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ABSTRACT 

 
This study investigates articulatory timing of four 
persons who stutter (PWS) and four persons who do 
not stutter (PWNS) in different conditions: Speaking 
and tapping (self-paced), speaking along with a 
metronome (externally paced), speaking and tapping 
to a metronome (Metronome+Tapping). Using 
electromagnetic articulography, gestures of the 
articulatory speech onset and the finger taps were 
recorded and analyzed. Results show that, compared 
to the metronome beats, finger taps were more closely 
aligned with the articulatory speech onset supporting 
the assumption of a close link between articulatory 
and manual motor systems. Furthermore, our results 
indicate timing differences between PWS and PWNS, 
since intervals between metronome beat and 
articulatory speech onset were shorter in PWS. The 
Metronome+Tapping condition also led to 
significantly shorter intervals between articulatory 
onsets and finger taps in PWS. Our results suggest 
that PWS time their speech later when synchronizing 
to a metronome possibly pointing towards difficulties 
in movement initiation. 
 
Keywords: stuttering, articulatory timing, gestural 
timing, finger tapping, paced speech. 

1. INTRODUCTION 

Stuttering is a neurodevelopmental speech fluency 
disorder that affects approximately 5-8% of children 
and 1% of the adult population [1]. The most 
characteristic symptoms of stuttering are involuntary 
disruptions in the flow of speech, such as pauses 
before a syllable (blocks), repetitions of sounds, 
syllables or words (repetitions) and lengthening of 
sounds (prolongations) [2]. These disfluencies 
typically occur at the beginning of (stressed) words or 
syllables, indicating that the speech motor program 
breaks down at this point. While the cause(s) of 
stuttering still remain(s) unknown, the breakdown of 
fluency in persons who stutter (PWS) has been linked 
to malfunctioning timing mechanisms (see [3], for a 

review). A recent review by Bradshaw et al. [4] 
proposed that in PWS the updating and use of internal 
models in speech motor control are disrupted, 
affecting both feedback and feedforward control of 
their speech. 
Moreover, malfunctions in feedforward and feedback 
control in stuttering are linked to disruptions in more 
general motor networks in the brain, in particular, the 
basal ganglia-thalamo-cortical loop (e.g., [5,6]). This 
loop controls, among other processes, the timely 
initiation and termination of articulatory as well as 
other movements. There is indeed evidence that PWS 
also show alterations in non-verbal timing processes, 
such as finger tapping. Some studies found that PWS 
were more variable and tapped earlier in relation to 
the beat compared to persons who do not stutter 
(PWNS) when synchronizing finger taps to a 
metronome rhythm [7,8]. 
Interestingly, speaking with an external rhythm like a 
metronome reduces the occurrence of stuttered 
disfluencies in a major way [9]. Potentially, this 
phenomenon is due to higher reliance on cerebellar-
cortical networks for motor control in PWS, 
circumventing the error-prone basal ganglia motor 
loop  [5,10]. To date, it is unknown how inter-gestural 
timing (such as joint speaking and tapping) with or 
without an external rhythm is mastered by PWS.  
Studies on joint speech and manual movements 
indicate that there should be a close coupling between 
speech and manual motor control systems (e.g., [11]). 
Hence, tapping and speaking at the same time (in the 
speech rhythm) could lead to more stable 
(articulatory) gestures in PWS as it is expected that 
this inter-gestural timing is closely linked. Moreover, 
it would be particularly interesting to see how PWS 
synchronize articulatory gestures and finger-tapping 
to an external rhythm. This setting can test whether 
timing information from multiple channels (auditory, 
manual + articulatory rhythm) is strongly or weakly 
coupled in PWS and PWNS, which might improve 
articulatory stability in the former or deteriorate it in 
the latter case. A study by Hulstijn and colleagues 
[12] points to weaker integration in PWS. They found 
that PWS were more variable in coordinating speech 
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and hand movements to tones than PWNS. However, 
they did not report how exactly the timing occurred 
nor whether effects on fluency were found.  
Therefore, the aim of the current electromagnetic 
articulography (EMA) study is to shed further light 
on timing processes in PWS, by analyzing a) the 
effect of external pacing (metronome) and self-pacing 
(tapping) on speech gesture timing (where does the 
beat occur in relation to articulatory gestures) and b) 
how inter-gestural timing (non-verbal and verbal 
gestures) is affected by an external rhythm. It is an 
open question whether PWS synchronize their speech 
earlier to the metronome than PWNS, which would 
mirror results on non-verbal tasks (e.g., [7,8]).  
Note that, in general, it is unclear whether metronome 
and finger-tapping synchronization time-points with 
respect to articulatory gestures differ or coincide. 
Therefore, it is another aim of our study to compare 
these conditions. What also remains to be answered is 
whether PWS differ from PWNS in the time point of 
synchronizing non-verbal gestures (finger tapping) 
and verbal gestures (speech). Following the result of 
Hulstijn et al. [12], we would expect that speaking 
along with a combination of motor and auditory 
pacing would lead to greater timing variability in 
PWS compared to PWNS. 

2. METHODS 

EMA data (AG501, Carstens Medizinelektronik) 
were collected from 10 adults who stutter and 10 
adults who do not stutter. For the present paper, data 
of 4 persons who stutter (mean age = 24.3, 2 female) 
and 4 persons who do not stutter (mean age= 24.5, 2 
female) were analyzed. All participants were native 
speakers of German and besides stuttering, no other 
impairments were reported. PWS and PWNS were 
matched in pairs having similar musical experience, 
the same age (±1 year), and sex.  
Participants produced mono- and disyllabic German 
target words (cf. Table 1) embedded in the carrier 
phrase [ˈzeːə ____ ˈan] (Look at ____). 
 

/a/ /o/ /u/ 
Maß [maːs] Moos [moːs] Mus [muːs] 

Baden 
[ˈbaːdn̩] 

Boden  
[ˈboːdn̩] 

Buden 
[ˈbuːdn̩] 

Mahl [maːl] Mohn [moːn] Buhne [ˈbuːnə] 
Table 1: Target words 
 
The experiment comprised 4 conditions (see below 
for more details) wherein each target word occurred 
4 times along with filler words in a quasi-randomized 
order. The conditions were conducted in the 
following order: 

• Baseline: Reading words embedded in the 
carrier phrase in a self-chosen speech tempo  

• Tapping condition (self-pacing): Baseline + 
aligning finger tap to each word 

• Metronome condition (externally paced): 
Reading + synchronizing each word to a 
metronome (90bpm) 

• Metronome+Tapping condition: Reading + 
aligning finger tap to each word while 
synchronizing speech to a metronome (90bpm) 

 
The metronome tone was presented via an in-ear 
headphone which participants plugged in their right 
ear. The onset of the metronome time point closest to 
the target word was automatically extracted. 
For the conditions where tapping was involved, 
participants were instructed to tap their index finger 
of the dominant hand on an elevated wooden block 
that was placed on a table close to the participants. 
Sensors relevant for the data we report here were 
placed on the tip of the index finger of the 
participants’ dominant hand and on the upper and 
lower lip. In addition, we had sensors placed on the 
tongue and the jaw. Only fluent productions 
(determined by listening to audio recordings) were 
analyzed. Therefore, a maximum of 144 target words 
were analyzed per participant. 

2.1. Kinematic measures 

Lip activity forming the constriction for the bilabial 
onset was measured using Lip Aperture (LA), defined 
as the Euclidian distance between transducers placed 
on the upper and lower lip. For LA and the finger tap 
(FT), the gesture onset was semi-automatically 
detected using a 20% velocity threshold and the onset 
of the gesture nucleus (start of the plateau) was also 
semi-automatically detected. 
For each target word the relative timing of the 
consonantal gesture (onset) to the metronome onset 
and the finger tap onset was calculated as the lag 
between the onsets of the gesture nuclei of LA and FT 
and the lag between the onset of the LA gesture 
nucleus and the acoustic metronome onset. 
We will refer to the two resulting intervals as tap - 
articulatory onset interval and met - articulatory 
onset interval. Both intervals are calculated such that 
positive values result if the articulatory onset is before 
the tap or the metronome. 

2.2. Statistical analyses 

For statistical analyses, linear mixed effects models 
(lme4 package, [13]) were conducted with R Version 
4.0.2 [14]. We are aware that this method was applied 
to a small group of participants. However, we aim to 
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analyze a larger participant sample size with linear 
mixed models and we aim to have 10 participants per 
group ready for presentation at the conference. 
Therefore, we decided to include this method in the 
present paper. To determine p-values for the main 
effects and interactions between factors, a model 
including the fixed factor/interaction of interest was 
compared to the same model with no fixed factor/no 
interaction [15]. Post-hoc Tukey corrected t-tests, 
using the package emmeans [16], were performed to 
test significant interactions. 
Variables that were included in the models as fixed 
factors were group (PWS and PWNS), as well as 
condition (Metronome, Tapping, 
Metronome+Tapping) or synchronization type 
(finger tapping, metronome) with a two-way 
interaction term between group and one of the latter 
two factors. Random intercepts were included for 
participant, word, and repetition number. Since 
repetition number did not have an effect on any 
predicting variables, it was excluded from all final 
models. Residual plots were visually checked for 
homoscedasticity of normality before reporting the 
results. 

3. RESULTS 

The following figure displays the interval between the 
articulatory onset and the metronome onset as well as 
the interval of the articulatory onset and the finger tap 
for the respective conditions (see Figure 1) and for all 
participants, separated by group. 
 

 
Figure 1: tap - articulatory onset interval (light grey, 

triangles) and met - articulatory onset interval (dark grey, 
dots). 0 seconds indicates the articulatory onset (nucleus 
onset of the bilabial), positive intervals indicate that the 
event of synchronization was after articulatory speech 

onset. Each triangle/dot represents one tap/metronome of 
one participant. Diamonds display the mean. Groups are 

displayed on the x-axis, PWNS = persons who do not 
stutter, PWS = persons who stutter. 

 
As can be seen in Figure 1, finger taps are more 
closely aligned with the articulatory onset compared 

to the metronome. Hence, the tap - articulatory onset 
interval is shorter than the met - articulatory onset 
interval. A linear mixed effects model (Conditional 
R2 = 0.50, Marginal R2 = 0.45) was run in order to test 
whether the interval duration differs in the 
Metronome and the Tapping condition in PWS and 
PWNS. The model revealed that finger taps were 
aligned significantly earlier to the articulatory onset 
than the metronome (p < 0.0001). Furthermore, the 
model showed that group also had a significant effect 
on the interval duration (p < 0.0001). The significant 
interaction between condition (Metronome and 
Tapping) and group (p < 0.0001) revealed that the 
groups only differed significantly in the Metronome 
condition (p = 0.021) but not in the Tapping 
condition. Hence, PWS had significantly shorter met 
- articulatory onset intervals than PWNS. 
To investigate how the combined condition 
(Metronome+Tapping) affected synchronization 
events in PWS and PWNS, we ran three different 
linear mixed effects models: The first model was run 
to test whether the synchronization time points of the 
two different synchronization types also differ even 
when they occur simultaneously in one task and 
whether there is a difference in timing between PWS 
and PWNS. The second and third models were run to 
test how synchronizing finger taps (second model) 
and metronome beats (third model) were affected by 
the combined condition and whether PWS and PWNS 
changed the timing in the combined condition 
compared to the single condition. 
The first model (Conditional R2 = 0.47, Marginal R2 
= 0.39) showed that PWS had significantly shorter 
intervals, regardless of synchronization type (p = 
0.0438) and that finger taps were placed closer to the 
articulatory onset than the metronome (p < 0.0001). 
Thus, in the combined condition, PWS had shorter 
met - articulatory onset intervals as well as tap - 
articulatory intervals than PWNS. Note that this was 
not the case in the single Tapping condition. 
These results led to the question whether 
synchronization time points with respect to the 
articulatory onset differed from the single to the 
combined condition in PWS and PWNS.  
For the tap - articulatory onset interval the model 
(Conditional R2 = 0.31, Marginal R2 = 0.07) revealed 
a significant effect of condition (p = 0.0003) and a 
significant interaction between group and condition 
(p = 0.0002). Pairwise comparisons showed that PWS 
decreased the tap - articulatory onset interval in the 
combined condition compared to the single Tapping 
condition (p = 0.0011). PWNS on the other hand did 
not time their finger taps differently in the combined 
condition. 
The third model (Conditional R2 = 0.36, Marginal R2 
= 0.11) revealed that the time points of the 
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metronome beat shifted significantly towards the 
articulatory onset in the Metronome+Tapping 
condition compared to the single Metronome 
condition (p = 0.0452). This effect was found 
independently of group; no interaction was found. 
Finally, in order to test if PWS were more variable 
than PWNS in synchronizing, the standard deviation 
was calculated for the different intervals per 
condition. 
 

 SD Met - 
articulatory onset 

interval 

SD Tap - 
articulatory onset 

interval 

Met Met + 
Tap Tap Met + 

Tap 
PWS 0.069 0.065 0.048 0.051 

PWNS 0.056 0.061 0.033 0.046 
Table 2: Standard deviations for interval durations 
 
Table 2 shows that PWS were more variable than 
PWNS in all conditions. However, when comparing 
intra-group differences between the single conditions 
(Tapping, Metronome) vs. the complex condition 
(Metronome+Tapping) it seems that PWNS increase 
more in variability in the intervals in the combined 
condition compared to PWS. 

4. DISCUSSION 

The study revealed both differences in timing when 
synchronizing speech with an internally generated 
rhythm (inter-gestural timing) as well as when 
synchronizing speech with an external rhythm (paced 
timing). Moreover, the data suggests differences 
between PWS and PWNS. We will first address 
differences between conditions and then group 
differences. 
Compared to the metronome beats, finger taps were 
more closely aligned with the articulatory speech 
onset. This finding supports the idea of a close 
relationship between non-verbal and verbal motor 
systems [11,17]. Thus, joint tapping and speaking 
could lead to more stable gestures across modalities. 
Indeed, our results provide initial evidence for this 
conjecture as the timing of finger taps was more 
stable (smaller SD) than that of the external pacing 
with respect to the articulatory speech onset. A future 
study could therefore focus on the variability of the 
gestures themselves to test this assumption. The fact 
that the 8 participants in our study have longer 
intervals between articulatory speech onset and 
metronome beats could also indicate that externally 
paced speech is strongly based on acoustic cues. As 
previously shown (e.g., [18,19]) in purely perceptual 
studies, participants place the metronome beat within 
or close to the acoustic vowel onset of the target word. 

Hence, it is a possibility that the vowel onset is an 
anchor for acoustically synchronizing the metronome 
to one’s own speech, while the syllable onset is the 
reference point for coordinating inter-gestural timing. 

In terms of the group effect we found that 
PWS had shorter intervals between the metronome 
and the articulatory speech onset. This result indicates 
that PWS time their speech later to the metronome 
than PWNS, potentially because of later speech 
initiation in the group who stutters. This finding 
would be in line with preliminary results for children 
who stutter reported by Schreier et al. [20].  
However, finger tapping to one’s own speech did not 
differ between PWS and PWNS, indicating similar 
inter-gestural timing conditions. Interestingly, joint 
speaking and tapping to an external rhythm 
(Metronome+Tapping condition) led to a group 
difference in the interval between articulatory speech 
onset and finger tap such that PWS have shorter 
intervals than PWNS. This difference was caused by 
the fact that compared to the single Tapping 
condition, PWS decreased the tap - articulatory onset 
interval in the combined condition, whereas PWNS 
did not change the timing of their finger taps. 
Therefore, it can be assumed that in PWS inter-
gestural timing is more affected by an external 
rhythmic cue than in PWNS. As previous research 
showed, PWS engage different timing mechanisms 
and/or brain circuits to time movements with an 
external cue [10,21].  
Furthermore, it was hypothesized that timing would 
become more variable in PWS with increasing task 
complexity, however, this hypothesis was not 
supported by the results of our study. Despite PWS 
being more variable than PWNS in general, PWNS 
have a greater increase in timing variability in the 
combined condition.  
From our study it can be concluded that PWS 
potentially couple auditory, manual, and articulatory 
rhythms in a different way, leading to later speech 
initiation and more temporal variation. This remains 
to be tested with a greater participant sample, of 
course. We aim to present data from 10 participants 
per group at the conference. Finally, our dataset offers 
the possibility for specific consideration of the vowel 
gesture, of inter-gestural timing between onset 
consonants and vowels, as well as on intra-gesture 
stability in different rhythmic conditions. 
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