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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. 

 

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. 

 

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. 

 

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. 

 

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. 

 



81 
 

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. 
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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. 

 

Table 3. Descriptive statistics for the four groups for tracking accuracy 

Tracker Conditions 
CPWS PWS CPPD PPD 

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.  

 



105 
 

REFERENCES 

Abbruzzese, G., Pelosin, E., & Marchese, R. (2008). Current problems and strategies in 
motor rehabilitation for Parkinson‘s disease. Advances in Behavioral Biology, 57, 23-
30. 

Abbs, J., Gracco, V. L., & Cole, K. (1984). Control of multimovement coordination: 
Sensorimotor mechanisms in speech motor programming. Journal of Motor Behavior, 
16, 195-231. 

Adamovich, S. V., Berkinblit, M. B., Hening, W., Sage, J. & Poizner, H. (2001). The 
interaction of visual and proprioceptive inputs in pointing to actual and remembered 
targets in Parkinson‘s disease. Neuroscience, 104, 1027-1041. 

Adams, S. G., Weismer, G., & Kent, R. D. (1993). Speaking rate and speech movement 
velocity profiles. Journal of Speech and Hearing Research, 36, 41-54. 

Agostino, R., Curra, A., Soldati, G., Dinapoli, L., Chiacchiari, L., Modugno, N. et al. 
(2004). Prolonged practice is of scarce benefit in improving motor performance in 
Parkinson‘s disease. Movement Disorders, 19, 1285-1293. 

Alexander, G. E., DeLong, M. R., & Strick, P.L. (1986). Parallel organization of 
functionally segregated circuits linking basal ganglia and cortex. Annual Review of 
Neuroscience, 9, 357-381. 

Alm, P. A. (2004). Stuttering and the basal ganglia circuits: A critical review of possible 
relations. Journal of Communication Disorders, 37(4), 325-369. 

Alm, P. A., & Risberg, J. (2007). Stuttering in adults: The acoustic startle response, 
temperamental traits, and biological factors. Journal of Communication Disorders, 
40(1), 1-41. 

Ashby F.G., Ennis J. M., & Spiering B. J. (2007). A neurobiological theory of 
automaticity in perceptual categorization. Psychological Review, 114, 632-656. 

Ashby, F.G., Ell, S. W., & Waldron, E. M. (2003) Procedural learning in perceptual 
categorization. Memory and Cognition, 31, 1114-1125. 

Bajaj, A. (2007). Working memory involvement in stuttering: Exploring the evidence and 
research implications. Journal of Fluency Disorders, 32, 218-238. 

Ballard, K.J., Robin, D. A., Woodworth, G., & Zimba, L. D. (2001). Age-related changes 
in motor control during articulator visuomotor tracking. Journal of Speech, 
Language, and Hearing Research, 44, 763-777. 

Bloodstein, O. (1950). A rating scale study of conditions under which stuttering is 
reduced or absent. Journal of Speech and Hearing Disorders, 15, 29-36. 

Bloodstein, O. (1995). A handbook on stuttering (5th ed.). San Diego: Singular 
Publishing Group Inc. 



106 
 

Bloxham, C. A., Mindel, T. A., Frith, C. D. (1984). Initiation and execution of 
predictable and unpredictable movements in Parkinson's disease. Brain, 107, 371–
384. 

Bowen, F. P. (1969). Visuomotor deficits produced by cryogenic lesions of the caudate. 
Neuropsychologia, 7, 59-65. 

Boyd, L.A., Vidoni, E.D. and Siengsukon, C.F. (2008). Multidimensional motor 
sequence learning is impaired in older but not younger or middle-aged adults. 
Physical therapy. 88, 351-362. 

Brown, S., Ingham, R. J., Ingham, J. C., Laird, A. R., & Fox, P. T. (2005). Stuttered and 
fluent speech production: An ALE meta-analysis of functional neuroimaging studies. 
Human Brain Mapping, 25, 105-117. 

Caruso, A. J. (1991). Neuromotor processes underlying stuttering. In H. Peters, F. M., W. 
Hulstijn & C. W. Starkweather (Eds.), Speech motor control and stuttering (pp. 101-
116). Amsterdam: Elsevier Science Publishers B. V. 

Ciabarra, A. M., Elkind, M. S., Roberts, J. K., & Marshall, R. S. (2000). Subcortical 
infarction resulting in acquired stuttering. Journal of Neurology, Neurosurgery and 
Psychiatry, 69, 546-549. 

Civier, O., Tasko, S. M., & Guenther, F. H. (2010). Overreliance on auditory feedback 
may lead to sound/syllable repetitions: Simulations of stuttering and fluency-inducing 
conditions with a neural model of speech production. Journal of Fluency Disorders, 
35, 246-279. 

Cohen, N. J., & Squire, L. R. (1988). Preserved learning and retention of pattern-
analyzing skill in amnesia: Dissociation of knowing how and knowing that. Science, 
210, 207-210. 

Conture, E. G., Walden, T. A., Arnold, H. S., Graham, C. G., Hartfield, K. N., & Karrass, 
J. (2006). Communication-emotional model of stuttering. In N. B. Ratner & J. 
Tetnowski (Eds.), Current issues in stuttering research and practice (Vol. 2, pp. 17-
47). Mahwah, NJ: Lawrence Erlbaum Associates 

Day, B. L., Dick, J. P., Marsden, C. D. (1984). Patients with Parkinson's disease can 
employ a predictive motor strategy. Journal of Neurology, Neurosurgery and 
Psychiatry, 47, 1299–1306. 

Dell, G. S, Warker, J. A., & Whalen, C. A. (2009). Speech errors and the implicit 
learning of phonological sequences. In E. Morsella, J. A. Bargh & P. M. Gollwitzer 
(Eds.), Oxford handbook of human action (pp. 156-173). New York: Oxford 
University Press. 

De Diego-Balaguer, R., Couette, M., Dolbeau, G. Dürr, A., Youssov, K., & Bachoud-
Lévi, A.-C. (2008). Striatal degeneration impairs language learning: evidence from 
Huntington's disease. Brain. 131, 2870-2881. 

DeLong, M. R. (2000). The basal ganglia. In E. R. Kandel, J. H. Schwartz & T. M. 
Jessell (Eds.), Principles of neural science (4th ed., pp. 853-872). New York: 
McGraw-Hill. 



107 
 

De Nil, L. F. (1999). Stuttering: A Neurophysiological perspective. In N. Bernstein 
Ratner & E. C. Healey (Eds.), Stuttering research and practice: Bridging the gap (pp. 
85-103). Mahwah, NJ: Lawrence Erlbaum Associates, Inc.  

De Nil, L. F., & Bosshardt, H. G. (2001). Studying stuttering from a neurological and 
cognitive information processing perspective. In H. G. Bosshardt, J. S. Yaruss, & H. 
F.M. Peters (Eds.), Fluency disorders: Theory, research, treatment, and self-help: 
Proceedings of the third world conference of fluency disorders (pp. 53–58). 
Nijmegen, The Netherlands: Nijmegen University Press. 

Desmurget, M., Grea, H., Grethe, J. S., Prablanc, C., Alexander, G. E., & Grafton. S. T. 
(2001). Functional anatomy of nonvisual feedback loops during reaching: a positron 
emission tomography study. Journal of Neuroscience, 21, 2919-2928. 

Desmurget, M., Grafton, S. T., Vindras, P., Grea, H., & Turner, R. S. (2004). The basal 
ganglia network mediates the planning of movement amplitude. European Journal of 
Neuroscience, 19, 2871-2880. 

Desmurget, M., Gaveau, V., Vindras, P., Turner, R. S., Broussolle, E., & Thobois, S. 
(2004). On-line motor control in patients with Parkinson's disease. Brain, 127, 1755-
1773. 

Doya, K. (1999). What are the computations of the cerebellum, the basal ganglia and the 
cerebral cortex? Neural Networks, 12, 961-974. 

Doya, K. (2000). Complementary roles of basal ganglia and cerebellum in learning and 
motor control. Current Opinion in Neurobiology, 10, 732-739. 

Doyon, J., Penhune, V., & Ungerleider, L. G. (2003). Distinct contributions of the 
cortico-striatal and cortico-cerebellar systems to motor skill learning. 
Neuropsychologia, 41, 252-262. 

Duffy, J. R. (1995). Motor Speech Disorders. St.Louis, Mo: Mosby.  

Edwards, J., & Harris, K. S. (1990). Rotation and translation of the jaw during speech. 
Journal of Speech and Hearing Research, 33, 550-562. 

Ferrano, R. F., Balota, D. A., & Connor, L. T. (1993). Implicit memory and the formation 
of new associations in nondemented Parkinson‘s disease individuals and individuals 
with senile dementia of the Alzheimer type: A serial reaction time (SRT) 
investigation. Brain and Cognition, 21, 163-180. 

Flash T, Inzelberg R, Schechtman E, Korczyn AD. (1992). Kinematic analysis of upper 
limb trajectories in Parkinson's disease. Experimental Neurology, 118, 215–226. 

Flowers, K. (1978). Some frequency response characteristics of parkinsonism on pursuit 
tracking. Brain, 101, 19-34. 

Folkins, J. W., Moon, J. B., Lushei, E. S., Robin, D. A., Tye-Murray, N., & Moll, K. L. 
(1995). What can nonspeech tasks tell us about speech motor disabilities? Journal of 
Phonetics, 23, 139-147. 



108 
 

Frith, C. D., Bloxman, C. A., & Carpenter, K. N. (1986). Impairments in the learning and 
performance of a new manual skill in patients with Parkinson‘s disease. Journal of 
Neurology, Neurosurgery, and Psychiatry, 49, 661-668. 

Gabrieli, J. (1995). Contribution of the basal ganglia to skill learning and working 
memory in humans. In J. C. Houk , J. L. Davis & D. G. Beiser (Eds.), Models of 
Information Processing in the Basal Ganglia (pp. 277-295). Cambridge, MA: The 
MIT Press. 

Gabrieli, J. (1998). Cognitive neuroscience of human memory. Annual Review of 
Psychology, 49, 87-115. 

Ghilardi MF, Alberoni M, Rossi M, Franceschi M, Mariani C, Fazio F. (2000). Visual 
feedback has differential effects on reaching movements in Parkinson's and 
Alzheimer's disease. Brain Research, 876, 112–123. 

Giraud, A.-L., Neumann, K., Bachoud-Levia, A.-C., Von Gudenberg, A., Euler, H., 
Lanfermann, H., & Preibisch, C. (2008). Severity of dysfluency correlates with basal 
ganglia activity in persistent developmental stuttering. Brain and Language, 104, 
190-199. 

Goberman, A. M., Blomgren, M., & Metzger, E. (2008). Characteristics of speech 
disfluency in Parkinson disease. Journal of Neurolinguistics, 
doi:10.1016/j.jneuroling.2008.11.001. 

Gracco, V. L.(1990). Characteristics of speech as a motor control system. In G. E. 
Hammond (Ed.) Cerebral control of speech and limb movements (pp. 3-28). 
Amsterdam: North Holland. 

Hakim, H. B., & Ratner, N. B. (2004). Nonword repetition abilities of children who 
stutter: An exploratory study. Journal of Fluency Disorders, 29, 179-199. 

Harrington, D. L., Haaland, K. Y., Yeo, R. A., & Marder, E. (1990). Procedural memory 
in Parkinson‘s disease: Impaired rotor but not visuoperceptual learning. Journal of 
Clinical and Experimental Neuropsychology, 12, 323-339. 

Heindel, W. C., Salmon, D. P., Shults, C.W., Walicke, P.A., & Butters, N. (1989). 
Neuropsychological evidence for multiple implicit memory systems: A comparison of 
Alzheimer‘s Huntington‘s and Parkinson‘s disease patients. Journal of Neuroscience, 
9, 582-587. 

Hikosaka, O., Nakamura, K., Sakai, K., & Nakahara, H. (2002). Central mechanisms of 
motor skill learning. Current Opinion in Neurobiology, 12, 217-222. 

Howell, P., Sackin, S., & Rustin, L. (1995). Comparison of speech motor development in 
stutterers and fluent speakers between 7 and 12 years old. Journal of Fluency 
Disorders, 20, 243-255. 

Hulstijn, W., Summers, J. J., van Lieshout, P., Peters, H. (1992). Timing in finger tapping 
and speech: A comparison between stutterers and fluent speakers. Human Movement 
Science, 11, 113-124. 

Jankovic, J. (2001). Tourette‘s syndrome. The New England Journal of Medicine, 345, 
1184-1192. 



109 
 

Jankovic, J. (2008). Parkinson‘s disease: clinical features and diagnosis. Journal of 
Neurology, Neurosurgery and Psychiatry, 79, 368-376. 

Jones, R. D., White, A. J., Lawson, K. H., & Anderson, T. J. (2002). Visuoperceptual and 
visuomotor deficits in developmental stutterers: An exploratory study. Human 
Movement Science, 21, 603-619. 

Kelso, J. A., Tuller, B., Vatikiotis-Bateson, E., Fowler, C. (1984). Functionally specific 
articulatory cooperation following jaw perturbation during speech: evidence for 
coordinative structures. Journal of Experimental Psychology: Human Perception and 
Performance, 10, 812-832. 

Kent, R. (1997). Theories of speech production. In R. Kent (Ed.) The Speech Sciences 
(pp.401-416). San Diego: Singular Press. 

Kleinow, J. & Smith, A. (2000). Influences of Length and Syntactic Complexity on the 
Speech Motor Stability of the Fluent Speech of Adults Who Stutter. Journal of 
Speech, Language and Hearing Research, 43, 548-559.  

Knopman, D. S. & Nissen, M. J. (1987). Implicit learning in patients with Alzheimer‘s 
disease. Neurology, 37, 784-788. 

Knopman, D. S. & Nissen, M. J. (1991). Procedural learning is impaired in Huntington‘s 
disease: Evidence from the serial reaction time task. Neuropsychologia, 29, 245-254. 

Koechlin E, Danek A, Burnod Y, Grafman J. (2002). Medial prefrontal and subcortical 
mechanisms underlying the acquisition of motor and cognitive action sequences in 
humans. Neuron, 35, 371-381. 

Krebs, H. I., Hogan, N., Hening, W., Adamovich, S. V., & H. Poizner, H. (2001). 
Procedural motor learning in Parkinson‘s disease. Experimental Brain Research, 141, 
425–437. 

Liu, X., Tubbesing, S. A., Aziz, T. Z., Miall, R. C., & Stein, J. F. (1999). Effects of visual 
feedback on manual tracking and action tremor in Parkinson's disease. Experimental 
Brain Research, 129, 477–481. 

Loucks, T. & De Nil, L. (2006). Oral kinesthetic deficit in adults who stutter: A target-
accuracy study. Journal of Motor Behavior, 38, 238-247. 

Ludlow, L., Rosenberg, J., Salazar, A., Grafman, J., & Smutok, M. (1986). Site of 
penetrating brain lesions causing chronic acquired stuttering. Annals of Neurology, 
22, 60-66. 

Ludlow, C., L, & Loucks, T. M. J. (2003). Stuttering: A dynamic motor control disorder. 
Journal of Fluency Disorders, 28, 273-295. 

Ludlow, C., L, Siren, K., & Zikira, M. (1997). Speech production learning in adults with 
chronic developmental stuttering. In W. Hulstijn, H. F. M. Peters, P. H. H. M. van 
Lieshout (Eds.), Speech production: Motor control, brain research and fluency 
disorders: Proceedings from the 3

rd
 world conference on speech motor production 

and fluency disorders (pp. 221-230). Amsterdam, The Netherlands: Elsevier. 



110 
 

Maguire, G. A., Yu, B. P., Franklin, D. L., & Riley, G. D. (2004). Alleviating stuttering 
with pharmacological interventions. Expert Opinion in Pharmacotherapy, 5, 1565-
1571. 

Max, L., Caruso, A., & Gracco, V. (2003). Kinematic analyses of speech, orofacial 
nonspeech, and finger movements in stuttering and nonstuttering adults. Journal of 
Speech, Language and Hearing Research, 46, 215-232. 

Max, L. & Yudman, E. (2003). Accuracy and variability of isochronous rhythmic timing 
across motor systems in stuttering versus nonstuttering individuals. Journal of 
Speech, Language, and Hearing Research, 46, 146-163. 

Mentis M.J., Dhawan V., Nakamura T., Ghilardi M.F., Feigin A., Edwards C. et al. 
(2003). Enhancement of brain activation during trial-and-error sequence learning in 
early Parkinson‘s disease. Neurology, 60, 612-619. 

Milner, B., Corkin, S., & Teuber, H.-L. (1968). Further analysis of the hippocampal 
amnesic syndrome: 14-year follow-up study of H.M. Neuropsychologia, 6, 215-234. 

Moon, J. B., Zebrowski, P., Robin, D. A., & Folkins, J. W. (1993). Visuomotor tracking 
abililty of young adult speakers. Journal of Speech and Hearing Research, 36, 672-
682. 

Muslimovic, D., Post, B., Speelman, J. & Schmand, B. (2007). Motor procedural learning 
in Parkinson‘s disease. Brain, 130, 2887-2897. 

Namasivayam, A., K., & van Lieshout, P. (2008). Investigating speech motor practice 
and learning in people who stutter. Journal of Fluency Disorders, 33, 32-51. 

Nicolson, A., & Fawcett, A. J. (2007). Procedural learning difficulties: reuniting the 
developmental disorders? Trends in Neurosciences, 30, 135-141. 

Nissen, M. J., & Bullemer, P. (1987). Attentional requirements of learning: Evidence 
from performance measures. Cognitive Psychology, 19, 1-32. 

Olander, L., Smith, A., & Zelaznik, H. (2010). Evidence that a motor timing deficit is a 
factor in the development if stuttering. Journal of Speech, Language and Hearing 
Research, 53, 876-886. 

Pascual-Leone, A., Grafman, J., Clark, K., Stewart, M., Massaquoi, S., Lou, J. & Hallett, 
M. (1993). Procedural learning in Parkinson‘s disease and cerebellar degeneration. 
Annals of Neurology, 34, 594-602. 

Pasupathy, A., & Miller, E. (2005). Different time courses of learning-related activity in 
the prefrontal cortex and striatum. Letters to Nature, 433, 873-876. 

Paulson, H. L, Stern M. B. (1997). Clinical manifestations of Parkinson‘s disease. In W. 
C. Koller & R. L.Watts (Eds.), Movement disorders (pp.183-199). New York: 
McGraw-Hill. 

Pena, M., Bonatti, L. L., Nespor, M., & Mehler, J. (2002) Signal-driven computations in 
speech processing. Science, 298, 604-607. 



111 
 

Perruchet, P. & Pacton, S. (2006). Implicit learning and statistical learning: one 
phenomenon, two approaches. Trends in Cognitive Sciences, 10, 233-238. 

Plante, E., Gomez, R., & Gerken, L. (2002). Sensitivity to word order cues by normal and 
language/learning disabled adults. Journal of Communication Disorders, 35, 453-462. 

Poldrack, R. A., & Gabrieli, J. D. (2001) Characterizing the neural mechanisms of skill 
learning and repetition priming: Evidence from mirror reading. Brain, 124, 67-82. 

Reber, P. J., Stark, C. E., & Squire, L.R. (1998). Contrasting cortical activity associated 
with category memory and recognition memory. Learning and Memory, 5, 420-428. 

Robles, S. G., Gatignol, P., Capelle, L., Mitchell, M-C., & Duffau, H. (2005). The role of 
dominant striatum in language: a study using intraoperative electrical stimulations. 
Journal of Neurology Neurosurgery and Psychiatry, 76, 940-946. 

Saffran, J. R., Aslin, R. N., & Newport, E. L. (1996). Statistical learning by 8-month-old 
infants. Science, 274, 1926–1928. 

Saint-Cyr, J. A., Taylor, A. E., & Lang, A. E. (1988). Procedural learning and neostyrial 
dysfunction in man. Brain, 111, 941-960. 

Saint-Cyr, J, A. (2003). Frontal-striatal circuit functions: Context, sequence, and 
consequence. Journal of the International Neuropsychological Society, 9, 103-127. 

Sanes, J. N., Dimitrov, B., & Hallett, M. (1990). Motor learning in patients with 
cerebellar dysfunction. Brain, 113, 103-120. 

Sheridan, M. R., Flowers, K. A. & Hurrell, J. (1987). Programming and execution of 
movement in Parkinson's disease. Brain, 110, 1247-1271. 

Schmidt, R.A. & Lee, T. D. (2005) Motor control and learning: A behavioral emphasis. 
Human Kinetics: Champaign, IL  

Smith, A., & Kleinow, J. (2000). Kinematic correlates of speaking rate changes in 
stuttering and normally fluent adults. Journal of Speech, Language, and Hearing 
Research, 43 521-536. 

Smith J. G., McDowall J. (2006). The implicit sequence learning deficit in patients with 
Parkinson's disease: A matter of impaired sequence integration? Neuropsychologia, 
44, 275-288. 

Smits-Bandstra, S., De Nil, L. F. & Rochon, E. (2006). The transition to increased 
automaticity during finger sequence learning in adult males who stutter. Journal of 
Fluency Disorders, 31, 2006, 22-42. 

Smits-Bandstra, S., & De Nil, L. F. (2007). Sequence skill learning in persons who 
stutter: Implications for cortico-striato-thalamo-cortical dysfunction. Journal of 
Fluency Disorders, 32, 251-278. 

Soliveri, P., Brown, R. G., Jahanshahi, M., Caraceni, T., and Marsden, C. D. (1997). 
Learning manual pursuit tracking skills in patients with Parkinson‘s disease. Brain, 
120, 1325-1337. 



112 
 

Speedie, Wertman, Ta'ir, & Heilman (1993). Disruption of automatic speech following a 
right basal ganglia lesion. Neurology, 43,  

Squire, L. R. (1992) Declarative and nondeclarative memory: Multiple brain systems 
supporting learning and memory. Journal of Cognitive Neuroscience, 4, 232-243. 

Squire L.R., & Knowlton B.J. (1995). Learning about categories in the absence of 
memory. Proceedings of the National Academy of Sciences, 92, 12470–12474. 

Stebbins, G. T., Singh, J., Weiner, J., Goetz, C. G., & Gabrieli, J. D. (1995). Selective 
impairments of memory functioning in unmedicated adults with Gilles de la 
Tourette's syndrome. Neuropsychology, 9, 329-337. 

Tanaka, H., Worringham, C., & Ker, G. (2009). Contributions of vision–proprioception 
interactions to the estimation of time-varying hand and target locations. Experimental 
Brain Research, in press? 

Taylor, A. E., Saint-Cyr, J. A., & Lang, A. E. (1986). Frontal lobe dysfunction in 
Parkinson‘s disease: The cortical focus of neostriatal outflow. Brain, 109, 845-883. 

Tomblin, J. B., Mainela-Arnold, E., & Zhang, X. (2007). Procedural learning in 
adolescents with and without specific language impairment. Language Learning and 
Development, 3, 269–293. 

Ullman, M.T. (2001). The declarative/procedural model of lexicon and grammar. Journal 
of Psycholinguistic Research, 30, 37-69. 

Ullman, M.T. (2004) Contributions of memory circuits to language: the 
declarative/procedural model. Cognition 92, 231–270. 

Van Lieshout, P. H. H. M., Hulstijn, W., & Peters, H., F. M. (2004). Searching for the 
weak link in the speech production chain of people who stutter: A motor skill 
approach. In B. Maassen, R. Kent, D., H. Peters, F. M., P. H. H. M. van Lieshout & 
W. Hulstijn (Eds.), Speech motor control in normal and disordered speech (pp. 313-
357). Oxford: Oxford University Press. 

Walker, F. (2007). Huntington‘s disease. The Lancet, 369, 218-228. 

Watkins K, Smith S, Davis S, Howell P. (2008). Structural and functional abnormalities 
of the motor system in developmental stuttering. Brain, 131, 50-59. 

Webster, W. G. (1986). Neuropsychological models of stuttering—II: Interhemispheric 
interference. Neuropsychologia, 24, 737-741.  

Weinstein, A.J. Caruso, K. Severing and J. VerHoeve, Abnormalities of oculomotor 
control in stutterers [abstract], Investigative Ophthalmology and Visual Science 30 
(1989), p. 78. 

Wickens, J., & Koetter, R. (1998). Cellular models of reinforcement. In J.S. Houk, J. L. 
Davis, D. G. Beiser (Eds.), Models of Information Processing in the Basal Ganglia 
(pp.187-214). Cambridge, MA: The MIT Press. 

Wu J. C., Maguire G., Riley G. (1995). A positron emission tomography 
[

18
F]deoxyglucose study of developmental stuttering. Neuroreport, 6, 501-505. 



113 
 

Wu J. C., Maguire G., Riley G. (1997). Increased dopamine activity associated with 
stuttering. Neuroreport, 8, 767-770. 

Zebrowski, P. M., Moon, J. B., & Robin, D. A. (1997). Visuomotor tracking in children 
who stutter: A preliminary view. In W. Hulstijn, H. F. M. Peters, P. H. H. M. van 
Lieshout (Eds.), Speech production: Motor control, brain research and fluency 
disorders: Proceedings from the 3

rd
 world conference on speech motor production 

and fluency disorders (pp. 579-584). Amsterdam, The Netherlands: Elsevier. 

Zelaznik, H., Smith, A., Franz, E., & Ho, M. (1997). Differences in bimanual 
coordination associated with stuttering. Acta Psychologica, 96, 229-243. 

Zimmermann, G. N., Smith, A. & Hanley, J.M. (1981). Stuttering: In need of a unifying 
conceptual framework. Journal of Speech and Hearing Research, 24, 25-31. 

 


