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Chiari type II malformation (CII) is a congenital anomaly of
the cerebellum and brainstem, both important structures for
processing smooth ocular pursuit. CII is associated with
myelomeningocele and hydrocephalus. We investigated the
effects of CII on smooth pursuit (SP) eye movements, and
determined the effects of spinal lesion level, number of shunt
revisions, nystagmus, and brain dysmorphology on SP. SP was
recorded using an infrared eye tracker in 21 participants with
CII (11 males, 10 females; age range 8–19y, mean 14y 3mo
[SD 3y 2mo]). Thirty-eight healthy children (21 males, 17
females) constituted the comparison group. Participants
followed a visual target moving sinusoidally at ±10˚
amplitude, horizontally and vertically at 0.25 or 0.5Hz. SP
gains, the ratio of eye to target velocities, were abnormal in
the CII group with nystagmus (n=8). The number of shunt
revisions (range 0–10), brain dysmorphology, or spinal lesion
level (n=15 for lower and n=6 for upper spinal lesion level)
did not correlate with SP gains. SP is impaired in children
with CII and nystagmus. Abnormal pursuit might be related
to the CII dysgenesis or to effects of hydrocephalus. The lack
of effect of shunt revisions and abnormal tracking in
participants with nystagmus provide evidence that it is related
primarily to the cerebellar and brainstem malformation. 

Smooth ocular pursuit consists of slow conjugate eye move-
ments that stabilize the image of a moving target on or near
the fovea to ensure optimal visual acuity. Smooth pursuit
(SP) is usually generated in response to a moving small visual
stimulus.1 Neural processing of SP involves the frontal,2 tem-
poral, and parietal lobes,3 the brainstem tegmentum, and
the cerebellum.4-6

Chiari type II malformation (CII) is a congenital deformity
of the brainstem and cerebellum that is associated with
myelomeningocele. In CII, the posterior fossa is small and, as
a result, its contents are distorted as they herniate through the
tentorial incisura and the foramen magnum.7 Hydrocephalus
requiring shunt diversion occurs in more than 85% of patients
with myelomeningocele.7

Recordings of smooth ocular pursuit in children with CII
are lacking. Analysis of SP in children with CII is potentially
interesting because it can provide insight about whether the
congenital deformity of CII, which involves neural structures
that process SP, can affect the ability to develop normal SP eye
movements during childhood. In this study, we hypothe-
sized that SP would be adversely affected by the deformity of
CII, and that SP impairment in CII would be worse in partici-
pants with upper spinal lesion level because they usually
have a more dysmorphic brain on magnetic resonance imaging
(MRI),8 multiple shunt revisions, which signify more dam-
age from raised intracranial pressure, and gaze-evoked nys-
tagmus, which disrupts smooth eye movements. We also
postulated that impairment of SP would correlate with the
deformity of the cerebellar vermis. 

Method
PARTICIPANTS

Twenty-three participants with myelomeningocele and CII
were selected randomly from a cohort of children who were
participants in a spina bifida project funded by the National
Institute of Child Health and Human Development (USA).
Forty typically developing children in the comparison group
were recruited by local advertising. Participants were between
8 and 19 years of age. All had best corrected near and distant
monocular visual acuity of at least 20/40. None had mental
retardation.* Exclusion criteria were nystagmus on clinical
examination within the range of the eye movement task, med-
ication with drugs that might interfere with eye movements,
acute hydrocephalus, ocular or neurological disorders unre-
lated to CII, and syringobulbia on MRI. Saccades in these par-
ticipants have been investigated previously.9

Ethical approval for this project was obtained from the
Research Ethics Boards at the Hospital for Sick Children and
the University Health Network, Toronto, Canada and the
study was in accord with the declaration of the Helsinki
guidelines. Written consent was obtained from all partici-
pants or their legal guardian. 

Means and standard deviations (SDs) for myelomeningo-
cele and comparison groups on a visually-guided upper limb
pursuit task,10 were used to guide power calculations.9,11

Based on a two-sample t-test power analysis, a sample size of
26 per group would detect a significant difference between
the CII and comparison groups with 80% power, and 5% confi-
dence level.11 Unequal numbers of participants in each group
and a larger sample size changed the power to 82%.11
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See end of paper for list of abbreviations. *UK usage: learning disability.



Spinal lesion level 

Two groups were distinguished: upper spinal lesion level
group (thoracic vertebrae 12 and above, n=6), and lower
spinal lesion level group (lumbar vertebrae 1 and below,
n=15).9 This is based on the developmental process of neural
tube closure.12

Hydrocephalus

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.

Nystagmus

Participants who had nystagmus on clinical examination with-
in the range of the eye movement tasks were excluded. Eight
participants had nystagmus that was clinically apparent only

in eccentric gaze and, in seven of these participants, we found
low amplitude (<2˚) and predominantly horizontal, gaze-
evoked nystagmus on eye movement recording.

MRI measurements

Nineteen participants with CII had artifact-free brain MRI.
Computer software (Ataman Software Inc, 1998) calculated
distances or areas of the selected regions of interest on a T1- or
T2-weighted midsagittal MRI. The following were mea-
sured: the longest longitudinal and transverse distances across
the vermis, herniation distance, and area below foramen mag-
num, intracranial fossa, posterior fossa, cerebellar vermis, ver-
mis lobules I to V, and vermis lobules VI to VII areas. All of these
measurements are significantly different in children with CII in
comparison to typically developing children.13

EQUIPMENT AND PROCEDURES

An infrared, video eye tracking system (El-Mar Inc, Downsview,
ON, Canada) was used to record horizontal and vertical eye
position.14 The video image was sampled at 120Hz. The sys-
tem’s accuracy was 0.5˚. The experimental set-up has been dis-
cussed in detail before,15 but briefly, each participant was
seated on a chair facing the center of a computer monitor locat-
ed 57cm from the participant’s cornea. A chin rest was used to
stabilize the participant’s head. The visual target was a 2mm,
white square light. Eye movement positions were calibrated

for each eye at 14 fixation light points. 
Participants’ performance and alertness were monitored

by a video camera and by an oscilloscope display of eye move-
ments to provide feedback during the task. 

Task

A monocular viewing condition was used. The non-preferred
eye was covered. Movements of the viewing eye were mea-
sured. The target movement was smooth and sinusoidal (Fig.
1), with ±10˚ amplitude horizontally and vertically at 0.25
and 0.5Hz, yielding peak target velocities of 15.5˚/s and 31˚/s
respectively, and is discussed in more detail elsewhere.15

Data processing 

This has been described in detail in a previous paper,15 but
briefly, target and eye movements were digitized for offline
analysis. Saccades were automatically marked by purpose-
designed computer software. Eye position traces were creat-
ed after removing saccades and artifacts, and replacing the
missing parts with an interpolated parabola as described
elsewhere.15 Target and eye position traces were then differ-
entiated16 to obtain velocity traces. Each cycle of the resul-
tant eye velocity trace was then fitted with a sinusoidal func-
tion to determine the amplitude and phase of the response
for a given frequency.17 SP gain for each cycle was calculated
as the ratio of the amplitude of the eye velocity trace to the
amplitude of the target velocity trace, while SP phase was
the difference in the angles of the sine function of the eye
and target velocity traces.15

ANALYSES

For each participant, the means and SDs of SP gains and
phases at each target direction and frequency were comput-
ed. Analyses were performed using a Statistical Package for
Social Sciences for Windows 2001 (SPSS Inc. Chicago, IL,
USA). Normality of data distribution was tested using the mean,
median, SD, skewness, kurtosis, and box plots.11

SP parameters were compared between the comparison
and CII groups and within the CII group based on spinal
lesion level and nystagmus using independent student t-tests
for normally distributed data or the Mann–Whitney U test
for non-parametric data.11 SP parameters were correlated
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Figure 1: Horizontal smooth pursuit (SP) of right eye

(upper trace) in a child with Chiari type II

malformation and nystagmus in response to a visual

target (middle trace) moving sinusoidally at 0.5Hz.

Upward deflection represents rightward movement.

Upper trace shows fast eye movements, which represent

catch-up saccades (vertical arrows). Corresponding

eye velocity (bottom trace) shows multiple deflections

(horizontal arrows) that correspond to catch-up

saccades. SP gain was low (0.39). Gain was calculated

after removing these saccades.
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with age, the number of shunt revisions, and MRI measure-
ments using the Spearman’s test.11 Shunt groups were investi-
gated using one-way analysis of variance for normally
distributed data or Kruskal–Wallis test for non-parametric data.
Bonferroni correction was applied because multiple compar-
isons were made.11 Significance was defined by p<0.01.

Results
Demographics of the participants are shown in Table I. One
child with CII declined to participate and another child with
CII was not available over the time we conducted the experi-
ment. One child in the comparison group did not complete the
task and another child in the comparison group did not attend
on the day of the experiment. Fifty-nine of the remaining eligi-
ble participants consented and completed the task. SP gains
but not phases in the two groups had approximately normal
distributions. SP gains within the CII subgroups based on
spinal lesion level and nystagmus had a skewed distribution. 

Mean SP gains, and the ratios of eye velocities to target
velocities, were lower in the CII group with nystagmus (n=8)
compared with the CII group who did not have nystagmus
(n=13) or the comparison group (n=38; Table II, Fig. 2). For

example, mean (median) horizontal gain at 0.25Hz target fre-
quency was 0.54 (0.5) in the CII group with nystagmus, 0.85
(0.82) in the CII group without nystagmus, and 0.84 (0.87) in
the comparison group. The differences were significant for
horizontal but not vertical SP gains (Fig. 2). 

SP phases were not significantly different between the CII
and comparison groups (Table II). In the CII group, neither
SP mean gains nor phases differed significantly between par-
ticipants with upper compared with lower spinal lesion level
(p values ranged from 0.53 to 0.91 depending on target fre-
quency and direction). Moreover, there was no correlation
between SP gains or phases, and the number of shunt revi-
sions (p values ranged from 0.15 to 0.95 depending on the
task). There was no significant correlation between SP gains
and MRI measurements when the effect of nystagmus was
taken into account (Spearman’s rank correlation coefficient
ranged from 0.54, p=0.03 [for correlation between vertical SP
gain at 0.25Hz and vermis lobules VI and VII area] to 0.004,
p=0.99 depending on the task and the MRI parameter).

Discussion
SP gains, a measure of the efficiency of the SP system, were
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Table II: Smooth pursuit (SP) characteristics in comparison and Chiari type II malformation (CII) groupsa

Comparison group CII group Mean difference p value

Horizontal SP at 0.25Hz 
Mean no. of cycles 15.2 (14.2–16.3) 15 (13.8–16.1) 0.2 (–1.4 to 1.9) 0.75
Mean gain 0.84 (0.78–0.9) 0.73 (0.64–0.82) 0.11 (0.01–0.21) 0.038
Median phase –6.5 [–11.2 to 4.7] –5.5 [–11.6 to 42.2] NA 0.346

Horizontal SP at 0.5Hz
Mean no. of cycles 14.1 (12.8–15.3) 13.6 (12–15.2) 0.5 (–1.5 to 2.4) 0.63
Mean gain 0.73 (0.66–0.80) 0.52 (0.41–0.63) 0.21 (0.09–0.34) 0.001
Median phase –15.5 [–30.5 to –4] –18.4 [–28.8 to 27.9] NA 0.359

Vertical SP at 0.25Hz
Mean no. of cycles 13.5 (12.5–14.5) 12.9 (11.2–14.6) 0.6 (–1.2 to 2.4) 0.5
Mean gain 0.68 (0.6–0.76) 0.55 (0.48–0.63) 0.13 (0.01–0.24) 0.016
Median phase –3.5 [–18.3 to 10.9] –3.7 [–11.5 to 22.5] NA 0.728

Vertical SP at 0.5Hz
Mean no. of cycles 11 (9.9–12) 11.4 (10.2–12.7) –0.4 (–2.1 to 1.2) 0.56
Mean gain 0.45 (0.39–0.52) 0.4 (0.34–0.45) 0.05 (–0.04  to  0.15) 0.203
Median phase –9.5 [–30.3 to 16.2] –13 [–38 to 28.8] NA 0.975

aMeans values (95% confidence interval  of the mean or mean difference) are shown except for SP phases where median values are shown in
degrees [range]. SP phases were not normally distributed hence mean difference is not applicable (NA). Negative phase indicates a lag of eyes behind
target speed. 

Table I: Demographic information of comparison and Chiari type II malformation (CII) groups

Comparison group CII group 

Number of participants 38 21
Sex, M:F 21:17 11:10
Mean age (SD), y:m 13:10 (3:5) 14:3 (3:2)
Strabismus 3 10
Shunted hydrocephalus 0 21 (5 had one shunt with no revisions, 

9 had 1 shunt revision, 7 had 2 or more shunt revisions)
Nystagmusa 0 8
Ambulatory 38 9

aNystagmus present on clinical examination but not in range of eye movement tasks. In seven of eight
participants, a sub-clinical small amplitude nystagmus was also noted on eye movement recordings.



found to be subnormal in children with CII and nystagmus,
but normal in children with CII who did not have nystagmus.
One study18 reported saccadic horizontal SP using video
recording in 10 of 28 participants, aged 4 to 34 years with
Chiari malformation. Saccadic SP indicates subnormal SP
gain. Seventeen participants in that study had horizontal nystag-
mus.18 Saccadic SP has also been described in a number of
case reports of Chiari malformations.19,20 These studies had a
small number of participants, were not controlled, did not
record eye movements, or use electro-oculography.

The reduced SP gains identified in this investigation could
reflect dysfunction of any of several structures involved in SP
processing. The deformity of CII involves the brainstem and
cerebellum, both important structures in SP processing.1,4-6

Although all participants had shunted hydrocephalus, which
might also impair SP,21 the number of shunt revisions, assumed
to be a surrogate marker for the cumulative effects of severely
raised intracranial pressure on the developing brain,22 did not
correlate with SP gains. Furthermore, children with CII who did
not have nystagmus had normal SP, despite their shunted
hydrocephalus. The results provide evidence that the malfor-
mation of the hindbrain, not the hydrocephalus, is responsible
for the subnormal SP in CII. Gaze-evoked nystagmus was char-
acteristic of the CII group with subnormal SP. This type of nys-
tagmus is usually caused by deficits in the neural integrator,
which is located in the brainstem (nucleus prepositus hypo-
glossi and the vestibular nuclei for horizontal eye move-
ments) or through cerebellar floccular and parafloccular
lobe involvement.23 These brain regions also participate in SP

processing,1,24 and their involvement by the deformity of CII
can be expected to impair SP eye movements in addition to
causing gaze-evoked nystagmus. 

Although vertical SP gain in children with CII and nystag-
mus was lower than SP gain in children with CII who did not
have nystagmus, the difference did not reach statistical sig-
nificance. This lack of significance may be due to one or more
of several reasons. First, the gaze-evoked nystagmus was pre-
dominantly horizontal and this may make horizontal track-
ing more likely to be affected through involvement of the
same network of neurons that process horizontal eye move-
ments. Second, the deformity of CII may affect other struc-
tures in the brainstem and cerebellum that are pre-
dominantly responsible for processing horizontal SP track-
ing. Third, the current investigation may be inadequately
powered to pick up smaller differences in vertical SP gains
between the two groups. This smaller difference may have
arisen because of the lower vertical SP gains in typically
developing children in comparison to horizontal gains.15

SP was not adversely affected by upper spinal lesion level,
known to be associated with more severe cognitive and limb
movement disabilities, and with more cerebellar and midbrain
anomalies.8,22 This may be related to the relatively small num-
ber of participants with an upper spinal lesion level. 

Structure-function correlation between brain MRI abnormal-
ities in CII and SP are sparse.25 Abnormalities in horizontal SP,
as detected on video tape recordings, were also not related
to qualitative central nervous system changes seen on MRI
in 28 participants with Chiari malformation.25 In CII, the ver-
mis is compressed and its entire midsagittal surface area is
enlarged.13 This enlargement involves lobules VI and VII,
which participate in SP processing.5 The ability of the mid-
sagittal vermis area to expand in all directions, because of its
midline location,13 is postulated to leave its ocular motor
function intact. This proposition is supported by the current
investigations’ findings of the absence of any consistent cor-
relation between SP gains and midsagittal vermis or lobules
VI and VII areas. In addition, saccades, which are also pro-
cessed in vermis lobules VI and VII, are normal in most par-
ticipants with CII.9 It is, therefore, likely that the impaired SP
gain in children with CII and nystagmus is caused by floccu-
lar and parafloccular lobe involvement.

Sinusoidal target movements are predictable. Phase lag is
close to zero with predictable target movements and increas-
es with increasing target frequency in adults.3 SP phases
were similar in the two groups, indicating that prediction in
the SP system is resistant to the deformity of CII and the
effects of hydrocephalus.

Recording eye movements in children has many challenges.
The use of a non-invasive and well-tolerated eye tracker in a
relatively large number of children with CII demonstrates its
potential for investigation of brain dysfunction in children.

Accepted for publication 22nd October 2006.
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Figure 2: Box plots showing the median, interquartile
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CII Chiari type II malformation
SP Smooth pursuit 


