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Abstract
Multiple studies have reported both functional and neuroanatomical differences between adults
who stutter and their normally fluent peers. However, the reasons for these differences remain
unclear although some developmental data suggest that structural brain differences may be present
in school-age children who stutter. In the present study, the corpus callosum of children with
persistent stuttering, children who recovered from stuttering and typically developing children
between 9 and 12 years of age was compared to test if the presence of aberrant callosal
morphology is implicated in this disorder. The total corpus callosum midsagittal area and area of
each subsection consisting of the rostrum, anterior midbody, posterior midbody and splenium
were measured using MIPAV (Medical Image Processing, Analysis, and Visualization). Voxel-
based morphometry (VBM) was also used to compare white matter volume. No differences were
detected in the corpus callosum area or white matter volume between children with persistent
stuttering, children who recovered from stuttering and typically developing children. These results
agree with dichotic listening studies that indicate children who stutter show the typical right ear
advantage. Therefore, the neural reorganization across the midline shown in adults who stutter
may be the result of long-term adaptations to persistent stuttering.

Learning outcomes—Educational objectives: After reading this article, the reader will be able
to: (1) summarize research findings on corpus callosum development; and (2) discuss the
characteristics of corpus callosum anatomy in stuttering.
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1. Introduction
The typical onset of developmental stuttering is around 3 years of age coinciding with a
period of rapid speech and language development (Månsson, 2000; Reilly et al., 2009).
Approximately 70% of children who stutter will recover within 2 years of onset (Månsson,
2000; Yairi & Ambrose, 2005). Children who begin stuttering at an earlier age are more
likely to recover compared to those with later onsets (Buck, Lees, & Cook, 2002; Yairi &
Ambrose, 2005), with boys more likelyto have persistent stuttering (Craig, Hancock, Tran,
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Craig, & Peters, 2002; Van Borsel, Moeyaert, Rosseel, Van Loo, & Van Renterghem, 2006;
Yairi & Ambrose, 1999). The performance of children with persistent stuttering also differs
from children who recovered from stuttering across several dimensions including
temperament, sensory and motor (Howell, Davis, & Williams, 2008). Understanding the
physiological factors that differentiate persistence and recovery remains a primary challenge
for stuttering research as this could provide insight into the cause(s) of the disorder and
facilitate clinical interventions that increase recovery rates.

Recovery and persistency seem to be mediated genetically to some extent as children with
documented recovery or persistency are likely to have parents or siblings who respectively
recovered from or persisted in stuttering (Ambrose, Cox, & Yairi, 1997). Neurological
explanations are also thought to be centrally involved in persistency and recovery as
stuttering is expressed as subtle alterations in the structure and function of speech-language
relevant brain regions (Cykowski et al., 2008; Cykowski, Fox, Ingham, Ingham, & Robin,
2010; De Nil, Kroll, & Houle, 2001; De Nil, Kroll, Lafaille, & Houle, 2003; De Nil, Kroll,
Kapur, & Houle, 2000; Foundas, Bollich, Corey, Hurley, & Keilman, 2001; Kell et al.,
2009; Lu et al., 2010; Sommer, Koch, Paulus, Weiller, & Büchel, 2002; Watkins, Smith,
Davis, & Howell, 2008).

We recently reported that the overall area of the corpus callosum (CC) and anterior portion
of the CC was larger in adults who stutter (AWS) compared to normally fluent adults (Choo
et al., 2011). Generally, a larger CC is associated with right hemisphere dominance or
reduced hemispheric asymmetry for speech (Dorion et al., 2000; Gootjes et al., 2006;
O’Kusky et al., 1988), which is consistent with neurological reports of increased right
hemisphere activation or a lack of left hemisphere dominance in stuttering (De Nil et al.,
2001; Fox et al., 1996; Neumann et al., 2003, 2005). The anterior portions of the CC
including the rostrum, genu, and anterior body connect the prefrontal, premotor and
supplementary motor areas. A larger anterior midbody may indicate greater interhemispheric
communication between the left and right hemisphere motor cortices involved in speech
production, which may be related to the rightward shift in motor activity reported in certain
functional imaging studies of stuttering. The anterior callosa has also been implicated in
auditory processing. A larger anterior CC has been associated with decreased right ear
performance in right-handed individuals. One interpretation is that decreased performance
results from greater competition for resources from the left ear or inhibition from the right
hemisphere (Clarke, Lufkin, & Zaidel, 1993; Westerhausen & Hugdahl, 2008). The
posterior regions of the CC including the isthmus and splenium which connect the parietal
and temporal cortical regions are also involved in speech and language processing (Hofer &
Frahm, 2006). A smaller posterior CC is thought to be linked to greater hemispheric
lateralization. Patients with multiple sclerosis showed an increased right ear advantage in
verbal dichotic listening tasks with progressive posterior CC loss affecting the isthmus and
splenium (Gadea et al., 2009).

The importance of the CC for inter-hemispheric connections in support of language and
cognition comes from different perspectives (see Gazzaniga, 2000; Pujol et al., 2006).
Disruptions in language performance may be directly correlated with deficits in coordination
of language pathways mediated by the CC (Paul, 2011). For example, children with
developmental language disorder characterized by impairments in language production and/
or comprehension (Bishop, 1992) have been reported to show disproportionate CC size
relative to brain volume. Although the absolute size of the CC was similar between children
with developmental language delay and typically developing children, the relative size of the
CC to brain volume was disproportionally smaller in children with developmental language
delay, and consequently, may result in greater constraints on inter-hemispheric
communication (Herbert et al., 2003, 2005). In addition to developmental language delay,
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atypical CC development has also been associated with other developmental disorders
including dyslexia, attention-deficit hyperactive disorder and autism (see Paul, 2011).

In this study, we compared the midsagittal area and white matter volume of the CC in
school-age children with persistent stuttering, children who recovered and typically
developing children to determine whether an enlarged CC is present in childhood stuttering.
If the anterior CC is larger or has a greater volume in children who stutter, it could
conceivably be associated with other aberrant early developmental processes that result in
the unusual right hemisphere anatomy or function in persistent stuttering. Alternatively,
enlargement of the CC could emerge as part of a neuroplastic response to prolonged
stuttering, thus deviations from a typical pattern of CC development may not be present in
younger children. In that case, an enlarged CC would be expressed in AWS along with the
unusual brain findings reported in previous studies including atypical structural symmetry in
the auditory cortex (Foundas et al., 2001; Jäncke, Hänggi, & Steinmetz, 2004).

Differences in cortical gray matter (GM) volume and white matter (WM) integrity have been
found previously in a comparison of children with persistent stuttering, children who
recovered from stuttering and typically developing children using a combination of voxel-
based morphometry (VBM) and fractional anisotropy (FA) analyses using diffusion tensor
imaging (DTI) (Chang, Erickson, Ambrose, Hasegawa-Johnson, & Ludlow, 2008). Children
who recovered from stuttering and children with persistent stuttering featured reduced GM
volume in the left inferior frontal gyrus (IFG) and superior temporal gyrus. The left IFG has
also been implicated in AWS. In terms of WM integrity, Kell et al. (2009) reported
increased FA values in the left inferior frontal region (and forceps minor of the CC) of
adults with persistent stuttering. In terms of GM, there was reduced volume in the left IFG
in both adults with persistent stuttering and adults who recovered from stuttering.
Interestingly, greater stuttering severity was associated with lower GM volume than less
severe stuttering. Additionally, other studies have reported reduced functional connectivity
between the IFG and left motor regions, and reduced FA in the left (and right posterior) IFG
in stuttering (Chang et al., 2011; Lu et al., 2009; Watkins et al., 2008). In contrast to these
reports of left IFG anomalies, other investigations have reported increased or no GM
differences in the left IFG in AWS compared to normally fluent adults (Beal et al., 2007;
Jäncke et al., 2004; Lu et al., 2010). There is clear controversy over the status of the left IFG
in stuttering that calls for more studies, particularly developmental studies that identify early
neurological changes that could mark clinically relevant factors in stuttering. In addition to
the IFG, the left arcuate fasiculus, which links Broca’s and Wernicke’s regions is also
associated with reduced WM integrity in both children with persistent stuttering and
children who recovered from stuttering (Chang et al., 2008). Although differences in the CC
were not investigated by Chang et al. (2008), anomalies in the largest collection of WM
fibers which integrate activities of the right and left hemispheres could be implicated in the
atypical right hemisphere expression of brain structure and function in AWS (Brown,
Ingham, Ingham, Laird, & Fox, 2005; Cykowski et al., 2008).

Our previous finding of CC hypertrophy and increased WM in the anterior portion of the CC
of AWS needs to be considered in light of the finding of lower WM integrity in the callosal
body by Cykowski et al. (2010) as measured with FA. These two studies used different
measures to examine WM so reconciling the findings may be difficult given that our
knowledge of the biological bases of these measurements is still limited. However, increased
CC volume and decreased FA need not be contradictory because increased or decreased
tissue volume of WM does not necessarily indicate whether the connections are highly
organized (high FA) or less coherent (lower FA). The current study cannot reconcile these
findings but directs a focus on children who stutter to assess whether atypical CC
development is a feature of early stuttering.
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In normal development, CC maturation continues into early adulthood with prominent size
increases occurring during early childhood and adolescence (Keshavan et al., 2002; Pujol,
Vendrell, Junque, Marti-Vilalta, & Capdevila, 1993). Development of the CC proceeds in an
anterior to posterior direction, with the exception of the rostrum which develops last
(Georgy, Hesselink, & Jernigan, 1993). Anterior sections of the CC typically reach adult
size by early childhood followed by a second growth period in the rostrum which coincides
with frontal lobe maturation in late adolescent males (Giedd et al., 1996; Luders, Thompson,
& Toga, 2010; Sowell, Thompson, Tessner, & Toga, 2001). In contrast, myelination of CC
fibers which promotes greater speed of neuronal processing follows a posterior to anterior
trajectory beginning in late fetal development and continuing postnatally into adulthood
(Georgy et al., 1993; Giedd, 2004; Pujol et al., 1993). Patterns and degree of myelination
may also be a plastic process with prolonged experience/ activity typically stimulating
greater rates of myelination (Bengtsson et al., 2005; Grossman, Churchill, Bates, Kleim, &
Greenough, 2002).

The prolonged development of the CC and sensitivity to experience suggests that a
communication disorder such as stuttering, that affects a widespread cortical network could
elicit compensatory plastic response(s) that affect the trajectory of CC development. In this
study, we predicted that the anterior CC midsagittal area and WM volume would be larger in
school-age children with persistent stuttering compared to children who recovered and
typically developing children. Data from these children were previously reported by Chang
et al. (2008), but that study did not investigate midsagittal CC area and did not analyze WM
volume with VBM. A larger anterior CC in children with persistent stuttering could indicate
this is a feature of early developmental stuttering and perhaps a neurological marker of
persistent stuttering.

2. Method
2.1. Participants

A total of 21 right-handed boys between 9 and 12 years of age were recruited as part of a
larger study investigating brain anatomy in children who stutter, using advertisements or by
referral from the University of Illinois Speech Language Pathology Clinic. The participants
included boys who were persistent in stuttering, those who had recovered from stuttering
and typically fluent controls. Besides stuttering participants did not have other concomitant
disorders. All participants except one were initially participants in the previous MRI study
by Chang et al. (2008). The study was approved by the Institutional Review Board at the
University of Illinois at Urbana-Champaign.

The general characteristics of participants in each group including mean age, age at
stuttering onset (range), time between onset and recovery from stuttering, stuttering severity
score based on the Illinois Clinician Stuttering Severity Scale (ICSSS) (Yairi & Ambrose,
2005), mean Edinburgh Handedness Inventory score (Oldfield, 1971), mean Peabody
Picture Vocabulary Test scores (PPVT-Dunn & Dunn, 1997) and mean Test of Language
Development-3 (TOLD:I-3-Newcomer & Hamill, 1997) are listed in Table 1.

2.2. Language scores
Multiple independent t-tests were conducted to compare language scores specifically the
PPVT-III (Dunn & Dunn, 1997) and TOLD-I:3 (Newcomer & Hamill, 1997) between the
three groups.
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2.3. Imaging
Details on imaging were reported in Chang et al. (2008). Briefly, all children were imaged
on a 3T Siemens Magnetom Allegra MR Headscanner with a single channel head coil at the
Biomedical Imaging Center of the Beckman Institute at the University of Illinois, Urbana-
Champaign. High resolution anatomical volumes encompassing the cerebrum, cerebellum
and brainstem were collected using a T1-weighted MPRAGE (magnetization-prepared rapid
acquisition gradient echo) sequence (parameters: TR/TE = 21 s/4.38 ms, FOV 256 mm,
matrix 256 mm × 160 mm ×128 mm, slice thickness 1.3 mm, flip angle 8°, bandwidth 130
Hz/pixel). Children viewed a movie of their choice while being scanned. To minimize
movement, heads and shoulders were padded with cushions.

2.4. Segmentation of CC area
In the first quantitative analysis, the midsagittal CC image was divided into four segments
and the area of each segment was calculated using MIPAV (Medical Image Processing,
Analysis, and Visualization) (McAuliffe, McGarry, Gandler, Csaky, & Trus, 2001).
Segmentation of the CC was performed in a similar method as described in Sullivan et al.
(2001). Using MIPAV, the midline CC was visualized and subdivided into four regions in
the midsagittal plane: rostrum, anterior midline body, posterior midline body and splenium
(Fig. 1a and b). Before the segments were identified, each rater independently selected the
sagittal slice from each participant that was considered most representative of the
midsagittal plane.In 19/21 cases, both raters independently chose the same midline image. In
the other two cases, there was only a difference in one anatomical slice (difference of 1 mm)
and the midline image selected by rater 1 was used. As per Fig. 1, the caudal border of the
rostrum was marked by a tangent line at the bend of the genu. An identical line dividing the
rostral boundary of the body and splenium was placed at the concave bend of the genu. The
length of the midline body between these lines was divided exactly in half to mark the
anterior and posterior sections. Each segment was filled manually using the MIPAV-FILL
tool, which also determined the area of the filled region. Twenty five percent of the data
from each group were randomly selected and re-evaluated to measure intra-rater reliability.
For inter-rater reliability, 100% of the data was re-traced by a second investigator who was
blinded to the gender, identity and diagnosis of each participant and analyzed using Intra-
class Correlation Coefficients (ICC).

2.5. Area analysis
Two different measures of the CC were analyzed: absolute area and relative area. The
relative area was determined by dividing the area of the subregion over the total CC area
using a similar method described by Preis, Steinmetz, Knorr and Ja¨ncke (2000). One-way
ANOVA’s were performed to compare the (1) absolute area of the total CC, (2) absolute
area of each subregion and (3) relative area of each subregion across the three groups.

2.6. VBM analysis – regions of interest
A voxel-based morphometry analysis of the CC was conducted with SPM5 using the
recommended default options (Wellcome Trust Centre for Neuroimaging, London, UK).
Spatial normalization, segmentation and modulation were performed with the unified
segmentation algorithm in SPM5. Initial processing followed a similar protocol to Beal,
Gracco, Lafaille and DeNil (2007) with the exception of the region of interest (ROI) which
only focused on the CC in the present study. Images were registered on an adult template.
Several studies have shown that spatial normalization of brains of children over 6 years of
age to an adult template can be successfully performed (Beal et al., 2011; Burgund et al.,
2002; Kang, Burgund, Lugar, Petersen, & Schlaggar, 2003; Muzik, Chugani, Juhász, Shen,
& Chugani, 2000). The normalized WM images of each subject were masked with the CC
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ROI mask from the WFU PickAtlas toolbox developed by the ANSIR laboratory at Wake
Forest University (Department of Radiology, Wake Forest University School of Medicine,
Winston-Salem, NC). Between group comparisons were performed using voxel-wise two-
sample t-test with a statistical threshold of p < 0.001 uncorrected.

3. Results
3.1. Language scores

Results of the multiple independent t-tests indicate that the PPVT scores were not
significantly different between children with persistent stuttering and children who
recovered (t(23) = –1.98, p = 0.77), children with persistent stuttering and typically
developing children (t(23) = –0.64, p = 0.23), or children who recovered from stuttering and
typically developing children (t(23) = 1.26, p = 0.77). Similarly, the TOLD-I:3 scores were
not significantly different between children with persistent stuttering and children who
recovered (t(23) = –0.84, p = 0.42), children with persistent stuttering and typically
developing children (t(23) = –0.96, p = 0.37), or children who recovered from stuttering and
typically developing children (t(23) = –0.43, p = 0.77).

3.2. Reliability
An intra-class correlation analysis for the average measures indicated high intra-rater
reliability for all segments comprising the rostrum (ICC = 0.98), anterior midbody (ICC =
0.94), posterior midbody (ICC = 0.93) and splenium (ICC = 0.98). Intra-class correlations
for inter-rater reliability were also high for the rostrum (ICC = 0.92), anterior midbody (ICC
= 0.73), posterior midbody (ICC = 0.89) and splenium (ICC = 0.94).

3.3. Absolute area comparisons
No significant between-group-differences were found for the total CC area although it was
smallest for children with persistent stuttering (333.88 mm2, SD = 52.64), intermediate for
children who recovered (351.67 mm2, SD = 53.27) and largest for controls (363.71 mm2,
SD = 64.39)(F(2,18) = 0.522, p = 0.602) (Fig. 2). In addition, no significant differences were
found between groups for the CC subsections: rostrum (F(2,18) = 0.747, p = 0.488), anterior
midbody (F(2,18) = 0.153, p = 0.859), posterior midbody (F(2,18) = 0.448, p = 0.646)], or
splenium (F(2,18) = 1.842, p = 0.187) (Fig. 3). Differences were also non-significant in a
post hoc comparison between ‘ever stuttered’ (children with persistent stuttering and
children who recovered) and the control group.

3.4. Relative area comparisons
No significant between-group-differences were found for the relative area of the rostrum
(F(2,18) = 1.001, p = 0.387), anterior midbody (F(2,18) = 0.787, p = 0.470), posterior
midbody (F(2,18) = 1.304, p = 0.296), or splenium (F(2,18) = 0.829, p = 0.452) between the
three groups (Fig. 4). Also as above, the post hoc comparison between ‘ever stuttered’ and
controls was not significant.

3.5. VBM comparison
No significant differences in WM volume were detected between the three groups. Post hoc
comparison between ‘ever-stuttered’ and controls also did not detect a statistical difference
in WM volume.
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4. Discussion
The purpose of the study was to explore the neurodevelopmental basis of stuttering by
investigating CC morphology and volume in children with persistent stuttering and children
who recovered from stuttering. Unlike our previous study that found a larger anterior CC in
AWS (Choo et al., 2011), the current study did not detect any statistically significant
differences in CC size and WM volume between children with persistent stuttering, children
who recovered from stuttering and typically developing children. Reconciling these findings
between children and adults is challenging but could involve the protracted and nonlinear
growth pattern of the CC. Namely, aberrant callosal development could emerge in later
childhood or adolescence as stuttering progresses. The results of the present study are
consistent with investigations using dichotic listening in stuttering. Children who stutter and
typically developing children show similar right ear advantage in dichotic listening tasks,
however in stuttering this right ear advantage has been observed to decrease in adulthood
whereas right ear advantage is maintained or becomes more pronounced in normally fluent
adults (Ambrose, Chang, Chon, King, & Steger, 2007; Brosch, Haege, Kalehne, & Johnson,
1999; Cimorell-Strong, Gilbert, & Frick, 1983; Blood, Blood, & Hood, 1987). This
observation suggests that neural organization across the midline has not been completely
established in early childhood but becomes increasingly biased towards the right hemisphere
with age in stuttering.

The right ear advantage is one manifestation of functional lateralization of language to the
left hemisphere. In normal development, language becomes increasingly left hemisphere
lateralized with the strongest lateralization occurring between 20 and 25 years of age
(Szaflarski, Holland, Schmithorst, & Byars, 2006). This progression is reflected in CC
maturation in which the growth asymptote is reached during adolescence followed by
modest growth into early adulthood (Keshavan et al., 2002; Pujol et al., 1993). Individuals
with less consistent or weaker hemispheric lateralization have a larger CC compared to those
who display a greater degree of left lateralization (Gootjes et al., 2006; Witelson, 1989). It is
possible that the presence of deficits or perturbations in childhood or adolescence during the
period of rapid CC development before lateralization is firmly entrenched may alter the
mechanism(s) that directs callosal development. By implication, the nonsignificant
differences in CC size and WM volume between the school-age child groups in this study
suggest that gross deviations from normal callosal development may not be expected before
or during recovery from stuttering.

In stuttering, left hemisphere deficits or dysfunction could result in compensatory neural
responses including reorganization of inter-hemispheric connections and consequently, a
larger callosa to permit increased participation of the right hemisphere (Geschwind &
Galaburda, 1985; O’Kusky et al., 1988). Such stuttering related brain changes might reduce
axonal pruning that spares a larger number of callosal fibers which eventually results in a
larger callosa (O’Kusky etal., 1988). Also, potentially slower WM growth in children with
persistent stuttering could lead to a delayed and protracted maturation of the CC and
possibly other WM connections. Considering that the rostrum is the last part of the callosum
to mature, it may reflect the protracted increase in WM volume, and accordingly is larger in
AWS. This pattern of CC development in stuttering is similar to Tourette’s Syndrome (TS)
which is associated with motor and vocal tics. In adulthood both disorders show CC
hypertrophy despite a smaller callosa in childhood TS (Moriarty et al., 1997; Plessen et al.,
2004) and minimal differences in callosa size in childhood stuttering – there was also a
nonsignificant trend towards a smaller CC size and reduced WM volume in children with
persistent stuttering. Overall, enlargement of the CC may be part of a general process that
serves to increase compensatory responses or the capacity to mitigate the long-term effects
of developmental disorders such as stuttering or TS. The results of the present study are
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based on a small sample size. It is possible that the current study lacked sufficient statistical
power to detect group differences in the volume of the corpus callosum. An exploratory
analysis using a less stringent threshold of p = 0.05 (uncorrected) did indicate differences in
WM volume between children with persistent stuttering and typically developing children.
Children with persistent stuttering featured two clusters of decreased WM in the anterior
midbody and splenium compared to typically developing children. However, these
differences did not exceed the relatively stringent threshold for significance (p = 0.001) that
was adopted to limit false positive rates. There is certainly a possibility these differences
would have been significant with a larger sample size. Accordingly, follow-up studies are
needed to better determine the pattern of CC development in stuttering.

Although reports of atypical CC morphology in terms of size and volume (Choo et al.,
2011), along with reduced integrity (Cykowski et al., 2010), suggest that stuttering is
associated with unusual CC development, further investigations are needed to ascertain the
relationship between these anomalies. The seemingly diametric results of these reports
highlight the complexities in understanding a developmental disorder such as stuttering.
However, reports of increased CC size and WM volume but reduced WM integrity may not
be contradictory. Anisotropy is influenced by a number of factors including packing of
fibers, fiber orientation, and fiber crossings (Chepuri et al., 2001; Leow et al., 2009). Higher
FA values are typically associated with tighter packing of fibers and fewer obliquely
oriented axons, while regions with complex, multi-directional fiber crossings tend to have
lower FA values (Chepuri et al., 2001; Leow et al., 2009). Thus, the higher number of
obliquely oriented axons in the body of the CC along with greater concentrations of less
densely packed axons in the posterior portion of the callosal midbody may result in lower
FA values (Chepuri et al., 2001; Moody, Bell, & Challa, 1988; Wahl et al., 2007) that are
not necessarily due to decreased WM volume. Although VBM has been used to assess WM
as in the present study, other tools including DTI can provide more robust methods to
characterize and visualize WM in both two and three dimensions. Evaluations of neuronal
pathways in the CC using DTI can offer insight into the relationship between WM volume
and fiber orientation in stuttering.

In the present study, no significant differences in the CC were found between school-age
children with persistent stuttering, school-age children who recovered from stuttering, and
typically developing children school-age children. A dynamic interplay between
development and adaptation in children who stutter may result in brain activity and
structural changes observed in AWS as reported in previous studies. Together, the adult and
children studies of the CC in stuttering suggests that temporally modulated changes
including CC hypertrophy and WM alterations that possibly emerge in late adolescence or
early adulthood most plausibly reflect adaptations that are a result of persistent stuttering. In
other words, reorganization of neural interconnectivity is likely occurring as a consequence
of long-term brain responses to stuttering and ongoing development. Individual variations in
the rate of and capacity for neural reorganization could also exist and may be an important
aspect in recovery from or persistency in stuttering. Inter-mixed with development and
individual variation, treatment-dependent plastic responses may also be driving neural
reorganization that is able to attenuate deficits associated with stuttering, particularly at an
early stage of development when reorganization has not been completely established, and
the capacity of the neural system to adapt and reorganize connections is most prominent.
The discrepancy in differences in the CC between adults and children who stutter that we
have reported is impetus for larger studies of how early intervention may prevent
maladaptive neural reorganization in response to childhood stuttering.
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5. Conclusions
The present study did not identify factors in CC development that can be related to recovery
or persistency, so there is no evidence for unusual CC development as a marker of stuttering
in school-age children. This could imply that differences in CC morphology or area are also
not present at the age of recovery from stuttering. However, CC hypertrophy in adulthood
and a trend towards reduced area of the rostrum and splenium in childhood could be part of
an aberrant trajectory of brain development. The CC could be part of a prolonged process of
neural adaptation to persistent stuttering that involves widespread connections with multiple
brain areas. Future neurological investigations of stuttering should include multi-modal
assessments of callosal size, volume, and white matter integrity.
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Appendix A. Continuing education
1. The onset of developmental stuttering typically occurs during periods of rapid

language development.

A. True

B. False

2. The corpus callosum (CC) is the largest white matter structure in the brain. The
results of the present study indicates that differences in CC
area__________________

A. are present between children with persistent stuttering and typically
developing children

B. are present between children who recovered from stuttering and typically
developing children

C. were observed between all groups of children

D. were not observed between any of the groups of children

3. The rates of recovery in children who stutter is around:

A. 25%

B. 50%

C. 70%

D. 75%

4. A previous study investigating the CC of adults who stutter (AWS) found that:

A. The anterior CC area was larger in AWS than in normally fluent adults

B. The anterior CC area was larger in normally fluent adults than in AWS

C. The posterior CC area was smaller in AWS than in normally fluent adults

D. No differences were observed between AWS and normally fluent adults
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5. In the present study, no difference in white matter volume was found between
children with persistent stuttering,children who recovered from stuttering and
typically developing children.

A. True

B. False
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Fig. 1.
(a) Schematic midsagittal corpus callosum indicating the division into four subregions:
rostrum, anterior midbody, posterior midbody and splenium. The caudal border of the
rostrum was marked by a tangent line at the bend of the genu. An identical line dividing the
rostral boundary of the body and splenium was placed at the concave bend of the genu. The
length of the midline body between these lines was divided in half to mark the anterior and
posterior body. (b) Midsagittal corpus callosum MR images of a participant showing the
callosal subdivisions.
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Fig. 2.
The average total corpus callosum area for children with persistent stuttering, children who
recovered from stuttering and typically developing children is shown. Differences between
groups were not significant. Error bars indicate standard deviations.
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Fig. 3.
The average area for each CC subregion for children with persistent stuttering, children who
recovered from stuttering and typically developing children is shown. Differences between
groups were not significant. Error bars indicate standard deviations.
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Fig. 4.
The relative area of each CC subregion for children with persistent stuttering, children who
recovered from stuttering and typically developing children is shown. Differences between
groups were not significant. Error bars indicate standard deviations.

Choo et al. Page 17

J Commun Disord. Author manuscript; available in PMC 2013 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Choo et al. Page 18

Ta
bl

e 
1

G
en

er
al

 c
ha

ra
ct

er
is

tic
s 

of
 p

ar
tic

ip
an

ts
 in

 e
ac

h 
gr

ou
p 

in
cl

ud
in

g 
m

ea
n 

ag
e,

 a
ge

 a
t s

tu
tte

ri
ng

 o
ns

et
 (

ra
ng

e)
, t

im
e 

be
tw

ee
n 

on
se

t a
nd

 r
ec

ov
er

y 
fr

om
 s

tu
tte

ri
ng

,
st

ut
te

ri
ng

 s
ev

er
ity

 s
co

re
 b

as
ed

 o
n 

th
e 

Il
lin

oi
s 

C
lin

ic
ia

n 
St

ut
te

ri
ng

 S
ev

er
ity

 S
ca

le
 (

IC
SS

S)
, m

ea
n 

E
di

nb
ur

gh
 H

an
de

dn
es

s 
In

ve
nt

or
y 

sc
or

e,
 m

ea
n 

Pe
ab

od
y

Pi
ct

ur
e 

V
oc

ab
ul

ar
y 

T
es

t s
co

re
 a

nd
 m

ea
n 

T
es

t o
f 

L
an

gu
ag

e 
D

ev
el

op
m

en
t-

3.

G
ro

up
n

M
ea

n
ag

e 
(S

D
)

A
ge

 a
t 

st
ut

te
ri

ng
on

se
t 

(r
an

ge
 in

ye
ar

s)

T
im

e 
be

tw
ee

n
on

se
t 

an
d

re
co

ve
ry

(r
an

ge
 in

 y
ea

rs
)

St
ut

te
ri

ng
se

ve
ri

ty
sc

or
e 

(S
D

) 
(0

 =
 n

or
m

al
;

4 
= 

m
od

er
at

e 
7 

= 
ve

ry
se

ve
re

)

M
ea

n 
E

di
nb

ur
gh

H
an

de
dn

es
s

In
ve

nt
or

y
(S

D
) 

(O
ld

fi
el

d,
19

71
)

M
ea

n 
P

ea
bo

dy
P

ic
tu

re
 V

oc
ab

ul
ar

y
T

es
t 

(S
D

)
(P

P
V

T
 -

 D
un

n 
&

 D
un

n,
19

97
)

M
ea

n 
T

es
t 

of
 L

an
gu

ag
e

D
ev

el
op

m
en

t-
3 

T
O

L
D

:I
-3

(S
D

) 
(N

ew
co

m
er

 &
H

am
ill

, 1
99

7)

C
hi

ld
re

n 
w

ith
 p

er
si

st
en

t
  s

tu
tte

ri
ng

8
10

.9
5 

(1
.7

)
2–

5
–

2.
58

 (
0.

6)
94

.6
8 

(8
.4

0)
10

4.
13

 (
15

.6
9)

8.
57

 (
1.

90
)

C
hi

ld
re

n 
w

ho
 r

ec
ov

er
ed

  f
ro

m
 s

tu
tte

ri
ng

6
11

.1
3 

(1
.4

4)
2–

5
2–

3
–

99
 (

2.
24

)
12

3.
00

 (
19

.0
1)

9.
50

 (
2.

07
)

T
yp

ic
al

ly
 d

ev
el

op
in

g
  c

hi
ld

re
n

7
10

.6
9 

(1
.0

6)
–

–
–

91
 (

12
.7

3)
10

9.
86

 (
18

.4
1)

10
.2

9 
(4

.3
5)

J Commun Disord. Author manuscript; available in PMC 2013 July 28.


