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A B S T R A C T

Introduction: Individuals with persistent developmental stuttering display deficits in aligning 
motor actions to external cues (i.e., sensorimotor synchronization). Diffusion imaging studies 
point to stuttering-associated differences in dorsal, not ventral, white matter pathways, and in the 
cerebellar peduncles. Here, we studied microstructural white matter differences between adults 
who stutter (AWS) and fluent speakers using two complementary approaches to: (a) assess pre-
viously reported group differences in white matter diffusivity, and (b) evaluate the relationship 
between white matter diffusivity and sensorimotor synchronization in each group. 
Methods: Participants completed a sensorimotor synchronization task and a diffusion MRI scan. 
We identified the cerebellar peduncles and major dorsal- and ventral-stream language pathways 
in each individual and assessed correlations between sensorimotor synchronization and diffusion 
measures along the tracts. 
Results: The results demonstrated group differences in dorsal, not ventral, language tracts, in 
alignment with prior reports. Specifically, AWS had significantly lower fractional anisotropy (FA) 
in the left arcuate fasciculus, and significantly higher mean diffusivity (MD) in the bilateral 
frontal aslant tract compared to fluent speakers, while no significant group difference was 
detected in the inferior fronto-occipital fasciculus. We also found significant group differences in 
both FA and MD of the left middle cerebellar peduncle. Comparing patterns of association with 
sensorimotor synchronization revealed a novel double dissociation: MD within the left inferior 
cerebellar peduncle was significantly correlated with mean asynchrony in AWS but not in fluent 
speakers, while FA within the left arcuate fasciculus was significantly correlated with mean 
asynchrony in fluent speakers, but not in AWS. 
Conclusions: Our results support the view that stuttering involves altered connectivity in dorsal 
tracts and that AWS may rely more heavily on cerebellar tracts to process timing information. 

; AF, arcuate fasciculus; AWS, adults who stutter; dMRI, diffusion weighted magnetic resonance imaging; FA, fractional anisotropy; FAT, frontal 
aslant tract; ICP, inferior cerebellar peduncle; IFOF, inferior fronto-occipital fasciculus; MCP, middle cerebellar peduncle; MD, mean diffusivity; SCP, 
superior cerebellar peduncle; SMS, sensorimotor synchronization. 
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Evaluating microstructural associations with sensitive behavioral measures provides a powerful 
tool for discovering additional functional differences in the underlying connectivity in AWS.   

1. Introduction 

Persistent developmental stuttering (PDS) is a speech impairment, identified by frequent interruptions in the fluent production of 
speech, including word and part-word repetitions, sound prolongations, and blockage of speech sounds (Ambrose & Yairi, 1999; Yairi 
& Ambrose, 2013). Apart from aberrant speech, PDS is also associated with physical concomitants such as facial grimaces and 
eye-blinks (Conture & Kelly, 1991; Riva-Posse et al., 2008). Clinicians and researchers have long hypothesized that stuttering may arise 
from a pathology of the motor control system (Alm, 2004; Civier, Tasko, & Guenther, 2010; Dietz, Zijlstra, & Duysens, 1994; Max, 
Guenther, & Gracco, 2004; Watkins, Smith, Davis, & Howell, 2007, 2015; Zimmermann, 1980a, 1980b, 1980c). In line with this 
perspective, behavioral studies using a sensorimotor synchronization paradigm report that individuals who stutter demonstrate an 
impaired ability to synchronize motor actions with an auditory beat (Falk, Müller, & Dalla Bella, 2015; Sares, Deroche, Shiller, & 
Gracco, 2019). Here, we investigate the neural pathways that are associated with sensorimotor synchronization in adults who stutter 
(AWS) and fluent speakers. 

Sensorimotor synchronization (SMS) is defined as the temporal coordination between a rhythmic motor action and a predictable 
external event (Repp, 2005; Repp & Su, 2013). A popular paradigm for evaluating SMS in the lab is the finger tapping paradigm. In this 
paradigm, participants are asked to synchronize their taps to an external beat, such as a metronome (Repp, 2005; Repp & Su, 2013). 
The basic measure in SMS studies is asynchrony, defined as the time-difference between the tap and the corresponding beat. Partic-
ipants tend to precede the auditory cue with their tapping, resulting in “negative mean asynchrony” (Aschersleben, 2002). Negative 
mean asynchrony is often interpreted as evidence for the presence of a predictive mechanism which is necessary for coordinating the 
movement with the sensory cue (Van der Steen & Keller, 2013). 

Deficits in SMS are observed in various speech and language disorders. For example, children with specific language impairments 
show a consistent pattern of increased negative asynchrony, tapping significantly earlier compared to age-matched fluent speakers and 
compared to younger language-age matched children (Corriveau & Goswami, 2009). Similarly, children and adolescents who stutter 
demonstrate increased negative asynchrony, as well as lower consistency (larger standard deviation) when tapping in synchrony with 
an auditory rhythm compared to age-matched fluent speakers (Falk et al., 2015; Olander, Smith, & Zelaznik, 2010). Increased negative 
asynchrony was also reported in AWS (Max & Yudman, 2003; Sares et al., 2019; van de Vorst & Gracco, 2017). Together, these findings 
strengthen the idea that a difference in SMS is a consistent feature of disorders affecting speech (Harrington, Lee, Boyd, Rapcsak, & 
Knight, 2004; Iimura, Asakura, Sasaoka, & Inui, 2019; Loucks & De Nil, 2006). However, the specific brain mechanisms which mediate 
SMS in PDS have yet to be elucidated. 

Computational models of SMS typically assume that a forward model of the motor command is necessary in order to anticipate the 
sensory stimulus and achieve temporal alignment between the movement and the auditory stimulus (Molinari, Leggio, & Thaut, 2007). 
Maintaining the synchrony between these two types of information further requires an ongoing process of error correction, which 
depends on a fast, finely-timed calculation of prediction-errors (Repp, 2000, 2001a, 2001b). The computation of sensory prediction 
errors, especially those that involve precise timing, is attributed to cerebellar mechanisms, suggesting that the cerebellum is a key 
structure in SMS (Bower, 1997; Ivry, 1997; Ivry & Keele, 1989; Moberget et al., 2008; Wolpert, Miall, & Kawato, 1998). For example, 
patients with focal cerebellar lesions have increased variability during rhythmic finger tapping (Ivry, Keele, & Diener, 1988), an effect 
that is even more profound in more severe cases of cerebellar damage (Molinari et al., 2005). 

Cerebellar involvement in SMS is also detected in individuals who stutter. A recent imaging study by Frankford et al. (2021) found 
that paced reading to isochronous tones modulates the functional connectivity between the cerebellum and extra-cerebellar regions 
among AWS. The cerebellum is structurally connected to the rest of the neural system via three major white matter pathways: the 
superior, middle, and inferior cerebellar peduncles. FA within these pathways appears to be associated with some of the characteristics 
of SMS: action timing and error correction (Gomes et al., 2021; Jossinger, Mawase, Ben-Shachar, & Shmuelof, 2020, 2021). Inter-
estingly, significant differences in FA within cerebellar white matter pathways have been reported for AWS compared to fluent 
speakers (Connally, Ward, Howell, & Watkins, 2014). However, a direct link between the structure of the cerebellar peduncles and 
SMS in AWS has not been investigated. 

Apart from the cerebellum, SMS recruits a distributed cortical network, including the auditory cortex (i.e., the superior temporal 
gyrus; STG), supplementary motor area (SMA) and the inferior frontal gyrus (IFG) (Repp & Su, 2013; Wiener, Turkeltaub, & Coslett, 
2010). It has been hypothesized that the synchronization between an auditory rhythm and a sequence of motor commands relies on 
long range white matter connections between the motor and the auditory systems (Zatorre, Chen, & Penhune, 2007). One of these 
connections is the arcuate fasciculus, a major dorsal pathway transmitting signals between the inferior frontal gyrus (IFG) and the 
superior temporal gyrus (STG). Indeed, FA within the left arcuate fasciculus is associated with SMS among fluent speakers (Blecher, 
Tal, & Ben-Shachar, 2016). This finding provides a motivation to examine the association between the microstructural properties of the 
left arcuate fasciculus and SMS among AWS. 

Dorsal pathways connecting the cortical regions within the SMS network were found to be implicated in stuttering, including the 
arcuate fasciculus and the frontal aslant tract. The arcuate fasciculus consistently shows reduced FA among children and adults who 
stutter compared to fluent speakers (Chang, Erickson, Ambrose, Hasegawa-Johnson, & Ludlow, 2008; Connally et al., 2014; Cykowski, 
Fox, Ingham, Ingham, & Robin, 2010; Sommer, Koch, Paulus, Weiller, & Büchel, 2002; Watkins, Smith, Davis, & Howell, 2008). The 
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frontal aslant tract, which links the IFG with the SMA, shows higher FA in children who stutter (Misaghi, Zhang, Gracco, De Nil, & Beal, 
2018), and higher MD in AWS compared to fluent speakers (Kronfeld-Duenias, Amir, Ezrati-Vinacour, Civier, & Ben-Shachar, 2016a). 
In contrast to these dorsal differences, previous white matter studies failed to find significant group differences in ventral pathways of 
AWS compared with fluent speakers (Kronfeld-Duenias, Amir, Ezrati-Vinacour, Civier, & Ben-Shachar, 2016b). 

In the current study, we adopted a hypothesis-driven approach to evaluate the association between SMS and specific white matter 
pathways in AWS and fluent speakers. Our aims were twofold: (1) To test specific hypotheses regarding previously reported group 
differences between AWS and fluent speakers in the microstructural properties (FA and MD) of dorsal and cerebellar white matter 
pathways, and (2) To evaluate and compare the pattern of association between SMS and white matter diffusivities in AWS vs. fluent 
speakers. Participants performed a finger-tapping task to evaluate their synchronization to a metronome beat. They then underwent a 
diffusion MRI scan, probing the microstructural properties of their white matter pathways. Using AFQ (Yeatman, Dougherty, Myall, 
Wandell, & Feldman, 2012) we automatically identified, in each participant, the bilateral arcuate fasciculus and frontal aslant tract 
(FAT) dorsally, the bilateral inferior fronto-occipital fasciculus (IFOF), a ventral pathway that served as control, and the bilateral 
cerebellar peduncles. Then, we extracted the microstructural properties along these pathways in every individual and compared these 
properties between AWS and fluent speakers. Lastly, we compared AWS and fluent speakers in terms of the association patterns ob-
tained between diffusivity measures and SMS. 

1.2. Hypotheses 

We tested three specific hypotheses: compared to fluent speakers, AWS would have (1) lower FA in the bilateral arcuate fasciculus, 
based on Connally et al. (2014); (2) higher MD in the bilateral FAT, based on Kronfeld-Duenias et al. (2016); (3) lower FA in the 
bilateral cerebellar peduncles, based on Connally et al. (2014). Importantly, we did not expect a significant difference in ventral 
language pathways, represented here by the bilateral IFOF. 

Next, we analyzed the correlations between the microstructural properties of the left arcuate fasciculus and SMS in AWS and fluent 
speakers, following Blecher et al. (2016). We further conducted an exploratory analysis assessing differential patterns of association, in 
AWS and fluent speakers, between SMS and the microstructural properties of the cerebellar peduncles. Testing these hypotheses would 
lead to better understanding of the neural pathways underlying SMS and add to the body of knowledge on the mechanisms of PDS. 

2. Methods 

2.1. Participants 

A total of 28 participants were recruited as a part of a larger study (Sares, Deroche, Shiller, & Gracco, 2018, 2019, 2020). The study 
was approved by the McGill Faculty of Medicine Institutional Review Board in accordance with principles expressed in the declaration 
of Helsinki. 

Thirteen participants were assigned to the AWS group (8 females), and 15 fluent speakers were assigned to the control group (10 
females) based on self-reported history of stuttering since childhood, or self-report of having no history of stuttering, respectively. In 
addition, a speech and language pathologist evaluated stuttering severity in each of the participants using the stuttering severity 
evaluation instrument (SSI-4; Riley, 2009). Music training was assessed using a questionnaire in which participants estimated cu-
mulative hours of music training throughout their lifetime. The distribution of hours of training was skewed to the left, therefore 
estimates were log-transformed. The groups were matched by age, handedness and music training (all ps>0.715, as indicated by the 
Wilcoxon signed-rank test; see Table 1). 

2.2. Sensorimotor synchronization task 

Participants took part in an auditory-motor rhythm synchronization task, during which they were asked to produce motor re-
sponses in synchrony with a metronome beat. The full description of the task can be found in a previous publication (Sares et al., 2019). 
In short, the metronome beat consisted of 12 different tempi, with 10–14 clicks per tempo. The inter-beat-interval (IBI) of each tempo 

Table 1 
Sample characteristicsa.   

AWS (N = 13) Fluent speakers (N = 14)b p 

Age 28.77 (10.7) 29.71 (11.5) .999 
Gender 8F/5M 9F/5M .999 
Handedness 78.9 (19) 71.1 (36) .788 
Music training (log hours) 2.5 (1.3) 2.5 (1.4) .715 
SSI-4 17 (11.4) 4.1 (7.8) .006* 

*p<.05, Wilcoxon signed-rank test. 
a The table depicts Mean (SD) values for each parameter, except Gender. 
b One control individual was excluded from the analyses due to excessive head motion. The denoted N specifies the sample size after the exclusion 

of this subject. 
Abbreviations: Adults who stutter (AWS), stuttering severity instrument (SSI), male (M), female (F). 
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ranged from 350 to 700 ms in steps of 25 ms. The participants were asked to respond to the metronome beat by squeezing a small 
pressure pad held between the index finger and the thumb. The entire procedure was repeated 5–6 times, resulting in a total of 60–72 
different tempi presented. The synchronization task lasted about 15 min. 

Asynchrony was measured as the time difference between the participants’ response and the closest beat. To quantify asynchrony 
across different tempi, the measure of asynchrony was transformed to phase angle as follows: 

Phase angle =

(
asynchrony

inter beat interval

)

× 360 degrees 

Mean asynchrony refers to the average phase angle of each participant throughout the experiment. A negative mean asynchrony 
indicates that the participant tended to respond before the sound on average, while a positive mean asynchrony indicates that the 
participant tended to respond after the beat on average. 

2.3. MRI data acquisition 

MRI scans were conducted on a 3T Siemens Trio MRI scanner at the Montreal Neurological Institute, with a 32-channel head coil. 
The MRI protocol included standard anatomical and diffusion imaging sequences, as detailed below. Functional MRI scans were also 
included in the scan protocol but are not reported here. 

2.3.1. T1 image acquisition 
High-resolution T1-weighted anatomical images were acquired using a magnetization prepared rapid acquisition gradient echo 

(MPRAGE) protocol (TR=2.30 s, TE=2.98 ms, flip angle=9◦, voxel size=1 × 1 × 1 mm, FOV read=256 mm). 

2.3.2. Diffusion weighted image acquisition 
A standard diffusion MRI (dMRI) protocol was applied by means of a single-shot spin-echo diffusion-weighted echo-planar imaging 

(DW-EPI) sequence (70 axial slices, 2 mm thick, with no gap; FOV= 244 mm × 244 mm, matrix size = 122 × 122, providing a cubic 
resolution of 2 × 2 × 2 m3m). dMRI data were acquired along 60 non-collinear gradient directions (b = 1000s/mm2) and 9 reference 
volumes (b = 0 s/mm2). To minimize head motion, this protocol was divided into three short sequences, each about 3:30–4 min long. 

2.4. Imaging data analysis 

2.4.1. Software 
Data analysis was conducted using Matlab 2012b (The Mathworks, Natick, MA). For data preprocessing, the open sourced 

‘mrDiffusion’ package was used (https://github.com/vistalab/vistasoft/tree/master/mrDiffusion). Tract identification and quantifi-
cation was implemented with the AFQ toolkit (Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012). 

2.4.2. Data preprocessing 
Diffusion MRI data were preprocessed in native space for each individual separately, following a published pipeline (Jossinger 

et al., 2020; Kronfeld-Duenias et al., 2016a; Yablonski, Rastle, Taylor, & Ben-Shachar, 2018). This pipeline included a rigid trans-
formation of the volume anatomy to the ac-pc plane, motion- and eddy-current correction of DW-EPI data, alignment of DW-EPI data to 
the volume anatomy with corresponding recalculation of the diffusion directions, resampling and tensor fitting. T1 images were 
rotated to the ac-pc plane following manual identification of the anterior and posterior commissures. The b0 images were then 
registered to the T1 image using a rigid body mutual-information maximization algorithm (as implemented in SPM5 (Friston & 
Ashburner, 2004)). Diffusion weighted images were corrected for eddy-current and head motion distortions by using a 14-parameter 
constrained non-linear co-registration algorithm based on the expected pattern of eddy-current distortions (Rohde, Barnett, Basser, 
Marenco, & Pierpaoli, 2004). The combined transform, resulting from both anatomical alignment and eddy-current correction, was 
applied to the raw diffusion data, and the diffusion data were resampled at 2 × 2 × 2 m3m isotropic voxels. Gradient directions were 
adjusted according to the same transformation (Leemans & Jones, 2009). 

Diffusion tensors were fit to the registered diffusion data using a least squares algorithm. Then, using tensor decomposition, we 
extracted the three eigenvectors and eigenvalues of the tensor, and calculated, in each voxel, fractional anisotropy (FA) and mean 
diffusivity (MD). FA was calculated as the normalized standard deviation of the eigenvalues. MD was calculated as the average of the 
three eigenvalues. 

2.4.3. Motion analysis 
We carried out head-motion analysis along the same protocol reported in Yendiki, Koldewyn, Kakunoori, Kanwisher, and Fischl 

(2014). In short, we computed three parameters for head motion (in voxels) and three parameters for rotation (in degrees) by 
registering each volume to the first volume. Then, we averaged the absolute values of each component over all the volumes for a given 
participant. A single translation component and a single rotation component were calculated for each participant, by averaging over 
the three parameters for each component. Finally, we compared each component (translation, rotation) between the groups using a 
t-test. 
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Fig. 1. Tracts of interest. Shown are the left (a) and right (b) tracts of interest identified in a single participant (S43, fluent speaker, female, 19y), overlaid on a midsagittal T1 image of the same 
individual. The dorsal tracts identified are the arcuate fasciculus (green) and the frontal aslant tract (FAT; light blue). The ventral tract identified is the inferior fronto-occipital fasciculus (IFOF; orange). 
The cerebellar tracts identified are the superior cerebellar peduncle (SCP; purple), middle cerebellar peduncle (MCP; magenta), and the inferior cerebellar peduncle (ICP; yellow). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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2.4.4. Automatic tract identification and segmentation 
In each individual’s native space, we identified the prominent dorsal and ventral language tracts, and the cerebellar peduncles, 

bilaterally (Fig. 1 and Figure S1). Dorsal tracts included the arcuate fasciculus and the frontal aslant tract (FAT), which have previously 
shown significant group differences between AWS and fluent speakers (Connally et al., 2014; Kronfeld-Duenias et al., 2016a). Ventral 
tract included the inferior fronto-occipital fasciculus (IFOF), which did not show significant group differences in previous reports 
(Kronfeld-Duenias et al., 2016b). Cerebellar peduncles included the superior, middle and inferior cerebellar peduncles (SCP, MCP and 
ICP, respectively), which have previously shown significantly reduced FA among AWS compared with fluent speakers (Connally et al., 
2014). To identify these tracts and quantify their diffusion parameters we used the AFQ package (Yeatman, Dougherty, Myall, 
Wandell, & Feldman, 2012), which consists of the following steps: 1) whole brain fiber tractography, 2) automatic region-of-interest 
(ROI)-based tract segmentation and cleaning, 3) quantification of diffusion parameters along the tract. 

A whole-brain fiber group was tracked using a deterministic Streamlines Tractography (STT) algorithm (Basser, Pajevic, Pierpaoli, 
Duda, & Aldroubi, 2000; Mori, Crain, Chacko, & Van Zijl, 1999) with a fourth-order Runge–Kutta path integration method and 1 mm 
fixed step size. To segment the tracts, we used a multiple-ROI approach in which the whole-brain fiber group was intersected with 
predefined ROIs using logical operations (see Figure S2). These ROIs were predefined on a T2 template, and then back-transformed to 
each participant’s native space (see Bruckert et al., 2019 Fig. 3, for the position of the cerebellar ROIs; see Wakana et al., 2007, Figs. 6 
and 8, for the position of the ROIs of the AF and IFOF; see Kronfeld-Duenias et al., 2016a Fig. 1 for the position of the ROIs of the FAT). 
To separate the MCP to left and right tracts, we defined an additional ROI on the midsagittal plane. The left MCP was segmented by 
intersecting the whole-brain fiber group with the left ROI and the midsagittal ROI, while excluding fibers going through a third 
“NOT”-ROI (see Figure S3). The right MCP was segmented similarly using the right ROI instead of the left. 

After tract segmentation, an automated cleaning procedure was applied to remove outlier streamlines from each individual’s tract. 
As the cerebellar pathways are relatively short, different automatic cleaning procedures were applied to the cerebellar and cerebral 
pathways as follows: Cerebellar fibers were removed if they were longer than 1 standard deviation from the mean fiber length and 
spatially deviated more than 4 standard deviations from the core of the tract (Bruckert et al., 2019); Cerebral fibers were removed if 
they were longer than 4 standard deviations from the mean fiber length and spatially deviated more than 5 standard deviations from 
the core of the tract (Kronfeld-Duenias et al., 2016a; Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012). Finally, diffusion 
properties were calculated at equidistant nodes along the tract (30 nodes for the shorter cerebellar peduncles, and 100 nodes for the 
AF, FAT and IFOF) (Bruckert et al., 2019; Kronfeld-Duenias et al., 2016a; Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012). 

2.4.5. Quality assurance 
Individual tractograms of each tract in each participant were carefully examined by the first and last author (S.J & M.B-S). 

2.5. Statistical analysis 

We restricted analyses to tract segments enclosed between the two waypoint-ROIs which were used for tract segmentation. This was 
done with the goal of eliminating the extreme segments of the tracts which are highly variable between participants. We used non- 
parametric statistics (i.e., Wilcoxon signed-rank test and Spearman’s correlation) to refrain from assuming that the data is drawn 
from a predefined probability distribution. 

2.5.1. Group differences 
FA and MD values were averaged across the tract segment (between the two waypoint ROIs) and compared between groups (we 

refer to these values as tract-FA and tract-MD, respectively). Group comparisons were conducted by calculating the non-parametric 
Wilcoxon signed-rank test, controlling the false discovery rate (FDR) at alpha =0.05 to correct for multiple comparisons across 
multiple tracts. Directional hypotheses were tested using a one-tailed statistical test. 

Averaging FA and MD across the tract may mask existing group differences, because these values vary considerably along the 
trajectory of the tract (Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012). To gain better sensitivity, we further evaluated local 
group differences by comparing the local FA and MD values in equidistant nodes along each tract. Along-tract statistics were corrected 
for multiple comparisons using non-parametric permutation tests, controlling for family-wise error (FWE) at a corrected alpha of 0.05 
(Nichols & Holmes, 2002). Significance was determined if a cluster of nodes satisfied two criteria: 1) Diffusivity values in each node 
within the cluster showed a group differences at an uncorrected alpha of 0.05, and 2) The size of the cluster was larger or equal to a 
critical cluster size determined by a permutation algorithm (Nichols & Holmes, 2002; Yeatman, Dougherty, Myall, Wandell, & 
Feldman, 2012). FWE is used to correct the number of comparisons within a tract, but not between tracts. This analysis is referred to as 
tract-profile analysis. 

2.5.2. Brain-Behavior correlations 
Associations between tractometry and performance on the SMS task were assessed by calculating Spearman’s rank-order corre-

lations. First, we assessed the simple correlations between tract-FA and mean asynchrony and between tract-MD and mean asynchrony. 
In accordance with the analysis described in Blecher et al. (2016), these correlations were calculated along the entire extent of the 
tract. Correlations with the cerebellar peduncles were corrected for multiple comparisons controlling the false discovery rate (FDR) at 
alpha =0.05. 

Second, to gain further sensitivity, we repeated this analysis along the tract, in the cerebellar peduncles and in the AF (see Section 
1.2). Corrected significance was calculated using a non-parametric permutation test, controlling the family-wise error (FWE) at alpha 
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= 0.05 (Nichols & Holmes, 2002; Yeatman, Dougherty, Myall, Wandell, & Feldman, 2012), as explained above (see Section 2.5.1). One 
fluent speaker was excluded from all correlation analyses because of an extremely high mean asynchrony score (phase angle = − 185 
deg, 2.9 SD below the average of the fluent speakers). 

2.5.3. Bootstrap analysis 
The significance of group differences between correlation coefficients was tested non-parametrically using a bootstrap analysis. To 

this end, we generated distributions of correlation coefficients by sampling with replacements (N = 10,000 times) from the data of each 
group, and calculating the correlation coefficient for each sample. These distributions were compared visually. Then, we calculated the 
probability of obtaining the correlation coefficient observed in AWS based on the distribution of correlations of fluent speakers (i.e., 
the empirical p-value). 

3. Results 

3.1. Head motion 

One control individual was excluded from further analyses due to excessive head motion (translational motion of more than 1 
voxel). After excluding this subject, there were no significant group differences in translational and rotational head motion (uncor-
rected p=.035 for translational head motion failed to reach significance when controlling the FDR 5% for 2 comparisons; p=.182 for 
rotational head motion, FDR corrected) (see Figure S4). 

Fig. 2. Testing Hypothesis 1: Reduced FA in the bilateral arcuate fasciculus of AWS. (a, d): The left (a) and right (d) arcuate fasciculi are 
identified in a single participant (S31, fluent speaker, female, 31y), overlaid on a midsagittal T1 image of the same individual. Shaded region in (a) 
indicate the location of the significant cluster of nodes. (b, e): Bar graphs show the group average tract-FA of the left (b) and right (e) arcuate 
fasciculus in AWS (red) and fluent speakers (blue). Error bars denote ±1 standard error of the mean. Asterisk denotes a significant group difference 
(p=.014, FDR controlled at 5% for 2 comparisons). (c, f): FA profiles along the left arcuate fasciculus (c) and the right arcuate fasciculus (f) are 
shown in AWS (red) and fluent speakers (blue), with colored dotted lines indicating ±1 standard error of the mean. Asterisk denotes a significant 
group difference (p<.05, FWE corrected over 100 nodes). AWS – red, fluent speakers – blue. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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3.2. Demographic characteristics 

The groups did not differ significantly in age, gender, handedness, and music training. As expected, there was a significant group 
difference in stuttering severity, as measured by the SSI-4 (p=.006). The demographic characteristics of the analyzed sample (N = 27) 
can be found in Table 1. 

3.3. Tract identification 

Dorsal, ventral and cerebellar pathways were identified individually in each participant’s native space (see Fig. 1 and Figure S1). 
The left arcuate fasciculus and the bilateral IFOF were successfully identified in all participants (N = 27). The right arcuate fasciculus 
was identified in 24 out of 27 participants, excluding one AWS and two control participants. The left and right FAT were successfully 
identified in 23 out of 27 participants, excluding two participants of each group. One additional right FAT tract of a control participant 
was excluded based on visual examination of the individual tractograms (see Methods and Figure S5). The bilateral SCP, MCP and ICP 
were successfully identified in all participants (N = 27). 

3.4. Hypothesis 1: reduced FA in the bilateral arcuate fasciculus of AWS 

We compared mean tract-FA values in the bilateral arcuate fasciculus of AWS and fluent speakers (Fig. 2 and Table S1). This 
analysis successfully reproduced previously-reported group differences in the left arcuate fasciculus (Connally et al., 2014), showing 
significantly reduced tract-FA in AWS (p=.014, FDR controlled at 5% for 2 comparisons) (Fig. 2b). No significant differences were 
found in the right arcuate fasciculus (p=.688; Fig. 2e). We further compared the FA tract profiles, node-by-node, in 100 equidistant 
locations along the tract. This analysis revealed that the significant difference between the groups stems from nodes 81–100, in the 

Fig. 3. Testing Hypothesis 2: Elevated MD in the bilateral frontal aslant tract of AWS. (a, d): The left (a) and right (d) FAT are identified in a 
single participant (S20, AWS, female, 18y), overlaid on a coronal T1 image of the same individual. Shaded region in (d) indicate the location of the 
significant cluster of nodes. (b, e): Bar graphs show the group average tract-MD of the left (b) and right (e) FAT in AWS (red) and fluent speakers 
(blue). Error bars denote ±1 standard error of the mean. Asterisk denotes a significant group difference (p=.04, FDR controlled at 5% for 2 
comparisons). (c, f): MD profiles along the left (c) and right (f) FAT are shown in AWS (red) and fluent speakers (blue), with colored dotted lines 
indicating ±1 standard error of the mean. Asterisk denotes a significant group difference (p<.05, FWE correction over 100 nodes). 
AWS – red, fluent speakers – blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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temporal section of the left arcuate fasciculus (p<.05, FWE corrected for 100 nodes) (Fig. 2c). No significant group differences were 
observed in the profile-analysis within the right arcuate fasciculus (Fig. 2f). For completeness, we also compared MD values but found 
no significant group differences in either the left or right arcuate fasciculi (all ps>0.089; Figure S6 and Table S2). 

3.5. Hypothesis 2: elevated MD in the bilateral frontal aslant of AWS 

We compared mean tract-MD values in the bilateral FAT (Fig. 3 and Table S2). This analysis reproduced previously-reported group 
differences in the left FAT, showing higher tract-MD values in AWS compared to fluent speakers (p=.040, FDR controlled at 5% for 2 
comparisons) (Fig. 3b) in agreement with Kronfeld-Duenias et al. (2016a). We further compared the MD tract profiles, node-by-node, 
in 100 equidistant locations along the tract. This analysis revealed an additional significant difference between the groups within the 
right FAT in nodes 23–40, closer to the IFG (Fig. 3f). Specifically, AWS showed higher MD values compared to fluent speakers in this 
cluster (p<.05, FWE corrected for 100 nodes). No significant group differences were observed in tract-MD of the right FAT (p=.065; 
Fig. 3e and Table S2), nor in the MD profile of the left FAT (Fig. 3c). For completeness, we evaluated FA in the FAT of AWS and fluent 
speakers but found no significant differences (all ps>0.975; Figure S7 and Table S1). 

3.6. Control analysis: no group differences in ventral speech-related tracts 

As in previous reports (Kronfeld-Duenias et al., 2016b), no significant group differences were detected in the bilateral IFOF (Fig. 4). 
This includes absence of significant differences when comparing tract-FA (all ps>0.452), tract-MD (all ps>0.104), FA profiles and MD 
profiles (p>.05, FWE corrected for 100 nodes) (Figs. 4 and S8, and Tables S1 and S2). 

Fig. 4. Group comparison of the bilateral inferior fronto-occipital fasciculus (IFOF). (a, d): The left (a) and right (d) IFOF are identified in a 
single participant (S12, fluent speaker, female, 23y), overlaid on a midsagittal T1 image of the same individual. (b, e): Bar graphs show the group 
average tract-FA of the left (b) and right (e) IFOF in AWS (red) and fluent speakers (blue). Error bars denote ±1 standard error of the mean. (c, f): FA 
profiles along the left (c) and right (f) IFOF are shown in AWS (red) and fluent speakers (blue), with colored dotted lines indicating ±1 standard 
error of the mean. 
AWS – red, fluent speakers – blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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3.7. Hypothesis 3: reduced FA in the bilateral cerebellar peduncles of AWS 

We compared mean tract-FA values in the bilateral cerebellar peduncles (Fig. 5 and Table S1). It should be taken into account that 
our definition of the cerebellar peduncles is tractography based, unlike prior reports that used an ROI-based approach to define the 

Fig. 5. Testing Hypothesis 3: Reduced FA in the bilateral cerebellar peduncles (CPs) of AWS. The results are shown for the left CPs (left 
column) and the right CPs (right column). a) The left and right SCP (purple), MCP (magenta) and ICP (yellow) are identified in a single participant 
(S43, fluent speaker, female, 19y), overlaid on a midsagittal T1 image of the same individual. Shaded region indicate the location of the significant 
cluster of nodes. b) Bar graphs show the group average tract-FA in AWS (red) and fluent speakers (blue). Error bars denote ±1 standard error of the 
mean. Asterisk denotes a significant group difference (p=.004, FDR controlled at 5% for 6 comparisons). (c-e): FA profiles along the bilateral SCP 
(c), MCP (d) and ICP (e) are shown in AWS (red) and fluent speakers (blue), with colored dotted lines indicating ±1 standard error of the mean. 
Asterisk denotes a significant group difference (p<.05, FWE corrected over 30 nodes). 
AWS – red, fluent speakers – blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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cerebellar peduncles (Connally et al., 2014). Regardless, this analysis showed lower tract-FA values in left MCP of AWS compared to 
fluent speakers, in alignment with Connally et al. (2014) (p=.004, FDR corrected over 6 tracts, see Fig. 5b). For completeness, we 
compared tract-MD values, FA tract profiles and MD tract profiles in each cerebellar peduncle. These analyses detected several sig-
nificant group differences in left MCP. Specifically, higher tract-MD values were found in AWS compared to fluent speakers (p=.019, 
FDR controlled at 5% for 6 comparisons; see Figure S9b and Table S2), and reduced FA was found in AWS in nodes 1–24 of this tract 
(p<.05, FWE corrected across 30 nodes) (Fig. 5d, left). In contrast to previous reports (Connally et al., 2014), no significant group 

Fig. 6. Mean asynchrony is correlated with FA of the left arcuate fasciculus among fluent speakers, but not among adults who stutter. 
(a) Spearman’s r values calculated in each node along the core of the tract in fluent speakers (N = 14). (b) Individual tract-FA values of the left 
arcuate fasciculus are plotted against individual mean asynchrony values in AWS (red) and fluent speakers (blue). A significant correlation is 
detected in fluent speakers (r = 0.62, p=.025, uncorrected) but not in AWS (r= − 0.005, p=.99). (c) Distributions of correlation coefficients were 
generated using bootstrap analysis by drawing repeated samples from the AWS group (red) and fluent speakers (blue). This analysis revealed that 
the probability for observing the correlation coefficient of AWS under the distribution of the fluent speakers is p=.013. 
AWS – red, fluent speakers – blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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differences were observed in the other cerebellar peduncles (all ps>0.160) (Figs. 5 and S9, and Tables S1 and S2). 

3.8. Differential association patterns with mean asynchrony 

Following our prior findings of associations between microstructure and behavior, we examined the relationship between mean 
asynchrony, a measure of sensorimotor synchronization, and microstructural properties of the left arcuate fasciculus (Blecher et al., 

Fig. 7. Mean asynchrony is correlated with MD in the left ICP among adults who stutter, but not among fluent speakers. 
(a) The correlation between MD and mean asynchrony was assessed by calculating Spearman’s r values in each node along the core of the tract in 
AWS (N = 13). A significant correlation is observed in nodes 19–23, denoted by the black arrow (p<.05, FWE corrected for 30 nodes). No significant 
cluster was observed in fluent speakers (not shown). (b) The mean MD value drawn from the significant cluster of nodes observed in AWS (see a) is 
plotted against the mean asynchrony in AWS (red) and fluent speakers (blue). (c) Distributions of correlation coefficients were generated using 
bootstrap analysis by drawing repeated samples from the AWS group (red) and fluent speakers (blue). This analysis revealed that the probability for 
observing the correlation coefficient of AWS under the distribution of the fluent speakers is p=.003. 
AWS – red, fluent speakers – blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 
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2016) and the cerebellar peduncles (Gomes et al., 2021; Jossinger, Kronfeld-Duenias, Zislis, Amir, & Ben-Shachar, 2021) . 
Spearman’s correlations were calculated between mean asynchrony and mean tract diffusivities (tract-FA and tract-MD) of the left 

arcuate fasciculus and the bilateral cerebellar peduncles (Table S3 and S4). This analysis revealed a significant positive correlation 
with tract-FA of the left arcuate fasciculus in fluent speakers (r = 0.62, p=.02; uncorrected) but not in AWS (r=− 0.0055, p=.99) 
(Fig. 6b and Table S3). Moreover, the correlation coefficient in fluent speakers differed significantly from the one found in AWS 
(p=.013 calculated using a bootstrap analysis, see Methods Section 2.5.3) (Fig. 6c). 

In order to gain enhanced sensitivity for detecting localized brain-behavior correlations, we examined the associations between 
mean asynchrony and local diffusivity values, node by node, along the trajectory of the tracts (see Methods). Using this analysis, we 
found a significant negative correlation in AWS between mean asynchrony and MD within the left ICP 

(r = − 0.67, p<.01, FWE corrected across 30 nodes; see Fig. 7b). Specifically, enhanced synchrony was associated with lower MD in 
a cluster of nodes within the left ICP (nodes 19–23). Fluent speakers did not show the same pattern of correlation (r=− 0.1154, 
p=.669). Moreover, the correlation coefficient in AWS differed significantly from the one calculated in corresponding nodes of the left 
ICP in fluent speakers (p=.0031, calculated using bootstrap) (Fig. 7c). 

No additional correlations were found between mean asynchrony and the microstructural properties of the other cerebellar pe-
duncles (all ps>0.209), or between mean asynchrony and tract-MD of the left arcuate (uncorrected p=.040 in the right ICP failed to 
reach significance when controlling the FDR 5% for 6 tracts, all other ps>0.163) (Tables S3 and S4). 

4. Discussion 

Using a hypothesis-driven approach, we successfully reproduced group differences between AWS and fluent speakers in bilateral 
dorsal, but not ventral, speech-related tracts. Specifically, AWS showed significantly lower FA in the left arcuate, and significantly 
higher MD in the bilateral frontal aslant compared to fluent speakers. Additional group differences were detected in the left MCP, 
where AWS showed significantly lower FA in a vast majority of nodes along the tract. A further comparison of brain-behavior asso-
ciation patterns revealed a novel double dissociation between the groups: in AWS, but not in fluent speakers, MD within the left inferior 
cerebellar peduncle significantly correlated with mean asynchrony. On the other hand, in fluent speakers, but not in AWS, FA within 
the left arcuate fasciculus significantly correlated with mean asynchrony. Our results support the view that stuttering involves altered 
connectivity in dorsal tracts and that AWS may therefore rely more heavily on cerebellar tracts to process timing information. We 
discuss potential interpretations of these findings below. 

4.1. Microstructural group differences in dorsal and cerebellar white matter pathways 

One of our aims was to reproduce previously-reported group differences in white matter tracts between AWS and fluent speakers. 
There is a great value in reproducing published results in the field of neurobiology of stuttering for two reasons. First, previous analyses 
of white matter microstructure in AWS produced mixed, sometimes contradictory, results. For example, reduced FA in the bilateral 
cerebellar peduncles was detected by Connally et al. (2014), but not by Jossinger et al. (2021). Similarly, while some studies detect 
group differences restricted to the left dorsal pathways (Chang et al., 2008; Sommer et al., 2002; Watkins et al., 2008), others report 
bilateral dorsal differences between AWS and fluent speakers (Kronfeld-Duenias et al., 2016b). Second, in light of the “replication 
crisis” in neuroscience, reproduction of previously published effects contributes to the reliability of results in this field (Barch & 
Yarkoni, 2013). 

4.1.1. Microstructural differences in dorsal, but not ventral, speech-related tracts 
Our findings confirm the hypothesis that AWS show group differences in microstructural properties of the dorsal, but not ventral, 

speech-related pathways (see Hypotheses 1 + 2 in Section 1.2). Specifically, our results demonstrate altered connectivity in the left 
arcuate fasciculus and in the bilateral FAT of AWS compared to fluent speakers. FA reduction in the left arcuate fasciculus of children 
and adults who stutter is one of the most replicable findings in the study of microstructural connectivity in PDS (Chang et al., 2008; 
Connally et al., 2014; Cykowski et al., 2010; Sommer et al., 2002; Watkins et al., 2008). This pathway has been proposed to support the 
integration between motor and auditory information during speech production (Hickok, 2012; Hickok & Poeppel, 2007). In the DIVA 
model of speech production, connections between the IFG and STG (i.e., the arcuate fasciculus) are embedded in the feedback control 
system that conveys auditory signals when listening to one’s own speech (Tourville & Guenther, 2011). Moreover, manipulations that 
affect auditory feedback during speech production induce temporary fluency in people who stutter (Lincoln, Packman, & Onslow, 
2006; Macleod, Kalinowski, Stuart, & Armson, 1995; O’Donnell, Armson, & Kiefte, 2008). Hence, altered connectivity in the arcuate 
fasciculus of AWS strengthens the view that stuttering may involve aberrant reliance on auditory feedback (Max et al., 2004). 

While the arcuate fasciculus is hypothesized to take part in the feedback control system of speech, the FAT may be involved in the 
feedforward control system of speech (Tourville & Guenther, 2011). Broadly, the projections from the IFG to the SMA through the FAT 
carry feedforward articulatory motor plans to produce a desired sound (Tourville & Guenther, 2011). This tract was shown to be 
associated with speech initiation, verbal fluency, and stuttering (Chernoff et al., 2018; Dick, Garic, Graziano, & Tremblay, 2019). For 
example, a direct electrostimulation of this pathway evokes stuttering-like dysfluencies (Kemerdere et al., 2016). Structural data also 
support the role of the FAT in stuttering by demonstrating group differences between people with PDS and fluent speakers in the 
microstructural properties of this pathway (Kronfeld-Duenias et al., 2016a; Misaghi et al., 2018; Neef et al., 2018). Our findings here, 
demonstrating bilateral group differences in the FAT, converge with these prior findings, thus strengthening its role in PDS. 

Similar to previous findings (Kronfeld-Duenias et al., 2016b), we did not find group differences in the microstructural properties of 
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the IFOF. The IFOF is a ventral pathway connecting the occipital, temporal, and frontal lobes (Dick, Bernal, & Tremblay, 2014). 
According to the dual-stream model of speech processing, while the dorsal stream is linked to sensorimotor processing (as noted 
above), the ventral stream is linked to more lexical aspects of speech recognition and comprehension (Hickok & Poeppel, 2007). Our 
findings, which are restricted to the dorsal stream, are compatible with the view that stuttering involves an impairment in sensori-
motor integration. This conclusion is tentative, however, since other functions have been associated with certain dorsal pathways; for 
example, syntactic processing has been associated with the left arcuate fasciculus (Friederici, 2012). 

4.1.2. Microstructural difference in the middle cerebellar peduncle 
Our findings reproduce significant group differences in the left MCP, demonstrating lower FA along a vast majority of nodes along 

this tract in AWS compared to fluent speakers (Connally et al., 2014). A recent tractography study in healthy human subjects showed 
that the MCP connects the cerebellum with the contralateral prefrontal and temporal cortices, including the SMA and IFG (Palesi et al., 
2017), all of which have been implicated in stuttering (Brown, Ingham, Ingham, Laird, & Fox, 2005; Cai et al., 2014; Chang et al., 2008, 
2011, 2015; De Nil, Kroll, Lafaille, & Houle, 2003; Kell et al., 2009; Lu et al., 2009, 2010; Watkins et al., 2008). Here, we extend these 
findings by showing that the white matter fibers connecting the SMA and IFG with the cerebellum have different properties in AWS 
compared to fluent speakers. The total volume of the cerebellum was recently shown to be affected by early life experience, 
demonstrating smaller cerebellar volume in early-trained musicians (before the age of 7) compared to late-trained musicians or 
non-musicians (Baer et al., 2015). In this context, it would be interesting to determine whether the altered connectivity seen in the MCP 
of AWS is generated by the childhood experience of stuttering and accommodating a sensorimotor speech disorder. 

Contrary to previous findings by Connally et al. (2014), we did not find significant group differences between AWS and fluent 
speakers in the microstructural properties of the SCP and ICP. The discrepancy between our results and previous findings could stem 
from several differences in methods and samples. First, while we used tractography to define the cerebellar peduncles, Connally et al. 
(2014) used an ROI based definition of the tracts. Furthermore, our methods assess group differences and correlations in 30 nodes 
along each of the cerebellar peduncles, while the ROI-based definition provides a single value for each cerebellar peduncle. The 
different methods used to define the pathways could have had a crucial impact on the results. However, a recent report by our group 
(Jossinger et al., 2021), which followed the same protocol as in Connally et al. (2014) to define the cerebellar peduncles, still failed to 
find microstructural group differences within the cerebellar peduncles of AWS vs. fluent speakers. 

A second difference concerns scanning protocols, e.g., different field strengths, different spatial resolutions, different number of 
directions etc. Finally, we consider the different sample characteristics, including age and gender. Our AWS sample is atypical in terms 
of gender, encompassing more females than males: 5m:8f in the current sample, compared to 21m:8f in Connally et al. (2014), and 
17m:6f in Jossinger et al. (2021). This difference is particularly relevant as the prevalence of stuttering in the general population is 
grater in males than females, with a male-to-female ratio of 4:1 (Yairi & Ambrose, 2013). In addition, the current sample spans an older 
age range compared to the previous report: the mean age of the current sample is 28.8y [range: 18–51] compared to 22.6y [14–42] in 
Connally et al. (2014). In fact, the sample in Jossinger et al. (2021) had a similar age range to the current one (31.2 [19–52]), and that 
study, too, failed to find cerebellar group differences. Therefore, differences in the cerebellar peduncles may emerge in younger, but 
not in older, samples of AWS and fluent speakers. 

4.1.3. Additional microstructural difference in other white matter tracts 
The current study focused on a small number of pre-defined hypotheses using individualized tractography methods in native space. 

Given the relatively small sample size, we had to limit the number of hypotheses tested. Our hypothesis-driven approach enabled us to 
detect statistically significant group differences despite our relatively small sample size. An alternative approach would be to run a 
whole brain analysis in standard space. Such analyses have previously detected differences between people who stutter and fluent 
speakers in several foci, including the CST and corpus callosum (but see Choo, Chang, Zengin-Bolatkale, Ambrose, & Loucks, 2012, 
Kronfeld-Duenias et al., 2016a, for contradictory results). Future studies with larger sample size are still needed to validate these 
findings. 

4.2. Double dissociation between AWS and fluent speakers in the neural substrates of SMS 

Our findings demonstrated a double dissociation between AWS and fluent speakers in the neural substrates controlling SMS. This 
result complements the direct group comparisons between microstructural properties (as discussed in Section 4.1). In fact, a significant 
difference in association patterns was found in a pathway where a direct comparison failed to detect any group differences (see Section 
4.2.2). This finding highlights an important point: Association patterns between tractometry and cognitive measures may reveal 
differences that are invisible to tractometry alone. We see this in other domains as well, for example, differences in association patterns 
(without accompanying differences in tractometry) were found in comparisons between preterm and full term born children (Travis, 
Ben-Shachar, Myall, & Feldman, 2016), high and low performing preschoolers (Qi, Van Horn, Selig, & Kaiser, 2020), people with 
primary progressive aphasia and controls (Janssen et al., 2020). Hence, this approach provides a powerful tool for discovering 
additional functional differences in the underlying connectivity within these groups. 

4.2.1. The left arcuate fasciculus is associated with SMS only in fluent speakers, and not in AWS 
Our results show a positive correlation between FA of the left arcuate fasciculus and mean asynchrony in fluent speakers, not in 

AWS. Specifically, more synchronous tapping with the auditory beat is associated with higher FA within the left arcuate fasciculus of 
fluent speakers. This association reproduces similar findings observed in an independent group of fluent speakers (Blecher et al., 2016) 
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and suggests that the arcuate fasciculus is involved in coordinating the motor action with the external auditory beat to optimize the 
synchronization between them. 

Interestingly, the association between the left arcuate fasciculus and SMS was not evident among AWS in our current sample. As 
discussed above (see Section 4.1.1), consistent differences have been observed in the microstructural properties of the left arcuate 
fasciculus in AWS, who are also repeatedly shown to have deficits in SMS (Max & Yudman, 2003; Sares et al., 2019; van de Vorst & 
Gracco, 2017). Here we show for the first time that the significant microstructural group difference in the left arcuate fasciculus is 
accompanied by a difference in the pattern of association with SMS. Accordingly, we raise the hypothesis that differences in SMS 
observed in people who stutter may derive from variations in the structure of the arcuate fasciculus. If that is the case, we predict that 
training sensorimotor synchronization capacities may change the microstructural properties of the left arcuate, which may, in turn, 
enhance speech fluency among AWS. 

4.2.2. The left ICP is associated with SMS only in AWS, and not in fluent speakers 
A novel contribution of the current study concerns the selective association between SMS and MD within the left ICP, which was 

observed only in AWS and not in fluent speakers. Specifically, we found that enhanced synchrony between tapping and an auditory 
beat was correlated with reduced MD within a specific cluster of nodes along the left ICP. The cerebellum is often thought of as a 
“timekeeping” mechanism, controlling the temporal structure of ongoing motor sequences, including speech production (Ackermann, 
2008) and SMS (Molinari et al., 2007). This general-purpose mechanism generates rapid predictions about the sensory consequence of 
self-generated movements, thus bypassing the slow nature of physiological feedback loops (Wolpert et al., 1998). Deviations from the 
predicted sensory consequence are monitored and labeled as prediction errors, and then used to update the sensory predictions in 
accordance with the actual sensory feedback. This process of error monitoring has been attributed to the olivo-cerebellar fibers (i.e., 
“climbing fibers”) which pass through the ICP (Shadmehr, 2017). 

Alterations in error monitoring during speech production have been proposed as part of the core deficit in stuttering (Arnstein, 
Lakey, Compton, & Kleinow, 2011; Max et al., 2004; Postma & Kolk, 1993). It was suggested that people who stutter tend to over-rely 
on efferent feedback as a way to cope with an insufficient or unstable internal model of speech (Civier et al., 2010; Max et al., 2004). 
We recently showed that the left ICP is also implicated in timing related aspects of speech in an independent sample of AWS (Jossinger 
et al., 2021). The current findings generalize the association of the left ICP with timing related behaviors among adults who stutter, 
suggesting a more general deficit in error-monitoring during timed sensorimotor interactions, which goes beyond speech. 

4.3. Interpreting the results in terms of tissue properties 

We report group differences in both FA and MD across several dorsal and cerebellar white matter pathways. Specifically, compared 
to fluent speakers, AWS showed reduced FA in the left arcuate fasciculus and the left MCP, and elevated MD in the bilateral FAT. 
Interpreting these differences in terms of the underlying tissue properties is notoriously hard, because both FA and MD are modulated 
by multiple biological factors, including axonal density, directional coherence, axonal diameter and myelin content (Assaf & Pas-
ternak, 2008; Beaulieu, 2002; Jones, Knösche, & Turner, 2013). Some of these tissue properties influence FA and MD in opposite 
directions: For example, tight axonal packing or elevated myelination would manifest in elevated FA but reduced MD in the same 
voxel. In sum, both reduced FA and elevated MD may stem from reduced myelin content, sparser fiber bundles, or some combination of 
both, and both may lead to poorer neuronal communication. 

Similar caution should be taken when attempting to interpret the brain-behavior correlations seen in each of the groups. Our data 
show a positive correlation between sensorimotor synchronization and FA within the left arcuate fasciculus of fluent speakers, and a 
negative correlation between sensorimotor synchronization and MD within the left ICP of AWS. Fluent speakers who were more 
synchronized with the auditory beat had higher FA values within their left arcuate fasciculus, whereas AWS who were more syn-
chronized with the auditory beat had lower MD within their left ICP. Considering that stronger connectivity is linked with both high FA 
and low MD, we suggest that better performance in a sensorimotor synchronization task is linked with better connectivity within the 
left arcuate fasciculus among fluent speakers, and better connectivity within the left ICP among AWS. This simplistic, hypothetical 
explanation should be further tested with more advanced quantitative MRI measures that are sensitive to the different biological 
factors comprising the tissue (Assaf & Basser, 2005; Assaf, Blumenfeld-Katzir, Yovel, & Basser, 2008; Berman, Filo, & Mezer, 2019; 
Filo et al., 2019; Mezer & Yeatman, 2014). 

4.4. Limitations 

The relatively small sample size (N = 13 for AWS and N = 14 for fluent speakers) limits the statistical power of our study. To cope 
with this limitation, we incorporated a hypothesis driven approach that enabled us to restrict the number of comparisons and use one- 
tailed statistical tests. Despite the limited power (especially within the left arcuate fasciculus and MCP; see Supplementary material) 
we were still able to detect significant group differences supporting our hypotheses. However, looking at larger samples may reveal 
additional group differences in other white matter pathways, and further extend the patterns of associations in AWS and fluent 
speakers. For example, a larger sample could expand the behavioral range of SMS scores and reveal additional associations between 
SMS and the cerebellar peduncles in fluent speakers. 

A second limitation is the use of tensor fitting and deterministic tractography (traditional DTI methods), rather than using more 
complex models of diffusivity coupled with probabilistic tractography (advanced methods). Deterministic tractography was chosen 
because it provides a more direct comparison to prior findings (Blecher et al., 2016; Jossinger et al., 2020; Kronfeld-Duenias et al., 
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2016a). Of relevance, we recently reported high consistency between traditional and advanced methods in both FA and MD values 
extracted from dorsal and ventral cerebral tracts (Yablonski, Menashe, & Ben-Shachar, 2021). For example, correlation coefficients of 
r = 0.96 and r = 0.95 were found between MD values of the left and right FAT (respectively) identified with traditional vs. advanced 
methods (Ibid, Supplementary figure 1). Thus, we expect the current findings to generalize beyond the specific methods used here. 

A third limitation concerns the lack of a baseline motor task in our study. It could be argued that SMS differences in AWS may stem 
from a more basic motor impairment. However, a recent study by van de Vorst and Gracco (2017) showed that AWS have aberrant SMS 
patterns compared to fluent speakers, while the two groups perform similarly during an unpaced tapping task. Lastly, any study that 
identifies differences and associations in a sample of adults may not provide conclusive insight into the direction of causality that 
underlies the effects. The current study is no exception. Developmental and longitudinal studies are required to determine whether the 
white matter differences observed in this study resulted from compensatory mechanisms after years of stuttering or whether these 
differences caused stuttering symptoms. In addition, training studies targeting non-speech sensorimotor synchronization in AWS will 
determine the causal relation between SMS, stuttering and the underlying neural substrates. 

4.5. Conclusions 

In conclusion, our results support the view that stuttering involves altered connectivity in dorsal, but not ventral, speech-related 
tracts, and that AWS may rely more heavily on cerebellar tracts to process timing information. By reproducing some, but not other, 
previously reported effects, this study helps to pinpoint the microstructural abnormalities at the root of PDS. By evaluating micro-
structural differences in the context of a sensitive behavioral measure, we discovered a novel double dissociation between AWS and 
fluent speakers in the neural substrates of sensorimotor integration. 
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