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a b s t r a c t

The cardinal pathophysiology of Parkinson’s disease (PD) is considered to be the increase in the activi-
ties of basal ganglia (BG) output nuclei, which excessively inhibits the thalamus and superior colliculus
(SC) and causes preferential impairment of internal over external movements. Here we recorded saccade
performance in 66 patients with PD and 87 age-matched controls, and studied how the abnormality
changed with disease progression. PD patients were impaired not only in memory guided saccades, but
also in visually guided saccades, beginning in the relatively early stages of the disease. On the other
hand, they were impaired in suppressing reflexive saccades (saccades to cue). All these changes deterio-
rated with disease progression. The frequency of reflexive saccades showed a negative correlation with
the latency of visually guided saccades and Unified Parkinson’s Disease Rating Scale motor subscores
reflecting dopaminergic function. We suggest that three major drives converging on SC determine the
saccade abnormalities in PD. The impairment in visually and memory guided saccades may be caused

by the excessive inhibition of the SC due to the increased BG output and the decreased activity of the
frontal cortex-BG circuit. The impaired suppression of reflexive saccades may be explained if the exces-
sive inhibition of SC is “leaky.” Changes in saccade parameters suggest that frontal cortex-BG circuit
activity decreases with disease progression, whereas SC inhibition stays relatively mild in comparison
throughout the course of the disease. Finally, SC disinhibition due to leaky suppression may represent

from
.

functional compensation
milder clinical symptoms

. Introduction

Although most of the anatomical connections and physiology of
he basal ganglia (BG) within the oculomotor network have been
tudied in primates (Hikosaka & Wurtz, 1989; Kato et al., 1995; Kori
t al., 1995), a similar oculomotor system organization has been
uggested in humans by means of lesion (see Pierrot-Deseilligny,

ilea, & Muri, 2004 for review) and neuroimaging studies (Brown

t al., 2004; O’Driscoll et al., 1995; Sweeney et al., 1996). Outputs
rom BG reach the superior colliculus (SC) via the substantia nigra
ars reticulata (SNr), where the SC serves as the common terminal

Abbreviations: PD, Parkinson’s disease; BG, Basal ganglia; SC, superior colliculus;
GS, visually guided saccade; MGS, memory guided saccade; SNr, substantia nigra
ars reticulata; GPi, globus pallidus interna; GABA, gamma aminobutyric acid; GAP,
ap saccade; RT, reaction time.
∗ Corresponding author. Tel.: +81 3 3815 5411x33783; fax: +81 3 5800 6548.

E-mail address: yterao-tky@umin.ac.jp (Y. Terao).

028-3932/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.neuropsychologia.2011.03.002
neural structures outside BG, leading to hyper-reflexivity of saccades and

© 2011 Elsevier Ltd. All rights reserved.

for controlling visually and memory guided saccades, with converg-
ing commands arriving through the BG–SC pathway and cortex-SC
pathways (Hikosaka & Wurtz, 1989). Since eye movement reflects
the output of BG relatively directly, saccade recordings can pro-
vide insights into the pathophysiology underlying neurological
disorders at the systems level, especially for BG disorders such as
Parkinson’s disease (PD) (Hikosaka & Wurtz, 1989). The SC is spared
until the later stages of the disease, even when other neural struc-
tures, including the cerebral cortex, become affected (see Jellinger,
2001 for review). Cortical mechanisms could also explain the pre-
dominant impairment of voluntary saccades, such as functional
changes in the frontal eye field and prefrontal cortices, especially
in the later stages of the disease. We thus considered it important
to examine the pathophysiology of PD using saccade performance

as an indicator of BG function.

Although a number of human and primate studies have been
conducted in this area, some aspects of the pathophysiology of
PD remain unclear. The diagram presented by Alexander and
Crutcher (1990) provides relatively clear explanations for Parkin-

dx.doi.org/10.1016/j.neuropsychologia.2011.03.002
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:yterao-tky@umin.ac.jp
dx.doi.org/10.1016/j.neuropsychologia.2011.03.002
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Table 1
Patient characteristics.

Subject group Subject Male Female Age (yr) Onset age (yr) Duration (yrs) UPDRS motor score Dopa equivalent dose (mg) RT (ms)

Normal 89 42 47 65.6 ± 4.3 – – – – 417.6 ± 123.7
4.2 ±
5.5 ±
6.8 ±

11.8 ±
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H–Y stage 1 11 9 2 61.4 ± 10.9 58.0 ± 13.0
H–Y stage 2 19 10 9 67.8 ± 9.8 62.3 ± 12.2
H–Y stage 3 29 14 15 66.5 ± 9.7 59.6 ± 12.7
H–Y stage 4 7 3 4 72.0 ± 12.0 60.2 ± 18.7

onian symptoms. In PD, GABAergic inhibitory projection neurons
f the BG output nuclei, the globus pallidus interna (GPi), and SNr
xhibit overactive tonic firing rates and produce excessive suppres-
ion of the thalamus and the SC (Albin, Young, & Penney, 1995).
his may prevent the thalamus from producing quick movements
f appropriate size, resulting in bradykinesia/akinesia. As for ocu-
omotor control, the SC is excessively inhibited by the overactive
Nr and all types of saccades are thus suppressed. Indeed, sac-
ades are hypometric and require a multistep sequence to reach
he target in PD. Although highly simplified in some respects, the
eneral framework of this classical model provides a good start-
ng point and conceptual guide to understand the pathophysiology
f PD.

Excessive SC inhibition, however, does not explain all aspects
f saccade abnormalities in PD. Most studies have found marked
mpairment of memory guided saccades (MGS), saccades made
o remembered target locations in the absence of a visual target,
hereas visually guided saccades, which are made to targets

ppearing at unpredictable locations, are relatively spared (e.g.,
riand, Strallow, Hening, Poizner, & Sereno, 1999; Bronstein &
ennard, 1985; Vidailhet et al., 1994). The involvement of the BG

n PD appears to provide a good explanation for this dissociation,
ince different neural structures subserve both types of saccades.
or the visually guided saccades, the parietal eye field, includ-
ng the posterior parietal cortex, mainly integrates visuospatial
nformation to generate a motor signal that is sent to the SC via
he parietal lobe-SC pathway (Gaymard, Lynch, Ploner, Condy,

Rivaud-Péchoux, 2003). In contrast, the processing for MGS, a
oluntary saccade, mainly takes place in the frontal lobe, where
he motor signal is emitted directly or via the BG to the SC (the
irect pathway of the BG circuit). A phasic reduction from the high
esting rates of the SNr temporarily releases the saccade cells in
he recipient SC, resulting in the generation of voluntary saccades
Hikosaka & Wurtz, 1985a, 1985b, 1989).

However, it is not only the voluntary saccades such as MGS
hat are affected but also visually guided saccades. Other sac-
ade abnormalities in PD do not fit in with the aforementioned
iews. Along with the impairment of memory guided saccades,
ome studies have found a mild but definite abnormality of
isually guided saccades (Rascol et al., 1989; Shibasaki, Tsuji, &
uroiwa, 1979). PD patients also have difficulty in suppressing
nwanted saccades to the novel appearance of visual targets
Chan, Armstrong, Pari, Riopelle, & Munoz, 2005; Joti, Kulashekhar,
ehari, & Murthy, 2007; Kitagawa, Fukushima, & Tashiro, 1994; van
oningsbruggen, Pender, Machado, & Rafal, 2009; van Stockum,
acAskill, Anderson, & Dalrymple-Alford, 2008), which is also an

mportant function of the BG.
The drive to suppress the excitability of the SC and impair sac-

ade initiation and that leading to its “hyper-reflexivity” are in
pparent contradiction if they were to converge in the SC. Exces-
ive inhibition of SC would tend to prolong latencies of visually
uided saccades. Conversely, if “hyper-reflexivity” predominates,

e would expect that the latency of visually guided saccades would

e shortened. Indeed, there is no agreement among many of the
bove studies as to whether the latency of visually guided saccades,
ncluding VGS and gap saccades (see below), is shortened or pro-
onged. A recent meta-analytic review across 47 studies (Chambers
3.5 12.1 ± 4.0 152.6 ± 194.2 429.3 ± 97.7
3.8 21.4 ± 6.7 233.7 ± 203.6 573.4 ± 151.0
5.2 31.0 ± 7.0 259.1 ± 229.2 642.6 ± 215.2
7.3 45.1 ± 6.3 439.0 ± 184.7 783.1 ± 168.9

& Prescott, 2010) suggested that PD patients initiate saccades faster
than controls at small target eccentricities, while they respond
more slowly for large eccentricities. However, the target eccentric-
ity effect has not been formally ascertained in a single study, and
how this trend happens and also how it relates to the pathophysi-
ology of PD remains entirely unknown.

Altogether, a comprehensive explanation that can integrate all
aspects of saccade abnormalities is still lacking. Although anatom-
ical studies have shown that the FEF (Stanton, Deng, Goldberg,
& McMullen, 1989) and SEF (Shook, Schlag-Rey, & Schlag, 1990)
innervate the brainstem saccade generator directly, direct fronto-
reticular projections from frontal eye field do not appear to be
sufficient to evoke saccades (Hanes & Wurtz, 2001) and thus the
majority of cortical saccade-related brain areas influence saccade
generation by projections to SC neurons, which then project to
the brainstem saccade generators (Johnston & Everling, 2008). The
present study aimed to clarify the pathophysiology of PD through
saccades from the perspective of the SC. For this purpose, unlike
previous studies, we considered it important to study saccades
toward targets of different eccentricities (5–30◦), since saccades
of large and small amplitudes may be generated by a different
mechanism and the extent to which inhibition is involved may also
differ (van Donkelaar, Saavedra, & Woollacott, 2007). We studied
saccade parameters in PD patients at various stages to investigate
how the initiation and inhibitory control of saccades varied with
the advance of the disease. To measure the inhibitory control of
saccades, we studied the frequency of saccades to cue, that is, inad-
vertent saccades made to a visual cue presented during an MGS
task, instead of directional errors in the antisaccade task. Insights
into the pathophysiology of PD would support the usefulness of
saccadic parameters as a biomarker for gauging the progression of
the disease (Blekher et al., 2009) and would also help in optimizing
the treatment. This study has been previously presented in abstract
form (Terao et al., 2007).

2. Methods

2.1. Subjects

Sixty-six PD patients (36 men, 30 women, age: 66.7rf ± 10.6, Hoehn and Yahr
[H–Y] stages 1–4.5 (on medication), disease duration: 6.5 ± 5.3, Table 1) were stud-
ied, with a mean Unified Parkinson’s Disease Rating Scale (UPDRS) motor score (on
medication) of 26.8 ± 11.3 (range: 7–56.5). Patients with mini-mental state exami-
nation scores of less than 25 and those with psychiatric and affective disorders were
excluded. We also collected control data from 89 age-matched normal subjects (42
men, 47 women, age: 65.6 ± 4.3).

Experiments were conducted as part of clinical assessment according to the
guidelines of the local ethical committee after obtaining informed consent. Both for
ethical and practical reasons, patients had to continue taking their regular doses of
medication. This was because many of the studied patients were outpatients who
had to commute to visit our hospital to take the tests. In addition, some advanced
patients could not do without dopaminergic medication to carry on with their daily
life, and were not able to properly perform the task trials, which were all started by
a button press and terminated by a button release (see below).

PD medications can influence parameters of saccadic eye movement (Michell
et al., 2006). To cope with this problem, we studied the saccade performance in 10

denovo PD patients in preliminary experiments, who took their first dose of l-dopa
(100–200 mg). We followed up the saccade performance of VGS and MGS for 4 h
(Yugeta, Terao, Fukuda, & Ugawa, 2008). There was a small effect both on latency
and amplitude of visually and memory guided saccades, which effect was maximal
at around 1–2 h but faded away by 3 h of intake. Thus, the subjects’ performance
was measured 4 h after the final intake of l-dopa in the morning.
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Fig. 1. Experimental setup (A) and o

For statistical assessment, patients with H–Y stages 1–1.5 were assigned a dis-
ase stage of 1 (11 patients); those with H–Y stages of 2–2.5 stage 2 (19 patients);
hose with H–Y stages of 3–3.5 stage 3 (29 patients); and those with higher disease
tages were assigned a stage of 4 (7 patients).

.2. Experimental setup

Subjects were seated in front of a black, concave dome-shaped screen of 90-cm
iameter that contained light-emitting diodes which served as the fixation points
nd saccade targets. Their heads were placed on a chin rest to restrict head move-
ents (Kato et al., 1995; Terao et al., 1998; Fig. 1A). They faced the center of the

creen at a viewing distance of ∼66 cm. The subjects held a microswitch button
hich was connected to the microcomputer and allowed them to initiate a trial by
ressing the button with their thumb.

Horizontal electro-oculographic (EOG) recordings were made using two
g–AgCl gel electrodes placed at the bilateral outer canthi. Vertical EOG record-

ngs were made using electrodes placed above and below the right eye. The signals
ere fed to a DC amplifier (AN-601G, Nihon Kohden, Tokyo, Japan) that was low-
ass filtered at 20 Hz and then digitized (500 Hz). The impedance was monitored
nd maintained below 5 k� throughout the measurements. Eye movement calibra-
ion was administered before each test session. A target appeared 20◦ to the left and
ight of the fixation point. While the subjects fixated on this spot, we adjusted the
OG gain so that the eye position displayed on the computer monitor matched the
arget position displayed on the screen.

.3. Behavioral paradigms

We used two types of visually guided saccades, VGS and gap saccade (GAP), as
ell as the MGS task. In VGS (Fig. 1B), a central spot of light on which subjects were

equired to fixate was turned on shortly after they pressed a button. After a random
eriod of time (1.2–2.0 s), the fixation spot was extinguished, and a target stimulus
imultaneously appeared randomly at various eccentricities, 5, 10, 20, or 30 degrees
o the left or right of it. We instructed the subjects to foveate the target as quickly
s possible.

The GAP task (Fig. 1C) was identical to the VGS task, except that the target spot

as turned on 200 ms after the fixation point was extinguished.

In the MGS task (Fig. 1D), while the subject fixated on the central spot, a periph-
ral stimulus (“cue”) appeared for a brief period of 50 ms. The subjects were required
o maintain visual fixation until the fixation point was turned off (delay period),
hen the subjects had to make a saccade based on their memory to the spatial loca-

ion where the cue had appeared. The target spot turned on again 600 ms after the
otor tasks (B: VGS, C: GAP, D: MGS).

offset of the fixation point. Saccades unintentionally made to the cue during the
delay period were termed saccades to cue.

Additionally, a hand reaction time (RT) task was implemented. A central spot of
light came on shortly after the subject pressed a button and it stayed on throughout
each trial. The subjects were instructed to fixate on it continuously. After a random
period (2–6.5 s), another spot came on at one of the various eccentricities and the
subjects released the button as soon as possible while fixating on the central cross
point. Inadvertent saccades made to the target were termed saccades to target.

The subjects performed 50 trials each of VGS, GAP, and MGS tasks and 40 trials of
the hand RT task (20 trials for each hand), for a total of 190 trials. The total duration
of examination ranged from 30 to 40 min. In the following, we use the term visually
guided saccades to indicate both VGS and GAP because these are tasks in which
saccades are guided by the visual signals. Abbreviations such as VGS and GAP will
be used to denote the individual tasks.

2.4. Data analysis and statistical assessment

Four parameters were determined off-line for each saccade: onset latency,
amplitude, duration, and peak velocity. The onset of an eye movement was defined
as the time when velocity and acceleration exceeded predetermined values (28◦/s
and 90◦/s2, respectively). Eye movement was accepted as a saccade based on its
velocity and duration. After the onset, the velocity had to exceed 88◦/s, and this
suprathreshold velocity had to be maintained for at least 10 ms. The end of an eye
movement was considered to have occurred when the velocity decreased below
40◦/s. The total duration had to exceed 30 ms. Records contaminated by noise and
those with onset latency < 100 ms were excluded from the analysis. Hand RT was
measured from the time of target presentation to that of button release. Accuracy
of the first saccade amplitude was expressed as a ratio in percentages to the target
eccentricity.

Statistical analyses were conducted using SPSS 10 software (SPSS Japan, Inc.,
Tokyo). First, saccade parameters (latencies and accuracies of VGS, GAP, and MGS
as well as the frequencies of saccades to cue and saccades to target) and hand RT
were entered into repeated-measures analysis of variance (ANOVA), with group (PD
patients and normal controls) as a between-subject factor and target eccentricity as
a within-subject factor. Where necessary, we corrected for sphericity by the Green-

house and Geisser correction. The significance criterion was set at p < 0.05. The effect
size was assessed by partial eta squared (�p

2). For each ANOVA, post hoc analysis
by Bonferroni’s method was performed to determine what differences contributed
to the significance detected. Second, saccade parameters were subjected to ANOVA
with disease stage as a between-subject and target eccentricity as a within-subject
factor to determine how they changed with disease progression. Since the number
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Fig. 2. Traces of VGS and MGS. Traces of VGS and MGS in a normal subject (top row)
and patients with early and advanced PD (middle and bottom rows). Twenty to
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2 = 0.211, GAP: F[1,129] = 57.538, p < 0.0001, �p

2 = 0.249) com-
pared to control subjects. The latency of MGS was greatly
prolonged (F[1,152] = 37.768, p < 0.0001, �p

2 = 0.199) and accu-
racy more reduced (F[1,138] = 101.344, p < 0.0001, �p

2 = 0.450). The

Table 2
Saccade parameters of normal controls and PD patients.

Parameter Normal PD

VGS Latency (ms) 232.9 ± 35.4 282.2 ± 62.6
Accuracy (%) 96.6 ± 5.1 85.6 ± 15.1

GAP Latency (ms) 202.9 ± 55.0 224.9 ± 54.5
Accuracy (%) 95.9 ± 4.7 83.3 ± 13.3

MGS Latency (ms) 415.8 ± 166.0 581.9 ± 165.3
hirty trials of eye movements (upper traces) and velocity curves (lower traces) are
uperimposed, time-locked to the presentation of the target (VGS) or to the offset
f the central fixation point (MGS). The abscissa is the time axis and the ordinate
ives the angle.

f subjects differed for different disease stages, the equality of error variance was
ssessed using the Levene’s test. Third, we looked at the correlation of the saccade
atencies in various tasks with the frequency of saccades to cue using the Pear-
on’s product-moment correlation test. The p-value for correlation was calculated
y means of Fisher’s z-transformation applied to the sample correlation coefficient
. We also correlated the frequency of saccades to cue with subscores of UPDRS part
II. Similar analyses were performed after splitting the subjects into patients with
isease stages 1–2 and stages 3–4.

Saccade parameters are known to be influenced by age (Munoz et al., 1998).
o take account of the possible effect of age, we used the analysis of covariance
ANCOVA) with age as a covariate to see whether this factor showed any interaction
ith other factors of interest. We analyzed this effect by taking age as a covariate

or ANCOVA. Age did not interact significantly with disease stage for VGS latency
age × disease stage: F(4,616) = 0.209, p = 0.933], MGS latency [F(4,612) = 0.666,
= 0.617], VGS accuracy [F(4,616) = 1.623, p = 0.172], MGS accuracy [F(4,612) = 0.506,
= 0.732], MGS success rate: F(4,544) = 1.018, p = 0.401], or for frequencies of sac-
ades to cue [F(4,612) = 1.459, p = 0.218] and saccades to target [F(4,612) = 0.860,
= 0.490]. However, age showed a slight interaction with disease stage only for GAP
ccuracy [F(4,520) = 2.918, p = 0.020]. Therefore, overall, age and disease stage were
onsidered not to be significantly related in this sample for these parameters. In the
ollowing analysis, we consider the effect of disease stage as largely independent of
ge.

. Results

.1. Impaired initiation and inhibitory control of saccades in PD

Fig. 2 presents typical examples of MGS and VGS traces recorded
n a normal subject and two PD patients at different stages. In a
atient with early PD patient (middle row), the onset of MGS was
elayed and more variable compared to that of normal subjects
t eccentricities of 5–10 degrees (Fig. 2), but not at 30 degrees.
n a patient with more advanced PD (bottom row), the onset of

GS became markedly delayed for all eccentricities. Within the
reset time limit of 600 ms, the patient in the figure succeeded in

nitiating MGS in 25% of trials (6/24 trials); many of these were sac-
ades of very small amplitude. In contrast, the normal subject could
uccessfully initiate MGS in almost every trial.

VGS was also affected, but to a lesser degree. Saccades toward

argets at 5–10 degrees from the central fixation point were initi-
ted slightly faster compared to the normal subject, whereas the
atency toward targets at 20–30 degrees was similar. As a result,
he traces for smaller saccades appeared more prominent than and
o protrude out from the others.
Fig. 3. Traces of saccades to cue and saccades to target. Inadvertent eye movements
made during the delay period of MGS (saccades to cues) and during the hand RT
task (saccades to target) in a normal subject (top row) and patients with early and
advanced PD (middle and bottom rows).

Both VGS and MGS in PD patients toward larger eccentricities
(20–30◦) often consisted of an initial hypometric saccade followed
by multiple corrective saccades. While normal subjects tended to
undershoot target eccentricities of 20–30 degrees by 10–15%, PD
patients tended to undershoot by approximately 10–20% in VGS
and 40–50% in MGS. In contrast, smaller eccentricities of 5–10
degrees were usually covered by a single saccade both in normal
subjects and PD patients.

PD patients not only had difficulty in initiating saccades, but also
in suppressing unwanted saccades. During the delay period in MGS
and the hand RT task, PD patients often made inadvertent saccades
toward the briefly presented cue, especially at smaller eccentrici-
ties (Fig. 3). These occurred despite repeated instructions and were
therefore not because the subjects failed to understand the task.
The unsuppressed saccades tended to increase with disease stage.

3.2. Abnormalities of saccade parameters in PD

Table 2 compares the saccade parameters of normal con-
trols and PD patients. The latencies of VGS and GAP were
significantly longer (VGS: F[1,153] = 38.535, p < 0.0001, �p

2 = 0.201;
GAP: F[1,129] = 5.167, p < 0.025, �p

2 = 0.039) and their accu-
racy significantly reduced (VGS: F[1,153] = 45.922, p < 0.0001,
Accuracy (%) 86.6 ± 13.6 57.4 ± 20.1
Success rate of MGS (%) 88.7 ± 10.1 69.5 ± 21.6
Frequency of saccades to cue (%) 24.2 ± 17.3 46.2 ± 23.9
Frequency of saccades to target (%) 13.7 ± 22.0 32.0 ± 28.7

(mean ± SD)
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Fig. 4. Saccade latencies at different eccentricities. The latency of VGS, GAP, and
MGS plotted as a function of target eccentricity (abscissa). The red curve represents
PD patients and the blue curve represents normal subjects. The parameters were
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veraged for each subject, and the mean and standard errors for each parameter
as computed for each parameter. Error bars indicate standard errors in this and

he following figures. (For interpretation of the references to color in this figure
egend, the reader is referred to the web version of the article.)

GS success rate within 600 ms was lower than control subjects
F[1,152] = 24.134, p < 0.0001, �p

2 = 0.137).
The frequencies of saccades to cue and saccades to tar-

et were higher in patients than in controls (saccades to cue
[1,152] = 53.970, p < 0.0001; saccades to target F[1,140] = 22.312,
< 0.0001, �p

2 = 0.137). Hand RT was significantly prolonged in PD
F[1,135] = 67.467, p < 0.0001, �p

2 = 0.282; Table 2).

.3. The influence of target eccentricity on saccade parameters

The latency of visually guided saccades was influenced by
arget eccentricity. VGS latency in PD patients was within the
ormal range at smaller eccentricities (5–10◦), but was prolonged
t larger eccentricities (20–30◦) (Fig. 4A; effect of eccentricity:
[1.859,284.434] = 198.520, p < 0.0001, �p

2 = 0.565; eccentric-
ty × group: F[1.859,284.434] = 18.547, p < 0.0001, �p

2 = 0.108).
similar trend was noted for GAP (Fig. 4B; effect of group:

ffect of eccentricity: F[2.391,308.4] = 153.779, p < 0.0001,
p

2 = 0.418; group × eccentricity: F[2.391, 308.4] = 27.559,
< 0.0001, �p

2 = 0.107).
In contrast, MGS latency was less dependent on tar-

et eccentricity. MGS latency in PD patients was similarly

rolonged across all eccentricities (Fig. 4C; MGS latency:
ffect of eccentricity: F[2.669,405.709] = 2.060, p = 0.112,
p

2 = 0.013, group × eccentricity: F[2.669,405.709] = 0.778,
= 0.501, �p

2 = 0.005). Furthermore, the success rate of
GS decreased in PD patients (MGS success rate: effect of
Fig. 5. Saccade accuracies at different eccentricities. Accuracy of the first saccade
amplitude was expressed as a ratio in percentages of the target eccentricity.

eccentricity: F[2.755,418.76] = 7.491, p < 0.0001, �p
2 = 0.047,

group × eccentricity: F[2.755,418.76] = 0.439, p = 0.709,
�p

2 = 0.003).
The accuracy of both visually and memory guided sac-

cades was significantly or showed a trend to be reduced,
especially at larger target eccentricities (Fig. 5; VGS:
effect of eccentricity: F[2.195,335.870] = 86.927, p < 0.0001,
�p

2 = 0.362,eccentricity × group F[2.195,335.870] = 5.911,
p = 0.002, �p

2 = 0.037; GAP: effect of eccentricity:
F[1.822,255.116] = 64.382, p < 0.0001, �p

2 = 0.314, eccentric-
ity × group F[1.822,255.116] = 2.974, p = 0.058, �p

2 = 0.20; MGS:
effect of eccentricity: F[2.054,262.912] = 15.647, p < 0.0001,
�p

2 = 0.095, group × eccentricity F[2.054, 262.912] = 2.265,
p = 0.104, �p

2 = 0.015).
The frequencies of saccades to cue and saccades to tar-

get were also influenced by target eccentricity (Fig. 6). They
were larger in PD at all eccentricities, but more prominently
for smaller eccentricities (effect of eccentricity; saccades to
cue: F[2.721,413.556] = 66.299, p < 0.0001, �p

2 = 0.304; saccades to
target: F[2.425,339.434] = 37.649, p < 0.0001, �p

2 = 0.212; eccentric-
ity × group; saccades to cue: F[2.721,413.556] = 3.253, p = 0.026,
�p

2 = 0.021; saccades to target: F[2.425,339.434] = 3.499, p = 0.023,
�p

2 = 0.024).

3.4. Changes in saccade parameters and hand RT with disease
stage

VGS latency increased from disease stages 1 to 2 and satu-

rated thereafter (Fig. 7A; effect of disease stage: F[4,616] = 13.004,
p < 0.0001, �p

2 = 0.269, difference between disease stages before
1 and those after stage 2 [p < 0.0044]). GAP latency increased up
to stage 2, but decreased slightly at later disease stages (Fig. 7B;
F[4,520] = 1.980, p = 0.102, �p

2 = 0.064; difference between disease
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Fig. 7. Changes in saccade latencies of VGS (A), GAP (B), and MGS (C) and success
rate of MGS (D) and RT (E) with disease stage. The latencies of VGS, GAP, and MGS
and the success rate of MGS and RT plotted as a function of disease stage. N, 1, 2,
ig. 6. Frequency of saccades to cue and saccades to target at different eccentricities.
he frequency of saccades to cue (A) and saccades to target (B) plotted as a function
f target eccentricity.

tages 2–3 and other stages [p < 0.005]). At disease stage 1, the
atencies of VGS and GAP were slightly shorter than but not sig-
ificantly different from those of age-matched controls.

MGS latency increased more robustly and progressively with
dvancement of the disease (Fig. 7C; F[4,612] = 10.031, p < 0.0001,
p

2 = 0.224). At stages 3–4, it approached 600 ms, that is, patients
ere frequently unable to initiate MGS within the preset time

imit. Accordingly, the MGS success rate declined progressively
ith advancing disease stages (Fig. 6D; effect of disease stage:

[4,432] = 8.635, p < 0.0001, �p
2 = 0.206), and correlated negatively

ith disease stage (r = 0.496, p < 0.0001).
To analyze how saccade parameters varied with disease

rogression, we assessed the correlation between saccade
arameters and disease stage. The latencies of VGS, GAP,
nd MGS all showed significant positive correlations with
tage (VGS: r = 0.443, p < 0.0001, GAP: r = 0.292, p = 0.0082;
GS: r = 0.468, p < 0.0001). When the latencies for each task
ere normalized to the respective median values of age-
atched controls, VGS and GAP latencies showed a prolongation

f 8.3% and 4.6% per disease stage, whereas MGS latency
howed a larger prolongation of 13.6% per stage (effect of
ask: F[1.829,91.436] = 9.208, p = 0.0002, �p

2 = 0.227, task × disease
tage: F[5.486,274.308] = 0.385, p = 0.8730, �p

2 = 0.034).
Similarly, hand RT increased progressively and showed a signif-

cant correlation with disease stage (Fig. 7E; effect of disease stage:
[4,616] = 18.313, p < 0.0001, �p

2 = 0.432; r = 0.807, p < 0.0001).
The accuracies of VGS and GAP decreased at disease

tage 1 but leveled off thereafter (Fig. 8A and B; VGS:
[4,600] = 10.453, p < 0.0001, �p

2 = 0.243; GAP: F[4,520] = 15.766,
< 0.0001, �p

2 = 0.329). MGS accuracy decreased more progres-
ively with disease stage (Fig. 8C; F[4,612] = 32.996, p < 0.0001,
p

2 = 0.520).
The accuracy of MGS showed weak but significant negative cor-

elations with disease stage (MGS: r = −0.303, p = 0.0138), but the

ccuracies of VGS and GAP did not [VGS: R = −0.0744, p = 0.5575,
AP: r = −0.013, p = 0.9263]. The accuracies of VGS and GAP
eclined by 3.3% and 4.2% per disease stage, respectively, whereas
hat of MGS showed a larger reduction of 8.1% (effect of task:

3, and 4 on the abscissa represent normal subjects and patients at H–Y stages 1–4,
respectively.
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Fig. 9. Changes in inhibitory control of saccades (A: saccades to cue, B: saccades to
target) with disease stage.
ig. 8. Changes in saccade amplitudes (accuracy) of VGS (A), GAP (B), and MGS (C)
ith disease stage.

[1.289,68.315] = 65.508, p < 0.0001, �p
2 = 0.567; task × disease

tage: F[1.289,68.315] = 1.855, p = 0.0960, �p
2 = 0.100).

Both saccades to cue and saccades to target increased progres-
ively up to stage 4 (Fig. 9) and showed a significant correlation
ith disease stage (saccade to cue: r = 0.488, p < 0.0001; saccade to

arget r = 0.381, p < 0.0001).

.5. Latency distribution of visually and memory guided saccades

Across subjects, we pooled the VGS latency in single trials,
eparately for the four different target eccentricities, and then con-
tructed histograms of latency distributions. All four curves for
ifferent eccentricities began to rise at approximately 100 ms for

oth controls and PD patients (Fig. 10). Patients with early PD
howed a prominent peak in the early range (110–160 ms) for
- to 10-degree targets (black arrow). At later stages, this “early”
eak diminished, while VGS latencies toward 20- to 30-degree tar-
ets became markedly prolonged (light blue arrow). Early saccades

Fig. 10. Frequency distribution of VGS latency. Frequency distribution of VGS
latency in normal subjects (top), PD patients at H–Y stages 1–2 (middle) and 3–4
(bottom). Curves of different colors in each figure represent different target eccen-
tricities. Please refer to the panel on top of the figures.
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Fig. 11. Frequency distribution of MGS latency.

omprised 5.2% in normal subjects, 8.3% in early PD patients, and
.7% in advanced PD patients. This difference in proportion between
ormal and early PD subjects reached significance (�-square test:
< 0.0001).

Fig. 11 presents a latency histogram for the MGS task. For both
ormal subjects and PD patients, the four curves for the differ-
nt eccentricities almost overlapped. The latency was prolonged
nd variable across individual PD patients. The success rate of MGS
ecreased with disease stage. When the target location was lighted
or the second time (black vertical line), however, PD patients
requently made a visually guided saccade toward this location.
hese visually guided saccades mostly occurred at latencies of
00–180 ms after the target presentation, for which the four curves
iverged from each other, with the highest peak for the 5-degree
arget and the lowest peak for the 30-degree target.

.6. Correlation between various saccade parameters and that of
nhibitory control

If the frequency of saccades to cue reflects the excitability of
he SC, it would also show a negative correlation with the latency
f visually guided saccades (see Section 4). In normal controls, the
requency of saccades to cue did not correlate significantly with VGS
r = 0.087, p = 0.5833) or GAP latency (r = 0.080, p = 0.6990) (Fig. 12A
nd B, normal), consistent with a previous report (Gowen & Abadi,
005). In PD patients, however, the correlation between latencies
f visually guided saccades and the frequency of saccades to cue
eached significance (VGS: r = −0.320, p = 0.0353; GAP: r = −0.388,
= 0.0117). When the correlation was studied separately for differ-
nt disease stages (Fig. 12A and B), we found a significant negative
orrelation at stage 3 (VGS: r = −0.462, p = 0.0123; GAP: r = −0.466,
= 0.0276) and stage 4 (VGS: r = −0.822, p = 0.0442; GAP: r = −0.919,
= 0.0250), although the correlation was not significant at stage 1
VGS: r = −0.242, p = 0.5803; GAP: r = −0.152, p = 0.6467) or stage 2
VGS: r = −0.204, p = 0.3934; GAP: r = −0.296, p = 0.3109). Correla-
ion was not found for MGS latency and its success rate (Fig. 12C
nd D).
ia 49 (2011) 1794–1806 1801

3.7. Behavioral correlates of the frequency of saccades to cue

To study the possible clinical correlates of the frequency of sac-
cades to cue, we correlated the frequency of saccades to cue with
the scores of UPDRS part III (Fig. 12E). Pooled across all disease
stages, the frequency did not correlate significantly with the total
or any of the motor subscores of UPDRS (r = 0.002, p = 0.9860). How-
ever, when we split patients into stages 1–2 and 3–4, the frequency
of saccades to cue showed a significant negative correlation with
the total UPDRS motor score at stages 3–4 (r = −0.407, p = 0.0221),
but not at stages 1–2 (r = 0.121, p = 0.4520). Subscores for resting
tremor and rigidity showed a significant negative correlation with
the frequency for patients at stages 3–4 (resting tremor: r = −0.397,
p = 0.0416; rigidity: r = −0.378, p = 0.0353), but not at stages 1–2
(resting tremor: r = 0.044, p = 0.8259; rigidity: r = 0.039, p = 0.8449).
The subscore for rapid alternating movements of the hand showed
a trend for significant negative correlation (r = −0.378, p = 0.0702),
whereas those for leg agility and bradykinesia approached a trend
level of statistical significance (leg agility: r = −0.284, p = 0.1223,
bradykinesia: r = −0.293, p = 0.1105). All subscores showing cor-
relation were classified as subscore A of the UPDRS motor score,
indicative of dopaminergic deficiency (Levy et al., 2000). In con-
trast, subscores reflecting nondopaminergic function failed to show
any correlation (rising from a chair: r = 0.089, p = 0.5016, posture:
r = −0.032, p = 0.8079, postural stability: r = 0.035, p = 0.7908, gait:
r = 0.035, p = 0.7908; speech: r = 0.134, p = 0.3048).

4. Discussion

In this study, we examined the initiation and inhibitory control
of saccades in PD. We demonstrated that PD patients are impaired
not only in MGS, but also in VGS to a lesser degree, beginning in
the relatively early stages of the disease. PD patients also exhibited
impaired ability to suppress unwanted saccades (saccades to cue
and to target). Both the initiation of memory-guided saccades and
the inhibitory control of reflexive saccades (saccades to cue and
saccades to target) deteriorated with the progress of the disease.
The frequency of saccades to cue showed a negative correlation
with some clinical scores, including UPDRS motor scores. We dis-
cuss these findings from the perspective of the SC, where inhibitory
and excitatory drives for saccade generation converge.

4.1. Excessive SC inhibition and decreased pre-oculomotor drive
in PD

It has been hypothesized that the initiation of VGS is mediated
predominantly by structures that bypass the BG (Braun, Weber,
Mergner, & Schulte-Monting, 1992; Heide & Kömpf, 1998; Pierrot-
Deseilligny et al., 2004). However, we found that VGS was affected
even in the relatively early stages of PD; both VGS and MGS were
affected, with prolonged latencies and reduced amplitudes.

SC comprises part of the final common pathway where the
descending commands for visually and memory-guided saccades
converge. We propose that excessive inhibition of SC neurons
by the BG (specifically the SNr) leads to prolonged latency and
reduced velocity and amplitude for all types of saccades (Machado
& Rafal, 2004). Indeed, electrical stimulation of the SNr reduces the
amplitude of both VGS and MGS in primates (Basso & Liu, 2007).
Moreover, deep brain stimulation of the subthalamic nucleus (DBS-

STN), which is thought to reduce the level of SNr–SC inhibition,
improved VGS and MGS in PD patients (Yugeta et al., 2010);
hypometria of various visually and memory-guided saccades were
improved, supporting the notion that the SC serves as the bottle-
neck region for all types of volitional saccades.
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ig. 12. Correlations between the frequency of saccades to cue (abscissa) and sacc
atency, (C) MGS latency, (D) Success rate of MGS, (E) total UPDRS motor score. Pl
tages 1–4 (the four columns on the right). Each dot represents the data of individua
anges of each parameter in normal subjects. (For interpretation of the references t

Saccades in PD showed hypometria and prolonged latency,
eaching the target with a multistep sequence, especially for MGS.
immig, Haussmann, Mergner, and Lucking (2002) suggested that

his phenomenon (“gaze shift segmentation”) occurs because the
re-oculomotor drive through the BG to SC becomes abnormally
eak and/or because SC receives inadequately strong inhibition.
e propose that both of these factors are involved in the oculomo-

or abnormalities in PD. Commands for initiating visually guided
accades such as VGS arise in the posterior parietal cortex that
s directly connected to the SC (Pierrot-Deseilligny et al., 2004).
he abnormality of VGS may therefore be explained mainly by the

xcessive inhibition of the “bottleneck” SC. In contrast, along with
his excessive inhibition, MGS engages two serial inhibitory pro-
ections mediated by the frontal cortex (FC) and the BG, finally
eaching the SC. DBS-STN normalized VGS latency and amplitude,
ut not MGS latency (Yugeta et al., 2010); DBS-STN may act on the
arameters and UPDRS score (ordinate) at disease stages. (A) VGS latency, (B) GAP
made separately for normal subjects (the leftmost column), and patients at H–Y

ects. Regression lines are shown in red. Shaded areas represent the 95% confidence
r in this figure legend, the reader is referred to the web version of the article.)

SNr–SC pathway and normalize the function of the “bottleneck” SC,
but it may not act directly on the FC–BG pathway.

4.2. Changes in the pre-oculomotor drive and inhibition of the SC
change with disease stage

VGS amplitude initially decreased progressively with disease
stage, although to a much smaller degree than MGS. Therefore,
SC suppression as reflected in VGS may comprise only a part of
PD pathophysiology. Although VGS latency and amplitude tended
to worsen with disease stage, especially from H–Y stage 1 to 2, it

subsequently tended to saturate. This saturation suggests that a
mechanism other than SC suppression is at work for determining
VGS latency (see below).

In contrast, MGS latency and amplitude progressively increased
and the MGS success rate declined with disease progression. This
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uggests that the function of the FC–BG circuit, the pre-oculomotor
rive, deteriorated progressively with disease stage. The success
ate of MGS appears to reach a minimum level at H–Y stages 3–4.
his suggests that dopaminergic denervation due to neuronal death
n the SNr may have already reached a near-exhausted level at these
tages. Hypometria in MGS is more pronounced than that of VGS,
robably because MGS is affected by both the excessive inhibition
f the SC and the deteriorated pre-oculomotor drive through the
C–BG circuit.

.3. Impaired inhibitory control of saccades in PD

Apart from the excessive inhibition from BG and decreased
rontal cortex-BG activity, the inhibitory control of saccades was
lso impaired in PD. This is difficult to explain by excessive SC
uppression, which is expected to prevent saccade initiation in
esponse to cue stimulus. Furthermore, although PD patients had
ifficulty in initiating memory-guided saccades because of the
ecrease in frontal cortex-BG activity, they had no difficulty in mak-

ng them in response to the target that was presented at the end of
he delay period (Fig. 11). It was evident that although PD patients
ave difficulty in initiating voluntary saccades in the absence of a
isual target, they show a tendency to make saccades to it reflex-
vely once it is presented.

There are several possible explanations for the emergence of
hyper-reflexivity.” Visually guided saccades can occur readily
f the suppression is “leaky,” which can occur due to fluctua-
ion in the level of the BG-induced SC inhibition. Studies have
hown that in PD, pathological firing patterns, both oscillatory
nd nonoscillatory, develop in the BG circuit, which can lead to
he phasic inhibition and disinhibition of SC saccade cells and the
elease of unwanted saccades (Bergman et al., 1998; Brown, 2003).

ichmann et al. (1999) demonstrated that neuronal discharge in
he SNr is affected in Parkinsonism in the same way as the GPi,
xhibiting an increased proportion of cells with oscillatory burst
atterns at 3–8 Hz. Because SC receives inhibitory input from the
Nr, this fluctuation in firing activity can lead to the phasic disin-
ibition of SC. In contrast, a group of neurons in the monkey STN
nable switching from an automatic saccade to a voluntary sac-
ade by inhibiting the automatic saccade (Isoda & Hikosaka, 2008).
f this control is compromised by abnormal oscillatory activities
oth within and outside the STN, a saccade will be initiated when a
ovel visual stimulus is presented. Shaikh, Xu-Wilson, Grill, and Zee
2010) found “staircase” square-wave jerks in patients with early
D; they ascribed them to the oscillations in the STN being trans-
erred to SNr and subsequently to SC to intermittently inhibit the
ngoing saccades. Conversely, a “leakage” in suppression may lead
o the disinhibition of SC and the generation of unwanted saccades.

The “leaky” suppression may also be phasic. The phasic dis-
nhibition of SC may occur in response to the appearance of the
isual target. In primate studies, the high-frequency activity of SNr
as been demonstrated to decrease phasically in response to sud-
enly appearing visual signals (Hikosaka & Wurtz, 1983). Because
Nr sends inhibitory inputs to SC, the decrease in discharge of SNr
eads to the disinhibition of SC. We noted that the saccades to cue
ccur mostly around 200 ms and around 400–500 ms after the cue
s presented in MGS (data not shown); with similar intervals, the
ischarge of SNr neurons decreased in response to visual stimuli. In
D, there may be an apparent general hyperexcitability of BG neu-
ons to phasic sensory inputs (e.g., Bergman, Wichmann, Karmon,
Delong, 1994), so this phasic disinhibition may also be enhanced.
However, it should be noted that neither the tonic or phasic dis-
nhibition noted above can explain why the timing of periods of low
nhibition happen to coincide with the cue-target interval where
accades to cue may take place involuntarily, but not with the target
nset-saccade interval when VGS are being initiated later; a pha-
ia 49 (2011) 1794–1806 1803

sic disinhibition can occur in response to either the visual target in
VGS or to the cue in MGS. Our data suggested that VGS are delayed
in latency, whereas saccades to cue are increased in frequency.

Thus, although the precise mechanism remains unknown, we
may have to take the task-related modulation of oscillation within
the BG into consideration. There is growing evidence that PD is
associated with pathological synchronous oscillatory activity in the
BG, primarily in the ˇ range (11–30 Hz), which may play a key role in
BG dysfunction in PD (Bergman et al., 1994; Nini, Feingold, Slovin,
& Bergman, 1995; Raz, Feingold, Zelanskaya, Vaadia, & Bergman,
1996; Wichmann, Bergman, & DeLong, 1994). In normal primates,
the local field potential oscillations have been proposed to serve the
function of filtering striatal input–output transmission (Hutchison
et al., 2004) or acting as a dynamic filter to sharpen the action-
selection network activity in the striatum (Courtemanche, Fujii, &
Graybiel, 2003). � band oscillations are also reduced before and
during self- and externally paced voluntary movements (Cassidy
et al., 2002; Doyle et al., 2005; Kempf et al., 2007; Kuhn et al.,
2004; Williams et al., 2003) and are considered to be involved in
movement inhibition (Kuhn et al., 2004).

Here, saccade generation was required in VGS whereas in the
delay period of MGS, it was required to be inhibited. Evidence is
limited as to how oscillatory activity in BG is modulated in PD.
In PD, these oscillations may entrain more neurons to give rise to
pathological oscillatory spike activity. Therefore, BG may be resis-
tant to normal modulation, compromising its function to filter out
the execution of saccades other than the ones to be performed
and allowing unnecessary saccades to be issued (Weinberger,
Hutchison, & Dostrovsky, 2009).

4.4. Interaction between inhibition and disinhibition within SC

Because the hyper-reflexivity and the decreased drive for sac-
cade initiation is apparently contradictory, it is important to
consider how the drives for hyper-reflexivity and the impairment
of saccade initiation converge on SC to produce the oculomotor
abnormalities in PD. As yet, there is no direct evidence to explain
how SC inhibition and disinhibition interacts and we can there-
fore only speculate about it. According to the model proposed by
Brown, Bullock, and Grossberg (1999), visual inputs to SC dominate
“reflexive” movements by default and allow fast visually guided
saccades to take place toward a suddenly appearing target. When a
planned movement is required instead, frontal activity can sup-
press visually guided saccades and allow time for processing a
planned response to a different target. Although not supported by
neuronal recording, it has been suggested that the purpose of the
descending input from the cortex is to delay saccade initiation so
that accurately planned responses are elicited (Carpenter, 2004;
Neggers, Raemaekers, Lampmann, Postma, & Ramsey, 2005; Reddi
& Carpenter, 2000; van Donkelaar et al., 2007). Consistent with
this notion, van Donkelaar et al. (2007) demonstrated that when
a peripheral object is foveated by a sequence of multiple saccades,
the initial saccade in the sequence is initiated markedly faster than
a single accurate saccade to the same object. It is possible that the
execution of a visually guided saccade is delayed until a saccade of
precise direction and amplitude is programmed. Therefore, visually
guided saccades such as VGS and GS in this study are not “reflexive”
in the sense that they are solely triggered by visual signals.

In PD, the voluntary drive mediated by the FC–BG circuit
declines, leading to delayed latency of MGS. The BG-induced sup-
pression of SC increases, leading to delayed latency of visually

guided saccades as well. Meanwhile, hyper-reflexivity also devel-
ops. The dual pattern of decreased voluntary drive and increased
hyper-reflexivity suggests that functional balance in PD patients
gradually approaches the default “reflexive” mode as the disease
progresses.
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Although excessive inhibition of SC cells may lead to the pro-
ongation of latency for all types of saccades, hyper-reflexivity of
accades can also work to shorten the latency of saccades. The over-
ll negative correlation between VGS latency and the frequency of
accades to cue suggests that the disinhibition of SC underlies both
f these phenomena. Indeed, the disinhibition of SC by injections
f bicuculline into the SC in primates facilitates the initiation of
accades including VGS and MGS and increases irrepressible sac-
ades toward the center of the movement field of the SC cells at the
njection site (Hikosaka & Wurtz, 1985a).

.5. Preferential disinhibition of small amplitude saccades in PD

Not only was the latency of visually guided saccades shortened
y disinhibition of SC, there was also a preferential facilitation
f small amplitude saccades. VGS latency was preserved for sac-
ades made toward smaller target eccentricities (5–10◦) until later
isease stages, whereas those made toward large target eccentric-

ties were markedly delayed. The same held for saccades made
oward the target when it was presented for the second time in
he MGS task (Fig. 11). These phenomena can also be explained
y the disinhibition of the SC. Although visually guided saccades
ay not be directly triggered by visual inputs, the predominance

f smaller saccades may be related to the broader representation
ithin the SC of small amplitude saccades as well as the large

nput it receives from cortical and subcortical areas (Sparks, Rohrer,
Zhang, 2000). Even if SC were homogenously inhibited by the

xcessive output from the SNr, smaller saccades would overcome
his inhibition because of their large representation, whereas larger
accades would be greatly suppressed.

The difference in processing for large and small amplitude sac-
ades may also contribute to the preferential facilitation of smaller
accades. As stated above, because of the leaky inhibition, saccades
hat were initially programmed as large amplitude saccades may
e prematurely released with small amplitude. Consequently, the

atency of small amplitude saccades in VGS and GS tasks would be
elatively normal or even shortened compared to normal subjects,
hereas large amplitude VGS or GS may be slowed in latency.

In summary, the prolongation in latency of visually guided
accades may be caused by the heightened level of the SNr–SC
nhibition. In addition to SC inhibition, the pre-oculomotor drive
ecreases as the disease progresses, which increases the latency of
GS more prominently than that of visually guided saccades. The

acilitation of saccades to cue as well as the preferential facilita-
ion of smaller saccades may be caused by temporary removal (or
eakage) of the SNr–SC inhibition. This SC disinhibition causes VGS
atencies to decrease slightly.

.6. SC disinhibition may reflect compensatory mechanisms in PD

We found a significant correlation between the symptoms of PD
hat are indicative of dopaminergic deficiency and the frequency of
accades to cue; this was especially prominent in H–Y stages 3–4
Fig. 12E).

Motor functions may be better for PD patients in which com-
ensatory mechanisms outside the BG work better (Bezard, Gross,
Brotchie, 2003), even if the dopaminergic neurons have degen-

rated equally. It is known that movements that are driven by
xternal stimuli employ different cortical routes than those driven
y an internal trigger. Behaviorally, PD patients in the advanced
tage compensate for their motor deficits by using sensory guidance

Brown & Marsden, 1988). Patients are poor at suppressing prepo-
ent behavior in response to sensory stimuli (Praamstra, Stegeman,
ools, & Horstink, 1998) because information from sensory stim-
li relevant to the generation of a response can have rapid access
o motor structures to facilitate prepotent movements. Structures
ia 49 (2011) 1794–1806

outside BG may compensate for the progressive loss of dopamine
in PD, for example, through overactivity of the parietal cortex.
Neuroimaging studies also demonstrate that PD patients exhibit a
strategic compensatory shift of the use from striato-mesial frontal
to parietal–lateral premotor circuits to recruit parallel motor cir-
cuits and to overcome the functional BG deficit and facilitate the
performance of complex limb movements (Praamstra, Stegeman,
Cools, Meyer, & Horstink, 1998; Sabatini et al., 2000).

Consistent with this notion, Shaikh et al. (2010) ascribed the
abnormally large square-wave jerks in PD to a compensatory
increase in FEF activity secondary to the increased inhibition upon
SC. SC disinhibition, as indicated by the increased frequency of sac-
cades to cue, may reflect such inputs to SC from structures outside
BG that become active to compensate for the PD-associated changes
in BG.

In addition, abnormal firing patterns, especially synchronous
oscillations, developing within the BG circuit, or exaggerated
response of BG (e.g., SNr) in response to sensory stimuli (Bergman
et al., 1994) may phasically remove the excessive gating by the BG
and make the downstream motor structures more responsive to
sensory inputs; they may also make the intended movement eas-
ier to perform. In the dopamine-depleted state, there is increased
coupling between cortex and STN activities (Magill, Bolam, & Bevan,
2001) perhaps due to a greater efficacy of the excitatory synaptic
inputs (Bevan, Hallworth, & Baufreton, 2007). The abnormal firing
pattern that allows saccades to cue to occur may also enhance this
coupling in a way that facilitates voluntary movements.

4.7. Pathophysiology of PD studied through saccade performance;
clinical relevance and treatment implications

Various therapies can alter the aforementioned pathophysio-
logical changes in PD. For example, l-DOPA and dopamine agonists
improve the function of premotor drive by altering the balance
between direct and indirect pathways. They shorten the latency of
MGS, prolong the latency of visually guided saccades, and improve
the performance of antisaccades by suppressing the default mode
(Hood et al., 2007; Michell et al., 2006); they also alleviate the motor
symptoms.

In contrast, DBS-STN reverses the excessive inhibition of SC by
targeting the overactive STN-SNr circuit, which is further down-
stream than the aforementioned circuit. It thereby improves the
amplitudes of all types of saccades (Yugeta et al., 2010) and can also
change small multistep movements into a single large movement
(Kumru, Summerfield, Valldeoriola, & Valls-Solé, 2004; Sauleau
et al., 2008). DBS-STN can also occlude the oscillatory activity and
normalize the excitability of SC, decreasing the occurrence of sac-
cades to cue (Yugeta et al., 2010).

With further clarification of associated pathophysiology, treat-
ment could be optimized for each patient, using saccade parameters
as an indicator of current pathological status.
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