





Figure 40. Summary of participant performance during tracking of complex pattern
condition of 0.9Hz frequency: standard deviation of error values for four
groups.

Figure 41. Summary of participant performance during tracking of a variable wave
condition of 0.3Hz frequency: mean values for four groups.
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Figure 42. Summary of participant performance during tracking of a variable wave

condition of 0.3Hz frequency: standard deviation values for four groups.
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Figure 43. Summary of participant performance during tracking of a variable wave
condition of 0.6Hz frequency: mean values for four groups.
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Figure 44. Summary of participant performance during tracking of a variable wave

condition of 0.6Hz frequency: standard deviation values for four groups.
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Figure 45. Summary of participant performance during tracking of a variable wave
condition of 0.9Hz frequency: mean values for four groups.
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Figure 46. Summary of participant performance during tracking of a variable wave
condition of 0.9Hz frequency: standard deviation values for four groups.
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Figure 47. Summary of participant performance during tracking of a variable frequency
and amplitude condition: mean values for four groups.
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Figure 48. Summary of participant performance during tracking of a variable frequency
and amplitude condition: standard deviation values for four groups.
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Figure 49. Mean error values for four groups during jaw tracking of predictable
conditions only. The circles represent the means for each groups; the length of
bars represent 95% confidence intervals.
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Figure 50. Mean error values for four groups during jaw tracking of unpredictable
conditions only. The circles represent the means for each groups; the length of
bars represent 95% confidence intervals.

All Unpredictable Jaw Tracking

CPPD

CPWS- a

PWS

PPD- 1




82

Figure 51. Mean error values for four groups during hand tracking of predictable
conditions only. The circles represent the means for each groups; the length of
bars represent 95% confidence intervals.
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Figure 52. Mean error values for four groups during hand tracking of unpredictable
conditions only. The circles represent the means for each groups; the length of
bars represent 95% confidence intervals.
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Table 3. Descriptive statistics for the four groups for tracking accuracy

o CPWS PWS CPPD PPD
Tracker Conditions
M SD M SD M SD M SD
Jaw Predictable 136 .038  .149 .037 211 .088 274 .099
Jaw Unpredictable  .186 .043 232 .082 .283 136 331 .097
Hand Predictable 101 .028  .118 .047 .156 .072 .282 144

Hand Unpredictable .144  .033  .163 .040 202 .070 .303 102
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Table 16. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, jaw tracking, CPPD

Source df F p
Trial 2 0.04 0.958
Error 42 MSE=0.007

Table 17. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, jaw tracking, CPWS

Source df F p
Trial 2 1.03 0.365
Error 42 MSE=0.002

Table 18. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, jaw tracking, PWS

Source df F p
Trial 2 0.21 0.812
Error 42 MSE=0.004

Table 19. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, jaw tracking, PPD

Source df F p

Trial 2 0.2 0.823
Error 42 MSE=0.011
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Table 20. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, jaw tracking, CPPD

Source df F p
Trial 2 0.02 0.983
Error 42 MSE=0.012

Table 21. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, jaw tracking, CPWS

Source df F p
Trial 2 0.67 0.516
Error 42 MSE=0.008

Table 22. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, jaw tracking, PWS

Source df F p
Trial 2 3.44* 0.041
Error 42 MSE=0.006

*p<0.05

Table 23. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, jaw tracking, PPD

Source df F p

Trial 2 0.03 0.968
Error 42 MSE=0.025
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Table 24. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, jaw tracking, CPPD

Source df F p
Trial 2 1.02 0.368
Error 42 MSE=0.021

Table 25. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, jaw tracking, CPWS

Source df F p
Trial 2 6.34* 0.0039
Error 42 MSE=0.013

*p<0.01

Table 26. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, jaw tracking, PWS

Source df F p
Trial 2 5.66* 0.0067
Error 42 MSE=0.009

*p<0.01
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Table 27. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, jaw tracking, PPD

Source df F p
Trial 2 0.3 0.7389
Error 42 MSE=0.028

Table 28. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, hand tracking, CPPD

Source df F p
Trial 2 6.83 0.0027
Error 42 MSE=0.002

Table 29. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, hand tracking, CPWS

Source df F p
Trial 2 0.71 0.4987
Error 42 MSE=0.001

Table 30. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, hand tracking, PWS

Source df F p

Trial 2 1.26 0.2937
Error 42 MSE=0.002
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Table 31. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.3Hz, hand tracking, PPD

Source df F p
Trial 2 0.25 0.7769
Error 42 MSE=0.025

Table 32. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, hand tracking, CPPD

Source df F p
Trial 2 2.32 0.1112
Error 42 MSE=0.006

Table 33. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, hand tracking, CPWS

Source df F p
Trial 2 0.78 0.4651
Error 42 MSE=0.002

Table 34. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, hand tracking, PWS

Source df F p

Trial 2 1.83 0.1725
Error 42 MSE=0.005
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Table 35. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.6Hz, hand tracking, PPD

Source df F p
Trial 2 0.1 0.904
Error 42 MSE=0.038

Table 36. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, hand tracking, CPPD

Source df F p
Trial 2 1.02 0.368
Error 42 MSE=0.021

Table 37. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, hand tracking, CPWS

Source df F p
Trial 2 0.17 0.8476
Error 42 MSE=0.016

Table 38. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, hand tracking, PWS

Source df F p

Trial 2 0.22 0.8064
Error 42 MSE=0.014
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Table 39. One-way ANOVA for difference in accuracy over trials, complex sine pattern
0.9Hz, hand tracking, PPD

Source df F p

Trial 2 0.05 0.9524
Error 42 MSE=0.033
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CHAPTER V: DISCUSSION

The first purpose of this study was to examine the accuracy of jaw and hand
tracking in PWS, using PDD and age-matched controls as comparison groups. The
second aim was to observe procedural learning (defined as increased accuracy over time)
in these groups. The underlying hypothesis was that PWS would show reduced motor
tracking and procedural learning performance as compared to CPWS, suggesting that
similar to PDD, PWS show deficits in producing the temporal cues necessary for both
movement execution and the performance of automatized movements. This speculation
has received considerable attention from researchers who argue that stuttering is a timing
disorder related to basal ganglia deficiency in generating timing cues for initiation of
speech segments (Alm, 2004).

This section will be divided into three sections. The first section will discuss the
findings for participants who do and do not stutter. The second section will provide a
discussion of the results for those participants with Parkinson’s diseases as compared
their age-matched controls. In the third section, we will discuss the significance of age in
both tracking accuracy and procedural learning. Finally, limitations of the study and ideas

for future research will be presented.

Tracking Accuracy and Procedural Learning in PWS

There were two main findings in this study related to tracking accuracy and
procedural learning in adults who do and do not stutter. First, our accuracy analyses
revealed that there was no significant difference between PWS and CPWS in the
accuracy of tracking of either predictable or unpredictable conditions for either the hand
or the jaw, although a trend was observed in which PWS performed more poorly in both
for decreased accuracy. Second, there was no significant difference between PWS and
CPWS in improvement in jaw or hand accuracy over time within condition (i.e. early

versus late time segments). However, regardless of group, all participants showed
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significantly improved within-trial accuracy. Both groups showed accuracy improvement
across repeated trials, it was significant for more complex conditions. In other words,
both people who do and do not stutter showed evidence of procedural learning to the
same extent.

Our findings of non-significant jaw tracking differences between PWS and CPWS
corroborate prior work in which a similar visuomotor tracking paradigm was used in
children (Zebrowski, Moon, and Robin, 1997). Zebrowski et al. found no difference in
jaw tracking accuracy in children who do and do not stutter (mean age of 12:11 years,
months) for predictable tracking conditions performed at 0.3, 0.6 or 0.9Hz. However, an
earlier study found that children who stutter (aged 9:8 years, months) performed
significantly more poorly than their age-matched normally fluent peers while tracking a
predictable sinusoid signal at 3Hz with the jaw (Howell, Sackin, and Rustin, 1995),
which could be attributed to a higher complexity of the target signal due to its fast
frequency. Our hand tracking results corroborate a recent study that showed that PWS
were less accurate in both random and sine wave hand tracking than CPWS, but the
accuracy difference did not reach significance (Jones et al., 2002). Jones et al. 2002
attributed the observed accuracy difference between PWS and CPWS to the impaired
visuoperceptual function of PWS. Our results do not support this hypothesis, by
providing evidence of unimpaired motor control abilities of PWS when visual feedback is
available to guide movements.

It has been suggested in the literature that the PWS skill level may be located
toward the less efficient or lower end of the motor control continuum (Van Lieshout,
Hulstijn, & Peters, 2004; Namasivayam & Van Lieshout 2008). This suggestion was
brought about by research showing that PWS have lower motor control abilities but not
significantly different from CPWS. Present study results add to this literature — PWS in
our study performed more poorly than CPWS, in the absence of significant differences

between them.



97

There is one important factor that may have determined participants’ tracking
performance in our task — during tracking the visual feedback was always available to
guide movement. Prior work showed that children who stutter (Howell et al., 1995) and
adults who stutter (Loucks and De Nil, 2006) performed as well as people who do not
stutter in non-speech jaw movement task when visual feedback was available, and
performed significantly poorer in the absence of visual feedback. Research shows that
both feedback and feedforward modes of control are required for skilled motor control
and in the process of skill acquisition the balance between feedback and feedforward
operation shifts towards feedforward commands (Schmidt, & Lee, 2005). New evidence
from modeling research shows that disfluencies can be produced in a computer model
when it is biased away from feedforward control and relies too much on the feedback
(Civier, Tasko, & Guenther, 2010). This evidence was interpreted to suggest that PWS
overrely on feedback, which makes their speech prone to disruptions.

Overall, the finding that PWS were not significantly different from CPWS in
tracking with both the dominant hand and jaw and in the strength of their procedural
learning abilities suggests that there is no underlying deficit in fine and gross motor
coordination for PWS and that motor systems of PWS are stable provided there are no
added demands (e.g. linguistic or emotional). However, we cannot rule out the hypothesis
that they may operate at the lower end of the motor continuum (Van Lieshout, Hulstijn,
& Peters, 2004; Namasivayam & Van Lieshout 2008), which could lead to increased
susceptibility to breakdowns when the system is stressed with linguistic (Smith et al,
2010) or emotional (Conture et al., 2006) demands.

Contrary to the previous reports (Hulstijn, Summers, Van Lieshout, & Peters,
1992; Max & Yudman, 2003; Zelaznik et al. 1997) we did not see increased variability in
the non-speech (oral or manual) systems of PWS as measured by the standard deviation
of the tracking error. However, an important notion that the current study did not examine

is whether there are within group dissociations in tracking accuracy and its variability.
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This becomes increasingly important given the findings that PWS may have similar
performance to people who are normally fluent in linguistic and non-linguistic domains,
but distribution of their performance may be a bimodal in nature (Olander, Smith, &

Zelaznik 2010), supporting the existence of subgroups.

Tracking Accuracy and Procedural Learning in PPD

There were two main findings in this study related to tracking accuracy and
procedural learning in adults who have Parkinson’s disease and age-matched controls.
First, tracking accuracy analyses revealed that PPD performed significantly less accurate
than CPPD during jaw tracking of predictable conditions, but they were not significantly
different from CPPD in jaw tracking of unpredictable conditions. During hand tracking
PPD differed significantly from CPPD in tracking of both predictable and unpredictable
conditions for their less accurate performance. Second, there was no significant
difference between PPD and CPPD in the improvement in jaw accuracy over time, apart
from one condition — tracking of a simple sine wave at 0.9Hz, where the PPD group
showed less improvement over time than the CPPD. Overall this suggests that in the oral
motor domain both PPD and CPPD showed evidence of procedural learning to the same
extent. Analysis of procedural learning during hand tracking offered different results. The
PPD group improved less with time than the CPPD while tracking simple sine waves at
all frequencies (0.3Hz, 0.6 Hz and 0.9 Hz) and a complex sine pattern at 0.9 Hz. This
suggests that the PPD group was not able to learn as well as their control group in the
manual motor domain.

The fact that PPD were less accurate during tracking than CPPD agrees with what
is known about the disease effect on the motor system with cardinal features of the
disease being tremor, rigidity and bradykinesia (Jankovic, 2008). It is important to note
here that all people with Parkinson’s disease in this study performed study tasks while on

their regular medication. The finding of less accurate tracking is also consistent with
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previous research showing that PPD have particular difficulty in integrating different
coordinate systems in order to guide movement (Adamovich et al., 2001; Krebs et al.,
2001). Tracking accuracy in the present study depended on the ability of participants to
translate movements of the target and the tracker on the screen to movements of their jaw
and hand (the process that would involve integrating visual and proprioceptive feedback).
Thus, taken in light of the previous findings (Adamovich et al., 2001; Krebs et al., 2001),
our results suggest that for all our other groups sensorimotor response generation
occurred quicker and led to more accurate movements in a novel environment. By
contrast, the PPD group had a difficulty with this process. However, the fact that PPD
were not profoundly impaired during either jaw or hand tracking, did not differ from
CPPD in jaw tracking of unpredictable conditions and also showed evidence of accuracy
improvement over time speaks to the previous findings that PD patients are able to
successfully use visual and proprioceptive feedback to control movements (Bloxham et
al., 1984; (Day, Dick, & Marsden, 1984; Flowers, 1978; Flash et al., 1992; Ghilardi et al.,
2000; Liu et al., 1999). The dissociation between jaw tracking accuracy for the
predictable versus unpredictable conditions suggests that whereas tracking of the signals
that require constant matching of the target and do not allow for anticipation of the target
should to be harder overall, those signals pose equal difficulty for PPD and CPPD alike.
Our finding corroborate other studies which found that predictive motor strategy does not
confer as great an advantage in reducing tracking error in PPD compared to normally
aging participants (Day, Dick, Marsden, 1984; Flowers, 1978).

The finding of no difference between the extent of procedural learning between
PPD and CPPD was unexpected. Our results suggest that medicated non-demented
patients in the mild stages of illness show relatively normal motor procedural learning.
Prior research using similar tracking paradigms has shown that such subgroup of PPD
may exhibit normal improvement in performance across trials, but can be affected by the

speed of the target (faster speed corresponded with poorer performance) (Bondi and
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Kazniak, 1991; Harrington et al., 1990). Our results corroborate this finding, providing
more evidence that PPD were not able to improve their tracking (either with the jaw or
the hand) when the conditions were associated with increased speed or complexity. Based
on prior findings and present results we conclude that medicated non-demented patients

in the early stages of illness show relatively normal motor procedural learning.

Age Effect

Analysis of tracking accuracy from our sample indicated that younger participants
(PWS and CPWS) in the age range of 18-40 had the best accuracy during both jaw and
hand tracking. Older individuals without neurological impairments and people with
Parkinson’s disease (both populations in the age range of 57-79) had lower accuracy
during jaw and hand tracking, with people with Parkinson’s disease showing the least
accurate performance. Overall, age seemed to be an important factor determining
tracking accuracy. Our findings are corroborated by previous studies of age-related
changes in tracking accuracy. For example Ballard et al. (2001) using a visuomotor
tracking with the jaw and lip found that performance older adults (aged 45:1 to 84:3,
years: months) was poorer than that of younger adults (aged 17:1 to 45:0). Age has been
shown to affect procedural learning, with older people performing poorer on learning and
retention using a serial reaction time task than younger individuals (Boyd, Vidoni and

Siengsukon, 2008).

Procedural Learning

Our analysis of changes in accuracy over time revealed that learning largely
occurred within trials, with the most improvement happening in the initial 10 seconds of
tracking exposure. The best fit for the learning curves was a quadratic function. One
interesting aspect of performance of all groups for jaw tracking was the increase in error
toward the end of tracking trials (last 10 seconds) which happened for all groups after the

initially rapid improvement. This could be caused by the inability of participants to
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sustain attention and increasing fatigue, although our analysis did not allow for this
hypothesis to be tested. Another interpretation for the observed trend of accuracy increase
in the first 10 seconds of tracking and a decrease in the last couple of cycles of tracking
could come from the feedback/feedforward theory of movement control. We observed
this trend mostly in the predictable conditions where participants could anticipate target
movements — we conjecture that the initial tracking strategy that participants employ is
feedback. Using this type of motor control they acquire the motor plan and modify it to
reach the optimal level of performance, based on our data we can say that this happens in
the first 10 seconds and requires more time for more complex patterns. After that
participants may rely mostly on feedforward control, which allows them to sustain a high
accuracy of tracking. However, as our data shows, people decrease their accuracy
towards the end of each tracking trial, which could mean that they need to switch back to
feedback control and “re-sample” or “re-set” parameters of the motor program. Time
scales of motor learning have been extensively researched, however, few have
specifically looked at the progression of learning in the first minutes if exposure to a
particular task. Mostly, the available data was averaged over first minutes of exposure,
thus the information about the participants performance specific to this segment in time
was lost.

While accuracy increases within trials occurred for all participant groups,
accuracy increase across repeated trials of the same condition was significant only for
PWS and CPWS, suggesting that learning between trials occurred only for these two
groups. It is, however, of interest that, although insignificant, the overall trend showed
improvement in accuracy from the first to the second trial for most predictable
conditions, and little to no improvement from second to third trial. This trend varied
somewhat between jaw and hand tracking performance. There was also a between-group
difference related to age. For example, older participants (CPPD and PPD) did not show

any improvement in jaw tracking of complex sine patterns at any frequency (apart from
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one condition — pattern at 0.9 Hz where the CPPD did show improvement between the
first and second trial). By contrast, our younger participants (PWS and CPWS) showed
consistent trends of increases in jaw tracking accuracy between the first and second trials
at all frequencies. These results suggest that learning in a novel challenging task, like jaw
tracking, might depend more on the complexity of the pattern to be learned and the age of
participants, than the disease or fluency status of the participants. Our results, however,
should be interpreted with caution — our paradigm was not designed to assess long term
accuracy improvement and did not allow for prolonged or varied practice to take effect.

Rather, all we can discuss is immediate or “early” learning (Krebs et al., 2001).

Conclusion

In this study we examined motor ability of four different populations in a dynamic
environment, using a visuomotor tracking method. The analysis of tracking accuracy
from our sample indicated that age and neurological health play a role in motor control.
Our results indicated that there is no underlying deficit in speech and manual motor
coordination for PWS when the visual feedback is present to guide movements. Present
results offer no evidence of procedural learning impairment in PWS, at least in the
“early” learning stage.

Analysis of PPD performance suggests that this group may have difficulty
integrating different coordinate systems in order to guide movement. The finding that
PPD showed immediate learning that was comparable to that of the age-matched controls
provides evidence that medicated individuals in the early stages of the disease in the
absence of cognitive impairments do not show profound impairments in motor procedural

learning.

Limitations
The main limitation of the current study is that our paradigm did not allow for

differentiation of the influence of motor coordination abilities and visual and attention
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mechanisms to tracking performance. Related to that is the issue of processing and taking
advantage of the visual feedback for movement control. It has been shown that PWS did
not differ from their controls on motor tasks when visual feedback was present. By
contrast, they did not perform as well as their controls in tasks without feedback. Thus,
future research should incorporate motor control and learning tasks performed with and
without the feedback, to elucidate the role it plays in motor control of people who stutter.

Among other limitations of this study we should mention the age confound
between PWS and PPD. Significant age difference between these two groups precluded
us from making direct comparisons of these population based on etiology.

Another limitation of the study was that methods employed only allowed for
assessment of immediate learning. Having participants come back after several times
over days or weeks to perform the same task would enable the researcher to look at long
term increases in accuracy and consolidation, a very important stages of procedural

learning mechanisms.

Future Research

The present investigation assessed motor procedural learning in the speech and
manual systems of people who stutter. Knowing the importance this type of learning
plays for non-motor abilities (language learning among them), future studies examining
procedural learning in the non-motor cognitive domains in people who stutter are
warranted. Aside from visuomotor paradigms that require some type of motor response, it
may be useful to examine learning in the absence of any motor or verbal response. Use of
event-related potential paradigms would allow for that. Moreover, in light of the findings
that presence of visual feedback determines the accuracy of motor performance in both
PWS and PPD, future studies should assess learning and accuracy during motor tasks in

these populations in the absence of visual feedback.
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In the present investigation we used a combined error measure that incorporated
both amplitude and phase difference between the target and the tracking signal. In light of
the hypothesis that stuttering is caused by timing difficulties and inability of the motor
system to initiate and smoothly transition between sequential movements, it is warranted
to examine participants error in the timing domain using only phase difference in the
tracking error estimation. This would allow for assessment of timing accuracy of
participants tracking and whether it can differentiate people who stutter from their age-
matched controls.

Another direction for future research is to examine development and changes in
procedural learning ability of children who stutter close to the onset of stuttering with
parallel assessment of their speech and language development. This may provide valuable

information to shed light on possible causes of childhood stuttering.
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