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The purpose of this study was to investigate sequence learning in people who stutter (PWS) and 

people who are typically fluent (PWTF) using both implicit and explicit sequence learning 

paradigms while controlling for motor performance. PWS are thought to have underlying neural 

differences that impact motor skill learning with further influence on motor sequence learning. In 

this study, we employed sequence-based learning paradigms to determine the impact of motor 

output demands on implicit and explicit sequence learning. A total of 28 participants (PWTF = 

19; PWS = 9) were recruited for this study, which does not yet meet our a priori sample size 

estimate of 21 participants per group needed to detect large effects. Participants completed a 

serial reaction time task (SRTT) which measured their ability to learn a 10-item sequence with 

manual motor output in both implicit and explicit contexts in which the presence of a sequence 

was either concealed or disclosed, respectively. Participants also engaged in a visual statistical 

learning (VSL) task to measure implicit sequence learning when motor output was not required. 



 

Our hypothesis was largely influenced by theorized differences in striatal learning mechanisms 

in PWS. We hypothesized that PWS would demonstrate less motor learning on implicit tasks 

when compared to PWTF while no significant differences would be expected on explicit tasks. 

Second, we hypothesized no significant differences in performance on the non-motor implicit 

tasks between PWS and PWTF indicating that when motor demands are not a factor, learning is 

the same. Initial data analysis on a small set of participants revealed no significant group 

differences across all three tasks, although analyses will be repeated when full datasets are 

collected. Further investigation is necessary to explore the impact of manual motor output on 

sequence learning using explicit and implicit paradigms.  
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1. INTRODUCTION  

Developmental stuttering is a childhood onset speech disorder that affects approximately 

5-8% of children (Reilly et al., 2009; Yairi & Ambrose, 1992). Typically, onset occurs between 

two and five years of age, a period that coincides with extensive speech and language development 

(Guitar & Peters, 2013; Yairi & Ambrose, 1992). While 75% of children who stutter spontaneously 

recover during childhood, the disorder can persist into adulthood, impacting around 1% of the 

general adult population (Craig et al., 2002; Yairi & Ambrose, 2013, 1999). The cases that do not 

resolve are referred to as persistent developmental stuttering (PDS), which is a 

neurodevelopmental disorder commonly characterized by speech fluency differences in the form 

of sound or syllable repetitions and audible and inaudible sound prolongations (Bloodstein et al., 

2021). These result in less fluent and rhythmic speech (Wingate, 1964). Secondary behaviors such 

as facial grimacing, eye-blinks, and excess physical movements such as neck and arm jerks can 

develop in both children and adults who stutter as a compensatory mechanism to attempt to 

minimize the severity of stuttering (Maguire et al., 2012; Riva-Posse et al., 2008). People who 

stutter (PWS) may experience an overall lower quality of life including greater instances of teasing 

and bullying, an increased risk for mental health disorders, reduced participation in social 

activities, and lower vitality (the measure of an individual’s energy level and fatigue) (Craig et al., 

2009; Erickson & Block, 2013). 

 In this study, we explored motor learning abilities in PWS. Differences in motor control in 

PWS suggest that differences are not solely confined to the domain of speech. Rather, it is a more 

expansive disorder of motor control that manifests primarily in the speech domain because of the 

timing and sequencing demands required for fluent speech production (Etchell et al., 2014). This 



 

is consistent with the literature that PWS show differences in motor control in non-speech domains 

when compared to people who are typically fluent (PWTF). For example, children who stutter 

show deficits across motor batteries of gross and fine motor skill including difficulties with 

balance, finger pointing, and postural stability (Howell et al., 2008). Adults who stutter 

demonstrated differences in non-speech orofacial movements, finger flexion movements, and 

finger tapping (Max et al., 2003; Smits-Bandstra et al., 2006). The differences in motor movements 

and speech production in PWS point to underlying neural differences that if further studied may 

lead to a fuller understanding of the causes and correlates of stuttering. Furthermore, this may lead 

to more effective and targeted treatments for those seeking these options. To investigate the neural 

underpinnings of developmental stuttering in adults, we assessed an area that is thought to be 

affected in PWS: motor learning, specifically motor sequence learning.  

1.1 NEURAL DIFFERENCES IN STUTTERING  

Stuttering researchers have investigated neural differences in PDS for decades. While a 

variety of evidence and findings have been reported, pinpointing one network of the brain that is 

the main determinant of stuttering has been unclear. In large, the cortico-basal ganglia-

thalamocortical motor circuit (CGBT loop) is greatly discussed and researched. One of the 

functions of the CBGT loop is initiating or terminating articulatory gestures within a syllabic motor 

program at the appropriate time by activating or monitoring neurons in an initiation map in the 

supplementary motor area (Chang & Guenther, 2020; Watkins & Jenkinson, 2016). An important 

set of structures in the loop is the basal ganglia, which are a group of subcortical nuclei including 

the caudate nucleus and putamen, both of which play a role in speech and language. Evidence that 

PDS can be attributed to abnormal function of the basal ganglia, specifically the putamen in the 

left hemisphere, has been primarily reviewed by Alm (2004). He proposed that deficits in basal 



 

ganglia output to the supplementary motor cortex causes disruptions in the production of timing 

cues that are used to initiate speech sound production. The putamen, within the basal ganglia, is a 

key part of the CBGT loop thought to be dysfunctional in stuttering (Alm, 2004; Chang & 

Guenther, 2020). This finding was seen within our lab’s research in which microstructural 

differences were seen in the left putamen and caudate nucleus (Cler et al., 2021). In particular, 

motor skill learning relies on different subcortical regions moving from the caudate nucleus to 

sections of the putamen. Anterior portions of the putamen are thought to be more important for 

earlier stages of learning while posterior portions fine-tune performance in later stages of 

acquisition (Floyer-Lea & Matthews, 2005; Phane Lehé et al., 2005). These findings are further 

supported by imaging studies that found more posterior activations when motor sequences were 

well practiced (Bapi et al., 2006; Doyon et al., 2001; Grafton et al., 1992). Of course, activation of 

the putamen is not limited to sequence learning. It is also hypothesized to support spatial cognitive 

aspects of other motor learning tasks such as sensorimotor adaptions (Seidler et al., 2006). 

Impairment of the basal ganglia can lead to an increase in compensation and activation 

from the cerebellum (Kotz et al., 2009). In stuttering literature, this ideology is the foundation for 

another behavioral model that may explain the differences in neural substrates in PWS. The 

cerebellum integrates sensory and motor commands, received from the primary motor cortex, to 

predict outcomes of anticipated movements. Differences between the generated outcomes and the 

intended ones are used to adjust the ongoing movements through signals returned to the cerebral 

cortex (Busan, 2020; Doyon et al., 2001). Over-activation of the cerebellum in individuals who 

stutter is hypothesized to be correlated with excess error detection between predicted sensory 

consequences and the actual ongoing movements performed by the individual (Chang et al., 2019; 

Max et al., 2004). Neuroimaging studies have reported abnormal cerebellar activity in PWS. A 



 

few of those studies include an fMRI study which identified overaction of the right cerebellum (Lu 

et al., 2010) and heightened cerebellar activity in stuttering speakers that declined with 

implementation of fluency treatment (Bauerly & de Nil, 2011).   

Given theoretical and empirical findings of differences in the putamen (Alm, 2004; Chang 

& Guenther, 2020; Cler et al., 2021) and cerebellum (Chang et al., 2019), we hypothesize that non-

speech tasks that rely on these regions may also be impacted in PWS. This has been shown in 

cerebellar-focused tasks (Max et al., 2004). In this project, we focused on tasks relying on the 

putamen, and specifically assessed non-speech sequence learning, in both motor tasks (implicit 

and explicit learning, which rely on a different balance of neural substrates) and a sequencing task 

in the visual (i.e., non-motor) domain.  

1.2 MOTOR LEARNING DIFFERENCES IN STUTTERING 

In essence, motor learning is a broad term that refers to the idea of producing effective 

movements. To be more specific, motor learning can be defined with a two-part operational 

definition adapted from Krakauer et al., 2019 who reported that motor learning is composed of (i) 

skill acquisition, the process of identifying an appropriate movement given a particular task and 

executing the chosen action with accuracy and precision and (ii) skill maintenance, the ability to 

maintain performance of an action at the attained skill level under changing circumstances of the 

environment.  

One area of motor learning that is commonly studied is motor sequence learning. Sequence 

learning is a subset of motor learning that pertains to how a given set of actions become organized 

in a temporal order to achieve the completion of desired action or outcome. Motor sequence 

learning is thought to be relevant to speech because individual phonemes/syllables must be 

appropriately sequenced and timed with movements of the mouth and tongue to execute production 



 

of fluent speech (Krakauer et al., 2019). Currently, this type of learning has been primarily studied 

by having participant learn the order of a sequence and perform each movement as rapidly and 

well executed as possible.  

1.2.1 Serial Reaction Time Task (SRTT)  

The most prominent paradigm used to study sequence learning is the Serial Reaction Time 

Task (SRTT) (Nissen & Bullemer, 1987; Robertson, 2007). Typically, participants are instructed 

to respond to a cue using finger presses on buttons to complete a series of movements in a 

predetermined order. Participants are encouraged to respond to each cue as fast as possible without 

anticipating it. Usually unbeknownst to the participant, some blocks of stimuli follow a fixed 

sequence (e.g., a constant sequence of 10 elements) to allow participants to learn the order through 

practice and repetition. In other blocks, stimuli occur in a pseudorandom order. Often, in stuttering 

literature, participants are informed about the existence (and specific order) of the sequences prior 

to the task (i.e., explicit model) (Janacsek et al., 2020; Krakauer et al., 2019).  Many studies outside 

of stuttering use an implicit model in which the targeted sequence is not directly provided prior to 

the start of the task. Instead, the participants unconsciously learn the order via practice. The 

stuttering SRTT literature (reviewed below) has both implicit and explicit paradigms, which can 

affect the interpretation of the studies. 

Traditionally, total reaction time or the time from cue onset to pressing of the button is the 

outcome measure for SRTTs. Implicit learning is examined by comparing the differences in 

reaction times between sequence and random blocks (the S-R difference). Importantly, the S-R 

difference provides a measure of learning that is independent of variables that may affect 

improvement in performance such as learning the mapping between targets or fatigue. If implicit 

learning were to take place, a decrease in reaction time would occur across all sequence blocks 



 

suggesting that unconscious learning of the specific sequence has taken place. The same decrease 

in reaction time would not be seen on random blocks as there is no sequence to learn implicitly. 

Although the S-R difference provides a sequence specific measure, it may still be influenced by 

cognitive factors including changes in motivation/attention, anticipation of movements, and 

attempts to find a new sequence in the random blocks (Krakauer et al., 2019).  

Drawbacks of the SRTT include the difficulty of distinguishing a participant’s reaction 

time from their movement time. This makes it difficult to identify a participants’ improved 

knowledge of the sequence order versus an improvement in execution of the finger movements to 

indicate one’s response. Additionally, in an SRTT accuracy is defined either “correct” or 

“incorrect” without the concern for acuity of a movement. Despite the shortcomings, SRTT allows 

for implicit learning of the sequence without the influence from explicit knowledge of the entire 

sequence (Krakauer et al., 2019).  

While SRTTs require a manual motor output to engage in learning (button presses), non-

motor dependent tasks may be used to assess implicit learning as well. The visual statistical 

learning (VSL) task does not use motor responses for either the learning or as the index of learning 

(Turk-Browne et al., 2005; Turk-Browne et al., 2009). Rather, the task is divided into two sections: 

(1) the familiarization phase and (2) the test phase. Within the familiarization phase, participants 

are asked to monitor a stream of stimuli comprised of shapes that have sequential relationships. 

Once the full stream of stimuli is presented, participants enter the test phase in which they tasked 

with identifying triplets that seem most familiar to them in a two-alternative forced choice test. 

Implicit learning of the sequence is demonstrated through accurate identification of the triplet that 

is consistent with the original stimuli shown. In this study, both the SRTT and VSL task was 



 

performed since the latter task does not require motor output to engage in the learning process. 

(Krakauer et al., 2019; Turk-Browne et al., 2009).  

1.2.2 Neural Bases of Implicit and Explicit Learning 

The term implicit learning or procedural learning refers to unconscious learning of complex 

information without prior or verbalizable knowledge of the underlying structure or sequence. It is 

a process that is non-intentional (Krakauer et al., 2019). A common way to assess implicit learning 

is through motor sequences and measurement of reaction time. It is thought that implicit learning 

has occurred when performance of sequences becomes faster. On the other hand, explicit learning 

is a conscious form of learning that generates verbal knowledge of movements performed and 

relies on declarative processes. The caudate nucleus and the putamen are key contributors in 

implicit motor learning (Janacsek et al., 2020). Similarly, explicit learning utilizes the regions 

mentioned above but also relies heavily on the medial temporal lobe (Rieckmann et al., 2010; 

Schendan et al., 2003). 

 

1.2.3 In stuttering  

Several studies have used implicit and explicit sequence learning paradigms to explore 

theorized motor sequence learning differences between PWS and PWTF. As discussed, sequence 

learning is thought to be relevant to speech as fluent speech requires appropriate timing and 

sequencing of independent phonemes/syllables/words to be performed quickly and accurately in 

the correct order (Krakauer et al., 2019). This has been studied in the speech and non-speech 

domain. We focused on the non-speech domain because there is an abundance of literature on 

sequential motor control and whether differences in motor control appear across all motor systems. 



 

Therefore, it may be beneficial to study limb movements. Thus, all studies reviewed utilized a non-

speech sequencing task known as a finger tapping task while studies using speech sequencing tasks 

were excluded. However, differences in methodological details within stuttering literature limit 

the interpretation and translation of these findings to be able to draw conclusions and apply them 

to evidence-based practice (refer to Table 1 for further details). Our ability to interpret the results 

to determine the predicted neural differences and underlying motor learning outcomes in stuttering 

were impacted by the following reasons: (1) Studies utilized either an implicit or explicit motor 

learning paradigm instead of incorporating both and (2) Studies differed in presentation of stimuli.  

In stuttering literature, five studies evaluated implicit or explicit motor sequence learning 

in individuals who stutter. Of these studies, only one used an implicit non-speech motor sequence 

learning task to investigate learning of new motor skills between children who stutter (CWS) and 

children who are typically fluent (CWTF) (Tendera et al., 2020). Tendera et al. (2020) reported 

that children who stutter demonstrated lower performance accuracy than CWTF on the first day of 

the finger tapping task and improved to the performance level of PWTF on the second day. The 

difference in performance in CWS may indicate that deficits are present in the caudate nucleus and 

putamen both of which are key contributors in implicit motor learning (Janacsek et al., 2020). 

Similarly, differences in implicit learning may also be found in adults. Therefore, our study 

focused on adults who stutter, as implicit non-speech motor skill learning in the adult population 

has undergone limited investigation.  

The four remaining studies used explicit non-speech sequence learning tasks to explore 

motor learning in PWS (Bauerly & de Nil, 2015; Korzeczek, et al., 2020; Smits-Bandstra & de 

Nil, 2013; Smits-Bandstra et al., 2006). The tasks were classified as explicit because participants 

were notified and visually shown a pattern prior to the initiation of the experimental task. Although 



 

methods have varied, three studies found an overarching theme of PWTF demonstrating shorter 

and more rapid decreases in reaction times when compared to PWS (Bauerly & de Nil, 2015; 

Smits-Bandstra & de Nil, 2013; Smits-Bandstra et al., 2006). More specifically, Smits-Bandstra 

and de Nil (2013) reported that PWS demonstrated significantly longer within-chunk intervals, but 

no significant changes on between-chunk intervals over a practice period when compared to 

PWTF. This suggested that unconscious automatization and retrieval of chunks from 

memory/procedural systems of PWS may be less efficient than in normally fluent individuals while 

learning of stimulus based on prior experience with the sequence was functional (Klapp, 1995, 

2003; Smits-Bandstra & de Nil, 2009). The authors indicate that these results may further highlight 

the potential deficiencies in the neural structures related to implicit learning while indicating that 

explicit mechanisms or declarative systems remain intact. However, they did not study this 

directly. In contrast, Korzeczek et al. (2020) reported movement speed and accuracy of PWS to be 

at a lower level than PWTF initially, but after a training period in which 160 repetitions of the 

sequence were completed, PWS caught up to the performance level of PWTF. The authors 

speculated that the large number of repetitions completed by participants during the initial block 

may have masked very early learning changes (Smits-Bandstra & Gracco, 2015). They also 

indicated that reduced complexity of the five-item sequence used may have been too low to detect 

motor learning deficits in PWS as compared to the ten-item sequences used in the other studies 

(Five: Korzeczek et al., 2020; ten: (Bauerly & de Nil, 2015; Smits-Bandstra et al., 2006; Smits-

Bandstra & de Nil, 2013).  

  



 

Table 1. Details of studies used in the literature review to outline the varying method sections in 
each study.  

Study 
 

Participants Task Variables Measured Type of 
learning  

Results 

(Korzeczek 
et al., 
2020) 

16 PWS; 16 
PWTF 

Finger tapping task; 
written instructions 
provided with 5 - 
item sequence; 
if mistakes were 
made, asked to not 
correct them and 
move on  

Motor sequence 
learning defined by 
movement speed 
(number of correct 
sequences) and 
accuracy 

Explicit  Stronger motor learning in 
PWS (initially, PWS began at 
lower performance level, but 
caught up to PWTF); No 
significant differences in 
accuracy 

(Smits-
Bandstra 
& de Nil, 
2013) 

12 PWS, 12 
PWTF  

Finger tapping 
sequence task with 
focus on chunking; 
10-number sequence; 
no pauses between 
stimuli; sequence 
repeated 30 times 

Reaction Time, 
Between chunk 
intervals (BCI), 
Within-chunk 
intervals (WCI) 

Explicit; 
Aspects 
of 
implicit 
present  

PWTF had shorter RTs than 
PWS; PWS demonstrated 
longer WCI, but no 
significant changes of BCI 
over practice 

(Bauerly 
& de Nil, 
2015) 

11 PWS 
(originally 12; 
1 participant 
excluded from 
data due to 
hand cramps), 
12 PWTF 

single finger tapping; 
10-number sequence; 
presented with visual 
signal followed by 
interstimulus interval 
of 1,2,3 seconds, then 
entire sequence was 
shown 
 

Accuracy, reaction 
time, Sequence 
duration, time interval 
between first and final 
button press 

Explicit  PWS did not significantly 
differ from PWTF on 
accuracy; More rapid 
decrease in reaction time in 
PWTF compared to PWS; 
PWS showed significantly 
slower sequence duration 
than PWTF 

(Smits-
Bandstra et 
al., 2006) 

9 PWS, 9 
PWTF 

Finger tapping 
sequence task; 10-
number sequence; 
order of testing is as 
follows: 
familiarization, 30 
trials of finger 
tapping, transfer test, 
spontaneous speech 
and reading sample, 
retention test after 40 
mins 

Accuracy (measured 
by sequencing errors 
defined by incorrect 
substitution or 
missing/extra button 
presses), absolute 
sequence duration 
(ms), reaction time,  
 
 

Explicit PWTF demonstrated 
improved finger sequence 
reaction time relative to PWS; 
average accuracy rate 
comparable for both groups 

(Tendera et 
al., 2020) 

11 CWS, 17 
CWTF  

Multi-finger 
sequence task; visual 
stimuli of hamster; 
10-element sequence; 
900 ms response 
window 

Accuracy, response 
synchrony (response 
time relative to 
stimulus onset)  

Implicit  Lower accuracy and 
synchronous responses in 
CWS compared to CWTF on 
the first day, but caught up to 
CWTF on the second day  



 

1.3 STUDY OVERVIEW AND HYPOTHESES 

To add to the literature on motor and non-motor sequence learning in stuttering, in this study adults 

who stutter and those who are typically fluent completed three tasks: an implicit SRTT, an explicit 

SRTT, and a non-motor visual statistical learning task. We propose the following hypotheses:  

 

(1) Adults who stutter will show less motor learning than controls on implicit tasks but will 

demonstrate no significant difference in motor learning during explicit tasks as 

demonstrated by smaller differences in mean reaction time between final random and 

sequence blocks, indicating a deficit in motor learning perhaps due to differences in the 

putamen.  

(2) There will be no significant differences in performance on the non-motor implicit task 

(VSL) between adults who stutter and adults who do not stutter, indicating that when motor 

demands are not a factor, learning is the same. 

2. METHODS  

2.1 PARTICIPANTS  

A total of 28 individuals were recruited for this study, of which 19 were people who were 

typically fluent and 9 had a designation of PWS. All participants were between the ages of 19-35 

years old with English as either a native language (i.e., learned under the age of two) or as a 

secondary language. Native English speakers were screened for language disorders using the Fidler 

method (i.e., a 44-item modified Token Test and 15-item spelling task). A positive score indicated 

the presence of a language disorder, and those participants were excluded from this study. 

Furthermore, all participants completed a screening form in which information about their 



 

language background, history of childhood and/or current speech/language/reading/hearing 

concerns, and presence of other medical or neurological diagnoses were collected. All individuals 

recruited into the PWS group reported a history of childhood stuttering. While treatment history 

was recorded, it was not controlled for in this study. 

 Participants provided written informed consent according to the protocol approved by the 

University of Washington IRB.  

Table 2. Participant Characteristics. 
 PWTF PWS  
N 19 9 

Age  Mean = 22.39 
Range = 19 - 35 

Mean = 29.4 
Range = 24 – 34  

Gender Man: 1  
Nonbinary: 2  
Women: 16 

Men: 5 
Nonbinary: 0  
Women: 4  

History of childhood stuttering N/A 100% 
Self-Report Stuttering Severity 
(100 mm)  

N/A Range: 6 - 45 
Median: 16.5  

 

2.2 TASKS AND PROCEDURES  

2.2.1 Implicitly learned motor sequences 

Both the implicit and explicit motor sequence learning task employed in the present study 

was modeled after Lammertink et al. (2020) and programmed on Pavlovia.org by our laboratory 

(Bridges et al., 2020). Participants were instructed to place four fingers of their dominant hand 

onto four keys of a keyboard (U, I, O, and P) and press the corresponding button when one of four 

areas of their screen changed colors. The presented stimuli occurred in either a random order or 

followed a sequence and was continuously present until the correct button was pressed. To prevent 

participants from selecting incorrect responses to finish the task more quickly, the next stimulus 



 

was not presented until the correct corresponding button for the given stimulus was pressed. 

Incorrect button presses were logged in the system as an error but did not negatively impact the 

participant. An inter-stimulus interval of 250 milliseconds occurred between selection of the 

correct button and presentation of the next stimulus. Participants were asked to respond to each 

stimulus presentation with a button press as quickly and accurately as possible.  

Following the Lammertink (2020) paradigm, each participant completed seven blocks of 

keypresses, in which the first block and the sixth block contained randomly ordered keypresses 

with 20 and 60 presses, respectively. The remaining blocks were sequence blocks each containing 

60 trials (i.e., keypresses) that contained one of two different 10-element sequence of stimuli 

presentations modeled after Clark & Lum, 2017 and Lammertink et al., 2020. In a deviation from 

the Lammertink (2020) paradigm, the remaining blocks 2 through 5 and 7 also incorporated 10 to 

15 psuedorandom keypresses after every two sequence repetitions. This was included after piloting 

to deter explicit knowledge of the presence of a sequence. Reaction times on these keypresses were 

not analyzed. The sequences were as follows: (a) 3-4-1-2-4-1-3-4-2-1 and (b) 4-2-3-1-2-4-3-1-4-

3) (a. Clark & Lum, 2017; b. Lammertink et al., 2020). Hybrid sequences were used because of 

their irregular movement patterns to help avoid detection by participants (Hoffmann et al., 1997; 

Kelly et al., 2004; Pedersen et al., 2009). The measure of interest on the SRTT was the difference 

in mean reaction time between the final random block (i.e., block 6) and the final sequenced block 

(i.e., block 7). This is also known as the motor learning index.  



 

 

 
After completion of the implicit motor learning task, participants took part in a probe for 

explicit knowledge of the sequence. The probe consisted of a yes/no question in which participants 

were asked if they noticed anything about the keypresses. Regardless of their answer, the presence 

of a sequence was disclosed. Participants then completed a 30-trial free-recall task in which they 

were instructed to attempt to reproduce the sequence to the best of their ability (modeled after 

Desmottes et al., 2016; Goschke et al., 2001).  

The 10-item sequence that was not used during the implicit motor sequence learning task 

was used for the explicit motor sequence learning task to ensure that familiarity of a prior sequence 

did not impact learning on a new task. 

2.2.2 Explicitly learned motor sequences  

The explicit motor learning task closely follows the implicit motor task. To promote 

explicit learning, prior to the start of the task, participants were shown a written representation of 

Figure 2.1. Visualization of hypothetical data displaying expected differences in 
reaction times across blocks of the SRTT. The motor learning index (MLI) is defined as the 

difference in mean time between the final random block and the final sequence block. 
Figure reprinted with permission from (Bartolo, 2022) 



 

the sequence and instructed to memorize it to the best of their ability. The participants were asked 

to verbalize the memorized sequence, then as in the implicit task, the button presses were 

completed following the same order of random and sequence blocks. While performing the button 

presses in sequence blocks, the participants were provided with a written representation of the 10-

item sequence for the entire duration of the block. After completion of the explicit motor learning 

task, participants were again asked to verbalize the target sequence and reproduce it in the same 

30-trial free-recall task as used in the implicit motor learning task (Desmottes et al., 2016; Goschke 

et al., 2001).  

2.2.3 Non-motor implicit learning 

Non-motor implicit learning was studied through the completion of a visual statistical 

learning (VSL) task. The VSL task employed in the present study was modeled after Fiser and 

Aslin (2002) and programed on Pavlovia.org (Bridges et al., 2020). The VSL task was divided into 

two phases: (1) the familiarization phase and (2) the test phase. During the familiarization phase, 

participants were instructed to attend to a stream of stimuli presented one-by-one on the screen for 

a duration of 600 ms with an inter-stimulus interval of 200 ms. Unbeknownst to participants, the 

order of the shapes followed a sequence. The stimuli stream was comprised of 12 unique shapes 

that were arbitrarily grouped together into four base triplets (as shown in Figure 2.3) and were 

referred to as A-B-C, D-E-F, G-H-I, and J-K-L. Base triplets followed one another with equal 

probability so the triplets are represented repeatedly such that the transition likelihood from AàB 

is 100%, but from CàD, CàG, CàJ are each ~33%. In the familiarization stream, a triplet may 

not be repeated immediately after a presentation, meaning D-E-F may not be followed immediately 

by D-E-F. To promote continued attention to the stimuli throughout the entirety of the task, a cover 

task in which participants were asked to press the space bar when they saw the same shape twice 



 

in a row was added to the original Fiser and Aslin (2002) design (Cover task modeled after Turk-

Browne et al., 2005). To facilitate this task, the final item in a triplet was randomly repeated a total 

of 48 times within the entire familiarization phase (e.g., A-B-C- C). Because the original triplet 

remained intact within the stream, we did not expect this repetition to interfere with learning. The 

familiarization phase lasted six minutes for a total of 624 stimulus presentations (576 true stimulus 

presentations and 48 repetitions) to facilitate the cover task.  

 

Figure 2.3. The 12 basic shapes, grouped into four triplets that are used in the VSL task. The 
boxes are only for demonstration purposes. Picture adapted from Fiser & Aslin, 2002. 

Figure 2.2.  Visual representation of the two alternative forced choice task in which participants 
were asked to identify the true triplet from the foil triplet. On the task, the left triplet was presented 

first, then the right triplet, then the left again. 



 

 Following the familiarization phase, participants underwent a test phase. The test phase 

consisted of a two-alternative forced choice task (2AFC) that asked participants to select the most 

familiar sequence based on the previous familiarization phase. The participants were presented 

with one “true” triplet (e.g., A-B-C) and one impossible triplet (e.g., B-G-E). An impossible triplet 

is defined as a random combination of three of the original 12 shapes, but never occurred within 

the familiarization phase (Fiser & Aslin, 2002). The triplet options were presented one-by-one in 

the same manner as the familiarization tasks, beginning with presentation of the left triplet, then 

the right triplet, then the left triplet again. Participants indicated their choice by pressing a button 

on their keyboard that corresponded with their choice (i.e., left or right stimuli). An accurate 

response was considered the selection of the true triplet, as this sequence occurred in the 

familiarization phase whereas the foil triplet did not. The measure of interest was accuracy on the 

test phase task.  

2.3 PROCEDURE 

 
Due to the COVID-19 pandemic, all data collection took place online via Zoom. Data 

collection was performed by participants on their own computers, but their performance was 

monitored in real-time by lab personnel over Zoom. Written consent was obtained prior to the 

initiation of tasks. Participation in all study activities took approximately 90 to 120 minutes and 

was completed within one session. Participants had the option to withdraw from the study at any 

point they desired. Participants were compensated for their time. All procedures were approved by 

the University of Washington Institutional Review Board.  



 

2.4 STATISTICAL ANALYSES  

Initial data cleaning and analysis was performed in R (4.0.2). Microsoft Excel was used to 

complete statistical analyses. Unpaired, two-sided t-tests were used to compare reaction time 

differences on both implicit and explicit SRTTs (S-R) and accuracy on the VSL task between 

groups to identify differences in motor learning. An a priori power analysis using GPower 

determined that with 42 participants (21 = PWS; 21 = PWTF), a power of 0.8, and alpha of 0.05, 

we would be able to detect large effect sizes (Cohen’s d = 0.8) between the groups, whereas 

anything smaller would not be detected.  

3. RESULTS  

Given the online mode of this study, three participants in the typically developing group 

experienced technological difficulties during the VSL task resulting in the loss of data. Therefore, 

the analysis to compare accuracy on the VSL task between groups were completed without the 

data from three typically fluent participants. All other analyses were completed with all 

participants included (PWTF = 19, PWS = 9). These results are preliminary, as we have not 

completed data collection to meet our a priori group size targets.  

3.1 IMPLICIT SRTT  

Using the motor learning index as a measure of performance (i.e., the reaction time of 

responses during the final random block minus the reaction time of correct responses during the 

final sequence block), both groups demonstrated motor learning on this task, although individual 

performances varied (see Figure 3.1). The PWS group demonstrated greater motor learning 

numerically as indicated by further decreased reaction times during the sequential block (M =  32.0 



 

ms; SD = 30.9 ms) than the PWTF group (M = 14.5 ms; SD = 32.7 ms). A two-sided t-test revealed 

no significant differences between groups on this task t(26) = 1.34, p = 0.19.  

3.2 EXPLICIT SRTT  

Both groups demonstrated motor learning, although individual performance varied (see 

Figure 3.2). Numerically, the PWTF group demonstrated greater motor learning as indicated by 

further decreased reaction times during the sequential block (M = 247.3 ms, SD = 201.52 ms) than 

the PWS group (M = 158.0 ms, SD = 227.3 ms). The two-sided t-test revealed no significant 

differences between groups on this task t(26) = -1.05, p = 0.30.  

3.3 VSL  

On average, both groups performed above chance on this task as anticipated, although 

individual performances varied (see Figure 3.3). The PWTF group demonstrated higher accuracy 

(M = 57.2%, SD = 16.8%) than the PWS group (M = 51.7%, SD = 11.4%). A two-sided t-test 

revealed no significant effects between accuracy on the VSL forced choice task for the two groups 

t(23) = -0.87, p = 0.39.  

 



 

 

Figure 3.1 Distribution of individual differences on the motor learning index (i.e., difference 
in mean reaction time between the final random block and final sequence block) of the implicit 
SRTT. Larger numbers indicate more learning. No significant differences were found between 

the two groups’ performances on the task. 
 

 

Figure 3.2. Distribution of individual differences on the motor learning index of the explicit 
SRTT. Larger numbers indicate more learning. No significant differences were found between 

the two groups’ performances on the task. 
 



 

 

Figure 3.3. Distribution of individual accuracies on the VSL forced choice task. No 
significant differences were found between the two groups’ performances on this task. 

4. DISCUSSION 

The purpose of this study was to investigate reported differences in sequence learning in 

PWS and PWTF using both implicit and explicit sequence learning paradigms. PWS are thought 

to have underlying motor differences that may impact sequence learning. Therefore, the 

overarching question was whether motor sequence learning was impaired in PWS when 

controlling for motor performance. The SRTT, a motor-dependent task, was performed to analyze 

if both implicit and explicit sequence learning was impacted, whereas the VSL task evaluated 

implicit learning in a non-motor context. Currently, our data collection is ongoing. While statistical 

analysis of the current dataset yielded no significant differences in task performance between 

groups on all tasks, we noticed minor trends that may become more prominent with a larger sample 

size. For our study, two-sided t-tests were chosen because although we had a directional 

hypothesis, some previous studies have found that PWS showed increased motor learning (likely 



 

due to poorer initial performance, which is not a factor with our S-R difference measure) 

(Korzeczek et al., 2020; Tendera et al., 2020). Here we will interpret our results assuming that all 

will remain with no group differences, understanding that some trends may reach significance once 

the a priori targeted recruitment (21 participants per group) is met. 

4.1 DIFFERENCES IN EXPLICIT MOTOR LEARNING PARADIGMS 

A key aspect of our study was to explore motor sequence learning differences in PWS and 

PWTF using implicit and explicit sequence learning paradigms. While several studies utilized 

explicit sequence learning paradigms to explore motor learning differences between these groups 

(as shown in Table 1), methodological details and procedures varied. Methodological differences 

between prior studies and our current study are outlined as follows:  

(a) Smits-Bandstra & de Nil (2013), Bauerly & de Nil (2015), Smits-Bandstra et al. (2006), 

and Korzeczek et al. (2020) do not include random blocks during their finger tapping sequence 

tasks. Rather, “catch trials” were implemented to prevent response anticipation by the participants, 

minimizing anticipation effects on reaction time (Smits-Bandstra & de Nil, 2013; Bauerly & de 

Nil, 2015; Smits-Bandstra et al., 2006). In these studies, individual or raw reaction times were 

compared across participants. Reaction time was measured as the time (ms) from onset of the 

visual sequence presentation to the first button press with anything falling outside two or three 

standard deviations from an individual’s mean were considered outliers and excluded (Bauerly & 

de Nil, 2015; Smits-Bandstra et al., 2006). Bauerly and de Nil (2015) explored reaction time in the 

context of within chunk intervals and between chunk intervals. They found PWS to have slower 

reaction times on early trials with PWTF improving reaction time more quickly relative to PWS 

(Bauerly & de Nil, 2015). In our study, random blocks were included (refer to 2.2.1 Implicitly 

Learned Motor Sequences for specific details regarding random blocks), and the difference in 



 

reaction times between the final sequence block and final random block represent the learning 

index. Further, the S-R difference was calculated from the final blocks, meaning than any initial 

performance differences, as captured by other studies), were not included. Only overall sequence 

learning was included in the final measure. 

(b) Korzeczek et al. (2020) did not display the sequence on the screen throughout the 

duration of the task. Instead, participants were introduced to the sequence with written instructions 

before starting the task. In our study, the 10-item sequence was shown before the initiation of the 

task and on the screen for all sequence blocks throughout the entirety of the task to increase 

exposure to the sequence. The presentation of the sequence on the screen is also consistent with 

Smits-Bandstra & de Nil (2013), Bauerly & de Nil (2015), and Smits-Bandstra et al. (2006).   

(c) Smits-Bandstra & de Nil (2013) and Bauerly & de Nil (2015), did not provide 

participants an opportunity to become familiar with the finger tapping tasks. In our study, 

participants were provided with an opportunity to familiarize themselves with the task using 

random stimuli presentations prior to initiation of the experimental task. Our approach more 

closely aligned with Korzeczek et al. (2020) and Smits-Bandstra et al. (2006) in which they 

incorporated a training session and familiarization task, respectively, prior to the initiation of the 

experimental task to help participants become familiar to the instructions/task.  

(d) Korzeczek et al. (2020) instructed participants to not correct errors made while tapping 

the sequence, but rather to continue the sequence. Whether or not errors were corrected or not is 

not stated in the other studies (Smits-Bandstra & de Nil, 2013; Bauerly & de Nil, 2015; and Smits-

Bandstra et al. 2006). In our study, the next stimulus was not presented until the correct 

corresponding button for the target stimulus was presented to prevent participants from ignoring 



 

cues and randomly hitting keys as quickly as possible, given the online mode of the data collection. 

Furthermore, the visual feedback promoted accurate learning of the presented sequence. 

In our study, statistical analysis of motor learning indices on the explicit sequence learning 

task revealed no significant differences between groups. Our findings differ from prior studies in 

stuttering research in which significant differences were found between PWS and PWTF (Smits-

Bandstra & de Nil, 2013; Bauerly & de Nil, 2015; and Smits-Bandstra et al., 2006; Korzeczek et 

al., 2015). The first methodological variation outlined above must be further explored to explain 

the differences in outcome between our current study and others. In our study, out of the seven 

blocks of keypresses, the first and sixth blocks were random blocks with our outcome measure as 

the difference in reaction time in these blocks at the end of the task (referred to as the motor 

learning index or the S-R difference). The S-R difference is the measure of choice for most SRTT 

studies for several reasons. To complete the task, one type of learning that takes place initially is 

mapping the visual stimulus presentations to the corresponding finger presses on the keyboard. If 

a measure consists solely of a participant’s performance on a later block minus performance on an 

earlier block, both the mapping and the sequence learning are incorporated into the motor learning 

index.  In regard to our explicit task, the initial mapping was accomplished during the implicit 

learning task, therefore, for both tasks, the S-R difference ensured that the sequence learning alone 

(without the mapping) was accounted for separately. Similarly, motor variability may have been 

greater on a beginning block while less variable near the end. Additionally, comparing reaction 

times at the end is beneficial because other factors including motor fatigue and attention are 

potential factors that can impact one group more than others. For unknown reasons many of the 

papers in stuttering do not report the most common outcome measure (i.e., S-R difference) as an 



 

indication for motor learning. Instead, they reported other metrics such as accuracy and reaction 

times on difference in reaction times from the initial block (beginning) and the final block (end).  

To compare our results more directly to those of other studies, reaction times were 

extracted by blocks (see Figure 4.1). However, the online mode of our data collection was not 

conducive to interpreting raw reaction times as keyboard, operating system, and browser 

configurations contribute to differences in latency between activating a key and recording the 

keypresses.  

 

 
Figure 4.1. Raw reaction times of PWS and PWTF from the explicit SRTT.  Data are not 
directly interpretable due to additional noise from online data collection: different keyboard, 
operating system, and browser configurations will all contribute to differences in latencies, 
although Pavlovia.org offers excellent precision, meaning that differences in reaction time 
are reliable and interpretable (Bridges et al., 2020).  

 

4.2 IMPLICIT MOTOR LEARNING PARADIGM   

Our statistical analysis revealed no significant group differences in motor learning between 

PWS and PWTF on the implicit sequence learning task. This result contradicts our hypothesis that 
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PWS would demonstrate less motor learning than PWTF. Our hypothesis was motivated by striatal 

learning mechanisms that are thought to be different in PWS and are key contributors in implicit 

motor learning (Janacsek et al., 2020). Based on our current results, it does not appear that there 

are any implicit learning differences between people who stutter and people who are typically 

fluent. Despite our findings, a recent study conducted by Höbler and colleagues (2022) found that 

implicit sequence learning was significantly reduced in people who stuttered when compared to 

people who were typically fluent. The authors indicate that these differences in performance may 

have parallels to differences in neural substrates including the basal ganglia, in particular the 

caudate nucleus and putamen (Höbler et al., 2022).  

Although sequential learning is related to speech, the results bring to question how finger 

tapping is related to the sequencing of phonemes/syllables/words. Finger tapping/pressing down 

on the keyboard is a more discrete movement compared to speech in which multiple features (i.e., 

articulators, breathing pattern, planning of sounds) must be coordinated to produce speech 

accurately and intelligibly.  

4.3 VISUAL STATISTICAL LEARNING TASK  

No significant differences on accuracy were found on the VSL forced-choice task between 

groups, indicating that when motor demands are not a factor sequence learning is similar. This 

finding is consistent with our hypothesis in which we did not expect to see differences in accuracy 

between PWS and PWTF because of the non-motor nature of the VSL task;  motor responses that 

we know to be slower and more variable in PWS were not required.  

Both groups performed, on average, slightly above chance. Any minor difference between 

the groups may not be detected by this particular paradigm; Siegleman and colleagues (2017) 

outline the shortcomings of traditional visual statistical learning tasks which further highlight 



 

possible drawbacks of our own study. First, large proportions of the sample perform at chance 

level. This problem goes undetected because many statistical learning studies report mean group 

performances without reporting individual performance data. Often, individual performances tend 

to be at chance despite the group performance being above chance. For our study, this may mean 

that we need a larger sample size to see group learning more accurately and reliably. Another 

shortcoming is the structure of the 2AFC task in which we measured the ability to recognize “true” 

triplets from foil triplets. Our structure of the task resulted in testing multiple items that measured 

the same knowledge with the same difficulty. Rather, (Siegelman et al., 2017) suggest that more 

variation within the 2AFC task is necessary for better coverage of measured abilities to better 

capture true statistical learning.  

4.4 CLINICAL IMPACT  

Our current results do not outline significant differences in either implicit or explicit 

sequence learning between PWS and PWTF. We hope that continued data collection in our 

laboratory may provide important information for treatments in the future. Further research is 

needed to determine whether implicit treatment models (e.g., motor practice, parent feedback) or 

explicit treatment models (e.g., conscious strategy use, self-monitoring, drills) are more beneficial. 

Although future outcomes on sequence motor learning patterns are important to consider when 

working with PWS, as with all speech treatments it is crucial to consider a patient holistically and 

individually as portrayed through the World Health Organization’s (WHO) International 

Classification of Functioning, Disability, and Health (ICF) (World Health Organization., 2001) 

with a stuttering specific model update from (Yaruss & Quesal, 2004).   



 

4.5 LIMITATIONS  

A key limitation of our study was our small sample size. A larger sample size is critical for 

identifying trends and differences in sequence learning. Our a priori power analyses suggested 

that 21 participants per group would be needed to identify large effects. Currently, both of our 

groups fall short of the ideal participant number in both PWTF and PWS groups by two and twelve, 

respectively. Our data collection is ongoing and this project will be completed in the coming 

months.  

The COVID-19 pandemic largely influenced a rise in online data collection, which is not 

without challenges. All online platforms are unable to capture interpretable raw reaction times due 

to inherent differences in participant keyboards, operating system, and browser configurations, 

which all contribute to differences in latency between activating a key and recording of the 

keypress. However, reaction time differences were reliable and interpretable. Another challenge 

was the adaptation of the implicit SRTT and the VSL task. There is minimal research on the 

translation of these tasks into a virtual format. Therefore, a large component of this project was 

focused on piloting and adapting paradigms based on our initial outcomes. Online testing will 

likely continue to be a large component of research. Future research is needed to explore the 

validity of these paradigms to best explore sequence learning. Despite the challenges of an online 

format, we recognized that the one of the greatest benefits was the ability to recruit larger and more 

representative samples that are typically not included in research.  

5. CONCLUSION  

Our main findings do not lend strong support for differences in motor sequence learning 

between PWS and PWTF on motor and non-motor implicit and explicit learning paradigms. 



 

Although results are as yet inconclusive, it is possible that significant differences may be found on 

motor sequence learning given the minor trends identified within our study once data collection 

reaches a priori targeted recruitment. This potential finding would provide further insight into 

neural differences of stuttering including the involvement of the putamen in motor skill learning. 

For our laboratory, an avenue for future research may be a neuroimaging study to further explore 

the neural substrates that are thought to be involved in implicit and explicit sequence learning in 

people who stutter. In conclusion, the current study does not provide unequivocal support for 

differences in motor sequence learning in PWS. Further investigation is warranted to fully assess 

potential differences in motor sequence learning in PWS. 
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