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Figure 1: Reflexive saccade eye movement: Activation clusters in the whole brain study for reflexive saccades versus fixation. All areas were
thresholded at p<0.05 with FDR correction for multiple comparisons and with a minimum cluster size of 10 voxels.
(Labels: A: FEF, B: PEF C: MT/V5)

Figure 2: Reflexive saccade eye movement: Activation clusters in
the cerebellum study. All areas were thresholded at p < 0.05 with
correction for multiple comparisons at cluster level and with a
minimum cluster size of 10 voxels. (label A: cerebellum lobule VI;
B: vermis VI and VII)

fMRI activation

The results of the random effects group analy-
sis for the whole brain experiment and for the
cerebellum experiment are shown in Tables
1 and 2. In the cerebellum experiment no sig-
nificant activation was found at a threshold of
p<0.05 with FDR correction. Therefore, we used
a more lenient statistical threshold of p<0.05
corrected for multiple comparisons at cluster
level and with a minimum cluster size of 10 vox-
els.

Reflexive saccades

Analysis of the reflexive saccade condition for
the whole brain experiment revealed bilateral
activation in the precentral gyrus (frontal eye
fields, FEF), in the superior parietal gyrus (pari-
etal eye fields, PEF) and in the middle temporal
gyrus (MT/V5) (Fig. 1). Unilateral activation was
found in the left angular gyrus.

The cerebellum experiment revealed bilateral
activation in lobule VI and unilaterally in crus |
on the left (Fig. 2). Activity was also found in ver-
mis VI and VII.
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Table 1: Areas of activation (reflexive saccades > fixation) with cluster size, maximum t-value within the cluster, MNI coordinates of the maxi-
mum t value, anatomic labels, percentage of cluster size and functional area.

Whole Brain Study: Reflexive

MNI coordinate (mm)
Cluster size | T-value | x y z Anatomic area side | %* Functional Area
14877 7.78 46 -74 -2 Middle Temporal Gyrus R 4.89 | MT/V5
Middle Temporal Gyrus L 3.6 MT/V5
Lingual and Calcarine gyri
Middle, Inferior and Superior L 31.33 | PVA/V1
Occipital Gyri, Cuneus
Lingual and Calcarine gyri
Middle, Inferior and Superior R 26.56 | PVA/V1
Occipital Gyri, Cuneus
Fusiform Gyrus R 438
Fusiform Gyrus L 2.65
Angular Gyrus L 1.18 | Angular Gyrus
Superior Temporal Gyrus L 1.01
1124 6022 40 -10 54 Precentral Gyrus R 51.6 | FEF
Postcentral Gyrus R 30.78
Middle Frontal Gyrus R 3.2
454 5.78 -60 -14 42 Postcentral Gyrus L 68.72
Precentral Gyrus L 26.87 | FEF
394 4.64 -24 -62 62 Superior and Inferior L 91.11 | PEF
Parietal Gyrus
Postcentral Gyrus L 2.54
29 4.51 24 -48 40 Superior and Inferior R 33.33 | PEF
Parietal Gyrus
146 4.28 26 -62 56 Superior Parietal Gyrus R 98.63 | PEF
Cerebellum Study: Reflexive
MNI coordinate (mm)
Cluster size | T-value | x y z Anatomic area side | %* Functional Area
409 7.02 -4 -76 -14 Cerebellum VI L 38.39 | Oculomotor Area
Cerebellum VI R 20.29
Vermis VI 18.09
Vermis VII 4.16
Cerebellum Crus 1 L 2.44

All areas were thresholded at p < 0.05 with FDR (whole brain study) or at cluster level (p < 0.05) corrected for multiple comparisons (cerebellum
study) and with a minimum cluster size of 10 voxels.

(L: left hemisphere, R: right hemisphere; FEF: frontal eye fields, PEF: parietal eye fields, MT/V5: motion-sensitive area (MT/V5), PVA/V1: primary
visual areas (V1)). *The unassigned areas for each cluster are not listed in the table.
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Voluntary saccades

Analysis of the voluntary saccade
condition for the whole brain experi-
ment revealed bilateral activation in
the precentral gyrus (FEF) and uni-
lateral activation in the left inferior
parietal gyrus (PEF) (Fig. 3).

The cerebellum experiment (figure
4) only revealed unilateral activation
in the right lobule VI. Activity was
also found in vermis VI and VII.

Direct comparison

Figure 3: Voluntary saccade eye movement: Activation clusters in the whole brain between rEﬂeXive and

stgdy for voluntgry saccadE§ versus ﬁxa.ﬂon. All are?s vver(.% Fhresho\ded at. p<0.05 Voluntary Saccades
with FDR correction for multiple comparisons and with a minimum cluster size of 10

voxels. (Labels: A: FEF, B: PEF)

Figure 4: \oluntary saccades eye movement: Activation clus-
ters in the cerebellum study. All areas were thresholded at p <
0.05 with correction for multiple comparisons at cluster level
and with a minimum cluster size of 10 voxels. (label A: cerebel-
lum lobule VI; B: vermis VI and VII)

Results of the direct comparison

between the two active (saccade)
conditions are given in Table 3, and visualized in
Figure 5. When the reflexive saccade condition
was compared with the voluntary saccade con-
dition (activereﬂmgactivevo‘mry) for the whole
brain experiment, the analysis yielded bilateral
activation in the precentral gyrus (FEF), in the
inferior and superior parietal gyrus (PEF), in the
middle temporal gyrus (MT/V5), the precuneus
(V6), and the angular and the anterior cingulate
gyrus, and unilateral right activation in the pos-
terior cingulate gyrus.

When the reflexive saccade condition was com-
pared with the voluntary saccade condition
([activereﬂewe > activevolumary) in the cerebellum
experiment, the analysis yielded unilateral acti-
vation in the left lobule VI. This area of activation,
however, was part of the large activation cluster
in the fusiform gyrus, similar to that observed in
the whole brain experiment. The actual part of
this larger cluster being located in the left cer-

ebellar lobule VI was less than 10 voxels.

For both the whole brain and the cerebellum
experiment, no significant activation was found
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Table 2: Areas of activation (voluntary saccades > fixation) with cluster size, maximum t-value within the cluster, MNI coordinates of the
maximum t value, anatomic labels, percentage of cluster size and functional area.

Whole Brain Study: Voluntary

MNI coordinate (mm)
Cluster size | T-value | x y z Anatomic area side | %* Functional Area
323 8.35 -62 2 20 Postcentral Gyrus L 44.89 | FEF
Precentral Gyrus L 19.81
Rolandic Opercular Gyrus L 16.72
Inferior Frontal L 14.24
Opercular Gyrus
2848 7.62 -16 -78 6 Lingual and Calcarine gyri R 40.81 | PVA/V1
Middle, Inferior and Superior
Occipital Gyri, Cuneus
Lingual and Calcarine gyri L 49.31 | PVA/VI1
Middle, Inferior and Superior
Occipital Gyri, Cuneus
Fusiform Gyrus R 1.19
31 5.1 -34 -74 -6 Inferior and Middle L 61.92 | PVA/V1
Occipital Gyri
36 4.94 28 -84 24 Middle and Superior R 100 PVA/V1
Occipital Gyri
14 4.37 -28 -50 52 Inferior Parietal Gyrus L 100 PEF
137 4.32 56 -8 44 Precentral Gyrus R 57.66 | FEF
Postcentral Gyrus R 33.58
Middle Frontal Gyrus R 8.76
Cerebellum Study: Voluntary
MNI coordinate (mm)
Cluster size | T-value | x y z Anatomic area side | %* Functional Area
48 4.65 6 -76 -20 Cerebellum VI R 70.83 | Oculomotor Area
Vermis VI 20.83
Vermis VII 8.33

All areas were thresholded at p < 0.05 with FDR (whole brain study) or at cluster level (p < 0.05) corrected for multiple comparisons (cerebellum
study) and with a minimum cluster size of 10 voxels.

(L: left hemisphere, R: right hemisphere; FEF: frontal eye fields, PEF: parietal eye fields, MT/V5: motion-sensitive area (MT/V5), PVA/V1: primary
visual areas (V1)). *The unassigned areas for each cluster are not listed in the table.

when the voluntary saccade condition was A summary of the results is presented in Table
compared with the reflexive saccade condition. 4.
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DISCUSSION

This study investigated differences in brain
activation patterns between reflexive and
voluntary saccadic eye movements. These
two types of saccades were compared in
two different experiments in which we
looked for cerebral activation and for spe-
cific activation in the cerebellum.

Numerous functional imaging studies have
investigated brain activation related to re-
flexive or voluntary saccades separately.
PET studies have shown activation during
reflexive saccades in FEF [24, 25], PEF [25],
cerebellum, striate cortex and posterior
Figure 5: Activation clusters for reflexive versus voluntary saccade eye temporal cortex [24] fMRI studies have also
i FDR cotecton ot multble cormportions and with o minimumeloe,  Shown activation in FEF [26-30], PEF [26-29),
ter size of 10 voxels. (Labels: A: FEF, B: PEF, C: MT/V5, D: Precuneus, V6, E: and the cerebellum [28], as well as in SEF
Cingulate Gyrus, F: Angular Gyrus) [27, 29], the precuneus [27], the cingulate
gyrus [27, 28], MT/V5, PVA/V1 and the mid-

brain. In general, subjects in these studies were

asked to execute saccadic eye movement to-

Table 3: Areas of activation (reflexive saccade > voluntary saccade) with cluster size, maximum t-value within the cluster, MNI coordinates of
the maximum t value, anatomic labels, percentage of cluster size and functional area.

MNI coordinate (mm)
Cluster size | T-value | x y z Anatomic area side | %* Functional Area
20691 9.11 46 -60 | 22 Middle Temporal Gyrus R 10.92 | MT/V5
Middle Temporal Gyrus L 9.78 MT/V5
Precuneus L 8.18 V6
Inferior and Middle L 7.47 PVA/V1
Occipital Gyrus
Precuneus R 5.83 V6
Angular Gyrus R 433 Angular Gyrus
Fusiform Gyrus L 36
Angular Gyrus L 3.58 Angular Gyrus
Inferior and Middle R 4.49 PVA/V1
Occipital Gyrus
Fusiform Gyrus R 273
Inferior and Superior R 7.07
Temporal Gyrus,
Hippocampal Gyrus
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Inferior Temporal Gyrus L 5.15
ParaHippocampal Gyrus
Posterior Cingulate Gyrus | R 1.54 Posterior Cingulate
Gyrus
Middle Cingulate Gyrus L 1.3
Lingual Gyrus R 1.04
139 4.96 30 -46 | 64 Superior and Inferior R 7195 | PEF
Parietal Gyrus
PostCentral Gyrus R 28.06
277 4.76 32 0 44 Middle Frontal Gyrus R 28.16 | FEF
Precentral Gyrus R 25.99
Inferior Opercular R 19.86
Frontal Gyrus
918 4.5 -2 44 20 Superior Middle L 40.41
Frontal Gyrus
Superior Middle R 14.81
Frontal Gyrus
Anterior Cingulate Gyrus | L 12.53 | Anterior Cingulate
Gyrus
Middle Orbital R 10.24
Frontal Gyrus
Middle Orbital L 10.02
Frontal Gyrus
Anterior Cingulate Gyrus | R 7.19 Anterior Cingulate
Gyrus
25 3.94 -52 -62 | 52 Angular Gyrus L 16 Angular Gyrus
Inferior Parietal Gyrus L 16
77 3.73 -24 -78 | 54 Superior and Inferior L 63.63 | PEF
Parietal Gyrus
26 3.6 2 -36 | 60 Precuneus L 46.15 | V6
Paracentral Lobule R 30.77
Paracentral Lobule L 3.85
Precuneus R 3.85 V6
15 3.56 -6 28 14 Anterior Cingulate Gyrus | L 33.33 | Anterior Cingulate
Gyrus
14 3.24 -46 16 38 Middle Frontal Gyrus L 92.86 | FEF
Precentral Gyrus L 7.14
Cerebellum Study: reflexive saccade > voluntary saccade
MNI coordinate (mm)
Cluster size | T-value | x y z Anatomic area side | % Functional Area
103 7.07 -44 -44 | -22 Cerebellum VI L 6.8 Oculomotor Area

All areas were thresholded at p < 0.05 with FDR (whole brain study) or at cluster level (p < 0.05) corrected for multiple comparisons (cerebellum
study) and with a minimum cluster size of 10 voxels.

(L: left hemisphere, R: right hemisphere; FEF: frontal eye fields, PEF: parietal eye fields, MT/V5: motion-sensitive area (MT/V5), V6: Precuneus,
PVA/V1: primary visual areas (V1)). *The unassigned areas for each cluster are not listed in the table.
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Table 4: A summary of areas of activation in the functional areas of interest for the whole brain and the cerebellum experiments.

Areas Reflexive saccade

Voluntary saccade

Reflexive > Voluntary | Voluntary > Reflexive

Whole brain study

FEF B B B -
SEF - - - -
PEF B L B -
MT/V5 B - B -
Precuneus /V6 - - B -
Angular Gyrus L - B -
Cingulate Gyrus - - B -

Cerebellum study

Lobule VI B R - -
Crus| L - - -
Vermis VI + + - -
Vermis VII + + - -

All areas were thresholded at p < 0.05 with FDR (whole brain study) or at cluster level (p < 0.05) corrected for multiple comparisons (cerebel-

lum study) and with a minimum cluster size of 10 voxels.

(B: bilateral, L: left hemisphere, R: right hemisphere; +: with significant activation, -: no significant activation; FEF: frontal eye fields, SEF: supple-
mentary eye fields, PEF: parietal eye fields, MT/V5: motion-sensitive area (MT/V5), PVA/V1: primary visual areas (V1))

wards suddenly appearing peripheral targets. In
our study, we also found that reflexive saccades
yielded activation in the FEF, PEF, MT/V5 and in
the angular gyrus, as well as in the cerebellum,
more specifically in the cerebellar lobule VI, crus
I and in the vermis VI and VII.

For voluntary saccades, PET studies have shown
activation in FEF [31-33], SEF [31-33], PEF [33],
PVA/V1 [31], the anterior cingulate cortex [34],
the precuneus [33], the midbrain and the cer-
ebellar vermis [32, 33]. fMRI studies have also
shown activation in FEF [35, 36], SEF [36], PEF,
PVA/V1, and the posterior vermis of the cerebel-
lum [35], as well as in V4. In general, subjects in
these studies were asked to execute self-paced
voluntary horizontal saccades. In our study, self-
paced voluntary saccades yielded activation in
the FEF and PEF only, while activation was also
found in the cerebellar lobules VI and in the ver-
mis VI and VII.

Taken together, the previous imaging studies
suggest a considerable overlap in brain activa-
tion during both types of saccadic eye move-
ments. However, direct comparison studies of
the brain activation patterns induced by reflex-
ive and voluntary saccades are scarce. So far, only
one fMRI study has investigated differences in
activation patterns between both types of sac-
cades [13]. In the latter study, voluntary saccades
were evoked by the sudden onset of a central
cue indicating the direction of the saccade that
was to be made. Using more lenient statistical
thresholds than used in our study, the authors
reported that, relative to voluntary saccades,
the precuneus and the angular gyri were more
strongly activated during reflexive saccades and
that, relative to reflexive saccades, FEF and PEF
were more strongly activated during voluntary
saccades [13]. In our study it was found that,
relative to self-paced voluntary saccades, the
MT/V5, the precuneus, and angular and cingu-
late gyri were more strongly activated during
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reflexive saccades. Relative to reflexive saccades,
we found no area of interest which was more
activated during self-paced voluntary saccades.
In the cerebellum we found no significant differ-
ences in activation patterns between reflexive
and voluntary saccadic eye movements.

Frontal, supplemental and

parietal eye fields (FEF, SEF, PEF)
Studies on FEF and SEF lesions in human patients
and non-human primates suggest that both ar-
eas are either not dominantly involved in the
generation of reflexive saccades or that damage
can be compensated for on a behavioral level
by other areas, such as the brainstem [37-42].
However, lesions of the PEF in non-human pri-
mates [43] and humans [44] considerably delay
the onset of reflexive saccades, suggesting that
the PEF might be more essential than the FEF
or SEF for the adequate performance of reflexive
saccades [45].

On the contrary, the contribution of FEF and PEF
to voluntary saccades has not been extensively
evaluated by lesion studies. Until now, the most
studied form of voluntary saccades is the mem-
ory-guided saccades [42, 44, 46]. These studies
suggest that unilateral FEF lesions in humans
slow down the onset of contralesional memory-
guided saccades. Similarly, comparable data on
the contribution of PEF to voluntary saccades
are scarce as well.

We found that PEF was more activated in reflex-
ive than voluntary saccades, which is in accor-
dance with the lesion studies [43,45,47]. The PEF
is thought to be involved in saccades in terms of
visuospatial localization, attention and integra-
tion [44, 48]. These cognitive processes are likely
to be involved in a reflexive saccade condition.
At each target onset, the brain needs to attend
to it, localize the peripheral target and encode
the appropriate spatial directions for the sac-
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cadic eye movement towards it (i.e. integration)
[49]. In the voluntary condition these processes
may have a less prominent role, which might
relate to the increased activation in PEF in the
reflexive saccade condition.

We also found that the FEF was more activated
during the generation of reflexive rather than
voluntary saccades, which seems to be at odds
with the physiological and functional studies
mentioned above. However, it has been pro-
posed that the FEF, which is related to the pre-
paratory stage of saccadic responses, sends out
intention and readiness signals to the superior
colliculus [50]. Since in our paradigm subjects
were aware that they were about to make re-
flexive saccades, the activation in the FEF could
reflect such intention and readiness signals.

The increased activation in the FEF and PEF dur-
ing the generation of reflexive compared to vol-
untary saccades is in contrast to an earlier study
which found that FEF and PEF were more acti-
vated during voluntary saccades [13]. In the lat-
ter study eye movement was not recorded dur-
ing scanning and the number of saccades may
not have matched the number of stimuli. In the
present study we recorded the in-scanner be-
havior and found that the number of saccades
in the different active conditions was different.
However, adding the number of saccades as a
regressor in the fMRI analysis did not change the
differences in the activation between reflexive
and voluntary saccades. We did not observe any
significant activation in the SEF during saccadic
eye movements. Activation in the SEF related to
reflexive or voluntary saccade eye movements
has been reported by some [26-29, 31-33, 36],
but not by others [13, 25].

Motion-sensitive area (MT/V5)
Neurons in the MT area of monkeys are specifi-
cally responsive to visual motion, selectively for



both direction and speed, and have receptive
field sizes of up to 25 degrees in visual angle
[51-56]. Functional imaging studies in humans
have shown that the human homologue, area
MT/V5, is also highly responsive to visual mo-
tion stimuli [57-59]. We found that MT/V5 was
bilaterally more activated in the reflexive than
in the voluntary saccade condition, although
no real visual motion was present in either con-
dition. This activation could be explained by a
phenomenon known as apparent motion [60].
When two stimuli at two different locations
are turned on and off in alternation (as was the
case in our reflexive condition), subjects often
perceive this as one single stimulus moving
between two locations, rather than two stimuli
flashing in alternation at the two locations. This
percept is absent when the two stimuli are pre-
sented simultaneously, as in our voluntary sac-
cade condition. Such a stimulus, in which the
apparent motion phenomenon occurs, evokes
activation in the human MT/V5 region [61] and
in area MT of monkeys [62, 63], just like a true
visual motion stimulus.

Precuneus, Cingulate Gyrus

and Angular Gyrus

The present study demonstrated that the pre-
cuneus, the posterior and anterior cingulate and
the angular gyri showed more activation during
reflexive and voluntary saccades.

Studies in non-human primates suggest that
the precuneus belongs to part of the neural net-
work specialized for the processing of spatially-
guided behavior [64]. Functional imaging stud-
ies have shown that the precuneus is involved
in reflexive saccadic eye movements [27] and is
associated with shifts of spatial attention [65].
The anterior cingulate gyrus is involved in target
detection [66] and is activated during self-paced
saccades [24, 33, 34] and during reflexive sacca-
des [13, 27]. Neurons in the posterior cingulate
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cortex of primates fire instantly to assign the
spatial coordinates after a saccade in which the
eye position signals are provided and to permit
monitoring of either eye or self motion. [67].
Functional studies have shown that the poste-
rior cingulate cortex is involved in confirming
the new target position during reflexive sacca-
des [13]. Lesion studies show that the main area
facilitating the triggering of reflexive visually-
guided saccades, but not voluntary saccades
[65], is located in the posterior parietal cortex,
in or near the superior part of the angular gyrus
(44, 47].

Cerebellar Activation

The cerebellum plays an important role in the
control rather than in the generation of sacca-
dic eye movements. The vermis (VI and VII) are
involved in controlling the accuracy and timing
of saccades [68, 69].

Microstimulation of vermis VI and VIl in the alert
monkey induce and influence saccadic eye
movements [18]. The Purkinje cells of vermis VI
and VIl project to the caudal part of the fastigial
nucleus, which projects to the vestibular nuclei
and saccade-related brainstem nuclei [69]. Elec-
trophysiological experiments and clinical studies
suggest that the vermis VI and VIl are involved in
the direction-selective control of saccade met-
rics and in saccadic adaptation [70-72]. Disrupt-
ing the posterior vermis, especially area VI, VII
and paravermis, in humans using transcranial
magnetic stimulation also suggest that these
areas are related to the execution of visually-
guided saccades [73]. Lesioning the oculomotor
vermis in monkeys leads to a clear shortening of
saccades (saccadic hypometria), an increase in
saccadic amplitude variability and loss of adap-
tive capability of saccadic amplitudes [19, 74].
Although hypometria dissolves within a year,
saccadic amplitudes remain highly variable [19].
Saccadic behavior of patients with lesions of the
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vermis VI and VIl suggest that there is a dissocia-
tion between the extent of saccadic variability
and the lack of adaptive capability [20]. Indeed,
an increased variability in saccadic accuracy
does not generally lead to diminished saccadic
adaptation [75]. Lesions of the vermis VI and VII
and the posterior hemispheres do not only af-
fect saccadic accuracy, but may also delay the
covert orientation of visuospatial attention [76].

Several fMRI studies have reported activation of
the cerebellum during saccadic eye movements.
The cerebellar hemispheres were bilaterally acti-
vated during both voluntary [11] and reflexive
saccades [2]. Activation in vermis VI and VIl was
observed in reflexive saccades [2, 10]. Dieterich
et al. proposed that vermis IX and lobule IV and
V, as well as a small portion of vermis VIIl, might
be involved in oculomotor performance and the
activation of the cerebellar hemispheres could
possibly reflect visuospatial attention processes
[11]. Nitschke et al. suggested that the vermis VI
and VIl of the cerebellum play a predominant
role in the control of visually-triggered saccadic
eye movements, and are involved in process-
ing visuospatial working memory and attention
[10].

In accordance with these previous studies, we
also found activation in cerebellar lobule VI and
vermis VI and VII, for both types of saccades.
However, when we compared the two types
of saccades directly, no significant difference in
activation was found. So, although the cerebel-
lum is thought to be critically involved in sac-
cade amplitude modifications in humans [9, 20],
the lack of transfer between the adaptation of
reflexive and voluntary saccades as observed
in behavioral studies [15-17] is not reflected
by differences in cerebellar activation between
the two types of saccades. There are two pos-
sible, and not mutually exclusive, explanations
for the lack of differential activation. It is possible

that the modification of amplitudes of the two
types of saccades is processed by different sets
of neurons within the same cerebellar regions.
Alternatively or additionally, the lack of transfer
between voluntary and reflexive saccade adap-
tation arises on a cerebral level.

In the present experiments, voluntary saccades
were self-paced saccades made between two
targets. The present paradigm was chosen to
mimic the saccadic adaptation experiments in
which voluntary and reflexive saccades were dis-
sociated with respect to their amplitude modifi-
cations. However, compared to other voluntary
eye movement tasks (such as antisaccades and
memory-guided saccades), the present task
does not engage cognitive processes of inhibi-
tory control and working memory which would
recruit frontal areas. Hence, the lack of findings
in these regions is not entirely unexpected.
Moreover, subjects are able to actively suppress
a reflexive saccade using cognitive processes of
inhibition. It can be argued that the presently
observed differences in circuitry between vol-
untary and reflexive saccades are mainly related
to a self-paced mechanism which is, in our view,
still volitional in nature.

CONCLUSION

The execution of reflexive saccades induced
stronger activation in several cerebral areas,
but not in the cerebellum, than the execution
of self-paced voluntary saccades. This could
indicate that functional difference in maintain-
ing the accuracy of the two types of saccades is
mediated on a cerebral level, or that it involves
overlapping cerebellar regions with possible
functional differences.
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Cerebellar Contributions to the Processing of Saccadic Errors

Submitted

ABSTRACT

Saccades are fast eye movements that direct
the point of regard to a target in the visual field.
Repeated post-saccadic visual errors can induce
modifications of the amplitude of these sacca-
des, a process known as saccadic adaptation.
Two experiments using the same paradigm
were performed to study the involvement of the
cerebrum and the cerebellum in the processing
of post-saccadic errors, using functional mag-
netic resonance imaging (fMRI) and in-scanner
eye movement recordings.

In the first active condition, saccadic adaptation
was prevented by using a condition in which the
saccadic target was shifted to a variable position
during the saccade towards it. This condition in-
duced random post-saccadic errors as opposed
to the second active condition in which the sac-
cadic target was not shifted. In the baseline con-
dition subjects looked at a stationary dot.

Both active conditions compared with baseline
evoked activation in the expected saccade-re-
lated regions (the frontal and parietal eye fields,
primary visual area, MT/V5, and the precuneus
(V6) in the cerebrum; vermis VI-VII and lobule
VI'in the cerebellum, known as the oculomotor
vermis). In the direct comparison between the
two active conditions, significantly more cer-
ebellar activation (vermis VI, lobules VIII-X, left
lobule VIIb) was observed with random post-
saccadic visual error.

These results suggest a possible role for areas
outside the oculomotor vermis of the cerebel-
lum in the processing of post-saccadic errors.
Future studies of these areas with e.g. electro-
physiological recordings may reveal the nature
of the error signals that drive the amplitude
modification of saccadic eye movements.



INTRODUCTION

Saccades are fast and accurate eye movements
that are encoded within several distinct brain
regions, such as the frontal, supplementary and
parietal eye fields (FEF, SEF and PEF) [1, 2]. The
cerebellum is involved in maintaining saccadic
accuracy [3] and saccade-related activation in
the human cerebellum has been shown pre-
viously using Positron Emission Tomography
(PET) [4, 5] and functional magnetic resonance
imaging (fMRI) [6, 7].

Saccadic accuracy can be artificially reduced in
the laboratory using a so-called saccade adapta-
tion paradigm (MclLaughlin, 1967), in which the
onset of a saccade triggers an intra-saccadic shift
of the target to a new position. Post-saccadic vi-
sual errors, induced by consistent intra-saccadic
target steps, drive the gradual modification of
subsequent saccadic amplitudes over a series of
trials in order to retain saccadic accuracy [1, 8, 9].
i.e. to minimize saccadic errors

In a classical saccadic adaptation paradigm, sys-
tematic saccadic visual errors induce a gradual
change of saccadic amplitudes in order to mini-
mize the saccadic errors [8, 9]. In this paradigm,
the processing of saccadic errors and the actual
modification of saccadic amplitudes are con-
founded, because changes in saccadic ampli-
tude are invariably accompanied by changes in
post-saccadic errors.

In order to separate the processing of post-sac-
cadic errors from the actual modification of sac-
cadic amplitudes, Desmurget and colleagues
implemented a paradigm in which the intra-sac-
cadic target step was variable [10]. They showed
that variable intra-saccadic target steps did in-
duce saccadic errors and corrective eye move-
ments, but this so-called random paradigm did
not lead to a gradual modification of sacca-
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dic amplitudes over a series of trials. Behavioral
studies showed that such a single but random
saccadic error has an affect on the amplitude of
the subsequent saccade. This suggests that the
brain is quite effecient in processing saccadic
errors, for which the cerebellum is a likely can-
diddate. However, in the only study comparing
variable intra-saccadic target steps to a condi-
tion without intra-saccadic target steps, using
PET imaging, no cerebral or cerebellar activation
was observed [10]. It is possible, however, that
the neuronal activity related to the saccadic vi-
sual error processing is simply too small to de-
tect with PET.

In the present study the activation in the cere-
brum and the cerebellum related to the pro-
cessing of saccadic errors was investigated us-
ing fMRI, which provides a better spatial and
temporal resolution than PET [11]. In order to
induce saccadic errors without sustained am-
plitude changes saccadic adaptation, we used
variable forward and backward intra-saccadic
target steps, similar to the random paradigm of
Desmurget et al. [10].

In two separate experiments we first looked at
activation in the cerebral cortex, and in the sec-
ond experiment we focused on activation in the
cerebellum so that we could obtain more de-
tailed information about this structure, using the
same behavioral paradigm. We hypothesized
that specific cerebellar regions are involved in
the processing of post-saccadic errors.

MATERIALS AND METHODS

Subjects

Written informed consent was obtained from
each participant prior to this study, that adhered
to the tenets of the Declaration of Helsinki, and
was approved by the Institutional Review Board.
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Subjects could participate in either one or both
of the two experiments (whole brain and cer-
ebellum) that were performed. Seventeen sub-
jects (10 male, 7 female; on average 27 years of
age, range 19 to 60 years) participated in the
whole brain experiment, and 23 subjects (15
male, 8 female; on average 28 years of age, range
19 to 60 years) participated in the cerebellum
experiment. Six of these subjects participated in
both experiments. None of the subjects had any
known neurological or visual deficits other than
minor refractive anomalies. None of the subjects
wore spectacle correction during the experi-
ments, as minor refractive anomalies could be
adjusted for by the goggle system that was used
for displaying the stimuli. All subjects reported
good visual acuity during the experiment.

Data acquisition

Data were acquired ona 1.5T MRI scanner (Signa
CV/I; General Electric, Milwaukee, USA) using a
dedicated 8-channel head coil. An anatomical
image covering the whole brain was acquired
(3D high-resolution inversion recovery fast
spoiled gradient-echo T1 weighted sequence;
repetition time (TR)/echo time (TE)/inversion
time (TI) 9.99/2/400 ms; flip angle 20 degrees,
320x224 matrix with a rectangular field-of-view
of 22 ¢cm, 1.2 mm slice thickness with no gap;
array spatial sensitivity encoding technique (AS-
SET) factor 2; acquisition time 5 minutes).

In both the whole brain and the cerebellum ex-
periment, functional imaging was performed
with single-shot gradient-echo echo-planar
imaging (EPI) sequences in transverse orien-
tation that is sensitive to blood oxygenation
level dependent (BOLD) contrast. For the whole
brain experiment, the imaging volume cov-
ered the whole brain (TR/TE 4500/50 ms; 64x64
matrix with a field-of-view of 22 cm, 2.5 mm
slice thickness, 48 contiguous slices, voxel size
of 2.5x34x3.4 mm?; 10:03 minutes acquisition

time, including 18 seconds of dummy scans
that were discarded). For the cerebellum ex-
periment, the imaging volume only covered the
whole cerebellum with higher spatial and tem-
poral resolution (TR/TE 3000/30 ms; 96x96 ma-
trix with a rectangular field-of-view of 24 cm, 2.5
mm slice thickness, 18 contiguous slices, voxel
size of 2.5x2.5x2.5 mm?; 10:00 minutes acquisi-
tion time, including 12 seconds of dummy scans
that were discarded).

Eye-tracking

Eye movements (monocular, left eye) were
monitored with the Real Eye RE-4601 Imaging
System (Avotec Inc,, Stuart, Florida, USA) record-
ed with a 60 Hz sampling rate with the iViewX
Eye Tracking System (SensoMotoric Instruments,
Teltow, Germany). The system was calibrated
before each scanning session with the built-in
3-by-3 point calibration routine. Online eye po-
sition was send to the stimulation computer,
where it was used for on-line updating of the
visual display.

Experimental Design

Both experiments consisted of a blocked de-
sign in which the baseline and active conditions
were presented in alternation (baseline — ac-
tive — baseline - active — etc.). The sequence of
conditions started and ended with the baseline
condition. The order of the two active conditions
(‘no-step” and ‘random-step”) was switched
halfway the experiment (e.g., baseline — no-step
- baseline — random-step ... baseline - no-step
— baseline — random-step — (switch) — baseline
- random-step — baseline — no-step ... baseline
- random-step — baseline — no-step — baseline).
In the whole brain experiment, each of the two
active conditions was presented 6 times and the
baseline condition was presented 13 times. An
active condition lasted for 31.5 seconds, during
which 7 volumes were acquired, and baseline-
conditions lasted randomly either for 13.5 or



18 seconds during which 3 or 4 volumes were
acquired, respectively. In total, 42 volumes per
active condition and 46 volumes of the baseline
condition were acquired.

In the cerebellum experiment, each of the two
active conditions was presented 8 times and
the baseline condition was presented 17 times.
An active condition lasted for 24 seconds dur-
ing which 8 imaging volumes were acquired,
and the baseline-condition lasted for 12 sec-
onds during which 4 imaging volumes were ac-
quired. In total, 64 volumes per active condition
and 68 volumes of the baseline condition were
acquired.

Stimulus paradigm

The experiments were performed in near dark-
ness. The visual stimuli were binocularly pre-
sented by means of a goggle-based system
(Silent Vision SV-7021 Fiber Optic Visual System;
Avotec Inc, Stuart, Florida, USA). The optical
components were mounted on top of the head
coil. Screen resolution was 1024x768 pixels and
the refresh rate 60 Hz. The visual stimulus was
a single yellow dot (0.9 degrees in diameter)
presented against a black background. Overall
luminance of the whole display was 0.43cd/m?.
Subjects were instructed to continuously look
at that dot. In the baseline condition, the yellow
dot was positioned in the center of the screen
for the duration of the block.

Both active conditions consisted of a series of
several trials per block, during which the dot
jumped repeatedly between the left and right
side of the screen. At the beginning of each trial
the dot was shown at 9.0 degrees on the left.
After a random interval of 1 to 2 seconds the dot
disappeared from the left side and then flashed
once at 9.0 degrees on the right for a period of
100 ms. The flashed dot evoked a reflexive sac-
cadic eye movement towards it.
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The onset of this primary saccade was estimated
on-line using a position threshold with respect
to the initial fixation position on the left. The sac-
cade triggered the dot to re-appear on the right
side of the screen, on a position dependent of
the specific active condition (no-step or ran-
dom-step). After 1 to 2 seconds, the dot on the
right disappeared and the next trial was initiated
by the appearance of the dot on the left side.
This procedure was repeated for the duration
of the active block (31.5s in the whole brain ex-
periment or 24s in the cerebellum experiment),
yielding about 8 to 10 trials per block.

The only difference between the two active
conditions was the position where the dot re-
appeared when triggered by the saccade to
the right. In the no-step condition the position
where the dot re-appeared was the same as the
flashed position, i.e., 9.0 degrees on the right. In
the random-step condition the position where
the dot re-appeared varied randomly between
one out of seven possible positions (5.1,6.4, 7.7,
9.0,10.3, 11.6 and 12.9 degrees on the right).

In contrast to existing literature on saccade
adaptation where sustained targets are com-
monly used [1], the initial saccade to the right
was evoked by a flashed target. Usually the in-
tra-saccadic target step and the concurrent re-
moval of the initial saccadic target are triggered
by the onset or the peak velocity of the saccade.
This point in time can be estimated very reliably
in setups with higher eye movement recording
frequencies. However, the recording frequency
of the in-scanner eye tracking device is limited
to 60 Hz, and therefore this moment of sacca-
dic onset or maximum eye velocity could eas-
ily have been missed. In the present stimulation
protocol, the dot had already disappeared at the
onset of the saccade, preventing subjects from
perceiving the actual displacement of the target.
In a pilot experiment outside the scanner, we
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performed a saccadic adaptation experiment
using flashed targets and a consistent intra-
saccadic target step, and observed that subjects
did normally adapt the amplitudes of their sac-
cades toward these flashed targets. None of the
subjects in the present study reported that they
saw differences between the two active condi-
tions.

Statistical analysis

Eye Movements

Eye movement recordings were analyzed off-
line using Matlab (Version 6.5, The MathWorks,
Inc., Natick, MA, USA). Data points in which the
vertical eye position deviated from zero by more
than 2 degrees were marked as missing data
and discarded from analysis. These data include
both blinks and tracking failures. Horizontal eye
position data was subsequently smoothed us-
ing a Savitsky-Golay polynomial filter.

Saccades were marked automatically using a ve-
locity criterion of 50 degrees per second. Sacca-
dic onsets were defined as the moments of min-
imum eye velocity in the 50 ms periods before
eye velocity exceeded this criterion. Likewise,
saccadic offsets were defined as the moments
of minimum eye velocity in the 50 ms periods
after eye velocity dropped below the criterion.
By definition, the automatically detected sacca-
des needed to have a minimum amplitude of 3
degrees and a minimum duration criterion of 40
milliseconds. Subsequently, the eye movement
recordings were checked manually to ensure
proper automatic detection and to manually in-
clude small correction saccades.

For each subject and each condition the num-
bers of all saccades were counted and the av-
erage amplitude gain of the primary saccades
toward the flashed target on the right was cal-
culated for the two active conditions. The gain
was defined as the ratio between the amplitude

of the primary saccade and the distance to the
target (18 degrees). A gain of 1 indicates that a
saccade lands perfectly on target. Paired t-tests
were used to assess significant differences in
number of saccades and in saccade amplitude
gains between the conditions in each of the ex-
periments.

Functional Imaging Data

The functional imaging data were analyzed us-
ing statistical parametric mapping software
(SPM 2, distributed by the Wellcome Depart-
ment of Cognitive Neurology, University College
London, UK) implemented in MATLAB (Version
6.5, Mathworks, Sherborn, MA, USA). For both
studies, motion correction and co-registration
were performed according to the methodol-
ogy provided in SPM2. Brain volumes were nor-
malized to the standard space defined by the
Montreal Neurological Institute (MNI) template.
The normalized data had a resolution of 2x2x2
mm? and were spatially smoothed with a three-
dimensional isotropic Gaussian kernel, with a
full width half maximum of 8 mm in the whole
brain experiment and 6 mm in the cerebellum
experiment.

Statistical parametric maps were calculated for
each subject. Movement parameters resulting
from the realignment pre-processing were in-
cluded as regressors of no interest to further re-
duce motion artifacts. The model was estimated
with a high pass filter with a cut-off period of
128 seconds. For each subject and for each ex-
periment, a t-contrast map was calculated for
each of the two active conditions between the
active condition and the baseline condition (ac-
tive > baseline).

The individual t-contrast maps were used for
second level random effect group analysis. One
sample t-tests were performed to assess main
effects ([active > baseline] and [active

no-step random-



aep > baseline]) in both experiments separately.
To investigate the differences in activation be-
tween the two active conditions corrected for
baseline activation (direct comparisons), we
used a paired t-test ([activem_Step > baseline]
versus [active > baseline] and vice ver-
sa). All tests were thresholded at p < 0.05 with
false discovery rate (FDR) correction for multiple
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RESULTS

Eye Movements

Qualitative inspection showed that the eye
movement data were insufficient in two sub-
jects in the whole brain experiment and in five
subjects in the cerebellum experiment. This
included tracking failures, problems in keep-
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Figure 1 - Eye Movements: An example of the eye movement behavior of one subject in the cerebellum study. Shown are a no-step condi-
tion (between 48s and 72s) and a random-step condition (between 84s and 108s) interspersed with the baseline condition (fixation) during
which no saccades were made. In the no-step condition, the initial saccade and the post-saccadic correction movement brings the eye to the
fixed target position of 9 degrees to the right. In the random-step condition, the final target position is variable, explaining the varying fixa-
tion positions after the primary saccade and the corrective movements if needed. Note that in both conditions the end points of the primary
saccades, indicated by the small horizontal lines that intersect the eye movement traces, are at about 7 degrees to the right, as opposed to 9

degrees, indicating hypometric gain.

comparisons and at a minimum cluster size of
10 voxels. When no voxels were found to sur-
vive the threshold using FDR correction, a more
lenient correction for multiple comparisons at
cluster level.

Anatomic labeling of the observed areas of acti-
vation in SPM was done using the macroscopic
anatomic parcellation procedure of the Montreal
Neurological Institute (MNI) MRI single-subject
brain [12]. Reporting of activation is focused on
the brain areas that are involved in eye move-
ments, namely the FEF, SEF, PEF, primary visual
area, MT/V5,V6 and the cerebellum.

ing fixation during the baseline condition, and
a lack of saccadic eye movements in the active
conditions. These 7 subjects were discarded
from further analysis, leaving 15 subjects in the
whole brain experiment and 18 subjects in the
cerebellum experiment. The eye movement
behavior of these subjects consisted of stable
fixations in the baseline condition and saccadic
eye movements toward the targets in the active
conditions (see figure 1).
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Experiment Parameter Baseline No-step Random-step

Whole brain N saccades / block 1.0+0.2 245+46 259+36
Saccadic Gain 0.93+0.11 0.94+£0.12

Cerebellum N saccades / block 1.0+03 17.9+£25 19523
Saccadic Gain 0.89+0.13 0.89+0.12

Table 1 - Eye Movements The number of saccades per block (N saccades / block) and the gain of the primary saccades (saccadic gain) for
each of the three conditions (baseline, no-step and random-step) for each of the experiments (whole brain and cerebellum) across subjects
(mean + standard deviation). Note that in the baseline condition no primary saccades were made and that the block duration of the two ac-
tive conditions was different between the two experiments (31.5 seconds in the whole brain experiment and 24 seconds in the cerebellum

experiment).

Number of saccades and

saccadic amplitudes

In both experiments (whole brain and cerebel-
lum) the saccadic eye movement behavior was
similar in the two active conditions (no-step and
random-step) with respect to the number of
saccades and saccadic gains (table 1). Subjects
made more saccades per block in either active
condition than in the baseline condition (p <
0.001). The number of saccades was slightly but
not significantly increased in the random-step
condition of the cerebellum experiment when
compared to the no-step condition (p = 0.05).
In all conditions, the primary saccades towards
the flashed target on the right were slightly
hypometric with a gain below 1 (table 1). No
differences in these gains were observed be-
tween the random-step and no-step conditions
in both experiments (p > 0.8). In the no-step
condition, these hypometric primary saccades
were followed by a small rightward correction
saccade, whereas in the random-step condition,
the direction and amplitude of the correction
saccade following the primary saccades de-
pended on the position of the target after the
intra-saccadic step.

Functional imaging data

The results of the random effects group analy-
ses in both experiments are shown in table 2
for the no-step condition and in table 3 for the
random-step condition.
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No-Step condition

Comparison of the no-step condition with the
baseline condition in the whole brain experi-
ment revealed bilateral activation in the pre-
central gyrus (FEF) and in the superior parietal
gyrus and unilateral activation in the right infe-
rior parietal gyrus (PEF). Bilateral activation was
also found in the middle temporal gyrus (MT/
V5) and the precuneus (V6). No significant ac-
tivation was found in the supplementary motor
area (SEF).

Comparison of the no-step condition with the
baseline condition in the cerebellum experi-
ment revealed activation in the vermis VI and VI,
and bilateral activation in lobule VI of the cer-
ebellar hemispheres.

Random-step condition

Comparison of the random-step condition with
the baseline condition in the whole brain ex-
periment revealed bilateral activation in the pre-
central gyrus (FEF), in the superior parietal gyrus
and unilateral in the right inferior parietal gyrus
(PEF). Bilateral activation was also found in the
middle temporal gyrus (MT/V5) and the precu-
neus (V6). No significant activation was found in
the supplementary motor area (SEF).

Comparison of the random-step condition with
the baseline condition in the cerebellum experi-



Whole Brain Experiment
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Cluster size | T-value | MNI coordinates Anatomical area Side | %(*) Functional area
X y z

5734 8.92 -14 |76 | -2 Lingual Gyrus L 14.4 PVA/V1
Lingual Gyrus R 11.8 PVA/V1
Calcarine Gyrus R 1.1 PVA/V1
Calcarine Gyrus L 10.8 PVA/V1
Middle Temporal Gyrus L 8.2 MT/V5
Cuneus L 6.5 PVA/V1
Middle Occipital Gyrus L 5.6 PVA/V1
Fusiform Gyrus R 34
Supramarginal Gyrus L 3.1
Cuneus R 2.6 PVA/V1
Angular Gyrus L 2.2
Superior Temporal Gyrus L 1.9
Inferior Occipital Gyrus L 1.5 PVA/V1
Superior Occipital Gyrus L 1.1 PVA/NV1

45 6.98 -42 | 36 -14 | Inferior Frontal Gyrus L 100.0

380 6.59 -48 | -10 | 42 Postcentral Gyrus L 60.5
Precentral Gyrus L 374 FEF

294 6.31 52 -6 38 Precentral Gyrus R 59.9 FEF
Postcentral Gyrus R 38.8

133 5.84 20 4 4 Globus Pallidus R 45.1
Putamen R 399

386 5.63 42 -64 |10 Middle Temporal Gyrus R 74.6 MT/V5
Middle Occipital Gyrus R 8.8

104 5.63 58 -50 | 38 Inferior Parietal Gyrus R 48.1
Angular Gyrus R 36.5
Supramarginal Gyrus R 11.5

177 5.59 32 -64 | 56 Superior Parietal Gyrus R 78.5 PEF
Inferior Parietal Gyrus R 10.7 PEF
Angular Gyrus R 7.3

75 533 -20 16 4 Putamen L 82.7
Caudate L 53

229 53 -26 -6 8 Putamen L 52.0
Globus Pallidus L 284
Thalamus L 2.2

134 5.12 50 40 -14 | Inferior Orbital Frontal Gyrus R 82.8
Middle Frontal Gyrus R 17.2

243 5.02 62 -42 10 Superior Temporal Gyrus R 60.9
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Middle Temporal Gyrus R 383
26 5.00 40 -10 | 48 Precentral Gyrus R 100.0 | FEF
19 44 18 -44 10 Lingual Gyrus R 68.4
Precuneus R 316 V6
49 4.36 -34 | -58 | 60 Superior Parietal Gyrus L 98.0 PEF
Precuneus L 2.0 V6
19 4.29 12 -16 0 Thalamus R 42.1
23 4.26 24 | -74 | 24 Superior Occipital Gyrus L 69.6 PVA/V1
Middle Occipital Gyrus L 304 PVA/V1
14 4.01 22 -84 |52 Superior Parietal Gyrus R 57.1
17 4.01 46 -36 | 34 Supramarginal Gyrus R 76.5
14 3.87 -56 | -8 -28 | Inferior Temporal Gyrus L 64.3
Middle Temporal Gyrus L 357
1 3.64 50 | 4 -2 Superior Temporal Gyrus L 455
Rolandic Operculum L 36.4
Temporal Pole L 9.1
Inferior Opercular Frontal Gyrus | L 9.1
10 3.58 32 -80 | 10 Middle Occipital Gyrus R 60.0
Cerebellum Experiment
Cluster size | T-value | MNI coordinates | Anatomical area Side | %(*) | Functional area
X y z
88 6.33 8 -72 | -14 | Cerebellum VI R 81.82 | Oculomotor
Vermis VIl 14.77
Vermis VI 3.41
36 6.09 -30 | -66 | -24 | CerebellumVI L 100 Oculomotor
70 5.48 40 -60 | -26 | CerebellumVI R 100 Oculomotor
32 517 -8 -76 | -12 | Cerebellum VI L 100 Oculomotor

Table 2 - No-Step condition: Areas of activation (no-step > baseline) in the whole brain and the cerebellum experiments with cluster size
(number of significantly activated voxels), T-values of the local maximum, Montreal Neurological Institute (MNI) coordinates, the anatomical
areas, the percentage (%) of the cluster size for each anatomical area and the corresponding functional area. All areas were thresholded at p
< 0.05 with FDR correction for multiple comparisons. (L: left hemisphere, R: right hemisphere; FEF: frontal eye fields, PEF: parietal eye fields,
MT/V5: motion-sensitive area, Vé: precuneus and PVA/V1: primary visual areas/V1). (*) The anatomically unassigned areas for each cluster are

not listed in the table.

ment revealed activation in the vermis VI and VI,
and bilateral activation in lobule VI of the cer-

ebellar hemispheres.

Direct comparison
Direct comparison of the two active conditions

(no-step vs. random-step and vice versa) yielded
no significant activation in either experiment us-
ing FDR correction at voxel level. The correction
for multiple comparisons was therefore relaxed
to correction at cluster level.



Whole Brain Experiment
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Cluster size | T-value | MNI coordinates | Anatomical area Side | %(*) | Functional area
X y z

8677 11.91 10 |-78 | -12 Lingual Gyrus L 129 | PVANVI
Lingual Gyrus R 12.08 | PVA/V1
Calcarine Gyrus L 8.98 PVA/V1
Calcarine Gyrus R 8.38 PVA/V1
Middle Occipital Gyrus L 6.49
Middle Temporal Gyrus R 464 | MT/V5
Fusiform Gyrus R 4.53
Cuneus L 3.81 PVA/V1
Fusiform Gyrus L 3.68
Superior Occipital Gyrus L 3.24 PVA/V1
Cuneus R 3.16 PVA/V1
Middle Temporal Gyrus L 3.02 MT/V5
Inferior Occipital Gyrus L 296 | PVA/V1
Superior Occipital Gyrus R 237 PVA/V1
Middle Occipital Gyrus R 1.99 PVA/V1
Supramarginal Gyrus L 1.29

410 7.30 -20 | -64 | 60 Superior Parietal Gyrus L 70.24 | PEF
Precuneus L 23.17 | V6

181 7.20 68 |-36 |14 Superior Temporal Gyrus R 85.08
Middle Temporal Gyrus R 11.05
Supramarginal Gyrus R 2.21

534 6.15 28 | -62 |54 Superior Parietal Gyrus R 69.48 | PEF
Inferior Parietal Gyrus R 11.24 | PEF
Angular Gyrus R 7.49
Precuneus R 2.81 V6

248 5.59 -48 | -2 40 Precentral Gyrus L 63.71 | FEF
Postcentral Gyrus L 35.89

61 5.07 26 |6 6 Putamen R 88.52
Globus Pallidus R 3.28
Insula R 3.28

27 4.96 56 | -54 |42 Inferior Parietal Gyrus R 62.96
Supramarginal Gyrus R 3333
Angular Gyrus R 37

32 4.70 -64 |-34 |0 Middle Temporal Gyrus L 100

179 4.68 60 | -6 |46 Precentral Gyrus R 92.74 | FEF
Inferior Opercular Frontal Gyrus R 6.7

20 4.51 -30 | -4 | 42 Precentral Gyrus L 40
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21 4.35 48 | -42 | 30 Supramarginal Gyrus R 95.24
13 4.31 20 | -28 | 4 Hippocampus R 38.46
Thalamus R 7.69
10 4.12 36 | -6 -14 Hippocampus R 20
45 3.88 50 |12 |2 Inferior Opercular Frontal Gyrus R 55.56
Inferior Triangular Frontal Gyrus R 42.22
Inferior Orbital Frontal Gyrus R 2.22
19 3.88 -14 | 4 12 Caudate L 52.63
Putamen L 10.53
20 3.81 -60 | -32 | -10 Middle Temporal Gyrus L 100
20 3.74 50 |2 16 Rolandic Operculum R 70
Precentral Gyrus R 15
Inferior Opercular Frontal Gyrus R 10
18 3.55 -24 | -2 6 Putamen L 72.22
Globus Pallidus L 27.78
Cerebellum Experiment
Cluster size | T-value | MNI coordinates | Anatomical area Side | %(*) | Functional area
X y z
136 6.69 -74 | -14 Cerebellum VI R 77.21 | Oculomotor
Vermis VII 16.18
Vermis VI 6.62
78 5.84 -34 | -64 |-20 Cerebellum VI L 100 Oculomotor
66 5.78 -8 -76 | -12 Cerebellum VI L 100 Oculomotor
100 5.19 36 | -64 |-22 Cerebellum VI R 100 Oculomotor

Table 3 - Random-Step condition: Areas of activation (random-step > baseline) in the whole brain and the cerebellum experiments with
cluster size (number of significantly activated voxels), T-values of the local maximum, Montreal Neurological Institute (MNI) coordinates, the
anatomical areas within a cluster, the percentage (%) of the cluster size for each anatomical area and the corresponding functional area. All
areas were thresholded at p < 0.05 with FDR correction for multiple comparisons. (L: left hemisphere, R: right hemisphere; FEF: frontal eye
fields, PEF: parietal eye fields, MT/V5: motion-sensitive area, V6: precuneus and PVA/V1: primary visual areas/V1). (*) The anatomically unas-

signed areas for each cluster are not listed in the table.

The direct comparison of the no-step condition

with the random-step condition ([activemStep >

baseline] versus [active > baseline]) re-
random-step

vealed activation in the right middle temporal

gyrus (MT/V5). For the cerebellum experiment,

this comparison revealed no significant activa-

tion.

The comparison of the random-step condi-
tion with the no-step condition ([activerandom,
ep baseline] versus [activeno’Step > baseline])
revealed activation in the left middle temporal
gyrus (MT/V5). For the cerebellum experiment,
the analysis yielded activation in vermis VIIl and
bilateral activation in the lobules VIII, IX and X,
and unilateral activation in the left lobule VIlb of
the cerebellar hemisphere. (table 4)



N ‘
ob v R/

V8 lob.VIlb

Edmonton

Figure 2 - Direct Comparison: Four axial slices showing areas of activation of the direct comparison ([random-step > baseline] > [no-step

> baseline], group analysis) in the cerebellum experiment (lob. = lobule; V8 = vermis VIIl). All areas were thresholded at p < 0.05 corrected for

multiple comparisons at cluster level and a minimum cluster size of 10 voxels.

Cerebellum Experiment

Cluster size | T-value MNI coordinates Anatomical area Side %(*) Functional area
X y z
1099 5.08 12 -44 -40 Cerebellum IX R 13.92 Oculomotor
12 -66 -40 Cerebellum VIII R 11.19 Oculomotor
-16 -38 -48 Cerebellum IX L 9.19 Oculomotor
-18 -60 -42 Cerebellum VIII L 8.28 Oculomotor
28 -38 -44 Cerebellum X R 473 Oculomotor
-10 -76 -40 Cerebellum Vilb L 2.46 Oculomotor
-16 -36 -48 Cerebellum X L 1.91 Oculomotor
4 -74 -40 Vermis VIII 1.18

Table 4 - Random-Step vs. No-Step: Areas of activation ([random-step > baseline] > [no-step > baseline]) in the cerebellum experiment
with cluster size, T-values of the local maximum, Montreal Neurological Institute (MNI) coordinates, the anatomical areas within a cluster, the
percentage of the cluster size and the functional area. All areas were thresholded at p < 0.05 corrected for multiple comparisons at cluster
level and a minimum cluster size of 10 voxels. (L: left hemisphere, R: right hemisphere). (¥) The anatomically unassigned areas for each cluster

are not listed in the table.

DISCUSSION

The principal aim of this study was to evaluate
the involvement of the cerebrum and the cer-
ebellum in the processing of saccadic errors. We
used a modification of the classical saccade ad-
aptation paradigm, in which the random intra-
saccadic target steps do lead to an increase in
saccadic error. Although these increased errors
might induce transient changes in saccade am-
plitude, the random distribution of the saccadic

errors prevent the sustained adaptation of sac-
cades as would have been observed in a clas-
sical saccade adaptation paradigm with a fixed
introsaccadic target step. We performed two
fMRI experiments: one on the whole brain and
one in which we focussed on the cerebellum,
using different scan parameters to increase the
sensitivity for cerebellar activation.

Our main observation was an increase in cer-
ebellar activity with random post-saccadic er-
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rors compared to saccades without induced
error. This activity was located in vermis VIII, in
the hemispheric lobules VIII, IX and X bilaterally,
and in the left lobule Vilb. In a previous study
with a similar experimental paradigm using
PET, this cerebellar activation was not observed
[5, 10], which is possibly due to the low spatial
resolution achieved with PET imaging. When
we looked at the main effects of each condition
separately, activation related to saccadic eye
movements was observed in the expected ce-
rebral and cerebellar regions.

Cerebral activation

In the whole brain experiment, cerebral activa-
tion was located in known visual areas (primary
visual area (PVA/V1), MT/V5 and the precuneus
(V6)) as well as in eye movement related areas
(frontal (FEF) and parietal (PEF) eye fields) in
both conditions (saccades without errors and
saccades with random saccadic errors). PVA/V1,
MT/V5 and V6 process visual information, which
is used to guide saccadic eye movements. The
FEF and PEF are involved in the planning and
generation of saccadic eye movements [1, 2]
Activation in these areas is consistent with the
results from previous functional imaging studies
on saccadic eye movements [4, 13, 14].

The direct comparisons of the conditions with-
out target steps and with random intra saccadic
target steps. In the whole brain experiment only
revealed activation in MT/V5, which is an area
specifically involved in the processing of real
and apparent visual motion [15]. Although sub-
jects did not see the target step consciously, it is
possible that the use of a flashed target and the
re-appearance of the target after the saccade
may have induced differences in low-level pro-
ceesing of apparent motion between the two
conditions. Apparent motion can induce fMRI
activation of MT/V5 [16], although it does not
explain the observed laterality of the activation,
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dependent on the direction of the comparison,
in the present study.

Cerebellar activation

In the cerebellum experiment, activation was
found in the vermis VI and VIl (known as the
oculomotor vermis) and in the cerebellar hemi-
spheric lobule VI bilaterally in both conditions.
These findings are consistent with previous
studies in humans imaging on saccade eye
movements using fMRI [6, 7, 17, 18].

Several human and non-human primate studies
suggest that the oculomotor vermis is critically
involved in the accurate performance of saccad-
ic eye movements. Electrophysiological record-
ings in vermis VI and VII of the cerebellum yield
neuronal activity during saccade generation [19,
20] and microstimulation in these areas evokes
saccadic eye movements [21, 22]. Lesions in ver-
mal areas V-VIII, which includes the oculomotor
vermis, impaired the initiation, accuracy and
dynamics of saccades in monkeys [23, 24]. Simi-
larly, studies in human patients with cerebellar
degeneration, cerebellar infarcts or congenital
malformations showed an increase in saccadic
variability [25, 26].

With respect to saccadic adaptation, electro-
physiological recordings in monkeys showed
that neurons in vermis VI and VIl are active in a
saccade adaptation task [27, 28]. Microstimula-
tion of the vermis VI and VIl in monkeys changes
the amplitude of saccadic eye movements [29].
Finally, lesions of vermis V-VIIl impair the gradual
modification of saccadic amplitudesin a saccade
adaptation task [23, 24]. Similarly, patients with
cerebellar lesions [26], cerebellar atrophy [30]
or paraneoplastic cerebellar ataxia [31] showed
impairments in or complete lack of saccadic
adaptation capacities. In a functional imaging
study using PET cerebellar involvement during
saccadic adaptation was confirmed [5, 10].



The direct comparisons of the two saccadic con-
ditions in our cerebellum experiment revealed
an increase in activation in vermis VIll and in the
hemispheric lobules VIII, IX, X bilaterally and in
left lobule VIlb with random intra-saccadic tar-
get steps compared to the condition without
target steps. could be argued that this increase
in activation may - in part - be related to a dif-
ference in motor activity. However, due to dif-
ferences in the number, direction and size of
saccades between the no target step we did
not observe any difference in the number of pri-
mary and correction saccades between the two
conditions in either experiment. Furthermore,
despite the obvious differences in the correc-
tive saccade metrics, their amplitudes are still
small in both conditions. Neurophysiological
recordings suggest that saccade size and direc-
tion of small saccades do not have an effect on
the neuronal activity of cerebellar Purkinje cells.
Therefore, we postulate that the increase in acti-
vation is related to the increase in post-saccadic
errors.

To the best of our knowledge, the involvement
of these areas has not been reported previously
in the literature on electrophysiological and
micro-stimulation studies in monkeys related to
saccadic eye movements, except for lobule VIlb,
nor was activation observed using PET imaging
[101.

The lack of activity in the saccade-related re-
gions of the cerebellum might relate to the re-
sults of electrophysiological studies in monkeys,
which suggests that the complex spike activity
of cerebellar Purkinje cells does not signal sac-
cadic errors, but changed saccadic amplitudes,
although another study suggested that spiking
activity might be related to the direction of er-
rors. However, the relationship between Purkin-
je cell activity and the BOLD response remains
to be elucidated.

Edmonton

Lobule VIIb of the cerebellum is known to be
involved in the generation of saccades [3].
Furthermore, left- and rightward saccades are
under the control of the ipsilateral cerebel-
lar hemisphere. Although the total number of
saccades was not different between the two
conditions, it can be argued that the increase
in activity of the left lobule Vllb in the random-
step condition is related to a relative increase
in leftward saccades. This is not unlikely given
the physiological undershoot of normal sac-
cadic behavior. Saccades tend to fall short of
the target, so that, in general, correction sacca-
des will be directed to the right in the no-step
condition. In the random-step condition, the
target is sometimes shifted backwards. Correc-
tion saccades in the random-step condition can
thus also be directed to the left, as well as to the
right.

Vermis VIII (pyramis) is not part of the oculomo-
tor vermis, but has been reported to be involved
in the performance of hand movements [32].
A previous fMRI study on saccades and hand
movements suggested that this area may be
related to the execution of a sequence of sac-
cades [18].

Lobules VIII, IX and X have been reported to be
involved in eye movements other than sacca-
des, namely in smooth pursuit and in the adap-
tation of the vestibulo-ocular reflex (VOR) [33,
34]. These areas receive mossy fiber input from
the dorsolateral region of the pontine nuclei,
relaying information from cerebral visual areas
[35]. They also receive input from the inferior
olivary nuclei

[36, 37]. The nature of olivary input to the cer-
ebellum in oculomotor learning processes has
been subject of extensive research and is gener-
ally thought to serve as an error signal [38, 39].
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In all types of eye movements, it is thought that
error signals provide the input for the oculomo-
tor system by which means it can maintain its
high spatial accuracy. For saccades it has been
shown that the visual post-saccadic errors (i.e.
the difference between saccade endpoint posi-
tion and final target position) are indeed potent
stimuli to modify saccadic behaviour [8, 9, 40].

Furthermore, the accuracy of smooth pursuit
and VOR eye movements depends on the pro-
cessing of visual errors [41]. The nature of the er-
ror signals, however, may vary. The visual error
after a discrete saccadic eye movement is static,
and consists of the perceived distance between
the fovea and a stationary target. This error is
then used to execute a corrective eye move-
ment. In contrast, the visual error in smooth pur-
suit and the vestibulo-ocular reflex is regarded
as dynamic. For instance, the visual error dur-
ing smooth pursuit is the perceived distance of
the fovea to a moving target in the visual field.
Adequate smooth pursuit therefore requires a
dynamic adjustment of eye velocity and proper
anticipation of the future position of the target
to keep it projected on the fovea [42].

Activity in the cerebellar lobules VII-X related
to saccadic errors may therefore represent the
visual error signals used for the maintenance of
saccadic accuracy. Future studies, using electro-
physiological recordings of these areas might
provide more insight into the nature of the cer-
ebellar activity in the processing of static and
dynamic visual errors.

For the assessment of fMRI activation in the di-
rect comparison of the two active conditions we
used a more lenient multiple comparison cor-
rection, as at the most stringent correction for
multiple comparisons no voxels were seen to
survive the threshold for significance. This lack
of statistical power may be due to two things:

first, in the direct comparison only small differ-
ences in activation are likely to be measured,
as the two conditions are very similar. Second,
it has become clear from neurophysiological
studies that the activation related to the pro-
cessing of visual errors and saccade adaptation
depends on small electrophysiological changes
and not all cells in an involved area are commit-
ted to the same task. For example, subgroups of
cells may be dedicated to a specific direction of
movement. Furthermore, the changes in activ-
ity are not always dependent on in- or decrease
of neuronal firing rate, but can also depend on
changes in the timing of neuronal firing [27, 28,
43]. These factors increase variation and noise,
thus reducing statistical power. It should be
noted, on the other hand, that the more lenient
multiple comparisons correction did not reveal
any significant activation in the whole brain
experiment. Neurophysiological recording and
stimulation studies will be needed to corrobo-
rate the present findings, which are the first to
suggest activity in areas outside the oculomo-
tor vermis in relation to errors in saccadic motor
performance.

If areas outside the oculomotor areas indeed
participate in saccadic error processing, it is con-
ceivable that these areas are also involved in the
modification of saccadic amplitudes, such as in
the normal saccadic adaptation paradigm.In the
classical saccade adaptation paradigm subjects
are presented with consistent errors rather than
the random errors such as those used in the
present study. In a functional MRI study using
a classical saccade adaptation paradigm, it may
however be too difficult to detect the contribu-
tion of these areas to saccadic error processing
for various reasons. First, consistent sacccadic er-
rors induce sustained changes in saccadic am-
plitudes during the course of the experiment
(adaptation). These motor changes may lead to
confounding changes in motor signals in the



cerebrum and cerebellum. Second, the sacca-
dic adaptation process during the course of the
experiment will reduce the magnitude of the
saccadic errors, which, in turn, results in a con-
current reduction of the brain activation related
to saccadic errors. Finally, subjects vary greatly
with respect to the speed at which they adapt
their saccadic amplitudes over a series of trials:
some subjects need a few trials of post-saccadic
errors, whereas others need tens of trials or do
not adapt systematically at all. The present para-
digm of using random step post-saccadic errors
minimizes these confounding factors associated
with consistent errors.

CONCLUSION

Using fMRI, we found an increase in cerebellar
activity, but notin cerebral activity, related toran-
dom post-saccadic errors. These results suggest
a possible role for areas outside the oculomotor
vermis in the processing of visual post-saccadic
errors. Future studies with e.g. electrophysiolog-
ical recordings in monkeys may be directed spe-
cifically towards these areas to corroborate our
findings and to investigate the precise nature of
the error signals that drive the modification of
saccadic eye movements.
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SUMMARY

In this thesis, we explored the neuronal basis
of several types of eye movements. Functional
magnetic resonance imaging (fMRI) was used to
investigate and compare the brain activations
evoked by smooth pursuit eye movements, the
optokinetic reflex (OKR) and saccadic eye move-
ments. We looked at activations in both cerebral
as well as cerebellar areas.

PART 1 -
SMOOTH PURSUIT AND OKR

In Chapter 2 we compared the brain activa-
tion related to smooth pursuit and OKR eye
movements. A single moving dot was used as
stimulus for smooth pursuit eye movement. The
OKR stimulus consisted of a random pattern of
dots with a limited lifetime. Brain activation re-
lated to smooth pursuit was found in the corti-
cal eye movement areas (FEF, SEF, PEF), area MT/
V5, and the cerebellum. Stronger activation was
observed in the FEF, in the MT/V5 area and in
the cerebellum during smooth pursuit than dur-
ing OKR eye movement. We concluded that the
smooth pursuit eye movement system and the
optokinetic eye movement systems can be dif-
ferentiated with fMRI.

In previous studies no difference in activation
between smooth pursuit and OKR eye move-
ment was observed. In those studies OKR was
elicited by a standard stimulus which consisted
of a moving pattern of stripes or fixed dots [1-
6]. We hypothesized that such a fixed pattern
targets not only the optokinetic system due to
the peripheral stimulation, but also the smooth
pursuit system due to concurrent foveal stimu-
lation, similar to when the eyes have to follow a
single moving dot.

In Chapter 3 we studied the contribution of the
smooth pursuit system to the brain activations
evoked by a standard OKR stimulus. We inves-
tigated to what extent brain activations evoked
by smooth pursuit and OKR eye movements can
be isolated by eliminating the smooth pursuit
component from the OKR response. For this, we
used the OKR stimulus described in Chapter 2.
In this limited lifetime dot stimulus each dot was
repositioned within 50 ms. Since smooth pursuit
has a latency of more than 100 ms, voluntary
tracking of individual dots in this OKR stimulus
by smooth pursuit eye movements is unlikely to
play a role [1, 7]. Therefore, limited lifetime dot
stimulation is likely to target the optokinetic sys-
tem in isolation.

We compared the brain activations that were as-
sociated with eye movements in response to a
standard OKR stimulus consisting of a fixed pat-
tern of stripes and an OKR stimulus consisting
of limited lifetime dots. These results suggest
that these areas of the brain are predominantly
involved in tracking a moving stimulus using
smooth pursuit. We observed stronger activa-
tion in the FEF and PEF, the MT/V5 area and in
the cerebellum, when the standard OKRT stimu-
lus was used (Table 1). These areas are predomi-
nantly involved in the voluntary tracking of a
moving stimulus with the smooth pursuit eye
movement system.

We concluded that the smooth pursuit eye
movement and the optokinetic eye movement
systems can be differentiated with fMRI using a
stimulus that elicits OKR in isolation, without a
confounding contribution of the smooth pur-
suit system.



PART 2 -

SMOOTH PURSUIT AND
FIXATION SUPPRESSION
OF THE OKR

In Chapter 4, we investigated the possible dif-
ferences in brain activation patterns evoked by
smooth pursuit eye movements and fixation
suppression of the OKR. In this study, both ocul-
omotor behaviors were evoked by a target mov-
ing relative to the background. In the smooth
pursuit experiment the target moved, whereas
in the fixation suppression of the OKR experi-
ment the background moved. Subjects had to
look at the target. In other words, in both experi-
ments the (relative) motion of the background
needed to be ignored and the target was to be
kept on the fovea. Thus the retinal stimulation
was similar in both experiments.

Similar to the experiments in Chapters 2 and 3,
smooth pursuit eye movements induced activa-
tion in the FEF, SEF, PEF, the MT/V5, and lobule
VI and vermis VI of the cerebellum. Fixation sup-
pression of the OKR also induced activation in
the FEF, PEF and MT/V5, but not in the SEF or the
cerebellum (Table 1). The observed activation in
the smooth pursuit eye movements is likely to
be evoked by the motion of the dot and the as-
sociated smooth pursuit response.

When we directly compared the two experi-
ments, no difference in activation was observed.
With a more lenient statistical threshold more
activation was observed in the cerebellum dur-
ing the smooth pursuit eye movement. This out-
come suggests that smooth pursuit eye move-
ment and fixation suppression of OKR activate
overlapping cortical pathways. The difference
in cerebellar activation is likely to be induced
by the presence of an active eye movement
component in the smooth pursuit experiment.
Finally, the comparable activation of MT/V5 in
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the two experiments supports the notion that
the visual motion stimulation between the two
experiments was indeed very similar.

Ourimaging results suggest that smooth pursuit
and fixation suppression of OKR activate over-
lapping pathways in which fixation suppression
of the optokinetic reflex can be regarded as
smooth pursuit on a non-homogenous back-
ground without motion of the target.

PART 3 -
SACCADIC EYE MOVEMENTS

In the third part of this thesis, brain activation
was studied in relation to saccadic eye move-
ments. We focused on the cerebellum, which is
involved in maintaining saccadic accuracy [8].

In Chapter 5 we studied the differences in cer-
ebellar, as well as cerebral activation patterns as-
sociated with reflexive and voluntary saccades.
Behavioral studies on eye movement control
suggest that the modification of saccadic am-
plitudes in a so-called saccadic adaptation para-
digm can be dissociated between voluntary and
reflexive saccades. It has been proposed that
the generation of reflexive and voluntary sacca-
des are mediated by independent mechanisms
[9]. As the cerebellum is an important brain
structure in saccadic gain control [10-14], it is
argued that the cerebellum might be differently
involved in maintaining the accuracy of reflexive
and voluntary saccades.

We compared the brain activation related to re-
flexive and voluntary saccades. Reflexive sacca-
des were evoked by suddenly appearing targets.
Voluntary saccades were made between two
permanent visible targets. The results showed
stronger activation in the FEF, PEF, MT/V5, the
precuneus (V6), the angular and the cingulate
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Table 1: Summary of the activations observed during smooth pursuit of a single dot, during the optokinetic reflex with limited lifetime dots and stripes, and smooth pursuit or OKN suppression of a dot

moving relative to a striped pattern (B: bilateral; R: right hemisphere; L: left hemisphere; - indicates no significant activation.)

gyri during reflexive saccades than
during voluntary saccades. No sig-
nificant differences in activation were
found in the cerebellum (Table 2).
These results indicate that the alleged
separate mechanisms for control of
reflexive and voluntary saccades are
to be found in cerebral rather than in
cerebellar areas.

In Chapter 6, we investigated the
role of the cerebrum and the cer-
ebellum in the processing of post-
saccadic visual errors. Subjects had to
make saccadic eye movements to a
flashed target. In the first condition of
the experiment, large variable post-
saccadic visual errors were induced
by randomly shifting the saccade
target during the saccade toward it.
The random distribution of the post-
saccadic errors prevented the modifi-
cation of saccadic amplitudes. In the
second condition of the experiment,
the target did not shift when the sub-
jects made a saccade toward it. Since
post-saccadic visual errors are likely to
drive the adaptation process [15, 16]
which is likely to be mediated within
cerebellar structures [10, 11, 14], we
hypothesized that specific cerebellar
regions are involved in the processing
of post-saccadic visual errors.

Both saccadic conditions revealed the
expected brain activation patterns in
the cerebrum (FEF, MT/V5) and in the
saccade-related oculomotor regions
of the cerebellum (vermis and lobules
VI and VII). Furthermore, we observed
an increase in cerebellar activity re-
lated to larger post-saccadic visual er-
rors (Table 2): bilaterally in lobule VI,
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Table 2: Summary of the activations during reflexive and voluntary saccades, and during saccades without and with random target steps (B: bilateral; R: right hemisphere; L: left hemisphere; -

significant activation.)
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[X, X, unilaterally in the left Vilb, and in vermis
VIII. These results suggest a possible role of areas
outside the oculomotor vermis in the process-
ing of post-saccadic visual errors.

FUTURE DIRECTIONS

In this thesis we explored only a few types of eye
movements that are related to visual processing
of the environment. However, we did not touch
on the vestibular ocular reflex (VOR), i.e. the eye
movement that is evoked by vestibular stimula-
tion. The VOR is usually evoked by rotating the
subject using a rotating chair or moving plat-
form [17]. However, rotating the subject inside
the scanner bore is not feasible. Another way of
evoking a proper VOR response is by inserting
cold or warm water in the ear. When a subject is
lying in supine position, cold water stimulation
in one of the ears leads to a sensation of rotation
in the direction opposite to the side of stimula-
tion. In the dark, it also induces nystagmus, with
the fast phases in the direction of the ear that
is stimulated. However, when the subject has
his eyes open, the sensation of being rotated is
contradicted by the stable visual environment.
In a pilot study we observed that this mismatch
between visual and vestibular information leads
to an increase in activity in the cerebellum (Fig-
ure 1). This preliminary finding is in good agree-
ment with electrophysiological studies [18].

The study comparing reflexive and voluntary
saccadic eye movements (Chapter 5), focused
on differences in activation in the cerebellum.
Although cognitive processes in the cortex are
allegedly more involved in the control of vol-
untary saccades than in reflexive saccades, it is
conceivable that in our specific paradigm, both
saccades are being processed on a relatively low
level. In other words, cognitive processes such
as memory and attention were probably less
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involved in that experiment. It might be worth-

while to extend the study of voluntary saccades
to include memory-guided saccades (in which
the subject has to remember the target loca-
tion), and delayed saccades (in which the sub-
ject has to postpone the actual movement until
a trigger signal is provided).
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SAMENVATTING

In dit proefschrift hebben we de neuro-anat-
omische basis onderzocht van verschillende
typen oogbewegingen. We hebben gebruik ge-
maakt van functionele magnetische resonantie
‘imaging” (fMRI) om afbeeldingen te maken van
de hersenactiviteit die optreedt bij het maken
van gladde volgbewegingen (“smooth pursuit”),
de optokinetische reflex (OKR) en saccadische
oogbewegingen. We hebben gekeken naar de
overeenkomsten en verschillen tussen deze
oogbewegingen. Hierbij is zowel gekeken naar
de hersenactiviteit in de grote hersenen (het ce-
rebrum) als in de kleine hersenen (het cerebel-
lum).

DEEL 1 -
SMOOTH PURSUIT EN OKR

In hoofdstuk 2 hebben we de hersenactiviteit
onderzocht die wordt veroorzaakt door smooth
pursuit en door OKR. De beweging van een stip
is gebruikt als stimulus voor smooth pursuit.
Een bewegend patroon van willekeurig gep-
laatste stippen met een beperkte levensduur
is gebruikt als stimulus voor OKR. Smooth pur-
suit oogbewegingen leidde tot activiteit in de
corticale oogbewegingsgebieden (FEF, SEF, en
PEF), het gebied MT/V5 en in het cerebellum.
Vergelijking van de hersenactiviteit liet zien dat
een sterkere activiteit in de frontale oogbeweg-
ingsgebieden (FEF), het MT/V5 gebied en in het
cerebellum werd gezien bij smooth pursuit dan
bij OKR (tabel 1). We concluderen hieruit dat het
smooth pursuit oogbewegingsysteem en het
optokinetische oogbewegingsysteem kunnen
worden onderscheiden met behulp van fMRI.

In eerdere studies naar de hersenactiviteit tijdens
smooth pursuit en OKR oogbewegingen werd
geen verschil gevonden. In deze studies werd

de optokinetische reflex echter uitgelokt door
een standaard stimulus bestaande uit beweg-
end patroon van strepen of vaste stippen [1-6].
Wij waren van mening dat een vast patroon van
zwarte en witte strepen niet alleen het optoki-
netische systeem activeert vanwege de perifere
stimulatie van de restina maar ook het smooth
pursuit systeem vanwege de gelijktijdige stimul-
ering van de fovea, net als wanneer de ogen een
enkele bewegende stip moeten volgen.

In hoofdstuk 3 hebben we de bijdrage van
het smooth pursuit systeem bestudeerd aan
de hersenactiviteit die wordt veroorzaakt door
een standaard OKR stimulus. We hebben onder-
zocht in welke mate de hersenactiviteit die
veroorzaakt wordt door smooth pursuit en door
OKR, kan worden geisoleerd door de smooth
pursuit component te elimineren uit de OKR
response. Hiervoor hebben we dezelfde OKR
stimulus gebruikt als in hoofdstuk 2. In deze
stimulus, bestaande uit een bewegend patroon
van willekeurig geplaatste stippen met een
beperkte levensduur wordt elke stip binnen 50
ms opnieuw gepositioneerd. Aangezien smooth
pursuit een latentie heeft van meer dan 100 ms,
is het onwaarschijnlijk dat het smooth pursuit
systeem een rol speelt bij het vrijwillig volgen
van dit bewegende patroon [1, 7]. Het is daarom
aannemelijk dat deze speciale OKR stimulus met
stippen met beperkte levensduur alleen het op-
tokinetische systeem aanspreekt.

We hebben de hersenactiviteit gemeten tijdens
het maken van oogbewegingen in reactie op
de een standaard OKR stimulus bestaande uit
een vast patroon van zwarte en witte strepen,
en OKR stimulus bestaande uit een patroon van
stippen met een beperkte levensduur. We von-
den we een sterkere activatie in de frontale en
parietale oogbewegingsgebieden (FEF, PEF), het
MT/V5 gebied en in het cerebellum wanneer de
standaard stimulus werd gebruikt (zie tabel 1).



Deze gebieden van de hersenen zijn dus vooral
betrokken bij het vrijwillig volgen van een be-
wegende stimulus met behulp van het smooth
pursuit systeem.

We concluderen dat het smooth pursuit oog-
bewegingsysteem en het optokinetische oog-
bewegingsysteem kunnen worden gescheiden
met behulp van fMRI door gebruik te maken van
een stimulus die zich alleen richt op OKR, zonder
een verstorende bijdrage van het smooth pur-
suit systeem.

DEEL 2-

SMOOTH PURSUIT EN
FIXATIE ONDERDRUKKING
VAN DE OKR

In hoofdstuk 4 hebben we onderzocht of er
verschillen zijn in de hersenactiviteit die wordt
gezien bij smooth pursuit cogbewegingen en
bij fixatie onderdrukking van de OKR. In deze
studie werden beide oogbewegingen opgewekt
door een doel dat bewoog ten opzichte van de
achtergrond. In het eerste experiment bewoog
het doel waarbij smooth pursuit oogbewegin-
gen werden opgewekt, terwijl in het tweede
experiment de achtergrond bewoog waarbij de
proefpersoon de opdracht kreeg om te fixeren
op een punt om de OKR te onderdrukken. In
beide experimenten moest de relatieve beweg-
ing van de achtergrond worden genegeerd en
het doel moest worden gefixeerd. In beide ex-
perimenten was de afbeelding van de stimulus
op de retina van het oog vergelijkbaar.

Net als in de experimenten in hoofdstuk 2 en
3 induceerde smooth pursuit oogbewegingen
activiteit in de FEF, de SEF, de PEF, de MT/V5 en
lobule VI en vermis VI van het cerebellum. Fix-
atie onderdrukking van de OKR leidde ook tot
activatie in de FEF, de PEF, MT/V5, maar niet
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in de SEF of het cerebellum (zie tabel 1). De
waargenomen activiteit in het smooth pursuit
systeem wordt waarschijnlijk opgewekt door
de beweging van de stip en de bijbehorende
smooth pursuit response.

Bij de directe vergelijking van de twee ex-
perimenten, werd geen verschil in activatie
waargenomen. Bij een lagere statistische drem-
pelwaarde werd meer activatie in het cerebel-
lum waargenomen tijdens smooth pursuit oog-
bewegingen. Deze uitkomst betekent dat bij
smooth pursuit oogbewegingen en fixatie on-
derdrukking van de OKR overlappende corticale
trajecten worden geactiveerd. Het verschil in
cerebellaire activatie wordt waarschijnlijk vero-
orzaakt door de aanwezigheid van een actieve
oogbewegings component in het smooth pur-
suit experiment. De vergelijkbare activatie van
MT/V5 in de twee experimenten ondersteunt
de gedachte dat de visuele bewegings stimu-
latie in de beide experimenten inderdaad het-
zelfde was.

Op grond van onze fMRI resultaten conclu-
deren we dat fixatie onderdrukking van de op-
tokinetische reflex kan worden beschouwd als
smooth pursuit van een stilstaand object op een
niet homogene, bewegende, achtergrond.

DEEL 3 -
SACCADISCHE
OOGBEWEGINGEN

In het derde deel van dit proefschrift werd de
hersenactiviteit onderzocht in relatie tot de
saccadische oogbewegingen. We hebben ons
daarbij meer specifiek gericht op het cerebel-
lum dat betrokken is bij de nauwkeurigheid van
saccades [8].
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In hoofdstuk 5 hebben we de verschillen
bestudeerd in zowel de cerebellaire als ook
de cerebrale activatie patronen die worden
geassocieerd met reflexmatige en vrijwillige
saccades. Gedragstudies naar de controle
van de nauwkeurigheid van saccades laten
zien dat de aanpassing van de amplitudes
van saccades niet gelijk is voor reflexmatige
en vrijwillige saccades. Er werd daarom be-
weerd dat de nauwkeurigheid van reflex-
matige en vrijwillige saccades door gesche-
iden mechanismen gebeurt [9]. Aangezien
het cerebellum een belangrijke structuur
is met betrekking tot de controle van sac-
cadische nauwkeurigheid [10-14], zou het
mogelijk kunnen zijn dat het cerebellum
verschillend betrokken is bij het maken van
reflexmatige en vrijwillige saccades.

Vergelijking

AversusB | CversusB | DversusE
L
L
R
B

E
Fixatie onderdrukking van
OKR met achtergrond
B
B
B

We hebben de hersenactiviteit die gevon-
den werd bij reflexmatige en vrijwillige sac-
cades vergeleken. Reflexmatige saccades
werden opgewekt door doelen die plotsel-
ing verschenen. Vrijwillige saccades werden
gemaakt tussen twee altijd zichtbare doel-
en. Er werd een sterkere activatie in de FEF,
PEF, MT/V5 de precuneus (V6), de angular
en cingular gyri gezien tijdens reflexmatige
saccades dan tijdens vrijwillige saccades. Er
werden echter geen verschillen gevonden
in de activatie van het cerebellum (zie tabel
2). Deze resulaten geven aan dat de ver-
meende gescheiden mechanismen voor
de controle van reflexieve en vrijwillige sac-
cades eerder te vinden zijn in het cerebrum
dan in het cerebellum.

D
Enkele stip met
achtergrond

kTl

Stimulus

C
Strepen

Beperkte levens-
duur stippen
®
®
R

A
Enkele stip
o>
B
L
B
R
B

In hoofdstuk 6 hebben we de rol van het
cerebrum en cerebellum bestudeerd in het
verwerken van de visuele fouten na het
maken van een saccade. Proefpersonen
moesten  saccadische  oogbewegingen
maken naar een geflitst doel. In de eerste

Tabel 1: Samenvatting van de activiteiten waargenomen tijdens smooth pursuit van een enkele stip, tijdens de optokinetische reflex met beperkte levensduur stippen en strepen, tijdens smooth pursuit

van een stip op een stilstaand gestreept patroon, en tijdens fixatie onderdrukking van de OKR van een bewegend gestreept patroon (B: bilateraal; R: rechter hemisfeer; L: linker hemisfeer; - geen significante

Parietale Ooggebieden (PEF)
activiteit).

Functioneel Gebied
Frontale Ooggebieden (FEF)
Supplementaire
Ooggebieden (SEF)

Visueel Gebied 5 (MT/V5)
Oculomotorisch gebied

van het cerebellum
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Vergelijking

AversusB | BversusA | CversusD | D versus C

Saccades met
willekeurige doel stap

Saccades zonder
doel stap

Stimulus

Reflexmatige
Saccades

Vrijwillige
Saccades

Tabel 2: Samenvatting van de activaties tijdens de reflexmatige en vrijwillige saccades, en tijdens saccades zonder en met willekeurige stappen van het doel tijdens de saccade er naar toe (B: bilateraal; R:

rechter hemisfeer; L: linker hemisfeer; - geen significante activiteit).

Frontale Ooggebieden (FEF)
Supplementaire Ooggebieden (SEF)
Parietale Ooggebieden (PEF)
Visueel Gebied 5 (MT/V5)
Oculomotorisch gebied

Functioneel Gebied
van het cerebellum
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conditie van het experiment werden grote vari-
abele post-saccadische visuele fouten geindu-
ceerd door het willekeurig verschuiven van het
doel tijdens de saccadische oogbeweging. De
willekeurige verdeling van de post-saccadische
fouten voorkwam de aanpassing van de sacca-
dische amplitudes, zoals die zou optreden als het
doel steeds dezelfde sprong zou maken. In de
tweede conditie van het experiment verschoof
het doel niet wanneer de proefpersonen een
saccadische oogbeweging maakten. Aangezien
post-saccadische visuele fouten waarschijnlijkde
drijvende kracht zijn van het aanpassingsproces
van de amplitude van saccades [15, 16] waarbij
het cerebellum sterk betrokken is [10, 11, 13],
veronderstelden wij dat specifieke cerebellaire
gebieden betrokken zijn bij het verwerken van
post-saccadische visuele fouten.

Beide saccadische toestanden lieten de verwa-
chte activatie patronen zien in het cerebrum
(FEF, MT/V5) en in de saccade gerelateerde ocul-
omotorische gebieden van het cerebellum (ver-
mis en lobules VI en VII). Bovendien zagen we
een toename van de cerebellaire activiteit gere-
lateerd aan post-saccadische visuele fouten (zie
tabel 2): bilateraal in lobule VIII, IX, X, unilateraal
in de linker Vllb en vermis VIlIl. Deze resultaten
suggereren een mogelijk rol van andere dan de
oculomotorische gebieden in het cerebellum
bij het verwerken van post-saccadische visuele
fouten.
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