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ABSTRACT: Background: Saccadic adaptation corrects errors in saccadic amplitude. Experimentally-induced saccadic adaptation
provides a method for studying motor learning. The cerebellum is a major participant in saccadic adaptation. Chiari type II malformation
(CID) is a developmental deformity of the cerebellum and brainstem that is associated with spina bifida. We investigated the effects of
CII on saccadic adaptation. Method: We measured eye movements using an infrared eye tracker in 21 subjects with CII (CII group) and
39 typically developing children (control group), aged 8-19 years. Saccadic adaptation was induced experimentally using targets that
stepped horizontally 12° to the right and then stepped backward 3° during saccades. Results: Saccadic adaptation was achieved at the
end of the adaptation phase in participants in each group. Saccadic amplitude gain decreased by 6.9% in the CII group and 9.3% in the
control group. The groups did not differ significantly (p = 0.27). Amplitude gain reduction was significantly less in the CII participants
who had multiple shunt revisions. Regression analyses revealed no effects of spinal lesion level, presence of nystagmus, or cerebellar
vermis dysmorphology on saccadic adaptation. Conclusion: The neural circuits involved in saccadic adaptation appear to be
functionally intact in CII.

RESUME: Adaptation saccadique dans la malformation de Chiari de type II. Contexte : L adaptation saccadique corrige les erreurs de I’amplitude
saccadique. L’adaptation saccadique induite expérimentalement peut étre utilisée pour étudier 1I’apprentissage moteur. Le cervelet participe de fagcon
importante a 1’adaptation saccadique. La malformation de Chiari de type II (CII) est une malformation du cervelet et du tronc cérébral qui est associée
au spina bifida. Nous avons évalué les effets du CII sur 1’adaptation saccadique. Méthodes : Nous avons mesuré les mouvements oculaires au moyen
d’un oculometre a infrarouge chez 21 sujets atteints de CII (groupe CII) et chez 39 enfants de 8 et 19 ans qui avaient un développement normal (groupe
témoin). L’adaptation saccadique était induite expérimentalement au moyen de cibles qui se déplagaient horizontalement de 12° vers la droite avec retour
de 3° pendant les saccades. Résultats : 1" adaptation saccadique était réussie a la fin de la phase d’adaptation chez les sujets des deux groupes. Le gain
d’amplitude saccadique diminuait de 6,9% dans le groupe CII et de 9,3% dans le groupe témoin. Les groupes n’étaient pas significativement différents
(p=0,27). La diminution du gain d’amplitude était significativement moindre chez les sujets CII qui avaient eu de multiples reprises chirurgicales de
leur dérivation. Les analyses de régression n’ont pas montré d’effet du niveau de la 1ésion spinale, de la présence de nystagmus ou de la dysmorphologie
du vermis cérébelleux sur I’adaptation saccadique. Conclusion : Les circuits nerveux impliqués dans 1’adaptation saccadique semblent intacts au point
de vue fonctionnel dans le CII.
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Chiari type II malformation (CII) is a congenital structural
deformity of the brainstem and cerebellum associated with spina
bifida (SB). In CII, the posterior fossa is small and, as a result,
its contents are distorted and compressed as they herniate
through the tentorial incisura and the foramen magnum.
Hydrocephalus occurs in over 85% of patients with CIL!*

Saccades are fast, orienting and conjugate eye movements.
Saccadic inaccuracies occur naturally as a result of aging and
disease. Saccadic adaptation corrects errors in saccadic
amplitude in a process of motor learning.’ The cerebellum, in
particular, vermis lobules VI and VII and the fastigial nuclei,
participates in controlling saccadic amplitude accuracy,®’ and in
saccadic adaptation.®3-1° Inactivation of cerebellar vermis
lobules VI and VII, or the fastigial nucleus results in markedly
dysmetric saccades.® Ablation of lobules VI and VII in monkeys
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and lateral medullary infarcts in humans abolish saccadic
adaptation.®1°

Vermis lobules VI and VII are structurally distorted in CII.2
In addition, children with CII have impairments in estimating the
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duration of short-interval tones (around 400 ms) and in
producing rhythmic finger tapping.!' This suggests that children
with CII have timing deficits that could impair saccadic
adaptation, because saccadic adaptation is processed by the
cerebellum and is thought to have its origin in a precisely timed
signal from the cerebellum.'!3

Error in saccadic amplitude can be induced experimentally by
changing the visual target location during a saccade.'*!> After as
few as 150 trials in which the target location is changed during
saccades, saccadic amplitude is adjusted to land closer to the new
target position.'®!7 Saccadic adaptation occurs in children.'®

We have previously shown that saccades are typically normal
in most children with CIL' Little is known, however, about the
effects of the deformity of CII on cerebellar motor learning.
Specifically, the functional consequences of CII on saccadic
adaptation had not been investigated in SB. In this study of
saccadic adaptation in CII, we hypothesized that: 1) Saccadic
adaptation is impaired in participants with CIIL. 2) The magnitude
of saccadic adaptation in the CII group is less in participants with
upper spinal level lesions, multiple shunt revisions, nystagmus,
and more vermis deformity as measured on midsagittal brain
MRI.

METHODS

Participants were selected from a cohort of patients who were
participants in a spina bifida project, funded by the National
Institute of Child Health and Human Development. Twenty-one
children with SB myelomeningocele and CII with hydrocephalus
were studied and their demographics have been discussed in
detail elsewhere.!® Their age range was between 8 and 19 years.
All had visual acuity of at least 20/40 and a verbal or
performance IQ of 70 or above. Exclusion criteria were
nystagmus in the range of the eye movement task on clinical
examination, paralytic strabismus, medication with drugs that
might interfere with eye movements (e.g., sedatives or anti-
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seizure medications), acute illness from the effects of
hydrocephalus in the CII group, ocular, psychiatric, or
neurological disorders unrelated to CII.

Thirty-nine typically developing children served as controls
and were recruited by local advertising. Demographics of the
control and CII groups were comparable (Table). Written consent
was obtained from participants or their legal guardian. Ethical
approval for this project was obtained from the Research Ethics
Boards at the Hospital for Sick Children and the University
Health Network, and the study was in accord with the declaration
of Helsinki guidelines.

Means and standard deviations for SB and control groups on
a visually guided upper limb pursuit task were used to guide
power calculations,?® and is discussed elsewhere.’® All
participants completed the task except for one with CII.

Spinal lesion level in the CII group was determined from
physical examination. Two groups were distinguished: Upper
spinal lesion level group (T12 and above, N = 6), and lower
spinal lesion level group (L1 and below, N = 15).2! Upper spinal
lesions are associated with worse outcome.???3

The number of shunt revisions in participants with CII was
used as a surrogate marker for the cumulative effects of severely
raised intracranial pressure.?>?* Three shunt groups were created.
Group 1 had no shunt revisions, Group 2 had one shunt revision,
and Group 3 had two or more shunt revisions.?>2

Eight participants were found to have gaze-evoked
nystagmus that was clinically detectable only outside the range
of the eye movement task. In seven of these participants, we
found a low amplitude (< 2°) gaze-evoked nystagmus on eye
movement recording in the range of the eye movement tasks that
was not detectable on clinical examination. The effect of
nystagmus was investigated.

Nineteen participants with CII had artifact-free, brain MRI
scans. The following were used as surrogate markers for cerebral
and cerebellar dysmorphology in CII on midsagittal MRI:

Table: Demographic information of the control and Chiari type II malformation (CII) groups

Control group

CII group

Number of participants 39 (18 F)
Age in years (SD) 13.7 (3.5)
Shunted hydrocephalus 0
Non-paralytic strabismus 3

Past history of seizures 2
Nystagmus® 0
Ambulatory 39

21 (10 F, 15 had lower spinal lesion)

14.3 (3.2)

21%* (5 had one shunt and no revisions, 9 had 1 shunt
revision, 7 had > 2 shunt revisions)

10* (7 with lower spinal lesion)

3

8* (6 with lower spinal lesion)

9% (none with upper spinal lesion)

*p<0.001 on chi squared test

§ Nystagmus present on clinical examination outside the range of the eye movement task
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Figure 1: Horizontal saccades are shown in response to a visual target displacement of 12° at (A) an early and (B) a latter stage of adaptation, recorded
from the right eye. Horizontal eye (E) and target (T) position traces are illustrated. Upward deflection represents rightward displacement of the eye. The
vertical scale shows amplitude in degrees. Time is displayed on the x-axis in ms. Figure (A) shows the dynamics of the horizontal saccadic adaptation
paradigm. During the initial saccade, the target is displaced back by 3°. Figure (B) shows a decrease in saccade amplitude (vertical double arrow) after
200 adaptive target steps, in comparison with Figure (A). Furthermore, the corrective leftward (downward arrow) saccade in (A) is no longer present

in (B).

intracranial fossa, posterior fossa, cerebellar vermis, vermis
lobules I-V, and vermis lobules VI-VII areas, the longest
longitudinal and transverse distances across the vermis,
herniation distance and area below foramen magnum.? All of
these measurements are different in children with CII in
comparison to typically developing children. For example, the
posterior fossa is significantly smaller while the cerebellar
vermis, vermis lobules I-V, and vermis lobules VI-VII areas, and
the longest longitudinal and transverse distances across the
vermis are significantly larger in children with CII in comparison
to typically developing children.?

EQUIPMENT AND PROCEDURES

An infrared, video eye tracking system (El Mar Inc.,
Downsview, Ont., Canada) was used to record eye position and
is described in more detail elsewhere.!® The system accuracy is
0.5°. The video image is sampled at 120 Hz.”” Head movements
were recorded using a magnetic head tracker (Flock of Birds™,
Ascension Technology Corp., Burlington, VT).

Each participant was seated on a chair with the eyes in the
central mid orbital position, facing the center of a 45 cm monitor
(Samsung, SyncMaster 900 NF), located 57 cm from the
participant’s cornea. The laboratory background was dark. The
visual target was a 2-mm, white square light that subtended 12
minutes of arc. Stimulus luminance was 4.1 cd/m? The
background monitor luminance was 0.001 cd/m?. Participants’
performance and alertness were monitored by a live video and by
an oscilloscope display of eye movements to provide feedback
during the task. Positions of each eye were calibrated with the
fellow eye occluded at seven horizontal and seven vertical
fixation light points. The participant’s head was stabilized using
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a chin rest. Eyeglasses were removed. The uncorrected visual
acuity was adequate for seeing and responding to the stimuli in
all cases. The non-preferred eye was patched.

The saccadic adaptation task has been described previously.'®
The visual target stepped at random time intervals ranging from
0.8 to 1.2 seconds. Targets stepped from random starting points
on the mid horizontal x-axis to points 12° rightward and
horizontal to the starting points. Fifty rightward target steps were
presented in the pre-adaptive and post-adaptive saccade tasks in
darkness. During the adaptive saccadic task, the same target
steps were presented but the target position was moved 3°
backward (leftward) from the end of the step position when
saccade eye velocity, which was computed on-line, reached
25°/s. The backward step was triggered by the initial saccade and
occurred during the saccade (Figure 1). Participants were unable
to detect the target back-step when the laboratory was dark and
when the monitor was covered by neutral density filters to
conceal the screen light. Without the filters, some participants
were aware of the target back-step in an earlier pilot study.
Participants were presented with four successive blocks, each
consisting of 50 rightward adaptive target steps. After the
adaptive saccadic task, 50 rightward 12° target steps were
presented in the post-adaptive saccade task in complete darkness
as described above.

PROCESSING OF EYE MOVEMENT DATA

The stimulus, head, and eye movements were digitized for
off-line analysis and the velocity signals were filtered using a 5-
point Savitsky-Golay differentiator. Initial saccades were
included for analyses if they had a minimum velocity of 100 °/s,
if the eye position trace shifted < 0.5° from baseline during the
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Figure 2: Reduction in saccadic amplitude gain is displayed following adaptation in both the control and Chiari type Il malformation groups. A) Mean
saccadic gain (£ISE) at baseline (G1), end of adaptation (G2), and post-adaptation (G3). Baseline saccadic gain decreased significantly in each group
following the adaptation task. B) Mean percentage reduction in saccadic amplitude gain from baseline (+ISE) at the end of adaptation (Ge) and after

adaptation (Gp). The differences between the two groups were not significant.

200 ms prior to target displacement up to saccade onset, and if
saccades occurred within a latency of 70 to 450 ms as described
previously.'” The beginning and end of saccades were marked
automatically by interactive software when eye velocity
exceeded 30°/s. The data was displayed on a computer monitor
so that the automatic markings could be edited by cursors.
Adaptive saccades were included only if the target back-step
occurred during the initial saccade. Leftward saccades were not
measured. None of the saccades were associated with a
horizontal head rotation > 0.5°.

ANALYSES

Analyses were done using a Statistical Package for Social
Sciences.”® Normality of the data distribution was tested.”” Mean
saccadic amplitude gains (G) for each participant, defined as
saccade amplitude/ target amplitude, were calculated for all
marked initial saccades at baseline (pre-adaptive task) (G1), at
the last block of the saccadic adaptation task with back steps (end
of the adaptive task) (G2), and after the adaptive task (post-
adaptive task) (G3). G2 and G3 were each compared with Gl
using paired, two-tail Student t-tests for each group to test
whether adaptation occurred. To quantify the amount of
adaptation, the mean relative change in saccadic gain was
calculated at the end of the adaptive task (Ge), [i.e., (G2-G1)/G1]
and the post-adaptive task (Gp), [i.e., (G3-G1)/G1] for each
participant, as described elsewhere.’*3! The overall mean values
of Ge and Gp in the control and CII groups were compared using
independent Student t-tests. G2 and G3 were compared within
each group to test whether de-adaptation, defined as a significant
increase in saccadic gain after the adaptation task on paired
samples Student t-tests, occurred. This analysis was done to
insure that the reduction in saccadic amplitude gain during the
adaptation task was not caused by fatigue.
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Variability (i.e., standard deviations) of saccadic amplitude
gain by group was compared using Levene’s test for equality of
variances.” To investigate intra-subject variability, the mean
value of the standard deviations (SD) of saccadic gain for each
participant was calculated for each group and compared using,
independent Student t-tests. This analysis was performed
because patients with cerebellar diseases are known to have
larger saccadic amplitude variability than healthy controls.

Further variability in saccadic adaptation within the CII group
based on spinal lesion level and nystagmus was investigated
using independent 2-tailed t-tests. One-way ANOVA was used to
compare the shunt groups. Two-tailed Pearson correlation tests
for normally distributed data, and Spearman’s correlation tests
for non-parametric data,?® were used to correlate Ge with the
number of adaptive saccades and with MRI parameters in the CII
group. Further analyses were done using linear stepwise
regression models. For all tests, significance was defined by p
values < 0.05.

RESULTS

The number of saccades and saccadic amplitude gains at
baseline, end of adaptation and post-adaptation had approx-
imately normal distribution. The mean number of rightward
saccades (SD) that met our strict inclusion criteria for analysis
was 37 (10) at baseline in the CII Group. None of the participants
noticed the back-step during the adaptive saccadic task when
questioned at the end of the task.

DIFFERENCES BETWEEN GROUPS

Mean saccadic amplitude gain and the number of saccades
were not significantly different between the control and CII
groups at baseline, end of adaptation or post-adaptation tasks
(Figure 2A). Saccadic adaptation, defined as significant
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Figure 3: Time course of saccadic adaptation in a typically developing child and a child with Chiari
type Il malformation. Note the wider spread of the data (i.e., larger variability) in the child with CII.
This larger variability in performance is seen in people with cerebellar dysfunction.

reduction in baseline gain following adaptation on paired
samples Student t-tests (p < 0.05), occurred in each group over
the course of the task (Figure 2A). The time course of saccadic
adaptation is shown in Figure 3.

The mean percentage in gain reduction from baseline, Ge
(x1SE) was 9.32 (1.16)% in the control group (N = 39) and 6.92
(2.00)% in the CII group (N = 21) at the end of the adaptive task.
The ideal decrease in gain would be 25% (3° back-step of 12°
target step). In other words, the control group attained 37.3%
(9.32/ 25) and the CII group attained 27.7% (6.92/ 25) of the
ideal gain reduction at the end of the adaptive task. These
reductions in saccadic gains were not significantly different
between the two groups (p = 0.27) (Figure 2B). After the
adaptive task, the mean percentage in gain reduction from
baseline, Gp (£1SE), was -5.5 (1.2)% in the control group (N =
39) and -4.4 (2.0)% in the CII group (N = 20). The difference
between the two groups was not significant (p = 0.62) (Figure
2B). De-adaptation, defined as a significant increase in saccadic
gain after the adaptation task, occurred in the control group (p
<0.0001) and approached significance in the CII group (p =
0.059).

Between-group variability. When the variability (i.e., SD) of
saccade gain in the control and CII groups was compared,
saccadic gain was more variable in the CII group throughout the
task. This increased variability in the CII group (SD 0.17) was
significant only at baseline (control group SD 0.08, p = 0.04).
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Intra-subject variability. There was a significantly larger
intra-subject variability for saccadic gains at the end of
adaptation in the CII group compared to the control group.
Variability in gain in the CII group was 0.16 versus 0.13 in the
control group, p = 0.037. This can also be clearly seen in Figure
3. Intra-subject variability in baseline and post-adaptation
saccades gain did not differ significantly between the two
groups.

Variability within the CII group. There was no significant
effect of age or gender on Ge. The number of adaptive saccades
(i.e., the initial saccades that triggered the target back-steps) did
not affect Ge. The CII participants had a mean of 128 saccades
(SD 38) in response to back-stepped targets, while control
participants had a mean of 139 saccades (SD 34). The difference
was not significant.

Spinal lesion level. There was a trend for a higher mean
saccadic gain at baseline in participants with upper spinal lesion
level, (gain = 1.00, SD 0.22) compared to participants with lower
spinal lesion level (gain = 0.85, SD 0.13, p = 0.056). However,
no significant difference in adaptation was seen within the CII
group by spinal lesion level.

Number of shunt revisions. There was a trend for a shunt
group effect. Ge (x1SE) in the ‘no shunt revision’ group (N = 5)
was -14.7 (2.1)% versus -6.12 (1.6)% in the group requiring one
shunt revision (N =9), and -2.4 (4.8)% in the group that required
greater than one shunt revisions (N = 7), [F (2,20) = 3.21, p =
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0.06, one-way ANOVA]. The magnitude of adaptation in the
groups that had ‘no shunt revision’ or ‘one shunt revision’ was
not significantly different from the control group. However, the
magnitude of adaptation in the group that had ‘more than one
shunt revision’ was significantly different from the control group
(p =0.047).

Nystagmus. Participants with nystagmus that was visible only
in eccentric gaze did not differ significantly from participants
without nystagmus, in mean baseline gain, mean number of
adaptive saccades, or mean percentage gain reduction.

MRI parameters. No significant correlation was found
between the change in gain from baseline, Ge, and MRI
measurements in participants with CIIL

Linear stepwise regression analyses also showed no
correlation between Ge and age, gender, number of adaptive
saccades, spinal lesion level, presence of nystagmus, number of
shunt revisions, or MRI measurements.

DiscussioNn

Most children with CII typically have intact saccades.!® Our
investigation has also shown that they are capable of adapting
their saccades. This suggests that deformity of CII does not
adversely affect ocular motor learning. In the current study,
participants in the CII and control groups attained a comparable
percentage in saccadic gain reduction with an equivalent number
of saccades with target back-steps. The magnitude of reduction
in saccadic amplitude was similar to values attained by some
children,?! adults, and monkeys.**? Therefore, the neural circuits
required for saccadic adaptation are not adversely affected by the
cerebellar deformity of CII in children with SB as young as eight
years old. The spatial resolution of the eye tracker and its
sampling rate of 120 Hz sufficed for comparing saccadic
amplitude reduction. A relatively large target back-step of 3°
provided saccadic amplitude reduction that was detected clearly
above the noise level of the eye tracker and ensured that the
back-step was small enough to be undetected by participants.

Saccadic adaptation is reversible.”!¢ Our results demonstrated
that saccadic adaptation is also reversible in children with CII
because saccadic gain increased after the adaptation task.
Therefore, the reduction in saccadic amplitude gain at the end of
the adaptation task was not caused by fatigue in this study.
Variability in saccadic amplitude gain was larger in the CII group
in comparison to the control group. Cerebellar dysfunction
causes large variability in saccadic amplitude.®** Variability in
visual attention tasks has also been reported in children with
CIL.3

The CII patients with upper spinal lesion level have greater
deformity of posterior fossa structures than patients with lower
spinal lesion level.”> We found no difference in the ability to
adapt saccades based on spinal lesion level. However, baseline
saccadic gain was larger in the upper compared to the lower
spinal lesion level group. This relative hypermetria may signify
more cerebellar dysfunction in patients with upper spinal lesion
level 336

Shunt revisions are usually but not always done following
shunt blockage. The number of shunt revisions is considered to
be a surrogate marker for the cumulative effects of raised
intracranial pressure on the developing brain.>* The amount of
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saccadic gain reduction in CII decreased with an increasing
number of shunt revisions. Repeated expansion of the fourth
ventricle by hydrocephalus might damage the fastigial nuclei,
which lie at the apex of the fourth ventricle. The fastigial nuclei
are necessary for saccadic adaptation.’

Recording eye movements in children is challenging,
especially in those with chronic disability. Restricting the current
study to participants with a verbal or performance 1Q > 70
selected higher functioning individuals with CII. The ability of
mentally retarded individuals to adapt saccades remains
unknown.

The major strengths of this study include the use of a non-
invasive and well tolerated eye tracker system on children, the
relatively large number of participants, and the use of saccadic
adaptation as a model for studying ocular motor learning in
children with a developmental anomaly of the hindbrain.

This investigation has shown for the first time that saccadic
adaptation is intact in children with CII. Two adults with
congenital cerebellar malformations, one with Dandy-Walker
malformation and the other with cerebellar hypoplasia, were able
to adapt their saccades, albeit to a lesser degree than eight
healthy adult controls.’* The chronic, developmental, and
congenital nature of CII may permit the dysmorphic cerebellum
to re-calibrate eye movements to minimize errors. Alternatively,
the cerebellar structures involved in saccadic adaptation may not
be functionally affected by the deformity of CII. In CII, the
vermis is compressed and its entire midsagittal surface area is
enlarged.” This enlargement involves lobules VI and VII, which
participate in saccadic adaptation.® The ability of the midsagittal
vermis area to expand in all directions, because of its midline
location,” is postulated to leave its ability to process saccades,"”
and saccadic adaptation intact. This proposition is supported by
the current investigations’ findings of the absence of correlation
between saccadic adaptation and midsagittal vermis or lobules
VI and VII area morphologies.

In contrast, saccadic adaptation is impaired in acquired
cerebellar disorders.!%3337 This, however, may depend on the
natural history and chronicity of the disease, because Mezey and
Harris,?' found that adaptation was preserved in children with
resolved opsoclonus-myoclonus syndrome, despite the presumed
cerebellar involvement.

Intact saccadic adaptation implies integrity of the neural
structures that participate in this motor learning, which includes
vermis lobules VI and VII. However, cerebellar hemisphere
function is impaired in patients with CII; for example,
individuals with SB have impaired perception of the duration but
not the frequency of tones,!! as well as motor timing and speech
deficits.*® Alternatively, saccadic adaptation in children with CII
may be processed in structures outside the cerebellum. However,
we found no published evidence for such a proposal.

Studies of skeletal motor learning in CII are consistent with
the results of the ocular motor learning in the present study.
Biasing of weight judgments, adaptation on reaching
movements, and mirror drawing performance, which require a
functional cerebellum, are normal in patients with CII.3%40
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