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A B S T R A C T

The onset of developmental stuttering typically occurs between 2 to 4 years of age,
coinciding with a period of rapid development in speech, language, motor and cognitive
domains. Previous studies have reported generally poorer performance and uneven, or
“dissociated” development across speech and language domains in children who stutter
(CWS) relative to children who do not stutter (CWNS) (Anderson, Pellowski, & Conture,
2005). The aim of this study was to replicate and expand previous findings by examining
whether CWS exhibit dissociated development across speech-language, cognitive, and
motor domains that are also reflected in measures of neuroanatomical development.
Participants were 66CWS (23 females) and 53CWNS (26 females) ranging from 3 to
10 years. Standardized speech, language, cognitive, and motor skills measures, and
fractional anisotropy (FA) values derived from diffusion tensor imaging from speech
relevant “dorsal auditory” left perisylvian areas (Hickok & Poeppel, 2007) were analyzed
using a correlation-based statistical procedure (Coulter, Anderson, & Conture, 2009) that
quantified dissociations across domains. Overall, CWS scored consistently lower on speech,
language, cognitive and motor measures, and exhibited dissociated development involving
these same measures and white matter neuroanatomical indices relative to CWNS. Boys
who stutter exhibited a greater number of dissociations compared to girls who stutter.
Results suggest a subgroup of CWS may have incongruent development across multiple
domains, and the resolution of this imbalance may be a factor in recovery from stuttering.

ã 2016 Elsevier Inc. All rights reserved.

1. Introduction

Stuttering is conventionally considered to be a disorder associated with deficient speech motor control, the final step in
linguistic and speech processing preceding overt speech production (Caruso, Gracco, & Abbs, 1987; Forster & Webster, 2001;
Ludlow & Loucks, 2004; Max, Guenther, Gracco, Ghosh, & Wallace, 2004). While stuttering does not seem to be directly
related to apparent higher order cognitive or linguistic difficulties, there are numerous theories, models (see Bloodstein,
2002, 2006; Karniol, 1995; Ratner, 1995) and investigations that point to a relationship between language processing and
stuttering (Smith, Goffman, Sasisekaran, & Weber-Fox, 2012; Smith, Sadagopan, Walsh, & Weber-Fox, 2010; Spencer,
Packman, Onslow, & Ferguson, 2005; but see Nippold (2012) for opposing view). For example, stuttering is more likely to
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occur on initial sounds and words (Brown, 1945; Wingate, 1982), consonants (Taylor, 1966), unfamiliar words (Hubbard &
Prins, 1994), and during longer utterances (Robb, Sargent, & O’Beirne, 2009).

The loci of stuttering do not appear to be consistent across development. With age, there is a shift from stuttering more on
function words to content words (Au-Yeung, Gomez, & Howell, 2003; however, see Buhr and Zebrowski, 2009; Howell,
Au-Yeung, & Sackin, 1999; Rommel, 2001). Research suggests a link between linguistic development, cognitive capacity, and
stuttering frequency; children who stutter (CWS) exhibit higher rates of disfluencies with increasing utterance length
(Sawyer, Chon, & Ambrose, 2008; Zackheim & Conture, 2003). The interaction between factors such as length of utterance,
and grammatical and syntactic complexity may be salient particularly during early speech development in CWS (Logan &
Conture, 1995; Ratner & Sih, 1987; Watson, Byrd, & Carlo, 2011; Weiss & Zebrowski, 1992; Yaruss, 1999).

Some studies have hinted at weaker language abilities in CWS relative to children who do not stutter (CWNS). At similar
developmental stages, CWS, particularly those with persistent stuttering, tend to have lower scores � although still within
the norm – on standardized expressive and receptive assessments compared to CWNS and children who recovered from
stuttering (Anderson & Conture, 2000; Coulter et al., 2009; Yairi, Ambrose, Paden, & Throneburg, 1996). However, other
studies have reported average or above-average language skills in CWS. Watkins, Yairi and Ambrose (1999) reported
expressive language skills that were above developmental expectations for CWS with earlier stuttering onset relative to
those with later stuttering onset. Additionally, children who recovered from stuttering performed better than children with
persistent stuttering on all language measures.

Language deficits that may exist in CWS may be more conspicuous in some domains compared to others, with some
studies reporting poorer expressive than receptive language skills in CWS (Byrd & Cooper, 1989; Ntourou, Conture, & Lipsey,
2011; Ryan, 1992), a pattern that is opposite to the developmental trend reported in CWNS (Ryan, 1992). These language
deficits may also extend to lexical skills (see Hall, 2004; for review). Similar to adults who stutter, CWS display poorer lexical
ability, including reduced lexical diversity, relative to CWNS (Anderson & Conture, 2000; Newman & Bernstein Ratner, 2007;
Silverman & Bernstein Ratner, 2002; Wagovich & Bernstein Ratner, 2007). Children who stutter showed slower speech
reaction times during picture naming tasks relative to CWNS even when semantically primed (Pellowski & Conture, 2005).
Relative to CWNS, CWS also show greater syntactic priming effects (that is, greater difference between primed and
non-primed conditions) (Anderson & Conture, 2004) and greater frequency of stuttering with increasing syntactic
complexity (Kadi-Hanifi & Howell, 1992). Taken together, these findings suggest a speech motor system in CWS that may be
more vulnerable to breakdown with increased language processing demands.

1.1. Studies examining dissociations among speech, motor, and linguistic domains in children who stutter

One explanation for stuttering in early development is related to the notion of dissociations across multiple linguistic
domains (Bates, Appelbaum, Salcedo, Saygin, & Pizzamiglio, 2003). Dissociations may appear as uneven abilities in disparate
tasks. In CWS, dissociations or imbalances in the speech language system may prompt greater allocation of resources in
reconciling these mismatches, and subsequently, result in fewer resources available for fluent speech (Anderson et al., 2005;
Coulter et al., 2009). Evidence for these imbalances has been reported by a number of studies (Anderson et al., 2005; Coulter
et al., 2009).

In a study of 20CWS between 3 and 5 years and their matched controls, Anderson and Conture (2000) reported greater
incongruity between receptive/expressive skills and receptive vocabulary in CWS compared to CWNS, although no
correlation was found between the magnitude of dissociation and stuttering frequency. In a subsequent study of similarly
aged CWS (n = 45) and their matched peers (n = 45), Anderson et al. (2005) found greater likelihood of dissociations across
several speech language domains (e.g., vocabulary, oral communication, comprehension) in CWS relative to CWNS. A
replication of this study by Coulter et al. (2009) with 85CWS and their matched controls (n = 85) reported similar findings;
CWS were more likely to exhibit dissociations involving receptive language and sound development skills relative to CWNS.
It is essential to note that in both studies, some CWS did not present dissociations, while a small number of CWNS were found
to exhibit dissociations, prompting the speculation that there may be subtypes in stuttering, and that incongruities in the
speech language domain may not be the primary component in the manifestation of the disorder.

In their study, Anderson et al. (2005) found children with dissociations had lower receptive language skills compared to
those without dissociations. However, Anderson et al. did not find any differences in the stuttering duration (time since
stuttering onset) between CWS with and without dissociations, which in part may be related to the narrow range of ages (3 to
5 years) in their sample, a period when the trajectory of stuttering persistence versus recovery may not yet have been
established. Accordingly, a longitudinal study that tracks the pattern of dissociation across a larger age range encompassing
older age groups may uncover subtypes that are associated with persistence versus recovery from stuttering.

The idea that both language and motor components might be affected in stuttering (Peters & Starkweather, 1990; Van
Riper, 1982), has prompted a number of studies to extend their evaluations beyond incongruities in the linguistic domain in
CWS. A recent study by Hollister, Alpermann, & Zebrowski (2012) reported dissociations within the motor domains,
specifically in speech motor articulation (diadochokinesis [DDK]) and speech rate for CWS (n = 45) between 4 and 7 years
compared to CWNS (n = 29). In addition, CWS with dissociations between expressive language and speech-motor abilities (as
measured by DDK rate) exhibited more stuttering-like disfluencies (SLD). In another study examining sentence repetition
performance in CWS between 4 and 6 years, MacPherson and Smith (2013) reported greater variability in lip aperture
movement (a reflection of upper lip, lower lip, and jaw movement coordination as a function of time) for longer sentences
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than for shorter sentences. Even during syntactically simple sentences, CWS exhibited greater movement variability
compared to CWNS. Smith et al. (2012) further found higher variability in lip aperture movement coordination for CWS
relative to CWNS, even for non-word repetitions.

While some studies have found evidence of diminished performance in speech repetition tasks for CWS compared to
CWNS (Hakim & Bernstein Ratner, 2004; Smith et al., 2012), others have not. An earlier study by Caruso, Conture, and Colton
(1988), which required children to embed a word into a carrier phrase, did not find any differences between CWS and CWNS
in the temporal sequence of the respiratory, laryngeal and supralaryngeal speech components, although CWS exhibited
earlier onsets in each of these physiological events. These findings may suggest: first, the speech motor system of CWS may
be more susceptible to breakdown than CWNS; second, some components of the speech motor system may be more
vulnerable than others in the face of increasing processing demands; and third, deficits in the speech motor system in CWS
may not be evident in the absence of overwhelming linguistic demands. The demands and capacities model of stuttering
proposes that disfluencies result from mismatches between the capacity and demands for fluent speech in one or more areas
of development (Adams, 1990; Starkweather & Gottwald, 1990); it is plausible that these mismatches may encompass both
linguistic and motor domains.

Overall, these observations support the idea that stuttering is a dynamic, multifactorial disorder (Smith & Kelly, 1997),
and incongruities that may be present in one developmental domain may interact with another in the manifestation of the
disorder. While stuttering may not result from a language delay or disorder (Nippold, 2012), the capacity to produce fluent
speech may be affected to a significant extent by language and/or other cognitive processing demands in CWS. In addition to
linguistic ability, the capacity to produce fluent speech may be supported by cognitive, motoric or emotional components
(Adams,1990). Recent neuroimaging research examining CWS offer glimpses into some of these components that may affect
the capacity for fluent speech (Beal et al., 2011; Chang & Zhu, 2013; Weber-Fox, Spruill, Spencer, & Smith, 2008).

1.2. White matter neuroanatomical development associated with cognitive and speech-language functions

In the healthy pediatric population, subtle changes in white matter structure are reported to coincide with cognitive
development and function (see Craik & Bialystok, 2006 for review; Dubois et al., 2015; Skeide, Brauer, & Friederici, 2015).
Cognitive functions that are dependent on widely distributed neural networks, such as executive control, show stronger
correlations with white matter integrity (Gunning-Dixon & Raz, 2000; Schmithorst, Wilke, Dardzinski, & Holland, 2005).
Fractional anisotropy (FA), a measure derived from Diffusion Tensor Imaging (DTI), reflects white matter integrity and has
been shown to correlate with cognitive measures. Increased FA in the bilateral frontal and occipital-parietal regions,
including the arcuate fasciculus (AF) and corpus callosum have been shown to be associated with increased IQ in both
children and adults (Schmithorst et al., 2005; Clayden et al., 2011). Correlations between FA and cognitive function may be
sex-specific. Dunst, Benedek, Koschutnig, Jauk, and Neubauer (2014) found a correlation between FA in the corpus callosum
and general intelligence in adult males but not in females. In older children and adolescents, higher FA values in the bilateral
frontal and temporal lobes may be linked to better working memory capacity, as well as better reading ability and
comprehension (Horowitz-Kraus, Wang, Plante, & Holland, 2014; Nagy, Westerberg, & Klingberg, 2004).

Language skills have also been linked to white matter maturation. In a study of more than 100 typically developing
children, Pujol et al. (2006) reported vocabulary spurts that coincided with the end of peak white matter myelination in
language-relevant regions, which occurred at ages 18–24 months. Notably, this study also reported concurrent white matter
maturation in the frontal and temporal regions. Other studies have also demonstrated a link between linguistic ability and
white matter structure. In a study of young adults, Gold, Powell, Xuan, Jiang, & Hardy (2007) found that FA values in two
language relevant regions – left frontal and parietal cortices – were correlated with faster lexical processing.

A number of neurodevelopmental disorders including dyslexia, Tourette’s Syndrome, attention deficit hyperactivity
disorder (ADHD) and autism have been associated with white matter anomalies. Reading deficits in dyslexia may involve
reduced FA in the frontoparietal regions (e.g., IFG, supramarginal gyrus) (Richards et al., 2008; Rimrodt, Peterson, Denckla,
Kaufmann, & Cutting, 2010), which also exhibit aberrant activity during reading in affected children and adults (Grande,
Meffert, Huber, Amunts, & Heim, 2011; Richlan et al., 2010). While left hemisphere regions exhibited reduced FA in dyslexia,
FA values were increased in the right hemisphere including the putamen and superior temporal gyrus (STG) (Rimrodt et al.,
2010). Increased FA in the right hemisphere parallels greater right hemisphere activation documented in fMRI studies, and
may possibly reflect compensation for left hemisphere deficiencies (Pugh et al., 2000). Lower FA values in the SLF – a major
white matter tract that interconnects speech-language relevant frontal motor and temporoparietal regions – have been
found in children and adolescents with ADHD (Hamilton et al., 2008), who are reported to be at higher risk for language
problems (42% of girls and 40% of boys with ADHD) relative to typically developing children (17%) (Sciberras et al., 2014).

White matter neuroanatomical differences have also been reported in CWS. A recent study found that relative to CWNS,
CWS show reduced FA in white matter tracts connecting auditory and motor regions, corpus callosum, and tracts connecting
cortical and subcortical regions; specifically, these included the left SLF, left IFG, left (pre) motor regions, and left
pSTG/middle temporal gyrus (Chang, Zhu, Choo, & Angstadt, 2015). Similar to dyslexia (Marino et al., 2014), CWS showed
lower FA values primarily in the left hemisphere. Although attenuated FA values in CWS were also observed in the right
hemisphere, group differences here were much smaller than that found in the left hemisphere. An earlier study by Chang
et al. (2008) also reported decreased FA in CWS in the left SLF underlying the rolandic operculum. These white matter
differences may be associated with reduced capacity for rapid, efficient neural transmission among widely distributed



32 A.L. Choo et al. / Journal of Communication Disorders 61 (2016) 29–47
networks including the left dorsal auditory-motor network that supports fluent speech production. Although scant in
numbers, studies examining FA, and gray and white matter structural differences in CWS relative to CWNS provide strong
evidence of potential neuroanatomical anomalies affecting regions that support efficient auditory-motor integration and
speech motor control in stuttering. Such anomalies may be associated with expression of the disorder (Beal, Gracco,
Brettschneider, Kroll, & De Nil, 2013; Choo, Chang, Zengin-Bolatkale, Ambrose, & Loucks, 2012).

1.3. The current study and hypotheses

In this study, we examined cognitive, language, speech, motor, and neuroanatomical measures in CWS and similarly-aged
CWNS to ascertain whether group differences are present in language performance in general, and in the number of
dissociations among speech-language, cognitive and motor domains that may coincide with neuroanatomical differences
previously reported in CWS. The present study replicates and extends earlier investigations by Anderson and Conture (2000),
Anderson et al. (2005), and Coulter et al. (2009); in addition to standardized tests administered by these studies, we included
cognitive and motor non-speech tasks (see Section 2.2.1 Speech, Language, Cognitive, and Motor Skills Evaluation below), and
measures reflecting white matter coherence (FA) in the left dorsal auditory-motor areas using DTI. We also included sex
comparisons in a wider age range (3 to 10 years) compared to previous studies. Based on previous findings, we expected that
CWS would exhibit weaker language performance, and would be more likely to exhibit dissociations among speech,
language, cognitive and motor domains compared to CWNS. Given that boys are more likely to exhibit persistent stuttering
than girls, we further hypothesized that higher rates of dissociations would be observed in boys who stutter relative to girls
who stutter. Further, we predicted dissociations in CWS would coincide with aberrant neuroanatomical development in the
left dorsal tracts that interconnect auditory and motor areas supporting fluent speech processing.

2. Methods

2.1. Participants

Participants were 66 children who stutter (CWS: 43 M, 23 F; mean age [years] = 5.55, SD = 2.02) and 53 fluent controls
(CWNS: 27 M, 26 F; mean age = 5.99, SD = 2.00) ranging from 3 to 10 years of age (Table 1). Most children were strongly right-
handed (51CWS, 47CWNS). The groups included nine who were left-handed (6CWS, 3CWNS), and nine ambidextrous (7CWS,
2CWNS) as assessed by the Edinburgh Handedness Inventory (Oldfield, 1971). Handedness of two CWS and one CWNS could
not be determined. CWS and CWNS did not differ in chronological age, handedness, or socioeconomic status (SES) based on

Table 1
Participant demographics information for children who stutter (CWS) and children who do not stutter (CWNS) including the information for males and
females within each group. Z scores, standard deviations of the mean (in parentheses) for each measure are shown. Italicized values indicate within group
differences between males and females, bolded values indicate group differences between CWS and CWNS, ***p < 0.001, **p < 0.010, *p < 0.050.

Measure CWS CWNS

Male Female Group Male Female Group

Child’s age (yrs) 5.17 (1.74) 6.27 (2.29) 5.55 (2.02) 5.77 (1.93) 6.22 (2.05) 5.99 (2.00)
Edinburgh Handedness Quotient 66.51 (47.08) 51.77 (64.00) 61.21 (54.24) 68.66 (45.40) 78.76 (31.27) 73.71 (39.31)
Mother’s Education 6.00 (2.61)** 6.59 (1.54)** 6.24 (2.43) 6.22 (2.29) 6.50 (2.42) 6.36 (2.36)
PPVT-4 0.61 (0.86) 0.72 (0.90) 0.65 (0.87)*** 1.22 (0.96) 1.15 (0.80) 1.18 (0.88)***

EVT-2 0.49 (0.85) 0.38 (0.63) 0.45 (0.78)*** 0.97 (0.89) 1.23 (1.02) 1.09 (0.96)***

GFTA-2 0.35 (0.81) 0.28 (0.56) 0.33 (0.73) 0.42 (0.55) 0.27 (0.66) 0.35 (0.61)
Receptive Language Quotient �0.40 (0.70)* 0.10 (0.81)* �0.23 (0.78)*** 0.32 (0.78) 0.67 (0.70) 0.50 (0.76)***

FSIQ 0.12 (0.85) 0.53 (0.92) 0.27 (0.89)*** 0.88 (0.94) 1.05 (0.88) 0.96 (0.91)***

VIQ 0.22 (0.82) 0.53 (1.06) 0.33 (0.93)*** 1.00 (0.89) 1.18 (1.04) 1.09 (0.97)***

PIQ 0.20 (0.84) 0.42 (0.84) 0.28 (0.85)** 0.75 (1.11) 0.78 (0.87) 0.76 (1.00)**

PPT-D �0.95 (1.15) �0.93 (0.75) �0.94 (1.03)* �0.39 (1.14) �0.54 (1.14) �0.46 (1.14)*

PPT-ND �0.72 (0.90) �0.67 (0.99) �0.70 (0.93) �0.52 (1.01) �0.22 (1.01) �0.37 (1.02)
PPT-B �0.87 (1.20)* �0.48 (0.74)* �0.73 (1.07)** 0.07 (1.06) �0.25 (1.06) �0.09 (1.07)**

L IFG (FA value) �0.54 (0.76)* �0.28 (0.56)* �0.43 (0.70)*** 0.43 (0.88) 0.36 (0.75) 0.40 (0.82)***

L BA6 (FA value) �0.26 (0.70) �0.61 (0.98) �0.41 (0.82)*** 0.12 (0.70)* 0.64 (0.56)* 0.38 (0.67)***

L 4p (FA value) �0.47 (0.71) �0.29 (0.71) �0.39 (0.71)** 0.34 (0.90) 0.39 (0.72) 0.36 (0.82)**

L STG (FA value) �0.53 (0.77) �0.04 (0.91) �0.32 (0.83)** 0.22 (0.74) 0.36 (0.64) 0.29 (0.70)**

Percent of SLD 7.46 (5.38) 4.78 (4.39) 6.51 (5.21)*** 1.30 (0.89)* 0.72 (0.70)* 1.01 (0.85)***

Percent of OD 5.15 (2.26) 5.85 (2.90) 5.40 (2.53) 5.59 (2.15)** 3.81 (1.98)** 4.70 (2.25)
SSI-4 21.74 (8.12) 18.55 (5.02) 20.64 (7.36) N/A N/A N/A

EVT = Expressive Vocabulary Test (2nd ed.), FA = fractional anisotropy, FSIQ = Full Scale Intelligence Quotient, GFTA = Goldman-Fristoe Test of Articulation
(2nd ed.), IFG = inferior frontal gyrus, PIQ = Performance Intelligence Quotient, PPT-B = Purdue Pegboard Test � bimanual, PPT-D = Purdue Pegboard Test �
dominant hand, PPT-ND = Purdue Pegboard Test � nondominant hand, PPVT = Peabody Picture Vocabulary Test (4th ed), RL = receptive language,
SLD = stuttering like disfluency, SSI = stuttering severity instrument, STG = superior temporal gyrus, VIQ = Verbal Intelligence Quotient.
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mother’s education level (Hollingshead, 1975). The children were recruited through the Speech Neurophysiology Lab at
Michigan State University as part of a longitudinal study examining neurodevelopmental correlates of stuttering.

All children underwent careful screening to ensure normal speech and language development and typical developmental
history except for the presence of stuttering in the CWS group. All participants were monolingual speakers of North
American English, with normal hearing, without concomitant developmental disorders such as dyslexia, ADHD, learning
delay, or other confirmed developmental or psychiatric conditions and were not taking any medication affecting the central
nervous system. All research procedures were approved by the Michigan State University Institutional Review Board, and
both child and parents gave verbal assent and signed informed consents. All participants were given nominal remuneration
and small rewards (e.g., stickers) for participation.

2.2. Procedure

2.2.1. Speech, language, cognitive, and motor skills evaluation
A battery of standardized speech language, cognitive, and motor skills tests were administered to all participants. These

consisted of the Peabody Picture Vocabulary Test (PPVT-4; Dunn & Dunn, 1997), Expressive Vocabulary Test (EVT-2;
Williams, 2007), Goldman-Fristoe Test of Articulation (GFTA-2; Goldman & Fristoe, 2000), and subtests of Fluharty Preschool
Speech and Language Screening Test (Fluharty-2; Fluharty, 2000), Test of Language Development, (TOLD-P:3, I-4; Newcomer
& Hamill, 1997), Test for Auditory Comprehension of Language, (TACL-3; Carrow-Woolfolk, 1999), Wechsler Preschool and
Primary Scale of Intelligence (WPPSI-III; for children 2:6 to 7:3; Wechsler, 2002), Wechsler Abbreviated Scale of Intelligence
(WASI; for children aged 7 and up; Wechsler, 1999) and the Purdue Pegboard Test (PPT; Tiffin, 1968).

Each child provided spontaneous speech samples including a conversation with a certified speech-language pathologist,
and a story-telling monologue elicited with the wordless pictures book “Frog, where are you?” (Mayer, 1969). Children’s
interactions and speech samples were video recorded and transcribed by trained research assistants. Speech samples were
also analyzed for stuttering-like disfluencies (SLD), other-disfluencies (OD), and physical concomitants based on the
Stuttering Severity Instrument (SSI-4; Riley, 2009). These disfluency measures were based on the full speech samples (at
least 10 min in length) collected during the conversation and narrative tasks. To determine measurement reliability of the SSI
ratings, an intra-class correlation (ICC) coefficient was calculated based on two judges’ ratings of SSI from about 40% of
randomly selected children’s speech samples; the ICC of 0.98 for overall SSI measurements indicated high reliability. The
number of SLDs and ODs were also determined for CWNS but no composite stuttering severity rating was calculated for this
group.

2.2.2. MRI data acquisition
The MRI scans were acquired on a GE 3T Signa1 HDx MR scanner (GE Healthcare) with an 8-channel head coil. The DTI

data were acquired with a dual spin-echo-planar imaging sequence for 12 min and 6 s with the following parameters:
48 contiguous 2.4 mm axial slices in 65 an interleaved order, field of view = 22 cm � 22 cm, matrix size = 128 � 128, number of
excitations (NEX) = 2, echo time = 77.5 ms, repetition time = 13.7 s, 25 diffusion-weighted volumes (one per gradient
direction) with b = 1000 s/mm2, one volume with b = 0 and parallel imaging acceleration factor = 2. DTI was acquired as part
of an existing study protocol that also included structural (IRFSPGR) and resting state fMRI data acquisition (Chang & Zhu,
2013). A staff member sat inside the scanner room next to the child at all times to monitor the child’s comfort and to ensure
cooperation during scanning. During acquisition of DTI scans, children viewed a movie to help them remain still.

2.3. Analyses

2.3.1. Data analysis
Multivariate analysis of covariance (MANCOVA) was used to analyze the effects of group and sex on speech-language,

intelligence and motor task performance measures (PPVT-4, EVT-2, GFTA-2, receptive language [RL], FSIQ, and PPT-bimanual
[PPT-B]); chronological age and mother’s level of education were entered as covariates. Bivariate correlation coefficients
were calculated to examine relationships among speech-language (PPVT-4, EVT-2, RL, GFTA-2), intelligence (FSIQ, VIQ, PIQ),
motor (PPT), fractional anisotropy (FA), and disfluency measures (SSI score, %SLD). Receptive language scores were
determined from select subtests from one of the following tests, depending on child’s age at time of testing: the Repeating
Sentences and Following Directives and Answering Questions subtests in the Fluharty-2 administered to 3–6:11 year-old
children, which yielded a “Receptive Language Quotient”; Grammatic Understanding, Sentence Imitation and Grammatic
Completion subtests in the TOLD-P:3 administered to 4–8:11 year-old children that yielded a “Syntax Quotient”; the
Sentence Combining, Word Ordering and Morphological Comprehension subtests in the TOLD-I:4 administered to 9 year-old
children and older, providing a “Receptive Language Quotient”; and the Grammatical Morphemes subtest in TACL-3
administered to 4–8:11 year-old children. Considering no one “receptive language” test could encompass the wide range of
age of the children tested in this study, we utilized the above method to obtain at least one measure of receptive language
from subtests within these standardized language tests to gauge the level of syntax development in each child.

To identify dissociations among the measures examined, we replicated the methods published by Anderson et al. (2005)
and Coulter et al. (2009). Dissociation points were identified based on density ellipses representing extent of data, center of
mass, linear fit, and correlation between two measures. Dissociations were defined as those scores that fell outside of the
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density ellipse in the space occupied by 95% of the population, and were required to also exhibit a one standard deviation
difference between the two measures (Anderson et al., 2005; Sall, Creighton, & Lehman, 2004). The DTI-based measure of FA
was previously reported in Chang et al. (2015). Here, we extracted the average FA values from regions of interest, which
consisted of the IFG, 4p, BA6, and pSTG in the left hemisphere from each child’s DTI data. These values were entered into a
bivariate correlation analysis with the speech, language, cognitive and motor measures. Standard scores were converted to
z-scores, and analyses were limited to scores falling between �2SD and +3SD, which was applied to all measures but the PPT,
%SLD and SSI scores. Information was not available on some measures for some participants; for each planned analysis only
participants where all measures were available were included.

3. Results

Overall, CWS scored significantly lower across most speech, language, intelligence and motor measures, as well as in FA
values in ROIs examined relative to CWNS (Fig. 1). In addition, across most domains, CWS were more likely than CWNS to
meet the criteria for dissociation and fall outside the density ellipses; this trend was also more prominent in boys than girls
for both groups. These results are discussed in detail below.

3.1. CWS versus CWNS: between-group comparisons of measures across speech-language, cognitive, motor and neuroanatomical
domains

Between-group multivariate analysis (Bonferroni correction, p = .008) found significantly decreased performance in CWS
relative to CWNS on the PPVT (F [1,83] = 8.380, p = .005), EVT (F [1,83] = 13.710, p < .001), and receptive language
(F [1,83] = 11.703, p = .001) (Fig. 1). As was reported in Chang et al. (2015), when FA scores were included in the analysis, CWS
showed significantly lower FA value in the left IFG in relative to CWNS (Bonferroni correction, p = .005; F [1,53] = 10.340,
p = .002).

Closer inspection of the data suggested left-handed children represented a greater proportion of outliers and
dissociations cases relative to their numbers in the sample population. Together, left-handed CWS and left-handed CWNS
represented about 7.6% (n = 9) of the experimental sample population but made up about 23% of the outliers (n = 103) and
17.3% (n = 53) of the dissociation cases. Left-handed CWS constituted about 19.7% (n = 88) of the outliers and 14% (n = 43) of
the dissociation cases. In view of the relationship between the degree of handedness and hemispheric dominance for
language (Knecht et al., 2000), and cerebral asymmetry of white matter distribution in language relevant regions and
language ability during neurodevelopment (O’Muircheartaigh et al., 2013), an analysis limited to only right-handed
participants was performed. The between group results held up when analysis was limited to only right-handed subjects,
with the exception of FA value in the left IFG which neared significance (F [1,46] = 8.085, p = .007).

Fig.1. Group differences in behavioral assessment scores and white matter integrity measures. Bars represent average z-scores for each measure � standard
error. Asterisks denote statistically significant differences between children who stutter and children who do not stutter; ***p < 0.001, **p < 0.010,

*p < 0.050.
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3.2. Differences in dissociations rates across groups

Due to the non-normal distribution of the data, nonparametric analyses were used to compare the number of
dissociations across groups. We entered the total number of dissociations occurring across the domains from each child as
the dependent variable, and group (CWS versus CWNS) as the independent variable. The Mann Whitney U test revealed a
higher number of dissociations across the behavioral (speech-language, cognitive and motor) and white matter structural
(FA) domains for children who stutter (mean = 3.33, SD = 4.484) compared to children who do not stutter (mean = 1.72,
SD = 3.336) (U = 2236.500, p = 0.005).

Both CWS (r = .702, p < .001) and CWNS (r = .728, p < .001) showed a strong positive correlation between the PPVT and EVT
scores. This correlation was also found when the analysis was restricted to only right-handed subjects (CWS: r = .676,
p = .000; CWNS: r = .663, p = .000). Four CWS (6.1%, one left-handed [LH]) and two CWNS (3.8%) fell outside the density
ellipsis; of these, only one CWS (1.5%) and one CWNS (1.9%) met the criteria for dissociation (Fig. 2). Both groups showed a
positive correlation between expressive language (EVT) and articulation (GFTA) scores, albeit slightly weaker in CWS
(r = .277, p = .027) compared to CWNS (r = .341, p = .016). Analysis of only right-handed subjects showed consistent results
(CWS: r = .341, p = 0.019; CWNS: r = .465, p = .002). Five CWS (7.6%, three LH) and two CWNS (3.8%, both LH) fell outside the
ellipsis and met the criteria for exhibited dissociation (Table 2). Results for the bivariate analysis on speech, language, IQ and
speech motor measures are shown in Table 2, and results for non-speech motor measures are displayed in Table 3.

While there was a moderate positive correlation between receptive language and FA in the auditory region (left pSTG) in
CWS (r = .377, p = .031), no such correlation was evident in CWNS (r = .073, p = .658). An analysis of only right-handed
participants showed a similar pattern (CWS: r = .402, p = .042, CWNS: r = .048, p = .785). Six CWS (9.1%, one LH) fell outside the

Fig. 2. Correlation between expressive (EVT) and receptive (PPVT) vocabulary test scores (converted to Z scores) for boys and girls who stutter (CWS-M and
CWS-F, respectively) and control boys and girls (CWNS-M and CWNS-F, respectively). The density ellipsis is delineated in red and is based on space occupied

by 95% of fluent controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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ellipsis; of these three (4.5%) met the criteria for dissociation; one CWNS (1.9%) fell outside the ellipsis but none met the
criteria for dissociation. Results for the bivariate analysis on white matter (FA) measures are displayed in Table 4.

Children who stutter showed correlations between age and some language measures that were not found for CWNS.
There were negative correlations between PPVT and age for CWS (r = �0.383, p = .002) but not for CWNS (r = �0.117, p = .410),
and between EVT and age for CWS (r = �0.441, p = .000) but not for CWNS (r = �0.147, p = .313). Further, CWS showed a
positive correlation between receptive language and age (r = .294, p = .019) that was absent for CWNS (r = .184, p = .197).

3.3. Sex differences in dissociation rates

Boys in both groups showed a positive correlation between expressive (EVT) and receptive language scores (CWS r = .342,
p = .029; CWNS: r = .587, p = .002); no such correlations were evident for girls in either group (CWS: r = .119, p = .599; CWNS:
r = .256, p = .249). An analysis of right-handed only subjects did not find a correlation between EVT and receptive language in
boys who stutter (r = .287, p = .111) although the positive correlation remained for CWNS-boys (r = .588, p = .005). No
correlations were found for right-handed girls in both groups (CWS: r = �0.050, p = .850; CWNS: r = .271, p = .235). Six boys who
stutter (14.0%, two LH) fell outside the density ellipsis; of these four (9.3%) met the criteria for dissociation. Two girls who
stutter (8.7%) fell outside the density ellipsis and met the criteria for dissociation. No CWNS fell outside the ellipsis.
Dissociation rates between sexes for speech-language, cognitive and motor measures are displayed in Supplementary Table 1.

Boys (r = �0.550, p = .015) but not girls who stutter (r = �0.469, p = .078) nor CWNS of either sex (r = �0.164, p = .346)
displayed a negative correlation between FA value in the left pSTG and expressive vocabulary (EVT). Analysis of only right-
handed subjects found negative correlations between the left pSTG and EVT for both boys who stutter (r = �0.525, p = .044)
and girls who stutter (r = �0.594, p = .042) but not for CWNS boys (r = �0.230, p = .391) or CWNS girls (r = �0.186, p = .506).
Four boys (9.3%, one LH) and one girl (4.3%) who stutter fell outside the ellipse and all of these (one LH) met the criteria for

Table 2
Results of the bivariate correlations between speech-language and cognitive domains in children who do (CWS) and do not stutter (CWNS). The
Table displays the r values, number of participants included in each analysis, number of dissociations, number of outliers, and dissociation patterns.

Speech-language-cognitive
domains

Associations (r
values)

Number of cases Number of
dissociations

Number of
outliers

Dissociation pattern

CWSa CWNSa CWSa CWNSa CWSa CWNSa CWSa CWNSa CWSb CWNSb

Vocabulary
PPVT vs EVT 0.702*** 0.728*** 64 (42) 49 (27) 1 (1) 1 (0) 4 (2) 2 (1) PPVT < EVT (1) PPVT < EVT (1)
Articulation and vocabulary
PPVT vs GFTA 0.154 0.378** 63 (41) 52 (27) 5 (4) 3 (2) 5 (4) 3 (2) PPVT < GFTA

(4)
PPVT > GFTA
(2)

EVT vs GFTA 0.277* 0.341* 64 (41) 49 (27) 5 (5) 2 (1) 5 (5) 2 (1) EVT < GFTA (4) EVT > GFTA (2)
Vocabulary and language
PPVT vs RL 0.178 0.409** 62 (41) 50 (25) 5 (4) 1 (0) 6 (5) 1 (0) PPVT > RL (4) PPVT < RL (1)
EVT vs RL 0.234 0.438** 63 (41) 47 (25) 6 (4) 0 8 (6) 0 EVT > RL (4) –

Articulation and language
GFTA vs RL �0.065 �0.026 62 (40) 51 (25) 5 (5) 2 (1) 5 (5) 3 (1) GFTA > RL (4) GFTA < RL (2)
Vocabulary and IQ
PPVT vs PIQ 0.369** 0.395** 55 (35) 47 (24) 1 (1) 0 4 (2) 0 PPVT > PIQ (1) –

PPVT vs VIQ 0.645*** 0.576*** 57 (37) 47 (25) 3 (1) 0 5 (2) 0 PPVT > VIQ (2) –

PPVT vs FSIQ 0.614*** 0.499*** 57 (37) 48 (25) 1 (1) 1 (1) 5 (3) 1 (1) PPVT > FSIQ (1) PPVT < FSIQ
(1)

EVT vs PIQ 0.388** 0.426** 56 (35) 45 (24) 0 1 (0) 1 (1) 1 (0) – EVT < PIQ (1)
EVT vs VIQ 0.616*** 0.529*** 58 (37) 46 (25) 1 (0) 0 3 (2) 0 EVT > VIQ (1) –

EVT vs FSIQ 0.585*** 0.525*** 58 (37) 46 (25) 0 0 2 (2) 0 – –

Articulation and IQ
GFTA vs PIQ �0.059 0.232 56 (35) 48 (24) 3 (2) 3 (2) 3 (2) 3 (2) GFTA > PIQ (2) GFTA < PIQ (2)
GFTA vs VIQ 0.001 0.288* 58 (37) 48 (25) 7 (6) 3 (2) 7 (6) 3 (2) GFTA > VIQ (5) GFTA <VIQ (2)
GFTA vs FSIQ �0.015 0.244 58 (37) 49 (25) 4 (4) 3 (2) 4 (4) 3 (2) GFTA > FSIQ (3) GFTA < FSIQ

(2)
Language and IQ
RL vs PIQ 0.429** 0.448** 55 (35) 48 (24) 4 (3) 1 (1) 5 (4) 1 (1) RL < PIQ (4) RL < PIQ (1)
RL vs VIQ 0.388** 0.455** 57 (37) 48 (25) 3 (2) 1 (0) 6 (4) 1 (0) RL <VIQ (3) RL > VIQ (1)
RL vs FSIQ 0.480*** 0.535*** 57 (37) 49 (25) 4 (3) 2 (1) 6 (5) 2 (1) RL < FSIQ (4) RL > FSIQ (1)
IQ
PIQ vs VIQ 0.468*** 0.446** 56 (35) 47 (24) 0 0 3 (2) 0 – –

Total – – 1116
(717)

914
(476)

58 (46) 24 (13) 87 (66) 26 (14) – –

Asterisk denotes significant results, ***p < 0.001, **p < 0.010, *p < 0.050; a values in parentheses denote males, b number of dissociation cases following the
overall dissociation pattern, EVT = Expressive Vocabulary Test (2nd ed.), FSIQ = Full Scale Intelligence Quotient, GFTA = Goldman-Fristoe Test of Articulation
(2nd ed.), IFG = inferior frontal gyrus, PIQ = Performance Intelligence Quotient, PPT-B = Purdue Pegboard Test - bimanual, PPT-D = Purdue Pegboard Test -
dominant hand, PPT-ND = Purdue Pegboard Test - nondominant hand, PPVT = Peabody Picture Vocabulary Test (4th ed), RL = receptive language, STG =
superior temporal gyrus, VIQ = Verbal Intelligence Quotient.
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dissociation. No CWNS fell outside the ellipsis. Boys who stutter (r = .505, p = .027) showed a positive correlation between FA
value in motor regions, left 4p and left BA6 that was absent in girls who stutter (r = .501, p = .117) and controls (r = �0.128,
p = .433).

Analysis of only right-handed participants did not find correlations between left 4p and left BA6 for boys who stutter
(r = .420, p = .106), girls who stutter (r = .408, p = .276), CWNS-boys (r = �0.250, p = .332) or CWNS-girls (r = �0.032, p = .896).
Four boys who stutter (9.3%) fell outside the density ellipsis; of these two (4.7%) met the criteria for dissociation. Two CWNS-
boys (7.4%) fell outside the ellipsis and met the criteria for dissociation. No girls from either group fell outside the ellipsis.
Dissociation rates for regions of interests and other measures are shown in Supplementary Table 2.

Children who do not stutter showed a positive correlation between FA values in the left pSTG and left 4p (r = .370, p = .020),
but not in boys or girls who stutter (r = .115, p = .275) (Fig. 3). Analysis of only right-handed subjects showed a similar pattern.
Children who do not stutter showed a positive correlation between left pSTG and left 4p (r = .420, p = .012) that was absent in
boys who stutter (r = .296, p = .304) and girls who stutter (r = .123, p = .704). Two boys who stutter (4.7%) fell outside the
ellipsis; of these, one (2.3%) met the criteria for dissociation. Two girls who stutter (8.7%) fell outside the ellipsis and both met
the criteria for dissociation. No CWNS fell outside the ellipsis.

Girls who stutter showed a strong correlation between receptive vocabulary (PPVT) and gross motor skill (PPT-dominant
hand) (r = .635, p = .003) that was absent in boys who stutter (r = .216, p = .205) and CWNS (r = .060, p = .684). This pattern of
correlation was also found when only right-handed participants were analyzed (CWS-girls: r = .717, p = .002; CWS-boys:
r = .139, p = .488; CWNS: r = �0.063, p = .690). Four boys who stutter (9.3%, two LH) fell outside the density ellipsis and met the
criteria for dissociation (two LH). Three girls who stutter (13%) fell outside the density ellipsis; of these, two (8.7%) met the
criteria for dissociation. No CWNS- boys or girls � fell outside the ellipse.

There was also a strong positive correlation between verbal language intelligence (VIQ) and gross motor skill (PPT-
dominant hand) for girls (r = .556, p = .008) but not boys who stutter (r = .246, p = .155) or CWNS of either sex (r = .157, p = .288).
This pattern of correlation was found for right-handed subjects (CWS-girls: r = .513, p = .035, CWS-boys: r = .263, p = .185;
CWNS-boys: r = �0.071, p = .759; CWNS-girls: r = .371, p = .089). Four boys who stutter (9.3%, two LH) fell outside the density
ellipsis; of these three (7%, one LH) met the criteria for dissociation. One girl who stutters (4.3%) fell outside the ellipsis but
did not meet the criteria for dissociation. No CWNS of either sex met the dissociation criteria or fell outside the ellipsis.
Further, analysis of only right-handed subjects found a positive correlation between GFTA and PPT-D for girls who stutter
(r = .597, p =0.011) but not for boys who stutter (r = �0.155, p = .441) or CWNS of either sex (r = .092, p = .552).

Table 3
Results of the bivariate correlations between speech-language and (non) speech motor measures in children who do (CWS) and children who do not stutter
(CWNS). The Table displays the r values, number of cases included in each analysis, number of dissociations and number of outliers, and the dissociation
patterns.

Speech-language-motor
domains

Associations
(r values)

Number of cases Number of
dissociations

Number of
outliers

Dissociation pattern

CWS CWNS CWSa CWNSa CWSa CWNSa CWSa CWNSa CWSb CWNSb

Vocabulary and nonspeech motor
PPVT vs PPT-D 0.315* 0.060 56 (36) 48 (25) 6 (4) 0 7 (4) 0 PPVT > PPT-D (6) –

PPVT vs PPT-ND 0.050 0.263 56 (36) 48 (25) 1 (0) 2 (1) 5 (3) 2 (1) PPVT > PPT-ND (1) PPVT > PPT-ND (1)
PPVT vs PPT-B 0.106 0.138 56 (36) 48 (25) 4 (3) 0 5 (3) 0 PPVT > PPT-B (3) –

EVT vs PPT-D 0.191 0.159 57 (36) 46 (25) 2 (2) 0 2 (2) 0 EVT < PPT-D (1) –

EVT vs PPT-ND 0.057 0.216 57 (36) 46 (25) 2 (1) 0 4 (3) 0 EVT > PPT-ND (1) –

EVT vs PPT-B 0.279* 0.204 57 (36) 46 (25) 2 (2) 1 (0) 2 (2) 1 (0) EVT > PPT-B (2) EVT > PPT-B (1)

Speech and nonspeech motor
GFTA vs PPT-D 0.076 0.019 57 (36) 49 (25) 1 (0) 1 (1) 3 (2) 2 (1) GFTA > PPT-D (1) GFTA < PPT-D (1)
GFTA vs PPT-ND 0.073 0.183 57 (36) 49 (25) 1 (1) 2 (2) 2 (2) 4 (3) GFTA > PPT-ND (1) GFTA > PPT-ND (2)
GFTA vs PPT-B 0.028 0.123 57 (36) 49 (25) 2 (2) 2 (1) 3 (3) 3 (1) GFTA > PPT-B (2) GFTA > PPT-B (1)

Language and nonspeech motor
RL vs PPT-D 0.090 0.041 56 (36) 49 (25) 3 (3) 2 (1) 5 (5) 2 (1) RL < PPT-D (2) RL > PPT-D (2)
RL vs PPT-ND 0.144 0.238 56 (36) 49 (25) 2 (2) 2 (2) 2 (2) 2 (2) RL < PPT-ND (1) RL > PPT-ND (2)
RL vs PPT-B 0.053 0.135 56 (36) 49 (25) 3 (3) 0 3 (3) 0 RL > PPT-B (2) –

Intelligence and nonspeech motor
FSIQ vs PPT-D 0.393* 0.101 56 (35) 49 (25) 2 (2) 0 5 (4) 0 FSIQ > PPT-D (2) –

FSIQ vs PPT-ND 0.219 0.301* 56 (35) 49 (25) 4 (2) 2 (1) 5 (3) 2 (1) FSIQ > PPT-ND (3) FSIQ > PPT-ND (1)
FSIQ vs PPT-B 0.177 0.275 56 (35) 49 (25) 2 (2) 1 (0) 4 (4) 1 (0) FSIQ > PPT-B (2) FSIQ > PPT-B (1)
Total – – 846 (537) 723 (375) 37 (29) 15 (9) 57 (45) 19 (10) – –

Asterisk denotes significant results, * p < 0.050; a values in parentheses denote males, b number of dissociation cases following the overall dissociation
pattern, EVT = Expressive Vocabulary Test (2nd ed.), FSIQ = Full Scale Intelligence Quotient, GFTA = Goldman-Fristoe Test of Articulation (2nd ed.),
IFG = inferior frontal gyrus, PIQ = Performance Intelligence Quotient, PPT-B = Purdue Pegboard Test � bimanual, PPT-D = Purdue Pegboard Test � dominant
hand, PPT-ND = Purdue Pegboard Test � nondominant hand, PPVT = Peabody Picture Vocabulary Test (4th ed), RL = receptive language, STG = superior
temporal gyrus, VIQ = Verbal Intelligence Quotient.



Table 4
Results of the bivariate correlations between white matter (FA values) and speech, language, cognitive, and motor measures in children who do (CWS) and
do not stutter (CWNS). The Table displays the r values, number of cases included in each analysis, number of dissociations, number of outliers, and the
dissociation patterns.

Neuroanatomical and speech language
domains

Associations (r
value)

Number of cases Number of
dissociations

Number of
outliers

Dissociation
pattern

CWS CWNS CWSa CWNSa CWSa CWNSa CWSa CWNSa CWSb CWNSb

Regions of interests
L IFG vs L 4p 0.107 0.217 36 (20) 40 (20) 0 0 3 (3) 0 – –

L IFG vs L BA6 0.077 0.198 31 (20) 40 (20) 0 1 (1) 3 (3) 2 (2) – L IFG > L BA6
(1)

L IFG vs L STG 0.177 0.355* 34 (19) 39 (19) 4 (3) 0 6 (5) 0 L IFG > L STG
(3)

–

L 4p vs L BA6 0.499** �0.128 30 (19) 40 (20) 2 (2) 2 (2) 4 (4) 2 (2) L 4p < L BA6
(1)

L 4p > L BA6
(2)

L 4p vs L STG 0.196 0.370* 33 (18) 39 (19) 3 (1) 0 4 (2) 0 L 4p > L STG
(2)

–

L BA6 vs L STG 0.115 0.075 29 (18) 39 (19) 6 (5) 2 (2) 6 (5) 2 (2) L BA6 > L STG
(4)

L BA6 < L STG
(2)

Left frontal and speech-language
L IFG vs PPVT �0.095 �0.138 36 (21) 39 (20) 3 (1) 0 4 (1) 0 L IFG < PPVT

(2)
–

L IFG vs EVT �0.108 �0.215 37 (21) 36 (20) 1 (0) 0 2 (1) 0 L IFG < EVT
(1)

–

L IFG vs GFTA 0.054 �0.067 37 (21) 40 (20) 0 1 (0) 1 (1) 2 (1) – L IFG > GFTA
(1)

L IFG vs RL 0.048 0.051 36 (21) 40 (20) 2 (1) 0 3 (2) 0 L IFG > RL (1) –

L IFG vs FSIQ �0.105 0.085 37 (21) 39 (20) 1 (1) 0 3 (2) 0 L IFG < FSIQ
(1)

–

L IFG vs PPT-B �0.008 �0.040 36 (20) 39 (20) 3 (3) 0 5 (4) 0 L IFG > PPT-B
(3)

–

Left auditory (pSTG) and speech-language
L STG vs PPVT �0.348* �0.073 33 (19) 38 (19) 5 (3) 0 7 (4) 0 L STG < PPVT

(4)
–

L STG vs EVT �0.525** �0.164 34 (19) 35 (19) 5 (4) 0 5 (4) 0 L STG < EVT
(4)

–

L STG vs GFTA �0.149 0.036 34 (19) 39 (19) 5 (4) 1 (1) 5 (4) 2 (1) L STG < GFTA
(4)

L STG > GFTA
(1)

L STG vs RL 0.377* 0.073 33 (19) 39 (19) 3 (2) 0 6 (4) 1 (1) L STG < RL (3) –

L STG vs FSIQ �0.164 0.048 34 (19) 38 (19) 6 (5) 0 8 (6) 0 L STG < FSIQ
(5)

–

L STG vs PPT-B �0.012 0.214 33 (18) 38 (19) 6 (5) 0 7 (6) 0 L STG < PPT-B
(3)

–

Left motor cortex (4p) and speech-language
L 4p vs PPVT �0.064 0.052 35 (20) 39 (20) 2 (1) 0 3 (1) 0 L 4p < PPVT

(1)
–

L 4p vs EVT 0.123 �0.046 36 (20) 36 (20) 2 (2) 0 3 (3) 0 L 4p < EVT (2) –

L 4p vs GFTA �0.058 �0.031 36 (20) 40 (20) 1 (1) 1 (1) 1 (1) 1 (1) L 4p > GFTA
(1)

L 4p > GFTA
(1)

L 4p vs RL 0.297 0.289 35 (20) 40 (20) 1 (1) 0 2 (2) 1 (1) L 4p > RL (1) –

L 4p vs FSIQ 0.144 0.060 36 (20) 39 (20) 1 (1) 0 3 (2) 0 L 4p < FSIQ (1) –

L 4p vs PPT-B 0.106 �0.064 35 (19) 39 (20) 3 (3) 0 4 (4) 0 L 4p > PPT-B
(2)

–

Left premotor (BA6) and speech-language
L BA6 vs PPVT 0.015 �0.240 31 (20) 39 (20) 3 (2) 2 (2) 4 (3) 2 (2) L BA6 < PPVT

(2)
L BA6 < PPVT
(2)

L BA6 vs EVT 0.137 �0.203 31 (20) 36 (20) 3 (3) 1 (1) 5 (5) 1 (1) L BA6 < EVT
(3)

L BA6 < EVT
(1)

L BA6 vs GFTA �0.026 �0.093 31 (20) 36 (20) 3 (3) 4 (3) 3 (3) 4 (3) L BA6 < GFTA
(2)

L BA6 < GFTA
(2)

L BA6 vs RL 0.109 0.118 31 (20) 40 (20) 3 (3) 2 (2) 4 (4) 2 (2) L BA6 < RL (2) L BA6 < RL (2)
L BA6 vs FSIQ �0.010 �0.166 31 (20) 39 (20) 2 (2) 3 (3) 4 (4) 3 (3) L BA6 < FSIQ

(2)
L BA6 < FSIQ
(3)

L BA6 vs PPT-B 0.214 �0.141 30 (19) 39 (20) 3 (3) 2 (2) 4 (4) 2 (2) L BA6 > PPT-B
(2)

L BA6 < PPT-B
(2)

Total – – 1011
(590)

1159
(591)

82
(65)

22 (20) 122
(97)

27 (24) – –

Asterisk denotes significant results, *** p < 0.001, ** p < 0.010, * p < 0.050; a values in parentheses denote males, b value in parentheses denotes number of
dissociation cases following the overall dissociation pattern, EVT = Expressive Vocabulary Test (2nd ed.), FSIQ = Full Scale Intelligence Quotient,
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There was a strong positive correlation between stuttering severity (SSI) and receptive language for girls (r = .479, p = .032)
but not boys who stutter (r = .256, p = .111) (Fig. 4). Analysis of only right-handed CWS found a similar correlation (CWS-girls:
r = .616, p = .011; CWS-boys: r = .196, p = .291). Boys who stutter showed a strong negative correlation between %SLD and gross
motor skill (PPT-non-dominant hand: r = �0.442, p = .007; PPT-bimanual: r = �0.453, p = .006); no such correlations were
found in girls who stutter (PPT-non-dominant hand: r = �0.002, p = .995; and PPT-bimanual: r = �0.077, p = .741). Analysis of
only-right-handed participants found negative correlations between %SLD and PPT-non-dominant hand for boys who stutter
(r = �0.410, p = .033) but not for girls who stutter (r = �0.051, p = .847). Similarly, analysis of only right-handed participants
found a negative correlation between %SLD and FSIQ for boys (r = �0.444, p = .016) but not girls who stutter (r = .095, p = .717).
No other correlations were found between SSI or %SLD, and other speech, IQ, cognitive, motor or FA measures
(Supplementary Table 3).

4. Discussion

The present study examined whether CWS exhibit incongruent development across speech, language, cognitive and motor
domains, and whether uneven development among these domains is associated with stuttering and atypical neuroanatomical

Fig. 3. Correlation between left superior temporal gyrus (L STG) and left primary motor cortex (L 4p) FA values (converted to Z scores) for boys and girls who
stutter (CWS-M and CWS-F, respectively) and control boys and girls (CWNS-M and CWNS-F, respectively). The density ellipsis is delineated in red and is
based on space occupied by 95% of fluent controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

GFTA = Goldman-Fristoe Test of Articulation (2nd ed.), IFG = inferior frontal gyrus, PIQ = Performance Intelligence Quotient, PPT-B = Purdue Pegboard Test �
bimanual, PPT-D = Purdue Pegboard Test � dominant hand, PPT-ND = Purdue Pegboard Test � non-dominant hand, PPVT = Peabody Picture Vocabulary Test
(4th ed), RL = receptive language, STG = superior temporal gyrus, VIQ = Verbal Intelligence Quotient.
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development. We sought to replicate and extend the dissociation paradigm utilized in previous studies (Anderson & Conture,
2000; Anderson et al., 2005; Coulter et al., 2009; Hollister et al., 2012). Our findings are consistent with previous reports that
showed greater dissociations, as well as generally lower language performance in CWS relative to CWNS. New findings from our
study included a greater number of dissociations for boys who stutter compared to girls who stutter, greater number of
dissociations for left-handed CWS relative to right-handed CWS, and atypical correlations between white matter coherence
measures (FA) in the left dorsal language pathways and speech-language and motor performance measures in CWS.

4.1. Dissociation rates are higher among CWS relative to CWNS

Children who stutter showed lower performance and higher rates of dissociations across multiple domains,
encompassing speech-language, motor skills and neuroanatomy, which may indicate a tenuous speech motor system
that may be susceptible to increased disruptions. A higher number of dissociations in children who stutter suggest atypical
and incoherent maturational processes across the speech motor and language systems that are associated with stuttering.
Generally, maturation of skills across domains occurs in a coordinated manner. For example, typically developing children
show concurrent improvements in motor and language skills (Iverson, 2010). A higher number of dissociations in children
who stutter may point to maturational processes that are less coordinated compared to children who do not stutter. For
example, children who do not stutter show a significant correlation between speech articulation (GFTA) and receptive
vocabulary (PPVT) scores that was absent in children who stutter, which may indicate reduced coordination between speech
motor and language development in stuttering.

Fig. 4. Correlation between stuttering severity instrument (SSI-4) rating and z-scores of receptive language (RL) scores for girls (F) and boys (M) who stutter
shown with density ellipses based on space occupied by 95% of each population (red = females, blue = males). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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The demands and capacities model (DCM) of stuttering (Adams, 1990; Starkweather & Gottwald, 1990) lends itself to
explaining deficits and dissociations in CWS. First, it is worth noting that in the demands and capacities model, the difference
in magnitude between demands and capacities need not be immense; even modest demands may perturb the system
beyond available resources. Second, incongruity between demands and capacities across any speech development domains
may impact speech motor production (Adams, 1990; Starkweather & Gottwald, 1990). According to DCM, “it is possible that
the stuttering child does not develop the capacities for fluency fast enough to catch up to the increasing demands of his
communicative environment“ (Starkweather & Gottwald, 1990; p. 145). The present finding of greater number of
dissociations in CWS across developmental domains may reflect a developmental trend whereby some skills or abilities may
be established earlier, while some are delayed. It is beyond the scope of the present study to examine individual demands
and resources that impact the capacity for fluent speech. However, results of the present study suggest that coherent
development across speech-language, cognitive and motor development may affect the capacity for fluent speech in CWS.
Future studies that examine the rate and types of dissociations in children who recover before the onset of stuttering and
after recovery may better elucidate the role of dissociations in the risk for developing stuttering, and further, the risk of
continuing to stutter.

4.2. Neuroanatomical correlates of behavioral dissociations

The presence of dissociations across all domains examined in the current study suggests dissociations may be modulated
by developmental imbalances across brain regions. We found dissociations in FA values (a measure reflecting white matter
coherence) among regions along the dorsal language pathway, including the left IFG (n = 19), left BA6 (n = 34), left 4p (n = 18)
and left pSTG (n = 55). In a previous study, it was found that CWS presented lower FA values relative to CWNS in these same
regions (Chang et al., 2015).

In CWNS, improvement in language performance is associated with maturation of these speech relevant regions (Lu et al.,
2007; Sowell et al., 2004; Sowell, Thompson, Tessner, & Toga, 2001). These systems may be differentially engaged in the case
of CWS, as a consequence of subtle deficits or maturational delay. Results from the present showed that there was a negative
correlation between the FA value in left pSTG and expressive and receptive vocabulary measures for CWS that was absent in
CWNS. Further, CWS showed a positive correlation between the left pSTG and receptive language (that included assessments
for receptive syntax, morphology, and grammar) that was not found in CWNS. Broadly, these atypical correlational patterns
involving the left pSTG and language measures (i.e., vocabulary, syntax) may suggest deficiencies in how neural structures
support language processing and performance in CWS. While stuttering is not associated with an apparent language
disorder, the atypical pattern of correlations between the left pSTG and language measures suggest that CWS may engage
this area in a different manner to support expressive and receptive language compared to CWNS. Additionally, CWS showed a
positive correlation between receptive language and age that was absent in CWNS, which suggests that receptive language
skills may still be actively developing in CWS in the age range captured in the study. In contrast, CWS exhibited negative
correlations between age and EVT (as well as for age and PPVT), which was not the case in CWNS. CWS also exhibited a
negative correlation between the left pSTG FA value and the EVT scores, not shown to be the case in CWNS. In addition, there
was a positive correlation of FA scores in the left pSTG (auditory) and left 4p (motor) in CWNS but not in CWS. These results
point to a disjointed relationship between the left pSTG and different language modalities in CWS. Namely, these findings
suggest incoherent development of the dorsal and ventral networks that both interface with the left pSTG in stuttering,
where the dorsal stream connectivity (between auditory to motor) may be decreased, while ventral stream connectivity
(between auditory to language) may be aberrantly increased with age in CWS relative to controls.

These findings from the present study are consistent with past reports related to anomalous structure and function in the
left auditory region in stuttering. In terms of structure, children who stutter exhibit decreased connectivity between the left
pSTG, and left frontal motor and subcortical areas relevant to speech motor control (Chang & Zhu, 2013). In adults who
stutter, the pSTG was found to have aberrant asymmetry (attenuated left laterality) (Foundas, Bollich, Corey, Hurley, &
Heilman, 2001; Foundas et al., 2004). In terms of function, the left pSTG is consistently reported to be deactivated or
underactivated during speech, which tends to normalize during “induced fluency” conditions when people who stutter are
fluent (Braun et al., 1997; Chang, Kenney, Loucks, & Ludlow, 2009; De Nil, Kroll, Kapur, & Houle, 2000; Fox et al., 1996;
Toyomura, Fujii, & Kuriki, 2011; Van Borsel, Achten, Santens, Lahorte, & Voet, 2003). Functional connectivity (i.e., correlated
activity patterns of spatially distant areas) between the left pSTG and the frontal motor areas (inferior frontal gyrus,
premotor cortex, motor cortex) was found to be attenuated in children who stutter compared to controls, and this was
especially so for boys who stutter, who are also more likely to experience persistent stuttering (Chang & Zhu, 2013). Further,
in both boys and girls who stutter, there was attenuated functional connectivity between the left pSTG and the putamen, a
neural circuit thought to support internal timing of movements (Chang & Zhu, 2013). These findings suggest an atypical
sensorimotor integration circuit that includes aberrant structure and function in the left pSTG in CWS. Thus, findings related
to the left pSTG in the present study is consistent with the past reports which point to atypical connectivity of this region that
is associated with anomalous function in related speech-language behavior.

Further, the absence of a positive correlation in FA between the auditory (left pSTG) and motor (4p) regions in CWS may
indicate incongruity between auditory and motor area maturation. Auditory feedback can modulate speech motor control in
updating speech motor commands to coincide with auditory targets (Guenther, Ghosh, & Tourville, 2006). In the healthy
speech system, rapid compensatory motor responses are evident in the presence of altered auditory feedback, suggesting a
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critical link between the auditory and motor domains, and the role of sensorimotor adaptation in speech motor control.
Children who do not stutter around 4 years exhibit adaptive speech motor changes that are comparable to adults in the
presence of altered auditory feedback, however, younger children around 2 years do not display these compensatory
adaptations (Macdonald Johnson, Forsythe, Plante, & Munhall, 2012; Shiller, Gracco, & Rvachew, 2010). Age-related
differences in motor adaptation between older and younger children are likely related to neurodevelopment (Barnea-Goraly
et al., 2005). In the stuttering population, adults feature slower and smaller articulatory adjustments compared to fluent
controls when given altered spatial and temporal feedback (Cai, Beal, Ghosh, Guenther, & Perkell, 2014; Cai et al., 2012).

Collectively, these findings indicating weaker motor adaptation in response to auditory perturbations in adults who
stutter, and lower FA values and dissociations involving the auditory and motor behavioral domains in CWS in the present
study, provide support for possible disruption in auditory-motor integration that is also associated with subtle decreases in
white matter coherence in the speech motor and auditory regions. It is possible that maturational imbalances between the
auditory and motor system constrain the ability of the speech motor system, particularly in the presence of higher demands
and disruptions, in people who stutter.

4.3. Sex differences in dissociation rates

In the present study, there was a clear difference in dissociation rates between boys and girls who stutter. Overall, boys
who stutter were nearly 4 times more likely than girls who stutter to exhibit dissociations. Specifically, boys who stutter
presented dissociations at higher rates involving speech motor articulation scores compared to girls who stutter. Further,
right-handed girls who stutter showed a positive correlation between speech motor articulation and motor skills that was
absent in right-handed boys who stutter, which may suggest more congruent motor development across these domains in
girls who stutter relative to boys. At the time of the study about 50% of the right handed girls were within 3 years of stuttering
onset. Since children who stutter typically recover within 2–3 years of stuttering onset, it is plausible that some of the girls in
this cohort may recover at a later time, and the correlation between speech articulation and gross motor skills for right
handed girls who stutter may be driven by this cohort of girls who may recover. A longitudinal study that examines the
correlation between speech articulation and gross motor skills prior to the onset of stuttering to the time of recovery or
persistent stuttering may be able to elucidate this pattern of correlation.

In other disorders with greater male than female prevalence such as autism (Fombonne, 2003) and developmental
language disorder (Tomblin et al., 1997), males typically demonstrate poorer cognitive and motor performance when
compared to similarly affected females. For example, girls with autism exhibit better fine motor competency than their male
counterparts, a gap which widens with age (Mandy et al., 2012). Relative to the healthy population, females with autism
show equivalent motor skills while males with autism show depressed motor skills (Lai et al., 2011). Likewise, in DLD, boys
with mild expressive language deficits showed lower performance in functional motor ability (e.g., ball catching, balance)
compared to control boys, while girls with a similar diagnosis performed comparably to control girls (Müürsepp, Ereline,
Gapeyeva, & Pääsuke, 2009).

This sex-based difference is also observed in the healthy population: boys exhibit slower and later occurring speech-
language development relative to girls (Zubrick, Taylor, Rice, & Slegers, 2007), and are more likely to present language and
motor delays (Whitehouse et al., 2012). This pattern of female advantage is apparent early on. By age 2, girls demonstrate
better language competency including higher lexical diversity compared to boys (Lutchmaya, Baron-Cohen, & Raggatt,
2002). Prenatal females (mean gestational age of 24 weeks) show significantly earlier speech motor development (e.g.,
complex oro-motor and upper respiratory skills), relative to boys (Miller, Macedonia, & Sonies, 2006).

In stuttering, a developmental disadvantage in males compared to females that includes later maturation in the speech-
language domains, may translate into higher dissociation rates and/or comparatively diminished performance in boys
relative to girls who stutter at the same chronological age. The finding that dissociation rates differ between the sexes in both
groups also prompts the following hypothesis: higher rates of dissociation in boys across both stuttering and control groups
may signal a speech motor system that is more susceptible to perturbations and demands relative to girls. In stuttering, this
may be compounded by neuroanatomical deficits. Two recent findings related to white matter development are relevant to
the present study (Chang et al., 2015). First, a negative correlation between FA values along major white matter tracts
(including the IFG) and stuttering severity was mainly driven by boys who stutter. Second, the more severe cases of
stuttering (which tended to be boys) were associated with lower FA values in the left hemisphere speech motor regions
(which included the IFG and primary motor area reported in this study). Namely, less white matter coherence in speech
relevant regions was correlated with more severe stuttering symptoms particularly in boys. In the present study, boys who
stutter showed a negative correlation between %SLD and PPT (dominant hand) scores that were not found in girls who
stutter. In other words, boys who presented with more severe stuttering also had poorer motor skills which may point to a
higher risk for persistent stuttering. Further, right-handed girls who stutter showed a positive correlation between speech
articulation and gross motor skills, which may indicate more congruent development of these skills that was absent in right-
handed boys who stutter. Manual and oral motor skills have been shown to be predictive of later expressive and receptive
language development (Hellendoorn et al., 2015), and speech skills (e.g., ability to produce long utterances,
mispronunciations) (Gernsbacher, Sauer, Geye, Schweigert, & Hill Goldsmith, 2008). Although the present study suggests
a link between motor ability and severity of symptoms, without a longitudinal study that tracks these developmental
trajectories, it is unknown at this time whether motor skills are predictive of recovery or persistent stuttering.
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Neuroanatomical findings, along with behavioral assessments that point to differences between boys and girls who
stutter likely reflect sexual dimorphism in stuttering and sex-specific mechanisms that may underlie manifestation and
eventual outcome of the disorder (e.g., persistence versus recovery). However, the heterogeneity of stuttering symptoms
across individuals and situations, and the ambiguity by which various components across different domains may interact to
influence expression of the disorder, warrants a longitudinal study that tracks developmental trajectories in children of both
sexes. Such a study would elucidate whether dissociations across specific domains signal an underlying neurodevelopmental
immaturity that is transitory or a marker of persistent stuttering.

4.4. Relationship between handedness and dissociations

The notion that stuttering is related to handedness has been proposed since the early 20th century (Travis, 1929). In the
present study, left-handed CWS were more likely to present outliers compared to right-handed CWS, which may indicate a
higher rate of incongruent development across domains in left-handed CWS. In the healthy population, right-handed
children have been shown to perform better than left-handed children in a number of cognitive tasks including spatial and
speech-language abilities (e.g., vocabulary, comprehension) (Somers, Shields, Boks, Kahn, & Sommer, 2015), and visuomotor
organization as evaluated using the Rey-Osterrieth Complex Figure (Karapetsas & Vlachos, 1997), suggesting potentially
earlier and more congruent development across (the language, motor and visual) domains in right-handed children. A right-
handed advantage in cognitive ability is thought to be a consequence of heightened hemispheric laterality, one that favors
the left cerebral hemisphere for speech and motor processing (Langel, Hakun, Zhu, & Ravizza, 2014; Serrien & Sovijärvi-
Spapé, 2015; Yelle & Grimshaw, 2009).

Neuroimaging studies examining resting state functional connectivity and white matter development may provide
support for a right-handed advantage. Typically, right-handed individuals show stronger resting state functional
connectivity in the left hemisphere, compared to that of left-handed individuals (Saenger, Barrios, Martínez-Gudiño, &
Alcauter, 2012). Greater left-sided functional connectivity has been shown to be associated with better cognitive (e.g.,
reading, comprehension) (Koyama et al., 2011) and motor performance (e.g., hand movements) (Barber et al., 2011; Pool,
Rehme, Eickhoff, Fink, & Grefkes, 2015; Pool, Rehme, Fink, Eickhoff, & Grefkes, 2014). O’Muircheartaigh et al. (2013) reported
that greater leftward asymmetry of myelin content in caudate and anterior frontal cortex was associated with better
receptive language skills in healthy children between 1 to 6 years. Right-handed CWS in the present study may potentially
have a similar developmental advantage (including greater resting state functional connectivity on the left hemisphere, and
earlier and more congruent maturation across domains) compared to left-handed CWS that translates into proportionally
lower rates of dissociations.

Some studies have suggested handedness as a factor in white matter development. Büchel et al. (2004) reported greater
FA in the left precentral gyrus relative to the right precentral gyrus in right-handed adults, whereas the reverse was found for
left-handed adults. White matter organization may also differ between right- and left-handers. Li et al. (2014) reported more
prominent asymmetries in white matter structural networks in right-handers relative to left-handers. Right-handed
subjects showed a greater number of asymmetries in local clustering and distance between nodes between the left and right
hemispheres relative to left-handed subjects. However, other studies have reported a left hemisphere bias in white matter
development regardless of handedness. Both right- and left-handers show greater white matter volume and fiber density in
the left hemisphere speech relevant regions/tracts including the inferior frontal and temporal regions, and arcuate fasciculus
(Hervé, Crivello, Perchey, Mazoyer, & Tzourio-Mazoyer, 2006; Vernooij et al., 2007).

The relationship between handedness and functional laterality has also been equivocal. Sequeira et al. (2006) found an
interaction between handedness and speech lateralization in males but not females. Further, asymmetry of the planum
temporale was only evident in subjects with right ear advantage. Right-handed males with a right ear advantage showed
larger leftward asymmetry of the planum temporale relative to right-handed females with a right ear advantage. Although a
similar pattern of asymmetry was found in left-handed males and females with right ear advantage, the magnitude of
difference was smaller relative to right handers. In the stuttering population, the relationship between handedness and
functional lateralization including speech language may be compounded by the presence of stuttering. Further studies will
need to be conducted to determine the relationship between handedness, functional and structural asymmetries, and the
development of stuttering across age and sex.

5. Conclusions

Our results are consistent with previous studies that showed decreased performance on speech-language measures in
CWS compared to typically developing controls. The present study expands on these results to show that CWS exhibit
attenuated performance on cognitive and motor assessments and lower white matter coherence in speech relevant left
hemisphere perisylvian regions of interest relative to CWNS. Strong evidence pointing to potentially uneven development
across multiple domains in CWS was found, particularly in boys who stutter, and more so for left-handed versus right-
handed children. These results may have clinical implications for the management of stuttering, including assessment,
treatment, and prediction of outcomes. Higher dissociation rates in CWS may reflect a speech-language system that is
developmentally delayed in certain components, rendering it more vulnerable to perturbations. If so, the presence or
absence of dissociations could potentially distinguish between children at risk for persistent stuttering from those who are



44 A.L. Choo et al. / Journal of Communication Disorders 61 (2016) 29–47
more likely to recover. Future studies are needed to ascertain interactions among additional factors that may predict
persistent stuttering, including those that examine dissociations among neuroanatomical measures and temperament/
emotional reactivity; such research should provide a comprehensive understanding of the nature of persistent stuttering as
it relates to other developmental factors in childhood stuttering.
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