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Abstract

In contrast to their slowed limb movements, individuals with Parkinson’s disease (PD) produce rapid automatic eye movements to sensory
stimuli and show an impaired ability to generate voluntary eye movements in cognitive tasks. Eighteen PD patients and 18 matched control
volunteers were instructed to look either toward (pro-saccade) or away from (anti-saccade) a peripheral stimulus as soon as it appeared
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immediate, gap and overlap conditions) or after a variable delay; or, they made sequential saccades to remembered targets af
elay. We found that PD patients made more express saccades (correct saccades in the latency range of 90–140 ms) in the im
accade task, more direction errors (automatic pro-saccades) in the immediate anti-saccade task, and were less able to inhibit sa
he delay period in all delay tasks. PD patients also made more directional and end-point errors in the memory-guided sequentia
nability to plan eye movements to remembered target locations suggests that PD patients have a deficit in spatial working mem
long with their deficit in automatic saccade suppression, is consistent with a disorder of the prefrontal-basal ganglia circuit. Imp

his pathway may release the automatic saccade system from top-down inhibition and produce deficits in volitional saccade cont
ndings across various motor, cognitive and oculomotor tasks suggest a common mechanism underlying a general deficit in automa
uppression.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The motor impairments of Parkinson’s disease (PD), in-
luding muscle rigidity and slowness of movement (Lezak,
995), result from degeneration of dopaminergic neurons in

he substantia nigra pars compacta (Bergman & Deuschl,
002; Leenders & Oertel, 2001). In addition to their slowed
ovements, individuals with PD are often impaired in their
bility to suppress automatic behavioral responses (Henik,

Abbreviations: CV, coefficient of variation; DLPFC, dorsolateral pre-
rontal cortex; FEF, frontal eye fields; FP, fixation point; LED, light-emitting
iode; MPTP, methyl phenyl tetrahydropyridine; PD, Parkinson’s disease;
EX, real-time data-acquisition system; SRT, saccadic reaction time
∗ Corresponding author. Tel.: +1 613 533 2111; fax: +1 613 533 6840.
E-mail address:doug@eyeml.queensu.ca (D.P. Munoz).

Singh, Beckley, & Rafal, 1993; Hayes, Davidson, Keele,
Rafal, 1998; Owen et al., 1993).

One set of simple behavioral tasks that may provide
sight into the neural control of response suppression
saccadic eye movements to investigate and quantify m
impairments in PD (Jones & De Jong, 1971; Shibasaki, Tsuj
& Kuroiwa, 1979; White, Saint-Cyr, Tomlinson, & Sharp
1983). Saccades can be measured easily and precisely
there is considerable understanding of the neural circ
controlling the planning and execution of saccadic eye m
ments (Leigh & Zee, 1999; Munoz, Dorris, Paŕe, & Everling,
2000; Scudder, Kaneko, & Fuchs, 2002; Wurtz & Goldberg
1989). Two types of responses are of interest for this st
visually triggered and volitionally guided saccades. Visu
triggered saccades (sometimes called reflexive or auto
saccades) are inititated by the sudden appearance of a

028-3932/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
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stimulus and are mediated by the superior colliculus, with im-
portant inputs from the visual and posterior parietal cortices
(Guitton, Buchtel, & Douglas, 1985; Hanes & Wurtz, 2001;
Schiller, Sandell, & Maunsell, 1987). Volitionally guided sac-
cades, generated by internal goals, sometimes in the absence
of any overt triggering stimulus, rely upon circuitry that in-
cludes higher brain centers such as the frontal cortex and
the basal ganglia (Dias & Segraves, 1999; Gaymard, Ploner,
Rivaud, Vermersch, & Pierrot-Deseilligny, 1998; Hikosaka
& Wurtz, 1989; Hikosaka, Takikawa, & Kawagoe, 2000).
Volitionally guided saccades can be elicited by asking partic-
ipants to look from a central point to the direction opposite the
eccentric stimulus (the anti-saccade task;Munoz & Everling,
2004). For success in the anti-saccade task, participants must
first inhibit a visually guided saccade towards the eccentric
stimulus and instead prepare a volitional saccade to an area
of the visual field without visual stimuli.

The study of saccadic inhibition provides a powerful, yet
simple evaluation of control over volitional and automatic-
reflexive processes (Everling & Fischer, 1998; Leigh, New-
man, Folstein, Lasker, & Jensen, 1983; LeVasseur, Flana-
gan, Riopelle, & Munoz, 2001; McDowell, Brenner, Myles-
Worsley, Coon, Byerley, Clementz, 2001; Munoz & Everling,
2004; Munoz, Armstrong, Hampton, & Moore, 2003; Ross,
Harris, Olincy, & Radant, 2000). The aim of this study is to
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ing amantadine, four were taking a monoamine oxidase in-
hibitor (selegeline), and two were on anticholinergic medica-
tion (ethopropazine or trihexyphenidyl). All control partici-
pants (5 of 18 were men; mean age 65.7 years, ranging from
35 to 83 years) had no known neurological, psychiatric, or vi-
sual disorders. Participants wore corrective lenses if needed
throughout the experiments. Participants were informed of
the nature of the study and provided written consent to par-
ticipate in the study in accordance with the Declaration of
Helsinki.

2.2. Experimental paradigms

Participants were run in three separate experimental ses-
sions. In the first session, participants performed one block
of the immediatepro- and two blocks of theimmediateanti-
saccade task. Each block consisted of 120 trials. In a sec-
ond session, participants performed thedelayed pro-/anti-
saccadetask in three blocks (160 trials each). Each block
contained randomly interleaved pro- and anti-saccade tri-
als. In a third session, they performed two blocks (96 trials
each) of thedelayed memory-guided sequentialtask. Par-
ticipants were given breaks between blocks of trials. Two
PD patients did not complete thedelayed pro-/anti-saccade
task.
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se pro- and anti-saccade tasks with immediate and de
esponses to quantify the control of automatic and voliti
esponses in individuals with PD. In addition, our bat
f oculomotor tasks included a delayed memory-guided
uential task as a test of spatial working memory. The del
emory-guided sequential task requires participants to
ress any eye movements during the delay period whil
embering the spatial location of three targets that are fla
riefly, and then to plan the direction of movement before

iating any saccades. We measured the ability of PD pa
o use spatial working memory correctly to plan eye mo
ents to the remembered locations of the sequential ta

. Methods

.1. Participants

All experimental procedures were reviewed and appr
y the Queen’s University Human Research Ethics Bo
ighteen mild to moderate PD patients (Hoehn–Yahr st

–III; Hoehn & Yahr, 1967) were compared with 18 ag
atched normal controls. The PD participants met clin

riteria for diagnosis and were referred by a neurolo
G.P. or R.J.R.). The PD group (11 of 18 were men)

mean age of 67 years (range: 38–81 years). All PD
ients were medicated and were not asked to interrupt
edication on the days of recording. Twelve patients wer

eiving dopamine precursor treatment (carbidopa/levod
ine were taking dopamine agonists (ropinirole, bromoc

ine, pergolide, domperidone, or pramipexole), six were
.2.1. Immediate and delayed pro- and anti-saccade
asks

In the immediateand delayedpro-/anti-saccade tas
Fig. 1), participants were seated in complete darkness fa
he center of a translucent screen located 100 cm away.
ight-emitting diode (LED; 2.0 cd/m2) was back-projecte
nto the center of the screen and served as a centra

ion point (FP). The delayed task also used a green
2.0 cd/m2) as a central FP that alternated randomly with
entral red FP (see below). Red target LEDs (5.0 cd/m2) were
ositioned 20◦ to the right and left of the central FP. T
creen was diffusely illuminated between trials to decr
ark adaptation.

In the immediatepro-saccade task (Fig. 1A), participants
ere instructed to look to an eccentric target as soon
ppeared. Each trial began with a 250 ms period of com
arkness. The FP then appeared and after 1000 ms, o

wo events took place. In the gap condition (Fig. 1C), the
P disappeared and, following a gap interval of 200 m
arkness, the eccentric target appeared. During the ov
ondition (Fig. 1D) the FP remained visible when the ecc
ric target appeared and throughout the remainder of the
articipants were instructed to look to the eccentric ta
s soon as it appeared. The target appeared randomly
0◦ to the left or right and remained visible for 1000 m
fter which all LEDs disappeared and the background
ination reappeared signifying the completion of the t

arget location (left or right) and fixation condition (gap
verlap) were randomly interleaved throughout each blo
rials.
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Fig. 1. Pro- and anti-saccade paradigms. In the immediate pro-saccade task
(A); participants were instructed to look from the central fixation point (FP)
toward the eccentric target stimulus (T) after its appearance. In the imme-
diate anti-saccade task (B); participants were instructed to look away from
the target towards its mirror location. In both tasks, the state of fixation
was manipulated by interleaving the gap (C); and overlap (D) conditions
randomly. In the gap condition, the FP was extinguished 200 ms before the
onset of the target. In the overlap condition, the FP remained on when the tar-
get appeared. In the delayed pro-/anti-saccade task (E); the target appeared
while the FP was still illuminated and participants were instructed to refrain
from initiating a saccade until the FP disappeared. The delay period was
varied randomly from 200 to 1000 ms and pro- and anti-saccade trials were
interleaved randomly.

The immediateanti-saccade task (Fig. 1B) used the same
visual presentations as in the pro-saccade task, except tha
participants were instructed that, after the appearance of the
eccentric target, they were to generate a saccade away from it
to its mirror location. Target location and fixation condition
were randomly interleaved within blocks.

In the delay task (Fig. 1E) pro- and anti-saccade trials
were randomly interleaved in each block. Stimulus presenta-
tion was identical to theimmediatetasks with the following
exceptions: the FP was either red or green and it disappeared
after the appearance of the eccentric target with a variable
delay (200, 400, 600, 800 or 1000 ms). Participants were in-
structed to wait until the FP disappeared before making an
eye movement and then to look toward the eccentric target
(pro-saccade) if the FP was red and away from the target
(anti-saccade) if the FP was green. Target direction (20◦ left

or right), color of FP (red or green), and delay interval (200,
400, 600, 800, 1000 ms) were all varied randomly within a
block of trials. Participants did not receive any practice trials
prior to recording but were asked to repeat the instructions to
ensure that they were understood.

2.2.2. Delayed memory-guided sequential task
Each participant was seated upright in a chair 60 cm from

a computer screen on which a white circular FP (0.2 cd/m2)
was centered on a black background and green circular targets
(0.2 cd/m2) appeared. Head movements were restricted by the
use of a chin rest. Visual presentations were generated on a
ViewSonic 17PS monitor with a S3 VGA card with resolution
of 640× 480 pixels and a frame rate of 120 Hz.

Participants were instructed to fixate the central FP while
three eccentric targets flashed sequentially in three of the
four quadrants of the visual field (Fig. 2). Targets appeared
for 100 ms each and there was no interstimulus delay inter-
val between target presentations. Targets flashed randomly
within each quadrant at one of 25 preset locations. These lo-
cations were centred at 8◦ of visual angle from the FP and
evenly spaced within a 5×5 grid that ranged from 5◦ of visual
angle at the location nearest FP to 11◦ at the location farthest
from FP. Participants were required to move their eyes to the
remembered locations of the targets in the correct sequence
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ccurred at variable delays (0, 600, 1200, or 1800 ms) fo

ng the disappearance of the final target. The sequenc
ocation of the targets varied randomly between trials, an
argets appeared with equal probability in each location
n each quadrant. Participants received 20 practice trials
orrective feedback before eye-movement recording be

.3. Recording and analysis of eye movements

.3.1. Immediate and delayed pro- and anti-saccade
asks

Bi-temporal direct current electrooculography was u
o record horizontal eye position (for details, seeMunoz,
roughton, Goldring, & Armstrong, 1998). A computer run
ing a real-time data-acquisition system (REX version
ays, Richmond, & Optician, 1982) controlled the exper
ental paradigms, visual displays, and horizontal eye

ion at a rate of 500 Hz. Digitized data were stored on a
isk and off-line analysis was carried out on a Sun Ultr
orkstation.
Eye velocity beyond 30◦/s marked the onset and termin

ion of saccades. The first saccade after the target appea
as scored as correct if it was in the correct direction
ccurred after the disappearance of the FP in the delay
therwise, a saccade was labeled a direction error if it w

he incorrect direction and a timing error if it occurred be
he disappearance of the FP in the delay tasks. Saccade
oth direction and timing errors were given both labels
tored as a separate error group.
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Fig. 2. Delayed memory-guided sequential task. Participants were instructed
to maintain fixation at the central FP until its disappearance. A sequence of
three target stimuli (T1, T2, T3) was presented for 100 ms each in three
out of the four quadrants of the visual field. The location and sequence of
the three targets were varied randomly. After the final target disappeared,
the FP remained illuminated for a variable amount of time (0, 600, 1200,
and 1800 ms). Once the FP was extinguished, participants were instructed
saccade to the remembered location of each of the targets in the correct order
of their appearance.

In the immediatetasks, saccadic reaction time (SRT) was
measured as the time from target appearance to the onset o
the first saccade. In thedelay tasks, SRT was measured as
the time from FP disappearance to the initiation of the first
saccade. Only SRTs between 90 and 1000 ms were analyzed
(seeMunoz, Broughton, Goldring, & Armstrong, 1998).

For theimmediatetasks, we computed the following val-
ues for each condition (gap, overlap) and target location
(right, left): the mean SRT for correct trials, the coefficient
of variation of SRT for correct trials [(CV = standard de-
viation/mean)× 100], the percentage of express saccades
(latency: 90–140 ms; for review, seeFischer & Weber, 1993;
Paŕe & Munoz, 1996), and the percentage of direction errors.
The gap effect (overlap SRT–gap SRT;Fischer & Weber,
1992; Kalesnykas & Hallett, 1987; Munoz, Broughton,
Goldring, & Armstrong, 1998; Saslow, 1967) was also com-

puted. In thedelay tasks, we computed the mean SRT for
correct trials and the percentage of timing errors and direc-
tion errors. Values for left and right target positions were not
significantly different; therefore, data were collapsed across
direction. For correct pro-saccades with amplitudes between
18◦ and 21◦, the mean peak velocity and duration were also
calculated. This narrow window of amplitudes was used to
control for well-known main sequence effects of amplitude
on velocity and duration (Leigh and Zee, 1999).

Normally distributed data were analyzed with repeated-
measures analysis of variance (ANOVA) with the factors
pathology (PD versus control) and fixation condition (gap
versus overlap) for theimmediatetask, and pathology and
delay interval for thedelaytask. Non-normal data were an-
alyzed using non-parametric Wilcoxon signed ranks tests to
compare results from PD patients with age-matched controls.

2.3.2. Delayed memory-guided sequential task
In the delayed memory-guided sequential task (Fig. 2),

eye movements were measured with a head-mounted camera
(seeCabel, Armstrong, Reingold, Munoz, 2000for details).
The EyeLink system (S.R. Research Ltd., Toronto, Canada),
a video-based infrared eye-tracker, tracked the movement of
the participant’s pupil, extracting measures of vertical and
horizontal eye position and pupil size at a sampling rate of
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50 Hz. Only the left eye position was digitized. The Eye
ystem detected saccades when peak velocities were g
han 30◦/s, acceleration was greater than 9500◦/s2, and there
as minimum motion greater than 0.15◦. A separate came
lso monitored the location of the head so as to com
ate for small head movements. The accuracy of sub
ovements to each target was measured by calculatin
istance between each target and the closest eye fix
ye-movement sequences that were not executed in the
rder as target sequences were classified as sequence
ye movements that occurred before the offset of the FP
lassified as timing errors. Normal data were analyzed u
wo-tailed paired Student’st-tests and non-normal data we
nalyzed using non-parametric Wilcoxon signed ranks t
Bonferroni correction was made for multiple compariso
hich adjusted the level of significance top≤ .02.

. Results

.1. Immediate pro- and anti-saccade task

Fig. 3illustrates the distribution of reaction times for c
ect (values above 0 on ordinate) pro- and anti-saccade
irection errors (values below 0 on ordinate) for PD (das

ines) and age-matched controls (solid lines) in the imm
te pro- and anti-saccade tasks with gap and overlap c

ions. There are several important points to make. First, i
mmediate pro-saccade task, PD patients tend to elicit
hort-latency responses than control subjects. Second, a
D patients, the reaction times of correct anti-saccade
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Fig. 3. Cumulative distribution of saccadic reaction times for correct re-
sponses (positive values on ordinate) and direction errors (negative values
on ordinate) for pro-saccade (A, C) and anti-saccade (B, D) trials in the
gap (A, B) and overlap (C, D) conditions. Solid traces, control data; dashed
traces, PD data.

Table 1
Mean values (±S.E.) for saccadic reaction time (SRT), coefficient of varia-
tion in SRT (CV), and the percentage of express saccades for the Parkinson’s
(PD) and control groups as a function of fixation condition (gap or overlap)
in the immediate pro-saccade task

SRT (ms) CV Express saccades (%)

Gap condition
PD 267± 14 31± 2* 19± 2
Control 276± 15 24± 2 3± 1

Overlap condition
PD 312± 17 34± 2* 5 ± 1*

Control 320± 17 29± 2 1± 0
∗ PD–control:p < .05.

markedly slower than control subjects. Third, PD patients
make more direction errors on anti-saccade trials. These ob-
servations are summarized inTables 1 and 2. Table 1shows
the mean SRT, intra-subject variance in SRT expressed as the
CV, and percentage of express saccades for correct response

Table 2
Mean values (±S.E.) for saccadic reaction time (SRT), coefficient of varia-
tion in SRT (CV), and percentage of direction errors (saccades toward target)
for the Parkinson’s (PD) and control groups as a function of fixation condi-
tion (gap or overlap) in the immediate anti-saccade task

SRT (ms) CV Direction errors (%)

Gap condition
PD 390± 18* 26± 1* 19± 3*

Control 340± 19 22± 1 19± 2

Overlap condition
PD 433± 19* 29± 1* 14± 3*

Control 395± 23 25± 2 4± 1
∗ PD–control:p < .05.

in theimmediatepro-saccade task as a function of pathology
(PD versus control) and fixation condition (gap versus over-
lap).Table 2displays the mean SRT, CV, and percentage of
direction errors in theimmediateanti-saccade task. There are
several notable findings comparing PD patients to controls
with respect to mean SRT. First, PD patients showed a gap
effect (overlap SRT–gap SRT) that was equivalent to con-
trols; that is, the overlap condition slowed reaction time for
both groups. Second, PD patients showed a greater anti ef-
fect (anti-saccade SRT–pro-saccade SRT). Third, responses
of PD subjects were more variable. Fourth, PD patients made
more express saccades in the pro-saccade task. These findings
are confirmed by the statistics.

Both the PD patients and the control group produced a
gap effect that was similar in magnitude,F(1, 17) = 135.75,
p < .001. The anti effect was driven by longer mean SRT in
the anti-saccade task for the PD patient group as shown by a
three-factor ANOVA (pathology× task× fixation condition)
which revealed a significant interaction between pathology
and experimental task,F(1, 17) = 8.45,p = .01. PD patients
had longer mean SRT than control participants but only in
the anti-saccade task,F(1, 17) = 4.23,p = .05; mean SRT
for the PD group did not differ from the control group in the
pro-saccade task,F(1, 17) < 1, ns. Longer anti-saccade mean
SRT and equivalent pro-saccade mean SRT yielded a larger
a
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nti effect for PD patients.
The PD patient group showed increased intra-subject

bility, CV, compared to the control group. A three-fac
NOVA (pathology× task× fixation condition) reveale
D participants to be more variable in responding than

rols,F(1, 17) = 8.47,p = .01.
PD patients made more express saccades (la

0–140 ms) in the immediate pro-saccade task.
D–control difference approached significance,Z = −1.70,
< .09 in the gap condition and was significant in the ove
ondition,Z= −2.29,p< .05 (Table 1). Earlier work (Munoz,
roughton, Goldring, & Armstrong, 1998) showed that olde
articipants (>40 years) with no known pathology make

ew express saccades. In contrast, the PD patient gro
he current study (mean age = 67 years) made signific
ore express saccades than the control group. More ex

accades, especially in the overlap condition, suggest th
atients are less subject to the inhibitory effects of fixa
nd are suggestive of pathophysiology (Biscaldi, Fischer, &
tuhr, 1996).
The lack of response inhibition is shown again in the a

accade performance of PD patients: they made signific
ore direction errors in the anti-saccade task than co
articipants,F(1, 17) = 9.12,p< .01. Both groups made few
irection errors on overlap trials than on gap trials,F(1, 17)
15.15,p = .001 (Table 2).
The metrics of correct pro-saccades in theimmediatetask

ere computed (see Section2) and are shown inTable 3,
ncluding the mean amplitude, duration and peak veloci
he primary saccade. There were no significant differenc
elocity,F(1, 17) = 3.63,p > .7 or duration,F(1, 17) = 3.29
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Table 3
Saccade metrics from the immediate pro-saccade task

Duration
(ms)

Peak
velocity
(◦/s)

Amplitude
(◦)

Number of
saccades

Gap condition
PD 81± 4 375± 12 18± 0.3* 1.3± 0.5*

Control 90± 2 350± 8 20± 0.1 1.1± 0.3

Overlap condition
PD 82± 4 371± 10 18± 0.3* 1.3± 0.5*

Control 89± 2 346± 8 20± 0.1 1.1± 0.2

Mean values (±S.E.) for duration, peak velocity, amplitude and number of
saccades executed for the Parkinson’s (PD) and control groups in the imme-
diate pro-saccade task as a function of fixation condition (gap or overlap).

∗ PD–control:p < .05.

p> .08 of the primary saccade between participants with PD
and control participants. However, mean amplitude of the first
correct saccade was smaller among PD patients,F(1, 17) =
12.28,p < .01 and they generated more saccades to reach
the final target position,F(1, 17) = 11.48,p < .01, consistent
with previous findings with PD patients (Kimmig, Hauss-
mann, Mergner, & Lucking, 2002; Rottach, Riley, DiScenna,
Zivotofsky, & Leigh, 1996; Shibasaki, Tsuji, & Kuroiwa,
1979; Teravainen & Calne, 1980; White, Saint-Cyr, Tomlin-
son, & Sharpe, 1983) and with MPTP-induced parkinsonism
in humans and monkeys (Brooks, Fuchs, & Finocchio, 1986;
Hotson, Langston, Langston, 1986; Kori, Miyashita, Kato,
Hikosaka, Usui, & Matsumura, 1995).

3.2. Delayed pro-/anti-saccade task

Several aspects of performance among PD patients were
impaired in thedelayedpro-/anti-saccade task (Table 4). Al-
though there was a trend toward increased SRT in the PD
group, mean SRT for correct trials in thedelayedtasks did
not differ significantly between the groups (pro-saccades,Z
= −1.19,p > .2; anti-saccades,Z = −0.93,p > .3). However,
PD patients made more errors than control participants dur-
ing both pro-saccade (Z = −2.28,p < .05) and anti-saccade
trials (Z = −2.43,p < .05). Among saccades made in the

T
M e of
c ction
e son’s
( nction
o

P

A

Fig. 4. Percentage (±S.E.) of trial types in the delayed pro-/anti-saccade
task as a function of delay interval:*p < .05.

correct direction, PD patients produced more timing errors
than control participants duringdelayedpro-saccade trials,Z
= −2.12,p < .05, but this deficit did not reach significance
duringdelayedanti-saccade trials,Z=−1.66,p> .09. Among
correctly delayed saccades, PD patients made more direction
errors than controls during anti-saccade trials, Z =−2.51,
p < .05 but not during pro-saccade trials,Z = −0.78,p >
.44. PD patients made more errors that combined incorrect
direction and timing than control participants in both tasks
(pro-saccades,Z= −2.44,p< .05; anti-saccades,Z= −2.48,
p < .05).

To examine the influence of the delay interval, each re-
sponse type (correct, timing error, direction error, timing and
direction error) was also calculated as a function of delay in-
terval (Fig. 4). Both PD and control participants displayed a
progressive decline in the percentage of correct trials as the
delay interval increased from 200 to 1000 ms. Although, the
difference in correct trials between PD and control partici-
pants increased from the 200 ms delay to 400 ms, the PD-to-
control difference was more or less constant for delay inter-
vals from 400 to 1000 ms. This same pattern of performance
held for timing errors and combined timing and direction er-
rors: at the short delay of 200 ms, PD patients were relatively
similar to controls, but PD performance declined and stayed
lower than controls for all delays over 200 ms. In contrast,
w e tri-
a tion
e hort
d

able 4
ean values (±S.E.) for saccadic reaction time (SRT), the percentag

orrect trials, the percentage of timing errors, the percentage of dire
rrors, and the percentage of timing and direction errors for the Parkin
PD) and control groups in the delayed pro-/anti-saccade task as a fu
f task condition (pro-saccade or anti-saccade)

SRT (ms) Correct
trials
(%)

Timing
errors
(%)

Direction
errors (%)

Timing and
direction
errors (%)

ro-saccade task
PD 366± 21 53± 7* 41± 7* 2 ± 1 4± 1*

Control 352± 17 78± 5 19± 5 2± 0.4 0.8± 0.2

nti-saccade task
PD 400± 19 53± 7* 27± 4 8± 2* 12± 3*

Control 377± 20 81± 5 15± 4 3± 1 2± 1
∗ PD–control:p < .05.
hile almost no direction errors occurred on pro-saccad
ls for either group, patients with PD made more direc
rrors on anti-saccade trials but only for the relatively s
elays between 200 and 600 ms.
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Fig. 5. Cumulative distributions of SRT from target appearance for imme-
diate pro-overlap trials (correct responses) and delayed pro-saccade trials
(timing errors) with a delay of 600 ms or greater.

Response inhibition can be examined directly by contrast-
ing the cumulative SRT distribution for correct pro-saccade
trials (immediate, overlap) with the cumulative SRT distribu-
tion of timing errors in thedelayedpro-saccade task (delay
≥600 ms;Fig. 5). Note that the stimulus display was identical
in the two conditions and only the instructions were differ-
ent. In both, there was a visible, central FP and an eccentric
target, however, in theimmediateoverlap condition, partic-
ipants were instructed to move their eyes to the eccentric
target immediately while in thedelaycondition, participants
were instructed to withhold their eye movement until the FP
disappeared. The difference between the immediate and de-
layed curves inFig. 5represents the ability of participants to
inhibit an automatic response. If no timing errors were made,
the latter (delay) curve would be flat, indicating that all sac-
cades were executed after at least 600 ms following target ap-
pearance. If participants were completely unable to delay a
saccade, the latter curve should be indistinguishable from the
immediate-task curve. Although PD patients generated more
timing errors than control participants, they successfully de-
layed saccadic eye movements on many trials, consequently,
the cumulative distribution for timing errors was neither flat
nor did it match the immediate overlap distribution. However,
the area between the curves was clearly smaller for PD par-
ticipants than for control participants (WilcoxonZ= 25.74,p
< ere
l

3

ided
s rtici-
p tient
w ations
( tar-
g king
t trol
p es to

Fig. 6. Sample eye tracings of a trial from a PD patient (A) and control par-
ticipant (B) in the delayed memory-guided sequential task. Participants were
required to move their eyes to the remembered locations of the three target
flashes in the remembered order of appearance. Horizontal (Eh) and vertical
(Ev) eye tracings are shown. The PD patient undershot the remembered tar-
get locations and moved his eyes in the sequence of targets incorrectly. The
control participant was accurate in reaching the remembered target locations
and moved his eyes toward the correct sequence of targets.

the correct remembered locations of the targets in the correct
sequence only after the disappearance of the FP (Fig. 6B).
All trials were analyzed for timing and spatial errors.

Consistent with the other delay tasks, PD patients had
greater difficulty delaying eye movements until the disap-
pearance of the central FP,t(17) =−2.90,p = .01 (Fig. 7A).
For correctly delayed trials, we computed displacement error
(distance between each target and the closest eye fixation) for
PD and control subjects. PD displacement error was greater

Fig. 7. The mean percentage (±S.E.) of trials in which PD patients and con-
t til its
o remem-
b tween
e -
t ence
t

.001) indicating once again that participants with PD w
ess able to inhibit a response to the eccentric target.

.3. Delayed memory-guided sequential task

Fig. 6shows a sample trial of the delayed memory-gu
equential task for a participant with PD and a control pa
ant that highlights some consistent findings. The PD pa
as less accurate in reaching the remembered target loc

Fig. 6A), undershooting the locations of the remembered
ets, and also moving in the incorrect sequence by loo

oward the location of target 3 before target 2. The con
articipant performed the task accurately, moving his ey
rol participants were able to correctly hold gaze at the central FP un
ffset (A) and also generate the correct sequence of saccades to the
ered target locations (C). The magnitude of displacement error be
ach target (T1, T2, T3) and the closest eye fixation (±S.E.) of PD and con

rol participants for correct delay trials (B) and correct delay and sequ
rials (D): *p < .02.
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than controls’ towards target 2,t(17) = 3.60,p< .01 and target
3, t(17) = 3.92,p= .001 but not towards target 1, although the
same robust trend was present,t(17) = 2.41,p> .02 (Bonfer-
roni corrected;Fig. 7B). Fig. 7C illustrates the percentage of
trials in which the participants were able to correctly main-
tain their eyes at the central FP until its disappearance, and
move their eyes toward the remembered location of the three
targets in the correct sequence. PD patients had fewer of these
successes compared to control participants,t(17) =−2.81,p
< .05, and they had greater displacement error towards all of
the targets,p < .01 (seeFig. 7D). These results demonstrate
that PD patients are impaired in their ability to inhibit a re-
sponse and to move accurately to a sequence of remembered
targets.

4. Discussion

We have shown that specific characteristics of saccadic eye
movements are impaired in PD. We stress five important ob-
servations. First, PD patients made more express saccades in
the immediate pro-saccade task. Second, they generated more
direction errors in the immediate anti-saccade task. Third, PD
patients were less able to inhibit saccades during the delay
period in all delay tasks. Fourth, PD patients had longer re-
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the overlap condition;Dorris & Munoz, 1995; Everling, Pare,
Dorris, & Munoz, 1998a; Everling, Dorris, Klein, & Munoz,
1999), fewer direction errors and increased SRT are expected
in such trials. In the present study, PD patients nonetheless
made a greater number of express saccades and direction er-
rors in the overlap condition, consistent with an abnormality
in saccadic suppression. Increased occurrence of express sac-
cades in overlap trials indicate potential pathophysiology in
the system controlling fixation (Biscaldi, Fischer, & Stuhr,
1996; Cavegn & Biscaldi, 1996) or saccadic inhibition (Muri
et al., 1999).

Previous investigations on motor and cognitive control
in PD have identified similar deficits to what we have de-
scribed. Cognitive processes, such as attention control, are
also impaired in PD (Brown and Marsden, 1990). Individu-
als with PD were faster than controls on a reflexive visual-
orienting task (Briand, Hening, Poizner, & Sereno, 2001) and
showed impairment in suppression of visuomotor activation
(Praamstra and Plat, 2001). In the Stroop task, participants are
presented with color or neutral words in various colors and
asked to ignore the word and name its color. Individuals with
PD demonstrate greater difficulty in inhibiting the reflexive
response to read the word (Henik, Singh, Beckley, & Rafal,
1993). These parallel findings across various cognitive and
oculomotor tasks suggest a common mechanism underlying
a
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ction times in the anti-saccade task. Fifth, PD patients
mpaired in their ability to move their eyes to remembe
argets in the correct sequence. The first three observa
eveal that participants with PD have deficits in their ab
o inhibit automatic saccades; the fourth observation dem
trates that volitional saccades took longer to generate f
atient group; and the fifth observation shows deficits in

ial working memory processes in PD patients. These de
re discussed in relation to previous studies and we spe
n the possible neural circuitry for the lack of inhibition
ye-movement responses in PD.

.1. Automatic response inhibition in PD

In the current study, the sudden appearance of an e
ric stimulus acted to facilitate movements toward the targ
D, resulting in an increased percentage of express sac

n the immediatepro-saccade task, an increased percen
f direction errors in theimmediateanti-saccade task, a

ncreased occurrence of timing errors in thedelaytasks. Pre
ious oculomotor studies of PD patients employed the
ondition only (Briand, Strallow, Hening, Poizner, & Seren
999; Crevits & De Ridder, 1997; Fukushima, Fukushim
iyasaka, & Yamashita, 1994; Lueck, Tanyeri, Crawford
enderson, & Kennard, 1990; Kitagawa, Fukushima, &
ashiro, 1994; Roll, Wierzbicka, & Wolf, 1996), which

s known to facilitate the initiation of automatic sacca
Fischer & Weber, 1993; Munoz & Corneil, 1995; Saslow
967). Performance in the overlap condition was not inv

igated in patients with PD. Because fixation activity in
rain is increased during fixation of a visible stimulus (a
s

general deficit in automatic response suppression.
It has long been known that the slow, hypokinetic mo

ents of PD can be improved through the provision
xternal cues (Cunnington, Iansek, Bradshaw, & Phillip
995; Jahanshahi, Jenkins, Brown, Marsden, Passingha
rooks, 1995; Morris, Iansek, Matyas, & Summers, 199).
or example, stride length can be increased with extern
ual cues (Morris, Iansesk, Matyas, & Summers, 1994) and
eaching movement speeds can be improved during vis
ued conditions (Majsak, Kaminski, Gentile, & Flanaga
998); thus, automatic motor actions (i.e., movements t
xternal visual cue) appear to be spared in PD, unlike m
ents which are volitional. Even more intriguing is the

ervation that long-latency reflexes are also altered in
atton and colleagues (Tatton & Lee, 1975; Tatton, Eastman
edingham, Verrier, & Bruce, 1984) demonstrated that lon

oop reflexes, which are presumed to include transco
athways, are exaggerated in PD (see alsoMortimer & Web-
ter, 1979; Rothwell, Obeso, Traub, & Marsden, 1983). These
xaggerated “M2” responses in PD have been attributed
uced inhibition onto cortical motor output neurons. Thu
ppears that PD patients are hyper excitable to sensory
li and reflexive or automatic responses to external sti
re enhanced or exaggerated.

Sereno and Holzman (1995, 1996)proposed a model o
chizophrenia to account for reflexive and voluntary con
f attention that may also be valid for eye-movement con

n PD. Sereno and Holzman’s model argues that eye m
ents are controlled by two different attentional syste
ne controlling reflexive or automatic saccades and the
ontrolling voluntary saccades. Normally, the voluntary e
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movement system tonically inhibits the reflexive system. If
the voluntary system is not performing properly, there will
be deficits in voluntary eye-movement control and less inhi-
bition on the reflexive system. Our results support this hy-
pothesis.

4.2. Spatial working memory in PD

The delayed memory-guided sequential task examined
both spatial working memory and response suppression. PD
participants made less accurate eye movements toward re-
membered locations, they had greater difficulty in moving
their eyes towards the targets in the correct sequence, and
their final eye position was hypometric to the targets relative
to controls, replicating results obtained byHodgson, Dittrich,
Henderson, and Kennard (1999). Hodgson et al. (1999)used
only four target locations left and right of fixation, hence,
it was unclear from their study whether participants were
recalling the spatial locations of the target flashes, or sim-
ply memorizing potential target locations. Because we used
many more potential locations (a target appeared in any of
25 locations in each of the four quadrants of the visual field;
i.e., 100 possible locations), memorization across trials was
much less likely to account for our results and we conclude
that the PD group performance reflects a deficit in working
m
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of automatic saccades may rely heavily on working mem-
ory processes (Roberts, Hager, & Heron, 1994; Stuyven, Van
der, Vandierendonck, Claeys, & Crevits, 2000). As such, it
is probable that operations shared by both working memory
and stop signal generation are included in the voluntary sac-
cade system and work in concert to regulate the expression
of automatic responses.

Areas of frontal cortex involved in the generation of ocu-
lomotor responses include the frontal eye field (FEF), the
supplementary eye field, and the dorsolateral prefrontal cor-
tex (DLPFC;Pierrot-Deseilligny, Rivaud, Gaymard, Muri,
& Vermersch, 1995; Pierrot-Deseilligny, Ploner, Muri, Gay-
mard, & Rivaud-Pechoux, 2002); these areas all receive in-
put integrated through the basal ganglia (Alexander, DeLong,
& Strick, 1986; Middleton & Strick, 2002). The DLPFC
has been especially implicated in both the inhibition of au-
tomatic saccades and in spatial working memory. Patients
with lesions of the DLPFC make more reflexive timing er-
rors (Pierrot-Deseilligny, Rivaud, Gaymard, & Agid, 1991;
Ploner et al., 1999) and direction errors (Guitton, Buchtel,
& Douglas, 1985; Walker, Husain, Hodgson, Harrison, &
Kennard, 1998) in saccadic tasks. Functional imaging stud-
ies have observed DLPFC activation during voluntary sac-
cade tasks (Sweeney et al., 1996; Doricchi et al., 1997). One
role of the DLPFC in the generation of voluntary saccades is
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Hodgson et al. (1999)demonstrated that deficits in spa

orking memory in PD patients are not simply due to d
ulties in coordinating movement sequences, as individ
ith PD show normal eye position gain when sequences
ver-learned. Although the spatial memory representati
arget location in memory-guided saccades to a single t
ppears normal (Crawford, Henderson, & Kennard, 198),
D patients execute hypometric saccades when requi
xate a sequence of locations (Vermersch et al., 1994). Other
tudies show that PD patients make increased errors in
equiring spatial working memory (Owen, Iddon, Hodge
ummers, & Robbins, 1997; Postle, Jonides, Smith, Cork
Growdon, 1997).

. Neural pathways

The mechanisms by which the voluntary system ex
nhibitory control over the reflexive or automatic system
luding how target locations are memorized for future
ions are hallmarks of frontal lobe function. Hallet (19
ypothesized that, in the anti-saccade task, the inhibitio
eflexive saccades requires frontal processes to send
ignal to the superior colliculus. If the stop signal is dela
eyond a critical point, a reflexive or automatic response
ues. The signals that the superior colliculus receives
rontal areas may normally provide an effective cancella
ignal, while dysfunction in executive function and work
emory processes may impede such signals in PD, le

o abnormal control of inhibitory operations. Suppres
hought to be the mediation of the suppression of autom
accades by direct and also indirect cortical projection
he FEF and the midbrain superior colliculus (seeMunoz &
verling, 2004for review). Everling and colleagues (Everling

Munoz, 2000; Everling, Dorris, & Munoz, 1998b;
verling, Dorris, Klein, & Munoz, 1999) showed that th
uccessful suppression of automatic visually triggered
ades in an anti-saccade task depends on the reduction
arget neural excitability of saccade neurons in the sup
olliculus and FEF which is likely influenced by prestimu
rocessing in the DLPFC.

The DLPFC has also been shown to have a specia
n spatial working memory (Funahashi, Bruce, & Goldma
akic, 1991; Funahashi, Bruce, & Goldman-Rakic, 199;
oldman-Rakic, 1987; Kessels, Postma, Wijnalda, &
aan, 2000; Pierrot-Deseilligny, Ploner, Muri, Gaymar
ivaud-Pechoux, 2002; Yeterian & Pandya, 1991). Lesions
f the prefrontal cortex in monkey interfere with work
emory tasks (Bachevalier & Mishkin, 1986) and activation
f DLPFC has been demonstrated on tasks requiring

ial working memory (Baker et al., 1996; McCarthy et a
994, 1996). Funahashi, Chafee and Goldman-Rakic (19
howed that a subset of neurons in the DLPFC is involve
oth coding of the spatial location of a visual stimulus

n the suppression of a response to the target in a de
nti-saccade task.

Results from the current study demonstrate a defic
accadic inhibition and spatial working memory in PD
ients, a pattern that is consistent with DLPFC impairm
he DLPFC is known to be involved in one of several
rete frontal-basal ganglia circuits that act to “funnel” in
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grated inputs to cortex (Alexander, DeLong, & Strick, 1986).
Regions of DLPFC receive significant input from substantia
nigra pars reticulata via the thalamus (Middleton & Strick,
2002). Thus, loss of dopaminergic input to the striatum in
PD will lead to the disruption of this prefrontal-basal ganglia
circuitry resulting in impairment in both automatic response
suppression and working memory processes involved in the
generation of voluntary saccades. Support for DLPFC im-
pairment has been demonstrated through working memory
deficits in PD (Owen, Iddon, Hodges, Summers, & Robbins,
1997; Hodgson, Dittrich, Henderson, & Kennard, 1999) and
imaging studies that reveal changes in DLPFC blood flow
in PD patients (Cools, Stefanova, Barker, Robbins, & Owen,
2002; Kikuchi et al., 2001). Furthermore, transcranial mag-
netic stimulation applied over the DLPFC results in facil-
itation of express saccades (Muri et al., 1999), consistent
with results of the current study. It remains to be determined
whether the “frontal” deficits we have described in PD pa-
tients performing oculomotor tasks are the result of striatal
pathophysiology alone or whether this includes additional
pathology of frontal cortex directly.

6. Adaptive mechanisms?
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sistent with an adaptive mechanism that served to increase
baseline response inhibition. From our results, we cannot rule
out the possibility that an adaptive mechanism could account
for the hyper excitability of PD patients in response to sensory
stimuli.

7. Conclusions

We described performance of PD patients in a battery of
saccadic eye-movement tasks. PD patients executed more ex-
press saccades in the pro-saccade task, had increased direc-
tion errors in the anti-saccade task, and had greater difficulty
inhibiting eye movements in the delayed oculomotor tasks.
Additionally, they were impaired in their ability to accurately
localize remembered targets. These results are consistent with
PD impairment in saccadic inhibition and working memory,
thus consistent with a disorder of the prefrontal-basal gan-
glia circuit. We have implied that the PD participants had
otherwise intact frontal lobes without showing this to be true
through physical (i.e., MRI) or functional (i.e., neuropsycho-
logical) tests. Hence, we can merely suggest that our results
are consistent with an impairment of frontal-basal ganglia
circuits that releases the automatic saccade system from in-
hibition and produces deficits in the system controlling vol-
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PD patients had shorter SRT, more express saccades
mpulsive saccades toward a target; and, they did not wa
he signal to go before making a saccade to a target. Neur
cal deficits may elicit these behaviors directly (see abo
ut an alternative explanation could be that patients with
dapt their behavior over the course of their illness to c
ith disabilities. PD patients are slow to initiate volunta
oal-directed movements. For example, correct anti-sac
ave abnormally long SRTs (seeFig. 3 and Table 2). As
consequence, patients with PD may alter (reduce)

ine response inhibition in an effort to initiate moveme
ore rapidly. For most physical movements, such a m
nism would not be apparent because voluntary movem
ontinue to be initiated more slowly in PD patients. Ho
ver, eye movements to visual targets can take advanta
irect sensory-to-motor mapping in structures like the
erior colliculus (Munoz, Dorris, Paŕe, & Everling, 2000).
ence visually triggered eye movements made by PD

ients can be initiated more easily if saccadic suppres
ignals are attenuated. There is some merit to this exp
ion. LeVasseur, Flanagan, Riopelle, and Munoz (2001)also
escribed a paradoxical effect in patients with Tourette’s
rome performing oculomotor tasks. In their study, Toure
atients had longer reaction times, fewer express sacc
nd no increase in the occurrence of direction errors in

mmediate anti-saccade task despite their well-known d
n inhibitory control. Patients with Tourette’s syndrome l
dequate control over isolated response behaviors, and
ibly adapt to this reality by imposing more inhibition to
uce inappropriate behavioral responses. Thus, perform
f Tourette’s patients on oculomotor tasks could also be
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ntary saccade generation. Additional research may co
his dysfunction. The development of adaptive mechan
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