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A Technique for Removal of the Visuoperceptual 

Its Application to Parkinson’s Disease 
Component from Tracking Performance and 

Richard D. Jones,” Senior Member, ZEEE, Ivan M. Donaldson, and Neil B. Sharman 

Abstruct- Although it is well established that subjects with 
Parkinson’s disease perform poorly on complex sensory-motor 
tasks, the extent to which this is due to visuoperceptual deficits 
is unclear. We measured the performance of 16 patients with 
Parkinson’s disease, both on and off drugs, and 16 age and sex 
matched control subjects on preview and nonpreview tracking 
tasks and a nonmotor test of dynamic visuoperception. Order 
effects were controlled for by a randomized cross-over design. 
Performance on the perceptual task was measured in terms of 
perceptual resolution and was found impaired in the Parkinsonian 
group. The contribution of visuoperceptual function to tracking 
performance was removed using the concept of a visuoperceptual 
buffer-zone. The mean tracking error remained impaired on all 
tracking tasks and demonstrated that limitations in visuoper- 
ceptual function play only a minor role in the tracking errors 
in both Parkinsonian and control subjects. It is clear that the 
technique for determining the visuoperceptual component of 
performance on complex sensory-motor tasks has considerable 
scope for application in studies of a variety of brain disorders. 

I. INTRODUCTION 

T is well established that subjects with Parkinson’s disease I (PD) perform poorly on complex sensory-motor tasks such 
as tracking [ 11-[ 1 11. This is generally considered to be due to a 
combination of slowness in initiating (i.e., prolonged reaction 
times) 131, 171, [9], [12]-1181 and executing movements (i.e., 
reduced speed of ballistic movements) [31, [SI, 161, 1121, [131, 
[lS], and impaired motor planning [3]-[5], [ l l l ,  [191-[231. 
Lack of dopamine in the basal ganglia of the brain underlies 
the characteristic Parkinsonian features of rigidity, bradykine- 
sia (i.e., slowed initiation and execution of movement), and 
rest tremor. 

In addition, there is evidence that visuoperceptual function 
is also impaired in PD [24]-1341 although this has not been 
confirmed by some studies 1151, [35]-[41]. Visual sensation 
has also been demonstrated impaired in PD in terms of contrast 
sensitivity [42]-[46], low-contrast visual acuity [46], 1471, 
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and high-contrast visual acuity [48]. Furthermore, we have 
demonstrated that visuoperception function is impaired in PD 
after taking the impaired visual acuity into account 1341. 

This raises the likelihood that poor performance on complex 
sensory-motor tasks in PD is partially due to impaired visual 
function. Before addressing this directly, it is worth review- 
ing techniques and approaches used elsewhere to separate 
and quantify various components of complex sensory-motor 
performance, such as visual perception, cognition, motor plan- 
ning, and motor execution. Specifically, which techniques were 
applied in previous studies to measure and separate nonmotor 
functions from tasks requiring a motor response. 

Reaction time is probably the most common parameter 
studied in sensory-motor dysfunction. The usual approach is 
to measure a series of reaction times using varying stim- 
ulus and/or response complexity. Thus, by changing only 
perceptual or cognitive elements of a task while maintaining 
the same motor response (such as depression of a key), the 
perceptual or cognitive component of total reaction time can be 
isolated. This approach has been applied successfully to visual 
perception, motor planning [7 ] ,  [14], [15], [49], [50], and 
cognition [ 141 in Parkinson’s disease. Analysis of covariance 
is an alternative approach, whereby it is possible to remove 
the reaction and movement times from visuoperceptual and 
perceptual-motor tasks dependent on a motor response [ 161. 
Whereas the above studies compare reaction times between 
tasks, others have studied cognitive and motor functions by 
fractionating single reaction times into premotor (central) and 
motor (peripheral) components [91, [5 11. 

Pursuit tracking is the major category of continuous sensory- 
motor task used to fractionate performance into multiple com- 
ponents (i.e., sensory, perceptual, cognitive, motor planning, 
and motor execution) [52]. Two main approaches have been 
previously used to isolate and quantify causes of abnormal 
tracking performance. The first involves breaking the ballistic 
response in step tracking into reaction times, movement times, 
overshoot, and settling time [3], [13], [53]-[SS]. This allows 
indirect deductions about cognitive, motor planning, and motor 
execution functions, although the distinction between cognitive 
and motor elements often remains imprecise. The second 
approach, analogous to the primary methodology mentioned 
above for reaction time analysis, involves calculation of dif- 
ferentials in tracking performance from inter-trial alterations 
in target and/or controlled system dynamics. This has been 
successfully used to study predictive motor planning 131, [5], 
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[7], [l I], [20], acquisition/modification of motor sets [8], and 
reliance on visual feedback [3] ,  [4], [SI in Parkinson's disease. 
Conversely, Kondraske et al. have developed techniques based 
upon their hierarchical elemental resource model [56] which 
allow prediction of performance on high level tasks from 
performance on a number of lower level tasks [56]-[58]. 

No one, however, has estimated the extent to which sensory, 
perceptual, cognitive, planning, and execution elements are re- 
sponsible for errors in a single tracking task. More specifically, 
in the context of this paper, no one has identified the extent to 
which visuoperceptual deficits can alter tracking performance. 

This paper proposes an analytical technique whereby the 
contribution of visuoperceptual function to tracking perfor- 
mance can be isolated and quantified. It then describes the 
application of this technique to the performance of a group 
of Parkinsonian subjects on visuoperceptual (nonmotor) and 
tracking tasks. 

11. APPARATUS 

The system hardware comprised a PDP-11/34 computer' 
with a V T l l  dynamic vector graphics system (1024 x 1024 
resolution, 279 mm x 228-mm screen) for displaying test 
stimuli (eye-screen distance 132 cm). A steering wheel [395- 
mm diameter, minimal 1.0-N friction at perimeter, angular 
position sampled at 28.6 Hz (U35 ms)] was used to measure 
subject's motor output. The dynamic perception and tracking 
tasks were generated and analyzed by software written in 
FORTRAN IV,' except for display of moving stimuli for 
which the faster MACRO assembly language was necessary. 

111. TESTS 

A. Trucking Tasks 
The three primary pursuit tracking tasks have been described 

elsewhere [53], so only a summary of the seven tracking 
tasks is provided here. Each task lasts 120 s and subjects are 
instructed to maintain an arrow point on the input target signal 
throughout the test. Rotation of the wheel moves the arrow 
horizontally. The sides of the head of the arrow are 5.6 mm 
long and are at 51" to the 14.3-mm shaft. Six of the tasks use 
preview and nonpreview versions of the three target signals. In 
the preview mode the target waveform descends from the top 
of the screen giving an 8.0-s preview before reaching the level 
of the subject's arrow and a 1.1-s postview (Fig. 1); the task 
commences after the descent of an initial vertical line on the 
screen which precedes and merges with the target waveform. 
In the nonpreview mode only the current position of the target, 
which moves horizontally, is shown (Fig. 2). Of a number of 
performance measures calculated from these tasks, only the 
mean absolute error and the average lag of subject's response 
relative to target are presented in this paper. The mean absolute 
error is 

Error = - 
N xtarget 1 ) .  

Since the study, the sensory-motor test battery (including performance 
fractionation procedures) has been redeveloped (in Turbo Pascal) to run on a 
386/486 PC-based system [59], [60]. 

The average lag corresponds to the peak of the cross- 
correlation between the target and the response signals over the 
full tracking run, with the peak being accurately determined 
by the fitting of a parabola to the five highest points of the 
cross-correlation function. 

Random Trucking (Preview and Nonpreview): The input 
target signal is a random waveform of 0.21 Hz bandwidth 
(20 dB/dec rolloff). The task requires smooth movements 
over a 175" range of the steering wheel corresponding to 
165 mm on the screen (Figs. 1 and 2). 
Sinusoidal Trucking (Preview and Nonpreview): The in- 
put target signal is a sinusoidal waveform of 0.14 Hz 
(= 1.28 cycles on screen in preview mode). The task 
requires smooth movements over a 180" range of the 
steering wheel corresponding to 170 mm on the screen. 
Step Trucking (Preview and Nonpreview): This task 
comprises 32 abrupt steps alternating between displace- 
ment from and return to center screen. In the nonpreview 
form (Fig. 2), spatial unpredictability is present in 
the outward steps through four randomly distributed 
amplitude/direction movements (large and small steps 
requiring 90" and 22.5" on wheel, respectively, and both 
to right and left of center) with temporal unpredictability 
achieved via four randomly distributed durations between 
steps (2.8, 3.4, 4.0, and 4.6 s). 
Combination Trucking: In combination tracking the 
stimulus alternately cycles between the preview random 
(Fig. 1) and nonpreview step (Fig. 2) tracking modes 
over 1 1-s cycles. Thus, while tracking the random target, 
the preview signal is abruptly and unpredictably replaced 
by a stationary vertical line at a distance horizontally 
displaced from the preview signal. The reverse applies at 
the end of the step tracking mode with the reappearance 
of the preview random target as if it had continued 
invisibly during the step mode. Combination tracking 
allows determination of the effect on performance of 
translation between two tracking modes at opposite ends 
of the sensory-motor spectrum. 

B. Dynamic Perception Tusk 

The dynamic perception task requires only a nonpaced 
verbal response, thus eliminating confounding effects due to 
motor deficits. It intentionally bears a close resemblance to the 
tracking tasks (in particular random preview) so that validity 
of comparisons between them is maximized. For this task 
the subject has to state whether a computer-controlled arrow 
point stays perfectly on a target signal identical to that of the 
preview random tracking task (Fig. 1). The duration of the 20 
trials decreases from 10 s to 2 s and various error offsets are 
simulated (Table I). The test score is the number of incorrect 
on-off answers over the 20 trials. 

To enable estimation, and subsequent removal, of errors 
in dynamic visual perception from performance on tracking 
tasks, it is necessary to translate the ordinal score of incorrect 
responses into a quantitative measure of, what we have termed, 
dynamic perception resolution [34]. At each screen update 
(35-ms interval) during a dynamic perception trial the closest 
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TABLE I 
DESCRIPTION OF THE 20 TRIALS IN THE DYNAMIC PERCEPTION TEST 

Auto-tracking error Trial Duration 
(S) 

Type Offset' Disjointed Max spacing3 
(") sections' ("1 

1 I O  Zero None 
2 10 Left-shift 2.18 None 2.18 
3 10 right-shift 2.18 Disjoint#l 2.18 
4 10 Zero None 
5 10 Lag 1.78 (70 ms) None 1.68 
6 5 Lead 1.78 (70 ms) None 1.71 
7 5 Zero None 
8 5 Sine4 2.18 None 1.91 
9 5 Left-shift 1.09 None 1.09 

10 5 Right-shift 1.64 Disjoint#2 1.57 
11 5 Zero None 
12 5 Lag 1.78 (70 ms) None 1.62 
13 2 Right-shift 2.18 None 2.09 
14 2 Zero None 
15 2 Lag 1.78 (70 ms) None 1.71 
16 2 Left-shift 1.64 Disjoint#3 1.64 
17 2 Sine3 2.18 None 1.91 
18 2 Zero None 

20 2 Sine' 1.64 None 1.30 
19 2 Lead 1.78 (70 ms) Disjoint#4 1.70 

'All offsets were in integer values of pixels: One horizontal pixel = 0.273 mm, One vertical pixel = 0.223 mm. 
'Disjointed errors [i.e., auto-tracking errors present for only part(s) of a trial] were as follows: Disjoint#l = On-40%, 
Off-20%, On-40%; Disjoint#2 = On-20%, Off-40%, 0 ~ 4 0 % ;  Disjoint#3 = On-50%, Off-50%; Disjoint#4 = Off-50%, 
On-50%. Sharp transitions between on- and off-line sections (which would otherwise produce an undesired tell-tale jump) 
were eliminated through the use of smooth transitions. 

4All sinusoidal auto-tracking errors had a frequency of 0.45 Hz. 
Maximum spacing is defined as the largest "spacing" (see text and Fig. 4) occurring during a trial. 

Fig. 1. Visual display for the preview tracking task (random target) and for 
the dynamic perception test. The arrow moves horizontally in response to 
movement of steering wheel by subject. The target scrolls down the screen, 
taking 9.1 s from top to bottom. 

Fig. 2. Visual display for all nonpreview tracking tasks (i.e., random, sine, 
and step). The stationary line of dots was present only during the step tracking 
task and introduced spatial predictability into the return steps to center screen 
(cf. spatial unpredictability of the outward steps). 

distance between the point of the arrow and the straight line 
segments making up the target waveform on the screen-that 
is, the spacing-is calculated (Fig. 3). The maximum spacing 
occurring during each trial is then determined (Fig. 4). The 

dynamic perception resolution (DPR) is defined as the smallest 
of maximum spacings over the 20 trials (Table I) at and 
beyond which a subject is always able to perceive the arrow 
as being off the target at some stage during the target's 
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Fig. 3. Close-up of the dynamic perception test showing the shortest dis- 
tances (dsl . . . dsm) between the point of the m o w  and the straight-line 
segments (SI . . . Sm) making up the target waveform. A shortest distance can 
be either perpendicular to its line segment (dsz) or be to its nearest endpoint 
(dsl, dS4, . . . , dS7) or both (dS3). The spacing is the minimum of these 
distances. 

descent. It should be noted that, except for inaccuracies due 
to quantitization of the maximum spacings, a subject's DPR 
is independent of the length (in particular the fixed vertical 
component) of target segments. DPR has a test-retest reliability 
of 0.84 for normal subjects. 

Iv. REMOVAL OF VISUOPERCEPTUAL 
COMPONENT FROM TRACKING PERFORMANCE 

Visual perception can be considered as one of several lower- 
level performance resources utilized during high-level sensory- 
motor tasks [52], [56]. Thus, on the reasonable assumption 
that dynamic visual perception is utilized maximally and to 
the same extent during tracking as it is in the dynamic 
perception task, it should be possible to define, and subse- 
quently remove, the visuoperceptual contribution to overall 
performance on any of the tracking tasks. This can be achieved 
by considering the DPR to be constant during a particular 
session and by introducing the concept of a visuoperceptual 
buffer-zone extending either side of the tracking target. If 
subjects can hypothetically track the target perfectly except for 
visuoperceptual limitations, they will be within or, at worst, 
on the boundary of the visuoperceptual zone at all times. 
Consequently, to remove the contribution of visuoperceptual 
limitations from a real tracking response trajectory, each 
sample of the trajectory is moved toward the target by the 
width of the visuoperceptual zone at the level of the arrow. 

In the nonpreview case, determination of the position of 
the visuoperceptual zone is straightforward in that it simply 
extends either side of target by a distance equal to the subject's 
DPR (Fig. 5) .  Each sample of the subject's arrow position is 
then looked at in turn. If the arrow is anywhere inside the 
zone (Le., E < DPR, where E is the raw tracking error 

Fig. 4. A snap-shot of the dynamic perception test showing the maximum 
spacing for this trial. In this example, the arrow automatically followed the 
descending target with a constant lag (the dots indicating the arrow's trajectory 
were not displayed during the actual task). 

Iz,,,,, - xtarget/) ,  the subject would have been unable to 
perceive that it was not correctly placed and so the subject's 
arrow is regarded as being exactly on target, resulting in 
a zero error. Alternatively, if the arrow is outside of the 
visuoperceptual zone, it is regarded as being moved toward 
the target by an amount equal to DPR. That is, the position 
of the arrow becomes 

The modified tracking output data can then be reanalyzed to 
give a reasonable estimate of performance equivalent to what 
the subject would have achieved with perfect visual acuity 
and perception. 

A similar approach can be applied to removal of the 
visuoperception component from the tracking response to 
preview targets. However, in this case, the width of the 
visuoperceptual zone on the horizontal, EVP, varies as one 
moves along the target but can be no less than DPR (Fig. 6). 
For example, our standard 0.14-Hz sinusoidal target has a 
maximum gradient of 73.5" from the vertical and, hence, a 
maximum EVP of 3.52 x DPR (i.e., 1/ cos73.5"); likewise, 
our standard random target has a maximum gradient of 75.9" 
and hence a maximum E v p  of 4.10 x DPR. Therefore, to 
remove the visuoperceptual component from the response to 
preview targets, it is first necessary to calculate and store the 
visuoperceptual zone along the full length of the target. This 
process is equivalent to running a circle of radius DPR along 
the full length of the target with the area swept out being 
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i DPR * : 
a .  . .  

. DPR 
I 

DPR . - - 
Visuoperceptual buffer-zone 

Fig. 5. Schematic of the nonpreview tracking task showing the invisible 
visuoperceptual zone and the DPR-compensated position, zneo,, of the 
subject’s response. 

the visuoperceptual zone. Its implementation involves several 
steps. 

A) The creation of two real arrays, specifying boundaries of 
the visuoperceptual zone, and initialization to the target 
values. 

B) The generation of a circle of radius DPR but with stor- 
age only being necessary of those points corresponding 
to integer g-values (in vertical pixels). 

C) Stepping the circle along each point of the target and 
pushing visuoperceptual zone boundaries out to perime- 
ter of circle (Fig. 8). This results in most visuopercep- 
tual zone boundary points being in their correct final 
position (i.e., filled dots A in Fig. 7). However, because 
the circle is moved up in discrete steps, rather than 
continuously, some boundary points remain too close 
to the target (e.g., open dots B and D in Fig. 7); this 
effect is particularly noticeable for long target vectors. 

D) Pushing the boundary points out further, where neces- 
sary, to lie on tangents to DPR-circles centered at ends 
of consecutive target vectors (e.g., filled dots C and F 
in Fig. 7). 

Having established the boundaries of the visuoperceptual 
zone, the visuoperceptual component can be removed from 
the tracking response as is done for the simpler nonpreview 
case. That is, each sample of subject’s arrow position xarrow 
is moved horizontally toward the target by a distance of up 
to EVP at that level (Fig. 8) (cf. DPR in nonpreview case) 
and becomes 

xnew = 

%target E I EVP 
%arrow + EVP E > EVP and %arrow Ztarget . 
xarrow - EVP E > EVP and zarrow > Ztarget 

( 3 )  

buffer-zone *d 
Fig. 6. Idealized case of a preview target with a constant gradient p from 
the vertical on screen, in which the width of the visuoperceptual zone on the 
horizontal, Evp, is simply DPWros (p). This illustrates that, irrespective of 
the target signal, Ev p can be no less than DPR (e.g., when target stationary) 
and will often be considerably greater. 

Fig. 7. Calculation of points defining boundary of visuoperceptual zone: 
Filled dots = correct final positions; Open dots = temporarily incorrect 
positions following initial “pushing” out of boundary points by circles (radius 
DPR) at end of target vectors but prior to pushing the boundary points out 
further, where necessary, to lie on tangents to DPR-circles centered at ends 
of consecutive target vectors (e.g., B - C, D + F). Note that the two 
sides of a DPR-circle do not necessarily intercept the horizontal line through 
a target end-point on opposite sides of that end-point (e.g., G and H are both 
to the left of their target end-point); in this case, the boundary point closest 
to the target end-point is ignored (e.g., G). 

The data can then be re-run through the standard error anal- 
ysis to get “DPR-removed” values of desired performance 
measures. 

V. EXPERIMENTAL STUDY 

A. Subjects 
The experimental group comprised 16 patients with PD 

made up of nine males and seven females. Ages ranged from 
38-72 years (mean 57.2 years). All were within grades 1-111 
on the Hoehn-Yahr scale [61] (two on I, five on I1 and nine on 
111), were not suffering from “on-off,’’ and had no dyskinesia. 
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skewed distributions as well as different variances between 
normal and patient groups. 

VI. RESULTS 

A. On Versus Off Drugs 

No significant difference in performance was found between 
on-drugs and off-drugs on the dynamic perception test (p = 
0.72) or any of the tracking measures (p > 0.05). Conse- 
quently, the following results represent averaged data from 
the on-drug and off-drug sessions for all subjects. 

B. Dynamic Visual Perception - 
Visuoperceptuol buffer-zone 

Fig. S. Schematic of the preview tracking task showing the visuoperceptual 
zone and the DPR-compensated position, z,,,, o f  the subject’s response 
calculation. Evp is the width of the visuoperceptual zone on the horizontal 
at the level of the point o f  the arrow. 

Duration of illness ranged from 0.4-12 years (mean 5.5 years). 
All patients were being treated with either L-dopa plus a 
decarboxylase inhibitor (6) or an anticholinergic (7) or both 
(3), and supplemented in some patients by either bromocriptine 
(1) or amantidine (4). Patients (and controls) were included 
only if they had a corrected visual acuity of 619 or better 
in one eye, and no visual field defect. All patients had nor- 
mal ophthalmoscopic findings, appeared mentally normal and 
without evidence of depression on routine clinical assessment, 
were right-handed, and held current driving licenses (although 
were not necessarily driving). 

The control group comprised 16 subjects who had no 
neurological symptoms or history. They were matched against 
the PD group (using a paired experimental design) for age 
(range 38-74 years, mean 57.7 years, NS), sex, handedness, 
and driving status. 

B. Procedures 

Subjects were assessed clinically and quantitatively on two 
sessions, one week apart. The patients were on their normal 
drug regime for one session and off their anti-Parkinsonian 
medication for 24 h on the other session. Function was 
quantified in the right arm only. The 16 patients and their 
matched controls were evenly allocated to two subgroups in 
a randomized cross-over design to eliminate any between- 
session order effects (primarily learning) in determination of 
the effect of medication (on versus off drugs) on performance. 

The nonparametric Wilcoxon matched-pairs statistic [62] 
was used for both between-group and within-subject compar- 
isons due to its greater robustness over its parametric paired 
t-test equivalent, with only minimal loss of power. This is 
important due to many sensory-motor measures having very 

In terms of incorrect responses, the Parkinsonian subjects 
were considerably impaired on the dynamic perception test 
relative to the normal control group (4.87 versus 2.19, 122%, 
p < 0.01). When converted to perceptual resolutions, the 
scores again indicate impaired dynamic perception in the 
Parkinsonian group (1.84 versus 1.45 mm, 27%, p < 0,001). 

C. Tracking Pevormance 

In terms of overall performance (measured by mean absolute 
error), the PD group were worse than the control subjects on 
all seven tracking tasks, ranging from 24% on the nonpreview 
step task to as high as 118% on the preview sine task (Table 
11). General slowness is clearly a major contributor to their 
poor performance as indicated by much longer lags (Table IT). 

To estimate the influence of visuoperceptual deficits to poor 
tracking performance in the PD group, the raw tracking data 
for each subject in the PD and control groups was reana- 
lyzed following removal of the visuoperceptual resolution (i.e., 
DPR). The subsequent DPR-corrected tracking error scores 
were, of course, smaller but remained impaired in the PD 
group on all seven tracking tasks (Table IT). Furthermore, 
the differences between the two groups remained reasonably 
similar. This indicates that visuoperceptual deficits play only a 
minor part in the poor performances of PD subjects on tracking 
tasks. 

As with the raw data, lags were longer in the PD group 
than the control subjects on the DPR-corrected data on all 
tracking tasks. Differences between the two groups remained 
similar (mean differences of 88 and 102% for raw and DPR- 
corrected error scores, respectively) indicating that visuoper- 
ceptual deficits are not a primary (and possibly not even a 
minor) cause of the slowness displayed by PD subjects on 
tracking tasks. 

D. Functional Decomposition of Tracking Perj6ormance 

Finally, it is possible to take performance on any one of 
the tracking tasks and break the mean error score up in to its 
components. This is shown, for example, for the nonpreview 
random task in Table 111. The difference between the raw 
and DPR-corrected error scores of 1.69 and 1.28 mm for PD 
and control groups, respectively, do not, however, equal their 
respective DPR scores of 1.84 and 1.45 mm. This discrepancy 
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TABLE I1 
PERFORMANCE ON TRACKING TASKS IN TERMS OF MEAN ABSOLUTE ERRORS AND AVERAGE LAGS 

Tracking task Raw scores DPRcorrected scores 

PD Normal Diff p PD Normal Diff p 

(%I (%I 

Random (pv) - Error (mm) 

- k g  (ms) 

Random (npv) - Error (mm) 

-Lag (m) 
Sine (pv) - Error (mm) 

-Lag (m) 

Sine (npv) - Error (mm) 

-Lag (m.9 
Step (pv) - Error (mm) 

-Lag (ms) 

Step (npv) - Error (mm) 

- k g  (m) 

Combination - Error (mm) 

-Lag (m) 

7.62 

234 

8.54 

30 1 

14.50 

213 

10.78 

165 

6.50 

544 

12.53 

1563 

16.35 

1534 

3.69 

81.4 

5.02 

169 

6.63 

94.3 

6.12 

107 

4.20 

257 

LO. 13 

1269 

11.71 

1155 

107 

187 

70 

78 

118 

126 

76 

54 

54 

112 

24 

23 

40 

33 

*** 5.35 

*** 163 

*** 6.85 

*** 253 

*** 11.03 

** 16 1 

*** 9.09 

** 137 

** 5.24 

** 5 16 

*** 11.36 

*** 1541 

*** 14.31 

*** 1503 

2.05 

51 

3.74 

142 

4.09 

57 

4.78 

83 

3.41 

243 

9.36 

1262 

10.29 

1120 

16 1 

220 

83 

78 

169 

182 

87 

65 

54 

112 

21 

22 

39 

34 

*** 
*** 
*** 
*** 
*** 
** 
*** 
** 
* 
** 
*** 
*** 
*** 
*** 

pv = preview, npv = non-preview, DPR = dynamic perception resolution, * p<O.O5, ** p<O.Ol, 

*** p<O.OOl. 

TABLE 111 
FUNCTIONAL DECOMPOSITION OF R A N ~ O M  (NONPREVIEW) MEAN ABSOLUTE ERROR SCORES 

Function Parkinsonian (mm) Normal (mm) 

Visuoperceptual 

Dynamic Perception 1.84 

‘Inside perceptual zone’ -0.15 

Lack of preview 

Remainder (motor, etc) 

Tracking error score 

1.69 (19.8%) } 1.28 (25.5%) 
-0.17 

1.50 (17.6%) 1.69 (33.7%) 

5.35 (62.6%) 2.05 (40.8%) 

8.54 5.02 

is a consequence of subjects being occasionally and uninten- 
tionally inside their perceptual buffer zone and, hence, requires 
the addition of “inside perceptual zone” adjustment factors of 
-0.15 and -0.17 mm. 

Both the PD and control groups improved their error scores 
by 1 S O  (p < 0.01) and 1.69 mm (p < O.OOl), respectively, 
when given a preview of the target. The remaining component 
of the overall error scores (5.35 and 2.05 mm) must therefore 
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be due to limitations in one or more areas of nonvisuoper- 
ceptual cognition, motor planning (other than preview-based 
predictive planning), and motor execution. 

VII. DISCUSSION 

Sensory-motor tests of dynamic visuoperception and track- 
ing performance have been undertaken by a group of PD sub- 
jects leading to confirmation of previous studies that visuop- 
erceptual performance [24]-[33] and tracking performance 
[I]-[ 1 11 are considerably worse than that of matched controls. 

The primary purpose of this paper has, however, been 
to propose and validate a technique for quantification and 
removal of the visuoperceptual component in tracking per- 
formance, specifically one-dimensional (1-D) pursuit tracking 
with and without preview. This procedure is particularly 
pertinent to the study of brain disorders in which both visuop- 
erceptual and motor functions can be impaired at the same 
time, such as in PD, Huntington’s disease [63], Alzheimer’s 
disease [26], stroke [64], [65], and head injury [66]. 

This is the first study to demonstrate that impaired visuop- 
erceptual function in Parkinsonian subjects is responsible for 
only a small part of their poor performance on tracking tasks 
and, by extension, complex sensory-motor tasks in general. 
This finding is not unexpected, considering the relative subtlety 
of visuoperceptual dysfunction compared with the severity of 
motor deficits in PD. Nevertheless, it has not been possible 
to objectively confirm this hypothesis previously. The much 
greater deficits on preview over nonpreview tracking (e.g., 
166% versus 83% on Random), following removal of the 
visuoperceptual component, supports our earlier finding that 
Parkinsonian subjects are less able to make use of explicit 
advance information to improve performance [ 1 11. It also 
demonstrates that it is unlikely this deficiency can be attributed 
solely to poorer visuoperception of the more complex target- 
response in preview tracking. 

The ability to fractionate a single tracking performance 
into its visuoperceptual, motor planning, and motor execution 
components is clearly a powerful tool but its results need 
to be interpreted with caution. For example, the breakdown 
of the nonpreview random tracking errors in Table I11 by 
way of percentages could be misleading. Difficulties with 
motor execution are clearly the greatest source of the overall 
difference in tracking errors between the PD and control 
groups, as indicated by the absolute Remainder terms (5.35 
and 2.05 mm, respectively) (note, however, that this study has 
not explicitly demonstrated that motor execution makes up the 
major proportion of the Remainders). As a percentage, the PD 
group’s Remainder (i.e., 62.6% of total error score) distorts the 
apparent contribution to errors from other functions. Hence, 
although the visuoperceptual contribution to tracking errors is 
smaller in the control than the PD group in absolute terms 
(1.28 and 1.69 mm, respectively), the reverse is true of the 
visuoperceptual contribution as a proportion of the overall 
tracking error (25.5 and 19.8%). 

Although there are clearly a number of areas of study of 
brain functionldysfunction which could substantially benefit 
from application of the fractionation technique described, it 
is important that its limitations be kept in perspective. First, 

the accuracy of the perceptual resolution for a particular 
subject will be limited by the quantization of the maximum 
spacings in the dynamic perception test (see Table I). Sec- 
ond, it would be a gross over-simplification to suggest that 
visuoperception can be fully quantified by measures such as 
perceptual resolution [34]; other factors are clearly involved 
in the dynamic perception test such as arrow shape, whether 
arrow overlapskrosses the target signal, and duration for which 
the maximum spacing is presented. Third, as described, the 
technique can only be applied to 1-D tracking (i.e., response 
marker can only move on a single axis). Nevertheless, despite 
these limitations, the utility of the present approach has been 
well demonstrated in this paper. Furthermore, with minor 
modification, the fractionation technique could be applied to 
other 1-D tracking tasks (e.g., having a response marker other 
than an arrow) and indeed to two-dimensional tracking tasks, 
with the most critical requirement being for an associated 
dynamic perception task which closely parallels the visual 
characteristics of the tracking task. 

It is somewhat surprising that withdrawal of medication did 
not affect performance on either the visuoperceptual or track- 
ing tasks, especially as there is incontrovertible evidence for 
the role of dopamine in the visual and motor pathways and for 
the benefits of L-dopa administration on motor function [67]. 
As has been discussed elsewhere for visuoperceptual function 
[34], [48], this may indicate that reserves of dopamine were not 
depleted at relevant brain sites 24 h after L-dopa withdrawal 
or that any drop was insufficient to affect performance. 

In summary, the visuoperception removal technique has 
considerable scope and potential for application in further 
studies of PD as well as a variety of other studies of brain 
disorders, such as stroke, head injury, Huntington’s disease, 
and dementias, in which there are complex sensory-motor 
deficits. It could also be applied to study of the normal aging 
process in which interpretation of reduced performance on 
sensory-motor tasks [68]-[70] is complicated by diminished 
visual acuity [71], [72] and visual perception [68], [71], [73], 
[74]. The utility of the technique could be further enhanced by 
applying it with other techniques for fractionation of sensory- 
motor performance, such as for visuoperceptual function [34] 
and procedures aimed at breaking down the “Remainder” term 
(see Table 111) into its motor execution, motor planning (other 
than preview), and other components. Such techniques also 
have considerable application in the validation and refinement 
of models of sensory-motor performance, such as Kondraske’s 
elemental resource model [56] and Neilson et al.’s control- 
systems-based adaptive model theory [75]. 
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