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resemble mild Alzheimer’s disease
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Abstract
Alzheimer’s disease (AD) is a disorder of progressive memory loss and executive dysfunction. Little is known about the progression from amnestic mild cognitive impairment (aMCI; isolated memory loss) to AD. Studies have found impairments in mild-stage
AD and aMCI in specific tests of executive function. Here, we used objective saccade tasks to determine if they can effectively
assess executive function deficits otherwise assessed by neuropsychological testing. To determine which executive function deficits the saccade tasks are most sensitive to, we also investigated the relationship between performance on saccade tasks and
neuropsychological test scores. Twenty-two aMCI patients (63–90 years), 24 mild AD patients (61–87 years) and 76 healthy controls (60–85 years) performed a battery of neuropsychological tests, and two saccade tasks designed to probe sensory, motor
and cognitive function. The prosaccade task requires a fast, automatic saccade toward an eccentric visual stimulus. The antisaccade task requires additional executive processing to inhibit the automatic prosaccade toward the stimulus, so that a voluntary
saccade can be initiated to a location opposite the stimulus. Antisaccade performance was impaired similarly in aMCI and AD
patients relative to controls; both groups were slower to initiate correct antisaccades and they made more direction errors (erroneous prosaccades), suggesting similar brain deficits. Scores on the Stroop task were inversely correlated with the percentage of
short-latency direction errors in the antisaccade task for controls and aMCI patients, whereas other more global measures of
executive function were not related to saccade measures in any subject group. Our results show that the antisaccade task is useful for detecting executive dysfunction in aMCI and AD, especially dysfunction in selective attention. Saccade tasks may therefore
have potential to assess executive dysfunction when use of neuropsychological tests is not possible.

Introduction
Patients with amnestic mild cognitive impairment (aMCI) exhibit
memory deﬁcits similar to those seen in mild Alzheimer’s disease
(AD; Morris et al., 2001). However, aMCI patients have recently
been observed to exhibit subtle deﬁcits in executive functioning (i.e.
behavioral control, cognitive ﬂexibility, abstract thinking) on speciﬁc
psychometric tasks, such as tests of perceptual speed (Bennett et al.,
2002) and response inhibition (Traykov et al., 2007). Deﬁcits in
executive functions, assessed with tests such as the Wisconsin Card
Sorting Task, are present in mild AD (Balota & Faust, 2001; Takeda
et al., 2010), and are predictive of AD development (Chen et al.,
2000). This suggests frontal executive dysfunction may occur prior
to AD diagnosis. Unfortunately, administering these tests to measure
executive dysfunction is not always practical (they often rely on proﬁcient use of the English language, require movement dexterity,
require a lengthy administration, etc.).
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Although aMCI is thought to lead to AD in a large proportion of
patients (Corbetta et al., 1998; Petersen et al., 1999; Dubois et al.,
2007), it is clinically difﬁcult to determine which aMCI patients are
at risk for conversion to AD. Because the prevalence of AD is continuously rising (Smetanin et al., 2010), it is important to develop
non-invasive methods that would allow for early detection and
tracking of symptom progression. Here, we used saccadic eye movement tasks speciﬁcally designed to probe executive functions to
determine if these tasks can be used to assess performance as adequately as standard neuropsychological tests. If aMCI and early AD
patients exhibit speciﬁc saccade deﬁcits, saccade tasks can be used
to identify cognitive symptoms in very early stages of the disease,
and have potential for longitudinal studies of aMCI conversion to
AD.
Saccadic eye movement tasks are commonly used to assess sensory, motor and cognitive function in neurological disease (Leigh &
Kennard, 2004; Munoz & Everling, 2004; Munoz et al., 2007;
Ramat et al., 2007) because they are non-invasive and hands/language-free, and because of the extensive knowledge of the brain
circuitry controlling saccades (Wurtz & Goldberg, 1989; Moschovakis
et al., 1996; Munoz, 2002; Scudder et al., 2002; Sparks, 2002;
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Hikosaka et al., 2006; Leigh & Zee, 2006; Watanabe & Munoz,
2011). Eye movement control is sensitive to normal aging (Olincy
et al., 1997; Munoz et al., 1998; Klein et al., 2000; Abel & Douglas, 2007; Peltsch et al., 2011), and a variety of saccade deﬁcits are
distinguishable between different neurodegenerative disorders,
including Parkinson’s disease (Briand et al., 1999; Chan et al.,
2005; Mosimann et al., 2005; Cameron et al., 2010), Huntington’s
disease (Blekher et al., 2006; Peltsch et al., 2008), progressive
supranuclear palsy (Garbutt et al., 2008; Chen et al., 2010), AD
(Abel et al., 2002; Shaﬁq-Antonacci et al., 2003; Garbutt et al.,
2008) and amyotrophic lateral sclerosis (Witiuk et al., 2010)
because these pathologies alter different components of the circuitry
controlling the behavior.
To investigate saccade characteristics in aMCI, AD and normal
aging, we employed tasks ideal for testing executive function. In the
prosaccade task, subjects are asked to look from a central ﬁxation
cue towards a peripheral visual stimulus; this task involves a fast,
automatic response that does not require optimal executive functions. In the antisaccade task (Hallett, 1978), the presentation of
stimuli is identical, but additional executive processing is required
to perform the task: subjects are instructed to look away from the
peripheral stimulus, requiring suppression of the automatic prosaccade, followed by voluntary initiation of an antisaccade to the opposite side. The ability to inhibit unwanted saccades and voluntarily
initiate movement is reﬂective of good function of areas in the frontal oculomotor circuit (Everling & Fischer, 1998; Munoz &
Everling, 2004).
Previous studies have reported antisaccade deﬁcits in AD such as
increased latencies, error rates, difﬁculty maintaining ﬁxation and
increased variability in saccadic reaction time (SRT) (Carter et al.,
1983; Schewe et al., 1999; Kabani et al., 2002; Hebert et al., 2003;
Grundman et al., 2004). Normal aging is also known to inﬂuence
saccade performance and voluntary saccade control is more susceptible to age-related inﬂuences than automatic control (Olincy et al.,
1997; Munoz et al., 1998; Klein et al., 2000; Yang & Kapoula,
2006; Abel & Douglas, 2007; Peltsch et al., 2011). However, it is
not known to what extent saccade deﬁcits are present in aMCI, or
whether such ﬁndings can accurately assess executive function characteristics in aMCI to differentiate them from normal aging and AD.
Alzheimer’s disease pathology in the medial temporal lobe, evident many years prior to symptom onset (Scahill et al., 2002; Smith,
2002), may inﬂuence frontal function due to loss of input from the
medial temporal areas (Smith, 2002). Because mild AD pathology
affects frontal regions (Buckner, 2004; Rabinovici et al., 2007), and
frontal executive functions are impaired in mild AD (Balota &
Faust, 2001; Takeda et al., 2010), it is expected that AD patients
will exhibit impaired voluntary saccade control, especially in the antisaccade task. We also expect that the similar brain and behavioral
changes seen in aMCI (Morris et al., 2001) will elicit subtle but
similar alterations in antisaccade performance in aMCI patients,
despite maintaining good executive function in some standard clinical tests. Our goal here is to determine if the antisaccade task can
measure executive dysfunction in aMCI patients that may aid in the
future longitudinal studies of aMCI conversion to AD.

Methods
Subjects
All experimental procedures were reviewed and approved by
the Queen’s University Health Sciences and Afﬁliated Teaching
Hospitals Research Ethics Board in accordance with the declaration

of Helsinki. Patients with aMCI (n = 22), and mild AD (n = 24)
were recruited by A.G. into this study, who was then blinded to the
results of the study. Patients with AD or aMCI were diagnosed
according to NINCDS-ADRDA (McKhann et al., 1984) or Petersen’s criteria (Petersen et al., 1999), respectively, by a geriatrician
(A.G.). The NINCDS-ADRDA criteria state that dementia must be
established by neuropsychological examination wherein cognitive
impairments are progressive and present in two or more areas of
cognition (language, memory, perceptual skills, attention, constructive abilities, orientation, problem-solving and functional skills), and
that the onset of deﬁcits is between the ages of 40 and 90 years
with absence of other diseases capable of producing dementia. Petersen’s criteria for aMCI include ‘cognitive complaint not normal for
age, not demented, memory decline, essentially normal functional
activities’ (Petersen et al., 2009). Elderly controls (n = 70) were
recruited via posters or often were spouses of patients. Demographic
information is shown in Table 1. All subjects reported no visual or
psychiatric symptoms (other than aMCI, AD), and had normal or
corrected to normal vision. To reduce contamination of the control
sample by cases of preclinical AD, controls underwent the same rigorous neuropsychological testing (see next section) under direct
supervision of A.G. The experiment was typically conducted in one
120-min session in which subjects performed a battery of neuropsychological tests followed by one block of the prosaccade task (120
trials; Fig. 1A), and two blocks of the antisaccade task (120 trials
per block; Fig. 1B). If time was constrained, subjects returned
within 8 weeks of cognitive testing to perform the saccade tasks.
Neuropsychological testing
Neuropsychological assessment consisted of both screening tests and
tests speciﬁcally designed to assess executive functions – the management of cognitive processes, including working memory, planning, execution and focused attention. Screening tests (those used
speciﬁcally for organizing patients into diagnostic groups) included:
the Mini Mental Status Examination (MMSE; Folstein et al., 1975);
the Mattis Dementia Rating Scale (DRS; Mattis, 1988), a test
designed for the detection of dementia that includes sub-scores
in the areas of Attention, Initiation/Perseveration, Construction,
Conceptualization and Memory [the combination of the sub-scores
of memory and initiation correctly classiﬁes 98% of subjects (Monsch et al., 1995)]; and the California Verbal Learning Test (CVLT;
Delis et al., 2000), a verbal memory and learning test that compiles
27 outcomes that can be reduced to three by factor analysis. The
CVLT has been standardized by age, sex and years of education to
provide an excellent tool for accurate testing and scoring of verbal
memory. Control subjects were excluded if they scored less than 26
on the MMSE, less than –1.5 SD below the mean in recall measures
of the CVLT or less than 127/144 on the DRS. Tests of executive
function (those used to speciﬁcally assess executive function abilities) included: the Stroop Neuropsychological Screening Inventory
Test (Stroop; Stroop, 1935), a measure of focused/selective attention
and concentration in the face of interference; and the Wisconsin
Card Sorting Task (WCST; Heaton et al., 1993), a measure of executive function requiring the ability to maintain appropriate problemsolving strategies across changing conditions. Both of these tests are
thought to be predictive of AD development (Binetti et al., 1996;
Balota et al., 2010). The average scores of these test scores for controls, aMCI and AD patients are presented in Table 1.
In the Stroop test participants completed two tasks: the color task
was ﬁrst administered (subjects are instructed to read each word as
quickly as possible), and then the color-word task (subjects are
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Table 1. Demographic information and psychometric test scores
Group

n

Age (years)

Gender (male)

Education (years)

MMSE

STROOP

CVLT

DRS

WCST (%)

CTRL
aMCI
AD

72
22
24

73  6
76  8
76  8

22
10
9

15  3
14  4
15  4

29  1
27  2
27  2

87  22
70  21
58  26

11  3
33
34

141  3
132  6
125  9

30  16
42  14
41  11

Mean test results  SD for psychometric tests categorized by experimental group. n = number of subjects with valid scores on at least the MMSE and saccade
parameters; MMSE = Mini Mental Status Examination, total score out of 30; STROOP = Stroop task, number of errors; CVLT = California Verbal Learning
Test, long-delay free recall; DRS = Dementia Rating Scale, total score out of 144; WISCONSIN = Wisconsin Card Sorting Task, percentage of errors.

A

B

emitting diodes (LEDs; central ﬁxation point = 2.0 cd/m2; peripheral stimuli = 5.0 cd/m2). The visual screen was diffusely illuminated (1.0 cd/m2) between trials to reduce dark adaptation. Each
trial began when the background illumination was turned off, and
after 250 ms of complete darkness the ﬁxation point (FP) appeared.
After 1000 ms, one of two possible events occurred depending on
the trial condition. In the ‘overlap’ condition, the FP remained illuminated while a stimulus (S) appeared 20° left or right (Fig. 1C). In
the ‘gap’ condition, the FP disappeared 200 ms before S appeared
(Fig. 1D). Introducing a gap period between FP disappearance and
S appearance serves to reduce reaction times (Saslow, 1967; Dorris
& Munoz, 1995; Munoz & Corneil, 1995), and the difference
between gap and overlap SRTs is used as a measure of automatic
saccade control (known as the ‘gap-effect’). In both conditions S
remained illuminated for 1000 ms, after which all LEDs were turned
off and the background illumination came on for 500 ms. Stimulus
location (left, right) and ﬁxation condition (gap, overlap) were randomly interleaved within a block of trials. In the prosaccade block
of trials (Fig. 1A), subjects were instructed to look towards S as
soon as it appeared. In the antisaccade block (Fig. 1B), subjects
were instructed to look in the opposite direction of S. The difference
between pro- and antisaccade reaction times (known as the ‘antieffect’) provides a measure of the time it takes for additional antisaccade processes – inhibition of a stimulus-driven saccade and the
voluntary initiation of the correct antisaccade.

C

D

E

F

G

Fig. 1. The prosaccade paradigm (A) and the antisaccade paradigm (B) with
time courses for both overlap (C) and gap conditions (D), including individual antisaccade traces in the gap condition for a representative 75-year-old
elderly control (E), a 76-year-old aMCI patient (F) and a 75-year-old AD
patient (G). Solid lines = correct saccades, dotted lines = direction errors.
S = stimulus, FP = ﬁxation point.

instructed not to read the word, but to instead say the color of the
ink in which the word is written). In both tasks, the ink color was
always incongruent with the meaning of the word. Each task was
administered for 2 min. Correct and error responses in the 2 min
were obtained. The ﬁnal Stroop score was the correct minus error
responses in the color-word task.
The manual WCST was administered and the following computerized scores obtained: per cent errors, per cent perseverative
responses, per cent perseverative errors, per cent conceptual-level
responses, number of categories completed, trials to complete ﬁrst
category and failure to maintain set. The CVLT, Mattis DRS and
MMSE were administered and scored following standard procedures.
Saccade paradigm
Subjects were seated alone in a dark room 100 cm away from a
translucent visual screen. Visual stimuli consisted of red light-

Recording and apparatus
Horizontal eye movements were measured using DC-electrooculography (EOG). The EOG signal was ampliﬁed (Grass Technologies
P18, General Purpose AC Ampliﬁer, Warwick, RI, USA) and lowpass ﬁltered (50 Hz). The experiment was controlled with REX, ver
5.4 (Hays et al., 1982), and horizontal eye position was digitized at
a rate of 1 kHz, consistent with our previous database. Subjects
wore two horizontally placed outer eye electrodes and a forehead
ground electrode for 10 min prior to beginning the experiment to
minimize drift. Each subject was asked to shift their eyes between
peripheral and central stimulus locations in order to calibrate the
EOG signal. We then set the EOG ampliﬁcation to 1 V = 10°.
Within this range (20°) the horizontal eye position signal remained
linear (Goldring et al., 1996) and the noise remained < 2°. Digitized
data were stored on hard disc, and analysed off-line.
Data analysis
The onset and termination of each saccade was determined when
eye velocity exceeded 30°/s. Trials were scored as correct if the ﬁrst
saccade after stimulus appearance was in the correct direction
toward the stimulus in the prosaccade task, and away from the stimulus in the antisaccade task. For this study, multi-step saccades were
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not categorized separately. Trials were classiﬁed as direction errors
if the ﬁrst saccade after stimulus appearance was in the wrong direction (e.g. 180° opposite to the desired goal in the horizontal plane).
SRT was measured from stimulus appearance to onset of the ﬁrst
saccade.
Saccades initiated prior to when visual stimulus information was
able to reach the oculomotor brain regions (Schmolesky et al.,
1998; Bell et al., 2006) were categorized as anticipatory saccades,
because they were equally likely to be correct or incorrect. Shortlatency stimulus-driven saccades within the ﬁrst peak of a multimodal distribution of SRTs are traditionally identiﬁed as express
saccades (Fischer & Boch, 1983; Fischer et al., 1997). However,
saccades with latencies within this range vary according to stimulus
intensity (Bell et al., 2006), contrast (Carpenter, 2004; White et al.,
2006) and age (Peltsch et al., 2011). Due to the task-speciﬁc variability of SRTs within this epoch, we refer to these saccades as
short-latency saccades, using both time and bimodality of the distribution to deﬁne them. We used antisaccade direction error latencies
(erroneous stimulus-driven prosaccades) in combination with correct
prosaccade latencies to help identify the short latency saccade epoch
(Peltsch et al., 2011). A binomial sign test determined the start and
end of the short-latency saccade epoch by measuring when the proportion of antisaccade error trials (in 10-ms bins) signiﬁcantly
exceeded that of correct antisaccade trials (i.e. when the direction of
anticipatory saccades became accurate) for each experimental group
(Fig. 2, darker shaded bars) and averaged between gap and overlap
conditions. In our data, saccades with SRTs < 100 ms (rounded to
the nearest 10-ms bin) were classiﬁed as anticipatory and analysed
separately.
For each subject, the following values were computed for pro- and
antisaccade trials with latencies from 100 to 1000 ms (for both gap
and overlap conditions): mean SRT and coefﬁcient of variation of
SRT (standard deviation/mean 9 100%) for all correct trials. We also
calculated the percentage of anticipatory saccades (SRT < 100 ms),
percentage of short-latency saccades (SRT = 100–200 ms), percentage of long-latency saccades (SRT = 200–1000 ms) and the percentage of direction errors (erroneous prosaccades to the stimulus in the
antisaccade task) in both short- and long-latency saccades. In control
subjects, the mean anticipatory epoch ranges from 0 to 100 ms
(Fig. 2; white bars), and the short-latency saccade epoch ranges from
100 to 200 ms, again rounded to the nearest 10-ms bin (Fig. 2; grey
shaded bars). These normative epochs were used to determine the percentage of short- and long-latency saccades in all experimental
groups.
Statistical analysis
For all tasks, the appropriate statistical corrections for heterogeneity
(Levene’s) and sphericity of variance (Greenhouse–Geisser) were
made as needed. The adjusted P value is reported if required. Trials
that differed by more than 3SD from the mean (for each measure in
each experimental group) were removed. We excluded one AD
patient entirely due to an inability to perform the psychometric testing and thus an uncertain diagnosis. Several subjects were unable to
complete the WCST; 11 AD subjects and 10 aMCI subjects were
therefore excluded from the WCST analysis. No subjects were
unable to perform the antisaccade task or other neuropsychological
tests. Three-way, 3 9 2 9 2 mixed design analyses of variance
(ANOVAs; using age as a covariate) were used to evaluate the results
from each group. The independent variable used to carry out the
ANOVAs was group (aMCI, AD, control), and the repeated measures
were experimental task (pro- vs. antisaccades), and ﬁxation condition

(gap vs. overlap). Values for right and left stimulus positions were
not signiﬁcantly different (paired t-test; P > 0.05), allowing the data
to be collapsed across direction for each task. The relationship
between saccade parameters, Stroop score, WCST parameters and
global dementia severity was assessed by Pearson correlation and linear regression analysis and corrected for multiple comparisons.

Results
Saccadic reaction time
Figure 1E–G shows eye position traces recorded from three representative subjects (aged 75–76 years) performing the antisaccade
task in the gap condition (correct responses: solid traces; direction
errors: dotted traces). Patient performance was more variable, with
more errors and longer correct SRTs compared with control performance. Figure 2 shows the distribution of SRTs for correct
responses (positive values on ordinate) and direction errors (negative values on ordinate) in the gap and overlap conditions for
all subjects in each group for prosaccades (Fig. 2A–F) and antisaccades (Fig. 2G–L). Controls exhibited a small proportion of
both anticipatory (0–100 ms; white box, Fig. 2) and short-latency
(100–200 ms; grey box, Fig. 2) saccades in the prosaccade task. In
the antisaccade task, the SRT distributions of both aMCI and AD
groups were markedly different from controls. The number of anticipatory saccades appears greater in aMCI and AD patients (white
box, Fig. 2B and E, and C and F). The number of short-latency antisaccade errors also appeared greater in the patient groups (grey
box, Fig. 2H and K, and I and L). The antisaccade distributions
also reveal an increase in long-latency errors in both patient
groups.
Analysing cumulative SRT distributions with a non-parametric
Kolmogorov–Smirnov test allowed us to determine if each curve
was derived from the same or different underlying distributions (e.g.
how well cumulative distributions differed from one another).
Removing outliers (see Methods) from each group helped ensure
that only a few subjects did not drive any differences observed. Antisaccade SRT distributions proved the most informative, especially
for incorrect antisaccade latencies; in the gap condition, both AD
(K = 0.20, P = 0.03) and aMCI (K = 0.90, P < 0.01) curves differed signiﬁcantly from the elderly controls, and from each other
(K = 0.70, P < 0.01; Fig. 3C). Similarly, in the overlap condition
(Fig. 3D), both AD (K = 0.38, P < 0.01) and MCI (K = 0.30,
P < 0.01) error curves differed from controls, and also from each
other (K = 0.21, P = 0.02). Only AD differed from controls in correct antisaccade latencies in the overlap condition (K = 0.23,
P < 0.01). For prosaccades (Fig. 3A and B), gap, overlap, or correct
and incorrect latencies showed minimal differences; only the AD
group showed a distinct proﬁle that was different from the aMCI
and control curves. Furthermore, the enlarged insets in Fig. 3 reveal
that the AD subjects (red line) made more anticipatory saccades (in
both correct and incorrect directions) than both of the other subject
groups.
We calculated mean SRT for all correct responses over 100 ms
for each subject. A three-way interaction between tasks, condition
and disorder (F2,122 = 4.12, P = 0.02) revealed that both patient
groups had differing SRTs depending on the task and condition.
aMCI patients had the longest mean SRTs in antioverlap trials
(P = 0.04) and AD patients showed longer SRT than controls in
antigap trials (Fig. 4A and B; P = 0.01). Otherwise, group did not
inﬂuence mean SRT (Fig. 4A and B), suggesting that mean SRT is
not ideal for characterizing behavior between these groups.
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K

L

Fig. 2. Distribution of SRTs for each experimental group in the prosaccade task (A–F), and the antisaccade task (G–L), showing both gap and overlap conditions. Correct responses are on the positive ordinate; incorrect responses are on the negative ordinate. White boxes represent the calculated range of anticipatory
saccades (0–100 ms); grey shaded boxes represent the range of calculated short-latency saccades (100–200 ms) based on the antisaccade error latencies (see
Methods).

Intra-subject variability in SRT
To contrast intra-subject variability in SRT and investigate whether
groups differed in the mean proportion of variability each subject
generates, we computed the coefﬁcient of variation in SRT (CV; see
Methods) for each subject in each group. A three-way ANOVA controlling for age revealed that mean intra-subject variability in SRT
increased (F2,122 = 13.33, P < 0.01) in aMCI and AD groups relative to controls (Fig. 4C and D). Post-hoc analysis showed that both
aMCI (P = 0.02) and AD (P < 0.01) groups had more intra-subject
variability than controls, and also differed from each other in the

antisaccade task (Fig. 4D). For all groups, CV was higher in the
prosaccade task than in the antisaccade task (F2,122 = 19.18,
P < 0.01), probably due to shorter SRTs in the prosaccade task.
Gap and anti-effects
Contrasting the gap effect in prosaccades (mean overlap SRT–mean
gap SRT) is a measure of automatic saccade control, because shorter
SRTs are typically produced by the disappearance of central ﬁxation
prior to stimulus onset (Saslow, 1967), which seems to reduce ﬁxation
activity (Dorris & Munoz, 1995; Everling et al., 1998). The gap con-
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A

B

C

D

E

F

Fig. 3. Cumulative distributions of SRT in the pro-gap trials (A), pro-overlap trials (B), anti-gap trials (C) and anti-overlap trials (D), for saccades initiated
between 0 and 600 ms. White boxes represent the calculated range of anticipatory saccades (0–100 ms); grey shaded boxes represent the range of calculated
short-latency saccades (100–200 ms) based on the antisaccade error latencies (see Methods). Enlarged insets (E, F) of the antisaccade gap and overlap ﬁgures
are shown to illustrate that the AD group makes a higher proportion of anticipatory responses.

dition produced shorter SRTs than the overlap condition in the prosaccade task for all groups (Fig. 5A; F1,59 = 84.74, P < 0.01). A oneway ANOVA controlled for age revealed that group did not directly
inﬂuence the gap effect (F2,59 = 0.471, P = 0.63). However, control
and aMCI groups exhibited a larger gap effect than AD patients in the
antisaccade task, such that AD patients do not appear to beneﬁt from
the 200-ms gap. Otherwise, automatic control measured via the gap
effect did not differ between groups.
Conversely, contrasting the anti-effect (antisaccade SRT–prosaccade SRT) between groups is a measure of voluntary saccade control (Munoz & Everling, 2004). We found that correct prosaccade
reaction times were faster than correct antisaccade reaction times in
both gap and overlap conditions (see Fig. 5B; F1,59 = 173.45,
P < 0.01). A one-way ANOVA revealed that group inﬂuenced the
anti-effect (F2,59 = 3.651, P = 0.03, Fig. 5B). Further analysis
showed that both aMCI (P = 0.04) and AD (P = 0.03) patients
exhibited larger anti-effects than controls, but did not differ from
each other (Fig. 5B), a phenomenon probably driven by the changes
in antisaccade performance rather than prosaccade performance [see
Peltsch et al. (2011) for similar ﬁndings in healthy aging].
Overall, the signiﬁcant main effects seen between saccade tasks
(anti-SRT > pro -SRT; Fig. 5B) and conditions (overlap SRT > gap

SRT; Fig. 5A) were consistent with many previous studies (e.g.
Munoz et al., 1998; Abel et al., 2002; Chan et al., 2005; Peltsch
et al., 2011). Post-hoc (Tukey) analysis revealed a task 9 condition
interaction where the longest latencies in all groups occurred in the
anti-overlap trials (F2,122 = 13.85, P < 0.01).
Anticipations
We computed the mean proportion of anticipatory saccades (all saccades between 0 and 100 ms, correct and error; see Methods) for
each subject for both pro- (Fig. 6A) and antisaccade (Fig. 6B)
blocks. A repeated-measures ANOVA controlled for age revealed a
main effect of experimental group (F2,170 = 5.26, P < 0.01); AD
patients generated the most anticipatory saccades. A condition 9 disorder interaction also revealed that AD patients made the
highest proportion of anticipations, especially in the overlap condition in both prosaccade and antisaccade tasks (F2,170 = 5.50,
P < 0.01). Post-hoc analysis revealed that both controls (P = 0.01)
and aMCI patients (P = 0.01) made fewer anticipatory saccades than
AD patients. This was also evident in the cumulative reaction time
distributions (Fig. 3C–F) where the AD curves show an increased
proportion of anticipatory responses.
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Fig. 4. Prosaccade and antisaccade results in all three experimental groups,
plotted by task (pro/anti) and condition (gap/overlap). Results include: mean
SRT (A and B), and mean coefﬁcient of variation of SRT (SD/mean 9 100)
and error bars represent SEM (C and D). *Signiﬁcant difference between AD
patients and controls, P < 0.01;
signiﬁcant difference between aMCI
patients and controls, P < 0.01; ‡signiﬁcant difference between aMCI and
AD, P < 0.01.

A

Fig. 6. Prosaccade and antisaccade results in all three experimental groups,
plotted by task (pro/anti) and condition (gap/overlap). Results include: percentage anticipations (A and B), percentage short-latency (100–200 ms) antisaccade errors (C and D), and percentage long-latency (200–1000 ms)
antisaccade errors. Error bars represent SEM. *Signiﬁcant difference between
patients and controls, P < 0.01;
signiﬁcant difference between aMCI
patients and controls, P < 0.01; ‡Signiﬁcant difference between aMCI and
AD, P < 0.01.

B

Fig. 5. The mean gap-effect (overlap SRT–gap SRT) (A) and mean antieffect (antisaccade SRT–prosaccade SRT) (B) for each experimental group in
each task (pro/anti) and each condition (gap/overlap) plotted with SEM.
*Signiﬁcant difference between AD patients and controls, P < 0.01; ‡signiﬁcant difference between aMCI and AD, P < 0.01.

Direction errors
The proportion of direction errors on antisaccade trials provides a
robust measure of inhibitory control (Munoz & Everling, 2004).
We measured the proportion of direction errors occurring during
both the short-latency epoch (100–200 ms) and the long-latency
epoch (200–1000 ms) to determine if the increased error rate in
AD and aMCI was due to a selective increase in errors with faster or longer SRTs. We then computed the mean proportion of
direction errors for each of the three groups. During both the
short-latency epoch (F2,170 = 19.84, P < 0.01) and the longlatency epoch (F2,170 = 115.93, P < 0.01), a main effect for task
revealed that all subjects made more errors on antisaccade trials
than on prosaccade trials (Fig. 6C–F). During the short-latency
epoch, a task 9 disorder interaction (F2,170 = 7.03, P < 0.01)

revealed that both AD (P < 0.01) and aMCI (P = 0.01) patients
differed from controls in the proportion of short-latency errors
made in the antisaccade task (Fig. 6D). It appears that in the gap
and overlap conditions of the antisaccade task, AD patients made
more short-latency errors than aMCI patients, and aMCI patients
made more short-latency errors than controls (not signiﬁcant).
This is also illustrated in Fig. 3D (negative ordinate) where the
aMCI and AD curves contain more errors than the control group.
For long-latency responses, similar trends were observed (Fig. 6E
and F). However, aMCI and AD patients generated a similar proportion of errors. All subjects generated more errors in antisaccade than in prosaccade trials (F2,170 = 115.93, P < 0.01), and
both patient groups generated more errors than controls overall
(F2,170 = 128.35, P < 0.01). Post-hoc analysis revealed that in
prosaccade trials, only AD made more errors than controls in both
gap (P = 0.02) and overlap (P = 0.03) trials (Fig. 6C and E),
whereas in antisaccade trials, both aMCI and AD groups generated
more errors than controls in both gap (P < 0.01 and P < 0.01,
respectively) and overlap conditions (P < 0.01 and P < 0.01,
respectively), and aMCI and AD did not differ from each other
(Fig. 6E and F). All three groups made few short-latency errors in
the prosaccade blocks, in both short- and long-latency epochs
(Fig. 6C and E).
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Neuropsychological tests of executive function
The cognitive test scores are summarized in Table 1. Both the WCST
and Stroop have elicited executive function deﬁcits in elderly controls
that are thought to correspond to later AD development (Binetti
et al., 1996). When controlling for age as a covariate, we observed
that both aMCI and AD patients generated more errors in both the
WCST (F2,94 = 6.18, P < 0.01) and the Stroop (F2,30 = 7.44,
P < 0.01) than controls. Both patient groups performed equally on
the WCST. The Stroop task revealed worse performance (more
errors) in AD patients relative to controls (P < 0.01), and worse performance in aMCI patients than controls (P = 0.01). The difference
between AD and aMCI patients was not signiﬁcant, but the AD
patients generated more errors than aMCI patients. The DRS is a global measure of dementia severity. As expected, most controls scored
near-perfect, and AD patients scored worse than aMCI patients
(P < 0.01; Table 1). All participants obtained the maximum score
(112/112) on the color task (read the word) of the Stroop test, so ﬁnal
Stroop scores solely reﬂected correct minus error responses on the
color-word task (say the ink color). All other cognitive scores were
within normal ranges (Table 1).

antisaccade task in subjects with lower DRS scores (Fig. 7B). In
AD patients, an increased percentage of direction errors was
observed in both gap (F1,22 = 23.920, P < 0.001) and overlap
(F1,22 = 6.245, P = 0.020) conditions in the antisaccade task in subjects with lower DRS scores. Most controls obtained near-perfect
scores on the DRS, so no relationship between antisaccade errors
and DRS scores was noted (see Fig. 7B; most grey solid circles fall
around 144, which is the highest score on the DRS). Correlations
between some subsets of the DRS and antisaccade measures can be
seen in Table 2. Neither prosaccade direction errors, nor prosaccade/
antisaccade SRT or CV differed as a function of DRS performance.
The results of short- versus long-latency antisaccade errors compared with DRS scores can be seen in Fig. 7D and F (only gap condition shown). A Pearson correlation analysis revealed that a higher
proportion of short-latency antisaccade direction errors in the gap
condition was correlated with lower Stroop scores in only aMCI
patients (P < 0.01). The same results were seen in the overlap condition. Long-latency antisaccade errors were related to Stroop performance in only AD patients, in both gap (P < 0.01) and overlap
(P > 0.01) conditions. Note that if ALL subjects’ test scores are
considered, both Stroop and DRS scores are related to both short
and long antisaccade errors in the gap and overlap conditions.

Correlations between cognitive test scores and saccade
measures

Discussion

The relationship between tests of executive function and saccade
measures was examined. All antisaccade errors ranging from 100 to
1000 ms were averaged and examined against psychometric scores
(see Fig. 7A and B). Subsequently, errors were then divided in a second analysis into short- and long-latency error groups (see Fig. 7C–
F). Scores on the WCST did not correlate with any speciﬁc saccade
parameters. Many patients were unable to complete this task.
Total score (correct responses–error responses) on the Stroop task,
a measure of response inhibition, correlated with total antisaccade
errors in control and AD subject groups (see Fig.7A; only gap condition shown). Among controls, an increased percentage of direction
errors was observed in both gap (F1,68 = 11.863, P = 0.001) and
overlap (F1,68 = 9.966, P = 0.002) conditions in the antisaccade task
in subjects with lower Stroop scores. Similarly, among AD patients,
an increased percentage of direction errors was observed in both gap
(F1,22 = 6.069, P = 0.022) and overlap (F1,22 = 5.400, P = 0.030)
conditions in the antisaccade task in subjects with lower Stroop
scores. However, in aMCI patients, no relationship between Stroop
and antisaccade direction errors was seen (Fig. 7A) in gap or overlap
conditions. Neither prosaccade direction errors, nor prosaccade/antisaccade SRT or CV differed as a function of Stroop performance.
The results of short- versus long-latency antisaccade errors compared with Stroop scores can be seen in Fig. 7C and E (only gap
condition shown). Linear regression analyses were not as effective
at demonstrating the trends seen between psychometric scores and
saccade measures, as some relationships did not survive multiple
comparisons. A Pearson correlation analysis revealed that a higher
proportion of short-latency antisaccade direction errors in the gap
condition were correlated with lower Stroop scores in controls
(P < 0.01) and aMCI patients (P < 0.01), but not in AD patients.
The same results were seen in the overlap condition. Long-latency
antisaccade errors were not related to Stroop performance in any
individual groups.
The relationship between total antisaccade errors and the DRS, a
more global assessment of dementia severity, was also examined. In
aMCI patients, an increased percentage of total direction errors was
observed only in the gap condition (F1,20 = 7.252, P = 0.014) in the

The goal of this study was to determine if the antisaccade task could
detect subtle executive function impairments in aMCI and mild AD
patients. We found that although automatic prosaccade distributions
differed between groups, individual saccade parameters could not
reliably distinguish between them. For instance, aMCI and AD
groups did not generate prosaccades any slower than controls, and
aMCI and AD groups elicited similar proportions of short-latency
saccades as controls, aside from AD patients generating more shortlatency saccades in the prosaccade gap condition. Conversely, voluntary saccade parameters (saccade inhibition and voluntary saccade
initiation, as measured by direction errors and SRT in the antisaccade task, and the anti-effect) were signiﬁcantly more impaired in
both aMCI and AD relative to healthy controls. Importantly, aMCI
and AD patients exhibited similar deﬁcits, consistent with studies
showing both patient groups have similar underlying pathology.
This study revealed that many aMCI patients showed mild deﬁcits
in standard psychometric tests (see Table 1) that fell somewhere in
between control and AD scores on average. The same held true for
the Stroop task scores. However, the WCST showed that aMCI
patients exhibited executive deﬁcits equal to AD patients. Our saccade data revealed that aMCI patients also had deﬁcits that were
similar to AD patients in antisaccade performance, especially the
frequency of direction errors. However, these two measures were
not correlated. Therefore, we hypothesized that while aMCI patients
have similar executive function impairment as AD patients, these
probably need to be parsed into more speciﬁc aspects of each task,
and thus more precise underlying neural networks. Because the most
robust deﬁcit in aMCI and AD patients was seen in antisaccade
errors, our results may therefore be indicative of a speciﬁc breakdown in controlled inhibitory functioning in both aMCI and AD
patient groups, while automatic processing and saccade initiation
remains intact, as can be seen in prosaccade and antisaccade SRTs.
As such, we also determined the degree of correlation between speciﬁc saccade parameters and speciﬁc psychometric tests. We speciﬁcally found that Stroop scores correlated inversely with short-latency
direction errors in the antisaccade task in aMCI patients, which are
both measures of cognitive inhibition and voluntary control. We
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Fig. 7. Correlations between Stroop (A, C, E) and the percentage of antisaccade direction errors for controls (grey), aMCI patients (blue), AD patients (red)
and all subjects combined (black line). Correlations between the DRS (B, D, F) and the percentage of antisaccade direction errors for controls (grey), aMCI
patients (blue), AD patients (red) and all subjects combined (black line). A and B include all antisaccade direction errors combined; the remaining ﬁgures are
divided into short-latency (100–200 ms) errors (C and D) and long-latency (200–1000 ms) errors (E and F).

speculate that the proportion of direction errors could be used to
indicate subtle executive dysfunction in aMCI patients, whereas AD
patient data may be too variable. This will be discussed in relation
to previous studies, to the implications this has for aMCI and its
link to AD, and to brain structures.
Relation to previous studies
Previous studies have reported that AD patients did not differ from
elderly controls in prosaccade measures, showing similar SRT and
rates of anticipation (Crawford et al., 2005; Pratt et al., 2006). Similarly, we found prosaccade SRTs and anticipations in aMCI and AD
patient groups differed minimally from elderly controls. The
increase in intra-subject variability of SRT in AD patients only may
be analogous to the frequent saccadic intrusions seen in ﬁxation
control and horizontal saccade studies in previous studies of AD
(Jones et al., 1983; Fletcher & Sharpe, 1986; Schewe et al., 1999).
Overall, prosaccade measures were neither robust nor sensitive
enough to predict abnormal aging patterns.

Alternatively, the enhanced executive impairment seen in voluntary antisaccade parameters in both patient groups is much more
promising. Previous studies have found increased antisaccade latencies and direction errors in AD patients relative to controls (Bylsma
et al., 1995; Abel et al., 2002; Shaﬁq-Antonacci et al., 2003;
Garbutt et al., 2008; Heuer et al., 2013). We observed similar
trends, wherein the AD group made substantially more direction
errors, more anticipatory saccades and more short-latency errors.
We observed these same trends in our aMCI patients, contrary to
Versino et al. (1996) and Heuer et al. (2013), who reported that
none of their ‘non-demented memory-impaired’ (Versino et al.,
1996) or MCI (Heuer et al., 2013) patients showed abnormal latencies or error rates in the antisaccade task relative to controls. In the
Versino et al. (1996) study, this could be explained by the prior
lack of diagnostic criteria for aMCI patients compared with the
current criteria (Petersen et al., 2009), or due to the relatively young
mean age (67 years) of their memory-impaired cohort. Similarly, the
mean age of our aMCI patient group is approximately 3–4 years
higher than Heuer et al. (2013). Furthermore, the mean MMSE
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Table 2. Pearson correlations between psychometric test scores and anti-saccade measures
Antisaccades

Psychometric test

Gap SRT
Pearson r (P)

Gap % error
Pearson r (P)

Overlap SRT
Pearson r (P)

Overlap % error
Pearson r (P)

Controls (n = 70)
MMSE
Total Stroop
Stroop Errors
DRS Total
DRS Attention
DRS Initiation
DRS Construction
DRS Conceptualization
DRS Memory

0.01
0.18
0.13
0.04
0.03
0.03
0.03
0.14
0.05

(0.92)
(0.13)
(0.30)
(0.74)
(0.78)
(0.81)
(0.80)
(0.24)
(0.70)

0.01
0.40
0.14
0.13
0.06
0.03
0.07
0.12
0.20

(1.0)
(0.00)**
(0.26)
(0.30)
(0.06)
(0.81)
(0.60)
(0.32)
(0.11)

0.01
0.27
0.11
0.09
0.02
0.00
0.02
0.22
0.02

(0.97)
(0.03)*
(0.37)
(0.45)
(0.85)
(0.98)
(0.85)
(0.07)
(0.87)

0.06
0.36
0.01
0.09
0.15
0.06
0.03
0.08
0.10

(0.65)
(0.00)**
(0.91)
(0.44)
(0.21)
(0.62)
(0.83)
(0.49)
(0.40)

aMCI (n = 22)
MMSE
Total Stroop
Stroop Errors
DRS Total
DRS Attention
DRS Initiation
DRS Construction
DRS Conceptualization
DRS Memory

0.03
0.20
0.09
0.45
0.23
0.32
0.07
0.05
0.32

(0.91)
(0.38)
(0.69)
(0.04)*
(0.18)
(0.14)
(0.78)
(0.84)
(0.14)

0.08
0.35
0.13
0.53
0.33
0.42
0.37
0.47
0.22

(0.74)
(0.13)
(0.58)
(0.02)*
(0.15)
(0.07)
(0.11)
(0.04)*
(0.35)

0.14
0.14
0.20
0.58
0.42
0.43
0.13
0.17
0.45

(0.55)
(0.55)
(0.39)
(0.01)**
(0.06)
(0.05)*
(0.58)
(0.47)
(0.33)*

0.11
0.47
0.48
0.29
0.01
0.05
0.25
0.39
0.23

(0.63)
(0.03)*
(0.03)*
(0.20)
(0.96)
(0.84)
(0.25)
(0.08)
(0.32)

AD (n = 24)
MMSE
Total Stroop
Stroop Errors
DRS Total
DRS Attention
DRS Initiation
DRS Construction
DRS Conceptualization
DRS Memory

0.03
0.21
0.06
0.08
0.24
0.16
0.36
0.18
0.13

(0.89)
(0.33)
(0.78)
(0.70)
(0.23)
(0.47)
(0.09)
(0.41)
(0.55)

0.75
0.65
0.48
0.68
0.29
0.38
0.22
0.44
0.51

(0.00)*
(0.00)**
(0.04)*
(0.00)**
(0.24)
(0.12)
(0.39)
(0.07)
(0.03)*

0.04
0.28
0.13
0.17
0.16
0.07
0.15
0.27
0.21

(0.85)
(0.19)
(0.54)
(0.42)
(0.46)
(0.74)
(0.49)
(0.21)
(0.32)

0.62
0.44
0.45
0.47
0.13
0.29
0.07
0.34
0.35

(0.00)**
(0.03)*
(0.03)*
(0.02)*
(0.56)
(0.17)
(0.76)
(0.11)
(0.09)

Bolded scores denote signiﬁcance, where * = P < 0.05, and ** = P < 0.01.

score in our aMCI group was at least one point higher, and we did
not control for disease severity within the aMCI group (in the AD
group we only recruited mild AD patients). These differences may
account for the discrepant results. We also noted that assessing
mean SRT, as is typically done, was a less informative and less
accurate way to characterize behavior in these patient groups (the
variability was too high), so assessing the latency response distributions is our recommendation for future studies.
We additionally observed an increased anti-effect (Fig. 5B) in
both patient groups, supporting the notion that executive dysfunction exists (as the difference was driven by changes in antisaccade
SRT, not changes in prosaccade SRT), not only in AD patients but
also in aMCI patients. Age strongly correlated with voluntary saccade parameters in controls (Peltsch et al., 2011); patients already
performed at the same impaired level as the eldest controls
(75–85 years old). This suggests that AD/aMCI disease pathology
inﬂuenced behavior more than simply age alone.
Previous research has identiﬁed a relationship between Stroop and
uncorrected long-latency antisaccade errors (Mirsky et al., 2011;
Bowling et al., 2012; Heuer et al., 2013). We observed this relationship when all subjects were taken into account, and in aMCI patients,
but not in AD patients or controls if analysed separately (Fig. 7A).
We observed that this trend still existed in AD patients but for four or
ﬁve subjects with higher than average error rates. The large intra-subject variability in these subjects allowed for a large degree of variance
before removing outliers. For instance, Heuer et al. (2013) found

strong correlations between Stroop errors and antisaccade errors in
both MCI and AD groups. However, the mean age of our AD group is
15 years older than theirs, and this probably contributes to the large
variance in our data. We think that in aMCI and AD patients, the deﬁcit in antisaccade production may lie in the inability to inhibit automatic saccades (e.g. short-latency errors), rather than an inability to
generate the correct saccade (e.g. long-latency errors).
We did not observe any relationship between the WCST scores
and saccade parameters. This is contrary to previous ﬁndings (Klein
et al., 2000) that report a decline in all performance parameters of the
WCST in conjunction with a decline on both the pro- and the antisaccade tasks, but similar to Levy et al. (2004) who found only Stroop,
and not WCST, to correlate with antisaccade parameters in controls
and schizophrenic patients. We have two suggestions. (1) Both the
WCST and the antisaccade task may include a measure of one’s ability to inhibit automatic responses but they are also more complex and
therefore difﬁcult to isolate underlying brain networks that tease apart
each aspect of the task, and that also then have a direct relationship to
each other. The percentage of perseverative errors should in theory be
analogous to that of antisaccade errors, but the data do not support
this. (2) The WCST may have been too difﬁcult relative to the
saccade task, as several AD and aMCI patients did not pick up on the
task switch, whereas the majority of the patients could complete
the antisaccade task without difﬁculty. In that regard, we propose that
the antisaccade task may be more practical to use in certain situations
than psychometric tests such as the WCST.
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Implications for aMCI and its link to AD
Identifying measures that can be used to predict which aMCI
patients are most similar to AD is crucial because between 4 and
15% of aMCI patients annually progress to AD (Solfrizzi et al.,
2004; Tschanz et al., 2006; Ravaglia et al., 2008). We speculate
that similar brain changes as those occurring in AD may be inﬂuencing saccade behavior in aMCI patients, providing the potential
for simple and affordable objective measures to assess executive
control deﬁcits in aMCI patients, and concurrently with other diagnostic tests, predict a future AD diagnosis. However, a thorough
longitudinal study assessing aMCI patients who later convert to AD
is needed before it can be demonstrated convincingly that the same
brain changes inﬂuence behavior in aMCI and AD patients.
Patients with mild AD and aMCI have been reported to have similar memory impairments, whereas AD patients are impaired in
other cognitive domains, such as executive functioning (Petersen &
Bennett, 2005). We restricted our sample to mild AD to determine
if they were indeed more impaired, or if these differences were
instead due to the advanced pathology seen in moderate- to severestage AD patients, which could potentially exaggerate the differences between patient groups. Our data revealed that antisaccade
measures might be sensitive enough to pick up executive impairments, especially selective attention deﬁcits, in aMCI, suggesting
that antisaccade performance may be a non-invasive, language and
hands-free indicator of future progress to AD. However, group-level
analyses such as those done in this study still cannot replace
individual assessment. In the preliminary stage of this project, we
attempted to calculate standardized z scores for each individual
aMCI and AD patient to determine whether their signiﬁcant difference from the mean could predict/match their diagnosis. Unfortunately, we found the intra-subject variability too high in older
subjects, acting as a hindrance to this analysis. A much larger-scale
study is needed to determine if saccade measures will be informative
at an individual level, as the variability in elderly subjects in our
group sizes is still high. We propose that in future experiments, a
higher number of antisaccade trials could be obtained by streamlining the task to remove the overlap condition in both pro- and antisaccade blocks. Now that it is clear from a few studies that
antisaccade direction errors are the most informative parameter,
tasks can be designed to analyse data at the individual level.

Linking eye movement performance to brain structures
Because the circuitry underlying saccadic eye movements is well
understood (Wurtz & Goldberg, 1989; Moschovakis et al., 1996;
Scudder et al., 2002; Sparks, 2002; Munoz & Everling, 2004; Hikosaka et al., 2006; Leigh & Zee, 2006), the behavioral observations
seen in aMCI and AD patients relative to controls can imply
involvement of speciﬁc structures or regions of the brain. Lesion
studies have revealed brain areas that are important for voluntary
saccade initiation and suppression of automatic saccades. These
include the frontal eye ﬁelds (FEFs), involved in voluntary initiation
(Guitton et al., 1985; Gaymard et al., 1998), the supplementary eye
ﬁelds (SEFs), involved in sequencing and planning of saccades
(Rivaud et al., 1994), the parietal eye ﬁelds (PEFs), involved in preparing for correct saccades (Ptak et al., 2011), and the dorsolateral
prefrontal cortex (DLPFC), a frontal region that is crucial for inhibiting unwanted saccades (Guitton et al., 1985; Pierrot-Deseilligny
et al., 1991; Gaymard et al., 1998). Electrophysiological recordings
have conﬁrmed that single neurons in the FEFs (Everling & Munoz,
2000), SEFs (Schlag-Rey et al., 1997; Amador et al., 2004), and

DLPFC (Johnston & Everling, 2006) modulate their activity with
antisaccade performance. Transcranial magnetic stimulation has
revealed that the FEF is involved in antisaccade preparation (Juan
et al., 2008). Human neuroimaging studies have also conﬁrmed that
the DLPFC, FEFs and SEFs are involved in saccade inhibition and
voluntary saccade initiation, processes required for generating antisaccades (O’Driscoll et al., 1995; Sweeney et al., 1996; Connolly
et al., 2002, 2005; Ettinger et al., 2005; Ford et al., 2005). Therefore, we expect that alterations in any of these frontal regions could
alter the input to other oculomotor regions involved in the initiation
and execution of antisaccades, leading to increases in SRT and error
rates.
Alzheimer’s disease and aMCI patients generated more antisaccade direction errors in both short- and long-latency epochs than
controls (Fig. 6D and F). The increase in errors in the short-latency
epoch speciﬁcally suggests increased difﬁculties with inhibition relative to controls, thereby implicating the DLPFC. It has been suggested previously that the DLPFC may be a good structure to track
in order to predict aMCI conversion to AD (Kaufman et al., 2010).
Furthermore, a functional magnetic resonance imaging (fMRI) study
of the Stroop test conducted with young (21–27 years old) and older
(60–75 years old) adults observed reduced activation in the DLPFC
in the latter group (Milham et al., 2003). Because both the Stroop
test and the antisaccade task require the successful inhibition of a
pre-potent response to generate a volitional response consistent with
the task, these correlations suggest that both tasks rely on a similar
aspect of selective attention. Because correlations of Stroop scores
and antisaccade SRT were not strong enough to survive after corrections for multiple comparisons, it may be speculated that a deﬁcit in
behavioral inhibition, rather than voluntary initiation, underlies the
deﬁcits seen in antisaccades in the elderly.
The increase in errors in the long-latency epoch speciﬁcally
implicates the FEF. A reduced ability in both patient groups to
generate voluntary saccades was noted, with AD patients showing
more impairment than aMCI patients. Interestingly, controls generated a similar proportion of direction errors in both short- and
long-latency trial types. However, the pathology of tangle formation, a hallmark AD pathology, apparently targets the frontal cortex last, and amyloid plaque deposits in AD have been suggested
to be non-signiﬁcant for the differentiation of pathological stages
(Braak & Braak, 1991). The ﬁrst structures inﬂuenced by AD
pathology are in the medial temporal lobe (MTL), including the
hippocampus (Braak & Braak, 1991). Disruptions in hippocampal
connectivity have been noted in mild AD patients (Wang et al.,
2006); reduced connectivity was found between the hippocampus
and the prefrontal cortex. Aberrant projections from hippocampus
and/or MTL could inﬂuence frontal cortex function prior to ADrelated anatomical changes. Pathology in mild AD is thought to
be limited to the temporo-parietal junction (Rabinovici et al.,
2007), which does not include the PEFs, so a lack of impairment
in prosaccade generation is not surprising. It has been shown previously that volumetric changes in the SEF correlate with antisaccade latency, but that DLPFC and FEF volume were not
correlated with antisaccade performance (Boxer et al., 2006), supporting the notion that functional changes probably precede anatomical changes in the frontal cortex of AD patients. However,
Boxer et al. (2006) did not separate frontal temporal dementia
patients from AD patients, and the increased variability by combining the two groups may have masked some relationships
between structure and behavior (Kaufman et al., 2010). Other
fMRI studies have shown that FEF, SEF and DLPFC activity correlates with saccade performance changes in healthy adults
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(Connolly et al., 2005; Ford et al., 2005). Therefore, tracking
functional changes in frontal structures will be useful to determine
future progression of disease-related impairment.
In this study, the mild AD patients showed similar impairments in
the antisaccade task as controls over age 75 years (Peltsch et al.,
2011), suggesting a form of ‘accelerated aging with disease’, in
which pathology may be accelerating the natural age-related attenuation of performance. However, recent theory suggests that agerelated deﬁcits result primarily from frontal–striatal changes,
whereas AD deﬁcits arise primarily from changes to the hippocampal circuit (Buckner, 2004; Head et al., 2005), implying that AD is
not simply an accelerated form of aging. This is more likely, based
on what is now known about AD pathology, but the resulting
behavior may be similar to that seen in advanced aging, due to the
attenuated hippocampal-to-frontal projections and the consequential
dysfunction in the frontal and parietal cortices. Therefore, although
hippocampal/MTL or parietal dysfunction could be inﬂuencing the
frontal cortex and thus executive function, it has been suggested that
tracking frontal regions such as the DLPFC (Kaufman et al., 2010)
and the FEF may be useful for assessing the progress of AD pathology. In this regard, reduced function of brain regions, assessed with
imaging or behavioral executive function impairments, may predict
upcoming pathological changes, providing a good justiﬁcation for
early therapeutic intervention. Future mixed-method paradigms, such
as combining behavioral tasks with fMRI, may provide insightful
information on how functional brain changes relate to behavioral
changes, such as how DLPFC function changes in aMCI/AD
patients compared with controls. Determining the functional connectivity between frontal, parietal and hippocampal areas using magnetic resonance imaging or electroencephalography will also be
useful. Finally, and most importantly, longitudinal studies that track
aMCI patients to determine precise rates of conversion are also
imperative.

Conclusions
Performance in the antisaccade task can measure subtle executive
function deﬁcits and identify patients at risk for conversion to
dementia. Our data provide a detailed description of saccade performance changes in aMCI and AD patients who also underwent rigorous neuropsychological assessment. Our results suggest that the
antisaccade task is sensitive and objective at detecting subtle deﬁcits
in aMCI, particularly selective attention deﬁcits. Although the current diagnostic criteria for aMCI is memory-based [listed as ‘cognitive complaint not normal for age, not demented, memory decline,
essentially normal functional activities’ (Petersen et al., 2009)] and
not sensitive to frontal or parietal changes, we have shown that antisaccade performance reveals similar executive function impairments
in aMCI patients as in AD patients. This indicates the importance of
quantifying the similarities between aMCI and AD due to the higher
prevalence of conversion to dementia. Combining these results with
future longitudinal studies that track which aMCI patients develop
AD, and with neuroimaging parameters, will have strong potential
for clinical application.

Acknowledgements
We thank Don Brien, Angela Coderre, Melanie Schriber and the Munoz Lab
for excellent support, technical advice and editorial comments. This work
was supported by the Canadian Institutes of Health Research (grant number
MOP 97741 to D.P.M.) and the Canada Research Chair Program (D.P.M.).
The authors declare that they have no conﬂict of interest.

Abbreviation
AD, Alzheimer’s disease; aMCI, amnestic mild cognitive impairment; ANOVA,
analysis of variance; CV, coefﬁcient of variation; CVLT, California Verbal
Learning Test; DLPFC, dorsolateral prefrontal cortex; DRS, Mattis Dementia
Rating Scale; EOG, electrooculography; FEFs, frontal eye ﬁelds; fMRI, functional magnetic resonance imaging; FP, ﬁxation point; LEDs, light-emitting
diodes; MMSE, Mini Mental Status Examination; MTL, medial temporal
lobe; NINCDS-ADRDA, National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association; PEFs, parietal eye ﬁelds; S, stimulus; SEFs, supplementary eye ﬁelds; SRT, saccadic reaction time; Stroop, Stroop Neuropsychological Screening Inventory Test; WCST, Wisconsin Card Sorting Task.

References
Abel, L.A. & Douglas, J. (2007) Effects of age on latency and error generation in internally mediated saccades. Neurobiol. Aging, 28, 627–637.
Abel, L.A., Unverzagt, F. & Yee, R.D. (2002) Effects of stimulus predictability and interstimulus gap on saccades in Alzheimer’s disease. Dement.
Geriatr. Cogn., 13, 235–243.
Amador, N., Schlag-Rey, M. & Schlag, J. (2004) Primate antisaccade. II.
Supplementary eye ﬁeld neuronal activity predicts correct performance.
J. Neurophysiol., 91, 1672–1689.
Balota, D. & Faust, M.E. (2001) Attention in dementia of the Alzheimer
type. In Boller, F. & Cappa, S.F. (Eds), Handbook of Neuropsychology,
2nd Edn. Elsevier Science, New York, pp. 51–80.
Balota, D.A., Tse, C.S., Hutchison, K.A., Spieler, D.H., Duchek, J.M. &
Morris, J.C. (2010) Predicting conversion to dementia of the Alzheimer’s
type in a healthy control sample: the power of errors in Stroop color naming. Psychol. Aging, 25, 208–218.
Bell, A.H., Meredith, M.A., Van Opstal, A.J. & Munoz, D.P. (2006) Stimulus intensity modiﬁes saccadic reaction time and visual response latency in
the superior colliculus. Exp. Brain Res., 174, 53–59.
Bennett, D.A., Wilson, R.S., Schneider, J.A., Evans, D.A., Beckett, L.A.,
Aggarwal, N.T., Barnes, L.L., Fox, J.H. & Bach, J. (2002) Natural history
of mild cognitive impairment in older persons. Neurology, 59, 198–205.
Binetti, G., Magni, E., Padoyani, J., Cappa, S.F., Bianchetti, A. & Trabucchi,
M. (1996) Executive dysfunction in early Alzheimer’s disease. J. Neurol.
Neurosur. Ps., 60, 91–93.
Blekher, T., Johnson, S.A., Marshall, J., White, K., Hui, S., Weaver, M.,
Gray, J., Yee, R., Stout, J.C., Beristain, X., Wojcieszek, J. & Foroud, T.
(2006) Saccades in presymptomatic and early stages of Huntington disease. Neurology, 67, 394–399.
Bowling, A.C., Hindman, E.A. & Donnelly, J.F. (2012) Prosaccade errors in
the antisaccade task: differences between corrected and uncorrected errors
and links to neuropsychological tests. Exp. Brain Res., 2, 169–179.
Boxer, A.L., Garbutt, S., Rankin, K.P., Hellmuth, J., Neuhaus, J., Miller,
B.L. & Lisberger, S.G. (2006) Medial versus lateral frontal lobe contributions to voluntary saccade control as revealed by the study of patients with
frontal lobe degeneration. J. Neurosci., 26, 6354–6363.
Braak, H. & Braak, E. (1991) Neuropathological stageing of Alzheimerrelated changes. Acta Neuropathol., 82, 239–259.
Briand, K.A., Strallow, D., Hening, W., Poizner, H. & Sereno, A.B. (1999)
Control of voluntary and reﬂexive saccades in Parkinson’s disease. Exp.
Brain Res., 129, 38–48.
Buckner, R.L. (2004) Memory and executive function in aging and AD: multiple factors that cause decline and reserve factors that compensate. Neuron, 44, 195–208.
Bylsma, F.W., Rasmusson, D.X., Rebok, G.W., Keyl, P.M., Tune, L. &
Brandt, J. (1995) Changes in visual ﬁxation and saccadic eye movements
in Alzheimer’s disease. Int. J. Psychophysiol., 19, 33–40.
Cameron, I.G., Watanabe, M., Pari, G. & Munoz, D.P. (2010) Executive
impairment in Parkinson’s disease: response automaticity and task switching. Neuropsychologia, 48, 1948–1957.
Carpenter, R.H. (2004) Contrast, probability, and saccadic latency; evidence
for independence of detection and decision. Curr. Biol., 14, 1576–1580.
Carter, J.E., Obler, L., Woodward, S. & Albert, M.L. (1983) The effect of
increasing age on the latency for saccadic eye movements. J. Gerontol.,
38, 318–320.
Chan, F., Armstrong, I.T., Pari, G., Riopelle, R.J. & Munoz, D.P. (2005)
Deﬁcits in saccadic eye-movement control in Parkinson’s disease. Neuropsychologia, 43, 784–796.

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 39, 2000–2013

2012 A. Peltsch et al.
Chen, P., Ratcliff, G., Belle, S.H., Cauley, J.A., DeKosky, S.T. & Ganguli,
M. (2000) Cognitive tests that best discriminate between presymptomatic
AD and those who remain nondemented. Neurology, 55, 1847–1853.
Chen, A.L., Riley, D.E., King, S.A., Joshi, A.C., Serra, A., Liao, K., Cohen,
M.L., Otero-Millan, J., Martinez-Conde, S., Strupp, M. & Leigh, R.J.
(2010) The disturbance of gaze in progressive supranuclear palsy: implications for pathogenesis. Front. Neurol., 1, 1–19.
Connolly, J.D., Goodale, M.A., Menon, R.S. & Munoz, D.P. (2002) Human
fMRI evidence for the neural correlates of preparatory set. Nat. Neurosci.,
5, 1345–1352.
Connolly, J.D., Goodale, M.A., Goltz, H.C. & Munoz, D.P. (2005) fMRI
activation in the human frontal eye ﬁeld is correlated with saccadic reaction time. J. Neurophysiol., 94, 605–611.
Corbetta, M., Akbudak, E., Conturo, T.E., Snyder, A.Z., Ollinger, J.M., Drury, H.A., Linenweber, M.R., Petersen, S.E., Raichle, M.E., Van Essen,
D.C. & Shulman, G.L. (1998) A common network of functional areas for
attention and eye movements. Neuron, 21, 761–773.
Crawford, T.J., Higham, S., Renvoize, T., Patel, J., Dale, M., Suriya, A. &
Tetley, S. (2005) Inhibitory control of saccadic eye movements and cognitive impairment in Alzheimer’s disease. Biol. Psychiat., 57, 1052–1060.
Delis, D.C., Kramer, J.H., Kaplan, E. & Ober, B.A. (2000) CVLT-II, California Verbal Learning Test, Adult Version, Manual. The Psychological
Corporation, San Antonio, TX.
Dorris, M.C. & Munoz, D.P. (1995) A neural correlate for the gap effect on
saccadic reaction times in monkey. J. Neurophysiol., 73, 2558–2562.
Dubois, B., Feldman, H.H., Jacova, C., DeKosky, S.T., Barberger-Gateau,
P., Cummings, J., Delacourte, A., Galasko, D.R., Gauthier, S., Jicha, G.,
Meguro, K., O’Brien, J.T., Pasquier, F., Robert, P., Rosser, M., Salloway,
S., Stern, Y., Visser, P. & Scheltens, P. (2007) Research criteria for the
diagnosis of Alzheimer’s disease: revising the NINCDS-ADRDA criteria.
Lancet Neurol., 6, 734–746.
Ettinger, U., Antonova, E., Crawford, T.J., Mitterschiffthaler, M.T., Goswani,
S., Sharma, T. & Kumari, V. (2005) Structural neural correlates of prosaccade and antisaccade eye movements in healthy humans. NeuroImage, 24,
487–494.
Everling, S. & Fischer, B. (1998) The antisaccade: a review of basic research
and clinical studies. Neuropsychologia, 36, 885–899.
Everling, S. & Munoz, D.P. (2000) Neuronal correlates for preparatory set
associated with pro-saccades and anti-saccades in the primate frontal eye
ﬁeld. J. Neurosci., 20, 387–400.
Everling, S., Pare, M., Dorris, M.C. & Munoz, D.P. (1998) Comparison of
the discharge characteristics of brain stem omnipause neurons and superior
colliculus ﬁxation neurons in monkey: implications for control of ﬁxation
and saccade behavior. J. Neurophysiol., 79, 511–528.
Fischer, B. & Boch, R. (1983) Saccadic eye movements after extremely short
reaction times in the monkey. Brain Res., 260, 21–26.
Fischer, B., Biscaldi, M. & Gezeck, S. (1997) On the development of voluntary and reﬂexive components in human saccade generation. Brain Res.,
754, 285–297.
Fletcher, W.A. & Sharpe, J.A. (1986) Saccadic eye movement dysfunction in
Alzheimer’s disease. Ann. Neurol., 20, 464–471.
Folstein, M., Folstein, S. & McHugh, P.R. (1975) Mini-Mental State: a practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr. Res., 12, 189–198.
Ford, K.A., Goltz, H.C., Brown, M.R. & Everling, S. (2005) Neural processes associated with antisaccade task performance investigated with
event-related FMRI. J. Neurophysiol., 94, 429–440.
Garbutt, S., Matlin, A., Hellmuth, J., Schenk, A.K., Johnson, J.K., Rosen,
H., Dean, D., Kramer, J., Neuhaus, J., Miller, B.L., Lisberger, S.G. &
Boxer, A.L. (2008) Oculomotor function in frontotemporal lobar degeneration, related disorders and Alzheimer’s disease. Brain, 131, 1268–
1281.
Gaymard, B., Ploner, C.J., Rivaud, S., Vermersch, A.I. & Pierrot-Deseilligny,
C. (1998) Cortical control of saccades. Exp. Brain Res., 123, 159–163.
Goldring, J.E., Dorris, M.C., Corneil, B.D., Ballantyne, P.A. & Munoz, D.P.
(1996) Combined eyehead gaze shifts to visual and auditory targets in
humans. Exp. Brain Res., 111, 68–78.
Grundman, M., Petersen, R.C., Ferris, S.H., Thomas, R.G., Aisen, P.S.,
Bennett, D.A., Foster, N.L., Jack, C.R. Jr., Galasko, D.R., Doody, R.,
Kaye, J., Sano, M., Mohs, R., Gauthier, S., Kim, H.T., Jin, S., Schultz,
A.N., Schafer, K., Mulnard, R., van Dyck, C.H., Mintzer, J., Zamrini,
E.Y., Cahn-Weiner, D. & Thal, L.J.; Alzheimer’s Disease Cooperative
Study (2004) Mild cognitive impairment can be distinguished from Alzheimer disease and normal aging for clinical trials. Arch. Neurol., 61,
59–66.

Guitton, D., Buchtel, H.A. & Douglas, R.M. (1985) Frontal lobe lesions in
man cause difﬁculties in suppressing reﬂexive glances and in generating
goal-directed saccades. Exp. Brain Res., 58, 455–472.
Hallett, P.E. (1978) Primary and secondary saccades to goals deﬁned by
instructions. Vision Res., 18, 1279–1296.
Hays, A.V., Richmond, B.J. & Optican, L.M. (1982) A UNIX-based multiple
process system for real-time data acquisition and control. Proc. WESCON,
2, 1–10.
Head, D., Snyder, A.Z., Girton, L.E., Morris, J.C. & Buckner, R.L. (2005)
Frontal-hippocampal double dissociation between normal aging and Alzheimer’s disease. Cereb. Cortex, 15, 732–739.
Heaton, R.K., Chelune, G.J., Talley, J.L., Kay, G.G. & Curtiss, G. (1993)
Wisconsin Card Sorting Test Manual: Revised and Expanded. Psychological Assessment Resources Inc., Odessa, FL.
Hebert, L.E., Scherr, P.A., Bienias, J.L., Bennett, D.A. & Evans, D.A.
(2003) Alzheimer disease in the US population: prevalence estimates using
the 2000 census. Arch. Neurol., 60, 1119–1122.
Heuer, H.W., Mirsky, J.B., Kong, E.L., Dickerson, B.C., Miller, B.L.,
Kramer, J.H. & Boxer, A.L. (2013) Antisaccade task reﬂects cortical
involvement in mild cognitive impairment. Neurology, 81, 1235–1243.
Hikosaka, O., Nakamura, K. & Nakahara, H. (2006) Basal ganglia orient
eyes to reward. J. Neurophysiol., 95, 567–584.
Johnston, K. & Everling, S. (2006) Neural activity in monkey prefrontal cortex is modulated by task context and behavioral instruction during
delayed-match-to-sample and conditional prosaccade-antisaccade tasks.
J. Cognitive Neurosci., 18, 749–765.
Jones, A., Friedland, R.P., Koss, B., Stark, L. & Thompkins-Ober, B.A.
(1983) Saccadic intrusions in Alzheimer-type dementia. J. Neurol., 229,
189–194.
Juan, C.H., Muggleton, N.G., Tzeng, O.J., Hung, D.L., Cowey, A. & Walsh,
V. (2008) Segregation of visual selection and saccades in human frontal
eye ﬁelds. Cereb. Cortex, 18, 2410–2415.
Kabani, N.J., Sled, J.G. & Chertkow, H. (2002) Magnetization transfer ratio
in mild cognitive impairment and dementia of Alzheimer’s type. NeuroImage, 15, 604–610.
Kaufman, L.D., Pratt, J., Levine, B. & Black, S.E. (2010) Antisaccades: a
probe into the dorsolateral prefrontal cortex in Alzheimer’s disease. A critical review. J. Alzheimers Dis., 19, 781–793.
Klein, C., Fischer, B., Hartnegg, K., Heiss, W.H. & Roth, M. (2000) Optomotor and neuropsychological performance in old age. Exp. Brain Res.,
135, 141–154.
Leigh, R.J. & Kennard, C. (2004) Using saccades as a research tool in the
clinical neurosciences. Brain, 127, 460–477.
Leigh, R.J. & Zee, D.S. (2006) The Neurology of Eye Movements. Davis
Company, Philadelphia.
Levy, D.L., Mendell, N.R. & Holzman, P.S. (2004) The antisaccade task and
neuropsychological tests of prefrontal cortical integrity in schizophrenia:
empirical ﬁndings and interpretative considerations. World Psychiatry, 3,
32–40.
Mattis, S. (1988) Dementia Rating Scale. Professional Manual. Psychological Assessment Resources, Odessa, FL.
McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D. & Stadlan, E.M. (1984) Clinical diagnosis of Alzheimer’s disease: report of the
NINCDS-ADRDA Work Group under the auspices of Department of
Health and Human Services Task Force on Alzheimer’s Disease. Neurology, 34, 939–944.
Milham, M.P., Banich, M.T. & Barad, V. (2003) Competition for priority in
processing increases prefrontal cortex's involvement in top-down control:
an event-related fMRI study of the stroop task. Brain. Res. Cognitive
Brain Res., 17, 212–222.
Mirsky, J.B., Heuer, H.W., Jafari, A., Kramer, J.H., Schenk, A.K., Viskontas,
I.V., Neuhaus, J., Miller, B.L. & Boxer, A.L. (2011) Anti-saccade performance predicts executive function and brain structure in normal elders.
Cogn. Behav. Neurol., 24, 50–58.
Monsch, A.U., Bondi, M.W., Salmon, D.P., Butters, N., Thal, L.J., Hansen,
L.A., Wiederholt, W.C., Cahn, D.A. & Klauber, M.R. (1995) Clinical
validity of the Mattis Dementia Rating Scale in detecting Dementia of the
Alzheimer type. A double cross-validation and application to a community-dwelling sample. Arch. Neurol., 52, 899–904.
Morris, J.C., Storandt, M., Miller, J.P., McKeel, D.W., Price, J.L., Rubin,
E.H. & Berg, L. (2001) Mild cognitive impairment represents early-stage
Alzheimer disease. Arch. Neurol., 58, 397–405.
Moschovakis, A.K., Scudder, C.A. & Highstein, S.M. (1996) The microscopic anatomy and physiology of the mammalian saccadic system. Prog.
Neurobiol., 50, 133–254.

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 39, 2000–2013

Saccade characteristics in AD, aMCI, and healthy elderly 2013
Mosimann, U.P., Muri, R.M., Burn, D.J., Felblinger, J., O’Brien, J.T. &
McKeith, I.G. (2005) Saccadic eye movement changes in Parkinson’s disease dementia and dementia with Lewy bodies. Brain, 128, 1267–1276.
Munoz, D.P. (2002) Commentary: saccadic eye movements: overview of
neural circuitry. Prog. Brain Res., 140, 89–96.
Munoz, D.P. & Corneil, B.D. (1995) Evidence for interactions between target
selection and visual ﬁxation for saccade generation in humans. Exp. Brain
Res., 103, 168–173.
Munoz, D.P. & Everling, S. (2004) Look away: the anti-saccade task and the
voluntary control of eye movement. Nat. Rev. Neurosci., 5, 218–228.
Munoz, D.P., Broughton, J.R., Goldring, J.E. & Armstrong, I.T. (1998) Agerelated performance of human subjects on saccadic eye movement tasks.
Exp. Brain Res., 121, 391–400.
Munoz, D.P., Armstrong, I.T. & Coe, B. (2007) Using eye movements to
probe development and dysfunction. In van Gompel, R.P.G., Fischer,
M.H., Murray, W.S. & Hill, R.L. (Eds), Eye Movements: A Window on
Mind and Brain. Elsevier, Oxford, UK, pp. 100–124.
O’Driscoll, G.A., Alpert, N.M., Matthysse, S.W., Levy, D.L., Rauch, S.L. &
Holzman, P.S. (1995) Functional neuroanatomy of antisaccade eye movements investigated with positron emission tomography. Proc. Natl. Acad.
Sci. USA, 92, 925–929.
Olincy, A., Ross, R.G., Youngd, D.A. & Freedman, R. (1997) Age diminishes performance on an antisaccade eye movement task. Neurobiol.
Aging, 18, 483–489.
Peltsch, A., Hoffman, A., Armstrong, I., Pari, G. & Munoz, D.P. (2008) Saccadic impairments in Huntington’s disease. Exp. Brain Res., 186, 457–469.
Peltsch, A., Hemraj, A., Garcia, A. & Munoz, D.P. (2011) Age-related
trends in saccade characteristics among the elderly. Neurobiol. Aging, 32,
669–679.
Petersen, R.C. & Bennett, D. (2005) Mild cognitive impairment: is it Alzheimer’s disease or Not? J. Alzheimers Dis., 7, 241–245.
Petersen, R.C., Smith, G.E., Waring, S.C., Ivnik, R.J., Tangalos, E.G. &
Kokmen, E. (1999) Mild cognitive impairment: clinical characterization
and outcome. Arch. Neurol., 56, 303–308.
Petersen, R.C., Roberts, R.O., Knopman, D.S., Boeve, B.F., Geda, Y.E.,
Ivnik, R.J., Smith, G.E. & Jack, C.R. Jr. (2009) Mild cognitive impairment: ten years later. Arch. Neurol., 66, 1447–1455.
Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B. & Agid, Y. (1991) Cortical
control of reﬂexive visually-guided saccades. Brain, 114, 1473–1485.
Pratt, J., Dodd, M. & Welsh, T. (2006) Growing older does not always mean
moving slower: examining aging and the saccadic motor system. J. Motor
Behav., 38, 373–382.
Ptak, R., Camen, C., Morand, S. & Schnider, A. (2011) Early event-related
cortical activity originating in the frontal eye ﬁelds and inferior parietal
lobe predicts the occurrence of correct and error saccades. Hum. Brain
Mapp., 32, 358–369.
Rabinovici, G.D., Seeley, W.W., Kim, E.J., Gorno-Tempini, M.L., Rascovsky, K., Pagliaro, T.A., Allison, S.C., Halabi, C., Kramer, J.H., Johnson,
J.K., Weiner, M.W., Forman, M.S., Trojanowski, J.Q., Dearmond, S.J.,
Miller, B.L. & Rosen, H.J. (2007) Distinct MRI atrophy patterns in
autopsy-proven Alzheimer’s disease and frontotemporal lobar degeneration. Am. J. Alzheimers Dis., 22, 474–488.
Ramat, S., Leigh, R.J., Zee, D.S. & Optican, L.M. (2007) What clinical disorders tell us about the neural control of saccadic eye movements. Brain,
130, 10–35.
Ravaglia, G., Forti, P., Montesi, F., Lucicesare, A., Pisacane, N., Rietti, E.,
Dalmonte, E., Bianchin, M. & Mecocci, P. (2008) Mild cognitive impairment: epidemiology and dementia risk in an elderly Italian population.
J. Am. Geriatr. Soc., 56, 51–58.
Rivaud, S., Muri, R.M., Gaymard, B., Vermersch, A.I. & Pierrot-Deseilligny,
C. (1994) Eye movement disorders after frontal eye ﬁeld lesions in
humans. Exp. Brain Res., 102, 110–120.
Saslow, M.G. (1967) Latency for saccadic eye movement. J. Opt. Soc. Am.,
57, 1030–1033.
Scahill, R.I., Schott, J.M., Stevens, J.M., Rossor, M.N. & Fox, N.C. (2002)
Mapping the evolution of regional atrophy in Alzheimer’s disease: unbi-

ased analysis of ﬂuid-registered serial MRI. Proc. Natl. Acad. Sci. USA,
99, 4703–4707.
Schewe, H.J., Uebelhack, R. & Vohs, K. (1999) Abnormality in saccadic eye
movement in dementia. Eur. Psychiat., 14, 52–53.
Schlag-Rey, M., Amador, N., Sanchez, H. & Schlag, J. (1997) Antisaccade
performance predicted by neuronal activity in the supplementary eye ﬁeld.
Nature, 390, 398–401.
Schmolesky, M.T., Wang, Y., Hanes, D.P., Thompson, K.G., Leutgeb, S.,
Schall, J.D. & Leventhal, A.G. (1998) Signal timing across the macaque
visual system. J. Neurophysiol., 79, 3272–3278.
Scudder, C.A., Kaneko, C.S. & Fuchs, A.F. (2002) The brainstem burst generator for saccadic eye movements: a modern synthesis. Exp. Brain Res.,
142, 439–462.
Shaﬁq-Antonacci, R., Maruff, P., Masters, C. & Currie, J. (2003) Spectrum
of saccade system function in Alzheimer disease. Arch. Neurol., 60,
1272–1278.
Smetanin, P., Kobak, P., Briante, C., Stiff, D., Sherman, G. & Ahmad, S.
(2010) Rising tide: the impact of dementia on Canadian society in Canada
2008 to 2038. Available at http://www.alzheimer.ca/.
Smith, A.D. (2002) Imaging the progression of Alzheimer pathology through
the brain. Proc. Natl. Acad. Sci. USA, 99, 4135–4137.
Solfrizzi, V., Panza, F., Colacicco, A.M., D’Introno, A., Capurso, C., Torres,
F., Grigoletto, F., Maggi, S., Del Parigi, A., Reiman, E.M., Caselli, R.J.,
Scafato, E., Farchi, G. & Capurso, A.; Italian Longitudinal Study on
Aging Working Group (2004) Vascular risk factors, incidence of MCI,
and rates of progression to dementia. Neurology, 63, 1882–1891.
Sparks, D.L. (2002) The brainstem control of saccadic eye movements. Nat.
Rev. Neurosci., 3, 952–964.
Stroop, J. (1935) Studies of interference in serial verbal reactions. J. Exp.
Psychol., 18, 643–661.
Sweeney, J.A., Mintun, M.A., Kwee, S., Wiseman, M.B., Brown, D.L.,
Rosenberg, D.R. & Carl, J.R. (1996) Positron emission tomography study
of voluntary saccadic eye movements and spatial working memory.
J. Neurophysiol., 75, 454–468.
Takeda, N., Terada, S., Sato, S., Honda, H., Yoshida, H., Kishimoto, Y.,
Kamata, G., Oshima, E., Ishihara, T. & Kuroda, S. (2010) Wisconsin card
sorting test and brain perfusion imaging in early dementia. Dement. Geriatr. Cogn., 29, 21–27.
Traykov, L., Raoux, N., Latour, F., Gallo, L., Hanon, O., Baudic, S., Bayle,
C., Wenisch, E., Remy, P. & Rigaud, A.S. (2007) Executive functions deficit in mild cognitive impairment. Cogn. Behav. Neurol., 20, 219–224.
Tschanz, J.T., Welsh-Bohmer, K.A., Lyketsos, C.G., Corcoran, C., Green,
R.C., Hayden, K., Norton, M.C., Zandi, P.P., Toone, L., West, N.A. &
Breitner, J.C.; Cache County Investigators (2006) Conversion to dementia
from mild cognitive disorder: the Cache County Study. Neurology, 67,
229–234.
Versino, M., Romani, A., Beltrami, G. & Cosi, V. (1996) Saccadic and
smooth pursuit eye movements in memory-impaired elderly people. Acta
Neurol. Scand., 93, 39–43.
Wang, L., Zang, Y., He, Y., Liang, M., Zhang, X., Tian, L., Wu, T., Jiang,
T. & Li, K. (2006) Changes in hippocampal connectivity in the early
stages of Alzheimer’s disease: evidence from resting state fMRI. NeuroImage, 31, 496–504.
Watanabe, M. & Munoz, D.P. (2011) Probing basal ganglia functions by saccade eye movements. Eur. J. Neurosci., 33, 2070–2090.
White, B.J., Kerzel, D. & Gegenfurtner, K.R. (2006) The spatio-temporal
tuning of the mechanisms in the control of saccadic eye movements.
Vision Res., 46, 3886–3897.
Witiuk, K.L.M., McKee, R., Alahyane, N., Coe, B.C., Brien, D., Melanson,
M. & Munoz, D.P. (2010) Investigating cognitive deﬁcits in amyotrophic
lateral sclerosis using eye movements and fMRI. Master’s thesis, Queen’s
University, Kingston, Canada.
Wurtz, R.H. & Goldberg, M.E. (1989) The Neurobiology of Saccadic Eye
Movements. Elsevier, Amsterdam.
Yang, Q. & Kapoula, Z. (2006) The control of vertical saccades in aged subjects. Exp. Brain Res., 171, 67–77.

© 2014 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 39, 2000–2013

