

R lateral occipital cortex 42 —72 —8 7.58 11,689

> L lateral occipital cortex —40 —84 —4 749

> R temporal occipital fusiform 36 50 —20 733
gyrus

L putamen —22 6 4 3.36*

R putamen 22 6 2 4.75*

R thalamus 12 —12 2 3.21*

Z-statistics were thresholded using clusters determined by Z> 3.1 and a (corrected) clus-
ter significance threshold of p = 0.05 (Worsley, 2001). *Uncorrected Z-values.

et al., 2013). These clusters are rendered on the brain surface of the left
hemisphere (Fig. 1). In the MNI standard brain with a spatial resolution
of (2 mm)?3 the five clusters take up a volume of 7824 mm?> (978 voxels;
cluster 1 = 1656 mm?, 207 voxels, centre-of-gravity [x = —56,y = 8,
z = 21]; cluster 2 = 1304 mm?>, 163 voxel, centre-of-gravity
[x = —51,y = 14, z = 34]; cluster 3 = 1872 mm>, 234 voxel, centre-
of-gravity [x = —52,y = 18, z = 10]; cluster 4 = 1536 mm?>, 192
voxel, centre-of-gravity [x = —56, y = 8, z = 10]; cluster 5 =
1456 mm?>, 182 voxel, centre-of-gravity [x = —45,y = 12, z = 26]).
Fig. 4 displays grand-average time courses of BOLD responses separated
for group, cluster, and task. The two posterior clusters (C1, left area 44pd
and (4, left area 44pv) showed the largest responses in both groups and
both tasks. AWS showed comparably smaller BOLD responses in the
posterior-dorsal cluster 1 during both tasks.

Statistical analyses were performed on parameter estimates. To test
variance between groups (Controls and AWS) and across modes
(Speaking and Humming) we calculated 2 x 2 mixed-model ANCOVAs
separately for each cluster. Fluency served as covariate. ANCOVA of clus-
ter 1 yielded an effect of Group, F(1,27) = 8.67, p = 0.006, nﬁ =0.23,
with a covariance of fluency, F(1,27) = 5.30, p = 0.029, 13 = 0.155. In
addition, ANCOVA revealed an effect of Mode, F(1,27) = 18.27,
p<0.001,m3 = 0.387, but no interactions. ANCOVAs of cluster 2, cluster
4, and cluster 5 yielded effects of Mode (C2, F(1,27) = 4.62, p = 0.004,
N = 0.137; C4, F(1,27) = 6.77, p = 0.014, 2 = 0.189; C5, F(1,27) =

20.54, p < 0.001, 3 = 0.415), but no other effects or interactions.
ANCOVA of cluster 3 yielded no effects.

Altogether, statistical analyses indicated differences in activation
caused by the task. Posterior clusters 1 and 4 as well as anterior clusters
2 and 5 showed higher activations while speaking compared to hum-
ming. This task-related effect was independent of the trait of stuttering.
Only cluster 1 showed a significant effect of stuttering. AWS showed a
decreased activation in this area, compared to controls. This decrease
was not restricted to imagine speaking. Imagine humming a melody
showed a likewise decreased BOLD response.

Spearman rank correlations were calculated between stuttering
characteristics and magnitude of activation in all subregions of left
area 44. Cluster 2, cluster 3, and cluster 5 showed no correlations with
stuttering characteristics. Speaking-related activity of left area 44pd
(cluster 1) was positively correlated with percent stuttered syllables
while reading (r44pa = 0.569, paspa = 0.027), and showed a trending
correlation with percent stuttered syllables during free speech produc-
tion (ra4pa = 0.501, paapa = 0.057) and stuttering severity (SSI-score,
T44pd = 0.483, paapa = 0.068). Humming-related activity in left area
44pd showed a trending correlation with percent stuttered syllables
while reading (r44pqa = 0.496, p4spa = 0.060) and no correlation with
percent stuttered syllables during free speech production (raspq =
0.387, paapa = 0.154) or stuttering severity (SSI-score, r4spq = 0.428,
Paapa = 0.112). Speaking-related activity of left area 44pv (cluster
4) was positively correlated with percent stuttered syllables while read-
ing (T4apy = 0.659, p4apy = 0.008) and stuttering severity (SSI-score,
Ta4py = 0.531, pagpy = 0.042), and no correlation occurred with percent
stuttered syllables during free speech production (rsspy = 0.235,
Paapy = 0.356). Humming-related activity of left area 44pv correlated
positively with percent stuttered syllables while reading (raspy =
0.587, paapy = 0.021), and stuttering severity (r4apy = 0.555, Paapy =
0.032), and not with percent stuttered syllables during free speech pro-
duction (ra4py = 0.211, pagp, = 0.343).

3.3. Left posterior-dorsal area 44 coupled with parietal areas in fluent
speakers, but not in AWS

The two posterior clusters of left area 44 showed the strongest BOLD
responses while imagine speaking and imagine humming a melody.
Therefore, we performed connectivity analysis only for these two clus-
ters. When subsuming imagine speaking and imagine humming in a
conjunction analysis, group contrasts revealed an increased correlation
between the left area 44pd (cluster 1) and the left parietal operculum
(OP1) as well as bilateral inferior parietal regions (left PFmc and right
PGa) in control participants relative to AWS. In addition, control partic-
ipants showed an increased correlation of the left area 44pv (cluster
4) with the right inferior parietal lobule including PGp and Pga, which
is located on the angular gyrus, as well as an increased correlation
with activity in the posterior cingulate gyrus (pCG). Fig. 5 illustrates
these PPI results. The overlap of increased correlations in the right
IPL/PGa is of particular interest. Group differences were evident
for both seed regions in the IPL/PGa. All PPI results are reported in
Table 5.

Furthermore, PPI yielded significant anticorrelations in control par-
ticipants, which were missing in AWS. These negative correlations in-
volved the left anterior middle temporal gyrus (aMTG) for both seed
regions. Significant clusters in the left aMTG overlapped, as shown in
Fig. 6. Additionally, left area 44pv was decoupled from the right
premotor cortex in control participants.

3.4. Right posterior area 44 is likewise involved in imagery of speaking and
humming in fluent speakers, but in AWS, activity for imagery of humming is
smaller compared to activity for imagery of speaking

Speaking and humming are associated with an opposite lateraliza-
tion of activity in frontal-motor areas. Speaking showed stronger
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Fig. 3. Activation maps derived from a whole-brain analysis across all 32 participants are rendered on the surface of the brain. Similar networks were recruited during imagine speaking
and imagine humming involving bilateral activations of the posterior inferior frontal gyrus (44), area 6, area 4, insula, operculum, supplementary motor area (SMA), anterior cingulate
cortex (ACC), posterior cingulate gyrus (pCG), precuneus, inferior parietal lobule (IPL), the intraparietal sulcus (IPS), the superior temporal sulcus (STS), visual regions, the thalamus,
and the red nucleus. Axial slices show bilateral activations of the insula, putamen, globus pallidus, thalamus, and cerebellum.

involvement of left frontal areas, whereas humming showed stronger
activations of the right hemisphere (Callan et al., 2006; Jeffries et al.,
2003; Riecker et al., 2000). From a behavioural point of view, it is impor-
tant to note, that stuttering occurs when speaking but not when singing.
Furthermore, stuttering is associated with a shift of speaking-related ac-
tivity towards right frontal-motor areas (Belyk et al., 2015; Budde et al,,
2014; Fox et al., 1996; Neef et al., 2015a). Here, left frontal area 44
showed a stronger involvement while imagine speaking, compared to
imagine humming a melody. However, whether this pattern is reversed
in the right hemisphere and whether stuttering is associated with a
higher involvement of right area 44 is an open question. To date, no
cross-functional co-activation-based parcellation of right area 44 has
been published. For this reason, we determined right hemisphere ho-
mologue areas of cluster 1 and cluster 4 by physiological correlation
analysis between the time courses of the left hemisphere clusters with
the time course of all other voxels. Fig. 7 illustrates the seed regions
for both analyses; the resulting functional connectivity emerged distinc-
tively in the neighboring voxels of the seed region as well as in its right
hemisphere homologue areas. Table 6 summarizes resulting correla-
tions with these homologue areas (Z > 10, FWEC cluster-threshold).
We applied this relatively high threshold to separate clusters and to
achieve a comparable number of voxels in each of them. After
thresholding, right cluster 1 included 154 voxels (1232 mm?), and
right cluster 4 included 155 voxels (1240 mm?).

Statistical analyses were again performed on parameter estimates. To
test variance between groups (control and AWS), and across hemispheres
(left and right) and modes (speaking and humming), we calculated
2 x 2 x 2 mixed-model ANCOVAs for the two posterior clusters. Fluency
served as a covariate. ANCOVA of area 44pd yielded an effect of Group,
F(1,27) = 6.63, p = 0.015, 13 = 0.186, an effect of Mode, F(1,27) =
17.12, p < 0.001, 3 = 0.371, an interaction of Hemisphere x Mode,
F(127) = 431, p = 0.047, n3 = 0.129, and an interaction of
Group x Hemisphere x Mode, F(1,27) = 6.95, p = 0.015, nf, =0.186. Flu-
ency was an influencing covariate, F(1,29) = 4.90, p = 0.035, nﬁ =0.145.
To disentangle the three-way interaction with respect to the influence of
mode, additional 2 x 2 ANCOVAs were calculated separately for each
group. For controls, this analysis confirmed only the effect of Mode,
F(1,15) = 7.33, p = 0.016, nf, = 0.328 and the interaction of
Hemisphere x Mode, F(1,15) = 12.36, p = 0.003, 13 = 0.452. Fluency
had no influence. Fig. 8 shows that in the right hemisphere of controls,
the magnitude of parameter estimates is similar for speaking and hum-
ming. Thus, the interaction of Hemisphere x Mode is caused by the strong
speaking-related signal increase in left area 44pd. For AWS, the analysis
confirmed the effect of Mode, F(1,13) = 1221, p = 0.004, 12 = 0.484,
but no interaction of Hemisphere x Mode. In AWS, fluency was an
influencing covariate, F(1,13) = 5.25, p = 0.039, nﬁ = 0.288. Fig. 8
shows that in AWS speaking-related activation is always higher than
humming-induced activation, independent of hemisphere.
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Fig. 4. Grand-average time courses of BOLD response separated for five functionally
distinct clusters of left area 44. Grey lines represent AWS (n = 15), coloured lines
represent controls (n = 17). Shaded areas indicate the standard error. Note the
decreased speaking-related and humming-related activation in AWS in the posterior-
dorsal cluster 1.

A 2 x 2 x 2 ANCOVA of area 44pv yielded only an interaction of
Group x Hemisphere x Mode, F(1,27) = 5.48, p = 0.026, nf, = 0.159,
with a trending influence of fluency, F(1,29) = 4.15, p = 0.051, nﬁ =
0.125. To disentangle this three-way interaction with respect to the in-
fluence of mode, additional 2 x 2 ANCOVAs were calculated separately
for each group. In controls this analysis likewise confirmed an interac-
tion of Hemisphere x Mode, F(1,15) = 5.65,p = 0.031, 2 = 0.274, flu-
ency had no influence. Fig. 8 illustrates this interaction, which is similar
to the interaction already observed in cluster 1. Thus, controls showed a
higher activation of left area 44pv when imagine speaking compared to
imagine humming, but showed similar activation levels in the right
hemisphere homologue. For AWS, the analysis settled an effect of
Mode, F(1,13) = 5.50, p = 0.036, 13 = 0.297, and a trending influence
of fluency, F(1,13) = 4.627, p = 0.051, 3 = 0.263, but no interaction of
Hemisphere x Mode. Fig. 6 shows that speaking, compared to hum-
ming, induced higher activations in both posterior-ventral clusters of
area 44 in AWS.

4. Discussion

Left Brodmann area 44, the posterior part of Broca's region, is
subdivided into structurally and functionally distinct subregions. The
aim of the present study was to determine the subregions that primarily
contribute to the trait of stuttering by using a simple speech planning
task and a vocal planning task. This focus is relevant because the left
IFG is a prominent neuronal correlate of stuttering, but is coupled with
various language-related as well as domain-general functions, ranging
from linguistic operations such as hierarchical structure building, pho-
nological processing and articulatory planning to action imagination,
action sequencing, working memory processing, executive control, as
well as aspects of music processing. Thus, a closer look at functionally
distinct regions in area 44 and related networks that show particularly
altered activations in AWS likewise improve neurobiological theories
of stuttering as well as neuroanatomic theories of speech and language
organization in general. To account for the fact that stuttering is associ-
ated with pronounced right hemisphere contributions, and to consider
the bihemispheric involvement of area 44 in the currently applied
tasks, we additionally extracted activations from right hemisphere ho-
mologue areas. Our discussion focuses on four main findings:
(1) Stuttering was associated with a reduced activation of left area
44pd (cluster 1), a region that is associated with speech production, in-
cluding phonological word processing, pitch processing, working mem-
ory processes, sequencing, motor planning, pseudoword learning, and
action inhibition. (2) AWS showed a deficient fronto-parietal coupling
when seeding in left area 44pd and left area 44pv, which was evident
in control participants. (3) AWS showed a relatively increased BOLD re-
sponse in right area 44pd while imagined speaking, but relatively
reduced right hemisphere activations while they imagined humming
a melody, with even altered brain functions for the preserved
ability to sing. (4) Cluster-related time courses of the posterior subre-
gions in area 44 showed delayed peak activations in the right hemi-
sphere in both groups, suggesting a contribution of this region to the
offset response of the task, which relates to the stopping of motor
responses. The following sections provide a closer discussion of these
results.

4.1. Left posterior areas 44

A previous co-activation based parcellation of area 44 suggested 5
functionally distinct subareas coupled in partially overlapping brain
networks and associated with various cognitive functions (Clos et al.,
2013). Here, applied motor imagery tasks induced positive BOLD re-
sponses in left area 44 with an anterior-to-posterior gradient showing
that the largest activations occurred in the two posterior portions of
left area 44. Peak of activation was similarly located in several studies.
When participants imagined speaking a sub-lexical syllable, this in-
duced the peak maximum at [x = —58,y = 6.z = 12] (Tian et al,,
2016). The preparation to repeat a train of the syllable [ta] induced
the peak maximum at [x = —57,y = 6,z = 9] (Brendel et al., 2010).
These coordinates are closest to the centre of gravity of the posterior-
ventral cluster 4 [x = — 56,y = 8,z = 10] (Clos et al., 2013). The current
data support the notion that the posterior portion of left area 44v is
associated with action imagination, here, specifically in the auditory-
to-motor domain. Imagine speaking and imagine humming include
the planning and covert simulation of articulation, pitch modulation,
rhythm production, and sequencing. Cognitive demands in terms of lin-
guistic operations, hierarchical processing, or memory retrieval were
comparably low in the used tasks in the current study. Speaking the
months of the year is a highly automatized motor behaviour (Smith
and Zelaznik, 2004). Singing or humming is based on this automatized
speech motor coordination system (Kleber et al., 2010). Thus, our re-
sults are in line with the theory that an increasing degree of automation
likely involves posterior regions of the left IFG (Badre, 2008; Jeon and
Friederici, 2015; Uddén and Bahlmann, 2012).
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Fig. 5. PPl yielded increased functional coupling for control participants relative to AWS as shown in group contrast maps. Task-related activity of left area 44pd was more strongly
correlated with the left parietal operculum (OP1), the left inferior parietal lobule (PFmc), and the right parietal lobule (PGa) in control participants compared to adults who stutter
(AWS). Task-related activity of left 44pv showed stronger correlations with the right inferior parietal lobule (PGa, PGp) as well as the posterior cingulate gyrus (pCG) in control
participants compared to AWS. Z-statistics were thresholded using clusters determined by Z > 2.3 and a (corrected) cluster significance threshold of p = 0.05, k> 15 (Worsley, 2001).

Interestingly, BOLD responses were larger in magnitude when par-
ticipants imagined speaking the over-learned vocal sequence, com-
pared to imagine humming the nonverbal tune of Mozart's “Eine
kleine Nachtmusik” (Serenade No. 13 for strings in G major). The effect
of mode was evident in posterior clusters 1 and 4 as well as in the two
anterior clusters 2 and 5. Because covert responses cannot be measured,
itis difficult to disentangle the causes of this effect of mode. Differences

Table 5
Group differences in effective connectivity of left area 44pd (cluster 1) and left area 44pv
(cluster 4) subsuming imagery of speaking and humming in a conjunction analysis.

Region Cytoa x y z PeakZ Voxel
Cluster 1 speaking N humming control > aws

L parietal operculum OP1 —54 —-22 22 2.73 17
L inferior parietal lobule PFcm —54 —36 22 3.24 24
R inferior parietal lobule PGa 48 —56 32 2.65 17
Cluster 1 speaking N humming control < aws

L anterior middle temporal gyrus —58 0 —30 295 44
Cluster 4 speaking N humming control > aws

R inferior parietal lobule PGp 54 —64 36 3.05 76
> Rinferior parietal lobule PGa 48 —58 30 2.6
Posterior cingulate gyrus 0 —44 30 2.67 44
Cluster 4 speaking N humming control < aws

R premotor cortex 6 56 2 42 2.86 20
L anterior middle temporal gyrus —54 —4 —34 283 17

Z-statistics were thresholded using clusters determined by Z> 2.3 and a (corrected) clus-
ter significance threshold of p = 0.05, k> 15 (Worsley, 2001).

in timing and rhythm can contribute to such an effect (Brendel et al.,
2010; Riecker et al., 2006) because of the missing preparation of sounds
and syllables during imagine humming a melody that is not filled with
words. The fact that the magnitude of the BOLD responses was the
same in both groups in left area 44pv during imagining melody hum-
ming supports the assumption that both groups performed comparably
well in the scanner (in terms of compliance).

Stuttering was related to a decreased activity of posterior-dorsal
cluster 1 in left area 44. The positive correlation between BOLD activity
and stuttering frequency in an offline speech sample confirmes the role
of this particular portion of left area 44 in stuttering. Because the applied
task did not require overt speech production, but its covert simulation,
this implies a neurophysiological burden of the trait of stuttering on
speech planning related processes rather than articulatory related pro-
cesses. A case study reported stuttering-associated activations in a sin-
gle participant in the brain location studied here [x = —56,y = 8§,
z = 21] (Wymbs et al,, 2013). A group study associated stuttering
with reduced resting state functional connectivity in left area 44,
10 mm anterior to the locus of alteration in this study [x = — 54,y =
18,z = 18] (Lu et al., 2012). Another group study reported decreased
activations during sentence reading under normal and altered auditory
feedback 6 mm posterior to the area considered here [x = —54,y = 2,
z = 24] (Watkins et al.,, 2008) and labelled this coordinate with the ven-
tral premotor cortex in accordance with the Harvard-Oxford Structural
Atlas. The labels used in the current study were derived from the Juelich
Histological Atlas (Eickhoff et al., 2005), which assigned the same coor-
dinate to area 44 with a probability of 22%. Clearly, brain coordinates de-
rived from MRI studies can only give an approximation, and labelling
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Fig. 6. PPl yielded anticorrelations in control participants relative to AWS as shown in group contrast maps. Task-related activity of left 44pd was negatively correlated with the left anterior
middle temporal gyrus (aMTG) in control participants, compared to adults who stutter (AWS). Task-related activity of left 44pv showed negative correlations with the left aMTG as well as
with the right premotor cortex (PMC) in control participants compared to AWS. Z-statistics were thresholded using clusters determined by Z> 2.3 and a (corrected) cluster significance

threshold of p = 0.05, k> 15 (Worsley, 2001).

the underling structure results from probability maps aligned to a brain
normalized across largely varying brains. To make matters even more
challenging, individual data have usually a spatial resolution of
(3 mm)? or less and are interpolated due to motion correction and
smoothing with 5 to 8 mm Gaussian filters. [rrespective of these spatial
uncertainties, we agree with the assumption of most author's that left
posterior area 44 is a locus where the intrinsic functional architecture
of speech production is altered in stuttering (Beal et al., 2015; Chang
et al., 2011; Kell et al., 2009; Lu et al., 2012; Watkins et al., 2008).

4.2. Left posterior areas 44 lacked the functional coupling with parietal
areas in stuttering

During the tasks, posterior area 44 worked in connection with a
large-scale network including the premotor cortex (area 6), anterior
insula, SMA, frontal operculum, ventral primary motor cortex, middle

ROIls left Correlation

10.00 11.72 13.45 15.17

frontal gyrus, inferior parietal lobule, putamen, globus pallidus, thala-
mus, and cerebellum (Fig. 3), structures associated with articulatory im-
agery (Tian et al., 2016). In the context of stuttering, our functional
connectivity analysis of the present data highlights the significance of
a left area 44pd-to-parietal coupling. The co-activation of left area
44pd with the left parietal operculum [x = —54,y = —22,z = 22]
has been mapped to rhythm production (Konoike et al., 2012) and the
activation of internal models that predict somatosensory outcome of
the planned speech movement (Blakemore and Decety, 2001;
Golfinopoulos et al., 2011; Tian et al., 2016). The co-activation of left
area 44pd with the left area PFmc [x = —54,y = —36, z = 22], in
the left Sylvian fissure, at the parieto-temporal boundary, has been
mapped to verbal and tonal working memory (Koelsch et al., 2009),
and has repeatedly been reported to be coactive during perception
and covert production of speech (Hickok et al., 2008), and speech and
music (Callan et al., 2006; Hickok et al., 2003). The reduced coactivation

ROls right area 44

16.90 Z

Fig. 7. Functional connectivity analyses revealed right hemisphere homologues of left hemisphere cluster 1 and cluster 4. Brain surface on the left shows left area 44pd (C1, red) and left
area 44pv (C4, yellow). The two axial sections display the functional connectivity of left area 44pd (C1) and left area 44pv (C4) with neighboring voxels and their right hemisphere
homologues. Extracted right hemisphere clusters are rendered on the surface of the right brain. The two coronal sections display clusters on the Juelich probability map of right area

44 (Amunts et al., 1999, 2004) in light-grey.
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Table 6

Right IFG clusters evolving from functional connectivity analyses.
Cluster Region Cytoarchitectonicarea x Y z Cluster size  Z-Max
C1 RIFG Area 44 (46%overlap) 50 8 24 154 123
C4 RIFG Area 44 (55% overlap) 54 10 12 155 11.6

of these fronto-parietal regions in stuttering might be caused by a defi-
cient structural connectivity of the left superior longitudinal fasciculus
as shown by diffusion MRI (Chang et al., 2011; Neef et al., 2015a).

In control participants left area 44pv activity showed an increased
bilateral correlation with the inferior parietal lobule, which was more
extended in the right hemisphere, stretching from PGa to PGp. These
cytoarchitectonically distinct subdivisions of the inferior parietal lobule
(Caspers et al., 2006, 2008) are coupled with overlapping, yet distinctive
functional and structural networks (Uddin et al., 2010), thereby resam-
pling a general principle of cortical areas. Human brain mapping studies
suggest involvement in the preparation of potential motor responses
(Thoenissen et al., 2002), control of motor sequences (Bengtsson et al.,
2004), as well as the control and acquisition of motor and cognitive ac-
tion sequences (Koechlin et al., 2002). In stuttering, bilateral activity in
the inferior parietal lobes has been linked to increased fluency (Belyk
et al,, 2015; Budde et al,, 2014; Neef et al.,, 2015a). Here, our data asso-
ciated stuttering with a deficient functional interaction between left
posterior area 44 and parietal areas. This finding suggests an insufficient
neural implementation of internal representations of speech motor and
tonal motor acts.

Human fMRI is unable to disentangle multilevel neural activity due
to the anatomical complexity of each substrate, parallel loops, and re-
current dynamic interactions therein. On the basis of our data, we can-
not be certain whether functional correlations were directly mediated
by the superior longitudinal fasciculus/arcuate fasciculus via synaptic
connections between left area 44 pd/44pv, or whether interconnections
with different structures mediated physiological interactions, or wheth-
er our data only reflect a co-activation without any physiological inter-
actions. However, the activity-related correlation that we observed was
resampled by a functional connectivity analysis of resting state fMRI
data (Buckner et al., 2011; Choi et al., 2012; Yeo et al., 2011). Seeding
in left area 44pd (http://neurosynth.org/locations/-56_8_22_6/) or

Control Adults who stutter
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Fig. 8. Parameter estimates extracted from area 44pd (cluster 1) and area 44pv cluster
4) are displayed separately for group and hemisphere. Error bars indicate standard error.

44pv (http://neurosynth.org/locations/-56_8_10_6/) revealed a similar-
ly strong functional correlation with the inferior parietal lobule in 1000
healthy participants (Fig. 9).

The overlap of this network with the neural substrate of the control
and acquisition of motor and cognitive action sequences (Abe and
Hanakawa, 2009; Koechlin et al., 2002), and automatization of motor
behaviour (Penhune and Doyon, 2002), allow us to speculate that insuf-
ficient automatization is a key element of the pathophysiology of
stuttering. Speaking is a highly automatized motor action retrieving
heavily overlearned motor sequences from motor memory. Fluency en-
hancing strategies rupture this automatized behaviour, and under high
cognitive control demands, AWS render to speak more fluently by pro-
ducing soft voice onsets without voice offsets or sound prolongations.
The implementation of these strategies pushes prefrontal cortex activity
into achieving the monitoring of unfamiliar sounding auditory goals.
These strategies heavily involve the feedback control system. They re-
quire monitoring of self-generated performance and preparation of
forthcoming sequential actions in an unaccustomed way. Training of
such fluency-enhancing speech modes was associated with activations
of area 47, in AWS (Kell et al., 2009), as well as in fluent speakers
(Toyomura et al., 2015). The idea that automatization is deficient in
stuttering is in addition supported by the observation that fluency-
enhancing strategies have transient effects, and beneficial power van-
ishes with long-term practice (Euler et al., 2009). It is tempting to spec-
ulate that motor speech tasks with high control demands on the speech
motor coordination system, and thus a stronger involvement of anterior
prefrontal regions facilitate fluency, while the common speech mode
employed in daily conversation relies on a system with a high degree
of automaticity and is thus vulnerable to break-downs in individuals
who stutter due to the weakness of left area 44.

4.3. Humming is special in stuttering

We employed imagery of humming as a control task because singing
induces desirable fluency in AWS. Against our expectation, brain activa-
tion associated with imagery of humming was irregular in AWS. Their
left hemisphere activation in area 44pd was reduced compared to activ-
ity observed in fluent speakers. Furthermore, right hemisphere homo-
logue area 44pd showed likewise smaller magnitudes for imagery of
humming, compared to imagery of speaking in AWS. In contrast, fluent
speakers showed comparably large magnitudes of activation in both
tasks and in both posterior clusters in the right hemisphere. The contra-
dictions are twofold. Firstly, typical behaviour, specifically regular sing-
ing (Andrews et al., 1982), was associated with locally reduced activity
in posterior area 44. Secondly, the frequently reported pattern of an in-
creased activation of the right hemisphere in AWS (Belyk et al., 2015;
Budde et al., 2014) did not occur while imagery of humming in the cur-
rent data. These data suggest that in AWS, core neurofunctional corre-
lates of stuttering showed an aberrant activation during covert
humming. Previously observed right hemisphere overactivations of the
IFG possibly only come into play during actual speaking and actual hum-
ming, but not during motor imagery. This suggestion is supported by the
theory that right hemisphere IFG activity mediates auditory and somato-
sensory feedback control (Golfinopoulos et al., 2011; Guenther and
Hickok, 2015; Tourville et al., 2008), which is supposed to be irregular
in AWS too (Cai et al., 2012). However, feedback related processes have
not been addressed in the current motor imagery tasks. Future research
is needed to further elucidate physiological mechanisms of fluent vocal
productions and to disentangle neuronal principles that render fluency
while singing, which is not achieved while speaking.

4.4. Distinctive stopping response in the right hemisphere - a cause of
stuttering?

Right hemisphere activity has been intimately connected with the
neuroanatomy of stuttering since the first imaging studies in this field
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Fig. 9. Resting-state functional connectivity of the posterior subregions of left area 44. Displayed are images of two resting-state functional connectivity analyses for seed regions in the left
posterior-dorsal area 44 (Cluster 1) with the center of gravity at [x = — 56,y = 8,z = 22] and in the left posterior-ventral area 44 (Cluster 4) with the center of gravity at [x = — 56,y = 8,
z = 10]. The analysis was calculated across a sample of 1000 healthy subjects via Neurosynth (http://neurosynth.org). The red-to-yellow colour gradient indicates correlation coefficients
ranging from r = 0.2 (red) to r = 0.5 (yellow) for the first three columns. Axial slices of the most right column display the expansion of the network bilateral fronto-parieto-insular
network towards subcortical structures (putamen, thalamus and cerebellum) when lowering the threshold to r = 0.1.
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Fig. 10. Grand-average time courses of BOLD response separated for mode and site. Pale colours display left hemisphere responses, dark colours represent right hemisphere responses.
Shaded areas indicate the standard error. The grey filled square in the right corner of each plot indicates the 6-second time duration of the task.
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(Braun et al., 1997; Fox et al, 1996). In the right hemisphere,
overactivations have been reported for the primary motor cortex in
co-activation with the premotor cortex, the pre-supplementary motor
area, the supplementary motor area, the inferior frontal gyrus (IFG),
the insula, and the frontal and the rolandic operculum, a circuit that is
associated with the regulation of motor functions (Belyk et al., 2015;
Budde et al., 2014). It remains an open question as to whether the
strong involvement of the right hemisphere motor areas to the speech
production of those who stutter is a cause of stuttering, a result of a
left hemisphere structural and functional connectivity deficit (Chang
et al., 2011; Chang et al., 2015; Cieslik et al., 2013; Cykowski et al.,
2010; Kell et al., 2009; Kronfeld-Duenias et al., 2014; Neef et al,,
2015b; Neef et al., 2015a; Salmelin et al., 2000; Sommer et al., 2001;
Vanhoutte et al,, 2016; Watkins et al., 2008), or whether it reflects com-
pensatory mechanisms (Braun et al., 1997; Kell et al., 2009; Kikuchi
et al, 2011; Neef et al., 2011a; Preibisch et al., 2003; Yang et al,, 2016).

The current results linked stuttering with altered activations of the
right hemisphere. First, while imagine speaking, right hemisphere activ-
ity was increased in AWS, compared to left hemisphere activity. This is
consistent with previous reports. Second, a closer look at the time
courses clearly revealed consistently delayed peak latencies of right
hemisphere responses, compared to left hemisphere responses in both
groups (Fig. 10). We speculate that the delayed peaks correspond to
the offset response rather than to the execution of the task itself. Partic-
ipants were asked to imagine speaking or humming until a stop signal
occurred, which happened after 6 s. Because the responses had a bi-
phasic shape, especially in cluster 1, we think it is plausible to assume
that the waveform of the inherently slow hemodynamic response re-
flects interference between executing the task and stopping the task.
We provide support for this assumption by reporting the results of an
additional group independent component analysis (ICA) (Calhoun
etal., 2001; Calhoun and Adali, 2006; Eichele et al., 2008) in the supple-
mentary material. This ICA revealed two distinctive independent com-
ponents that involved the right posterior area 44. One independent
component was related to the process of vocal motor imagery, the
other independent component was related to the imagery offset, and
thus, to the stopping of the motor imagery (Fig. 11).
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In addition, our interpretation is supported by the theory that right
ventrolateral premotor cortex is, among other functions (Aron et al.,
2014), involved in motor inhibition, where control is engaged to stop
or override manual motor responses (Levy and Wagner, 2011; Majid
et al,, 2013). Besides the inhibition of manual responses, the inhibition
of speech response is likewise associated with increased activations in
the right IFG pars opercularis extending to the anterior insular cortex
(Xue et al., 2008). A huge body of imaging studies link the right IFG to
inhibitory motor control (Aron et al., 2014) with the most compelling
evidence coming from a study involving transcranial magnetic stimula-
tion. A deactivation of the right posterior area 44 interfered with the
ability to stop an initiated action (Chambers et al., 2006). Similarly to
the left IFG, the right IFG is subdivided into cytoarchitectonically and
functionally distinct subregions (Amunts et al., 1999, 2004). A recent
co-activation based parcellation across the right IFG pars opercularis
and pars triangularis considered stop-signal task-evoked hemodynamic
responses. Two distinct clusters were generated, a posterior-dorsal clus-
ter and a posterior-ventral cluster both occupying the pars opercularis
of the right IFG (Cai et al., 2014). Thus, activation in pars opercularis is
more likely to correspond to inhibition than pars triangularis or orbitalis
(Aron et al.,, 2014), which supports our interpretation.

In the current study, the magnitude of the offset-response, which is
related to the act of stopping a motor response was not larger in males
who stutter compared to fluent speakers in right area 44. However, in
comparison to the left hemisphere activation while imagine speaking,
the right hemisphere response was relatively strong. One might argue
that the increased stopping-related activity interacts with the initiation
and forthcoming of desired speech movements as suggested by Xue
et al. (2008). A recent connectivity analysis revealed a positive correla-
tion between stuttering severity and resting-state functional connectiv-
ity between the right lobule VI of the cerebellum and the right IFG pars
triangularis (Yang et al., 2016). The authors likewise suggest a role of
the right IFG for the inhibition of speech. However, the authors interpret
their results in the context of a compensatory role of the right prefrontal
cortex. Increased confidence in the role of right inferior frontal activity
in stuttering could be achieved through (a) greater anatomical preci-
sion that could be improved due to ultra-higher resolution fMRI
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Fig. 11. Group ICA revealed independent components for stopping the motor response (IC15) and imagery of speaking and humming (IC6). Component maps are rendered onto the MNI
template at representative sagittal (left), coronal (center), and axial (right) slices; coordinates in mm are given at the top. The maps are shown in neurological convention (right
hemisphere is on the right). Hemodynamic responses are plotted within the respective component as estimated via deconvolution from 1 to 24 s after stimulus onset (IC15 - stop
signal, IC6 - imaginary of speaking or humming signal). The group average across all participants is plotted as a solid line; the shaded area indicates 95% confidence interval, and dots
represent all individual estimates. Bar plots display 3-estimates (4 SEM) as revealed by component specific GLMs. Two-way ANCOVAs with group as between-subjects factor and condi-
tion as within-subjects factor revealed significant effects of condition (IC15 - F(1,58) = 8.25, p = 0.0.006; IC6 - F(1,58) = 4.91, p = 0.0.031). For details, see Supplementary material. p-
Values of post-hoc t-tests indicate psycho-physiological relations, Accordingly, IC15 was associate to stopping the motor imagery task whereas IC6 was associated to actual vocal motor

imagery.
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(Heidemann et al., 2010; Huber et al., 2015); (b) focusing on brain net-
works rather than the IFG alone (Wiecki and Frank, 2013);
(c¢) addressing other functional criteria for inhibition, such as TMS sig-
natures of motor suppression (Neef et al., 2015b; Neef et al., 2011a;
Neef et al., 2011b; Stinear et al., 2009), or studying movement-related
alpha/beta desynchronization of the sensorimotor cortex or the basal
ganglia (Etchell et al., 2015; Swann et al., 2009).

Recent computational models focusing on networks rather than the
IFC activity alone suggest a global response suppression mechanism
along a subthalamic nucleus-rIFG-basal ganglia hyperdirect pathway
(Wiecki and Frank, 2013). This pathway is assumed to provide a global
dynamic regulation by transiently suppressing competing candidate
motor responses when there is conflict between alternative actions
(Frank, 2006). In the context of stuttering, this model supports the do-
paminergic hypothesis (Alm, 2004; Wu et al., 1997), postulating a
hyperdopaminergic state as the cause of stuttering. This hypothesis is
supported by studies on neurogenic stuttering. Stuttering was for in-
stance aggravated by deep brain stimulation of the subthalamic nucleus
(Toft and Dietrichs, 2011; Tsuboi et al., 2015); however, other studies
report a remediating effect (Walker et al., 2009). A dysregulation of
tonic dopamine is likewise associated with stuttering in both cases, ac-
quired stuttering (Tykalova et al., 2015) or persistent develop mental
stuttering (Wu et al,, 1995, 1997). Moreover, pharmacological interven-
tion showed an alleviation of persistent developmental stuttering
followed by the administration of dopamine receptor antagonists
(Maguire et al., 2010; Maguire et al., 2004). Future studies are necessary
to address the question whether stuttering results from an increased
contribution of brain circuits involved in the control of stopping motor
responses.

5. Conclusion

In summary, the current study provides greater anatomical precision
with regard to the role of Broca's area in stuttering. Focusing on left and
right area 44, a cytoarchitectonically defined region occupying the pos-
terior portion of the pars opercularis of the IFG, we converged two main
principles: First, left posterior-dorsal area 44 is a core neuroanatomical
correlate of impaired speech motor preparation in stuttering, which is
even evident during the planning of humming. Second, we speculate
that right posterior-dorsal area 44 is mainly involved in the control of
motor inhibition. For this reason we hypothesize that stuttering could
be caused by an amplified inhibitory activity of the hyperdirect rIFG-
STN-BG pathway. We are looking forward to future studies addressing
this question by employing sophisticated methods. Eventually, our re-
sults may pave the way to targeted transcranial stimulation protocols
for treatment by inhibiting right area 44 and exciting left area 44.
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