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Figure 4. Activity during ‘successful stop’ trials.

Coloured areas indicate statistical maps (thresholded at Z>3.1) overlaid on the cortical surface
using FreeSurfer or on slices through the brain volume at the coordinate indicated below each
image. L — left; R — right. See Tables 6 and 7 for a list of areas significantly activated for each
group
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Table 6. Activation peaks and coordinates for peaks in clusters significantly activated in
PWTF during ‘successful stop’ trials.

See Table 3 for details.

Cluster Location Number z X Y Z
of voxels
Right middle frontal gyrus 429 451 40 40 30
Left middle frontal gyrus 305 4.68 -38 30 38
Right striatum and operculum 1603
R frontal operculum 505 42 14 -2
R inferior frontal gyrus (opercularis) 493 56 12 0
R anterior insula 5.63 42 8 -2
R putamen 525 26 0 10
Left striatum and operculum 2444
L frontal operculum 5.19 -32 16 14
L inferior frontal gyrus (opercularis) 441 -48 12 11
L anterior insula 534 -40 2 4
L putamen 495 -28 -16 5
Right dorsal motor cortex 1283
R cingulate motor area 392 2 13 41
R precentral gyrus 509 36 -4 64
R SMA 488 2 -6 74
Left sensorimotor cortex 5545
L precentral gyrus 5.58 -30 -6 70
L postcentral gyrus 517 -42 -28 42
L supramarginal gyrus 54 -60 -36 22
Right inferior parietal 3170
R postcentral gyrus 455 62 -14 36
R supramarginal gyrus 52 64 -36 36
Cerebellum 7174
R cerebellum 609 26 -48 -26
L cerebellum 5.66 -46 -61 -28
Right occipital pole 333 55 30 -92 -4
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Table 7. Activation peaks for PWS during successful stop trials.

Using Z>3.1 resulted in clusters of very large extent spanning multiple anatomical areas. We
report locations for these clusters using Z>4.3 cluster-forming threshold for clarity (labelling
truncated for clusters with < 50 voxels in extent). The cluster size, peak Z statistic, and MNI
coordinates of selected peaks are provided.

Cluster Location Number z X Y Z
of voxels

Right middle frontal gyrus 1045 6.01 42 48 24
Right frontal pole 118 578 22 44 -12
Left middle frontal gyrus 435 628 -40 36 34
Right striatum and operculum 2461

R inferior frontal gyrus 584 57 15 -2

R insula 7.15 46 14 -6

R putamen 7.12 28 -2 8
Left striatum and operculum 2518

L operculum/insula 6.61 -46 14 -6

L inferior frontal gyrus 647  -52 12

L putamen 735 24 2 6
Left medial and lateral cortex 8958

L cingulate gyrus 52 -5 5 42

L SMA 6.1 -2 -4 55

L operculum 73 -64 -22 16

L postcentral gyrus 739 42 -28 48

L supramarginal gyrus 6.7 -61 -47 36
Right precentral gyrus 108 496 62 8 26
Left precentral gyrus 93 541  -58 6 30
Cerebellum 6342

R cerebellum 79 32 -48 -48

L cerebellum 7.19  -32 -58 -12
Right supramarginal gyrus 4371 662 64 -36 30

R postcentral gyrus 599 59 -16 30
Right superior parietal lobe 63 535 12 -54 56
Left lateral occipital cortex 431 6.04 -52 -68 2
Right occipital pole 369 712 32 -92 -4
Left occipital pole 474 639 -26 -100 -6
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Unsuccessful stop trials

For the ‘unsuccessful stop’ trials, PWTF showed activity in the left postcentral gyrus, putamen
and thalamus, and bilaterally in the supramarginal gyrus, SMA extending to cingulate motor
cortex, frontal opercular cortex, and cerebellum. In PWS, a similar but more robust pattern of

activation was seen. These two patterns of activation were not significantly different, however.

Figure 5. Activity during ‘unsuccessful stop’ trials.

See legend to Figure 4 for details. See Tables 8 and 9 for a list of areas significantly activated
for each group.
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Table 8. Activation peaks and coordinates for peaks in clusters significantly activated in PWTF
during ‘unsuccessful stop’ trials.

See Table 3 for details.

Cluster Index Number of z X Y Z
voxels
Right middle frontal gyrus 220 454 42 42 30
Right frontal operculum 741 5.15 50 14 -4
Left frontal operculum 1253 5.34 -46 12 -6
Medial frontal cortex 1616
L SMA 538 2 -6 74
L Cingulate cortex 4.18 2 17 40
Left putamen 182 4.45 -28 -22 2
Left sensorimotor cortex 3484
L postcentral gyrus 516  -56 -28 48
L supramarginal gyrus 5.13 -57 -45 26
Right supramarginal gyrus 1532 541 56 -40 36
Left cerebellum 1776 495 -38 -50 -32
Right cerebellum 3230 5.69 34 -54 -26
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Table 9. Activation peaks and coordinates for peaks in clusters significantly activated in PWS
during ‘unsuccessful stop’ trials.

See Table 3 for details.

Cluster Index Number of z X Y Z
voxels
Left middle frontal gyrus 510 482  -26 54 26
Right middle frontal gyrus 121 432 26 46 -10
Left middle frontal gyrus 115 4.15 -40 34 34
Left frontal opercular cortex 3319 7.38 -46 14 -4
L putamen 491 -24 -6 10
Right frontal opercular cortex 3839 6.71 54 12 8
Right putamen 202 4.66 22 -2 10
Left sensorimotor extending to 9979 752  -60 -46 34
medial frontal
SMA 492 0 20 61
Cingulate cortex 5.25 0 20 40
L parietal operculum 5.98 -60 -22 18
L supramarginal gyrus 704  -62 -46 30
Right supramarginal gyrus 4094 6.21 62 -46 30
Left cerebellum 1956 5.71 -34 -58 -56
Right cerebellum 4660 6.95 20 -64 -50
Discussion

We tested whether there were differences in the neural control of the initiation and inhibition
of'a manual response in people who stutter (PWS) and people who are typically fluent (PWTF)
in the context of the stop-signal paradigm. 38 PWS and 21 PWTF completed the behavioural
version of the manual stop signal task (Xue et al., 2008). Of these participants, we also
compared fMRI task data in 30 PWS and 17 PWTF. During the task, participants responded to
a visual stimulus (left or right arrow) with their right index finger. On randomly inserted trials,

participants heard an auditory cue, which indicated they should inhibit their response. Previous
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work suggests that PWS have an overactive response inhibition mechanism (Neef et al., 2018).
According to the global suppression hypothesis, shorter SSRT and hyperactivation of the right
hemisphere inhibition network were expected. Contrary to this prediction, in the current study,
PWS had longer reaction times on ‘go’ trials than PWTF. There was no significant difference
in the speed of the stopping process (SSRT). The patterns of fMRI activity during task were
consistent with these behavioural results. During ‘go’ trials, both groups activated the expected
motor control areas related to the task demands (a simple button press in response to a visual
stimulus). In contrast to the focal pattern of activity in PWTF, however, PWS had extensive
and widespread activation for performance of this simple task. PWS showed significantly more
activation than PWTF in the inferior frontal gyrus, caudate nucleus and putamen bilaterally,
and in the left precentral cortex and left parietal operculum. There was a similar pattern of
activation during ‘successful stop’ trials, which also included activation of the supramarginal
gyrus and cingulate cortex. As for the ‘go’ trials, the pattern of activation in PWS in the
successful stop trials looked like an amplified version of that seen in PWTF, but these

differences were not statistically significant.

Taken together, these results provide evidence for differences between PWS and PWTF in
performance of a simple manual response and the related neural activity in the context of a task
requiring inhibition. PWS show a pattern of overactivation for both ‘go’ and ‘stop’ trials that

corresponds to the inhibitory control network (Aron et al., 2007, 2004).

Behavioural results

A simple prediction arising from the global suppression hypothesis (Neef et al., 2018) is that
PWS would have shorter stopping responses due to a constant heightened inhibition signal.

Our results indicate that whilst PWS were significantly slower to initiate a response (go
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reaction time), the stopping response (SSRT) was not different to that in PWTF. This suggests
that PWS do not differ in the time it takes to inhibit a manual response. The behavioural results
of our study contrast with those from a previous study of PWS that also employed the manual
stop signal task and found that PWS had longer stopping responses (SSRTs) than PWTF
(Markett et al., 2016). Further study is required to resolve these discrepant findings. In the
previous study (Markett et al., 2016), the effect size for the significant group difference of
SSRT was d = 0.61 (n= 28 per group). To detect this moderate effect size, we would need 33
participants per group (assuming 80% power). Here, we had slightly below this total sample
size with 38 PWS and 21 PWTF. We were therefore slightly underpowered to detect a similar
effect size. Even so, the distributions of SSRTs for our two groups were very closely matched

and there was no evidence of a trend towards longer SSRTs in the PWS relative to the PWTF.

The significantly longer reaction times for ‘go’ responses in PWS found in the current study
were unexpected but could be explained in two ways. One explanation is that PWS have
greater difficulty enacting a response under temporal uncertainty. For example, the previous
study (Markett et al., 2016) used two tasks to estimate ‘go’ reaction times: one task had ‘go’
trials only and used fixed inter-trial intervals, providing strong temporal predictability for when
a ‘go’ response was required. The other task involved trials with varied inter-trial-intervals,
which provide less temporal predictability. PWS only showed longer reaction times relative to
PWTF when the timing of the trials was unpredictable (Markett et al., 2016). The authors
suggest that this difference may be due to problems relying on internally generated timing
compared with the externally generated timing provided by the predictability of the fixed inter-
trial-intervals (Alm, 2004; Markett et al., 2016). In the current study, a fixed inter-trial-interval

was used, however ‘go’ and ‘stop’ trials were presented in a random order, which introduced
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temporal uncertainty. Therefore, this result is in accordance with previous work on temporal

uncertainty difficulties in PWS and may be the result of an impairment in internal cueing.

An alternative explanation is that PWS show longer reaction times because they were in a state
of heightened inhibition as the task demands required enacting a stopping response (at an
unpredictable time) and might have prevented them from generating a ‘go’ response as quickly
as PWTF. This would be consistent with predictions from the global suppression hypothesis
(Neef et al., 2018, 2016). Nevertheless, the thresholding we implemented in the behavioural
paradigm was adaptive so there was no benefit of being slower to perform the ‘go’ response to
improve the success of stopping responses and participants were encouraged to perform the
task as quickly as possible. Furthermore, the lack of difference in both the SSD and the SSRT
during the stop trials suggests that inhibition acted to suppress go responses, rather than over-
exerting stopping responses. Our behavioural results cannot distinguish between these two

explanations (i.e. temporal uncertainty and global suppression).

fMRI results

During ‘go’ responses, PWTF showed the expected focal activation of the left precentral gyrus
(encompassing the hand area), left putamen extending to the opercular cortex, the SMA, and
the cerebellum bilaterally, which is consistent with performing a button press with the right
index finger. Compared with PWTF, PWS showed significant bilateral overactivation of areas
comprising the typical movement ‘inhibition’ network but this was seen during ‘go’ trials.
These areas include the inferior frontal gyrus, caudate nucleus and putamen bilaterally as well
as the left precentral gyrus (encompassing the hand area). One explanation for these results (as
for the behavioural data) is that PWS were consistently in a heightened inhibition state, i.e.

areas of the inhibition network were more active, generally. Again, this interpretation is in
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accordance with predictions from the global response suppression hypothesis (Neef et al.,
2018, 2015) and previous findings of hyperactivity in PWS in the basal ganglia, thalamus and
substantia nigra during response preparation in a Go/NoGo task (Metzger et al., 2018). An
alternative explanation is that the stuttering participants were in a higher state of arousal
(possibly due to increased desire to perform the task well, or in response to being scanned).
This arousal may cause general over activation of the areas involved in the task. However, this
latter interpretation is unlikely to explain these results. There was not simply an amplification
of all areas seen in PWTF; during ‘go’ trials, the right IFG was not active in PWTF but was
active in PWS. The hypothesised importance of the right IFG in inhibition makes the former

hypothesis more likely.

Our results indicate that PWTF activated the right IFG, frontal operculum and anterior insula
during stopping responses, but not during ‘go’ responses, supporting the idea that this area is
selective for stopping behaviour in the typical brain (Aron et al., 2007, 2003, 2004; Aron &
Poldrack, 2006; Xue et al., 2008). PWS, on the other hand, activated right frontal regions
(including IFG extending to the anterior insula) during both ‘go’ and ‘stop’ trials. Accordingly,
during ‘go’ trials, PWS activated right IFG significantly more than PWTF. This indicates that
the right IFG is active more generally in PWS, again in accord with the global suppression
hypothesis (Metzger et al., 2018; Neef et al., 2018, 2011). However, it is important to note that
although there were qualitative differences in the amount of activation during stopping
behaviour between PWS and PWTF (see Figures 4 and 5), these differences failed to reach
statistical significance at conventional thresholds (Z >3.1); to check for false negatives, we
reduced the threshold to Z > 2.3 and found no group differences for the stop trials. Overall, this
work supports the idea that PWS activate the right frontal regions irrespective of the type of
response, but that the degree of activation during ‘stop’ trials was not statistically different to

PWTF.

28


https://doi.org/10.1101/2020.09.07.286013
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.07.286013; this version posted September 7, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Whilst the right IFG has been a particular focus of the inhibition literature, it sits within a
network of cortical-subcortical regions that carefully balance initiation and inhibition
behaviour. During successful ‘stop’ trials, PWTF also activated the putamen, postcentral gyrus,
supramarginal gyrus, and cerebellum bilaterally, and the SMA extending to the cingulate motor
area. These areas have been implicated in previous studies of motor inhibition. Both direct and
indirect pathways from these cortical areas via the putamen project back to the cortex via the
thalamus to balance excitatory and inhibitory control (Alm, 2004; Burghaus et al., 2006; Giraud
etal., 2008). The supramarginal gyrus was also activated in the inhibition of manual and spoken
responses (Xue et al., 2008). Finally, the cingulate cortex is implicated in the cognitive control
of inhibition. For example, the cingulate motor area was robustly activated (with a specific
pattern for eye, hand or speech movement) when participants inhibited a congruent response
in favour of a incongruent response (Paus, Petrides, Evans, & Meyer, 1993). These findings
highlight the role of the cingulate cortex in the control of the balance between the selection of

motor responses and active suppression of others (Paus, 2001; Paus et al., 1993).

The lack of statistical difference between the groups during ‘stop’ trials may reflect similar
inhibitory control for stop trials in PWS and PWTF. This is against the prediction, based on
the global suppression hypothesis, that PWS would show overactivity in key regions of the
stopping network. However, visual inspection shows clear qualitative differences between the
patterns of neural activation of stopping responses between PWS and PWTF, with PWS
showing an amplified version of the controls. Therefore, while there are no differences that
survive statistical thresholding, it cannot be ruled out that there are small differences between
groups, or that other factors limit our ability to detect a significant difference between groups.
One reason may relate to the design of the study. There were a large number of ‘go’ trials (144)

but fewer stop trials (48) because the task requires stop trials to be unpredictable and in the
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minority. These stop trials are further divided into approximately 50% successful stops (~24)
and 50% unsuccessful stops (~24). This reduced the power to detect differences between
groups and may explain why we had sufficient power to detect group differences on the ‘go’
trials but not the ‘stop’ trials. Another factor is variability within the groups. Even though our
sample of 31 was large for an imaging study, stuttering populations show considerable inter-

individual differences (Yairi & Ambrose, 2013).

Conclusions

We found that PWS were slower to respond to simple ‘go’ stimuli than PWTF, but there was
no difference in stopping behaviour. Our fMRI results were consistent with these behavioural
results. PWS showed significant overactivity of the inhibition network even during ‘go’
trials, which supports the idea of a global suppression mechanism in PWS. In addition, there
were qualitative differences in the neural stopping response between groups, with PWS
appearing to overactivate the inhibitory control network compared with PWTF. However, it
must be stressed that these differences did not pass statistical significance, and that the study
may have been underpowered to detect them. Overall, this study offers tentative support to

the global suppression hypothesis of stuttering.
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