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A B S T R A C T   

Background: Foreign accent syndrome (FAS) is a rare acquired speech disorder wherein an individual’s spoken 
accent is perceived as “foreign.” Most reported cases involve left frontal brain lesions, but it is known that various 
other lesions can also cause FAS. To determine whether heterogeneous FAS-causing lesions are localized to a 
common functional speech network rather than to a single anatomical site, we employed a recently validated 
image analysis technique known as “lesion network mapping.” 
Methods: We identified 25 published cases of acquired neurogenic FAS without aphasia, and mapped each lesion 
volume onto a reference brain. We next identified the network of brain regions functionally connected to each 
FAS lesion using a connectome dataset from normative participants. Network maps were then overlapped to 
identify common network sites across the lesions. 
Results: Classical lesion overlap analysis showed heterogeneity in lesion anatomical location, consistent with 
prior reports. However, at least 80% of lesions showed network overlap in the bilateral lower and middle por
tions of the precentral gyrus and in the medial frontal cortex. The left lower portion of the precentral gyrus is 
suggested to be the location of lesions causing apraxia of speech (AOS), and the middle portion is considered to 
be a larynx-specific motor area associated with the production of vowels and stop/nasal consonants and with the 
determination of pitch accent. 
Conclusions: The lesions that cause FAS are anatomically heterogeneous, but they share a common functional 
network located in the bilateral posterior region of the frontal lobe. This network specifically includes not only 
the lower portion of the central gyrus, but also its middle region, which is referred to as the larynx motor cortex 
and is known to be associated with phonation. Our findings suggest that disrupted networks in FAS might be 
anatomically different from those in AOS.   

1. Introduction 

Foreign accent syndrome (FAS) is a rare speech disorder, usually 
caused by neurological disorders, that is characterized by the emergence 
of a foreign accent. The most common etiology of FAS is stroke, followed 
by head trauma (Lippert-Gruener et al., 2005; Monrad-Krohn, 1947; 
Perkins et al., 2010; Liu et al., 2015); metastatic brain tumor (Abel et al., 
2009); multiple sclerosis (Bakker et al., 2004; Chanson et al., 2009); 
progressive degenerative brain disease, including primary progressive 

aphasia (Luzzi et al., 2008; Paolini et al., 2013); learning disorders 
(Mariën et al., 2009; Keulen et al., 2016); and psychogenic disorders 
(Reeves et al., 2007; Reeves and Norton, 2001). Accent change is 
thought to result from a combination of segmental deficits, i.e., phonetic 
distortions and phonemic paraphasias (Berthier et al., 1991; Blumstein 
et al., 1987; Graff-Radford et al., 1986; Gurd et al., 1988; Ingram et al., 
1992; Kurowski et al., 1996), and suprasegmental changes, i.e., stress, 
pitch, and rhythm variation known as dysprosody (Monrad-Krohn, 
1947; Blumstein et al., 1987; Ladefoged and Johnson, 2006; Takayama 
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et al., 1993). Because of the overlaps in speech features in FAS, it is still 
controversial whether this condition should be considered a distinct 
syndrome as opposed to a subtype of apraxia of speech (AOS), a motor 
speech disorder characterized by slow speech rate, articulatory distor
tions, and distorted sound substitutions, as well as segmentation of 
syllables, articulatory groping, and trial and error articulatory move
ments (Duffy, 2013; Josephs et al., 2012). 

Since Pierre Marie first descried the Parisian French patient who 
developed a distinct Alsatian accent in 1907, and Arnold Pick described 
a 26-year-old Czech butcher who spoke with a Polish accent after a 
stroke in 1919 (Pick, 1919), >100 FAS cases have been reported in the 
academic literature. Most patients had lesions in the left frontal lobe, 
especially in the motor and premotor areas, which help coordinate 
complex articulatory movements. (Takayama et al., 1993; Berthier et al., 
1991; Blumstein et al., 1987; Graff-Radford et al., 1986; Sakurai et al., 
2015; Ardila et al., 1988; Nakano et al., 1996); however, no brain region 
has consistently been reported to be responsible for pure FAS without 
other neurological symptoms. Lesion locations have varied widely, 
including the left basal ganglia (Gurd et al., 1988; Ingram et al., 1992; 
Fridriksson et al., 2005), left corona radiata (Tani et al., 2002), left in
ternal capsule (Ryalls and Whiteside, 2006), right precentral and post
central gyri (Berthier et al., 1991), right middle cerebral artery region 
(Dankovičová et al., 2001), right frontal area (Miller et al., 2006), brain 
stem (Tran and Mills, 2013; Keulen et al., 2017), and cerebellum (Keulen 
et al., 2017; Mariën et al., 2013). 

Accordingly, FAS is hypothesized to be caused by the disruption of 
widely distributed speech networks rather than a single anatomical site. 
To verify this hypothesis and to identify the neuroanatomical substrate 
for FAS, we adopted a recently validated technique known as “lesion 
network mapping” (Boes et al., 2015). Based on the concept of diaschisis 
and the finding that symptoms are not attributed solely to the lesion 
itself but also to regions functionally connected to the lesion (Fasano 
et al., 2017), this technique utilizes normative connectome data to 
identify the networks associated with focal brain lesions without the 
need for special imaging sequences. This approach has been increasingly 
used to investigate the networks responsible for various neurological 
symptoms, including visual/auditory hallucinations, central post-stroke 
pain, subcortical aphasia (Boes et al., 2015), hemi-chorea- 
hemiballismus (Laganiere et al., 2016), Capgras syndrome (Darby 
et al., 2017), coma (Fischer et al., 2016), impaired decision making 
(Sutterer et al., 2016), freezing of gait (Fasano et al., 2017), and the 
rubber hand illusion (Wawrzyniak et al., 2018). Employing this unique 
methodology, we tested the hypothesis that lesions causing FAS would 
be connected to a common network of sites involved in motor speech 
function. 

2. Materials & methods 

2.1. Case selection 

Cases of neurogenic FAS were identified through systematic searches 
of the PubMed and Ichushi-Web (Japanese) databases using the term 
“foreign accent syndrome” and performed in August 2017. Additional 
cases were identified by manual searches of reference lists in previous 
review articles on FAS (Jonkers et al., 2017). This literature search 
identified a total of 88 neurogenic FAS cases from 79 studies. Inclusion 
criteria were the emergence of a foreign accent according to Whitaker’s 
operational definition (i.e., the accent was judged by the patient, by 
acquaintances, and by the investigator, to sound foreign and to be unlike 
the patient’s native dialect before cerebral insult Whitaker et al., 1982), 
following focal regional neurologic disorders such as stroke, head 
trauma, or brain tumor resection, and the clear appearance of affected 
lesions on at least one CT or MRI slice. Exclusion criteria included 
apparent aphasia (i.e., cases with language symptoms other than speech 
motor symptoms lasting longer than 3 months) and poor image resolu
tion. Based on these criteria, we included 24 papers describing 25 cases 

of neurogenic FAS without aphasia in our analysis (Abel et al., 2009; 
Berthier et al., 1991; Gurd et al., 1988; Takayama et al., 1993; Sakurai 
et al., 2015; Tran and Mills, 2013; Keulen et al., 2017; Nakano et al., 
1996; Fridriksson et al., 2005; Tani et al., 2002; Ryalls and Whiteside, 
2006; Seliger et al., 1992; Gurd et al., 2001; Avila et al., 2004; Marien 
et al., 2006; Scott et al., 2006; Verhoeven and Mariën, 2010; Akhlaghi 
et al., 2011); 2011.; Bhandari, 2011; van der Scheer et al., 2014; 
Moreno-Torres et al., 2013; Tomasino et al., 2013) (Fig. 1; Table 1). 

Lesion locations in 25 cases of pure FAS without aphasia. Each lesion 
was overlaid onto the ICBM-152 brain template. All lesions were traced 
true to their laterality, and right/left orientation is shown on the upper 
left. Axial coordinates refer to MNI space. 

2.2. Lesion (functional) network mapping 

To investigate the networks associated with FAS lesions, we applied 
the lesion (functional) network mapping technique in reference to a 
previous report (Boes et al., 2015) (Fig. 2). This method involved 3 steps: 
(1) the volume of each lesion was transferred to a reference brain (i.e.; 
lesion mapping); (2) the network of brain regions functionally con
nected to each lesion was computed using resting-state functional con
nectivity MRI (rs-fc MRI) data from a large normative cohort; and (3) the 
resulting lesion (functional) network maps were thresholded and over
laid to identify common network sites across the lesions. The normative 
rs-fc MRI dataset was the same as that used in the previous lesion 
(functional) network mapping study (Boes et al., 2015; Laganiere et al., 
2016; Darby et al., 2017), and consisted of 104 healthy participants (41 
males, mean age 21.4 ± 2.8 years) from part of a publicly available 
dataset (The Brain Genomics Superstruct Project; http://neuroinformati 
cs.harvard.edu/gsp/) (Buckner). 

Twenty-five lesions resulting in pure FAS were manually traced onto 
a reference template (left column). Functional connectivity maps for 
each lesion volume were derived from a large connectome dataset of 
healthy controls (middle column). The 25 functional connectivity maps 
were overlapped to identify common networks across the lesions (right 
column). Positive correlations with the lesion are shown in hot colors 
while negative correlations are shown in cool colors. 

2.3. Lesion mapping 

We manually traced the lesion locations onto a reference brain 
template (MNI152 brain, 1 × 1 mm; http://fsl.fmrib.ox.ac.uk/fsldownl 
oads) using MRIcron software (www.mccauslandcenter.sc.edu/mricro/ 
mricron). Lesions were traced in 2D planes using neuroanatomical 
landmarks by 2 independent investigators (Y.H. and T.H.) to ensure 
accurate transfer onto the template brain. To identify areas of lesion 
overlap, 2D lesions from figures were extended by 2 mm perpendicular 
to the plane in which they were displayed to more closely approximate 
natural 3D lesion contours, in accordance with previous lesion network 
mapping studies (Boes et al., 2015). In cases where multiple lesions were 
displayed, lesions were mapped together and treated as a single lesion 
for subsequent analyses. The cohort of 25 lesions is displayed in Fig. 1. 

2.4. Normative resting-state functional connectivity MRI dataset 

The normative rs-fcMRI dataset consisted of 104 healthy participants 
(41 males, mean age 21.4 ± 2.8 years) who were part of a publicly 
available dataset (Buckner; Thomas Yeo et al., 2011). The study was 
conducted with the written consent of each subject and approved by the 
Partners’ Institutional Review Board. Imaging was performed on a 3 T 
Siemens whole-body MRI System with a phased-array head coil. Each 
subject completed two 6.2-min (124 frames) resting-state functional 
magnetic resonance imaging (fMRI) scans (TR = 3000 ms, TE = 30 ms, 
FA = 85◦, 3 × 3 × 3 mm voxels, FOV = 216, 47 axial slices with 
interleaved acquisition and no gap). Participants were asked to rest in 
the scanner with their eyes open. rs-fcMRI data were processed in 
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accordance with the strategy of Fox et al. (Fox et al., 2005) as imple
mented by Van Dijk et al. (Van Dijk et al., 2010). Structural data, 
including a high-resolution, multi-echo, T1-weighted, magnetization- 
prepared, gradient-echo image (TR = 2200 ms, TI = 1100 ms, TE = 1.54 
ms for image 1 to 7.01 ms for image 4, FA = 7◦, 1.2 × 1.2 × 1.2 mm 
voxels, FOV = 230), were also downloaded from the same dataset as rs- 
fc MRI. 

2.5. rs-fc MRI data processing and statistical analysis 

Based on the normative rs-fc MRI dataset consisting of two runs per 
participant, rs-fc MRI maps were created for each lesion using a standard 
seed-based approach with SPM12 software (http://www.fil.ion.ucl.ac. 
uk/spm/) and the CONN 17.f toolbox (http://www.nitrc.org/proj 
ects/conn). 

First, for each normative subject we removed the first four volumes, 
then the functional images were corrected for slice time and motion, co- 
registered with a high-resolution anatomical scan, normalized into the 
Montreal Neurological Institute coordinate (MNI) space, resampled at 2 
mm (Perkins et al., 2010), and smoothed with 6-mm full width at half- 
maximum Gaussian blur. In addition, Artifact Detection Tools (ART: 
http://www.nitrc.org/projects/artifact_detect) were used to measure 
motion artifacts in all subjects and to detect outliers (ART-based 
scrubbing). 

Following the pre-processing steps, the blood oxygenated level- 

dependent (BOLD) signal data were temporally band-pass filtered 
(0.009–0.08 Hz) and the signals from the cerebrospinal fluid and the 
white matter were removed from the data through linear regression. A 
motion parameter was also included in the linear regression to minimize 
BOLD signal artifacts caused by head motion. Then, a general linear 
model was applied to examine significant BOLD signal correlations with 
respect to time between each seed and each voxel. For subsequent t- 
tests, the toolbox converted the resulting correlation coefficients to Z 
scores using Fisher’s Z transformation. 

2.6. Functional connectivity of the region of maximum overlap 

Each of the 25 lesion-seeded rs-fc MRI network maps was thresh
olded at a t value of positive or negative 4.05 (p < 0.00005, uncorrec
ted), with reference to the previous lesion (functional) network mapping 
studies (Boes et al., 2015; Laganiere et al., 2016; Darby et al., 2017). 
After applying this threshold, the resulting network maps were binarized 
and overlapped to identify regions of shared positive or negative cor
relation. A threshold for the group analysis was set at 80% (20 of the 25 
cases). Peak coordinates in these maps were identified using FSL’s 
clustering algorithm (minimum distance between local maxima of 10 
mm, minimum cluster size of 20 voxels). For comparison, we also con
ducted a traditional lesion overlap-mapping analysis using MRIcron. 

Fig. 1. Lesion locations in each case.  
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3. Results 

3.1. Patient characteristics 

We identified 25 cases of FAS without aphasia (Fig. 1, Table 1). There 
were 16 females, and ages ranged from 37 to 72 (mean 52 ± 9.2) years. 
The etiology of most lesions was ischemic stroke, while 2 cases were 
caused by brain tumor. Lesion sites were anatomically heterogeneous, 
with primary locations in the frontal cortex, temporal cortex, parietal 
cortex, posterior cortex, subcortical white matter, midbrain, and cere
bellum. Three lesions were in the right cerebrum, 18 were in the left 
cerebrum, and one each was in the bilateral cerebrum, left cerebellum, 
left pons, and right pons. 

3.2. Lesion (functional) network mapping 

Traditional lesion overlapping analysis detected the maximum 
overlap in only 5 of 25 cases (20%), indicating marked heterogeneity in 
lesion location (Fig. 3). The maximum overlap was identified in the 

lower portion of the left precentral gyrus near the insular cortex. 
In contrast, lesion (functional) network mapping analysis revealed 

that the overlap ratio of lesion-derived functional networks was quite 
high (~92%), and network overlap was observed specifically within the 
motor speech area involving the bilateral middle portion of the pre
central gyrus ([48, 2, 43] and [− 37, − 10, 43] in the MNI space), the 
bilateral lower portion of the precentral gyrus extending to the insular 
cortex ([32, − 5, 14] and [− 24, 2, − 18] in the MNI space), and the 
medial frontal cortex corresponding to the supplementary motor area 
(SMA) ([-8, 11, 31] in the MNI space) (Table 2, Fig. 4). Twenty of 25 FAS 
lesions were also functionally connected with the left parietal opercular 
cortex, the bilateral thalamus, and the bilateral cerebellum (lobule VI), 
in which the cluster sizes were relatively small (Table 2). All lesions 
were positively correlated with these brain sites, and no other areas of 
network overlap (positive or negative) met our threshold (80% overlap). 

Although network overlap in the frontal areas was high for FAS le
sions, 3 lesions failed to show functional connectivity with this site 
(lesions of cases #8, 14, and 22; Fig. 1, Table 1). 

Regions of overlap among 25 FAS lesions are shown mainly in the left 

Table 1 
Demographic data of the identified FAS cases.  

Lesion 
# 

Author, year Age/ 
gender 

Lesion site Etiology Language / speech impairment FAS duration 

1 (Gurd et al., 1988) 41/F Left basal ganglia infarction total muteness at onset > 8 months 
2 (Berthier et al., 1991) 70/M Middle portion of the left precentral gyrus infarction muteness within 4 weeks > 5 years 
3 58/F Right frontoparietal lobe infarction muteness within 2 months > 2 months 
4 (Seliger et al., 1992; 

Wawrzyniak et al., 2018) 
65/F Subcortical region of deep left hemisphere infarction N/A < 4 months 

5 (Takayama et al., 1993; 
Takayama et al., 1993) 

44/F Middle fifth of the posterior lateral aspect of 
the left precentral gyrus 

infarction muteness within hours > 1 month 

6 (Nakano et al., 1996; 
Sakurai et al., 2015) 

55/M Left precentral gyrus-middle frontal gyrus infarction transient muteness < 2 weeks 
7 37/M Middle portion of the left precentral gyrus infarction transient muteness (<11 days) N/A 
8 (Gurd et al., 2001; Jonkers 

et al., 2017) 
47/F Both frontal lobes, left inferior frontal corona 

radiata, left thalamus 
infarction aphasia within a month > 5 months 

9 (Tani et al., 2002; Nakano 
et al., 1996) 

54/F Left putamen-corona radiata infarction N/A < 7 months 

10 (Avila et al., 2004; 
Whitaker et al., 1982) 

51/F Left corona radiata, right temporal lobe infarction total muteness, progressively 
recovered 

> 2 years 

11 (Fridriksson et al., 2005; 
Ardila et al., 1988) 

45/M Left basal ganglia, left putamen infarction severely slurred speech for 2 h > 6 months 

12 (Marien et al., 2006; 
Seliger et al., 1992) 

53/F Left frontoparietal lobe infarction short period of muteness < 1–3 years 

13 (Ryalls and Whiteside, 
2006; Fridriksson et al., 
2005) 

57/F Left internal capsule infarction muteness within 2 months > 3 years 

14 (Scott et al., 2006; Gurd 
et al., 2001) 

54/F Left white matter underneath the precentral 
sulcus, dorsal and medial to the anterior insula 

infarction initially unable to speak > 2 years 

15 (Abel et al., 2009) 60/F Left anterior parietal lobe tumor dysarthria within 2 weeks post- 
operatively 

> 2 weeks post- 
operatively 

16 (Verhoeven and Mariën, 
2010 ; Avila et al., 2004) 

53/F Left inferior frontal gyrus, left precentral 
gyrus, left anterior insular cortex, left 
postcentral gyrus, left supramarginal gyrus 

infarction muteness within 11 days > 27 days 

17 (Akhlaghi et al., 2011; 
Marien et al., 2006) 

40/M Left temporo-occipital lobe infarction muteness, followed by a few days of 
meaningless and incoherent speech 

> 4 months 

18 (Bhandari, 2011; Scott 
et al., 2006) 

55/M Left parieto-occipital region, left middle 
frontal gyrus 

infarction N/A transient (a day) 

19 (van der Scheer et al., 
2013; Verhoeven and 
Mariën, 2010) 

59/M Left posterior, precentral, and postcentral gyri infarction muteness on a single day N/A (>2 weeks) 

20 (Moreno-Torres et al., 
2013; Akhlaghi et al., 
2011) 

44/F Bilateral deep frontal lobe infarction muteness and minor writing spelling 
errors for a week 

> 17 months 

21 (Tomasino et al., 2013; 
Bhandari, 2011) 

50/F Left deep frontal lobe tumor five brief episodes of speech arrest < 1 month (until 
the surgery) 

22 Tran and Mills, 2013; 
Dankovičová et al., 2001) 

60/F Left hemi-pons infarction N/A < 1 month (until 
the second stroke) 

23 (Sakurai et al., 2015; 
Josephs et al., 2012) 

42/F Left precentral and premotor cortices around 
the inferior frontal sulcus 

infarction agrammatism in the acute phase 15 months ~ 2 
years 

24 (Keulen et al., 2017; Miller 
et al., 2006) 

44/M Right hemi-pons infarction apraxic agraphia N/A 
25 72/M Left posterior inferior brainstem, postero- 

inferior portion of the left cerebellar 
hemisphere 

infarction very mild word-finding difficulties, 
aphasia in non-native languages 
(differential polyglot aphasia) 

N/A  
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precentral sulcus. The color scale indicates the number of overlapping 
lesions. The maximum number of overlapping cases was only 5 (20%), 
indicating marked heterogeneity in lesion location. 

Regions of overlap among 25 FAS lesion-seeded networks are shown 
in red. The main cluster is located in the bilateral insula, lower portion of 
the prefrontal gyrus, medial frontal cortex, and upper middle portion of 
the prefrontal gyrus. The maximum number of overlapping cases was 23 
(92%), which was higher than with the traditional lesion overlapping 

method. These results are illustrated using the Mango visualization 
software (http://ric.uthscsa.edu/mango/). Axial coordinates refer to 
MNI space. 

4. Discussion 

Because FAS is a relatively rare neurological symptom and lesions 
occur at various sites, traditional lesion overlap analyses have so far 

Fig. 2. Lesion network mapping technique (Boes et al., 2015; Laganiere et al., 2016; Darby et al., 2017).  

Fig. 3. Traditional lesion mapping results.  
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failed to identify the relevant neuroanatomical substrate. Adopting the 
lesion (functional) network mapping approach, we showed that 
anatomically heterogeneous lesions causing FAS without aphasia were 
located within a single network with shared functional connectivity with 
the bilateral frontal lobe, thus providing new insights into the anatom
ical framework and the pathophysiology of FAS. 

The overlap ratio of lesion (functional) networks was quite high 
(~92%), and the main overlapping regions involved the bilateral middle 
portion of the precentral gyrus, the bilateral lower portion of the pre
central gyrus extending to the insular cortex, and the medial frontal 
cortex. It is notable that these brain areas correspond to the key 
anatomical locations in the Directions Into Velocities of Articulators 
(DIVA) model, a widely used broader speech motor network model 
(Golfinopoulos et al., 2010). According to this model, production of a 
speech sound begins with activation of a “Speech Sound Map” in the left 
ventral premotor cortex, followed by excitatory feedforward commands 
projecting to the “Articulator Velocity and Position Maps” in the bilateral 
ventral primary motor cortex. Finally, the commands from the maps are 
released to the articulators when the activity of the appropriate cell in 
the “Initiation Map” becomes active. The “Initiation Map” is hypothesized 
to lie bilaterally within the SMA, which is connected with the basal 
ganglia, including the bilateral caudate, putamen, pallidum, and thal
amus. The medial frontal overlapping region in our analysis might 
correspond with the anatomical location of the “Initiation Map,” and the 
lower and middle precentral gyrus with the “Articulator Velocity and 
Position Maps.” 

Table 2 
Overlapping clusters in lesion (functional) network mapping.  

Cluster 
# 

Max 
overlap 

Cluster size 
(voxels) 

MNI Brain region 

X Y Z 

1 23 16,608 32 − 5 14 Right precentral 
gyrus to insular 
cortex 

2 22 10,139 − 24 2 − 18 Left precentral 
gyrus to insular 
cortex 

3 21 6094 − 8 11 31 Bilateral medial 
frontal cortex 
(SMA) 

4 22 1538 48 2 43 Right precentral 
gyrus (middle 
portion) 

5 21 826 − 37 − 10 43 Left precentral 
gyrus (middle 
portion) 

6 20 383 − 52 − 38 15 Left parietal 
operculum cortex 

7 20 377 − 9 − 21 − 2 Left thalamus 
8 20 29 28 − 57 − 26 Right cerebellum 

(lobule VI) 
9 20 25 12 − 18 3 Right thalamus 
10 20 21 − 9 − 62 − 17 Left cerebellum 

(lobule VI) 

SMA: supplementary motor area. 
MNI: Montreal Neurological Institute coordinates. 

Fig. 4. Lesion (functional) network mapping results.  
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4.1. The middle portion of the precentral gyrus 

The middle portion of the precentral gyrus was the most commonly 
overlapping brain region, functionally connecting with 22 (right) or 21 
(left) lesions (88% and 84%, respectively). Interestingly, this region was 
close to the site reported to be activated by repeated glottal stops (i.e., 
forced closure of the glottis in the absence of vocalizing) or vowel 
phonation in a functional MRI study (peak activation, Brodmann areas 4 
[− 38, − 14, 32], [44, − 10, 34] and 6 [− 53, 0, 42], [53, 4, 42] on glottal 
stops, and Brodmann areas 4 [− 40, − 10, 30], [44, − 8, 34] and area 6 
[− 51, 0, 44], [50, − 2, 37] on phonation, in the MNI space) (Brown et al., 
2008). Thus, this area is regarded as the area of the motor cortex that 
controlled the intrinsic muscles of the larynx, and is referred to as the 
“larynx/phonation area.” 

The larynx is the organ of phonation, and consists of 2 muscles 
controlling the vocal folds, namely the intrinsic and extrinsic laryngeal 
muscles. The intrinsic muscles control 2 dimensions of vocal-fold 
movement to modify the positioning and tension of the vocal folds. 
One dimension involves the opening (abduction) and closing (adduc
tion) of the glottal space, while the other involves tensing and relaxing of 
the vocal folds for the purpose of altering vocal pitch (F0 variation) and 
vocal intensity (Brown et al., 2008). Control of vocal pitch, corre
sponding to the vocal fold eigenfrequencies, is achieved mainly by 
varying the stiffness and tension of the vocal folds through the activation 
of the intrinsic laryngeal muscles, especially the cricothyroid muscle 
(Zhang, 2016). The intrinsic muscles also increase vocal intensity, either 
elevating the subglottal pressure, which increases vibration amplitude, 
or increasing vocal fold adduction (Zhang, 2016; Seikel et al., 2009). 

Taking these factors into account, the abnormal prosody character
ized by disrupted normal pitch and intensity may correspond to intrinsic 
laryngeal muscle dysfunction regulated by the middle portion of the 
precentral gyrus. In accordance with this notion, a relatively large 
number of FAS patients with a localized lesion in this area have been 
reported thus far (Blumstein et al., 1987; Graff-Radford et al., 1986; 
Takayama et al., 1993; Sakurai et al., 2015; Nakano et al., 1996; Berthier 
et al., 2015). This brain region has been suggested to be related to 
dysprosody (Takayama et al., 1993; Sakurai et al., 2015) and production 
of regional accent features (Berthier et al., 2015) in FAS patients. By 
contrast, Tomasino et al. reported a patient with a tumor of the left 
precentral gyrus who showed increased fMRI activity in the left laryn
geal area during tasks involving counting, sentence production, and 
pseudo-word pronunciation (Tomasino et al., 2013). They argued that 
this FAS case should be thought of as a disorder of the feedforward 
control commands, in particular involving the articulator velocity and 
position maps, which are hypothesized to lie along the caudo-ventral 
portion of the precentral gyrus. 

4.2. The lower portion of the precentral gyrus 

The lower portion of the precentral gyrus was also a common over
lapping region (88% to 92%) in this study. The Rolandic operculum, the 
lower portion of the precentral and postcentral gyrus, was reported to be 
activated by lip and tongue movements (peak activation, Brodmann area 
43 [− 60, − 13, 19], [57, − 15, 19] on lip movement, and area 43 [− 63, 
− 9, 15], [65, − 7, 21] on tongue movement) in a functional MRI study 
(Brown et al., 2008). These brain regions have also been reported to be 
critical areas for the intra- and inter-syllabic coordination of complex 
articulatory movements (Baldo et al., 2011). Although the precise 
anatomical brain regions associated with AOS remain controversial 
(Dronkers, 1996; Hillis et al., 2004), sophisticated analytical methods, 
including voxel-based lesion-symptom mapping, have indicated an as
sociation between AOS and the anterior insula (Dronkers, 1996; Ogar 
et al., 2006) or the lower portion of the precentral gyrus (Graff-Radford 
et al., 2014). In accordance with the results of these reports and our 
finding that the lower portion of the precentral gyrus is involved in FAS, 
a relationship has been suggested between FAS and AOS. Several 

researchers have hypothesized that FAS is a subtype or mild form of 
AOS, because AOS and FAS share many common characteristics such as 
increased variability in sound production (Miller et al., 2006; Marien 
et al., 2006; Whiteside and Varley, 1998), and some patients actually 
have both AOS and FAS (Ingram et al., 1992; Katz et al., 2008; Laures- 
Gore et al., 2006). 

However, other researchers have suggested that FAS is qualitatively 
different from peripheral AOS (Takayama et al., 1993; Scott et al., 2006) 
because in several cases FAS has been accompanied by other speech 
disorders, such as peripheral dysarthria, pseudo-bulbar palsy (Berthier 
et al., 1991; Blumstein et al., 1987; Graff-Radford et al., 1986), and 
cerebellar ataxic speech (Marien et al., 2006), and furthermore, cases of 
FAS with cerebellar or brain stem lesions that are not responsible for 
AOS have been reported (Marien et al., 2006; Ackermann et al., 1992). 

Alternatively, it is proposed that FAS represents a compensatory 
response to impaired motor regulation of speech, including that caused 
by AOS and ataxic speech (Fridriksson et al., 2005; Jonkers et al., 2017). 
It is difficult to determine which of the above hypotheses is correct based 
on the findings of our study, because we did not exclude patients who 
had both FAS and AOS. Therefore, investigation of cases of pure FAS 
without aphasia or AOS will help clarify whether FAS is distinguishable 
from dysarthria, aphasia, and AOS. 

4.3. The supplementary motor area 

The SMA was another overlapping region with high prevalence (up 
to 84%) in this study. The SMA, located on the medial aspect of the 
frontal lobe anterior to the leg representation of the primary motor 
cortex, is known to play a crucial role in controlling various degrees of 
actions or behaviors. For example, previous studies in monkeys and 
humans, including functional imaging studies, demonstrated that the 
SMA is responsible for “self-initiated” or internally driven actions, 
sequential actions, the learning of new tasks, and the cognitive control of 
actions, including task switching (Nachev et al., 2008). Furthermore, 
SMA lesions in humans can lead to several behavioral disorders, 
including the following: utilization behavior, in which the patient is 
unable to resist the impulsive utilization of an object, even when it is not 
needed (Boccardi et al., 2002); alien-limb syndrome, distinguished by 
involuntary actions such as grasping objects without the intention to do 
so (Feinberg et al., 1992); and motor neglect, characterized by abol
ishment of spontaneous movement or underutilization of the affected 
limb when it would be appropriate to move (Laplane et al., 1977; 
Krainik et al., 2001). 

Regarding language and speech processing, Berthier et al. suggested 
that lesions of the SMA could be involved in the development of FAS 
(Berthier et al., 2015). In addition, damages to the SMA, especially on 
the left side, is known to cause a peculiar type of aphasia, termed SMA 
aphasia, characterized by a lack of spontaneous initiation of speech with 
well-preserved articulation once speech has begun (Masdeu et al., 1978; 
Alexander and Schmitt, 1980; Pai, 1999). Furthermore, stimulation of 
the SMA and pre-SMA were also reported to produce both vocalization 
and arrest of speech (Penfield and Rasmussen, 1950). More recently, 
damage to the left frontal “aslant tract” (FAT), a fiber pathway that 
connects the posterior region of the inferior frontal gyrus with the SMA 
and pre-SMA (Catani et al., 2012), correlated with verbal fluency per
formance in primary progressive aphasia (Catani et al., 2013). The 
diffusion measures of the bilateral FAT were also reported to be altered 
in persistent developmental stuttering (Kronfeld-Duenias et al., 2016). 

As mentioned above, disruption of the SMA could result in various 
speech motor disorders. Therefore, we supposed that SMA disruption 
might contribute to FAS, but not be necessary or sufficient for its 
development. The lack of reported FAS cases with a single lesion in the 
SMA supports this notion. 
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4.4. Other brain regions 

The bilateral cerebellum and thalamus were also common over
lapping regions, but the cluster sizes were relatively small. Regarding 
the cerebellum, the overlaps were located bilaterally in medial lobule VI, 
which is known to somatotopically represent articulatory apparatuses 
such as the lips and tongue (Callan et al., 2007; Marien et al., 2014). 
Functional imaging studies in humans showed bilateral activation in 
medial lobule VI during an articulation task (Thürling et al., 2011). 
Clinical investigations also revealed that patients with cerebellar stroke 
developed dysarthria, termed “ataxic dysarthria” when the lesion 
involved rostral paravermal regions such as vermal lobule VI (Acker
mann et al., 1992; Urban et al., 2003). These data suggest that overt 
speech is mediated by lobule VI, one of the common overlapping regions 
in our study. The cerebellum has been hypothesized to be involved in 
precise processing of temporal information related to speech (Acker
mann et al., 2004). This process is thought to be carried out by a feed
forward control system mediated by a trans-cerebellar pathway, 
including the bilateral thalamus and the SMA (Golfinopoulos et al., 
2010). Accordingly, our overlap in the bilateral thalamus and the cer
ebellum might be related to a speech feedforward network disorder 
linked to the lower and middle precentral gyrus and the SMA. 

The left parietal operculum cortex, known as the secondary so
matosensory cortex, is generally not considered to be involved in the 
motor aspects of speech. However, Tian et al. reported activation of this 
brain region during an articulation task and an articulation-imagery task 
using fMRI in healthy volunteers (Tian et al., 2016). They argued that 
this area was elicited by the perception of somatosensory feedback used 
to estimate the somatosensory consequences of overt speech (Tian et al., 
2016). Based on this notion, the overlap in the parietal operculum might 
indicate that impairments of this feedback system affect FAS 
development. 

4.5. Lesions lacking functional connectivity to common frontal regions 

Although our lesion (functional) network mapping results demon
strated remarkable overlap of lesion-derived functional networks, the 
lesions of 3 patients showed no functional connectivity to the precentral 
gyrus or the SMA, the most common overlapping sites (lesions in cases 
#8, 14, and 22; Fig. 1, Table 1). First, the lesions in a 47-year-old female 
patient were small infarctions located in both frontal lobes, the left 
inferior frontal corona radiata, and the left thalamus (Gurd et al., 2001). 
Second, the lesion in a 59-year-old male was a small infarction located in 
the white matter underneath the left precentral sulcus (Scott et al., 
2006). The lesions of both patients were smaller than those in the other 
patients, and were located mainly in the deep white matter, and not in 
the cortex. The lesion (functional) network mapping method uses 
functional MRI as a normative connectome dataset, and meaningful 
BOLD signals can be expected mainly in the grey matter, and not in the 
white matter (Buxton, 2013; Logothetis et al., 2001). Therefore, these 
two patients harboring localized white matter lesions are likely to be 
inappropriate subjects for this analytical method, and the use of an 
alternate structural connectome, such as diffusion-weighted MRI, might 
solve this problem. The third patient was a 60-year-old female whose 
lesion was an infarction in the left pons (Tran and Mills, 2013). While 
the lesion did not show functional connectivity to the common over
lapping brain sites, the area of its connectivity was located slightly 
adjacent to the voxels with maximal overlap in the left precentral gyrus 
(supplementary Fig. 1). 

4.6. Duration of FAS 

The duration of FAS was heterogeneous in our patient cohort, and it 
would be meaningful to know if patients who recover from FAS have a 
different neural correlate than those who do not. Although symptom 
duration was often not fully described, we selected cases in which FAS 

persisted for at least 1 year (cases #2, 10, 12, 13, 14, 20, and 23) or for 
<1 year (cases #3, 6, 9, and 18), and found no significant differences 
between the two groups in terms of FAS etiology or lesion / lesion 
(functional) network distribution. To clarify the relationships of these 
factors with FAS duration, future studies should be performed with 
larger numbers of patients for whom detailed information is available. 

4.7. Limitations 

There are several limitations to the present study. First, our results 
are based on the analysis of a highly select group of cases chosen by 
excluding those lacking imaging data or complications of aphasia. 
However, we believe that “pure” FAS samples defined in this way may 
be optimal for investigating the neural substrate of FAS because patients 
with FAS who also have aphasia tend to have larger lesions, and their 
analysis often detects brain areas that are irrelevant to FAS. Addition
ally, while most of the analyzed patients had experienced ischemic 
stroke, we also included 2 patients with brain tumors. Because of the 
different trajectories of disease progression following stroke, we con
ducted an additional analysis that excluded the patients with tumors. 
However, the results were similar to our primary findings, except for a 
smaller overlap size due to the smaller number of cases (see supple
mentary table and supplementary Fig. 2). Second, all lesions were 
published 2D figures that we analyzed retrospectively and did not 
examine directly. This may have led to diagnostic inaccuracy or het
erogeneity, and limited the available clinical information. Similarly, the 
analysis could not rule out the potential contributions of chronic lesions 
or lesions that were not highlighted in the cited article. Thus, prospec
tive studies based on common diagnostic criteria and precise neuro
imaging information are required to overcome these limitations. Third, 
we used a 2D figure to approximate a 3D lesion, and adopted a con
nectome dataset from a younger cohort. In a prior validation study, 
however, 2D representations like those used in our study were compared 
to actual 3D lesions, and younger connectome cohorts were compared to 
older ones, and the results were nearly identical in each condition. These 
results justify our analysis using 2D lesions and younger connectome 
cohort (Boes et al., 2015). Therefore, we believe that our analysis yiel
ded valuable results despite partial distortions in lesion representation. 
Fourth, this technique, as with classical lesion overlap analysis and voxel 
lesion symptom mapping, does not account for the compensatory effect 
on the damaged region. FAS can also result from a compensatory 
response to abnormal regulation of speech (Fridriksson et al., 2005), 
involving functional compensation for one or more damaged compo
nents of the speech production network by other nodes of this network. 
Our results might have been modified by such compensatory effects. 
Similarly, our analysis did not incorporate any information about the 
hierarchical organization in each overlapping region. Therefore, in 
future studies it might be valuable to precisely investigate the mecha
nisms underlying FAS by using electrophysiological stimulation 
methods such as transcranial magnetic stimulation or by targeting only 
the acute stage of stroke. 

5. Conclusion 

Although anatomically heterogeneous lesions can cause FAS, our 
lesion (functional) network mapping analysis of FAS without aphasia 
suggested the importance of disruption in the speech motor network, 
including not only the lower part of the precentral gyrus, known to be 
associated with AOS, but also the bilateral middle portion of the pre
central gyrus, considered to be the larynx/phonation area. These data 
suggest that the chief characteristics of FAS, including changes in stress, 
pitch, or rhythm variation, might be associated with disrupted motor 
control of the larynx. Our conclusions are based on the analysis of a 
limited number of biased cases, and therefore large-scale studies are 
needed to determine whether FAS is a subtype of AOS or a condition 
distinguishable from AOS. 
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