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Abstract: Cognitive dysfunction is common in patients with multiple sclerosis (MS). Saccadic eye
movement paradigms such as antisaccades (AS) can sensitively interrogate cognitive function, in par-
ticular, the executive and attentional processes of response selection and inhibition. Although we have
previously demonstrated significant deficits in the generation of AS in MS patients, the neuropatholog-
ical changes underlying these deficits were not elucidated. In this study, 24 patients with relapsing–
remitting MS underwent testing using an AS paradigm. Rank correlation and multiple regression anal-
yses were subsequently used to determine whether AS errors in these patients were associated with:
(i) neurological and radiological abnormalities, as measured by standard clinical techniques, (ii) cogni-
tive dysfunction, and (iii) regionally specific cerebral white and gray-matter damage. Although AS
error rates in MS patients did not correlate with clinical disability (using the Expanded Disability Sta-
tus Score), T2 lesion load or brain parenchymal fraction, AS error rate did correlate with performance
on the Paced Auditory Serial Addition Task and the Symbol Digit Modalities Test, neuropsychological
tests commonly used in MS. Further, voxel-wise regression analyses revealed associations between AS
errors and reduced fractional anisotropy throughout most of the cerebellum, and increased mean diffu-
sivity in the cerebellar vermis. Region-wise regression analyses confirmed that AS errors also corre-
lated with gray-matter atrophy in the cerebellum right VI subregion. These results support the use of
the AS paradigm as a marker for cognitive dysfunction in MS and implicate structural and microstruc-
tural changes to the cerebellum as a contributing mechanism for AS deficits in these patients. Hum
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INTRODUCTION

Cognitive impairment is increasingly recognized as an
important functional disability in multiple sclerosis (MS)
[Benedict and Zivadinov, 2011], and is now thought to
predate the appearance of gross structural abnormalities
found using conventional imaging techniques [Glanz et al.,
2007]. Significantly, cognitive processes recruit extensive
brain networks that may be affected by multifocal neuroin-
flammatory demyelination and axonal degeneration as
occurs in these patients. As changes in cognitive impair-
ment potentially relate to progression in MS, developing
sensitive and specific markers for cognitive impairment is
critical for identifying early neurological dysfunction and
for assessing treatments that act to maintain or restore
neuronal function early in the disease course.

Saccadic eye movements are influenced by a wide range
of cognitive processes, in particular those involved in
working memory and attention, with response inhibition a
key determinant of motor output [Hutton, 2008]. We have
previously shown that MS patients exhibit dysfunction in
several saccadic behaviors including visually guided sac-
cades, memory-guided saccades, and antisaccades (AS),
and that the degree of dysfunction correlates with cogni-
tive test scores [Fielding et al., 2009a,b,c, 2012]. Deficits in
working memory and attentional processes were evident
across a range of ocular motor behaviors, reflected in slow
and inaccurate volitional saccades and difficulty inhibiting
inappropriate reflexive or preprogrammed saccades. In
particular, patients displayed significant inaccuracies when
performing the antisaccade (AS) task [Fielding et al.,
2009a, 2012], which involves inhibiting a reflexive prosac-
cade in favor of a saccade of equal magnitude in the oppo-
site direction. Cross-sectionally, AS errors were found to
negatively correlate with Paced Auditory Serial Addition
Task (PASAT) scores [Fielding et al., 2009a, 2012] and lon-
gitudinally, the rate of increase in AS errors for more than
2 years correlated with the decline in PASAT performance
[Fielding et al., 2012], demonstrating the utility of the AS
paradigm as a marker of cognitive function.

Functional magnetic resonance imaging (fMRI) studies
have reported multiple cortical and subcortical regions impli-
cated in performing AS compared to prosaccades including
primary visual cortex, dorsolateral prefrontal cortex, frontal
eye fields, parietal eye fields, supramarginal gyrus, anterior
cingulate cortex, thalamus, and cerebellum [Ettinger et al.,
2008; Matsuda et al., 2004]. The structural connectivity
between these regions traverses many of the major white-
matter pathways of the brain. As such, patients with multifo-
cal white- and gray-matter lesions characteristic of MS are
likely to be highly susceptible to diminished performance on
the AS task. However, it remains unclear whether AS dys-
function in MS is a product of generalized dysfunction of the
AS network or damage to specific vulnerable pathways.

Recent studies employing diffusion tensor imaging (DTI),
a MRI technique sensitive to anisotropic water diffusion in
white matter, have demonstrated associations between

cognitive dysfunction and damage to specific white-matter
pathways in MS patients including the cingulum, the corpus
callosum, and the cerebellar peduncles [Dineen et al., 2009;
Mesaros et al., 2012; Roosendaal et al., 2009]. However, no
similar studies have been undertaken to establish the under-
lying neuropathological sources of AS dysfunction in MS.
We have previously shown that DTI together with macro-
scopic volumetric assessments can provide complementary
information regarding the loss of primary visual function in
the context of MS [Kolbe et al., 2009]. In this study, we uti-
lized these two complementary techniques to assess the
macro- and microstructural alterations to white and gray
matter associated with AS errors in patients with MS. We
hypothesized, based on the previous evidence linking cogni-
tive dysfunction and damage to the cingulum, corpus cal-
losum, and cerebellum, that dysfunction to cognitively
controlled saccades would also be associated with atrophy
of and microstructural alterations within these regions.

MATERIALS AND METHODS

Participants

Twenty-four participants were recruited prospectively
from the Royal Melbourne Hospital MS outpatient clinic.
Patients were included based on: (a) diagnosis of clinically
definite relapsing–remitting MS, (b) lack of overt oculomo-
tor impairments such as nystagmus, and (c) lack of overt
clinical relapse at the time of testing. Fourteen healthy con-
trol subjects were recruited for comparison and reported no
history of neurological or psychiatric illness. Demographic
and disease characteristics for patients and controls are
summarized in Table I. Patient and control cohorts were
not different in terms of age (P 5 0.15) or IQ (P 5 0.89).
Patients underwent a standard clinical neurological exami-
nation as well as ocular motor testing, neuropsychological
assessment, and MR imaging. This study was approved by
the Royal Melbourne Hospital Human Research Ethics
Committee. All participants provided voluntary written
consent in accordance with the Declaration of Helsinki.

Neuropsychological Tests

Neuropsychological tests were administered using
standardized instructions and included the PASAT, the
California Verbal Learning Test: learning stage (CVLT),
Symbol Digit Modalities Test (SDMT), and the backward
digit span subtest derived from the Wechsler Adult Intelli-
gence Scale (WAIS-III), as recommended by Sartori and
Edan (2006). The National Adult Reading Test (NART)
[Nelson, 1982] was used to indicate IQ.

Antisaccade Task

Horizontal displacement of the eye was recorded using
a Skalar IRIS infrared eye tracker (Skalar Medical, BV,
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Delft, The Netherlands), with output sampled at 1 kHz.
Stimuli were generated using E-Prime software (Psychol-
ogy Software Tools, Pennsylvania) and displayed on a 53-
cm monitor (Mitsubishi Electric, Tokyo, Japan), viewed at
a distance of 840 mm. Participant’s head stabilization was
facilitated using a custom-made bite bar. A photodiode
placed directly over a nonvisible portion of the screen con-
currently recorded stimulus changes in real time.

The AS stimulus presentation sequence is shown in Fig-
ure 1. Participants were first instructed to fixate a centrally
positioned target (green cross, 30 3 30 mm). After either
1,250 or 1,600 ms, the target disappeared coincident with
the appearance of a peripheral target (green cross, 30 3 30
mm, 5 or 10� from center in either hemi-field). Participants
were instructed to make a saccade opposite and equidis-
tant from the target. The target disappeared after 1,500 ms
and a refixation stimulus (white square ring, 10 3 10 mm)
was presented for 150 ms during which time subjects
redirected gaze back to center prior to the onset of the
next trial. Subjects completed 48 trials (equal numbers of
left and right for both 5 and 10�) after completing a vari-
able number of practice trials. Antisaccade latency (ms)
and AS errors (incorrect saccade toward a peripheral tar-
get: %) were recorded and analyzed.

MRI Acquisition and Lesion Assessments

All MRI scans were performed using a 3-Tesla MRI sys-
tem (Trio TIM, Siemens, Erlangen, Germany) with a 12-
channel head coil. Specific MRI sequence parameters are
included in Supporting Information. Three MRI sequences
were acquired for each subject, a 3D whole brain fluid-
attenuated inversion recovery (FLAIR) T2-weighted
sequence for lesion identification, a 3D whole brain T1-
weighted sequence for volumetric assessments, and a
whole brain 60-direction diffusion-weighted spin-echo
echo-planar imaging sequence for calculation of DTI pa-
rameters. Lesions were delineated on the FLAIR images
using a semi-automated thresholding technique [Rorden

and Brett, 2000]. For each patient, lesion volume was cal-
culated as a percentage of brain parenchymal volume.

DTI Analysis

Whole brain diffusion-weighted images were eddy-cur-
rent corrected and realigned using a linear registration
algorithm (FLIRT, FSL) [Jenkinson and Smith, 2001]. The
diffusion tensor was calculated using FSL diffusion toolkit
[Behrens et al., 2003]. To perform voxel-wise assessments
of gray- and white-matter DTI parameters, DTI data were
normalized to MNI152 space using a diffusion tensor
image registration toolkit (DTI-TK) [Zhang et al., 2006].
Because of the lack of a suitable DTI template, we con-
structed a study-specific template in MNI-152 space using
the following procedure.

TABLE I. Demographic, disease, AS, and cognitive parameters for patients and control subjects

Controls
(median range)

Patients
(median range)

Difference from
control (P)a

Correlation with AS
errors (Spearman’s q)

Age (years) 41 (30–62) 47 (28–63) 0.15 0.26
Disease duration (years) — 6 (2–18) — 0.12
NART IQ 116 (107–124) 113 (101–119) (n 5 21) 0.89 20.07
EDSS — 3 (1–6) — 0.16
Lesion Fraction (%) — 1.1 (0.01–14) — 0.16
BPF (%) — 83.3 (75.5–88.7) — 20.33
PASAT 85.8 (80–100) 84.2 (33.3–100) (n 5 20) 0.02 20.48 (P 5 0.03)
SDMT 66 (54–77) 54 (30–72) (n 5 21) <0.0001 20.66 (P 5 0.001)
AS latency (ms) 256 (197–343) 310 (217–467) (n 5 23) 0.005 0.20
AS errors (%) 8.3 (2.1–22.9) 29.1 (0–95.8) <0.0001 —

aP-values were calculated from nonparametric Mann–Whitney U-tests. For controls, n 5 24 and for patients n 5 24 unless otherwise
stated.

Figure 1.

A schematic representation of the AS task. The stimulus (green

cross) disappears and reappears in one hemisphere eliciting a

saccade in the opposite direction of equal magnitude (gray

arrow). A white refixation box appears upon completion of

each trial. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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First, an initial estimate of the registration was obtained
by linearly registering each subject’s DTI data to the ICBM
DTI-81 template. The resulting linearly registered images
were averaged to create a first-pass template. Next, each
subject’s DTI data were linearly and nonlinearly registered
to the first-pass template and the resulting registered DTI
data were averaged to create a second-pass template. This
procedure was repeated to create the final (third-pass)
template. Each subject’s DTI data were subsequently nor-
malized to the final template using an affine and nonlinear
registration. Mean diffusivity (MD) and fractional anisot-
ropy (FA) maps were calculated from the normalized DTI
data for each subject. The MD and FA maps were
smoothed using a Gaussian kernel (full width at half maxi-
mum, 5 mm) and analyzed using voxel-wise statistical
procedures described in the Statistical Analyses section.

Volumetric Analysis

Volumes of cortical and subcortical brain structures
were calculated using probabilistic atlases registered to
each subject’s T1-weighted volumetric image. First, T1-
weighted images were skull-stripped using brain extrac-
tion tool (BET) [Smith, 2002] and segmented into GM,
WM, and CSF using a segmentation algorithm (FAST)
[Zhang et al., 2001]. Skull-stripped images were checked
and manually edited if necessary to remove voxels in the
neck and around the orbits not removed by BET. Voxels
previously classified as lesion on FLAIR scans were man-
ually classified as WM. For each subject, the total volume
of GM, WM, and CSF was calculated as the intracranial
volume, the total volume of GM and WM was calculated
as brain parenchymal volume, and the brain parenchymal
fraction (BPF) was calculated as the fraction of paren-
chyma to total intracranial volume expressed as a
percentage.

The T1-weighted images were registered to a standard
brain atlas (MNI152) by first using a 12-parameter affine
registration (FLIRT) followed by a nonlinear deformable
registration (FNIRT, FSL, FMRIB, Oxford, United King-
dom). The deformation field required to transform each
subject’s image to standard space as well as the inverse
deformation was calculated. The inverse deformation field
was used to transform standard space regions of interest
(ROIs) to each subject’s T1 image. All ROIs were obtained
from the published probabilistic atlases described in the
following section. Each ROI was multiplied by each sub-
ject’s GM mask to obtain weighted volumes for region-
specific cortical and subcortical GM. Regional volumes
were analyzed using statistical procedures described in the
Statistical Analyses section.

Two probabilistic atlases were used in this study. The
first atlas contained 48 cortical and 21 subcortical struc-
tures defined using T1-weighted scans from 37 healthy
subjects (www.fmrib.ox.ac.uk/fsl/data/atlas-descriptions.
html). The second atlas contained 28 cerebellar subregions

defined using T1-weighted scans from 20 healthy subjects
[Diedrichsen et al., 2009]. Both atlases contained values
ranging from 0 to 100, indicating the percentage probabil-
ity of a specific structure being located in each voxel. Indi-
vidual ROIs were thresholded at 15% to remove low-
probability voxels and reduce overlap between neighbor-
ing regions.

Statistical Analyses

Neuropsychological scores and AS errors in patients
were compared to controls using nonparametric Mann–
Whitney U-tests. Correlations were performed between AS
errors in patients and AS latency, clinical parameters (age,
Expanded Disability Status Scale (EDSS) score, lesion frac-
tion, and BPF) and neuropsychological scores (PASAT,
SDMT, CVLT, Digit Span, and NART IQ) using Spear-
man’s rank correlation procedures.

Voxel-wise linear regressions were performed between
AS errors and FA or MD maps which were masked to
exclude nonbrain voxels using BET [Smith, 2002]. Regres-
sion analyzed was adjusted for age and sex and performed
using a permutation-based statistical testing method
(RANDOMISE) [Nichols and Holmes, 2002] with 5,000
samples. The resulting P-value maps were corrected for
multiple comparisons using the threshold-free cluster
enhancement (TFCE) method [Smith and Nichols, 2009].
Voxels with TFCE corrected P-values of <0.05 were con-
sidered significant. In addition to regression analyses, we
performed voxel-wise group analyses between patients
and healthy controls to establish the degree of white- and
gray-matter injury in patients.

Partial linear regressions were performed between AS
errors and gray-matter volumes for each cortical, subcorti-
cal, and cerebellar ROI adjusting for age, sex, and BPF. For
each ROI, the P-value was calculated from the median beta
weight from 5,000 bootstrap regressions. Given the large
number of ROIs analyzed, multiple comparison correction
was performed using the false discovery rate (FDR) method
[Benjamini and Yekutieli, 1995]. FDR-corrected P-values (q-
values) of <0.05 were considered significant.

RESULTS

Disease Severity and AS Errors

Patients had a median EDSS of 3 (range, 1–6), lesion
fraction of 1.1% (range, 0.01–14%), and BPF of 83.3%
(range, 75.5–88.7) (Table I). No correlations with AS errors
were detected for EDSS, lesion fraction, or BPF. Compared
to control participants, patients displayed no significant
difference in IQ (P 5 0.89). However, patients scored lower
on the PASAT (P 5 0.02) and SDMT (P< 0.0001) and
reductions in scores for both tests were associated with a
greater number of AS errors (PASAT: q 5 20.48, P 5 0.03;
SDMT: q 5 20.66, P 5 0.001, Figs. 2 and 3). We did not
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detect any significant correlations between clinical or cog-
nitive variables and AS latency.

DTI and AS Errors

Voxel-wise comparisons of FA and MD between
patients and controls demonstrated reduced FA and
increased MD (TFCE corrected) across most of the brain in
patients compared to controls (Supporting Information

Figs. 1 and 2). Regions of significant covariation between
AS errors and FA or MD were detected within the cerebel-
lum exclusively after adjustment for age and sex and mul-
tiple comparison correction using the TFCE method. For
both FA and MD, the cluster centers of mass were located
within the cerebellar vermis (FA: vermis VI; MD: vermis–
Crus II) (Table II). For FA, the region extended across
much of the cerebellum (Fig. 4) but for MD, the region
was restricted to a small cluster surrounding the vermis
(Fig. 5).

Figure 2.

AS latencies (A) and errors (B) for controls and patients. (**P < 0.01 and ***P < 0.0001 for

Mann–Whitney U-tests).

TABLE II. Summary statistics for voxel-wise regression analyses between AS errors and FA or MD

Cluster
volume (mm3)

Cluster max TFCE
corrected P-value

Cluster max P-value
voxel coordinate (MNI space)

Cluster center of mass
coordinate (MNI space)

FA 78,375 0.009 24, 283, 232 (Right Crus I) 22, 270, 226 (Vermis VI)
MD 3,840 0.026 1, 273, 230 (vermis–Crus II) 23, 273, 229 (vermis–Crus II)

Figure 3.

Scatterplots illustrating covariation between AS errors and PASAT (A) and SDMT (B). Spearman’s

rho correlation coefficients are shown in the bottom left of each plot.
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Regional GM Volume and AS Errors

After adjustment for BPF, age, and sex and FDR multi-
ple comparison correction, only cerebellum right VI GM
volume remained significantly associated with AS errors

(q 5 0.027) (Fig. 6). Gray-matter volume in an additional 18
cerebellum subregions correlated with AS errors at an
uncorrected level (P < 0.05 but FDR correct q > 0.05) (Sup-
porting Information Table).

Figure 4.

Regions of significant covariation after TFCE correction between FA and AS errors after adjust-

ment for age and sex (A). Scatterplot illustrating the covariation between mean FA within the

significant cluster and AS errors for patients (B). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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DISCUSSION

Cognitive dysfunction is an important and often overlooked
disability in MS. AS and other saccadic eye movements can
reveal many aspects of cognition, and hence quantifica-
tion of erroneous eye movements can provide a highly
sensitive and objective behavioral marker for cognitive
dysfunction. We have previously reported significant dif-
ferences in AS performance between MS patients and
controls [Fielding et al., 2009a]. The aim of this study
was to assess the structural neural correlates of such dys-
function using MRI. We confirmed that patients in this
study elicited significantly more AS errors than controls,
and those errors were associated with cognitive dysfunc-
tion (worse PASAT and SDMT scores) but not clinical
neurological or radiological disease progression (EDSS,
lesion load, and brain atrophy). AS errors, therefore,
reflect cognitive dysfunction to a greater extent than
overall disease burden. AS latency did not correlate with

either cognitive dysfunction or disease progression, sug-
gesting a disassociation between physiological (response
latency) and cognitive (response appropriateness) aspects
of AS.

AS errors were associated with white- and gray-matter
injuries in the cerebellum in MS patients. Importantly, we
were able to replicate this finding using two independent
imaging acquisition and analysis techniques based on DTI
and volumetric imaging. We observed significant covaria-
tion between AS errors and FA reduction across the cere-
bellum, suggesting that the cerebellar injuries contributing
to AS errors may not be regionally specific. The MD
increase associated with AS errors was confined to a small
cluster around the cerebellar vermis, however, when mul-
tiple comparison corrections were relaxed (Puncorrected <
0.01) an extended area of subthreshold MD increase was
also observed (data not shown). Similarly, comparisons of
regional GM atrophy associated with AS errors implicated

Figure 5.

Regions of significant covariation after TFCE correction between MD and AS errors after adjust-

ment for age and sex (A). Scatterplot illustrating the covariation between mean MD within the

significant cluster and AS errors for patients (B). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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only the cerebellum right V1 subregion at a corrected
level. However, at an uncorrected level an additional 18
subregions displayed significant covariation. Neuroimag-
ing studies reporting voxel- or region-wise statistics com-
monly employ strict multiple comparison corrections to
avoid Type I errors. However, in cases where a spatial
clustering is observed, relaxing statistical thresholds can
be informative for revealing potential Type II errors.
Importantly, both DTI and volumetric analyses implicate
structural and microstructural changes within the cerebel-
lum as a mechanism associated with dysfunction of cogni-
tive aspects of AS in MS patients.

Several cerebellar regions implicated in this study have
been reported in saccadic behaviors, including the vermis
(Lobules V–VII) [Stanton et al., 1988a,1988b; Takagi et al.,
1998; Van Opstal et al., 1996] and the cerebellar hemi-
spheres which project to the cortex via the dentate nucleus
[Ohki et al., 2009]. Until recently, the cerebellum was
thought to be primarily involved in fine motor control,

whereas more recent theories implicate a role for the cere-
bellum in cognitive processes [Schmahmann and Caplan,
2006]. Trans-synaptic tracer studies have demonstrated
cerebellar connectivity to nonmotor regions of the cerebral
cortex, including prefrontal and parietal cortices, and thus
identifying pathways by which the cerebellum could con-
tribute to cognitive control processes governing eye move-
ment [Schmahmann and Pandya, 1995]. Moreover, several
cognitive processes relevant to the AS task have been pro-
posed for the cerebellum including orientating attention,
error detection and correction, and stimulus anticipation
[Courchesne and Allen, 1997; Nitschke et al., 2003; Wolpert
and Kawato, 1998].

Several recent human neuroimaging studies have impli-
cated the contribution of cerebellar injury to cognitive
dysfunction in MS patients [Mesaros et al., 2008, 2012;
Rocca et al., 2010]. Mesaros et al. (2012) recently tested the
ability of DTI measures in specific WM tracts to discrimi-
nate MS patients with and without cognitive impairments.

Figure 6.

Significant covariation was observed between gray matter (GM) atrophy in the cerebellum right

VI subregion and AS errors after adjustment for BPF, age and sex (A). Scatterplot illustrating the

covariation between GM volume within the cerebellum right VI and AS errors for patients (B).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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The white-matter pathways that best discriminated
patients based on cognitive performance included the
superior and middle cerebellar peduncles and the cingu-
lum. An earlier study by Mesaros et al. (2008) reported
greater regional cerebellar GM atrophy in patients with
secondary progressive MS and cognitive impairment com-
pared to patients with benign MS and no cognitive
impairment. Patients with MS and cognitive impairment
have also been reported to display increased cerebellar
fMRI activation compared to cognitively intact patients
[Rocca et al., 2010]. Rocca et al. (2010) propose that this
might reflect a maladaptive response, possibly related to
tissue damage. In contrast, two studies comparing DTI pa-
rameters in WM to cognitive performance in MS patients
reported no associations with cerebellar WM changes but
did report associations with damage to the corpus cal-
losum [Dineen et al., 2009; Roosendaal et al., 2009] and
cingulum [Dineen et al., 2009]. In contrast, we did not
observe DTI changes in either the cingulum or the corpus
callosum associated with AS dysfunction. This is poten-
tially related to differences in study cohorts between our
study and previous studies.

There is significant variability in the published findings
of correlational analyses between parameters and func-
tional scores in MS patient cohorts. This highlights the lim-
itations of using cross-sectional correlation analyses in
studies where the relationship between brain injury and
functional status is complex. A key motivation for using
saccadic eye movements as a behavioral surrogate for
assessing underlying cognitive decline relates to the sensi-
tivity and objectivity of eye movement parameters. Further
studies are required to assess the longitudinal variability
of measuring these saccadic parameters in patients with
MS, and the comparison of variability to the rate of cogni-
tive decline or the accumulation of disability, particularly
early in the course of the disease or in clinically isolated
syndrome patients.

CONCLUSIONS

Cognitive dysfunction commonly occurs in MS patients
and represents a significant burden of disease. Saccadic
eye movement paradigms provide sensitive measures of
cognitive function, in particular the executive and atten-
tional processes of response selection and inhibition. The
results of this study suggest that cerebellar injury contrib-
utes to ocular motor deficits in MS, and that saccadic
measures may be useful for assessing cognitive dysfunc-
tion in MS patients.
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