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Abstract

Several diffusion tensor imaging (DTI) studies have reported fractional anisotropy (FA) reductions
within the left perisylvian white matter (WM) of persistent developmental stutterers (PSs).
However, these studies have not reached the same conclusions in regard to the presence, spatial
distribution (focal/ diffuse), and directionality (elevated/reduced) of FA differences outside of the
left perisylvian region. In addition, supplemental DTI measures (axial and radial diffusivities,
diffusion trace) have yet to be utilized to examine the potential etiology of these FA reductions.
Therefore, the present study sought to reexamine earlier findings through a sex- and age-
controlled replication analysis and then to extend these findings with the aforementioned non-FA
measures. The replication analysis showed that robust FA reductions in PSs were largely focal,
left hemispheric, and within late-myelinating associative and commissural fibers (division I11 of
the left superior longitudinal fasciculus, callosal body, forceps minor of the corpus callosum).
Additional DTI measures revealed that these FA reductions were attributable to an increase in
diffusion perpendicular to the affected fiber tracts (elevated radial diffusivity). These findings
suggest a hypothesis that will be testable in future studies: that myelogenesis may be abnormal in
PSs within left-hemispheric fiber tracts that begin a prolonged course of myelination in the first
postnatal year.
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Persistent developmental stuttering (PS) is a speech disorder characterized by the
involuntary repetition and/ or prolongation of sounds and syllables (Wingate, 1964). These
audible and silent speech events are often accompanied by variable signs of “speech-related
struggle” (Wingate, 1964) (p. 488), such as involuntary movements of the eyes, head,
tongue, and lips (Bloodstein and Ratner, 2008). More proximal events in speech production
are also thought to be abnormal in developmental stuttering, including atypical laryngeal
movement during stuttered speech (Conture et al., 1977) and relatively slow initiation and
termination of phonation (Adams and Hayden, 1976). Persistent developmental stutterers
(PSs) have also been found to differ in the performance of simple non-speech bimanual
tasks (Webster, 1993), and kinematic analyses of non-speech orofacial and finger
movements have found evidence for “generalized neuromotor differences” in PSs (p. 228)
(Max et al., 2003). Given these differences in speech and non-speech behaviors it is not
surprising that a central nervous system origin for the disorder was advanced as early as the
1920s (Orton, 1927). Recent functional neuroimaging studies have confirmed this early
hypothesis by repeatedly demonstrating atypical patterns of cerebral activity during stuttered
speech (De Nil et al., 2000; Fox et al., 1996; Wu et al., 1995), as well as during fluent
speech (Stager et al., 2003) and non-speech behaviors of PSs (Braun et al., 1997; Chang et
al., 2009; Ingham et al., 2000). It is currently less clear whether underlying neuroanatomical
abnormalities might help to explain the pervasive neurophysiological differences underlying
stuttered speech production (Ingham et al., 2007).

The structural neuroimaging studies that have been performed with PSs and matched
controls can be broadly divided into investigations of pre- or postnatal brain development.
This division is based on the neurodevelopmental events reflected in the anatomical features
under consideration (sulcal formation versus myelination in associative fibers). Studies
utilizing metrics of prenatal brain development (in adult PSs and children who stutter) have
considered their sulcal and gyral anatomy, cerebral asymmetry, and/ or cortical anatomy
(Beal et al., 2007; Chang et al., 2008; Cykowski et al., 2008; Foundas et al., 2001; Foundas
et al., 2003). The metrics used in these studies of PS ultimately reflect prenatal
neurodevelopmental events including neuronal migration and cortical lamination, the
asymmetric growth of homologous structures (e.g., planum temporale), and the attainment
of adult-like gyrification and sulcal patterns (Armstrong et al., 1995; Galaburda et al., 1978;
Sidman and Rakic, 1973). In brief, these studies of PS have produced inconsistent results in
regard to the presence of atypical cerebral asymmetry (Chang et al., 2008; Cykowski et al.,
2008; Foundas et al., 2001; Foundas et al., 2003), cortical anatomy (Beal et al., 2007; Chang
et al., 2008; Jancke et al., 2004), and gyrification patterns (Cykowski et al., 2008; Foundas
etal., 2001). Given these inconsistencies it is unclear whether gross anatomical features that
arise largely during prenatal brain development are different between PSs and normally
fluent speakers (NSs).

Neuroimage. Author manuscript; available in PMC 2014 August 18.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cykowski et al.

Page 3

The second category of anatomical studies in PS has characterized the microstructural
features of white matter (WM) in both children (Chang et al., 2008) and adults who stutter
(Sommer et al., 2002; Watkins et al., 2008). All of these studies have utilized diffusion
tensor imaging (DTI) to examine the anisotropy of water molecule diffusion within WM
tracts (Basser and Jones, 2002). The first of these DTI studies by Sommer and colleagues
identified a single, focal reduction of FA in the left perisylvian WM of PSs near the left
rolandic operculum (Sommer et al., 2002). Subsequent DTI studies confirmed an FA
reduction in this region (Chang et al., 2008; Watkins et al., 2008). In addition, Watkins and
colleagues also identified a more diffuse and bilateral pattern of FA reduction (Watkins et
al., 2008), suggesting a non-focal pathophysiologic process underlying reduced diffusion
anisotropy in PSs. Chang and colleagues, studying children who stutter, identified
predominantly left-sided FA reductions in the area of the superior longitudinal fasciculus, as
well as bilateral findings in the corticospinal tracts (Chang et al., 2008). Further, both of
these latter studies identified areas wherein FA values were significantly higher in PSs than
fluent speakers. These differences among studies might have reflected differences in the PSs
participating, the stringent but uncorrected statistical thresholds of the later studies (Chang et
al., 2008; Watkins et al., 2008), or possibly a far more extensive WM abnormality than just
the tracts of the left perisylvian region (Sommer et al., 2002). Nonetheless, the consistent
finding of a reduction in the FA of left perisylvian WM is notable as the fiber tracts in this
region myelinate entirely in the postnatal period (Yakovlev and Lecours, 1967). Indeed, the
cerebral WM fiber tracts that have been the target of investigations in PS do not demonstrate
signs of early myelination until the 40t week of gestation (e.g., the visual system). Many of
these tracts continue to myelinate during the first postnatal year and complete myelination in
the second year (e.g., corticospinal projection fibers) (Kinney et al., 1988), though some
continue to myelinate past the first decade of life (Yakovlev and Lecours, 1967).

The present study was designed as a replication and extension analysis relative to the second
category of neuroanatomical studies in PS (the study of WM microstructure). For the
replication aspect of the study, a voxelwise analysis was performed with DTI data from 13
male PSs and 14 sex- and age-matched controls using the Tract Based Spatial Statistics
(TBSS) approach (Smith et al., 2006). To increase the reliability of the replication analysis,
a robust algorithm for DTI preprocessing was utilized that accounts for outlier data points in
diffusion-weighted imaging data (Chang et al., 2005). To increase the specificity of the
analysis, a threshold-free cluster enhancement (TFCE) method of multiple comparison
correction was implemented (Smith and Nichols, 2009). As an important extension of prior
analyses, this study then examined three supplemental DTI parameters to elucidate the
potential bases of FA reductions within the affected WM tracts of PSs. These measures
included the trace of the diffusion tensor (Tr (D)), representing the orientation-independent
averaged molecular displacement of water molecules within tissue (Le Bihan et al., 2001).
The measures also included axial () and radial diffusivity (A | ), which represent the
diffusion parallel to the long axis of fibers and the average diffusion perpendicular to the
long axis of fibers, respectively (Budde et al., 2008). These supplemental parameters
allowed for a more complete characterization of the potential etiology of WM differences
(Budde et al., 2008; Song et al., 2002; Song et al., 2005) in PSs. This step is crucial as FA
reductions can follow a variety of unrelated pathological processes such as WM
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degeneration following ischemic stroke (Thomalla et al., 2005), progressive demyelinating
disease (Vrenken et al., 2006), developmental dysmyelination (Guo et al., 2001), and axonal
damage (DeBoy et al., 2007). In summary, this study aimed to further characterize the most
robust neuroanatomical effects of interest in PSs and then determine their potential
pathophysiological bases using secondary DT parameters (Tr (D), Ay, A ;). This study
should assist future investigations that aim to examine postnatal WM development in these
particular regions in relation to the onset, persistence, and recovery from stuttering,
especially in children.

MATERIALS AND METHODS

Subjects

Both persistent developmental stuttering speakers (PSs) (n = 13) and normally fluent
speakers (NSs) (n = 14) participated in the study. All subjects were male and matched for
age, handedness (Oldfield, 1971), and years of education (see Table 1), and all subjects were
native English speakers. Both PSs and NSs were excluded if they had any history of brain
and/ or other central nervous system surgery, head trauma, endocrine disorders, seizure
disorder, stroke, major depressive disorder or anxiety disorder, schizophrenia, substance
abuse, attention deficit disorder, history of speech and/ or developmental neurological
abnormalities aside from PS, hypertension, and hyperlipidemia. Three PSs and 3 NS were
excluded from this study on these grounds after reviewing all available records on the
participants, including their intake medical history questionnaires, prior records from
unrelated studies, or as obtained on follow-up interview (leaving the final numbers of 14 NS
and 13 PSs). Imaging was performed at the Research Imaging Center with the informed
written consent of the participants and the approval of the University of Texas Health
Science Center at San Antonio Institutional Review Board.

Speech history and speech assessment

PSs self-reported a diagnosis of PS prior to the age of 8 years and were confirmed to stutter
during expert-judged 3-minute audiovisual recordings of oral reading, spontaneous
monologue, and telephone conversation tasks. Stuttering behavior in PSs was assessed as the
percentage of syllables stuttered (Ingham et al., 1999). Control subjects reported no history
of stuttering, other speech disorders, or hearing disorders. Their fluency was assessed using
the same 3-minute oral reading, phone, and monologue assessments as used in PSs. These
audiovisual recordings were also reviewed by independent judges (University of California
— Santa Barbara and the University of Georgia), blind to subject grouping and expert in the
evaluation of PSs. Both sets of judges agreed that these control subjects were fluent speakers
who did not have any events of stuttered speech.

MRI acquisition

DTI acquisitions were done using a 3-Tesla Siemens Trio scanner and an eight-channel head
coil (Kochunov et al., 2007). Briefly, a single-shot, spin-echo EPI sequence (TR/ TE =
10100 / 89 ms; NSA = 1; 5/8 partial Fourier encoding) was used to obtain two-dimensional
diffusion-weighted images covering the entire brain without any gaps (array size: 128 x 128
x 65; in-plane resolution = 1.72 x 1.72 mm; slice thickness = 2.0 mm). Three reference
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images were acquired without diffusion weighting (b-value = 0) and 86 images were
acquired using isotropically distributed diffusion weighted directions (b-value = 700 sec /
mm?2). This sequence has been reported previously (Kochunov et al., 2010) and the number
of diffusion directions, b0 images, and the b-value were calculated using an optimization
technique that accounts for the diffusivity of cerebral WM and T2 relaxation times (Jones et
al., 1999). The acquisition time per subject was approximately 15 minutes.

Image preprocessing

Diffusion-weighted images were concatenated into a four-dimensional file (89 time points)
that matched the order of the b-values and normalized gradient vectors applied during the
imaging session. The data were corrected for eddy current artifacts, the geometric image
distortions resulting from rapidly switching gradient fields (Basser and Jones, 2002), by
using the FMRIB software library (FSL) tool FLIRT (Jenkinson et al., 2002). FLIRT was
then used to register the diffusion-weighted images to a non-diffusion weighted reference
volume using a mutual information cost function for 12-parameter affine registration.
Aligned volumes were resliced with sinc interpolation, the three reference images without
diffusion weighting were averaged, and a mask of the brain was generated from the T2
average using the FSL program Brain Extraction Tool (BET) (Smith et al., 2004). Each
volume in the aligned, four-dimensional data was multiplied by the binary mask of the
average reference volume to remove nonbrain tissues.

Diffusion tensor fitting with RESTORE algorithm

Subsequent image processing steps were done with the Camino Diffusion MRI Toolkit
(Cook et al., 2006). The diffusion tensor was fit at each voxel per subject using the “Robust
Estimation of Tensors by Outlier Rejection” (RESTORE) algorithm (Chang et al., 2005), as
implemented in Camino. The RESTORE algorithm utilizes nonlinear least-square (NLS)
regression and incorporates several cycles of iteratively reweighted NLS regression to
identify and remove data outliers prior to a final NLS tensor fit (Chang et al., 2005). This
approach offers a number of advantages over standard linear least squares fitting methods,
including the removal of artifacts due to cardiac pulsation from ungated acquisitions, as well
as those due to subject motion (Chang et al., 2005).

Generation of scalar measurements for statistical analyses

Following tensor fitting, images of the following scalar measurements were generated:
fractional anisotropy (FA), trace of the diffusion tensor (Tr (D)), and the first (A1), second
(Ap), and third (\3) eigenvalues. The first eigenvalue (A1) is assumed to represent diffusion
processes parallel to the axons within WM tracts (Song et al., 2005), and is hereafter
referred to as “axial diffusivity” (k). Likewise, the average of the second and third
eigenvalues, representing the diffusion processes perpendicular to the long axis of axons
(Song et al., 2005), is hereafter referred to as “radial diffusivity” (A ).

Tract-based spatial statistics (TBSS)

Voxelwise statistical analyses of scalar parameter images (e.g., FA images) were carried out
in the program Tract-based spatial statistics (TBSS) (Smith et al., 2006). Within routine
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TBSS processing, the FA images were aligned to a high-resolution standard-space FA image
(www.fmrib.ox.ac.uk/fsl/thss/FMRIB58_FA), using the FSL program FNIRT
(www.fmrib.ox.ac.uk/fsl/fnirt/index.html). The subject FA images were resliced to an
isotropic resolution of 1 mm through this registration step. A mean FA image was created by
averaging the aligned individual FA images and was subsequently thinned to create a voxel-
thick skeleton of the center of major WM fiber tracts (a “mean FA skeleton”) (Smith et al.,
2006). The mean FA skeleton was thresholded at FA = 0.2 to ensure that the skeleton did not
include non-WM tissues (e.g., cortex). Subject-specific FA skeleton images were generated
by projecting nearby maximum FA values onto the invariant mean FA skeleton. A ‘distance
map’ was used to ensure that FA values were projected onto the nearest mean FA skeleton
surface and a Gaussian weighting function was used to weight FA values near the mean FA
skeleton more heavily (Smith et al., 2006). The nonlinear warps, skeleton projection, and
projection vectors from TBSS processing of FA images were then applied to the three sets of
non-FA images (Tr (D), &g, A).

Statistical analyses

RESULTS

Whole brain, cross-subject voxelwise statistics were performed using the general linear
model as implemented in the FSL program Randomise. This was used to implement a two-
group, unpaired t-test to compare FA between PSs and NSs, while treating mean percentage
of syllables stuttered as a covariate of interest within the PSs. The mean percentage of
syllables stuttered per subject was computed as the average agreement between judges for
percentage syllables stuttered across monologue, reading, and telephone speaking tasks (see
Appendix 1 for rationale). Each speaking task was rated by two, independent judges
(interrater agreement of r = 0.984, p < 0.05, v = 37).

Inferences on the raw statistic images were performed using the permutation method
implemented in the Randomise program (Nichols and Holmes, 2002). The corrected data
was thresholded using both one-tailed testing (corrected, one-tailed p < 0.03) and two-tailed
testing (corrected, two-tailed p < 0.05) following the TFCE algorithm (Smith and Nichols,
2009). One-tailed testing was performed on these corrected results to increase study
sensitivity, particularly as multiple studies have now described reduced anisotropy in PSs
relative to NSs (Chang et al., 2008; Sommer et al., 2002; Watkins et al., 2008). Likewise,
two-tailed testing was performed on the corrected results to determine which regions, if any,
demonstrated the most robust FA reductions. Additional statistical analyses utilizing the
non-FA parameters are described below (see “Significant differences in DTI parameters
between PSs and NSs”).

Subject characteristics and speech assessments

The mean values and standard deviations for age, handedness, education, and percentage
syllables stuttered are shown in Table 1 (see footnotes for additional detail).
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Significant differences in DTI parameters between PSs and NSs

Figure 1 demonstrates the voxels where FA values of PSs were significantly lower than
those of fluent speakers. The labels shown in Figure 1 were assigned using the MNI space
ICBM DTI-81 atlas (Mori et al., 2008), a histological atlas (Schmahmann and Pandya,
2006), and recent DTI studies of the superior longitudinal fasciculus (Makris et al., 2005).

The one-tailed, corrected results (p < 0.03) encompassed two large clusters (Table 2) where
the FA values of PSs were significantly lower than NSs. The first of these included a
continuous region of WM from the left forceps minor near its junction with the left anterior
corona radiata, extending dorsally and caudally through the third division of the left superior
longitudinal fasciculus (including WM deep to Brodmann area (BA) 44). The second of
these clusters included WM within the body of the corpus callosum. In contrast, there were
no regions where the FA values of PSs were significantly greater than those of NSs.

The two-tailed, corrected results (p < 0,05) demonstrate a more limited set of WM regions
within those described above where the FA values of PSs were significantly lower than NSs.
Specifically, these findings were limited to the superior longitudinal fasciculus (Figure 1, z =
21) extending rostromedially into the left anterior corona radiata and left forceps minor. As
described above, there were no regions where the FA values of PSs were significantly
greater than those of NSs.

To increase the sensitivity to FA differences, Table 2 focuses on one-tailed, corrected results
(Figure 1), as FA reductions in PSs have now been seen across three prior studies (Chang et
al., 2008; Sommer et al., 2002; Watkins et al., 2008). Table 2 lists the features of two large
clusters in these results, including the fiber tracts encompassed, their size, the MNI and
Talairach coordinates of the centroids, and the mean values and standard deviations of all
DTI parameters studied (FA, Tr (D), A |, and X)). The mean and standard deviation of the
non-FA parameters shown in Table 2 were obtained by creating a mask of the WM regions
demonstrated in Figure 1 (one mask for each of the two clusters in the one-tailed, corrected
results).

A Mann-Whitney U test was performed as a posthoc comparison of the regional mean
values of Tr (D), A |, and . Radial diffusivity was significantly elevated in PSs (at the
Bonferroni-corrected p value of 0.0083) for the tracts of both clusters. Likewise, Tr (D) was
significantly elevated in PSs within the second cluster (the callosal body). The comparisons
of Tr (D) for the first cluster (encompassing the left superior longitudinal fasciculus, anterior
corona radiata, and forceps minor) and A were not significant at the corrected p-value.

Relationship between fractional anisotropy and stuttering frequency

No significant relationship was detected between the FA measures in PSs and the mean
percentage of syllables stuttered.

Post-hoc quality assurance steps for the statistical comparison of eigenvalues

Wheeler-Kingshott and Cercignani (2009) recently highlighted potential problems in
comparing the major and minor eigenvalues, from which A and 1 | are determined,
respectively. Specifically, that work demonstrated that in areas of low anisotropy (gray
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matter, voxels with partial voluming, and crossing fiber tracts), the orientation of the
principal eigenvector might differ substantially across subjects (> 45°). In these cases the
eigenvalues across subjects no longer reflect the same underlying tissue architecture.

To address this in the present study, a post-hoc quality assurance step (see Appendix 2) was
designed to examine whether our statistical comparisons of ) and A | were confounded by
these issues. Briefly, the aim of this step was to determine the variability of principal
eigenvector orientation across subjects (in degrees) from the group median principal
eigenvector. This analysis was performed for an area of the results that would be the most
susceptible to the confounds discussed by Wheeler-Kingshott and Cercignani (2009) within
a region-of-interest closest to the findings of Sommer et al. (2002). Using this method for
the native space diffusion tensor eigensystem of each subject, the average voxelwise
deviation from the group median eigenvector was determined to be 17.8° (sd = 3.2) and a
two-tailed t-test demonstrated no significant differences in the angle of deviation between
controls and stutterers (t = 0.79, p = 0.43). These results confirmed the present DTI data
were suitable for minor eigenvalue comparisons.

Itis likely that the deviation of the principal eigenvector orientation across subjects was
relatively small for two reasons. First, the areas of significant difference in the present study
that were examined in this posthoc step were in areas of relatively high anisotropy (Table 2),
not lower anisotropy as would be expected in voxels of gray matter or those with a
substantial partial voluming effect. Second, the TBSS method ensures that the white matter
voxels analyzed conform to the center of highly directional and anisotropic fiber tracts (e.g.,
corpus callosum, superior longitudinal fasciculus).

DISCUSSION

This investigation sought to further characterize the spatial distribution of the most robust
FA reductions in PSs and then to extend the current understanding of these reductions
through the use of supplemental DTI parameters. As in prior DTI studies of PS (Chang et
al., 2008; Sommer et al., 2002; Watkins et al., 2008), the replication portion of the analysis
revealed FA reductions in PSs, with particular overlap seen in the left, ventral perisylvian
WM (Figure 2). Supplemental DTI measures revealed that these FA reductions in PSs were
strongly influenced by increased radial diffusivity, representing diffusion perpendicular to
the main fiber orientation. A similar combination of FA reduction with elevated radial
diffusivity has been seen in dysmyelination (the improper formation of the myelin sheath
during brain development) (Song et al., 2002). In addition, the significant elevation of Tr
(D) observed in PSs within the callosal body, as well as the non-significant elevation in the
first WM cluster, may be related to the elevation of radial diffusivity and thus offer
additional evidence for a myelination abnormality. Specifically, the mean diffusivity of
tracts (equal to one-third of the Tr (D)) can be significantly elevated in dysmyelination, even
when radial diffusivity is the more sensitive marker (Harsan et al., 2007). Altogether, these
findings can tentatively be interpreted as evidence that myelogenesis is impaired in the WM
of PSs. The tracts in which the process of myelogenesis appears to be affected are those that
do not even initiate myelination until approximately 4-6 postnatal months (Kinney et al.,
1988; Yakovlev and Lecours, 1967).
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A comparison of DTI findings across studies

As demonstrated in Figure 2, there is evidence among studies of PS for the spatial overlap of
FA reductions in the left ventral frontal lobe and rolandic operculum WM (see sagittal slices
of Figure 2 at x = -39 and —45 and axial slices at z = 23, 18, and 13). The consistency of this
finding using a low resolution, “artifact-prone” technique (Mori, 2002, p. 392) is
remarkable, as this technical limitation is compounded with disparities in subject
characteristics and DTI acquisition protocols among studies of PSs (Chang et al., 2008;
Sommer et al., 2002; Watkins et al., 2008). The most robust and tract-specific finding is that
each of these DT studies of PSs has found WM abnormalities within the ventral subdivision
of the superior longitudinal fasciculus (see sagittal slices of Figure 2). Likewise, a recent
report by Kell and colleagues compared the data of recovered and persistent stutterers to NS.
That study also found FA reductions within the left perisylvian WM, but these reductions
did not exceed the corrected significance threshold (Kell et al., 2009).

The portion of the superior longitudinal fasciculus wherein these robust findings have been
seen is deep to the perisylvian postcentral, central, and frontal opercula (deep to Brodmann
area (BA) 44). Specifically, this tract has been termed the third division of the superior
longitudinal fasciculus (SLF I11) (Makris et al., 2005), a distinctly different entity than the
more medially- and dorsally-located arcuate fasciculus (which runs with SLF 11 fibers). This
tract-specific distinction is critical because the SLF 11 contains bidirectional connections
between speech-relevant areas of the ventral premotor cortex/ BA 44 and secondary
somatosensory areas in the inferior parietal lobule (Makris et al., 2005) (see “Implications of
robust DTI findings for stuttered speech production” below).

Several results here did not overlap with the results of prior studies. As shown in Figure 2,
recent studies have demonstrated a more widespread pattern of decreased WM integrity than
was seen in the original DTI report (Sommer et al., 2002). It should be noted among the
studies demonstrated in Table 2 that not all included analyses within the brainstem and
cerebellar white matter (the present study did include these areas). The present results did
not reveal a diffuse and bilateral reduction in FA, but rather a more focal and predominantly
left-hemispheric distribution of affected tracts (with FA reductions also observed in the
corpus callosum using a one-tailed correction). A plausible reason for this difference is the
slightly more stringent statistical threshold applied here to enhance finding specificity.
Possibly for the same reason, no regions of significantly elevated FA in PSs (relative to
fluent speakers) were observed in the present study.

The FA reductions observed in the corpus callosum of PSs were also largely attributable to
an increase in ) | . It is not clear as yet whether these findings are group-or PSs-specific, as
they do not have precedent in any prior study of PSs (see Figure 2 at z = 28). It may be that
this finding is the result of restricting the present analysis to adult male participants and that
these FA reductions are worthy of investigation for potential replication in independent
samples. However, there is also a possibility these reductions are sample-specific, similar to
the study-specific findings in PSs seen with prior studies (Figure 2). If replicated, this loss of
white matter integrity in the corpus callosum might relate to a variety of experimental
studies suggesting atypical interhemispheric coordination of excitatory and inhibitory
signals (Greiner et al., 1986). Sommer and colleagues (2009) recently tested this relationship
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and actually found that interhemispheric inhibition for the bilateral motor cortices of PSs
was normal and not atypical. Further complicating the current understanding of the role of
the corpus callosum and interhemispheric signaling during stuttered speech are conflicting
functional neuroimaging results that suggest speech-related right hemispheric activity in PSs
is compensatory in nature (Braun et al., 1997), versus related directly to stuttering behavior
itself (Fox et al., 1996). Future studies of PSs that combine modalities might be able to
further comment on these particular findings in innovative parametric designs (the
relationship of callosal diffusion anisotropy and TMS measures of transcallosal inhibition).

Implications of robust DTI findings for stuttered speech production

In considering the differences observed in the SLF 111 of PSs (see Figure 2 at x = —39), the
Directions Into Velocities of Articulators (DIVA) neural model of speech (Guenther et al.,
2006) and “dual stream model” of speech processing (Hickok and Poeppel, 2007) provide
explanatory power, albeit with different implications. We restrict our discussion to those
components that require a connection between inferior parietal and ventral frontal cortices,
because the fiber connections between these sites are subserved by the third division of the
superior longitudinal fasciculus (SLF 111) (Makris et al., 2005), where FA differences were
observed in the present study.

The DIVA model suggests that the lateral ventral frontal cortex subserved by SLF |11
contains a ‘speech sound’ map, whose neurons encode the sounds to be produced by
articulators. Likewise, the DIVA model proposes that the left inferior parietal cortex, both
projecting to and receiving projections from the ventral frontal cortex contains both
‘somatosensory state’ and ‘somatosensory error’ maps, encoding the somatic sensations
associated with syllable production and the discrepancy between intended and perceived
speech actions, respectively. As mentioned above, the connections between the cortical
regions where the DIVA model speech sound and somatosensory error maps are located are
effectively via the SLF 111 (Makris et al., 2005). This is of functional importance in normal
speech development since the model indicates this pathway is used to transmit
somatosensory error signals to the ventral premotor cortex through corrective motor
commands (p. 282) (Guenther et al., 2006). Within the DIVA framework, the present results
would point to an imbalance between motor speech planning and somatosensory error
monitoring due to the impaired myelogenesis of the left SLF II1.

A second model that holds different implications for these results is the “dual-stream model”
of speech processing. In the model, a ventral stream is involved in processing speech sounds
for comprehension and a dorsal stream is “involved in translating acoustic speech signals
into articulatory representations in the frontal lobe” (p. 394) (Hickok and Poeppel, 2007). Of
relevance to the present results, the dorsal stream is proposed to be more left-hemisphere
dominant, and as referenced in the DIVA model above, includes connections between the
inferior parietal lobe/ operculum and the frontal cortex (e.g., via the SLF 111 observed here).
This stream serves an “auditory-motor integration” role (p. 394) that is particularly
important when speech requires more sensory guidance: with novel, low frequency, and
more complex words (p. 400) (Hickok and Poeppel, 2007). If this process were
dysfunctional in PS then one would anticipate that stuttering behavior would occur more
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frequently with increased requirements on speech processing subserved by the dorsal stream
(e.g., with low-frequency and/ or novel words). Notably, this is a prominent feature of
stuttering behavior (Bloodstein and Ratner, 2008). It is important to recognize that the
concept of an impaired utilization of auditory feedback for speech motor control by PSs is
not novel (Yates, 1963) and the resolution of this dysfunction has been proposed as the
mechanism underlying “fluency-inducing procedures” in PS (chorus reading, etc.) (Stager et
al., 2003). The addition to this model that might be made by this study is that suboptimal
auditory-motor integration in PSs may be the product of an altered course of postnatal
myelogenesis in the left SLF I1I.

The concept of a dysfunctional connection between left inferior parietal lobule and ventral
frontal lobe is consistent with the idea that stuttering arises from some atypical interaction
among several functional areas involved in rapid speech production (Ludlow and Loucks,
2003). Thus, it is important to emphasize that these DTI findings are conceptualized as a
dysfunctional but intact connection between speech-related areas, and not as complete
disconnections between areas. For example, the FA values within the SLF 111 WM in the PS
group still remain relatively high (see Table 2) compared to many WM and non-WM
regions (e.g., cortex), even if significantly lower than that expected in NSs (Figure 1). This
is important evidence for some degree of WM integrity in the affected regions of PSs (also
confirmed by the normal axial diffusivity measurements at these sites). That these findings
represent a dysfunctional but intact connection between speech areas is consistent with the
variable appearance of both stuttering and fluent episodes in the speech of PSs, often
dependent on the speaking situation (Bloodstein and Ratner, 2008), rather than a permanent
speech deficit as might be expected from frank tissue damage. This also makes the present
results difficult to interpret in terms of acquired speech disorders that would arise from
ischemic tissue necrosis in the SLF WM fibers and surrounding cortex (Benson and Ardila,
1996). Specifically, if the overlap in DTI studies and present results suggest impaired
postnatal myelogenesis in the SLF 111 of PSs, it would be difficult to make any meaningful
analogy between this developmental phenomenon and disruptions in the stable, myelinated
speech network of NSs (i.e., as in acquired stuttering). To properly do so would require a
more complete understanding than is currently available of how impaired myelogenesis
impacts the functional development of non-affected brain regions and fiber tracts.

Increased A in stutterers potential interpretation and limitations

Reductions of FA in neurological diseases are known to arise through several independent
mechanisms. For example, significant FA reductions at the voxel level may follow ischemic
stroke (Thomalla et al., 2005), adult-onset demyelination syndromes (Vrenken et al., 2006),
developmental dysmyelination (Guo et al., 2001), or physical damage to the axons
themselves within the fiber tracts (DeBoy et al., 2007). As stated by Budde and colleagues,
“anisotropy is an exquisitely sensitive marker of [white matter] pathology”, but anisotropy
alone cannot be used to infer the exact origin of this pathology (p. 590) (e.g., damage to
axons or loss of their coherent organization versus differences in myelin integrity) (Budde et
al., 2008). Therefore, this study sought to extend prior DTI studies of PS by utilizing
additional scalar DTI parameters, such as axial (A) and radial diffusivities (A | ), and the
trace of the tensor (Tr (D)).
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The results of these additional analyses suggest that FA reductions in PDS are largely
attributable to an increase in diffusion processes perpendicular to the long axis of WM fibers
(A 1). Importantly, this increase in A | was detected with no significant differences seen in ).
This pattern of reduced FA and increased A | is most consistent with the pattern observed in
developmental dysmyelination (incomplete CNS myelin formation during development)
(Song et al., 2002). Further, studies in animal models (e.g., mice treated with cuprizone to
induce demyelination) have demonstrated a close correspondence between histological (e.g.,
Luxol fast blue-periodic acid-Schiff stain) and DTI measurements (radial diffusivity) of
myelination (Song et al., 2005). Finally, the lack of significance in the axial diffusivity
measurement suggests these robust FA reductions are not due to a disturbance in the
predominant direction of diffusion (e.g., as would be seen in axonal injury (Budde et al.,
2008)).

The interpretation of alterations in diffusion anisotropy and radial diffusivity is complex.
Any interpretation of changes is complicated by the fact that the exact mechanisms of
anisotropy are unknown, a variety of factors might lead to FA reduction, and DTI is
inherently a “low-resolution” and “artifact prone” technique (Mori, 2002, p. 392). That said,
several potential etiologies of high diffusion anisotropy in DTI have been suggested,
including the myelin sheath, the membrane of the axon itself, the geometric arrangement of
axons, and the neurofibrils within axons (Beaulieu, 2002; Le Bihan et al., 2001).
Experimental evidence testing the contributions of each suggests that the role of myelin is to
modulate the degree of anisotropy in tissues where the parallel organization of axons and the
axonal membrane itself already ensure relatively high anisotropy (Beaulieu, 2002). This
further effect on FA may relate to the fact that the axonal membrane is more permeable to
water than myelin, such that in areas of disrupted myelin, reductions in FA are expected (Le
Bihan et al., 2001). Relative to the present data, the differences in FA exist in areas with
relatively high anisotropy in both groups (see Table 2). As discussed above, the difference
between groups then may have to do with the modulation effect of myelin. However, even
with an examination of eigenvector alignment (Appendix 2), radial diffusivity changes alone
cannot determine that the abnormal component in these individuals is definitely related to
myelin content alone (Wheeler-Kingshott and Cercignani, 2009).

Given the potential confounds of both minor eigenvalue comparisons (Wheeler-Kingshott
and Cercignani, 2009) and the use of a cross-sectional, case-control design in this study, we
acknowledge that dysmyelination is only one interpretation of these results and this should
be subjected to further testing. In particular, longitudinal studies of children who stutter with
appropriate age-matched controls would be particularly useful in tandem with non-invasive
measures more specific for myelination (e.g., magnetic resonance spectroscopy to examine
choline peaks (Hausler et al., 2005)).

A longitudinal design might also address whether FA reductions in PSs are a consequence of
stuttering behavior and are therefore not developmental in nature. There is a precedent for
this hypothesis in the study of other developmental disorders. For example, a study by
Klinberg and colleagues (2000) found that individuals with a history of developmental
dyslexia had reduced diffusion anisotropy in the bilateral temporoparietal regions and that
anisotropy in the region significantly correlated with reading performance. The authors
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raised the question of whether the anisotropy changes might follow from impaired reading,
as oppose to causing such impairments. For PSs, the strongest evidence that these findings
relate to development is that the inter-study agreement between young children and adults
who stutter is in relatively good agreement (Figure 2) and there was no relationship here
between anisotropy changes in PSs and the mean percentage of syllables stuttered. Even so,
the present study cannot provide a definitive answer to this question. To fully answer this
question in regard to PSs, future studies will need to utilize a longitudinal study design as
has recently been applied to track WM changes following neurological insults (Bendlin et
al., 2008). Independent of the underlying mechanism, one benefit of examining inter-study
agreement (Figure 2) is that future studies using a longitudinal design will be able to identify
robust regions-of-interest to enhance study sensitivity.

Possible relationship of findings to genes recently implicated in stuttering

The current imaging study can only provide new hypotheses in regard to the
neuropathological bases of white matter changes in developmental stuttering. However, we
note that a developmental dysmyelination hypothesis is not entirely inconsistent with recent
genetic evidence. Specifically, Kang and colleagues have identified variations in a region of
chromosome 12 (12g23.3) in a small minority of developmental stutterers (Kang et al.,
2010). The genes identified in these stutterers are often abnormal in lysosomal storage
diseases (mucolipidoses) that are associated with a significant psychomotor delay (Adams
and Victor, 1989). Relevant to the present DTI findings, lysosomal storage diseases are
associated with damage to the myelin sheath through the engorgement of lysosomes with
material that cannot be degraded by dysfunctional lysosomal enzymes (Adams and Victor,
1989). Therefore, lysosomal storage diseases are one of three major categories of
developmental dysmyelination (the others being peroxisomal and mitochondrial diseases)
(Cheon et al., 2002). It is not clear as yet why developmental stuttering is not associated
with more severe neurological deficits and it will be left to future studies to determine how
the affected genes impact brain development in PSs, as well as other genes that may be
disrupted.

Conclusions

The present study supports earlier conclusions that PSs have reduced FA in the late-
myelinating WM tracts of the left hemisphere (Chang et al., 2008; Sommer et al., 2002;
Watkins et al., 2008) (Appendix 3). The present study did not find that these reductions were
diffuse and bilateral, but did find that the left perisylvian effects included the third division
of the SLF (i.e., SLF I1I), which contains bidirectional connections between inferior parietal
and ventral frontal cortices. Using supplemental DTI measures, the diffusion perpendicular
to the principal fiber tract orientation, as represented by radial diffusivity, appeared to
underlie the FA reductions in PSs. It is therefore likely these findings represent impaired
myelogenesis in the WM fiber tracts of the left-hemispheric speech network of PSs. These
results also provide evidence that the critical period where brain structural development
differs in PSs is within the first few years of postnatal life. The tracts affected here begin
myelinating in the first postnatal year in a process that continues well into and past the first
decade (Yakovlev and Lecours, 1967). That the postnatal brain maturation of late-
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myelinating fiber tracts appears to be the best temporal/ neuroanatomical focus for future
studies of brain development in PSs may seem counterintuitive for a neurological disorder
with a strong genetic component (Kidd et al., 1981). However, the FA values within all of
the WM regions reported here are known to be under “strong genetic control” (Chiang et al.,
2009, p. 2220). This suggests that such robust FA reductions might be useful as heritable
anatomical endophenotypes (Gottesman and Gould, 2003) to further dissect the genetic
bases of developmental stuttering.

Several issues are raised by this study that might be addressed in future studies. First, it is
not clear why robust WM findings in PSs are focal and not as diffuse as seen in some
disorders of myelogenesis (Hausler et al., 2005). However, this does possibly account for the
lack of more pervasive cognitive and motor impairments in PSs compared to well-
characterized developmental dysmyelination syndromes (Provenzale et al., 2005). Second, it
may be interesting to evaluate pre- and post-treatment FA values within PSs, as experience-
dependent, localized FA increases have recently been shown within WM (Scholz et al.,
2009). Third, it is not clear how the findings here interact with the persistence versus the
untreated (spontaneous) recovery of stuttering in early childhood. This is of particular
interest since stuttering can have a rapid onset with modest-to-severe symptomatology, often
within the first 36 postnatal months, and in some children will completely resolve within 6
months of onset (Yairi et al., 1993). A logical inference from this would be that stuttering
and the untreated, spontaneous recovery from it are directly related to those
neurodevelopmental phenomena that have yet to stabilize at this point in postnatal life (i.e.,
myelination). This argument is bolstered by evidence that FA values within the left
perisylvian WM do not differ between children who have spontaneously recovered from
stuttering and children who have never stuttered (Chang et al., 2008). Future longitudinal
studies of children who stutter, using behavioral and speech measures in tandem with MRI-
based measures of myelination (Hausler et al., 2005), should be able to further address this
potential link.
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APPENDIX 1

The mean percentage of syllables stuttered (% SS) was utilized to avoid issues of
multicollinearity with other possible independent variables in the regression model (e.g., %
SS telephone, % SS monologue, % SS reading, or maximum value of % SS across any of
the three conditions). Specifically, there was a moderate to high correlation between phone
and reading task % SS (r = 0.71), monologue and reading task % SS (r = 0.65), monologue
and telephone task % SS (r = 0.93), and maximum value of % SS (as used in Cykowski et
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al., 2008) and mean value of % SS (r = 0.97). The simultaneous inclusion of these in a single
multiple regression model would have decreased the overall power of the model (Bowerman
and O’Connell, 1990). Therefore, the mean across three conditions was used as a behavioral
covariate so that this hypothesis might be tested while avoiding the potential for biasing the
result by sub-selecting among conditions.

APPENDIX 2

The post-hoc validation step was utilized to ensure that minor eigenvalues and their
derivatives (radial diffusivity) were suitable for statistical comparisons. This was done by
generating a voxelwise group median principal eigenvector (V1) and computing the angle
between the actual V1 of each subject and the group median. The process was begun by
generating a binary mask in standard space for the significant voxels within the superior
longitudinal fasciculus (subdivision I11). This region-of-interest was chosen as it was closest
to the prior finding of Sommer and colleagues (2002) and by virtue of being in perisylvian
white matter was possibly susceptible to issues of partial voluming and crossing fiber
orientations that might invalidate minor eigenvalue comparisons (Wheeler-Kingshott and
Cercignani, 2009). The mask was back projected onto the raw diffusion-weighted data of
each subject (using the thss_deproject command of the FMRIB software library). This
process first projected significant TBSS skeleton voxels onto the individual subject FA maps
that had been nonlinearly registered to the high-resolution FA template (Andersson et al.,
2007). The nonlinear registration per subject was then inverted to place the mask of voxels
per subject in the space of their original diffusion-weighted data.

The Camino Diffusion MRI Toolkit (Cook et al., 2006) was utilized to extract the three
vector components of the principal eigenvector from each subject’s diffusion tensor
eigensystem. Three images per subject were created (V1y, V1y, V1;) and the voxelwise
values of the three vector components were recorded within each subject’s back projected
mask. Per voxel, a normalized, median principal eigenvector was constructed. The
voxelwise angle (in degrees) between individual subject eigenvectors and the group median
vector was computed as the arccosine of their dot product.

APPENDIX 3

The term “late-myelinating” as used in the manuscript is intended to convey the relative
ordering of myelogenesis in these tracts during early human development and not in
reference to the specific subjects under investigation. The labeling of the white matter tracts
affected in the present results as late-myelinating is based on neuropathological
examinations of these white matter regions for myelin content across a number of
postmortem fetal and postnatal samples (Kinney et al., 1988; Yakovlev and Lecours, 1967).
It does not refer to the specific subjects under investigation, as the exact timing of
myelination would be expected to vary, though within a generally well-defined window
(Kinney et al., 1988).
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Tracts with reduced fractional anisotropy in developmental stutterers
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Figure 1.
Axial (rows 1 and 2), coronal (row 3), and sagittal (row 4) views of fiber tracts where

fractional anisotropy (FA) was significantly reduced in PSs relative to normally fluent
speakers NSs. The axial images are displayed in neurological format (the left of the brain is
on left-hand side) using the Montreal Neurological Institute (MNI) coordinate system. The
affected regions are displayed using both a red-to-yellow overlay (corrected, one-tailed
results) and blue-to-white overlay (corrected, two-tailed results). For clarity, these affected
regions have been “thickened” for display purposes using the using tools in the FMRIB
software library (FSL). Axial slices are separated by 5 mm, coronal slices by 3 mm, and
sagittal slices by 11 mm.
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Fractional anisotropy reductions in four studies of developmental stuttering

z=38 z=28 z=23 z=18

Figure 2.
Significant FA reductions in PSs as compared to NSs across four studies of developmental

stuttering. The significant results of the present study are overlain as thickened voxels (see
Figure 1 and caption). For the remaining three studies, the peak coordinates reported per
study were used to generate spherical regions-of-interest and are color-coded with a legend
at the bottom of the figure.
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Table 1
Characteristics of PSs and NSs study participants.

PSs mean NSs mean

(N=13) (N =14)
Age 31.0(SD=13.72) 30.4 (SD = 14.83)
Elid 88.4 (12.91) 84.3 (16.03)

Education (years) 15.8 (2.39) 16.5 (2.15)
Percentage syllables stuttered? 4.2 (3.39) N/A3

Ll'he Edinburgh handedness inventory (EHI) score (Oldfield, 1971). Higher scores indicate greater right-hand dominance.

ZI'he mean percentage of syllables stuttered across 3-minute oral reading, phone, and monologue assessments.

Page 22

The speech of control speakers was also examined using 3-minute oral reading, phone, and monologue assessments. These audiovisual recordings
were reviewed by two independent sets of judges, blind to subject grouping and expert in the evaluation of PSs. Both sets of judges agreed that all

control subjects were fluent speakers who did not have any events of stuttered speech.
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