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Abstract: Classical eyeblink conditioning is used frequently to study the role of the cerebellum in
associative learning. To understand the mechanisms involved in learning, the neural circuits that generate
the eyeblink response should be identified. The goal of the present study was to examine cerebellar
regions that are likely to control the human eyeblink response using event-related functional magnetic
resonance imaging (fMRI). In 14 healthy volunteers eyeblinks were evoked by unilateral air-puff stimu-
lation (total of 30 stimuli, inter-trial interval 27-44 sec). With eyes closed throughout the experiment,
eyeblinks were recorded using a video-based system with infrared reflecting markers being attached to
the upper eyelids. From each subject 500 scans were taken (TR = 2.2 sec, 22 slices per scan, slice thickness
= 3 mm) using an echo planar imaging sequence (EPI). The statistical parametric maps of the experi-
mental volume images were estimated with SPM99 specifying an appropriate event-related design matrix.
Two main regions of significant activation were found in the ipsilateral posterior lobe of the cerebellar
hemisphere. In the more anterior region the maxima of activation were located in hemispheral lobules VI
and Crus I, and in the more posterior region in hemispheral lobules VIIb, Crus II and VIIIa (nomenclature
according to Schmahmann et al. [2000]: MRI Atlas of the Human Cerebellum). Although less pronounced,
activity was found also in corresponding areas of the contralateral cerebellar hemisphere. These eyeblink-
related areas agree with trigeminal projection areas and blink reflex control areas shown in previous
animal studies. Hum. Brain Mapping 17:100-115, 2002.  © 2002 Wiley-Liss, Inc.
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Reflex eyeblinking has been studied extensively in
humans since it was first described as a reflex by
Overend in 1896 [Esteban, 1999; Kimura, 1970; Kugel-
berg, 1952; Ongerboer de Visser, 1983a; Pellegrini et
al., 1995; Shahani, 1970; Sibony and Evinger, 1998].
Research in clinical neurophysiology has been cen-
tered upon the anatomical organization of brainstem
circuits involved in blink reflex control and the topo-
graphic value of blink reflex abnormalities for the
evaluation of brainstem disorders [Aramideh et al.,
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1997; Hopf et al., 1991; Ongerboer de Visser, 1983a,b;
Valls-Sole et al., 1996].

Interest in the cerebellum in blink reflex control is
coming from numerous animal and human lesion
studies indicating that the cerebellum may be neces-
sary for classical conditioning of eyeblink responses
[Bracha et al., 1997; Daum et al., 1993; Thompson et al.,
1997; Topka et al., 1993; Woodruff-Pak et al., 1996; Yeo
and Hesslow, 1998]. Interest in the role of the cerebel-
lum in unconditioned eyeblink control is twofold.
First, impaired eyeblink conditioning in cerebellar
dysfunction has been related to impaired motor per-
formance deficits, i.e., changes of unconditioned eye-
blink responses [Harvey et al., 1993; Welsh and Har-
vey, 1989]. Results of previous studies of the effect of
cerebellar damage on reflex blinking, however, are
conflicting. After cortical lesions, amplitudes of eye-
blink responses have been found to increase in rabbits
[Gruart and Yeo, 1995; Yeo et al., 1985; Yeo and Har-
diman, 1992] and to be unaffected in rats unless adap-
tive modifications of reflex blinks were required [Pel-
ligrini and Evinger, 1997]. Findings after lesions of the
cerebellar nuclei are also contradictory with decreased
amplitudes being reported by some authors and un-
impaired eyeblinks by others [Bloedel and Bracha,
1995; Kolb et al., 1997, Thompson and Krupa, 1994;
Thompson et al., 1997; Welsh and Harvey, 1989, 1991].
Most human studies described preserved eyeblinks in
patients with cerebellar disorders (Hacke et al., 1983;
Daum et al., 1993; Topka et al., 1993; Woodruff-Pak et
al., 1996). There is one human case study comparing
the affected and unaffected side in a patient with a
unilateral, mainly cortical lesion, which showed a
clear tendency of the unconditioned eyeblink ampli-
tude to be larger on the affected side (Timmann et al.,
1998).

There is some controversy about the relative roles of
the cerebellar cortex and nuclei in eyeblink condition-
ing [Raymond et al., 1996; Thompson et al., 1997; Yeo
and Hesslow, 1998]. The nucleus interpositus anterior
and lobule H VI appear to be of particular importance.
One possible reason for controversial results of lesion
studies may be that the neural circuits that generate
the unconditioned eyeblink response have not been
identified exactly. For example, if areas controlling
eyeblink are not confined to lobule H VI, variations in
the extent of cerebellar cortical lesions could result in
different effects.

There are only a few animal studies examining the
sites in the cerebellar cortex that are likely to control
unconditioned eyeblink responses [Hesslow, 1994;
Pellegrini and Evinger, 1997]. Human studies demon-
strating cerebellar areas involved in eyeblink control

are lacking. So far, PET and fMRI studies in healthy
human subjects examined cerebellar areas related to
conditioned but not unconditioned eyeblinks [Blaxton
et al.,, 1996; Logan and Grafton, 1995; Molchan et al.,
1994; Ramnani et al., 2000; Schreurs et al., 1997].

The purpose of the present study was to investigate
cerebellar areas that are activated during eliciting the
blink reflex in healthy human subjects using func-
tional MRI (fMRI).

Kugelberg in 1952 recognized two components in
blink reflexes; an early ipsilateral reflex (R1) and a late
bilateral reflex (R2), which is associated with clinically
visible blinking. The difference of the R1 and R2 re-
sponses is attributed to differences in their central
neural pathways [Esteban, 1999; Ongerboer de Visser,
1983a; Pellegrini et al., 1995; Sibony and Evinger,
1998]. In humans most authors assume that the R1
response is conducted through trigeminal pathways
within the pons [Hopf et al., 1991, Kimura, 1970;
Ongerboer de Visser, 1983a,b] and the R2 response
through trigeminal pathways and adjacent reticular
formation within the medulla oblongata before they
reach the facial nuclei [Aramideh et al., 1997; Kimura
and Lyon, 1972; Ongerboer de Visser and Kuypers,
1978; Valls-Sole et al., 1996].

In the present study, blink reflexes mainly represent
activity of the late R2 component and of the orbicularis
oculi muscles. Eyeblinks were evoked by air-puff
stimulation to be in keeping with numerous eyeblink
conditioning studies and to circumvent technical
problems of electrical stimulation in the MR environ-
ment [Daum et al., 1993; Woodruff-Pak et al., 1996;
Yeo and Hesslow, 1998]. Air-puff stimulation, how-
ever, is known to evoke R2 but not R1 responses of the
reflex eyeblink [Kugelberg, 1952; Peshori et al., 2001;
Shahani and Young, 1973]. Because repetitive stimu-
lation results in habituation of the second component
of the blink reflex [Gandiglio and Fra, 1967; Kugel-
berg, 1952; Rushworth, 1962; Shahani, 1970] an event-
related paradigm was applied with long interstimulus
intervals.

Eyes were gently closed during the experiment to
minimize effects of accompanying eye movements
and spontaneous eyeblinks. Blink reflexes, therefore,
represented mainly phasic activity in orbicularis oculi
muscles (innervated by the facial nerve), but not ad-
ditional transient relaxation with disappearance of
tonic activity in the levator palpebrae muscles (inner-
vated by the oculomotor nerve). Furthermore, in hu-
mans, unlike most vertebrates, an additional retractor
bulbi muscle is absent, which causes a nictitating
membrane to sweep the eyeball [Shahani and Young,
1973; Sibony and Evinger, 1998].
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MATERIALS AND METHODS
Subjects

Fourteen healthy adult subjects participated. Their
average age was 29.3 = 5.4 (range 21-38) years. Seven
subjects were female and seven male. Twelve were
right-handed. None of them had a history of neuro-
logical disease or showed neurological signs based
upon neurological examination. The local ethical com-
mittee of the University of Essen approved the study.
All subjects gave informed written consent.

Experimental design

Eyeblinks were evoked by an air-puff lasting for 100
msec (4 bar at source) provided through a nozzle
mounted on the head coil. The nozzle was set to direct
the air-puff to the periorbital region near the inner
canthus of the left eye at a distance of approximately
10 mm. To minimize effects of habituation an event-
related fMRI-paradigm (see below) was applied with a
total of 30 air-puffs being delivered pseudo-randomly
and with long inter-trial intervals (range 27-44 sec-
onds) during 500 consecutive MR scans. For each sub-
ject air-puffs were delivered at the beginning of the
16th, 36th, 51st, 68th, 84th, and 96th MR scan, with the
same order being repeated during the following 400
scans (116th, 136th, 151st, 168th, 184th, 196th, 216th,
236th, 251st, etc.).

Subjects were instructed to gently close their eyes
throughout the experiment to minimize effects of ac-
companying eye movements and spontaneous eye-
blinks. Kinematic measures of eyeblinks were taken to
assure that subjects responded to an air-puff with
adequate squeezing of the eyes and to quantify the
amount of possible habituation. Pilot data showed
that although the eyes are closed air-puff stimulation
elicits a further compression of the eyelids that causes
a marker attached to the upper outer quadrant of the
eye to move toward the lower and inner quadrant of
the eye (Fig. 1A). Two infrared reflecting markers
were attached to the upper outer quadrant of each
eyelid. For reference, one marker was attached to the
root of each subject’s nose and two markers were
attached in a fixed distance (3 cm apart) to a mirror
mounted on the head coil. A digital videocamera with
an integrated infrared projector (Sony DCR-TRV 11E)
was placed outside the darkened MR scanning room
in front of its window. Infrared light (conventionally
used for night-shoots) was emitted and reflected by
the markers with the help of two mirrors (commonly
used to enable subjects to look outside the scanner)
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Figure 1.

A: Experimental set-up. Eyeblinks were evoked by an air-puff
directed to the left eye with eyes closed throughout the experi-
ment. For kinematic recordings infrared reflecting markers were
attached to the upper outer quadrant of each eye and, for com-
parison, one on the root of the nose and two markers (3 cm apart)
to the mirror mounted on the head coil (not shown). The eyeblink
(i.e., the further compression of the eyes) after the air-puff is
indicated by the color of the circles, with black circles indicating
the rest position and open circles the maximum extent of the
movement. B: Characteristic EMG recordings of air-puff-induced
blink reflex in bilateral orbicularis oculi muscles in a healthy
control subject obtained outside the MR scanner. R2 responses
are present bilaterally. Rl responses are absent. Note larger
ipsilateral (left eye) responses both in EMG and diagram of kine-
matic recordings.

attached to the head coil. Similarly, the reflected im-
ages of the infrared reflecting markers were video-
taped by the use of the two mirrors (sample rate 25
Hz).

A few air-puff stimulations were presented before
scanning to adjust the position of the nozzle and to
familiarize subjects with the task (i.e., to control for
startle-like responses during scanning). Recording of
eyeblink amplitudes was not significantly affected by
head motion based on video data. In addition, indi-
vidual plots of head motion correction parameters (see
Image analysis) showed no local extremes at the time
of the stimuli.

To quantify eyeblink amplitude the maximal air-
puff-induced displacement of each eye marker was
measured off-line. To allow for comparison between
subjects eyeblink amplitudes were normalized to max-
imally voluntary eye compression. At the beginning of
each experiment, subjects were asked to maximally
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squeeze their eyes together starting from the status
with their eyes gently closed. The mean marker dis-
placement of three maximally voluntary eye compres-
sions was set to 100% and each eyeblink amplitude
expressed as a percentage of this value.

Although the kinematic measures of eyelid move-
ments taken during the actual experiments could not
distinguish between the occurrence of R1 and R2 re-
sponses, analysis of previous electromyographic re-
cordings using a similar paradigm carried out outside
the MRI-scanner showed that air-puff stimulation con-
sistently evoked R2 but not R1 responses [Maschke et
al., 2000]. Representative EMG examples are shown in
Figure 1B.

Imaging

All fMRI scans were taken with a 1.5 T Siemens
Sonata scanner (Dept. of Neuroradiology, University
of Essen) with standard head coil. A multislice echo
planar imaging sequence (EPI) was used to produce 22
continuous 3 mm thick axial slices covering the vol-
ume of the cerebellum and adjacent brainstem with TR
= 2.2 sec, TE = 60 msec, flip angle = 90°, 64 X 64
matrix and voxel size = 3.59 X 3.59 X 3 mm®>. An
event-related (fMRI) paradigm was used for the ex-
periment. Event-related fMRI permits the analysis of
activity at the level of a single trial, thus conferring
specific advantages in reflex studies. An electronic
triggering signal was used to achieve synchronization
between the time of initiation of the active event (air-
puff) and the MR acquisition. Each series consisted of
500 scans with a total duration of 18.3 min. Structural
images were acquired for each subject using a T1 3D
sequence with TR = 11.1 msec, TE = 4.3 msec, flip
angle = 15° 136 partitions, effective thickness = 1.2

mm and voxel size = 1 X 1 X 1.2 mm®.

Image analysis

The stereotactical transformations and statistical
analysis were carried out on a Sun Sparc Ultra 80
computer with statistical parametric mapping soft-
ware (Wellcome Department of Cognitive Neurology,
London, UK), version SPM99, implemented in MAT-
LAB (Mathworks, Sherborn, MA). The first five vol-
umes in each subject were discarded to minimize the
magnetization relaxation artifacts. All individual vol-
umes were realigned after the six head-movement
parameters were estimated (3 translations and 3 rota-
tions) from rigid body transformations that minimized
the difference between each volume and the first. The
functional and structural images were realigned and

then spatially normalized [Friston et al., 1995] into the
reference system of Talairach and Tournoux [1988],
using a representative standard EPI template from the
Montreal Neurological Institute (MNI) [Evans et al.,
1994]. The functional images were subsampled to a
voxel size of 2 X 2 X 2 mm® and smoothed using an
isotropic Gaussian kernel of 4 mm.

The statistical analysis was carried out for each time
series after specifying the appropriate design matrix.
The active event was modelled with a train of delta
functions convolved with hemodynamic response
function (HRF). One trial specific covariate was in-
cluded in the design matrix introducing the effect of
eyeblink habituation (i.e., decrease of reflex amplitude
with time). Because blink reflex amplitudes were sig-
nificantly larger on the stimulated left as compared to
the right side (see Results), amplitude changes of the
left eye were entered into statistical analysis.

The significance of effects was assessed using Z-
statistics for every voxel from the brain, and these sets
of Z-values were used to create statistical parametric
maps (SPMs). A high-pass filter was used to remove
low-frequency drifts and fluctuations of the signal
[Friston et al., 1996], and proportional scaling was
applied to remove global changes in the signal.

Data were analyzed for each subject individually
and for all 14 subjects as a group. Group analysis is
valuable for summarizing the activities across subjects
and to increase the sensitivity of the analysis. Group
effects were calculated using fixed and random effects
models. For the latter model, contrast images, one for
each single subject, were taken to the second level
analysis and entered into the one sample t-test model
[Friston et al., 1999]. The statistical test of variance of
these single contrast images from subject to subject
consists of contributions from both the between and
within subject components of variance and can be
used to extend the inference to population whereas
the fixed model analysis can make a conclusion valid
only for the group studied.

In two subjects (Subject 2, Subject 7) only the first
200 MR scans were included in the statistical analysis,
because kinematic analysis showed frequently miss-
ing eyeblinks during the last 300 scans (see Results). In
all other subjects the total of the 500 functional vol-
umes were taken for further estimation. The specified
contrasts compared the active event condition with
rest. For the group studies (both fixed and random
model) thresholds of P < 0.001 (uncorrected) were
adopted for analysis of cerebellar activations, and of P
< 0.005 (uncorrected) for analysis of brainstem activa-
tions. For the analysis in single subjects a threshold of
P < 0.005 for both the cerebellar and brainstem acti-
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vations was used. “Area of significant activation” is
used synonymous with “area of significant increase of
BOLD effect (i.e., blood flow).” It is not well under-
stood, within the cerebellum particularly, which neu-
ronal activities correlate to these changes in blood
flow. Animal data suggest that it is unlikely that the
BOLD signal, or increase in blood flow in the cerebel-
lum corresponds simply to an increase in firing of the
Purkinje cells [Mathiesen et al., 1998].

Anatomical localization of MNI coordinates were
defined based on the 3D MRI atlas of the human
cerebellum in proportional stereotaxic space intro-
duced by Schmahmann et al. [2000]. Each brain map of
activation was superimposed and displayed onto the
standard MNI brain anatomy to show the anatomic
localization.

RESULTS

Kinematic data of blink reflexes

Kinematic measures of blink reflexes showed that
each of the 30 air-puff stimulations resulted in appro-
priate eyeblinks in all but two subjects (Subject 2,
Subject 7) (Fig. 2A). Subjects 2 and 7 showed kinematic
responses during the first 12 air-puff stimuli, but
failed to respond to seven and 13 of the last 18 stimuli,
respectively. In these two subjects, only the first 200
MR-scans (i.e., first 12 active events) were included in
the fMRI-analysis.

Although special care was taken to minimize effects
of habituation, reduction of blink reflex amplitude
was present in all 14 subjects from the first to the 30th
trial (Fig. 2A). Results are shown for the left eye be-
cause blink reflex amplitudes were significantly larger
on the stimulated left side as compared to the con-
tralateral right side (group mean of non-normalized
blink amplitude: left eye = 3.38 + 1.84 mm, right eye
= 216 = 1.70 mm; P < 0.001, paired f-test). The
amount of amplitude reduction (first vs. last trial)
varied between 33% and 100% (mean 63 * 25%).
Linear regression analysis showed a significant reduc-
tion in all subjects (all P-values < 0.01). Similarly,
one-way ANOVA showed a significant trial effect on
the group level (P < 0.001) (Fig. 2B). The amplitude of
blink reflexes was considered covariate in the fMRI
statistical analysis.

Imaging
Cerebellar activations

Table I summarizes the Z-scores, MNI coordinates
and cluster sizes for the cerebellar areas of significant

increases of BOLD effect related to the air-puff-in-
duced blink reflexes vs. rest for a fixed and random
model group analysis as well as for each individual
subject. There were robust activations in the first level
group statistic (fixed model) localized in one big clus-
ter (P < 0.001, cluster size = 4,022 voxels) with an
absolute maximum in hemispheral lobule VI in the left
posterior lobe (—36, —56, —34 mm). Activations were
spread out to the anterior regions of the posterior lobe,
with local maxima in hemispheral lobules VI and Crus
I, and to a more posterior region of the posterior lobe,
with local maxima in hemispheral lobules VIIb, Crus
II, and VIlIa. Activations were more pronounced in
the lateral hemispheres and on the left (ipsilateral)
side, but extended to intermediate and medial cere-
bellar regions and to corresponding regions within the
anterior and posterior parts of the contralateral right
posterior cerebellar hemisphere. Coordinates and Z-
scores of the most significant local maxima in hemi-
spheral lobules VI and Crus I, and lobules Crus II,
VIIb and VIIla (belonging to the same cluster) are
given in Table L

Implementing of the second level statistic (i.e., ran-
dom model analysis) did not significantly change the
statistical results. At the same significance threshold
(P < 0.001) one big cluster remained with an absolute
maximum in hemispheral lobule VI (—34, —50, —38
mm) and additional local maxima in the anterior (lob-
ules Crus I, VI) and posterior region (lobule VIIb) of
the left posterior cerebellar hemisphere. Local maxima
were also present in lobules VI and Crus I of the
anterior part of the right posterior lobe. No significant
maxima were found in the more posterior region of
the right posterior lobe. The statistical group data
from the random model are displayed on coronal sec-
tions of a typical canonical MNI brain in Figure 3.

Group data were confirmed by findings in individ-
ual subjects. Figure 4 shows characteristic examples of
eight single subjects with SPMs being displayed on
coronal sections. The y coordinates shown in Figure 4
correspond to the y coordinates of the cluster with the
highest Z-score given in Table I (see Individual sub-
jects). Individual findings were most consistent for
activations within the anterior region of the posterior
lobe. All but one (Subject 13) of the 14 subjects exam-
ined showed activation in hemispheral lobule VI and
all but two in Crus I (Subject 7, Subject 13). In most
cases activation was largest in more lateral regions of
the cerebellar hemisphere, but, depending on the
threshold used, extended frequently to intermediate
and medial parts of the cerebellum. Individual find-
ings were more variable within the more caudal re-
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Figure 2.

Kinematic data of blink reflex re-
cordings during fMRI-experi-
ments. Normalized (% maximally
voluntary eye closure) blink re-
flex amplitudes of the stimulated
left eye are shown for all active
events (total of 30 air-puffs) in
each individual subject (A) and
for the group of 14 subjects (B).
Note decrease of reflex ampli-
tudes from the first to the last
trial both in individual and group
data (habituation).

gions of the posterior lobe. Although all but two sub-
jects (Subject 7, Subject 11) showed activations in the
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II, VIIb, or VIIla. All but two (Subject 3, Subject 7)

subjects showed bilateral activations (Table I).
caudal posterior lobe, local maxima of individual sub-

jects were present to various extends in lobules Crus

No cerebellar activations were found within the
anterior lobe (lobules I-V) on the group level (random
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TABLE I. Coordinates in MNI standard anatomical space for the peaks of cerebellar activation*

Anterior region of posterior lobe:

Lobules VI, Crus I

Posterior region of posterior lobe:
Lobules Crus II, VIIb, VIIIa

Left (ipsilateral)

Right (contralateral)

Left (ipsilateral) Right (contralateral)

XY,z V4 KE XY,z V4 KE XY,z V4 KE XY,z Z KE
Group analysis
Random model —34,—50,—38% 512 1058 30,—68,—24 4.59 39 -—38,-58,—46 4.79 1058
—34,—82,—28 4.76 52,—66,—34 4.24 78 —40,—52,—48 454
—26,—66,—26 4.74 12,—86,—28 3.93 42
-30,—72,-26 4.60
Fixed model —-36,—56,—34* >7.77 4022 48,-72,—-30 6.44 4022 —-34,-76,-54 736 4022 20,-76,—50 3.99 16
—34,-66,—-30 >7.77 32,—66,—26 6.05 —10,—86,—24 6.48 42,-56,—50 3.75 32
—30,—68,—28 7.55 —40,—66,—46  4.88
—40,—74,—-28 7.46
Individual subjects
1 —54,-62,—30 5.32 56  4,-76,—12 397 202 -22,-70,-56 3.50 7
2 —34,—54,—32° 4.05 66 44,-76,—22 4.03 250 -30,—-70,-50 3.73 33
3 —34,—66,—34° 6.32 1859 -20,—76,—50* 6.53 1859
4 —40,—-72,—-26 415 258 0,—-72,—-10 3.87 98 —22,—64,—54°> 496 106 18,—68,—56 4.68 72
—6,—80,—16% 4.25 98
5 —36,—48,—36 3.99 16  2,-76,—18 3.77 35 —40,-70,—-54 3.71 18
6 —32,—64,—28° 4.62 559 26,-68,—-30 4.15 178 -20,—-76,—48 438 101
7 —42,—80,—26 3.35 9
8 —-12,-72,—-22 3.39 12 40,—-58,-36 3.17 8 —44,-62,-54 297 6 54,—54,—42 392 46
9 —40,—54,—32° 5.08 475 36,—64,—24 421 246 —34,-56,—54 495 409
10 —36,—64,—22° 3.67 80 —34,-48,—44 3.67 113 36,—44,-52 3.67 11
11 —34,—68,—26" 583 1726 36,—54,-30 556 179
12 -16,—72,—38 438 332 14,-74,-34 445 84 -—22,-78,—40 391 332
13 30,—58,—-30 3.21 10 —20,—62,—48 3.67 20 20,—66,—52 435 43
14 —36,—62,—34° 6.05 875 34,-60,—34 4.60 688 —34,—-58,—-58 4.14 36

* Coordinates in mm. Error probabilities for random model: P < 0.001; fixed model: P < 0.001; single subjects: P < 0.005.

# Absolute cluster maximum.
P Coronar sections to actual y coordinates are shown in Figure 4.
Z, Z-score; KE, cluster size.

and fixed models). Similarly, in single subjects no
activations in the anterior lobe were found, with the
exception of two subjects showing activations in lob-
ule V (Subject 7: —26, —38, —28 mm, Z = 2.91; Subject
13: —10, —50, 20 mm, Z = 3.00). Group data (fixed
model: =18, =56, —44 mm, Z = 3.68; 0, —54, —36 mm,
Z = 3.42) and results in four individual subjects (Sub-
ject 3, Subject 7, Subject 12, Subject 14) showed addi-
tional activations in ipsilateral (left) lobule IX, primar-
ily in vermal areas. For example, activation of vermal
lobule IX is shown in single Subject 14 in Figure 4 (-2,
—58, —42 mm, Z = 3.38).

Brainstem activations

Statistical results yielded also areas of significant
increases of BOLD effect in the region of the brainstem
based on group and single subject data. Table II sum-
marizes MNI coordinates, Z-scores and cluster sizes

for the brainstem activations based on group (random
and fixed model) and single subject analysis.

Group analysis (fixed model; P < 0.005) showed one
area of activation at the level of the mesencephalon
close to the upper pons (vertical z coordinate in the
range of —12 mm to —20 mm) and two areas of
activation at the level of the upper part of the medulla
oblongata next to the lower pons (z ~50 mm). Figure
5 shows the results of the group SPM (fixed model) for
the brainstem region displayed on sagittal sections of
a standard MNI brain. The most robust activation was
found localized in one bigger cluster (cluster size
= 254 voxels) with an absolute maximum at the level of
the mesencephalon (4, 14, —18 mm). There was some
spread-out of activations to the upper and more poste-
rior pontine region (local maximum 2, —28, —26 mm, Z
= 3.79). In the upper medullary part two regions of
activations were present, one located more anteriorly
and one more posteriorly.
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Figure 3.
Cerebellar areas of blink reflex-
related activations: Group data
(n = 14) are shown based on the
random  effects model (P
< 0.001). SPM (t) maps are dis-
played on coronal sections of a
typical canonical brain from the
MNI. The y-coordinate varies be-
tween —46 mm and —82 mm
with a step of 4 mm. Laterality is
indicated by L (left) and R (right).

In Figure 6 plots of the individual fitted hemody-
namic response functions (HRF) are shown for the
voxels corresponding to the absolute maximum of the
three clusters with significant fixed model statistical
activation (Table II). These plots show that there was a
common tendency for most of the individual subjects
to react with positive HRF to the active event (com-
pared to baseline) for areas in the mesencephalon (Fig.
6A) and upper medullary parts (Fig. 6B,C) despite
some variance in the amplitude between subjects.

Based on the statistically more conservative random
effects model one region of significant brainstem acti-
vation was found corresponding to the region in the
mesencephalon shown in Figure 5 and Figure 6A (10,
—22, =16 mm; P < 0.005).

Results of single subjects show that there were con-
sistent activations at P < 0.005 for eight of the subjects
studied at the level of the mesencephalon (Fig. 7; Table
II). Four subjects showed significant activations in the

upper medullary region. In individual subjects, but
not in the group data, additional activations were
found within the region of the pons (Subject 13: 38,
—36, —25 mm, Z = 3.5), lower medullary region (Sub-
ject 6: —10, —46, —62 mm, Z = 4.89; Subject 11: —6,
—36, —62, Z = 5.24) and the superior colliculi (Subject
1: =2, =30, —4 mm, Z = 4.27; Subject 6: 4, —22, —16
mm, Z = 3.03). In Subject 6 the plot of HRF for the
voxel corresponding to the absolute maximum of the
cluster in the lower medullary region showed BOLD
signal changes up to 6%. This unusual high BOLD
signal change most likely reflected an artifact, e.g., due
to swallowing movements correlating with the stimu-
lus time, and was excluded from group statistical anal-
ysis. As the superior colliculi are related to eye move-
ments, activations may represent eye movements
accompanied with the blink reflex [Sibony and Ev-
inger, 1998] or orientation of the eyes toward the
acoustic stimulus evoked by the air-puff (that may be
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heard by some of the subjects despite headphones and
the noise of the scanner) [Baars, 1999].

DISCUSSION
Cerebellar activations

Two main areas of blink reflex related activity were
found within the posterior lobe of the ipsilateral cer-
ebellar hemisphere. As can be seen in Figure 3 (group
data) and Figure 4 (findings in individual subjects)
one region was located in the anterior part of the
posterior lobe adjacent to the anterior lobe, and the
other in more caudal parts of the posterior lobe. Blink
reflex related activity was not limited to the ipsilateral
cerebellum. Rather, although less pronounced, activity
was also found in corresponding areas of the con-
tralateral hemisphere. Our findings of two main areas
of activation within each hemisphere agree with the
existence of two body maps within the cerebellum
coming from the early works of Adrian [1943], Snider
and Stowell [1944], and confirmation in more recent
fMRI-studies in humans [Grodd et al., 2001; Nitschke
et al., 1996; Rijntjes et al., 1999].

The present fMRI study does not allow a decision
about which role the activated cerebellar areas play

Figure 4.

Cerebellar areas of blink reflex-
related activations: Data of eight
single subjects are shown (P
< 0.005). SPM (t) maps are dis-
played on coronal sections of a
typical canonical brain from the
MNI series. The y coordinates
correspond to the cluster with
the highest Z-score in each sub-
ject (Table I). Laterality as in Fig-
ure 3.

510, y=-64

514, y=-62

during evocation of the eyeblink. The cerebellar acti-
vation in response to an air-puff may simply reflect
trigeminal sensory inputs to the cerebellum from the
stimulus or the blink response, cerebellar participation
in trigeminal reflex blinks, or a combination of the two
possibilities. There is evidence from animal studies
supporting both possibilities. The cerebellum is a ma-
jor target of both direct fibers and trigemino-olivo-
cerebellar and trigemino-reticulo—cerebellar fibers
originating in various parts of the sensory trigeminal
nucleus. The present findings are essentially consis-
tent with electrophysiological and histological studies
showing that the main mossy and climbing fiber input
from the face is to ipsilateral lobule H VI. Additional
input to lobules H V and H VII and bilateral projec-
tions have also been described [Carpenter and Hanna,
1961; Cody and Richardson, 1979; Darian-Smith and
Phillips, 1964; Dunn and Matzke, 1968; Hesslow, 1994;
Ikeda, 1979; Miles and Wiesendanger, 1975; Snider,
1943; Snider and Stowell, 1944; Somana et al., 1980;
Stewart and King, 1963; van Ham and Yeo, 1992].
Although cerebellar areas with increased activity
may simply represent areas receiving trigeminal in-
put, it seems likely that these afferents are used for
control of the eyeblink. Anatomical animal data sug-
gest strongly that these cerebellar areas are connected
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TABLE Il. Coordinates in MNI standard anatomical space for the peaks of brainstem activation
Mesencephalon Medulla oblongata upper part
XY,z Z KE XY,z Z KE
Group data
Random model 10,—22,—16 4.64 24
Fixed model 2,—14,—18>F 6.58 254 2,—28,—52° 4.69 24
-8,—12,—18 6.00 2,—38,—46° 4.56 88
Individual subjects
1 8,—10,—18* 4.68 119 8,—32,—-52 3.63 51
—14,22,—-16 4.30
2
3
4 —8,—20,—14 391 44
5 —6,—14,—16% 3.82 37
—4,-24,—-12 3.78
6 14,-20,—20 417 121
7
8 10,—18,—42 3.56 25
9 -2,—18,—14 455 62
10 —8,—36,—52 3.52 30
11 —18,—24,-22 5.30 31 —2,—38,—48 2.79 15
16,—28,—12 5.20 12
12
13 2,—28,—52 3.21 16
—2,—40,—50 3.13 11
14 —2,—-20,—22 3.10 21

Error probabilities for random model: P < 0.005; fixed model: P < 0.005; single subjects: P < 0.005.

2 Absolute cluster maximum.
P Fitted response plotted in Figure 6.
Z, Z-score; KE, cluster size.

with regions in the brainstem, which are known to be
involved in the control of the eyeblink response. The
red nucleus is known to receive afferents from the
interposed nucleus and to project to the facial nuclei
and premotor blink areas [Holstege et al., 1986, Mor-
cuende et al., 2001; van Ham and Yeo, 1992]. The
cerebello—rubral-olivary pathways provide a major
route by which the cerebellum may modulate excit-
ability of the eyeblink reflex pathways.

Furthermore, the local maxima of activation found
in Schmahmann hemispheral lobules VI, Crus I and
VIIb are also consistent with findings of animal lesion
and stimulation studies examining cerebellar areas
likely to be involved in blink reflex control. In his
detailed study in cats, Hesslow [1994] found two eye-
blink-related areas located in the hemispheral part of
Larsell lobule VI of the posterior lobe. A third area
was located in the superior hemispheral part of Larsell
lobule VII and a fourth in the superior paramedian
lobe. It should be noted that the superior part of
Larsell lobule H VII in cats corresponds to Schmah-
mann lobule Crus I in humans, and the superior part

of the paramedian lobe corresponds to Schmahmann
hemispheral lobule VIIb [Schmahmann et al., 2000;
Voogd and Glickstein, 1998]. More recently, Pellegrini
and Evinger [1997] described blink-related Purkinje
cells in Crus I of the ansiform lobule in rats, which
corresponds to Schmahmann lobule Crus I in humans.
Eyeblinks have also been observed after intracerebel-
lar stimulation of the border between lobules V and VI
in monkeys [Ron and Robinson, 1973].

In the present human study, maxima of activations
were found predominantly within more lateral parts
of the posterior hemisphere, whereas Hesslow [1994]
described eyeblink control areas mainly in the inter-
mediate parts of the cerebellum in cats. Findings may
not be contradictory, because Hesslow [1994] dis-
cussed that for the two blink areas in H VI, the medial
part was in the intermediate C3 zone, whereas the
lateral area could either be in the hemispheral Y zone
(initially named the D2 zone) or in the lateral part of
the intermediate C3 zone. Given that the lateral parts
of the cerebellar hemispheres are much more devel-
oped in humans compared to cats [Voogd and Glick-
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stein, 1998], areas within the more lateral parts of
corresponding lobuli may become more important in
control of the eyeblink in humans.

In addition, the present fMRI study showed a weak
activation in ipsilateral lobule IX (Larsell uvula and
paraflocculus). Because of the limited accessibility of
some cerebellar areas in his animal studies, Hesslow
[1994] noted that it cannot be excluded that there are
other areas in the cerebellar cortex that are directly or
indirectly involved in eyeblink control. In fact, van
Ham and Yeo [1992] found somatosensory trigeminal
projections to lobule IX and Nagao et al. [1984]
showed that eyeblink could be evoked from the rabbit
flocculus. This area in the cerebellum, however, may
be concerned with a different aspect of eyelid control.
Eyelid movements may accompany reflex eye move-
ments, which are known to be controlled by the floc-
culus and paraflocculus [Sibony and Evinger, 1998;
Zee et al., 1981].

Discharge of deep cerebellar nuclei neurons related
to eye blinks has been shown in cats [Gruart and
Delgado-Garcia, 1994]. Changes in BOLD response
were not detected in the cerebellar nuclei in the
present study, most likely because the BOLD signal is
not as sensitive as recording with an electrode. Simi-
larly, Ramnani et al. [2000] were unable to show

x=2

x=-4 x=-2

x=0

Figure 5.

Brainstem areas of blink reflex-
related activations: Group data
(n = 14) are shown based on the
fixed effects model (P < 0.005).
SPM (t) maps are displayed on
sagittal sections of a typical ca-
nonical MNI brain. The x coordi-
nate varies between —6 mm and
6 mm with a step of 2 mm.

changes in the BOLD contrast in the cerebellar nuclei
in their fMRI study of eyeblink conditioning.

Blink reflex related regions overlap with cerebellar
areas, i.e., hemispheral lobule VI, which has been
shown to be of major importance in eyeblink condi-
tioning in numerous animal studies [Yeo and Hess-
low, 1998 for review] and a recent fMRI study in
humans [Ramnani et al., 2000]. Although the present
study does not address directly the issue of cerebellar
involvement in eyeblink conditioning, results have
some relevance for the interpretation of human eye-
blink conditioning studies. First, the issue of impaired
motor performance (i.e., impaired unconditioned eye-
blinks) and its possible relation to deficits in eyeblink
conditioning, needs to be reconsidered in cerebellar
patients. The present results suggest that the human
cerebellum is involved in the control of the eyeblink.
The findings of unimpaired unconditioned eyeblink
responses reported in all but one human lesion studies
appear contradictory [Daum et al., 1993; Hacke et al.,
1983; Topka et al.,, 1993; Woodruff-Pak et al., 1996].
Previous human studies compared findings in groups
of control and cerebellar subjects. Comparison of the
affected and unaffected side in patients with unilateral
lesions, however, is more likely to show small changes
of amplitudes. This is supported by the finding of

¢ 110 »



¢ fMRI Study of Human Eyeblinks ¢

Mesencephalon

s
.

. -18]

-14

response at |2,

Medulla oblongata (posterior part)

2,-14,-18 i 2,-38, -46

-46]

-38,

0.

esponse al [2,

-]
peri-stimulus time {sccs}

10 13

Figure 6.
Fitted event-related hemody-
namic response functions for the
absolute maxima voxel in each of
the three main areas of blink re-
flex-related brainstem activation 1.
shown in Figure 5 and Table Il for
each individual subject (n = 14):
(A) within the mesencephalon,
(B) within the more posterior
part of the upper medulla oblon-
gata, and (C) within the more
anterior part of the upper me-
dulla oblongata. Insets: schematic
drawings of the locations of each
of the three local maxima super-
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increased EMG amplitudes on the affected side com-
pared to the unaffected side in a patient with an
unilateral cerebellar lesion [Timmann et al., 1998].
Findings need to be confirmed in a larger group of
patients with unilateral cerebellar lesions.

Second, assuming that the cerebellar areas involved
in the control of the unconditioned blink reflex play a
role in eyeblink conditioning, the cortical areas in-
volved in conditioning of the eyeblink response may
not be confined to hemispheral lobule VI in humans.
This is supported by findings of previous PET and
fMRI studies of eyeblink conditioning in healthy hu-
man subjects. Although in the PET studies no detailed
description of the activated cerebellar lobuli is given,
significant changes of blood flow are reported in more
widespread areas of the cerebellar cortex bilaterally

20 a5
[{secs)

el

and in the cerebellar vermis [Blaxton et al., 1996; Lo-
gan and Grafton, 1995; Molchan et al., 1994; Schreurs
et al., 1997]. In their fMRI study Ramnani et al. [2000]
found learning related changes in ipsilateral cerebellar
lobules H VI and Crus L. There are also animal lesion
studies suggesting that ipsilateral cortical areas other
than H VI and contralateral cortical areas play an
additional role in eyeblink conditioning, although to a
lesser extent than lobule H VI [Hardiman and Yeo,
1992]. In this case, eyeblink conditioning may not be
completely abolished in cerebellar patients with le-
sions confined to hemispheral lobule VI because other
cerebellar areas involved in eyeblink control (e.g.,
hemispheral lobules Crus I or VIIb; contralateral hemi-
sphere) may step in. Future studies should address
this question in patients with focal cerebellar lesions.
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Brainstem activations

Because the main neuronal circuit of the blink reflex
is located within the brainstem, brainstem activations
would be a reasonable finding [Esteban, 1999; Sibony
and Evinger, 1998]. In particular, activations of the
main input nuclei (i.e., principle trigeminal nucleus
within the pons and caudal spinal trigeminal nucleus
within the medulla oblongata) and output nuclei (i.e.,
facial nuclei within the pons) are to be expected. In the
brainstem, however, fMRI is complicated by cardiac-
related movement of the brainstem and liquid flow
and the unfavorable anatomical characteristics of the
vascular system [Backes and van Dyjk, 2002; Guima-
raes et al., 1998; Liu et al., 2000].

Areas of activation were observed within the region
of the lower mesencephalon and upper medulla ob-
longata, but not within the pons. Increased signal
variability due to cardiac-related, pulsatile brainstem
motion may be one important reason why no activa-
tions were found within the pontine input and output
nuclei of the blink reflex [Backes and van Dyijk, 2002;
Guimaraes et al., 1998].

The area of most consistent activation at the level of
the caudal mesencephalon most likely reflects MRI
signal changes from brainstem veins (Fig. 6A). It over-
lapped best with the known location of one of the
principal venous truncs of the mesencephalon (i.e.,

Figure 7.
Brainstem areas of blink reflex-related acti-
vations: Data of eight single subjects are
shown (P < 0.005). SPM (t) maps are super-
imposed on sagittal sections of a typical ca-
nonical brain from the MNI series. The x
coordinates were chosen to demonstrate
most of potential activations in different
parts of the brainstem in each subject. Re-
gions do not necessarily correspond to co-
ordinates of the local maxima within each
cluster as shown in Table II.

sl4, x=-2

basal vein) [see Fig. 72 in Duvernoy, 1995]. Activation
of the pontine principle trigeminal nucleus or the mes-
encephalic red nucleus, which is known to be involved
in blink reflex control [Holstege et al., 1986, Mor-
cuende et al., 2001; van Ham and Yeo, 1992], seems
less likely. The principle trigeminal nucleus is local-
ized more caudally within the pons, whereas the red
nucleus is localized more cranially within the mesen-
cephalon than the maximum of mesencephalic activa-
tion.

In the upper medullary region two areas were acti-
vated, one being located more anteriorly and the other
more posteriorly (Fig. 6B,C). Although activation of
medullary veins cannot be ruled out, the more ante-
rior part appeared to overlap with the olivary nucleus,
whereas parts of the medullary reticular formation
and caudal spinal trigeminal nucleus are known to be
located within the more posterior area. Although re-
sults were less consistent as compared to the region
within the mesencephalon (significant group data
present in fixed model only; only few single subjects
showed a significant activation), results seemed to be
valid because all but one of the subjects reacted with
positive HRF. The caudal trigeminal nucleus and
medullary reticular formation are thought to be in-
volved in the control of the R2 component, whereas
the inferior olive is likely to mediate cerebellar influ-
ences in blink reflex control. The first assumption is in
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good agreement with the hypothesis put forward by
Ongerboer de Visser [1983a,b] that the R2 component
in humans is conducted from the ipsilateral caudal
spinal trigeminal nucleus through polysynaptic med-
ullary pathways running both ipsilaterally and con-
tralaterally to the stimulated side before making con-
nections with the facial nuclei [Kimura and Lyon,
1972; Ongerboer de Visser and Kuypers, 1978; Valls-
Sole et al., 1996]. Similar findings have been reported
in cats [Hiraoka and Shimamura, 1977; Holstege et al.,
1986; Takada et al., 1984; Tamai et al., 1986]. Trigemi-
no—cerebellar climbing fiber afferents are known to be
conducted through the inferior olive [Hesslow, 1994;
Miles and Wiesendanger, 1975; van Ham and Yeo,
1992] and models of eyeblink conditioning assume the
unconditioned stimulus to be passed to the cerebellum
via this pathway [Bracha and Bloedel, 1996; Thomp-
son and Krupa, 1994].

Future fMRI studies preventing artifacts from car-
diac-related brainstem motions and excluding large
MRI signal changes from brainstem veins need to
readdress the question of blink reflex related areas
within the brainstem. Techniques for synchronizing
the MRI scans with heart rhythm and some post-
processing filtering for eliminating the pulsation effect
have been suggested in the recent literature [Backes
and van Dyjk, 2001; Guimaraes et al., 1998], as well as
avoiding of the vascular artifacts by excluding all of
the vascular voxels from the statistic calculation [Liu
et al., 2000].

CONCLUSIONS

Two main cerebellar areas within the posterior lobe
of the cerebellar hemisphere mainly on the ipsilateral
side have been found to be activated during reflex
eyeblinks in humans. These regions within hemi-
spheral lobules VI, Crus I, and VIIb [nomenclature
according to Schmahmann et al., 2000] agree with
cerebellar trigeminal projection areas and blink reflex
control areas shown in previous animal experiments.
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