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Abstract 

Developmental Stuttering (DS) is a speech disorder which is characterized by repetitions, 

prolongations, or pauses that disrupt the normal flow of speech. It occurs in approximately 5-

8% of the pre-school children and recovers spontaneously in 70-80% of the cases, resulting in 

a prevalence of about 1% in adolescence. However, unrecovered people who stutter (PWS) 

can experience lifelong negative consequences, like participation restrictions, irritation and 

embarrassment. It is known that DS has a clear genetic basis, that PWS have increased 

dopamine activity, and that the severity of stuttering can be reduced by dopamine blockers. 

Here we describe functional and structural grey and white matter abnormalities that are 

present in PWS. It appears that the precentral gyrus (primary motor cortex), inferior frontal 

gyrus (IFG), superior temporal gyrus (STG), middle temporal gyrus (MTG), supplementary 

motor area (SMA), middle frontal gyrus (MFG), rolandic operculum (RO) and corpus 

callosum (CC) are important key players in DS. Although not all data support each other in 

all details, here we attempt to give a shared overview of current research and its directions, 

both in adults and children with DS. It has become clear that some brain differences already 

exist during childhood rather than resulting from compensatory attempts, and can therefore 

be used as markers for the development and monitoring of DS. Increased knowledge about DS 

could potentially open new ways for treatment of PWS, and may prevent the symptoms of 

persistent DS. This could results in less anxiety, shame, and irritation during social 

interaction, and would make the life of millions of stutterers a lot easier and more pleasant.  
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1. Introduction 

In the past decades, research concerning the basis of developmental stuttering (DS) 

has revealed large amounts of information. Still, the underlying mechanisms behind 

this speech disorder are not clear. According to the International Classification of 

Diseases and Related Health Problems (ICD-10) of the World Health Organization 

(WHO), stuttering is defined as “speech that is characterized by involuntary frequent 

repetitions or prolongations of sounds, syllables or words as well as frequent 

involuntary hesitations or pauses that disrupt the rhythmic flow of speech” [1]. 

Secondary symptoms -such as eye blinking and head movement- are adapted in an 

attempt to minimize the severity of stuttering.  

Stuttering is classified into 3 types: psychogenic, neurogenic, and 

developmental. Psychogenic stuttering is the rarest form of stuttering and is only 

seen in adults with a psychiatric history [2]. Neurogenic stuttering arises in 

adulthood as the result of injury or disease of the Central Nervous System (CNS), 

such as a stroke, head trauma, or neurodegenerative disease [3,4,5,6]. This chapter 

will focus on the last type of stuttering, which is developmental stuttering (DS). This 

type arises without apparent brain damage and is the most prevalent form of 

stuttering [5,7,8,9]. 

Previous research showed that speech therapy in an early phase contributes to 

the recovery of normal speech and prevents the development of moderate or severe 

stuttering [10]. If started within a year of onset of stuttering, a reduction of about 84-
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96% of the stutter-related-behaviour was observed on a mid-long period. This 

percentage decreases to 47% when the stuttering already exists for 2 years [11]. It is 

therefore of great importance that a speech-language pathologist (SLP) is consulted 

early after the first symptoms of stuttering are observed, especially when these 

symptoms do not disappear within several months. Waiting too long in consulting a 

SLP may result in poor prospects. 

Earlier research has shown that PWS have increased dopamine activity in 

specific brain regions [12]. Movsessian (2005) [13] hypothesized that the excitatory 

and inhibitory balance is disrupted by this dopamine increase, resulting in a possible 

hyperexcitation of the primary motor cortex, which could be important in DS. In 

addition, several other studies have shown that stuttering severity is reduced when 

dopamine blockers -like olanzapine, haloperidol, and risperidone- are administered 

[14,15,16]. Due to great side effects, however, dopamine blockers are not acceptable 

for treating secondary effects of DS at this moment. 

Other studies have been focussing on the genetic background of stuttering. 

Most studies (some of them are several decades old) have shown that DS has a clear 

genetic basis [9,17,18,19,20,21,22]. For instance, it appears that the concordance rate in 

monozygotic twins is higher compared with dizygotic twins [23,24], and the 

heritability is about 70% [25]. Recently, Kang et al. (2010) [26] discovered that a 

mutation in the GNPTAB, GNPTG and NAGPA genes is associated with stuttering. 

These genes are crucial in the lysosome pathway and they found that a mutation in 

this route leads to lower enzyme activity, which is related to speech problems 

[9,26,27]. However, the exact mechanism behind this is still not known. 

All these bewildering findings lead to the question in what way brain 

abnormalities are present in persons with DS. The main aim of this chapter is to 

discuss the brain regions which are involved in DS.  

First of all, brain areas involved in the production of speech and hemispheric 

lateralization will be discussed (§2). In the subsequent paragraph, grey matter (GM) 

differences in brain anatomy (§3.1) and activity (§3.2) between people with DS and 

their fluently speaking peers will be discussed. Thereafter, the differences in white 

matter (WM) anatomy (§4.1) and connectivity (§4.2) between brain regions in DS will 

be discussed. Finally, the chapter will be completed with a conclusion. 

 

 

2. The basis of speech production 

For most people, the left hemisphere is language dominant: 70-75% in left-handed 

persons, and 90-95% in right-handed persons [28,29]. Also, men appear to be more 

left-lateralized for language than women [30]. Furthermore, it is known that 

language dominancy shifts to the right hemisphere after injury or lesions in the 

language-dominant left hemisphere [31,32]. So, when studying the brain regions 

involved in DS, confounding factors such as handedness, gender, and neurologic 

history should be taken into account. 
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Speech production is made up of four different stages which ensures that conceptual 

ideas of words or sentences are retrieved and pronounced in the correct way. It 

seems plausible that this process is somehow disrupted in PWS. The first stage in 

speech production is conceptual processing. Brain regions involved in this stage are 

seven left-lateralized brain regions: the (i) inferior frontal gyrus (IFG), (ii) medial 

prefrontal cortex (mPFC), (iii) inferior parietal lobe (IPL), (iv) middle temporal gyrus 

(MTG), (v) fusiform gyrus, (vi) parahippocampal gyri, and (vii) posterior cingulate 

gyrus [33,34]. These brain regions are also associated with single-word 

comprehension [34]. The second stage is word retrieval in which the left-lateralized (i) 

IFG (pars opercularis) and (ii) middle frontal cortex (MFC) are involved [34,35,36]. 

The third stage is articulation, with involved brain regions being the (i) left anterior 

insula, (ii) bilateral primary (pre)motor cortex, (iii) pre-supplementary motor area 

(pre-SMA), and (iv) the left putamen. The fourth and last stage in speech production 

involves feedback of the spoken response, which is important for the immediate 

correction of speech production and spoken language. Brain regions involved in this 

stage are (i) the cerebellum, (ii) superior temporal gyrus (STG) (planum temporale), 

and (iii) supra marginal gyrus (SMG) [33,37]. In PWS, the order of activation of these 

brain regions is altered during speech [38], but the exact causal factors remain 

unclear. 

 

 

3. Grey matter alterations in DS. 

In the past years, extensive neuroimaging research has been done to understand 

more about the mechanisms of DS. The main question discussed in this paragraph is 

in what way brain activity and anatomy in the grey matter is different in DS. There 

have been several studies in the last years which have tried to address this question 

using Positron Emission Tomography (PET), Magnetic Resonance Imaging (MRI), 

and functional MRI (fMRI) during rest, silent reading, stuttered speech, and fluent 

speech in PWS. 

 

3.1 Anatomy 

An early study investigating grey matter abnormalities in cortical brain regions 

involved in speech production in PWS was performed by Foundas et al. (2001) [39]. 

They studied the volumetric MRI scans of sixteen adults with DS and their matched 

controls and found several differences in the right and left STG (planum temporale). 

Increased grey matter volume (GMV) was observed in these regions in PWS 

compared with controls. Also, the degree of the planar asymmetry was decreased in 

adults with DS. Moreover, PWS had significantly more gyral variants in the speech 

production areas than their fluently speaking peers [39]. These results were one of 

the first that indicated a neuroanatomical abnormality in a speech-related area. The 

authors concluded that this abnormality is a risk factor and that the presence of it 

may put an individual at risk to develop DS. 
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In the healthy human brain, two consistent anatomic asymmetries can be 

found: a larger right than left prefrontal lobe, and a larger left than right occipital 

lobe [40,41]. An altered asymmetry in one or both of these regions is considered as 

atypical cerebral lateralization. This altered asymmetry was investigated using 

volumetric MRI scans on sixteen adults with DS and matched controls. No difference 

in total brain volume and hemispheric volume was observed between the two 

groups. Whereas in controls these prefrontal and occipital asymmetries were found, 

in adults with DS, however, these were lacking [42]. The lack of these asymmetries 

was even found in children with DS [43], indicating early abnormalities in this 

respect. So, these studies conclude that children and adults with DS have atypical 

brain asymmetries. 

 Beal et al. (2007) [45] investigated whether neuroanatomical differences in the 

auditory cortex are present in PWS. Twenty-six right-handed males with DS were 

tested using MRI. No difference was found in total GMV between PWS and their 

matched controls [45]. In PWS, however, increased GMV was found in several brain 

regions, including the right STG, two clusters of the left STG, left IFG, and right 

cerebellum (table 1) [45]. 

 

Table 1. Increased grey matter volume in PWS. Displayed are five brain regions with 

increased grey matter volume in PWS relative to controls. x, y, z are coordinates in Montreal 

Neurological Institute (MNI) space; cluster size = size of voxels (table from Beal et al. (2007) 

[45]. 

 
 

The greatest increases were found in both the right and left STG, which includes the 

primary auditory cortex and planum temporale area. Another study found 

overlapping results in PWS: increased GMV was observed in the bilateral STG, MTG, 

precentral gyrus (primary motor cortex), postcentral gyrus, inferior parietal lobes 

(IPL) and IFG compared with controls [46]. Additionally, a decrease in GMV was 

mainly observed in the bilateral posterior lobes of the cerebellum and dorsal part of 
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the medulla relative to fluent speakers [46]. Both studies [45,46] taken together with 

preceding studies [39,42,43], suggest that several brain structures are anatomically 

different in PWS. 

 The perisylvian region, which is an umbrella name for different brain areas 

located near the sylvian fissure, is important in speech. This region was studied in 

nineteen right-handed males with DS and sixteen right-handed controls using MRI 

by Cykowski et al. (2007) [47]. In the right perisylvian region (IFG), a greater number 

of sulci connecting the right Sylvian fissure (IFG) was observed in PWS [47]. This is 

in line with earlier research [39], although the neuroanatomical differences observed 

by Foundas et al. (2001) [39] were bilateral. The absence of a bilateral difference in 

asymmetry between PWS and controls in the study of Cykowski et al. (2007) [47] 

could be due the fact that only right-handed males participated in this study. In the 

study of Foundas et al. (2001) [39], both left- and right-handed males participated, as 

well as left-handed females. As we know, gender and handedness are factors which 

have an influence on the degree of asymmetry [29,30], and could have affected the 

results. 

 

Until now, most neuroimaging research concerning DS was performed on adults. 

However, to find out whether abovementioned neurobiological differences observed 

in PWS are the cause or the consequence of the lifelong stuttering, studies are needed 

that investigate these differences during childhood, thereby resulting in a better 

understanding of the development of neurobiological brain differences in DS during 

life. 

The first study which investigated brain anatomy differences in children with 

DS was performed by Chang et al. (2008) [48]. In this MRI study, GMV measured by 

voxel-based morphometry (VBM) was compared in eight children with DS, seven 

children who spontaneously recovered from DS, and seven controls. Reduced GMV 

was found in the left IFG, MTG and bilateral STG (planum temporale) in children 

with DS and children who recovered from DS, compared to controls. This is 

contradictory to previous findings [39,45], which observed an increase in GMV in 

these areas. Furthermore, Chang et al. (2008) [48] observed increased GMV in 

bilateral precentral gyrus (primary motor cortex) and STG in children with DS 

compared to children who recovered from DS and controls, which is consistent with 

previous findings in adults [45,46]. Finally, as in accordance with Cykowski et al. 

(2007) [47], the study of Chang et al. (2008) [48] found no left to right hemispheric 

asymmetry differences in children with DS, which has been observed in the study of 

Foundas et al. (2003) [42]. These results suggest that some neural differences 

observed in adults with DS are a compensatory effect rather than the underlying 

cause of the stuttering. 

Kell et al. (2009) [49] studied the GMV and brain activity in adults with DS. In 

this study, thirteen PWS before and after speech therapy, thirteen persons who 

spontaneously recovered from DS, and thirteen controls were studied in an fMRI 

scanner while reading out loud. Speech therapy resulted in a decrease in overall 
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percentage stuttering from 7.4% to 0.6% in PWS, a percentage reached both in 

controls and in persons who spontaneously recovered from DS. Contradictory to 

findings of Beal et al. (2007) [45], reduced GMV was observed in the left IFG in PWS 

[49], which is an important area for the production of speech [33,34]. Stuttering 

severity correlated negatively with this decrease in GMV (figure 1). 

  

 
Figure 1. Decreased GMV in left IFG. Decreased GMV was found in the superior part of 

the left IFG in PWS. This decrease correlated negatively with stuttering severity in persistent 

stutterers (figure from Kell et al., 2009 [49]). 

 

It is known that GMV in the brain can increase as a result of a certain expertise (for 

instance, navigation skills or yoga) [50,51]. Elaborating on this knowledge, the most 

recent study investigating grey matter differences in children with DS, found less 

GMV in the bilateral IFG in children with DS compared to controls [52]. 

Furthermore, a negative correlation was found between GMV in the right IFG and 

stutter severity (figure 2) [52]. These results are consistent with other studies on grey 

matter brain anatomy differences in both children [48] and adults [45,46] with DS. 

Furthermore, increased GMV was observed in the right rolandic operculum (RO), 

right MFG, and right STG compared to control children [52]. Again, these results are 

in line with the 2007-study of this 

group in adults with DS [45], and 

suggest that this is not a compensatory 

effect. 

 

 

Figure 2. Correlation between right 

IFG and stutter severity. Displayed is 

the correlation between GMV in the right 

IFG and stutter severity (image from Beal 

et al., 2013 [52]). 
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3.2 Activity 

The earliest neuroimaging study that investigated brain activity in PWS was 

performed in 1996 by Fox et al. (1996) [53]. Using PET-scanning, ten adults with DS 

and ten controls were measured during solo paragraph reading and chorus 

paragraph reading (to induce fluency in adults with DS). An increased consistent 

right-lateralized brain activity in either condition was observed in the premotor 

cortex, SMA, and cerebellum in PWS [53]. Left hemispheric activation of the superior 

and posterior temporal cortex and IFG was practically absent during speech in PWS 

[53]. 

Another old neuroimaging study that investigated brain activity in DS was 

performed by Braun et al. (1997) [54]. Just like Fox et al. (1996) [53], they found that 

the left-lateralized language dominancy is altered in PWS relative to fluent speakers. 

In this study, regional cerebral blood flow (rCBF) was measured during language 

tasks. rCBF is a derivative of brain activity, because active brain tissue needs more 

oxygen compared to less active brain tissue, so an increase in rCBF reflects activity. 

They found that increased rCBF rates of left hemispheric language regions in PWS is 

associated with stuttered speech, and increased rCBF rates of the right hemispheric 

brain regions is associated with fluent speech in adults with DS [54]. This was 

confirmed in a later study that found a negative correlation between brain activation 

in the right hemisphere and stutter severity (figure 3) [55]. Thus, it appears that 

fluent speech is associated with increased brain activation in the right hemisphere. 

Collectively, these results suggest a compensatory effect in the right hemisphere in 

PWS rather than a dysfunction in these regions. 

 

Figure 3. Correlation between BOLD 

activation in right hemisphere and 

stutter severity. Stutter severity and mean 

Blood-Oxygen-Level Dependent (BOLD) 

response in the right hemisphere are 

negatively correlated with each other in 

PWS. Filled squares: reading; open symbols: 

passive viewing of meaningless signs; x-axis 

indicates stutter severity measured by 

stutter severity index; RFO = right frontal 

operculum (image from Preibisch et al., 2003 

[55]). 

 

Another PET-study investigating the differences in lateralization between PWS and 

non-stutterers studied ten right-handed males with DS and ten matched controls 

during silent and oral single word reading tasks. As in accordance with Fox et al. 

(1996) [53] and Braun et al. (1997) [54], greater left lateralization was found in non-

stutterers during oral reading and greater right lateralization was found in PWS 

during oral reading [56]. However, this difference in lateralization was not observed 
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during silent reading [56]. It could be that the underlying neural substrate for both 

tasks is different, or (as the authors of that paper already suggest) that the response 

of the neural substrate active during silent reading was not high enough to reveal a 

significant difference in the stuttering group. So, it appears that this study by De Nil 

et al. (2000) [56] supports the lateralization theory proposed by Fox et al. (1996) [53] 

and Braun et al. (1997) [54]. 

Beside the fact that Braun et al. (1997) [54] found left lateralization in fluent 

speakers and altered hemispheric lateralization during speech in persons with DS, 

some other differences were found between PWS and their fluently speaking peers. 

Firstly, more rCBF was observed in left-lateralized premotor, primary motor and 

somatosensory cortices in PWS during rest. Secondly, increased brain activity was 

found during stuttered speech in the premotor cortex, SMA, bilateral cerebellum, 

and bilateral association areas like the prefrontal cortex (PFC) and anterior cingulate 

cortex (ACC) in adults with DS, which is in accordance with Fox et al. (1996) [53]. 

Moreover, it appeared that the degree of disfluency correlated positively with the 

rCBF in the left lateralized regions in the ACC, PFC, and posterior cingulate cortex 

(PCC) [54]. Ergo, this produces a feasible role for the ACC and PFC in the generation 

of stuttered speech. Finally, less activation was observed in the right supramarginal 

gyrus and post-rolandic areas -like the posterior STG- during stuttered speech in 

PWS [54]. Summarizing, these first neuroimaging studies suggest that –both during 

rest and stuttered speech- functional brain activity differences are present in PWS. 

 

 
Figure 4. Group differences in mean BOLD signal change across the perception, 

planning, and production task. Shown are the mean BOLD response changes for the (A) 

primary motor cortex, (B) pre-SMA, (C) angular gyrus, and (D) insula during the 

perception, planning and production task. * = p < 0.05, ** = p < 0.01 (figure from Chang et al., 

2009 [57]). 
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Chang et al. (2009) [57] specifically studied brain activation differences between PWS 

and controls during speak and non-speaking tasks. BOLD-responses were measured 

using fMRI in twenty right-handed adults with DS (nine females) and twenty right-

handed controls (eleven females). Brain activation patterns were compared during 

speech perception (mechanism of receiving and the interpretation of speech), speech 

planning (initiation of speech), and speech production (generation of speech). Brain 

activation was reduced in the primary motor cortex (figure 4a), pre-SMA (figure 4b), 

angular gyrus (figure 4c), and insula (figure 4d) during speech perception and 

planning in PWS. During speech production, however, increased activation was 

observed in the primary motor cortex (figure 4a), auditory cortex, and angular gyrus 

(figure 4c) [57]. These results are largely in accordance with one of the first 

neuroimaging studies by Fox et al. (1996) [53]. 

Additionally, the study of Chang et al. (2009) [57] found a correlation between 

BOLD response and stuttering severity in the bilateral primary motor cortices (figure 

5). 

 

 
Figure 5. Correlation between BOLD response and stuttering severity. Displayed are 

the correlations between brain activity in the left (r = 0.64) and right (r = 0.68) primary motor 

cortex and stuttering severity measured through the stuttering severity instrument 3 (SSI-3). 

Brain activity in the bilateral primary motor cortices show a positive correlation with 

stuttering severity (p < 0.005) (figure from Chang et al., 2009 [57]). 

 

Furthermore, three gender-specific differences were observed in the PWS-group. 

Firstly, during the speech perception phase, decreased activity was observed in the 

pre-SMA in males with DS compared to their matched male controls [57]. Secondly, 

during the planning of speech, decreased activity was observed in the angular gyrus 

and insula in females with DS relative to female controls. In the same phase, 

decreased activation was observed in the STG in males with DS compared to male 

controls. Finally, decreased activity in the angular gyrus was found during the 

production of speech phase in males with DS compared with male controls [57]. 

These findings confirm previous suggestions of gender-specific differences in the 

PWS-group [58]. 

 In a recent study of Ingham et al. (2012) [59], brain activity was measured in 

eighteen male PWS and twelve male controls. Both groups completed three scanning 

trials: eyes-closed rest (ECR), oral reading task (reading out loud continuously) 
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(same task as in Fox et al. (1996) [53]), and monologue (continuous self-formulated 

speech on self-selected topic). In PWS, Ingham et al. (2012) [59] found increased brain 

activation in stutter related areas, like the bilateral primary motor cortex, left IFG, 

bilateral SMA, left pre-SMA, left STG, and bilateral cuneus, during speech and 

during ECR. This is partially consistent with previous reports [53,54,57], which also 

found increased activity in the primary motor cortex, as well as decreased activity in 

the left IFG. In controls, increased activation was observed in the left insula, right 

pre-SMA, and parts of bilateral cerebellum, both during speaking tasks and during 

rest [59].  

 Another study focused solely on resting-state brain activity using amplitude 

of low-frequency fluctuation (ALFF), which is a relatively new measurement to 

investigate resting-state brain activity [60]. Increased resting-state brain activity is 

represented as a larger ALFF value. In PWS, a higher ALFF was observed in the left 

STG (auditory cortex), left MTG, left IFG, left premotor cortex, and bilateral PFC [61]. 

Lower ALFF was observed in the bilateral SMA and left occipitotemporal region 

(OT) in PWS [61]. As we know, these brain areas are involved in speech production 

and auditory functions [33,34,35,36,37,62]. The results of Xuan et al. (2012) [61] are in 

accordance with previous results of e.g.  Braun et al. (1997) [54] and Ingham et al. 

(2012) [59]. 

 

3.3 Summary 

Much research has been done as yet and although not all data confirm all other in 

details, a general picture is emerging about grey matter brain activity and anatomy 

differences in people with DS. To this end, we can conclude that the primary motor 

cortex, IFG, STG, MTG, and SMA tend to be important key players in activity and 

anatomy differences in grey matter in PWS. Summarizing the so far discussed 

studies, altered hemispheric lateralization in PWS [53,54,55,56] and atypical 

prefrontal lobe and occipital lobe asymmetries are found in adults [42] and children 

[43] with DS. However, these observations were not found in other studies, neither in 

adults [47] nor children [48] with DS. Furthermore, increased brain activity was 

found in the primary motor cortex, SMA, cerebellum, IFG, STG, and MTG, both in 

rest and during speech, and in the left and right hemisphere in PWS [53,54,57,59,61]. 

It must be noted that not all studies support all results about grey matter brain 

activity differences in PWS, as some studies solely observed differences in specific 

brain regions [53,54,57] whereas others found opposite results [61]. Finally, increased 

GMV was observed in the bilateral STG (planum temporale), and IFG, both in adults 

[39,45] and children [48] with DS. However, not all results are fully supported [48], 

and earlier studies did not find a difference [44]. Some studies even found reduced 

GMV in the left IFG of adults with DS [49], or in the bilateral IFG, MTG, STG 

(planum temporale) of children with DS [48,52]. Thus, it is clear that grey matter 

brain activity and anatomy differences in DS are associated with abnormalities in the 

speech-related network of the brain. Also, it appears that silent reading and reading 

out loud activates different regions of the brain. It is therefore not easy to unravel the 
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neural correlates involved in DS, as multiple brain areas are involved in the four 

stages of speech production. Besides, possible confounding factors such as gender, 

age, and handedness should be taken into account when studying brain regions 

involved in DS [28,29,30]. 

 

 

4. White matter alterations in DS 

Beside the fact that in the past years much research has been done concerning grey 

matter activity and anatomy differences in PWS, neuroimaging research has also 

been done on white matter anatomy and connectivity changes in PWS. The main 

question discussed in this paragraph is in what way white matter brain anatomy and 

connectivity is different in PWS compared to their fluently speaking peers. The most 

important findings will be discussed here. 

 

4.1 Anatomy 

The first known study investigating white matter anatomy in PWS found increased 

white matter volume (WMV) in right-lateralized speech related areas like the STG, 

IFG (pars opercularis), precentral gyrus (PrCG) (primary motor cortex), MFG, and 

somatosensory area (figure 6) using VBM in ten PWS compared with controls [44]. 

Most of these areas are important in speech production [33,34,37]. 

 

 
Figure 6. Increased WMV in PWS. Displayed are mean WMV in right-lateralized 

precentral gyrus (PrCG) (primary motor cortex), middle frontal gyrus (MTG), inferior 

frontal gyrus (IFG), and superior temporal gyrus (STG) in controls and stutterers (PWS). 

LH = Left Hemisphere, RH = Right Hemisphere (image from Jäncke et al., 2004 [44]). 
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Likewise, Beal et al. (2007) [45] found WMV differences in PWS as well, with an 

increase in white matter densities in the right precentral gyrus (primary motor 

cortex), IFG (pars opercularis and pars triangularis), insula, and left MTG (table 2). 

These findings are consistent with earlier findings of Jäncke et al. (2004) [44], and may 

indicate an asymmetry in white matter brain anatomy. Together with the results of 

Preibisch et al. (2003) [55], who found right lateralized brain activity in PWS, these 

findings indicate the presence of structural and functional white matter differences in 

the right hemisphere of PWS. These abnormalities may be involved in DS, however, 

whether this is a compensatory attempt or an underlying cause for DS remains 

unknown. 

 

Table 2. Increased white matter volume in PWS relative to controls. Displayed are 

five brain regions with increased grey matter volume in PWS relative to controls. x, y, z are 

coordinates in Montreal Neurological Institute (MNI) space; cluster size = size of voxels 

(table from Beal et al., 2007 [45]). 

 
 

The corpus callosum (CC) is the largest and main interhemispheric white matter tract 

connecting the left and the right hemisphere with each other for communication [63] 

and is very important for written and oral language [64]. Sexual dimorphism is 

found in the CC [65], as well as differences in myelinisation between the sexes [66]. 

Choo et al. (2011) [67] studied CC differences between eleven right-handed male 

adults with DS and twelve right-handed control adults using MRI. An overall larger 

CC was found in adults with DS, especially in the rostrum and anterior midbody 

(figure 7).  

Later, the CC anatomy was studied in children  (Choo et al., 2012) [68] which 

included eight right-handed boys with DS, six right-handed boys who spontaneously 

recovered DS, and seven right-handed age-matched controls. Strikingly, no 

morphological differences in CC anatomy was observed between the children (figure 

8) [68]. Another similar study, however, observed a bilateral decrease in WMV in the 

forceps minor (anterior forceps) of the CC in children with DS [52]. These results 

indicate that CC abnormalities might be associated with DS and suggest that this is 

the result of a compensatory attempt related to the life-long stuttering. 
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Figure 7. Mean corpus callosum (CC) volume in adults. Displayed are the mean corpus 

callosum (CC) area of adult PWS and age-matched controls. Larger rostrum and anterior 

midbody of the CC was observed in PWS (image from Choo et al., 2011 [67]). 

 

 
Figure 8. Mean corpus callosum (CC) volume in children. Displayed are the mean 

corpus callosum (CC) area of persistent (children with DS), recovered (spontaneously 

recovered from DS), and control children. No differences in CC anatomy were observed 

between these three groups (image from Choo et al., 2012 [68]). 

 

Areas of increased WMV have been found in both the left and right hemisphere, as 

well as the CC of adults with DS [44,45,67]. In a study of Mock et al. (2012) [43], 

which investigated total brain and WMV in children with DS using VBM, no 

differences in total volume of the left and right hemispheres were found. However, 

children with DS did show increased WMV in both the left and right hemisphere 
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[43], which has also been observed in two other studies [44,45]. Moreover, increased 

WMV in the bilateral PFC correlated positively with stuttering severity [43].  

 

4.2 Connectivity 

Many studies focussing on white matter brain connectivity differences in PWS used 

Diffusion Tensor Imaging (DTI) to measure Fractional Anisotropy (FA) of diffusion. 

DTI is a MRI technique which is sensitive to diffusion properties of water protons, 

and in this way can reveal the orientation of white matter fibres [69,70]. FA is a 

measure of coherence in white matter tracts [71,72,73]. A low FA value means that 

diffusion of water protons is unrestricted, and a high FA value means that diffusion 

of water protons is restricted in a specific direction. Normally, white matter tracts are 

structured in a specific way, and are therefore expected to have high FA values. It is 

known that in white matter diseases (such as multiple sclerosis) abnormalities are 

observed in connectivity, and this is associated with reduced FA values [74,75]. 

The first known study investigating the white matter integrity (as measured 

by FA) in PWS was done by Sommer et al. (2002) [76] in fifteen adults with DS and 

fifteen age-matched controls. Reduced FA values were found in the left Rolandic 

operculum (RO) (figure 9) [76], a region involved in speech production [33,34,37]. 

More specifically, reduced white matter integrity was found in the left inferior 

arcuate fasciculus [76], which is a part of the superior longitudinal fasciculus that 

connects parts of the parietal and temporal cortex with the frontal and premotor 

cortex [77,78], and is a critical pathway in the speech production system [33,34,37,62]. 

Thus, it seems plausible that impaired signal transduction in the left superior 

longitudinal fasciculus may lead to speech problems. 

 

Figure 9. Decreased FA value in Rolandic operculum. (A) In the Rolandic Operculum 

(RO), (B) decreased FA was observed in PWS (study group) compared with controls. Bars in 

(B) indicate SE (figure of Sommer et al., 2002 [76]). 

 

Echoing the study of Sommer et al. (2002) [76], Watkins et al. (2008) [79] also 

investigated white matter tracts in PWS. Using DTI to measure FA in seventeen PWS, 
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lower FA was observed in bilateral ventral premotor cortex, right IFG (including pars 

orbitalis), bilateral precentral gyrus (primary motor cortex), left supramarginal 

gyrus, and corticospinal tract in PWS. Higher FA was observed in the left posterior 

IFG, right postcentral gyrus, right supramarginal gyrus in PWS [79]. The decrease in 

white matter integrity in the premotor cortex ultimately results in decreased white 

matter integrity in the superior longitudinal fasciculus, as this white matter tract is 

anatomically situated in this region. This finding is in accordance with Sommer et al. 

(2002) [76], who found lower FA values for the left superior longitudinal fasciculus in 

PWS.  

As already discussed in paragraph 3.1, the study of Chang et al. (2008) [48] 

was the first investigating the neural correlates of DS in children. Decreased white 

matter integrity was found in the left RO, which includes the left arcuate fasciculus 

(figure 10) [48]. This is consistent with previous data found in adults with DS [76,79]. 

So, these results in children with DS [48] together with the results in adults with DS 

[76,79] indicate that –regardless of age- a decreased white matter integrity in the left 

RO might be a morphological difference in brain anatomy in DS. It must be noted 

that such decreases in white matter integrity in PWS has not been found in all studies 

[49]. Contrarily, increased white matter integrity was observed in the left IFG, left 

orbitofrontal cortex (OFC), and left intraparietal sulcus in PWS relative to controls. 

 

Figure 10. Mean FA values in RO.   

Displayed are mean FA values and 

standard errors for the white matter tracts 

in the left and right RO in children with 

DS (persist; grey bars), children recovered 

from DS (recovered; black bars) and age-

matched controls (control; white bars). 

Asterisk indicates only difference found in 

FA value in children with DS (image from 

Chang et al., 2008 [48]). 

 

 

In another study on white matter integrity in speech-related areas and the CC, 

reduced FA was found in parts of the left perisylvian region, like the superior corona 

radiata and superior longitudinal fasciculus. Also, reduced white matter integrity 

was found in the CC, including forceps minor and callosal body (figure 11) [80]. 

These findings are in accordance with previous results (48,76,79) that also found 

decreased white matter integrity, e.g. in the superior longitudinal fasciculus in adults 

and children with DS (figure 12.) However, Kell et al. (2009) [49] did not find these 

results in adults with DS. 
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Figure 11. Reduced white matter integrity in PWS. White matter integrity was 

decreased in left superior corona radiata, left superior fasciculus, forceps minor, and callosal 

body. Displayed are axial, coronal and sagittal views of the brain, and affected areas are 

shown in one-tailed (red to yellow) and two-tailed (blue to white) results (image from 

Cykowski et al., 2010 [80]). 

 

 Furthermore, increased radial diffusivity was observed in the study of 

Cykowski et al. (2010) [80], suggesting impaired myelination in all these areas. The 

myelination process is a mechanism which wraps a lipid bilayer around neurons to 

increase the conductance to ensure fast action potential signalling. It is known that 

the white matter fibres in these regions continue to myelinate until the second or 

third year of life [81,82,83], resulting in a proposed hypothesis that this incomplete 

myelination could be important for the development of DS. This is fundamentally 

different from multiple sclerosis, where increased degradation of white matter fibres 

is observed. 

Two studies by Chang et al. from 2010 [84] and 2011 [85] further examined functional 

connectivity differences between PWS and non-stutterers. In the 2010-study [84], 

higher FA was observed in the right RO, including the superior longitudinal 

fasciculus, which is consistent with studies that found increased WMV in right-

hemispheric speech areas [39,44]. Moreover, this increase was positively correlated 

with the severity of stuttering, as measured through the Stutter Severity Instrument 

(SSI) (figure 13) [84]. Considering that this white matter increase in the right RO was 
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not observed in children with DS [48], it is thought that this might be the result of a 

compensation attempt during adulthood for the decreased white matter integrity 

observed in the left hemisphere [48,76,79].  

 

 
Figure 12. Four studies which showed reduced white matter integrity in PWS. 

Displayed are the results of four studies which found reduced FA in adults and children with 

DS (image from Cykowski et al., 2010 [80]). 

 

 

Figure 13. Correlation between FA in 

the right RO and stutter severity in 

PWS. Stutter severity, as measured by the 

Stutter Severity Instrument (SSI), and 

mean increased FA in the right Rolandic 

Operculum (RO) are positively correlated 

with each other in PWS (image from Chang 

et al., 2010 [84]).  
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In the 2011-study by Chang et al. (2011) [85], decreased connectivity was observed in 

white matter tracts from the left IFG to premotor regions, and increased structural 

connectivity was observed in the right IFG to premotor connections in PWS [85]. This 

confirms and underlines previous research which show the same left- and right-

sided abnormalities in white matter in PWS [44,45,48,76,79,80,84]. 

A large resting-state brain activity study in forty-four PWS and sixty-four 

controls by Xuan et al. (2012) [61] found decreased resting-state functional 

connectivity (FC) between the left IFG and right IPL, as well between the Posterior 

Cingulate Cortex (PCC) and Default Mode Network (DMN) in PWS. Furthermore, 

increased resting-state FC was observed between the left IFG and left premotor 

cortex, and between the PFC and DMN regions [61]. The DMN is a network of brain 

areas which are active during rest, and include the anterior cingulate cortex (ACC), 

mPFC, angular gyrus, and bilateral inferior parietal lobes [86,87]. Although the 

decrease in FC between the left IFG and right IPL has been observed previously [85], 

Xuan et al., (2012) [61] observed an unprecedented increased resting-state FC 

between the left IFG and left premotor cortex. A speculative explanation could be 

that the resting-state FC between the left IFG and left premotor cortex in PWS is 

relatively at a higher level compared to controls. Therefore, the increase found 

between rest and speech production in controls [85] can hardly be observed in PWS. 

Another explanation is that some of these findings could be the result of a 

compensation attempt in PWS. 

In the most recent study of children with DS [88], decreased FC was found in 

the basal ganglia-thalamocortical (BGTC) loop (including the putamen and SMA). 

Also, in boys with DS, decreased FC was observed in both hemispheres between STG 

and ventral primary premotor cortex (pars opercularis) compared with girls. Finally, 

decreased structural white matter connectivity was observed between the putamen 

and cortical motor - and auditory regions in the left hemisphere in children with DS 

compared to controls. These new results, taken together with previous findings in 

children with DS [43,48,52,68], provide strong evidence that brain abnormalities exist 

even during childhood and that not all white matter deficiencies observed in 

adulthood [44,45,49,61,67,76,79,80,84] are the result of compensatory attempts. 

 The most recent research about white matter differences confirms previous 

results about reduced white matter integrity in PWS [76,79,80], and found new white 

matter differences between twenty-nine PWS and thirty-seven controls [89]. Reduced 

FA was observed in the bilateral arcuate fasciculus (figure 14a) (superior longitudinal 

fasciculus), all three cerebellar peduncles (figure 14b), and left corticobulbar tract in 

PWS relative to controls. Furthermore, FA in the left corticospinal tract was reduced 

compared with its opposites on the right side (figure 14c), and stuttering severity 

correlated negatively with the white matter integrity in the left angular gyrus in PWS 

(figure 14d) [89]. The hypothesis that dysmyelination could be important for the 

development of DS was also suggested by Cykowski et al. (2010) [80], making  local 

myelination an important player in the development of DS, and may indicate that 

these deficiencies are the cause, rather than  the consequence of DS. 
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Figure 14. Correlation and FA differences between PWS and controls. Displayed are 

FA values in the arcuate fasciculus (A), cerebellar peduncles (B) and corticospinal tract (C) of 

PWS (blue) and controls (red). Also, FA in left angular gyrus correlates negatively with 

stuttering severity in PWS (D). SCP = superior cerebellar peduncle, MCP = middle cerebellar 

peduncle, ICP = inferior cerebellar peduncle. Error bars = SE, * = significant difference 

(images from Conally et al., 2014 [89]). 

 

4.3 Summary 

Neuroimaging research about white matter connectivity and anatomy differences in 

people with DS has been abundantly conducted in the last years. Up to now, it has 

been proven that the IFG, STG, precentral gyrus (primary motor cortex), MFG, 

insula, MTG, premotor cortex, and CC play important roles in white matter 

connectivity and anatomy differences between PWS and non-stutterers. 

Summarizing the white matter brain anatomy abnormalities in PWS, increased WMV 

was observed in the right-lateralized STG (planum temporale), IFG (pars 

opercularis), precentral gyrus (primary motor cortex), MFG, insula, and MTG 

[43,44,45], and rostrum and anterior midbody of the CC [67] in adults with DS. In 

children with DS, however, some studies found no difference [68] or observed a 

decrease [52] in the WMV of the brain. The white matter connectivity reductions 

were primarily observed in the bilateral RO (superior longitudinal fasciculus), 

bilateral precentral gyrus (primary motor cortex), bilateral IFG, corticospinal tract, 

corticobulbar tract, CC, and cerebellar peduncles, both in adults [76,79,80,89] and 

children [48] with DS. Moreover, Chang et al. (2013) [88] found even more differences 

in children with DS. Together with the results of previous studies in children with 
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DS [43,48,68], this indicates that white matter brain abnormalities exist even during 

childhood, and are not only the result of compensatory attempts. In adults with DS, 

however, not all abovementioned white matter connectivity results are supported by 

all studies. Some only observed differences in specific regions [48,76,84], found 

opposite results in some brain areas [85], found other results during rest [61], or did 

not find any difference in FA at all [49]. Unfortunately, for most findings it is still not 

clear whether these changes in morphology are the result of compensatory attempts, 

or are the causal underlying factors leading to DS. Thus, it is a complex task to point 

out the white matter abnormalities accountable for DS. Although, it is very likely that 

the IFG, STG, precentral gyrus (primary motor cortex), MFG, insula, MTG, premotor 

cortex, and CC tend to be key players in DS. 

 

 

5. Conclusion 

By the various studies concerning activity and anatomy differences in the grey 

matter, it can be concluded that the primary motor cortex, IFG, STG, MTG and SMA 

are important key players in adults and children with DS, both in rest and during 

speech. For white matter differences in anatomy and (functional) connectivity in 

adults and children with DS, it seems very likely that –again- the IFG, STG, and 

premotor cortex are involved in DS, as are the precentral gyrus, MFG, RO and CC. 

For some brain regions in the speech-related network of the brain, general agreement 

about differences between PWS and controls has been reached. However, not every 

study supports all observed results in grey or white matter, or only found differences 

in specific (lateralized) brain regions. Thus in general, it can be concluded that brain 

activity, anatomy and connectivity in speech important regions of the brain is altered 

in persons with DS, and that some differences are not the result of compensatory 

attempts, but already exist during childhood and thus may be the causal underlying 

factors which contribute to DS. 

Most studies which tried to unravel the neurobiological correlates of DS have 

been performed on adults with DS. This makes interpretations of results difficult due 

to the possible compensatory brain differences because of their lifelong disfluent 

speech. This makes comparisons between adults with and without DS hard, as it 

remains unclear whether these differences are the cause or the consequence of DS. 

Beside the fact that handedness (lateralization) and gender have an effect on the 

results found in all studies [29,30], another cause of apparent inconsistencies between 

studies is the difference in speech production tasks, imaging techniques, and data 

analysis. In the studies of Chang et al. (2009) [57] and Kell et al. (2009) [49] or instance, 

the brain activity during speech is mainly derived from non-stuttered speech: any 

disfluencies during speech in PWS were not included in the data analysis [59]. Also, 

fMRI and rCBF measured using PET are different imaging techniques, which makes 

these studies difficult to compare. Furthermore, speech production tasks -like oral 

reading and spontaneous speech- are fundamentally different speaking tasks which 

may involve different speech-related brain areas, and thus can have an effect on the 
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results. Finally, speech rate is a factor which has completely been ignored in almost 

all studies. The speech rate of PWS in adulthood is usually slower compared with 

control speakers [90]. It is likely that differences in speech production rate have an 

effect on brain activity. Therefore, these variations have a major effect on the 

neuroimaging results, and comparisons between studies are significantly influenced. 

Although in this chapter no attention was paid to the basal ganglia system, it 

is clear that this system also tends to play an important role in DS [91,92,93]. Previous 

studies have shown that PWS have increased dopamine activity in specific brain 

regions [12], and that dopamine blockers decrease stuttering severity [5,14,16]. 

However, dopamine blockers are not a useful way to prevent stuttering, because of 

the large side effects. These studies, taken together with the results discussed in this 

thesis, provide compelling evidence that neurobiological differences exist between 

adults with DS and non-stuttering persons. 

Although a growing number of studies have investigated the neurobiological 

differences in PWS, there is a pressing need for longitudinal studies in children with 

DS. In this way, the functional and structural brain differences between PWS and 

controls, as well as the underlying mechanisms of recovery from DS can be 

monitored during the years. These brain areas can be used as markers or indicators 

for developing DS in children, and could serve, to potential (surgical) intervention 

possibilities in PWS, like transcranial direct-current stimulation (tCDS) or 

transcranial magnetic stimulation (TMS). Also, these brain markers or indicators can 

be used as new potential neuropharmacological targets for the development of new 

possible medicines. Furthermore, when abnormalities are observed in these brain 

markers or indicators, possible speech-therapy before the emergence of DS could be 

started in an attempt to prevent the possible onset of DS. Finally, it is still not clear 

what the possible long-term effects and differences are between spontaneously and 

SLP-induced recovery of DS.  

Finally, extensive research about the genetic background of DS has been done 

[9,17,18,19,20,21,22,23,24,25,27] and three genes involved in the lysosome pathway 

are found being implicated in DS [26]. Further research to unravel the possibly 

sequential pathway of genetic abnormalities, biochemical alterations affecting the 

lysosomal pathway, and possibly leading to e.g. WM abnormalities are urgently 

required. In that sense, it is tempting to suggest that locally diminished activity of 

one of these genes might result in e.g. diminished myelination within (some of) the 

specific brain regions as has been discussed above. That would give a hand as to the 

possible chicken or egg discussion, with respect to the neurological differences found 

sofar. Indeed, it appears that the gene expression is variably in brain areas 

throughout the brain [49], although these genes are basically present in all cells. 

An increased knowledge about DS could potentially open new ways for 

treatment of PWS. This could result in a decreased prevalence of DS, and social 

interaction would tremendously improve due to less anxiety, shame and irritation in 

PWS. Both in professional as in private conditions, the quality of life would increase 

in millions of stutterers. 
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Although the picture is still far from complete, the neuroimaging research 

conducted in the last years has revealed both functional and structural involvement 

of different brain regions in DS, and greatly improved our knowledge of DS. It is 

crucial to get a clear-cut univocal consensus about brain regions which are important 

in the development of DS. Further studies are needed to extend these findings in 

order to disentangle the neural correlates of DS. 

 

 

6. Acknowledgements 

The main author of this chapter would like to thank Lisanne M. de Boer for all her 

love and support during the writing of this chapter. Finally, all authors want to 

thank the NFS and VUmc for equally funding the costs of the illustrations, related to 

this chapter. 

 

 

7. References 

[1] World Health Organization. (2014). ICD-10 Version 2015. On the internet: 

http://apps.who.int/classifications/icd10/browse/2015/en#/F98.5, consulted 2 July 

2015. 

[2] Mahr, G., & Leith, W. (1992). Psychogenic Stuttering of Adult Onset. 

Journal of Speech, Language, and Hearing Research, 35, 283-286. 

[3] Grant, A.C., Biousse, V., Cook, A.A., & Newman, N.J. (1999). Stroke-

associated stuttering. Archives of Neurology, 56, 624-627. 

[4] Ciabarra, A.M. Elkind, M.S., Roberts, J.K., & Marshall, R.S. (2000). 

Subcortical infarction resulting in acquired stuttering. Journal of Neurology, 

Neurosurgery & Psychiatry, 69, 546-549. 

[5] Gordon, N. (2002). Stuttering: Incidence and Causes. Developmental 

Medicine & Child Neurology, 44, 278-282. 

[6] Prasse, J.E., & Kikano, G.E. (2008). Stuttering: An Overview. American 

Family Physician, 77, 1271-1276 

[7] Ludlow, C.R. (2000). Stuttering: dysfunction in a complex and dynamic 

system. Brain, 123, 1983-1984. 

[8] Asshurst, J.V. & Wasson, M.N. (2011). Developmental and persistent 

developmental stuttering: an overview for primary care physicians. The Journal of the 

American Osteopathic Association, 111, 576-580. 

[9] Kang, C., & Drayna, D. (2011). Genetics of Speech and Lanuage Disorders. 

Annual Review of Genomics and Human Genetics, 12, 145-164. 

[10] Bothe, A.K., Davidow, J.H., Bramlet, R.E., & Ingham, R.J. (2006). Stuttering 

treatment research 1970-2005: I. Systematic review incorporating trial quality 

assessment of behavioural, cognitive and related approaches. American Journal of 

Speech-Language Pathology, 15, 321-341. 

http://apps.who.int/classifications/icd10/browse/2015/en#/F98.5


 
24 

[11] Yairi, E. & Ambrose, N.G. (1999). Early Childhood Stuttering I: 

Persistency and Recovery Rates. Journal of Speech, Language, and Hearing Research, 44, 

1097-1112. 

[12] Wu, J.C., Maguire, G., Riley, G., Lee, A., Keator, D., Tang, C., et al. (1997). 

Increased dopamine activity associated with stuttering. NeuroReport, 8, 767-770. 

[13] Movsessian, P. (2004). Neuropharmarcology of theophylline induced 

stuttering: the role of dopamine, adenosine and GABA. Medical Hypotheses, 64, 290-

297. 

[14] Maguire, G.A., Riley, G.D., Franklin, D.L., & Gottschalk, L.A. (2000). 

Risperidone for the treatment of stuttering. Journal of Clinical Psychopharmacology, 20, 

479-482. 

[15] Maguire, G.A., Riley, G.D., Franklin, D.L., Maguire, M.E., Nguyen, C.T., & 

Brojeni, P.H. (2004). Olanzapine in the treatment of developmental stuttering: a 

double-blind placebo-controlled trial. Annals of Clinical Psychiatry, 16, 63-67. 

[16] Shaygannejad, V., Khatoonabadi, S.A., Shafiei, B., Ghasemi, M., Fatehi, F., 

Meamar, R., et al. (2013). Olanzapine versus haloperidol: which can control stuttering 

better? International Journal of Preventive Medicine, 4, 270-273. 

[17] Nelson, S. (1939). The role of heredity in stuttering. Journal of Pediatrics, 14, 

642-645. 

[18] Wepman, M.J. (1939). Familial incidence of stammering. Journal of 

Heredity, 30, 207-210. 

[19] Gray, M. (1940). The X family: a clinical and laboratory study of a 

“stuttering” family. Journal of Speech Disorders, 5, 343-348. 

[20] Viswanath, N., Lee, H.S., & Chakraborty, R. (2004). Evidence for a major 

gene influence on persistent developmental stuttering. Human Biology, 76, 401-412. 

[21] Dworzynski, K., Remington, A., Rijsdijk, F., Howell, P., & Plomin, R. 

(2007). Genetic etiology in cases of recoverd and persistent stuttering in an 

unselected sample of young twins. American Journal of Speech-Language Pathology, 16, 

169-178. 

[22] Van Beijsterveldt, C.E.M., Felsenfeld, S., & Boomsma, D.I. (2010). Bivariate 

Genetic Analyses of Stuttering and Nonfluency in a Large Sample of 5-Year-Old 

Twins. Journal of Speech, Language, and Hearing Research, 53, 609-619. 

[23] Howie, P.M. (1981). Concordance for stuttering in monozygotic and 

dizygotic twin pairs. Journal of Speech and Hearing Research, 24, 317-321. 

[24] Andrews, G., Morris-Yates, A., Howie, P., & Martin, N.G. (1991). Genetic 

factors in stuttering confirmed. Archives of General Psychiatry, 48, 1034-1035. 

[25] Felsenfeld, S., Kirk, K.M., Zhu, G., Stratham, D.J., Neale, M.C., & Martin, 

N.G. (2000). A Study of the Genetic and Environmental Etiology of Stuttering in a 

Selected Twin Sample. Behavior Genetics, 30, 359-366. 

[26] Kang, C., Riazuddin, S., Mundorff, J., Krasnewich, D., Friedman, P., & 

Mullikin, J. (2010). Mutations in the Lysosomal Enzyme–Targeting Pathway and 

Persistent Stuttering. The New England Journal of Medicine, 362, 677-685. 



 
25 

[27] Lee, W.S., Kang, C., Drayna, D., & Kornfeld, S. (2011). Analysis of 

Mannose 6-Phosphate Uncovering Enzyme Mutations Associated with Persistent 

Stuttering. The Journal of Biological Chemistry, 286, 39786-39793. 

[28] Knecht, S., Deppe, M., Dräger, B., Bobe, L., Lohmann, H., Ringelstein, E.B., 

et al. (2000). Language lateralization in healthy right-handers. Brain, 123, 74-81. 

[29] Knecht, S., Dräger, B., Deppe, M., Bobe, L., Lohmann, H., Flöel, A., et al. 

(2000). Handedness and hemispheric language dominance in healthy humans. Brain, 

123, 2512-2518. 

[30] Tomasi, D., & Volkow, N.D. (2012). Laterality patterns of brain functional 

connectivity: Gender effects. Cerebral Cortex, 22, 1455-1454. 

[31] Tivarus, M.E., Starling, S.J., Newport, E.L.,  Langfitt, J.T. (2012). 

Homotopic language reorganization in the right hemisphere after early left 

hemisphere injury. Brain & Language, 123, 1-10. 

[32] Krieg, S.M., Sollmann, N., Hauck, T., Ille, S., Foerschler, A., Meyer, B., et 

al. (2013). Functional language shift to the right hemisphere in patients with 

language-eloquent brain tumors. PLoS ONE, 8, 1-9. 

[33] Binder, J.R., Desai, R.H., Graves, W.W., & Conant, L.L. (2009). Where is 

the Semantic System? A critical Review and Meta-Analysis of 120 functional 

Neuroimaging Studies. Cerebral Cortex, 19, 2767-2796. 

[34] Price, C.J. (2010). The anatomy of language: a review of 100fMRI studies 

published in 2009. Annals of the New York Academy of Sciences, 1191, 62-88. 

[35] Jeon, H.A., Lee, K.M., Kim, Y.B., & Cho, Z.H. (2009). Neural substrates of 

semantic relationships: Common and distinct left-frontal activities for generation of 

synonyms vs. antonyms. NeuroImage, 48, 449-457. 

[36] Whitney, C., Weis, S., Krings, T., Huber, W., Grossman, M., & Kircher, T. 

(2010). Task-dependent Modulations of Prefrontal and Hippocampal Activity during 

Intrinsic Word Production. Journal of Cognitive Neuroscience, 21, 697-712. 

[37] Zheng, Z.Z., Munhall, K.G., & Johnsrude, I.S. (2010). Functional overlap 

between regions involved in speech perception and in monitoring one’s own voice 

during speech production. Journal of Cognitive Neuroscience, 22, 1770-1781. 

[38] Salmelin, R., Schnitzler, A., Schmitz, F., & Freund, H.J. (2000). Single word 

reading in developmental stutterers and fluent speakers. Brain, 123, 1184-1202. 

[39] Foundas, A.L., Bollich, A.M., Corey, D.M., Hurley, M., & Heilman, K.M. 

(2001). Anomalous anatomy of speech-language areas in adults with persistent 

developmental stuttering. Neurology, 57, 207-2015. 

[40] Weinberger, D.R., Luchins, D.J., Morihisa, J., & Wyatt, R.J. (1982). 

Asymmetrical volumes of the right and left frontal and occipital regions of the 

human brain. Annals of Neurology, 11, 97-100. 

[41] Watkins, K.E., Paus, T., Lerch, J.P., Zijdenbos, A., Collins, D.L., Neelin, P., 

Taylor, J., et al. (2001). Structural Asymmetries in the Human Brain: a Voxel-based 

Statistical Analysis of 142 MRI Scans. Cerebral Cortex, 11, 868-877. 



 
26 

[42] Foundas, A.L., Corey, D.M., Angeles, V., Bollich, A.M., Crabtree-Hartman, 

E., & Heilman, K.M. (2003). Atypical cerebral laterality in adults with persistent 

developmental stuttering. Neurology, 61, 1378-1385. 

[43] Mock, J.R., Zdina, J.N., Corey, D.M., Cohen, J.D., Lemen, L.C., & Foundas, 

A.L. (2012). Atypical Brain Torque in Boys with Developmental Stuttering. 

Developmental Neuropsychology, 37, 434-452. 

[44] Jäncke, L., Hänggi, J., & Steinmetz, H. (2004). Morphological brain 

differences between adult stutterers and non-stutterers. BMC Neurology, 4, 23-31. 

[45] Beal, D.S., Gracco, V.L., Lafaille, S.J., & De Nil, L.F. (2007). Voxel-based 

morphometry of auditory and speech-related cortex in stutterers. NeuroReport, 18, 

1257-1260. 

[46] Song, L.P., Peng, D.L., Jin, Z., Yao, L., Ning, N., Guo, X.J., et al. (2007). 

Gray matter abnormalitiies in developmental stuttering determined with voxel-based 

morphometry. National Medical Journal of China, 87, 2884-2888. 

[47] Cykowski, M.D.,  Kochunov, P.V., Ingham, R.J., Ingham, J.C., Mangin, J.F., 

Rivière, D., et al. (2007). Perisylvian Sulcal Morphology and Cerebral Asymmetry 

Patterns in Adults Who Stutter. Cerebral Cortex, 18, 571-583. 

[48] Chang, S.E., Erickson, K.I., Ambrose, N.G., Hasegawa-Johnson, M.A., & 

Ludlow, L. (2008). Brain anatomy differences in childhood stuttering. NeuroImage, 39, 

1333-1344. 

[49] Kell, C.A., Neuman, K., von Kriegstein, K., Posenenske, C., von 

Gudenberg, A.W., Euler, H., et al. (2009). How the brain repairs stuttering. Brain, 132, 

2747-2760. 

[50] Mueller, S.C., Merke, D.P., Leschek, E.W., Fromm, S., Grillon, C., 

Cornwell, B.R., et al. (2011). Grey matter volume correlates with virtual water maze 

task performance in boys with androgen excess. NeuroScience, 197, 225-232. 

[51] Froeliger, B., Garland, E.L., & McClernon, F.J. (2012). Yoga meditation 

practitioners exhibit greater gray matter volume and fewer reported cognitive 

failures: results of a preliminary voxel-based morphometric analysis. Evidence-Based 

Complementary and Alternative Medicine, 2012, 1-8. 

[52] Beal, D.S., Gracco, V.L., Brettschneider, J., Kroll, R.M., & De Nil, L.F. 

(2013). A voxel-based morphometry (VBM) analysis of regional grey and white 

matter volume abnormalities within the speech production network of children who 

stutter. Cortex, 49, 2151-2161. 

[53] Fox, P.T., Ingham, R.J., Ingham, J.C., Hirsch, T.B., Hunter Downs, J., 

Martin, C., et al. (1996). A PET study of the neural systems of stuttering. Nature, 382, 

158-162. 

[54] Braun, A.R., Varga, M., Stager, S., Schulz, G., Selbie, S., Maisog, J.M., et al. 

(1997). Altered patterns of cerebral activity during speech and language production 

in developmental stuttering: An H215O positron emission tomography study. Brain, 

120, 761-784. 



 
27 

[55] Preibisch, C., Neumann, K., Raab, P., Euler, H.A., von Gudenberg, A.W. 

Lanfermann, H., et al. (2003). Evidence for compensation for stuttering by the right 

frontal operculum. NeuroImage, 20, 1356-1364. 

[56] De Nil, L.F., Kroll, R.M., Kapur, S., & Houle, S. (2000) A Positron Emission 

Tomography Study of Silent and Oral Single Word Reading in Stuttering and 

Nonstuttering Adults. Journal of Speech, Language, and Hearing Research, 43, 1038-1053. 

[57] Chang, S.E., Kenny, M.K., Loucks, T.M.J., & Ludlow, C.L. (2009). Brain 

activation abnormalities during speech and non-speech in stuttering speakers. 

NeuroImage, 46, 201-212. 

[58] Ingham, R.J., Fox, P.T., Ingham, J.C., Xiong, J., Zamarripa, F., Hardies, L.J., 

et al. (2004). Brain Correlates of Stuttering and Syllable Production: Gender 

Comparison and Replication. Journal of Speech, Language, and Hearing Research, 47, 

321-341. 

[59] Ingham, R.J., Grafton, S.T., Bothe, A.K., & Ingham, J.C. (2012). Brain 

activity in adults who stutter: Similarities across speaking tasks and correlations with 

stuttering frequency and speaking rate. Brain & Language, 122, 11-24. 

[60] Zang, Y.F., He, Y., Zhu, C.Z., Cao, Q.J., Sui, M.Q., Liang, M., et al. (2007). 

Altered baseline brain activity in children with ADHD revealed by resting-state 

functional MRI. Brain & Development, 29, 83-91. 

[61] Xuan, Y., Meng, C., Yang, Y., Zhu, C., Wang, L., Yan, Q., et al. (2012). 

Resting-state brain activity in adults males who stutter. PLoS ONE, 7, 1-11. 

[62] Fridriksson, J., Moser, D., Ryalls, J., Bonilha, L., Rorden, C., & Baylis, G. 

(2009). Modulation of Frontal Lobe Speech Areas Associated with the Production and 

perception of Speech Movements. Journal of Speech Language and Hearing Research, 52, 

812-819. 

[63] Hofer, S., & Frahm, J. (2006). Topography of the human corpus callosum 

revisited: Comprehensive fiber tractography using diffusion tensor magnetic 

resonance imaging. NeuroImage, 32, 989-994.  

[64] Paul, L.K. (2011). Developmental malformation of the corpus callosum: A 

review of typical callosal development and examples of developmental disorders 

with callosal involvement. Journal of Neurodevelopmental Disorders, 3, 3-27. 

[65] Ardekani B.A., Figarsky, K., & Sidtis, J.J. (2013). Sexual dimorphism in the 

human corpus callosum: An MRI study using the OASIS brain database. Cerebral 

Cortex, 23, 2514-2520. 

[66] Westerhausen, R., Kreuder, F., Dos Santos Sequeira, S., Walter, C., 

Woerner, W., Wittling, R.A., et al. (2004). Effects of handedness and gender on macro- 

and microstructure of the corpus callosum and its subregions: A combined high-

resolution and diffusion-tensor MRI study. Cognitive Brain Research, 21, 418-426. 

[67] Choo, A.L., Kraft, S.J., Olivero, W., Ambrose, N.G., Sharma, H., Chang, 

S.E., et al. (2011). Corpus callosum differences associated with persistent stuttering in 

adults. Journal of Communication Disorders, 44, 470-477. 



 
28 

[68] Choo, A.L., Chang, S.E, Zengin-Bolatkale, H., Ambrose, N.G., & Loucks, 

T.M. (2012). Corpus callosum morphology in children who stutter. Journal of 

Communication Disorders, 45, 279-289. 

[69] Le Bihan, D., Breton, E., Lallemand, D., Grenier, P., Cabanis, E., & Laval-

Jeantet, M. (1986). MR imaging of intravoxel incoherent motions: application to 

diffusion and perfusion in neurlogic disorders. Radiology, 161, 401-407. 

[70] Hagmann, P., Jonasson, L., Maeder, P., Thiran, J.P., Van Wedeen, J., & 

Meuli, R. (2006). Understanding Diffusion MR Imaging Techniques: From Scalar 

Diffusion-weighted Imaging to Diffusion Tensor Imaging and Beyond. RadioGraphics, 

26, 205-223. 

[71] Basser, P.J., & Pierpaoli, C. (1996). Microstructural and physiological 

features of tissues elucidated by quantitative-diffusion-tensor MRI. Journal of 

Magnetic Resonance, 111, 209-219. 

[72] Parker, G.J.M. (2004). Analysis of MR diffusion weighted images. The 

British Journal of Radiology, 77, 176-185. 

[73] O’Donnell, L.J., Kubicki, M., Shenton, M.E., Dreusicke, M.H., Grimson, 

W.E., & Westin, C.F. (2006). A method for clustering white matter fiber tracts. 

American Journal of Neuroradiology, 27, 1032-1036. 

[74] Klingberg, T., Hedehus, M., Temple, E., Salz, T., Gabrieli, J.D., Moseley, 

M.E., et al. (2000). Microstructure of temporo-parietal white matter as a basis for 

reading ability: evidence from diffusion tensor magnetic resonance imaging. Neuron, 

25, 493-500. 

[75] Filippi, M., Cercignani, M., Inglese, M., Horsfield, M.A., & Comi, G. 

(2001). Diffusion tensor magnetic resonance imaging in multiple sclerosis. Neurology, 

56, 304-311. 

[76] Sommer, M., Koch, M.A., Paulus, W., Weiler, C., & Büchel, C. (2002). 

Disconnection of speech-relevant brain areas in persistent developmental stuttering. 

The Lancet, 360, 380-383. 

[77] Catani, M., Howard, R.J., Pajevic, S., & Jones, D.K. (2002). Virtual in vivo 

interactive dissection of white matter fasciculi in the human brain. NeuroImage, 17, 

77-94. 

[78] Petrides, M., & Pandya, D.N. (2009). Distinct parietal and temporal 

pathways to the homologues of Broca’s area in the monkey. PLoS Biology, 7, 1-16. 

[79] Watkins, K.E., Smith, S.M., Davis, S., & Howell, P. (2008). Structural and 

functional abnormalities of the motor system in developmental stuttering. Brain, 131, 

50-59. 

[80] Cykowski, M.D., Fox, P.T., Ingham, R.J., Ingham, J.C., & Robin, D.A. 

(2010). A study of the reproducibility and etiology of diffusion anisotropy differences 

in developmental stuttering: A potential role for impaired myelination. NeuroImage, 

52, 1495-1504. 

[81] Yakovlev, P., & Lecours, A. (1967). The myelogenetic cycles of regional 

maturation of the brain. In: Minkowski, A. (ed.), Regional development of the brain in 

early life. Oxford & Edinburgh: Blackwell Scientific Publications, pp. 3-70. 



 
29 

[82] Kinney, H.C., Brody, B.A., Kloman, A.S., & Gilles, F.H. (1988). Sequence of 

central nervous system myelination in human infancy. II. Patterns of myelination in 

autopsied infants. Journal of Neuropathology & Experimental Neurology, 47, 217-234. 

[83] Pujol, J., Soriano-Mas, C., Ortiz, H., Sebastián-Gallés, N., Losilla, J.M., & 

Deus, J. (2006). Myelination of language-related areas in the developing brain. 

Neurology, 66, 339-343. 

[84] Chang, S.E., Synnestvedt, A., Ostuni, J., & Ludlow, C.L. (2010). Similarities 

in speech and white matter characteristics in idiopathic developmental stuttering and 

adult-onset stuttering. Journal of Neurolinguistics, 23, 455-469. 

[85] Chang, S.E., Horwitz, B., Ostuni, J., Reynolds, R., & Ludlow, C.L. (2011). 

Evidence of left inferior frontal-premotor structural and functional connectivity 

deficits in adults who stutter. Cerebral Cortex, 21, 2507-2518. 

[86] Buckner, R.L., Andrews-Hanna, J.R., & Schacter, D.L. (2008) The Brain’s 

Default Mode Network. New York Academy of Sciences, 1124, 1-38. 

[87] Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., 

& Shulman, G.L. (2001). A default mode of brain function. PNAS, 98, 676-682. 

[88] Chang, S.E., & Zhu, D.C. (2013). Neural network connectivity differences 

in children who stutter. Brain, 136, 3709-3726.  

[89] Conally, E.L., Ward, D., Howell, P., & Watkins, K.E. (2014). Disrupted 

white matter in language and motor tracts in developmental stuttering. Brain & 

Language, 131, 25-35. 

[90] Bloodstein, O., & Ratner, N.B. (2008). A Handbook of Stuttering, 6 ed. 

Singular Publishing Group, Inc., San Diego, California. 

[91] Alm, P.A. (2004). Stuttering and the basal ganglia circuits: a critical review 

of possible relations. Journal of Communication Disorders, 37, 325-369. 

[92] Giraud, A.L., Neumann, K., Bachoud-Levi, A.C., von Gudenberg, A.W., 

Euler, H.A., Lanferman, H., & et al. (2008). Severity of dysfluency correlates with 

basal ganglia activity in persistent developmental stuttering. Brain & Language, 104, 

190-199. 

[93] Craig-McQuaide, A., Akram, H., Zrinzo, L., & Tripoliti, E. (2014). A 

review of brain circuitries involved in stuttering. Frontiers in Human Neuroscience, 8, 

1-20. 

 


