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Introduction
Developmental stuttering is characterized by dysfluent speech that includes repetitions, blocks, 

and prolongations of speech sounds, and associated involuntary and/or ancillary movements. 
Converging evidence has shown neuronal activity is reduced in the auditory temporal cortex and 
increased in right hemisphere speech-motor control areas in Adults Who Stutter (AWS) [1-6]. 
These atypical patterns of neural activation may result in dissociations between auditory speech 
perception and motor planning. It is unclear whether the consistently observed right hemisphere 
over-activity and the reduced pattern of lateralization of function is a cause, consequence, or correlate 
of stuttering. Whether hand preference moderates these atypical functional patterns has not been 
determined, as most imaging studies have excluded left-handers, and have not characterized the 
degree of hand preference in right-handers. Atypical handedness and reaction times have been 
reported in behavioral studies with AWS showing difficulty with bimanual tasks [7-8], slower 
reaction times for phonatory non-language but not for finger responses [9-11], finger tapping or 
sequential finger movements [12]. One implication is that the dysfluency of stuttering may be a 
manifestation of a more general dysfunction in motor organization and planning. There is evidence 
that left-handers or less consistent right-handers may be over-represented among individuals with 
a diagnosis of persistent developmental stuttering [13-16], although several studies have not found 
an association between handedness and stuttering [17-20].

The major goal of this study was to determine whether AWS have atypical anatomy of the 
cortical motor areas compared to controls. The second goal was to examine laterality patterns 
of hand preference and hand performance including the possibility that subgroups may emerge 
that dissociate on behavioral measures of handedness that may in turn correlate with anatomical 
asymmetries. Our sample included self-reported right- and left-handed adults with a diagnosis of 
persistent developmental stuttering and a group of matched controls. In vivo volumetric Magnetic 
Resonance Imaging (MRI) methods were used to measure the superior genu of the anterior bank 
of the central sulcus (Brodmann’s area 4), and the motor knob, a sub-region that corresponds to 
the motor hand representation. Anatomical variables included cortical volume and asymmetry 
quotients. Handedness was evaluated using two measures: a hand preference inventory and a 
finger-tapping task. We hypothesized that the AWS would have structural abnormalities in motor 
brain areas compared to controls. We also predicted that these anatomical anomalies would be 
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Abstract

Atypical hand preference may be more common in Adults Who Stutter (AWS). One implication is that 
stuttering may be a manifestation of a more general dysfunction in motor organization and planning. This study 
was designed to determine whether AWS have atypical motor cortical anatomy compared to controls, and 
whether there are group differences in handedness that correlate with anatomical measures. Volumetric MRI was 
used to measure the anterior bank of the Central Sulcus (CS) and Motor Knob (MK), a structure that corresponds 
precisely to the motor hand representation, in Adults Who Stutter (AWS) and fluent, matched controls divided 
into three groups (right-handed and left-handed men, right-handed women). There was an interaction between 
fluency group and handedness-sex group (p=0.024) with reduced CS volume in right-handed men who stutter 
(p=0.001). For MK volume there was an interaction with the right MK larger in the left-handed male controls, and 
the left MK larger in the left-handed AWS (p=0.024). AWS and controls did not differ in hand preference score or 
finger tapping rate. There was a relationship between CS asymmetry and finger-tapping laterality (p=0.042) with 
a faster right-hand tapping speed associated with a larger left CS and vice-versa. When controls were examined 
independently, there were no correlations between finger-tapping laterality and anatomical asymmetry; there 
was a correlation in the AWS (r= 0.642; p= 0.007). Left hander AWS tapped faster with the right hand and had a 
larger left CS (atypical). One subgroup of right handed AWS (atypical) tapped faster with the left hand and had 
a larger right CS. Another subgroup of right handed AWS (typical) tapped faster with the right hand and had a 
larger left CS. These results show that handedness may systematically influence cortical motor representations 
in AWS. Further study is warranted in a larger sample of adults and in children who stutter.
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associated with atypical handedness. Secondary exploratory analyses 
were conducted to examine structure-function relationships in 
handedness subgroups.

Materials and Methods
Participants

Participants included adults with persistent developmental 
stuttering (n=16) and controls (n=16). Each group included: 9 right-
handed men, 3 right-handed women, and 4 left-handed men. Because 
no left handed female participants who stutter could be recruited, 
left handed females were excluded. To be considered an adult with 
persistent developmental stuttering for purposes of this study, each 
individual fulfilled the following criteria: (1) current conversational 
speech that contained three or more stuttering (i.e., sound/syllable 
repetitions, sound prolongations, whole-word repetitions and broken 
words) per 100 words, (2) stuttering continually present with the 
onset before 8 years of age (i.e., exhibit development not acquired 
stuttering), and (3) have a negative history of other developmental, 
psychiatric conditions, epilepsy, stroke, or head injury. Stuttering 
severity was also determined according to the procedures described 
in the Stuttering Severity Index [21]. A family history of stuttering 
was present in 50 percent of the AWS. 

Controls were fluent adults with no personal or family history of 
stuttering; no personal history of any other developmental disorder. 
All participants were native English speakers with no history of a 
major medical or neuropsychiatric condition. All participants gave 
informed consent. Groups were matched on age and education 
(Table 1). 

Procedures

Image acquisition: Volumetric MRI scans were acquired on a 
General Electric 1.5 Tesla Signa Advantage scanner (St. Louis, MO) 
as a gapless series of T1-weighted sagittal images using fast spoil 
gradient recall sequence. Data sets were aligned in the sagittal, axial, 
and coronal planes; MRI scans were maintained in real space. The 
examiner performing the measurements was blinded to subject, 

Figure 1(a): Anatomical Measure of the Anterior Bank of the Central Sulcus: 
The measure of the anterior bank of the Central Sulcus (CS) is depicted 
on a three-dimensional MRI reconstruction of the lateral surface of the left 
cerebral hemisphere, and the ROI is outlined. 
M1: Primary Motor Cortex; S1: Primary Somatosensory Cortex

Figure 1(b): Anatomical Measure of the Motor Knob: The motor knob is 
outlined on the axial volumetric MRI image with the “omega” configuration 
shown in the left hemisphere, and the inverted “epsilon” configuration shown 
in the right hemisphere.

group, handedness, sex, and hemisphere. Each MRI measure was 
performed twice with excellent inter- and intra-rater reliability 
(>0.95).

Anatomical measures: The full length of the central sulcus, which 
includes the motor representation of the hand, was measured in 6 to 
8 contiguous axial MRI sections (medial to lateral) from the superior 
to the inferior extent of the superior genu of the central sulcus (Figure 
1a) [22]. The functional representation of the motor hand area can be 
localized to a precise anatomical landmark described in the axial plane 
as a “knob” (motor knob) (Figure 1b) [23]; the surface area of this 
ROI was measured in 6 to 8 continuous axial MRI images (medial to 
lateral) using a cursor to trace the exposed gyral surface area in the left 
and right cerebral hemispheres (Figure 1b). Volume was computed 
in cm3, and Asymmetry Quotients (AQs) were computed using the 
following formula: ( )

100*
*.5

L RAQ
L R

 −
=  + 

. A positive AQ would indicate 
a larger left hemisphere size or leftward asymmetry; a negative AQ 
would indicate a larger right hemisphere size or rightward asymmetry.

Behavioral measures: Hand Preference was measured using the 
Hand Preference Index (HPI) [24], which includes common items 
from both the Edinburgh (Oldfield, 1971) and modified Annett [26] 
inventories. HPI scores were defined as a continuous measure ranging 
from -100 (strong left-hand preference) to +100 (strong right-hand 
preference). Individuals were also categorized into discrete groups 
as follows: consistent left handers (≥ –76), mixed handers (HPI 
between –75 to +75), and consistent right handers (≥ +76) [27]. A 
finger-tapping measure was obtained from a mechanical counter 
switch affixed to a 23 cm x 30 cm board (Psychological Assessment 
Resources, Inc) with the average of three 10-second trials per hand 
used to evaluate hand performance. This score was multiplied by 100 
for a laterality quotient (LQ): 100* R LLQ

R L
− = + 

. A positive LQ indicates a 
greater right-hand tapping speed; a negative LQ indicates a greater 
left-hand tapping speed. 

Analysis

Handedness-sex was combined into a single grouping factor 
with three levels (right-handed men, left-handed men, right-handed 
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women). Group differences were tested with significance levels 
(p-values) for all pair wise comparison adjusted to reflect control of 
Type I error rate inflation via sequential Bonferroni methods [28-29]. 

Anatomical measures: Volume dependent variables were analyzed 
via three-way mixed analysis of variance (ANOVA) with Fluency 
group (Stutter and Control) and Handedness-Sex level (right-
handed men, right-handed women, and left-handed men) entered 
as grouping variables and Hemisphere (right and left) entered as a 
repeated measure. AQs were analyzed via two-way between-groups 
ANOVA with Fluency and Handedness-Sex as independent variables. 

Behavioral measures: Scores from the HPI were compared between 

the groups via a one-way between-group ANOVA. Individual degree 
of handedness by fluency group was summarized as a categorical 
variable (consistent right-handed, mixed, consistent left-handed) and 
the groups were compared. For Finger-tapping, the score dependent 
variables were analyzed via three-way mixed ANOVA with Fluency 
and Handedness-Sex entered as a grouping variable and Hand Used 
(right and left) entered as a repeated measures variable. LQs were 
analyzed via two-way between-group ANOVA.

Anatomical-Behavioral relationships: Inter-correlations were 
computed among: anatomical volume and AQs, and behavioral 
scores (HPI, LQ). Secondary exploratory analyses were conducted to 
assess anatomical-behavioral associations-dissociations.

Results
Anatomical measures (Table 2a-2c)

Central sulcus: Volume: There was a significant interaction between 
Fluency group and Handedness-Sex level, F(2,25) = 4.361, p = 0.024. 
The interaction was driven primarily by right handed men, for whom 
the CS, independent of side, was significantly smaller in the AWS 
compared to Controls (p = 0.001).

Asymmetry: No group differences were detected (all ps > 21). 

Motor knob measures:

Volume: An interaction between Fluency group, Hemisphere, 
and Handedness-Sex level was found, F(2,26) = 3.78, p = 0.037. The 
right MK was larger in the left-handed male controls; the left MK was 
larger in the left-handed AWS (p = 0.024).

Asymmetry: An interaction between Fluency groups (AWS, 
Controls) and Handedness-Sex level was found, F(2,26) = 3.477, p 
= 0.047. There was a difference in MK asymmetry between Fluency 
groups only for left-handed men (p < 0.010). Specifically, the left-
handed control males had a significant rightward MK asymmetry 
(p < 0.05); the left-handed males who stutter had a non-significant 
asymmetry (p > 0.05). 

Behavioral measures

Hand preference inventory: For the entire sample, there were no 
differences between the AWS (Mean HPI = +41.32; Range = +100 to 
-90.60; SD=74.48) and Controls (Mean HPI = +47.17; Range = +100 
to 100, SD=73.06) on HPI score. There were differences in HPI scores 
in the stutter subgroups, F (2, 15) = 91.038, p < 0.0001 (Mean HPI: 
Right-handed men = +75.19, SD = 20.51; Right-handed women = 
+100, SD = 0.0; Left-handed men = -78.90, SD = 21.38). There were 

Table 1: Demographic information by group.

Group
Sex Writing Hand HPI Age Education

Stutter Female Right Handed 100.00 40 14

Stutter Female Right Handed 100.00 33 18

Stutter Female Right Handed 100.00 41 16

Stutter Male Right Handed 100.00 47 16

Stutter Male Right Handed 100.00 43 14

Stutter Male Right Handed 96.90 33 16

Stutter Male Right Handed 78.10 36 12

Stutter Male Right Handed 75.00 42 18

Stutter Male Right Handed 67.20 23 16

Stutter Male Right Handed 59.40 23 16

Stutter Male Right Handed 56.30 43 15

Stutter Male Right Handed 43.80 21 15

Stutter Male Left Handed -46.90 21 15

Stutter Male Left Handed -87.50 44 18

Stutter Male Left Handed -90.60 32 20

Stutter Male Left Handed -90.60 19 12

Control Female Right Handed 100.00 47 12

Control Female Right Handed 100.00 31 18

Control Female Right Handed 90.60 29 20

Control Male Right Handed 100.00 33 15

Control Male Right Handed 93.80 31 19

Control Male Right Handed 90.60 27 19

Control Male Right Handed 90.60 25 17

Control Male Right Handed 87.50 29 19

Control Male Right Handed 87.50 22 17

Control Male Right Handed 81.30 23 17

Control Male Right Handed 78.10 24 17

Control Male Right Handed 42.20 23 16

Control Male Left Handed -40.60 29 18

Control Male Left Handed -71.90 29 21

Control Male Left Handed -75.00 35 16

Control Male Left Handed -100.00 37 16

Table 2(a): Mean (Standard Error) central sulcus size. Means shown demon-
strate the significant fluency group x Handedness-Sex Level interaction.

Fluency Group

Control Stutter

Handedness-Sex Group M (SE) M (SE)

Right Handed Females 347.59 (32.27) 327.68 (32.27)

Right Handed Males* 422.16 (19.76) 320.17 (18.63)

Left Handed Males 362.94 (27.95) 397.93 (27.95)

*p = 0.001
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also differences, when degree of handedness subgroups (consistent 
right-handed; mixed; consistent left-handed) were compared in the 
two fluency groups (AWS, Controls). Among the AWS, 7 of 16 (44%) 
were consistent right-handers, and 6 of 16 (37%) were mixed, and 3 of 
16 (19%) were consistent left-handers. In the Control group, 11 of 16 
(69%) were consistent right-handers, 4 of 16 (25%) were mixed, and 
one (6%) was a consistent left-hander.

Finger tapping measure: No significant differences between AWS 
and Controls were found (all ps > 0.22). Overall, participants tapped 
significantly more times with their right (M = 48.34, SE = 1.34) than 
left hand (M = 45.07, SE = 1.39), F (1,26) = 11.30, p = 0.002. There was 
an effect of the Handedness-Sex variable, F (2,26) = 10.79, p < 0.0005. 
Right-handed women (M = 37.44, SE = 2.65) tapped significantly 
fewer times than right (M = 50.24, SE = 1.53) and left-handed men 
(M = 52.42, SE = 2.30), via Student-Newman-Keuls test (p < 0.05). 
Number of taps produced by right and left-handed men did not differ 
(p > 0.05). There was a significant Hand Used x Handedness-Sex 
interaction, F (2,26) = 4.68, p < 0.018. In other words, the difference 
between right and left hand Finger Tapping rates varied across 
the Handedness-Sex groups. Means are shown in (Table 3). This 
interaction was driven primarily by the strong right hand advantage 
in the right-handed men (p < 0.0005). Right-handed women and 
left-handed men showed no significant difference (ps > 0.21) in the 
number of Taps.

Laterality quotients: No group differences were found (all ps > 0.07). 
There was a main effect of Handedness-Sex, F (2,26) = 4.133, p = 
0.028. Consistent with the results of the raw tapping scores, the mean 
LQ of right handed men (M = 6.79, SE = 1.26) was positive (indicating 
a right hand advantage) and significantly greater than zero (p <0.05), 
whereas the right-handed women (M = 3.74, SE = 2.18) and left-
handed men (M = 0.348, SD = 1.89) were not significantly different 
from zero.

Anatomical-Behavioral Relationships

There was no significant relationship between HPI score and 
CS asymmetry (r = -0.122, p = 0.506) nor between HPI and MK 
asymmetry (r = 0.083, p = 0.651) in the analysis of the entire sample. 
For the Stutter group alone, neither CS asymmetry (r = -0.238, p = 
0.288) nor MK asymmetry (r = -0.349, p = 185) were significantly 
related to HPI score. When the entire sample was examined, no 
significant correlations between tapping scores and anatomical 
volume were found (all ps > 0.05). When anatomical AQs and 
finger-tapping LQs were examined, a significant relationship was 
found between CS AQ and Finger Tapping LQ, r = 0.367, p = 0.042. 
That is, tapping faster with the right than left hand was associated 
with a larger left than right CS, and vice versa. When Controls were 
examined independently, there were no other correlations between 
finger-tapping LQs and anatomical AQs (all ps > 0.10). When AWS 
were examined independently there was a significant relationship 
between Finger Tapping LQ and CS AQ, r = 0.642, p = 0.007.

All four left-handed AWS were atypical, as each one had a larger 
left CS and tapped faster with the nondominant right hand. Among 
right handers who stutter there were two behavioral-anatomic 
subgroups. One subgroup was atypical, as four of twelve right-
handers (33%) had a larger right CS and either showed no tapping 
laterality or tapped faster with the nondominant left hand. The other 
subgroup was more typical and included eight of twelve right-handers 
(66%) with a larger left CS and right (dominant) hand tapping speed. 
Among the typical right-handed AWS only two of eight (25%) had a 
family history of sinistrality, whereas two of four (50%) atypical right-
handers had a family history of sinistrality.

Discussion
The results of this study demonstrate that the motor hand 

area may be atypical in some AWS, offering partial support for the 
hypothesis that the organization of motor control systems is disrupted 
in developmental stuttering [30-31]. Precise relationships among 
speech, language, hand-preference and hand-performance/skill have 
not been established [32-38] limiting our ability to postulate whether 
atypical laterality may be found in other related cognitive systems in 
people who stutter [5,39,40].

The motor bank of the CS, measured from the superior to the 
inferior extent of the superior genu, was smaller in size in AWS 
compared to controls with this effect most pronounced in the 
right-handed men. Although the total CS length was smaller in the 
AWS, the motor knob, which corresponds to the functional hand 
representation, was larger in many of the AWS with this effect most 
pronounced in left-handed men. Furthermore, the anatomy of the MK 
showed dissociation in the left-handed men who stutter compared to 
the left-handed controls. Specifically, a larger right MK (rightward 
asymmetry) was found in the fluent left-handed men, which would 

Table 2(b): Mean (Standard Error) Motor Knob size. Means shown demonstrate 
the significant Fluency Group x Hemisphere x Handedness-Sex Level interaction.

Fluency Group
Control Stutter

Handedness-Sex Group Hemisphere M (SE) M (SE)

Right Handed Females Left 167.05 (25.54) 175.42 (25.54)
Right 184.61 (16.16) 203.35 (16.16)

Right Handed Males Left 192.36 (15.64) 179.52 (14.74)
Right 184.28 (9.90) 179.66 (9.33)

Left Handed Males* Left* 155.37 (22.12) 242.90 (22.12)
Right 213.37 (13.99) 201.04 (13.99)

*p = 0.010 (Stutter > Control) 
**p = 0.024 (Left Hemisphere > Right Hemisphere, Control group only)

Table 2(c): Mean (Standard Error) Motor Knob asymmetry quotients. Means shown 
demonstrate the significant Fluency Group x Handedness-Sex Level interaction.

Fluency Group

Control Stutter

Handedness-Sex Group M (SE) M (SE)

Right Handed Females -0.129 (0.158) -0.154 (0.158)

Right Handed Males 0.044 (0.097) -0.018 (0.091)

Left Handed Males** -0.366* (0.137) 0.174 (0.137)

Table 3: Mean (Standard Error) Number of Finger Taps. Means shown demon-
strate the significant Hand Used x Handedness-Sex Level interaction.

Hand Used

Left Right

Handedness-Sex Group M (SE) M (SE)

Right Handed Females 36.17 (2.88) 38.72 (2.79)

Right Handed Males* 46.91 (1.67) 53.57 (1.61)

Left Handed Males 52.13 (2.50) 52.71 (2.42)
*p < 0.0005
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be predicted based on our a priori hypothesis. In contrast, the left-
handed men who stutter had an “atypical” larger left MK with a 
reduced asymmetry. Because our subjects who stutter had a smaller 
CS but a larger hand area, it is possible that the portion of the motor 
cortex that controls bulbar musculature is smaller in some AWS.

Another goal of this study was to determine whether AWS 
differed from controls when performing complex distal hand 
movements. Right handers generally have an asymmetry of tapping 
speed, with the faster response by the preferred right hand, and 
with the preferred hand capable of more precise movements than 
the non-preferred hand [34, 40]. Left-handers are more variable in 
manual performance tasks, and the sex of the individual is another 
factor that may be related to individual differences in the pattern of 
manual asymmetry [24,41]. Consistent with this expected pattern of 
asymmetry, we found that right-handed men tapped faster with the 
right hand than the left. Left-handed men and right-handed women 
did not have a significant handedness difference in tapping speed. 
When the AWS were compared to controls, there were no average 
performance differences on the finger tapping task. These findings 
are consistent with one study that found men who stutter and fluent 
speakers did not differ when compared on index finger tapping and 
sequential finger tapping tasks [12], although in another study fast 
finger extensions were slower in AWS [42]. In bimanual coordination 
tasks, however, some investigators have found that overall bimanual 
tapping rates were significantly slower in AWS [8], and right-handed 
AWS were found to have a higher proportion of participants who 
showed atypical performance when executing two tasks that require 
synchronous manipulation of the two hands, such as removing a 
nut from a bolt [43]. Studies of bimanual handwriting have shown 
that adults with persistent developmental stuttering were slower, 
produced more mirror reversed letters, and formed letters more 
poorly than matched controls [44].

When the sample was examined as a whole, there was a 
significant relationship between finger tapping asymmetry and CS 
asymmetry (i.e., tapping faster with the right hand was associated 
with a larger left CS, and vice versa). These results are consistent with 
converging evidence from tract-tracer, physiologic, and functional 
neuroimaging studies that show that independent finger movements 
are mediated by the contra lateral primary motor cortex [45-50]. 
Furthermore, the anatomical representation of the hand has been 
found to be asymmetric in postmortem [51], and in volumetric MRI 
studies [22,52], although a consistent relationship to hand preference 
has not been found. Several studies have investigated functional 
activation-deactivation of motor cortex in right and left handers 
with mixed results [53-55]. One study using whole brain Magneto 
encephalography (MEG) found functional asymmetries in primary 
motor cortical areas that were correlated with the asymmetry of hand 
performance in five right and five left-handed adults [56]. A voxel-
based morphometry study that used a probabilistic ROI approach to 
measure the gray matter in the CS at the level of the hand area in 
56 right and 55 left-handed adults found no anatomical differences 
between the handedness groups [57]. However, a multiple regression 
analysis showed that the maximum tapping rate of the dominant 
hand correlated with the contra lateral ROI gray matter volume in 
right but not left-handers. The study of skill acquisition, [58,59] and 
functional recovery [60,61] in motor control regions has shown that 
extensive training can modify motor maps. Despite this evidence 

of neural plasticity in motor control regions, it is not clear whether 
motor learning and high levels of skill modify gross anatomical 
representations within these neural circuits.

Subgroups emerged when the data were plotted to compare 
direction and degree of anatomical and behavioral asymmetry. All 
of the left-handed AWS had a larger left CS and tapped faster with 
the non-dominant right hand. Among the right-handed AWS, 
two anatomical-functional subgroups emerged. One subgroup 
(typical) had the expected relationship of a larger left CS associated 
with a faster tapping rate in the preferred right hand. The other 
subgroup was more atypical with a larger right CS associated with 
less lateralization of finger tapping rate. These two right-handed 
subgroups also differed on degree of handedness and the presence of 
family sinistrality. In the typical right handed subgroup, six of eight 
were consistent right handers. In contrast, the atypical subgroup 
included more individuals with a reduced degree of handedness and 
a family history of sinistrality.

Our findings suggest that handedness may influence how motor 
representations develop in people who stutter. Many investigators 
have postulated that atypical or anomalous handedness may be 
marker of atypical hemispheric specialization that in turn may 
be associated with factors that increase the risk of developmental 
disorders [14,62-65]. Further study is needed to determine how 
these variables relate to the lateralization of speech and language 
functions [66,67], and to anatomical asymmetries in perisylvian 
speech-language zones [35,68,69]. Future longitudinal studies in 
children with developmental stuttering may show how structural 
and functional anomalies in speech, language, and motor control 
areas relate to the development, maintenance, and exacerbation of 
stuttering. 

There are several limitations to this study. First, the sample size 
was small and did not include left-handed women. Second, our 
MRI-based measure was limited to a carefully defined anatomical 
region without any converging functional or physiological measure. 
It is important to acknowledge that there are controversies about 
automated versus manually-based semi-automated methods. The 
method that was adopted is time-consuming but adheres to a 
morphological measurement in native-space using rigid anatomical 
boundaries that allow for quantification of individual differences in 
brain architecture with excellent inter- and intra-rater reliability. 
Finally, because of neural plasticity, it is unclear whether these 
morphological differences may be associated with age-related changes 
that may differ depending on overall motor skill and experience. 
Additional research would be helpful to examine these relationships 
in larger samples of adults, adolescents, and children who stutter.
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