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Abstract
Stuttering is a developmental speech disorder that occurs in 5% of children with spontaneous
remission in approximately 70% of cases. Previous imaging studies in adults with persistent stuttering
found left white matter deficiencies and reversed right-left asymmetries compared to fluent controls.
We hypothesized that similar differences might be present indicating brain development differences
in children at risk of stuttering. Optimized voxel-based morphometry compared gray matter volume
(GMV) and diffusion tensor imaging measured fractional anisotropy (FA) in white matter tracts in
3 groups: children with persistent stuttering, children recovered from stuttering, and fluent peers.
Both the persistent stuttering and recovered groups had reduced GMV from normal in speech-
relevant regions: the left inferior frontal gyrus, and bilateral temporal regions. Reduced FA was found
in the left white matter tracts underlying the motor regions for face and larynx in the persistent
stuttering group. Contrary to previous findings in adults who stutter, no increases were found in the
right hemisphere speech regions in stuttering or recovered children and no differences in right-left
asymmetries. Instead, a risk for childhood stuttering was associated with deficiencies in left gray
matter volume while reduced white matter integrity in the left hemisphere speech system was
associated with persistent stuttering. Anatomical increases in right hemisphere structures previously
found in adults who stutter may have resulted from a life-time of stuttering. These findings point to
the importance of considering the role of neuroplasticity during development when studying
persistent forms of developmental disorders in adults.
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Introduction
Developmental stuttering is a speech disorder that typically begins prior to age 6, occurring in
approximately 5% of all preschool children (Bloodstein, 1995). Although 70-80% recover
spontaneously without formal treatment (Yairi and Ambrose, 1999), approximately 1% of
adults continue to have persistent stuttering beyond school-age (Bloodstein, 1995). When
stuttering persists into adulthood, persons face a life-time of coping with a chronic speech
disorder with only short-term treatment benefits, often followed by relapse (Finn, 2003).

Several brain function differences have been found during speech in stuttering adults: 1)
reduced or abnormal activity in the auditory association areas (Braun et al., 1997; Fox et al.,
2000; Salmelin et al., 1998); 2) increased activity in the right frontal and left cerebellar regions
relating to stuttering (Braun et al., 1997; De Nil et al., 2001; Fox et al., 2000), 3) abnormal
timing relationships between premotor and primary motor regions in the left hemisphere
(Salmelin et al., 2000), and 4) increased activity in the left putamen, ventral thalamus and
inferior anterior cingulate related to stuttering (Braun et al., 1997). Whether increases in activity
in the right hemisphere speech regions represent compensatory brain activation for stuttering
or brain function differences underlying stuttering has been debated (Braun et al., 1997; Fox
et al., 2000; Ludlow, 2000). Some have found right sided increases both during speech
production and other tasks, suggesting that greater right hemisphere activation may be inherent
in adults who stutter (Preibisch et al., 2003).

Anatomical differences in stuttering adults include anomalous gyri in the perisylvian
frontotemporal regions, and bilateral increases and atypical right- left asymmetry in the planum
temporale (Foundas et al., 2001; Foundas et al., 2004). Increased white matter volumes were
found in the right hemisphere, including the superior temporal gyrus, using voxel based
morphometry (VBM) (Jancke et al., 2004), while reduced white matter integrity on fractional
anisotropy was found in the left inferior arcuate fasciculus linking the temporal and frontal
areas in adults who stutter (FA)(Sommer et al., 2002).

Previous brain imaging studies have only examined adults who stutter. Because asymmetries
in brain structure in adults could have resulted from functional differences during development
as has been shown for handedness (Buchel et al., 2004), language laterality (Nucifora et al.,
2005), reversed laterality (Dorsaint-Pierre et al., 2006), bilingualism (Mechelli et al., 2004),
and instrument practice (Gaser and Schlaug, 2003a), some of the brain structure differences in
adults may have occurred as a result of stuttering. This study examined brain structure
differences between children who developed preschool stuttering and their age matched peers.
We hypothesized that differences would be present in the left hemisphere brain regions
involved in speech production in children who stuttered during the preschool years. Further,
we expected that the differences would be less pronounced in children who had spontaneously
recovered from stuttering in comparison with those who continued to stutter.

Material and Methods
Subjects

Right-handed boys between 9-12 years were recruited for study. Inclusion criteria required that
no other speech or language deficits were present on standardized speech and language testing
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including: the Peabody Picture Vocabulary test (PPVT)(Dunn, 1959), the Expressive
Vocabulary test (EVT)(Williams, 1999), and three subtests of the Test of Oral Language
Development (TOLD-I:3)(Newcomer and Hammill, 1992). Three groups of children were
included; those who had recovered from preschool stuttering, those who had persistent
stuttering and fluent controls.

Recovered children had stuttered between 2 and 3 years of age and participated in a longitudinal
study of early preschool childhood stuttering at the University of Illinois (Yairi and Ambrose,
1999). Within 6 months post-onset of stuttering, they were examined by speech language
pathologists and diagnosed as having had mild to moderate developmental stuttering on a
measure of stuttering severity in childhood1. They were followed every 6 months until the time
of recovery, usually 2-3 years post-onset (Ambrose and Yairi, 1999). Children with persistent
stuttering between 9 and 12 years who were without co-occurring developmental speech,
language, behavioural, cognitive or neurological disorders were recruited as well as children
who served as a control group and were matched with the other groups on age and language
skills. All subjects had normal hearing, and were right-handed on the Edinburgh Handedness
Battery (Oldfield, 1971) (Table 1). Separate consent forms were signed by each parent(s) and
child and the University of Illinois Campus IRB approved the study.

Three groups met the criteria for study: eight with persistent stuttering, seven who had
documented recovery from stuttering, and seven controls. More than 40 children with persistent
stuttering were screened but did not meet the rigorous subject selection criteria due to
cooccurring developmental speech, language, behavioural, cognitive or neurological disorders
(i.e., attention deficit and hyperactivity disorder, learning disability, dyslexia, etc.). Others were
excluded from all three groups due to uneasiness in the MRI setting and/or excessive head
movement. The three groups did not differ on any of the measures of speech and language or
other characteristics (p> 0.05) except speech fluency (Table 1).

MRI
High resolution T1-weighted MPRAGE scans (sequence parameters: TR/TE= 21 s / 4.38 ms,
FOV 256 mm, matrix 256 × 160 × 128 mm3, slice thickness 1.3mm, flip angle 8°, bandwidth
130 Hz/pixel), and a high-resolution DTI scan (TR/TE= 42 s/92 ms, slice thickness 5 mm,
FOV 224 mm, acquisition matrix 256 × 256 × 20 mm3, 6 non-collinear directions with b-value=
1000 s/mm2 and low b value = 0 s/mm2, bandwidth 1860 Hz/pixel) were acquired on a 3T
Siemens Allegra scanner.

The children lay still in the bore of the magnet while viewing a movie of their choice through
MRI compatible goggles. Head motion was minimized with tightly padded cushions placed in
the head coil and around the shoulders. The children wore earplugs to mask scanner noise and
headphones to hear the sounds of the movie. The procedure required less than 30 minutes to
complete. Of the 22 children tested, one MPRAGE scan from one child with persistent
stuttering was excluded due to movement artefacts while his DTI scan was acceptable and
retained for FA analysis. Hence, 21 subjects’ data were entered for VBM/gray matter analyses
and 22 for DTI analyses.

Voxel-Based Morphometry (VBM)
Whole-brain group comparisons of regional gray matter volume (GMV) used an optimized
VBM technique (Good et al., 2001), with additional steps compared to standard VBM. For

1Stuttering severity was determined by taking the average of ratings from three 8-point scales: frequency of stuttering-related disfluencies
(part-word repetitions, single syllable word repetitions, and blocks or prolongations); duration of stuttering moments; and tension. An
additional point was added for associated secondary behaviors. Ratings between 1 and 7 indicated severity from very mild to very severe
stuttering (Yairi & Ambrose, 1999).
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spatial normalization and segmentation, we used a customized study-specific template. This
was created by registering all subjects’ raw skull stripped images, via a 12-parameter affine
transformation, to a previously published pediatric template based on 67 children in the 9-12
age range (Wilke et al., 2003) in Montreal Neurological Institute (MNI) space (ICBM152).
The resulting images were averaged and smoothed with a 12 mm full width half maximum
(FWHM) kernel to produce the study-specific template for subsequent image registrations.
Individual skull-stripped images were segmented into gray matter, white matter, and
cerebrospinal fluid using FSL’s automated segmentation algorithm (Zhang et al., 2001) and
normalized into the pediatric template space using parameters derived from the initial
registration of raw images to the pediatric template. The segmented tissue volumes were
averaged and smoothed creating probability maps in a second segmentation step, and the raw
images were again registered to the study specific template. The transformation matrix from
this registration was applied to the partial volumetric maps of the three tissue types derived
from the second segmentation, while standardizing the three tissue volumetric maps to the
study-specific template. To correct for any change in absolute volume in individual images
following spatial normalization, we multiplied the segmented volumetric maps by the Jacobian
determinants derived in the registration. This allowed group comparisons in GMV rather than
gray matter density (Ashburner and Friston, 2000). The 3D tissue maps were then smoothed
with an 8 mm FWHM Gaussian kernel before statistical analysis.

The effect of stuttering status on GMV was examined on a voxel by voxel basis throughout
the brain using a general linear model with age as a covariate. Total brain volume and total
GMV, based on each individual’s segmented tissue maps in native space, were comparable in
the three groups, eliminating the need for covariates. All analyses used tools provided by FSL
(functional and structural brain image analysis tools, by Image Analysis Group, FMRIB,
Oxford, UK: http://www.fmrib.ox.ac.uk/fsl/). Several contrasts were conducted; the combined
persistent and recovered stuttering groups were compared with normally fluent controls, and
the persistent and recovered groups were each contrasted with the fluent controls and the
recovered and persistent groups were compared. In the statistical parametric maps, only regions
exceeding an uncorrected voxel-wise threshold of p<.001 were considered significant.

Region of Interest (ROI) Analyses of Gray Matter Volume
In addition to whole-brain VBM analyses, GMV data were further analyzed in bilateral pre-
defined ROIs previously associated with speech production in the literature: frontal Brodmann
Areas 44 and 45 (BA 44, 45), superior temporal gyrus (STG), supramarginal gyrus (SMG),
and planum temporale (PT). The frontal ROIs were defined using probabilistic
cytoarchitechtonic maps available for BA 44 and 45 (Amunts et al., 2004) and implemented
in AFNI (Cox, 1996) (http://afni.nimh.nih.gov/afni/) based on post mortem cytoarchitectonic
studies with stereotaxic information in MNI space (Eickhoff et al., 2005). The maximum
probability maps for bilateral BA 44 and 45 were registered into the same space as each
subjects’ standardized gray matter maps. Because no probabilistic cytoarchitechtonic maps
were available for STG, SMG and PT, Talairach daemon (Lancaster et al., 2000) was used to
define STG and SMG on a standardized brain. The bilateral PTs were drawn manually on a
single standardized brain map similar to methods used in previous studies (Dorsaint-Pierre et
al., 2006; Rojas et al., 2005). The PT was defined by the horizontal bank of the STG from the
first Heschl’s sulcus anteriorly to the vertical bank or the end of the horizontal portion of the
sylvian fissure. The posterior ascending and descending rami were excluded, consistent with
conventional PT measurements (Rojas et al., 2005) (intra-rater reliability was measured, alpha=
0.98). All ROIs were registered into the same space as each individual’s GMV. Mean GMV
was computed from voxel values within each ROI and extracted from each subject’s smoothed
GMV map. Pearson correlation coefficients (r) were computed between GMV for each ROI
and age, handedness, and language test scores within each group (fluent, persistent and
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recovered). Variables with an r ≥ 0.80 ( p ≤ 0.05) were used as covariates in the Analyses of
Variance (ANOVA).

The three groups (persistent and recovered stuttering groups and the fluent controls) were
compared on an ANOVA with repeated factors of ROIs and right and left sides examining
group by ROI and group by side interactions. If the main group effects or interactions were
statistically significant (p< 0.05) then post hoc analyses of group effects were conducted for
each structure or side. The persistent and the recovered stuttering groups were also compared
each with the controls as well as with each other using ANOVAs to examine group effects and
ROI and side interactions with group. If the main effects of either group, or group interactions
were statistically significant (p< 0.05), then post hoc analyses of group effects were conducted
for each structure.

Right —Left Asymmetries in GMV between Groups
To examine right-left asymmetries, we computed a similar asymmetry quotient (AQ) to that
previously used in adults who stutter (Foundas et al., 2003), by subtracting the right GMV from
the left and dividing the result by half of the total of the left and right GMV for each region.
ANOVAs examined group effects and structure by group interactions between the controls
with the combined persistent and recovered stuttering group. Similar analyses were also
conducted between the persistent and recovered groups.

Relationships between ROI GMV within Groups
The bases for examining relationships between ROI GMV within each group came from the
extensive longitudinal studies done by others (Sowell et al., 2004). These authors examined
cortical thickness changes in brains of normal children between ages 5 and 11, a similar age
range as was studied in our study. Sowell et al. (2004) found two brain regions increased in
cortical thickness in this age range while all other regions decreased in thickness during this
age range. The two regions increasing in thickness were the left inferior frontal (left BA44)
and left perisylvian temporal regions (left STG), both thought to be involved in speech
processing (Hickok and Poeppel, 2004, 2007). Therefore, we predicted that in normal children
if left BA44 and the left STG regions both have different developmental trajectories from other
regions then the correlation between these and other cortical regions not found to increase by
Sowell et al. (2004) would be low. On the other hand, if children who are at risk for stuttering
show different brain development patterns from normally fluent children then they might have
different relationships between these two speech regions and other brain regions over this age
range. We hypothesized that developmental trajectories of the left inferior frontal, and the left
temporal regions would be attenuated in children who stutter, and might therefore show greater
correlations with other cortical region not shown by Sowell et al. (2004) to increase with
development in this age range. The supramarginal gyrus (SMG) was included because this
region is adjacent to the STG and based on a recent DTI tractography study was found to have
dense connections to the classic frontotemporal language areas (Catani et al., 2005) but was
not found to increase with development between 5 and 11 years (Sowell et al., 2004).

To test whether stuttering and control groups differed in their relationships between the classic
frontotemporal speech/language regions and surrounding areas across the age range (9-12
years), we computed correlation coefficients between GMV in the left BA44 and other cortical
regions including the right BA44, right BA45, left BA45, right SMG, left SMG, and the right
STG and the left STG. Similarly we computed the correlation coefficients within groups
between the left STG and other frontal and temporoparietal structures. The resulting r values
were converted to Fisher’s Z scores to conduct comparisons using a normally distributed
measure. Four group comparisons were conducted: ANOVAs compared the Z values obtained
for the combined stuttering and fluent groups for the BA44 with other structures and for the
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STG with other structures. Similarly, Z scores were compared between the persistent and
recovered groups for the BA44 relationships and for the STG relationships.

Tract Based Spatial Statistics on Fractional Anisotropy Maps
Fractional anisotropy (FA) measures directionality of water diffusivity, and is an index of white
matter organization in the brain (Basser and Pierpaoli, 1996), with 1 representing perfectly
anisotropic diffusion and 0 representing perfectly isotropic diffusion. Whole brain FA maps
were computed for each individual using FMRIB’s diffusion toolbox (Smith et al., 2004). The
diffusion and non-diffusion weighted images from each individual were merged into a 3
dimensional (3D) file, and then merged into a 4 dimensional file, with subject as the 4th

dimension. The 4D file was corrected for eddy currents, and then fit to a diffusion tensor model
at each voxel.

The FA data were analyzed on a whole-brain basis using voxel-wise statistical analysis (with
no pre-defined voxels or tracts of interest) using tract-based spatial statistics (TBSS) (Smith et
al., 2006). This method addresses alignment issues with VBM-style analyses of FA data by
using a non-linear registration of all subjects’ FA data onto a common registration target
(standardized into MNI152 space), and creating a “skeletonized” mean FA image of tracts
common to all subjects. TBSS projects all subjects’ FA data onto this mean FA skeleton before
applying voxel-wise across-subject statistics, to produce a more Gaussian distribution with less
across-subject FA variability, resulting in a more robust and sensitive analysis of multiple
subject diffusion imaging data (Smith et al., 2006). The FA values were thresholded at 0.2 to
exclude gray matter voxels. A General Linear Model examined the effect of stuttering status
on FA values, with age and handedness as covariates. Statistical parametric maps were
thresholded at a voxel-wise p<.001 (uncorrected).

ROI Analyses of Fractional Anisotropy
The ROI analysis focused on the arcuate fasciculus underlying the rolandic operculum (RO)
on each side and the corticospinal tracts, thought to play a role in speech motor control. All
ROIs were created using the avwmaths utility available through FSL. The RO was examined
because of a previous DTI finding of less FA in white matter underlying the left RO in stuttering
adults (Sommer et al., 2002). The left RO ROI comprised of 5×5×5 voxels drawn on an
unsmoothed mean FA skeleton map, surrounding the coordinate -42, -9, 25 in the left RO
region. The right RO was drawn in a similar manner at the coordinate 40, -9, 29. These ROIs
were visually inspected to ensure correct placement within homotopic regions in the arcuate
fasciculus underlying the RO region in each subject, comparable to the previous study in
stuttering adults (Sommer et al., 2002). Additional regions adjacent to the RO are also
considered critical in the interface between speech production and speech perception (Hickok
and Poeppel, 2004, 2007), and may play a role in stuttering. In the frontal region white matter
underlying BA 44 was of theoretical importance to speech production (Broca’s area)
(coordinates: -38, 24, 10 (left) and 37, 27, 9 (right)). In the posterior temporoparietal region,
white matter underlying the SMG (BA 40) (coordinates: -36, -37, 29 (left), 36, -34, 30 (right))
was identifying as being closely connected based on a recent DTI tractography study that found
dense connections to the classic frontotemporal language areas (Catani et al., 2005). Both ROIs
were 5×5×5 mm3 drawn on a standardized mean FA map and visually inspected for correct
placement for each subject.

The corticospinal tract ROI comprised of 10×10×10 voxels placed on focus coordinates -21,
-19, -2 (left) and 25, -23, -1 (right). Mean FA values (based on FA values exceeding 0.2) were
extracted from the bilateral ROIs for each subject using the avwstats utility of FSL. The
corticospinal tracts were also examined given previous findings of motor control difficulties
in adults who stutter (Borden, 1983).
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Statistical comparisons of ROIs between groups
Pearson r values were computed between subjects’ RO FA values on each side and age,
handedness, and language test scores, to identify covariates required for the group comparisons
(r> 0.80). The three groups were compared on a group ANOVA also testing for group
interactions with ROIs on the right and left sides. If the main effects were statistically
significant (p< 0.05) then post hoc analyses of group effects were conducted for each structure.
The persistent and the recovered stuttering groups were also compared using a group ANOVA
while testing for ROI and side interactions. If the main effects were statistically significant (p<
0.05), then post hoc analyses of group effects were conducted for each ROI.

Results
Group Whole Brain Comparisons on Gray Matter Volume

Statistical parametric maps show the results of contrasts in GMV between the combined
stuttering and control groups (Figure 1A), between the persistent and controls (Figure 1B) and
between the recovered and the controls (Figure 1C). The combined stuttering group had
significantly less GMV than the controls in the bilateral inferior frontal gyrus (BA 44, 45, 47),
left anterior cingulate gyrus (BA 32), bilateral supplementary motor area (SMA) (BA 6), left
SMG (BA 40), right motor/postcentral gyri (BA 4, 43), and right temporal regions (BA 21, 37)
(Figure 1A). The coordinates of significant clusters and voxels within clusters that exhibited
maximal differences in contrasts between the fluent controls and the combined stuttering group
are listed at the top of Table 2. The control group did not have significantly less volume than
the combined stuttering group in any region.

As shown in Figure 1B and Figure 1C, the regions where the persistent group had less GMV
than the controls and where the recovered group had less GMV than the controls were similar.
Figure 2A and Table 2 show the persistent group had significantly less GMV than the recovered
group in the cingulate gyrus in the right hemisphere (BA 24, 32), while Figure 2B and Table
2 show that the recovered group exhibited significantly less GMV than the persistent group in
the bilateral medial temporal gyrus/STG (MTG/STG) (BA 22, 39), bilateral precentral gyri
(BA 6), and bilateral cerebellar regions.

ROI Comparisons on GMV
Pearson r values greater than 0.8 between age and GMV were positive in the left STG in the
controls and negative in the left BA44 and right BA45 in the stuttering group. Similarly, values
greater than 0.80 were positive between handedness and GMV in the right SMG and the right
and left PT in the controls; and the left BA 44 and the right and left BA 45 in the persistent
stuttering group. When all three groups were combined, age was related to GMV in the right
BA 45 and handedness was related to mean GMV in the right SMG and the right and left PT.
Therefore, both age and handedness were included as covariates for the two group comparisons.

An overall ANOVA comparing all three groups (fluent controls, persist stuttering and
recovered from stuttering) with repeated comparisons across structures and side demonstrated
significant group differences between the three groups (F=7.692, p=0.005). The post hoc tests
demonstrated significant group effects on: the left BA 44 (F=5.373, p=0.017), the left BA 45
(F=4.429, p=0.031), the left STG (F=12.315, p= 0.001) and the right STG (F=9.046, p=0.003).
Post hoc testing revealed that the fluent controls only differed significantly from the recovered
group on each of these structures (L44 F=29.97, p ≤ 0.0005; L45 F=9.63, p = 013; LSTG
F=19.07, p =0.002; RSTG F=11.845, p =0.007) and that the recovered and persist group
differed on the LSTG (F=11.89, p =0.007) and the RSTG (F=11.29, p=0.008) as shown in
Figure 3.
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Right —Left Asymmetries in GMV between Groups
The ANOVA comparing the left —right Asymmetry quotients (AQ) between the combined
persistent and recovered stuttering groups and the controls showed no group effect (F=0.417,
p=0.526) or the group by structure interaction (F=0.615, p=0.658). Similarly, the persistent
and recovered stuttering groups did not differ (F=0.051, p=0.825), with no group by structure
interaction (F=0.192, p=0.937). The AQs were close to zero for all of the structures except the
PT where all three groups had similar mean AQs of 0.100 ± 0.40.

Relationships between ROI GMV within Groups
Because gray matter density and thickness change with age in the left hemisphere during
childhood (Sowell et al., 2003; Sowell et al., 2004; Toga et al., 2006), we examined
relationships in GMV between brain regions involved in speech production within each group
by computing Pearson r correlation coefficients between ROI GMVs. In the controls, positive
r values greater than 0.8 occurred between the right and left SMG (Figure 4). The persistent
and recovered groups had r values similar to the controls between the right and left SMG but
had r values greater than the controls between the left BA 44 and the left BA 45, and between
the left STG and the left BA44, whereas all three groups had similar relationships between the
left and right STGs (Figure 4).

The degree of relationship between GMV in the left BA44 and left STG with other regions
(right BA44, right BA45, left BA45, right SMG, left SMG, and the right STG and the left
STG ) were compared between groups using r values converted to Fisher’s Z scores. The
combined stuttering group had higher Z values (mean=0.807) than the fluent controls (mean=
0.134) for the left BA44 with other structures (F= 8.191, p=0.021). Similarly, the combined
stuttering groups had higher Z values (mean=0.896) for the left STG with other structures than
the fluent group (mean = 0.269). This difference was statistically significant (F= 14.16,
p=0.006).

When the persistent and the recovered groups were contrasted, they had similar left BA44
relationships; the recovered group had similar Z values (mean=0.842) to the persistent group
(mean =0.959) with no group difference (F=0.304, p=0.593). Further, for STG relationships
with other structures, the mean Z scores for the recovered (mean=0.898) and the persistent
group (mean =1.090) were similar and did not differ (F =1.615, p =0.239).

Group Whole Brain Comparisons on Fractional Anisotropy
Compared to the combined stuttering group (persistent and recovered), the normally fluent
children exhibited significantly higher FA values in three white matter tracts: the corticospinal/
corticobulbar tract bilaterally, the left arcuate fasciculus in the RO region and a posterior-lateral
region underlying the SMG area (Figure 5). The SMG region appeared to be outside the
superior longitudinal fasciculus proper, on a posterior branch, possibly an indirect
frontotemporal pathway, recently identified in a DTI tractography study (Catani et al., 2005).
Only a small cluster in the right inferior longitudinal fasciculus /uncinate fasciculus had higher
FA in the stuttering children compared to the fluent controls (not shown).

ROI results for FA
To determine if covariates needed to be included in the ROI analyses for mean FA, we examined
relationships of mean FA with age and handedness. No relationships (r >0.80) were found in
the fluent controls or the persistent stuttering groups between age or handedness and mean FA
values in any of the four regions (frontal operculum, corticospinal, rolandic operculum and
supramarginal gyrus) on either the right or left sides. Although the recovered group had
significant positive relationships of age with mean FA in the right and left corticospinal tract
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and the right frontal operculum and with handedness in the right corticospinal tract and the
right SMG, there were no relationships when all three groups were combined and therefore no
covariates were included in the analysis.

An overall ANOVA comparing all three groups was not significant for overall group effects
(F = 0.592, p= 0.563) however, because there were significant region by side effects (F=6.51,
p= 0.002 ) the individual regions were tested for group effects. Only the left arcuate fasciculus
differed between the three groups (F=3.68, p=0.045) with no significant difference between
the three groups on the right side (Figure 6). A comparison between the persistent and the
controls on the left side was significant (F=8.593, p=0.012) while the recovered and the controls
did not differ (F=2.446, p=0.144). When the two stuttering groups were compared on this
region on the right and left sides, no significant differences were found on either side.

Discussion
Gray and white matter anatomical differences were found between children who had stuttered
during preschool regardless of recovery and their fluent peers. White matter integrity, as
measured by FA, was reduced underlying the left RO on both the TBSS and the FA ROI
analysis. This area overlaps the oral-facial motor regions in the left hemisphere, and tended to
be reduced in the children with persistent stuttering. This decrease was in the same location as
previously found in adults who stutter (Sommer et al., 2002) when compared to fluent controls.
The similarities of our findings to those of Sommer et al.(2002) suggest that regardless of age,
a decrease in FA underlying the left motor areas for the oral articulators tends to be a significant
attribute of brain anatomy in persons who stutter.

Previously VBM measures of both white and GMV in adults who stutter (Jancke et al., 2004)
found right-hemispheric increases in white matter volume in the STG, the PT, the inferior
frontal gyrus (BA44), the white matter underlying face and mouth representation, and the
anterior middle frontal gyrus. Stuttering adults also lacked the normal left-right asymmetry in
white matter volume in the auditory cortex (Jancke et al., 2004). Because of reports of
inconsistencies using VBM to assess white matter (Buchel et al., 2004; Gaser and Schlaug,
2003b), we used FA rather than white matter volume. Therefore our FA results cannot be
directly compared to those of the adult VBM study. FA measures of the white matter tracts in
children who stuttered did not show any increases on the right in those who stuttered, although
a non-significant trend of greater right sided FA was seen in the group that had recovered from
stuttering (Figure 6). Studies are needed in adults to determine if FA measures show right-left
differences in adults similar to the VBM results (Foundas et al., 2001). If so, right sided
increases in white matter volume may develop in persons who stutter after 12 years of age.

The gray matter differences found between children who stuttered and their fluent controls
demonstrated reduced volume on the left side in BA 44, 45 and STG and bilaterally in the PT.
We did not find any left to right asymmetry differences between groups, particularly in the PT,
the only region with left to right asymmetry at this age. These GMV results in childhood differ
from previous findings in adults who stutter that showed bilateral increases in the PT and
atypical right to left asymmetry (Foundas et al., 2001). An important caveat is that GMV as
measured by VBM may be influenced by cortical folding and gray matter thickness. Hence,
caution is needed because of increased variability/folding in the left frontal and temporal gyri
has been reported in adults who stutter (Foundas et al., 2001). Possibly increased cortical
folding in the left hemisphere (consistent with adult morphometric observations) was obscured
when measuring GMV, although this is unlikely given the reduced GMV found in the groups
who stuttered. Comparison with previous adult studies is not straightforward; the adults
included left handers and women in the stuttering group (Foundas et al., 2001), which may
have influenced the degree of asymmetry found between the two hemispheres. Future studies
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examining cortical complexity (Eckert et al., 2006) as well as cortical thickness (Sowell et al.,
2004) in equivalent samples are needed to compare studies in adults and children.

Only a few differences were found between the recovered and persistent stuttering groups.
Although the combined stuttering groups had reduced GMV in the left STG compared to their
fluent peers, the persistently stuttering children had greater GMV than the recovered group in
the left and right STG. The GMV differences in the persistent group are in agreement with the
findings of increased volume in the right and left PT in adults who stutter (Foundas et al.,
2001). A longitudinal study is needed to determine if these increases in GMV in the STG in
the persistent group developed as a result of continuing to struggle with stuttering or were
present at the onset of stuttering.

Although reduced left to right sided asymmetries in the PT were found in adults who stutter
(Foundas et al., 2001), we found no asymmetry differences between the controls and the
stuttering children. A long-held premise in stuttering is that right hemisphere brain mechanisms
are involved to a greater degree during speech in persons who stutter than in fluent speakers
(Travis, 1978). Some have postulated that greater right hemisphere involvement may interfere
with speech fluency in persons who stutter (Andrews et al., 1972; Webster, 1986). Functional
brain imaging studies have shown increased right hemisphere activation in the motor speech
areas during stuttering that becomes reduced when speech becomes more fluent (Braun et al.,
1997; Fox et al., 2000), indicating that increased activation in the right hemisphere during
stuttering may be compensatory (Braun et al., 1997; Fox et al., 2000; Preibisch et al., 2003).
Perhaps both the anatomical and functional increases in right hemisphere speech related areas
in adults are the result of compensatory mechanisms used over a lifetime of stuttering.

Recent research has shown that alterations in behaviour and brain function can produce changes
in brain anatomy. Gray and white matter volume differences emerge in the left hemisphere
speech areas relative to the right in relation to hemispheric dominance for language during
development (Dorsaint-Pierre et al., 2006). Gray matter increases follow motor training in
adults (Draganski et al., 2004) and after a lifetime of practice in musicians (Gaser and Schlaug,
2003b). Increased left inferior parietal lobe gray matter density relates to the age of acquisition
and second language proficiency (Mechelli et al., 2004). Similarly, regional increases in white
matter tracts relate to the extent of piano practicing (Bengtsson et al., 2005), language laterality
in adults relates to asymmetries in the arcuate fasciculus (Nucifora et al., 2005), and FA
underneath the precentral gyrus is increased contralateral to the dominant hand relative to the
non-dominant hand (Buchel et al., 2004). Therefore, a life-long enhanced use of right
hemisphere brain mechanisms for speech in persons who stutter could result in right
hemisphere white and gray matter increases and a reduction in left-right asymmetries. The lack
of finding similar increases in right hemisphere speech areas in the children who stutter in this
study suggests that right hemisphere enhancement develops with continued stuttering into
adulthood. This might explain why right hemisphere speech regions are increased in adults
who have stuttered for a life time and were not found in children who stutter. Perhaps the STG
increases found in children with persistent stuttering over those who recovered from stuttering
are the result of continuing to stutter for 6 to 9 years after onset. Increases in the white matter
volume of the right STG have also been found in stuttering adults (Jancke et al., 2004).

During childhood, structural changes occur in brain development with growth differences
between brain regions. Between 5 and 11 years, the greatest increases in cortical thickness
occur in the perisylvian regions bilaterally and in the left inferior frontal area in particular
(Sowell et al., 2004). Given the disparities in growth that occur between regions in this age
range, GMV in the left BA44 would not be expected to relate to GMV in the left BA45 and
the left STG as was found in the controls (Figure 4). However, the GMV of the left BA44 was
closely related with the left BA45 and the left STG in both stuttering groups and particularly
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in the persistent group to a greater degree than in the controls. This suggests a growth pattern
difference in the children who stuttered for the left BA44 and left STG regions. Because other
regions such as the right and left SMG were similar in all three groups the gray matter
development in the left inferior frontal area (Broca’s area), and the STG may be specific regions
of differences in children who stutter. Normally gray matter thickness increases in this area
between 5 and 11 years of age (Sowell et al., 2004) and growth in BA44 region was shown to
relate to phonological development (Lu et al., 2006). We eliminated all children with
phonological deficits from participating in our study in order to examine children who were
without other deficits besides stuttering. However, a high proportion of children who stutter
also have phonological deficits in speech during the early period of speech development (Wolk
et al., 1993). Perhaps delays in growth of the left BA44 may be related to a risk for both types
of speech disorders.

This study had several limitations. Children were studied between 9 and 12 years of age, past
the age when stuttering first begins, but studying younger children was challenging without
sedation. To study children without other speech or behavioral deficits besides stuttering,
almost 50% of the subjects contacted did not qualify, reducing the power of our statistical
comparisons, particularly for the VBM study. Through DTI, however, we replicated the
reduced FA findings in the arcuate fasciculus underlying the left rolandic opercular region
previously found in adults (Sommer et al., 2002). Although adult studies have had similar group
sizes, larger sample sizes are needed for studies involving children, given the increased group
variance due to ongoing gray and white matter development in children (Toga et al., 2006).
Our VBM results should be considered preliminary for this reason and need to be replicated
with a larger sample. Further, by restricting the sample to right-handed boys who stuttered, our
sample was not representative of all children who stutter, many of whom have other
developmental disorders. The relationship between brain development in stuttering and other
speech and language disorders such as dyslexia, Williams syndrome and specific language
impairment, needs to be examined as similar regions may be involved in these other disorders
(Eckert et al., 2006; Eckert et al., 2005; Watkins et al., 2002).

In conclusion, our results suggest that stuttering is related to deficits in the development of
white matter tracts underlying the oral facial motor regions on the left and reduced gray matter
growth in the inferior frontal region (Broca’s area) also in the left hemisphere. These two
regions are part of the anterior portion of the perisylvian language center (Catani et al., 2005)
and are functionally related during speech production (Greenlee et al., 2004). Developmental
deficits in this network for speech production may represent risk factors for the onset of
childhood stuttering during childhood.
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SMG, supramarginal gyrus
RO, rolandic operculum
BA, Brodmann’s area

REFERENCES
Ambrose NG, Yairi E. Normative disfluency data for early childhood stuttering. J Speech Lang Hear Res

1999;42:895–909. [PubMed: 10450909]
Amunts K, Weiss PH, Mohlberg H, Pieperhoff P, Eickhoff S, Gurd JM, Marshall JC, Shah NJ, Fink GR,

Zilles K. Analysis of neural mechanisms underlying verbal fluency in cytoarchitectonically defined
stereotaxic space--the roles of Brodmann areas 44 and 45. Neuroimage 2004;22:42–56. [PubMed:
15109996]

Andrews G, Quinn PT, Sorby WA. Stuttering: an investigation into cerebral dominance for speech. J
Neurol Neurosurg Psychiatry 1972;35:414–418. [PubMed: 5035315]

Ashburner J, Friston KJ. Voxel-based morphometry--the methods. Neuroimage 2000;11:805–821.
[PubMed: 10860804]

Basser PJ, Pierpaoli C. Microstructural and Physiological Features of Tissues Elucidated by Quantitative-
Diffusion-Tensor MRI. Journal of Magnetic Resonance 1996;111:209–219. [PubMed: 8661285]
Series B

Bengtsson SL, Nagy Z, Skare S, Forsman L, Forssberg H, Ullen F. Extensive piano practicing has
regionally specific effects on white matter development. Nat Neurosci 2005;8:1148–1150. [PubMed:
16116456]

Bloodstein, O. A handbook of stuttering. Vol. 5. Singular Publishing Group, Inc.; San Diego, California:
1995.

Borden GJ. Initiation versus execution time during manual and oral counting by stutterers. J Speech Hear
Res 1983;26:389–396. [PubMed: 6645464]

Braun AR, Varga M, Stager S, Schulz G, Selbie S, Maisog JM, Carson RE, Ludlow CL. Altered patterns
of cerebral activity during speech and language production in developmental stuttering. An H215O
positron emission tomography study. Brain 1997;120:761–784. [PubMed: 9183248]

Buchel C, Raedler T, Sommer M, Sach M, Weiller C, Koch MA. White matter asymmetry in the human
brain: a diffusion tensor MRI study. Cereb Cortex 2004;14:945–951. [PubMed: 15115737]

Catani M, Jones DK, Ffytche DH. Perisylvian language networks of the human brain. Annals of
Neurology 2005;57:8–16. [PubMed: 15597383]

Cox RW. AFNI: Software for analysis and visualization of functional magnetic resonance neuroimages.
Computers and Biomedical Research 1996;29:162–173. [PubMed: 8812068]

De Nil LF, Kroll RM, Houle S. Functional neuroimaging of cerebellar activation during single word
reading and verb generation in stuttering and nonstuttering adults. Neuroscience Letters
2001;302:77–80. [PubMed: 11290391]

Dorsaint-Pierre R, Penhune VB, Watkins KE, Neelin P, Lerch JP, Bouffard M, Zatorre RJ. Asymmetries
of the planum temporale and Heschl’s gyrus: relationship to language lateralization. Brain
2006;129:1164–1176. [PubMed: 16537567]

Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Neuroplasticity: changes in grey matter
induced by training. Nature 2004;427:311–312. [PubMed: 14737157]

Dunn, L. Peabody picture vocabulary test. American Guidance Service; Circle Pines, MN: 1959.
Eckert MA, Galaburda AM, Karchemskiy A, Liang A, Thompson P, Dutton RA, Lee AD, Bellugi U,

Korenberg JR, Mills D, Rose FE, Reiss AL. Anomalous sylvian fissure morphology in Williams
syndrome. Neuroimage 2006;33:39–45. [PubMed: 16876437]

Eckert MA, Leonard CM, Wilke M, Eckert M, Richards T, Richards A, Berninger V. Anatomical
signatures of dyslexia in children: unique information from manual and voxel based morphometry
brain measures. Cortex 2005;41:304–315. [PubMed: 15871596]

Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, Amunts K, Zilles K. A new SPM toolbox
for combining probabilistic cytoarchitectonic maps and functional imaging data. Neuroimage
2005;25:1325–1335. [PubMed: 15850749]

Chang et al. Page 12

Neuroimage. Author manuscript; available in PMC 2009 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Finn P. Addressing generalization and maintenance of stuttering treatment in the schools: a critical look.
J Commun Disord 2003;36:153–164. [PubMed: 12609579]

Foundas AL, Bollich AM, Corey DM, Hurley M, Heilman KM. Anomalous anatomy of speech-language
areas in adults with persistent developmental stuttering. Neurology 2001;57:207–215. [PubMed:
11468304]

Foundas AL, Bollich AM, Feldman J, Corey DM, Hurley M, Lemen LC, Heilman KM. Aberrant auditory
processing and atypical planum temporale in developmental stuttering. Neurology 2004;63:1640–
1646. [PubMed: 15534249]

Foundas AL, Corey DM, Angeles V, Bollich AM, Crabtree-Hartman E, Heilman KM. Atypical cerebral
laterality in adults with persistent developmental stuttering. Neurology 2003;61:1378–1385.
[PubMed: 14638959]

Fox PT, Ingham RJ, Ingham JC, Zamarripa F, Xiong JH, Lancaster JL. Brain correlates of stuttering and
syllable production. A PET performance-correlation analysis. Brain 2000;123(Pt 10):1985–2004.
[PubMed: 11004117]

Gaser C, Schlaug G. Brain structures differ between musicians and non-musicians. J Neurosci 2003a;
23:9240–9245. [PubMed: 14534258]

Gaser C, Schlaug G. Gray Matter Differences between Musicians and Nonmusicians. Annals of the New
York Academy of Sciences 2003b;999:514–517. [PubMed: 14681175]

Good CD, Johnsrude IS, Ashburner J, Henson RNA, Friston KJ, Frackowiak RSJ. A voxel-based
morphometric study of ageing in 465 normal adult human brains. Neuroimage 2001;14:21–36.
[PubMed: 11525331]

Greenlee JD, Oya H, Kawasaki H, Volkov IO, Kaufman OP, Kovach C, Howard MA, Brugge JF. A
functional connection between inferior frontal gyrus and orofacial motor cortex in human. J
Neurophysiol 2004;92:1153–1164. [PubMed: 15056683]

Hickok G, Poeppel D. Dorsal and ventral streams: A framework for understanding aspects of the
functional anatomy of language. Cognition 2004;92:67–99. [PubMed: 15037127]

Hickok G, Poeppel D. The cortical organization of speech processing. Nat Rev Neurosci 2007;8:393–
402. [PubMed: 17431404]

Jancke L, Hanggi J, Steinmetz H. Morphological brain differences between adult stutterers and non-
stutterers. BMC Neurol 2004;4:23. [PubMed: 15588309]

Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS, Rainey L, Kochunov PV, Nickerson D,
Mikiten SA, Fox PT. Automated Talairach atlas labels for functional brain mapping. Hum Brain
Mapp 2000;10:120–131. [PubMed: 10912591]

Lu LH, Leonard CM, Thompson PM, Kan E, Jolley J, Welcome SE, Toga AW, Sowell ER. Normal
Developmental Changes in Inferior Frontal Gray Matter Are Associated with Improvement in
Phonological Processing: A Longitudinal MRI Analysis. Cereb Cortex. 2006

Ludlow CL. Stuttering: Dysfunction in a complex and dynamic system. Brain 2000;123:1983–1984.
[PubMed: 11004116]

Mechelli A, Crinion JT, Noppeney U, OD’oherty J, Ashburner J, Frackowiak RS, Price CJ.
Neurolinguistics: structural plasticity in the bilingual brain. Nature 2004;431:757. [PubMed:
15483594]

Newcomer, PL.; Hammill, DD. The Test of Language Development. Empiric Press; Austin,TX: 1992.
Nucifora PG, Verma R, Melhem ER, Gur RE, Gur RC. Leftward asymmetry in relative fiber density of

the arcuate fasciculus. NeuroReport 2005;16:791–794. [PubMed: 15891571]
Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia

1971;9:97–113. [PubMed: 5146491]
Preibisch C, Neumann K, Raab P, Euler HA, von Gudenberg AW, Lanfermann H, Giraud AL. Evidence

for compensation for stuttering by the right frontal operculum. Neuroimage 2003;20:1356–1364.
[PubMed: 14568504]

Rojas DC, Camou SL, Reite ML, Rogers SJ. Planum temporale volume in children and adolescents with
autism. J Autism Dev Disord 2005;35:479–486. [PubMed: 16134033]

Salmelin R, Schnitzler A, Schmitz F, Freund H. Single word reading in developmental stutterers and
fluent speakers. Brain 2000;123:1184–1202. [PubMed: 10825357]

Chang et al. Page 13

Neuroimage. Author manuscript; available in PMC 2009 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Salmelin R, Schnitzler A, Schmitz F, Jancke L, Witte OW, Freund HJ. Functional organization of the
auditory cortex is different in stutterers and fluent speakers. Neuroreport 1998;9:2225–2229.
[PubMed: 9694204]

Smith SM, Jenkinson M, Johansen-Berg H, Rueckert D, Nichols TE, Mackay CE, Watkins KE, Ciccarelli
O, Cader MZ, Matthews PM, Behrens TE. Tract-based spatial statistics: Voxelwise analysis of multi-
subject diffusion data. Neuroimage. 2006

Smith SM, Jenkinson M, Woolrich MW, Beckmann CF, Behrens TEJ, Johansen-Berg H, Bannister PR,
De Luca M, Drobnjak I, Flitney DE. Advances in functional and structural MR image analysis and
implementation as FSL. Neuroimage 2004;23:S208–S219. [PubMed: 15501092]

Sommer M, Koch MA, Paulus W, Weiller C, Buchel C. Disconnection of speech-relevant brain areas in
persistent developmental stuttering. Lancet 2002;360:380–383. [PubMed: 12241779]

Sowell ER, Peterson BS, Thompson PM, Welcome SE, Henkenius AL, Toga AW. Mapping cortical
change across the human life span. Nat Neurosci 2003;6:309–315. [PubMed: 12548289]

Sowell ER, Thompson PM, Leonard CM, Welcome SE, Kan E, Toga AW. Longitudinal mapping of
cortical thickness and brain growth in normal children. Journal of Neuroscience 2004;24:8223–8231.
[PubMed: 15385605]

Toga AW, Thompson PM, Sowell ER. Mapping brain maturation. Trends in Neurosciences 2006;29:148–
159. [PubMed: 16472876]

Travis LE. The cerebral dominance theory of stuttering:1931-1978. J Speech Hear Dis 1978;43:278–281.
Watkins KE, Vargha-Khadem F, Ashburner J, Passingham RE, Connelly A, Friston KJ, Frackowiak RSJ,

Mishkin M, Gadian DG. MRI analysis of an inherited speech and language disorder: Structural brain
abnormalities. Brain 2002;125:465–478. [PubMed: 11872605]

Webster WG. Neuropsychological models of stuttering-II.Interhemisphereic interference.
Neuropsychologia 1986;24:737–741. [PubMed: 3785662]

Wilke M, Schmithorst VJ, Holland SK. Normative pediatric brain data for spatial normalization and
segmentation differs from standard adult data. Magnetic Resonance in Medicine 2003;50:749–757.
[PubMed: 14523961]

Williams, KT. Expressive Vocabulary Test. American Guidance Service, Inc.; Circle Pines: 1999.
Wolk L, Edwards ML, Conture EG. Coexistence of stuttering and disorders phonology in young children.

J Speech Hear Res 1993;36:906–917. [PubMed: 8246479]
Yairi E, Ambrose NG. Early childhood stuttering I: persistency and recovery rates. J Speech Lang Hear

Res 1999;42:1097–1112. [PubMed: 10515508]
Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden Markov random field

model and the expectation-maximization algorithm. IEEE Transactions on Medical Imaging
2001;20:45–57. [PubMed: 11293691]

Chang et al. Page 14

Neuroimage. Author manuscript; available in PMC 2009 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Statistical parametric maps of the Z statistic overlaid on an averaged brain based on all subjects
(statistical maps thresholded at p<.001 (uncorrected)). Images are displayed in neurological
convention. A. Areas where the control group exhibited significantly more GMV compared to
the stuttering group. B. Areas where the persistent group exhibited significantly less GMV
compared to control group. C. Areas where the recovered group exhibited significantly less
GMV compared to the control group.
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Figure 2.
Statistical parametric maps of the Z statistic overlaid on an averaged brain based on all subjects
(statistical maps thresholded at p<.001 (uncorrected)). Images are displayed in neurological
convention. A. Areas where the recovered group exhibited significantly more GMV compared
to the persistent stuttering group. B. Areas where the persistent group exhibited significantly
more GMV compared to recovered group.
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Figure 3.
Bar graphs of the mean gray matter volumes (GMV) and standard errors for left Brodmann’s
area 44 (LBA44) and left Brodmann’s area 45 (LB45), the left superior temporal gyrus (LSTG)
and the right STG sides in all three groups, the fluent controls (white bars), the persistent
stuttering children (hatched bars) and the recovered children (solid black bars).
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Figure 4.
Scatterplots of the relationships within each group (fluent controls (CONTROL), recovered
(RECOVERED), persistent (PERSISTENT) stuttering children) of their gray matter volume
(GMV) for four structure combinations (the left Brodmann’s area 44 (LBA44) and left
Brodmann’s area 45 (LB45), the left Brodmann’s area 45 (LB45), the left superior temporal
gyrus (LSTG), the right and left STG, and the right and left supramarginal gyrus (SMG)). The
r values are Pearson Correlation Coefficients relating each subjects’ GMV values in each of
the two structure pairs.

Chang et al. Page 18

Neuroimage. Author manuscript; available in PMC 2009 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Areas where normally fluent children exhibited significantly higher FA values compared to
stuttering children (persistent and recovered) are shown in red overlaid on the mean FA skeleton
(green) and the mean FA map. Z values were thresholded at an uncorrected p<.001.
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Figure 6.
Bar graph of group mean FA values and standard errors for the white matter tract underlying
the Rolandic Operculum on the left and right sides in all three groups, the fluent controls (white
bars), the persistent stuttering children (hatched bars) and the recovered children (solid black
bars).
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Table 1
Means and Standard Deviations (in parentheses) for Stuttering Severity, Age, Language Tests, and Handedness

Persistent
Stuttering

(n=8)

Fluent Controls
(n=7)

Recovered
from

Stuttering
(n=7)

Stuttering Severity 2.38 (0.78) 0 (0) 0.1 (0.25)

Age in months 132 (20.2) 128 (13.2) 130 (19)

PPVT-III 104 (15.7) 110 (18.4) 113 (16.6)

EVT 99 (16) 101 (17.5) 104 (11.6)

TOLD-SC 8.71 (2.93) 9.14 (2.67) 9.86 (1.95)

(sentence combining)
TOLD-PV

10.9 (2.67) 12 (3.37) 12.6 (2.37)

(picture vocabulary)
TOLD-WO

8.57 (1.17) 10.3 (4.35) 9 (2.31)

(word ordering)
Handedness index

92.5 (8.36) 91.0 (12.8) 94.2 (12)
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