Saccades in children with spina bifida
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Abstract—Background: Saccades are essential for optimal visual function. Chiari type II malformation (CII) is a congen-
ital anomaly of the cerebellum and brainstem, associated with spina bifida. Objective: To investigate the effects of CII on
saccades and correlate saccadic parameters with brain MRI measurements. Methods: Saccades were recorded in 21
participants with CII, aged 8 to 19, using an infrared eye tracker. Thirty-nine typically developing children served as
controls. Participants made saccades to horizontal and vertical target steps. Nineteen participants with CII had MRI.
Regression analyses were used to investigate the effects of spinal lesion level, number of shunt revisions, presence of
nystagmus, and midsagittal MRI measurements on saccades. Results: Saccadic amplitude gains, asymptotic peak veloci-
ties, and latencies did not differ between the control and CII groups (p > 0.01). No significant differences were found
between saccadic gains, asymptotic peak velocities or latencies, and spinal lesion level, number of shunt revisions,
presence of nystagmus, or MRI measurements. Conclusions: Saccades were normal in most participants with Chiari II
malformation (CII). Neural coding of saccades is robust and is typically not affected by the anatomic deformity of CII.
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Chiari type II malformation (CII) is a congenital de-
formity of the brainstem and cerebellum associated
with spina bifida.! 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.? Hydrocephalus requiring shunt
diversion occurs in >85% of patients with CII.134
Saccades are fast eye movements that are essen-
tial for optimal visual function.® The cerebellum
plays an important role in the control of saccade
accuracy, dynamics, and trajectory.>¢ Ablation of ver-
mis lobules VI and VII causes saccadic hypometria of
ipsiversive saccades with increased latency.”® Sym-
metric bilateral lesions in vermis lobules VI and VII
cause bilateral horizontal hypometria and slight in-
crease in latency. Lobules VI and VII in the posterior
cerebellar vermis, together with the caudal part of
the fastigial nucleus, play key roles in modulating
the amplitude of each saccade,>®'° because dysmetric
saccades occur in humans with damage involving the
cerebellum!** and during temporary inactivation of
the cerebellum by transcutaneous magnetic stimula-

Additional material related to this article can be found on the Neurology
Web site. Go to www.neurology.org and scroll down the Table of Con-
tents for the June 28 issue to find the title link for this article.

tion.'® Functional MRI studies have shown increased
blood flow during visually guided saccades in the
cerebellar hemispheres, vermis, and cerebellar pe-
duncles in healthy humans.'¢17

Saccadic dysmetria has been reported in a few
case studies of patients with CII.'®2* Both hypo- and
hypermetria were described either on clinical exami-
nation or in eye movements recorded using electro-
oculography. Other characteristics of saccades have
not been described in CII.

The effects of CII deformity on the neuronal cir-
cuit involved in saccadic processing have not been
studied systematically. In this investigation, we hy-
pothesized that saccadic accuracy, peak velocity, and
latency would be abnormal in children with CII and
that saccade impairment in the CII group would be
worse in participants with upper lesion spina bifida,
multiple shunt revisions, nystagmus, and severe
brain abnormalities on MRI.

Methods. Participants were selected from patients in a spina
bifida project, funded by the National Institute of Child Health
and Human Development. Twenty-one children with spina bifida
myelomeningocele and CII with hydrocephalus, treated before age
3 months, were studied. Their age range was between 8 and 19
years. They had best corrected monocular visual acuity of at least
20/40 and a verbal or performance I1Q of =70. Thirty-nine typically
developing children served as controls and were recruited by local
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Table 1 Demographic information for control and Chiari type II
malformation (CII) groups

Parameter Control group CII group
No. of participants 39 21
Female 18 10
Age (SD), y 13.7 (3.5) 14.3 (3.2)
Strabismus 3 10%*
Strabismus surgery 1 2
Past history of seizures 2 3
Shunted hydrocephalus 0 21%

No shunt revision

1 shunt revision

=2 shunt revisions
Nystagmust 0 8*
Ambulatory 39 9%

*p = 0.001 on x2 test.
T Nystagmus present on clinical examination but not in the
range of the eye movement tasks.

advertising. The demographics of the control and CII groups were
comparable (table 1). Ethical approval was obtained from the Re-
search Ethics Boards at the Hospital for Sick Children and the
University Health Network, Toronto. The study was in accord
with the Declaration of Helsinki guidelines.

Exclusion criteria were as follows: visual field defects on visual
field confrontation testing, peripheral III, IV, or VI cranial nerve
palsy, nystagmus on clinical examination in the range of the eye
movement recordings, ear disease, psychiatric disorder, medica-
tion with drugs that might interfere with eye movements (e.g.,
sedatives), acute medical illness or acute illness from the effects of
hydrocephalus in the CII group, amblyopia, ocular or neurologic
disorders unrelated to CII, syringobulbia on MRI, or >10 shunt
revisions.

Means and SDs for spina bifida and control groups on a visu-
ally guided upper limb pursuit task* were used to guide power
calculations. Based on a two-sample ¢ test power analysis, a sam-
ple size of 26 per group would detect significant difference in
saccadic amplitude between the CII and control groups with 80%
power (1 — B) and 5% level of confidence (a).?> The total sample
number required was 52. Unequal numbers of participants in each
group changed the power of the study to 82%.%

Spinal lesion level was determined from medical chart review
and physical examination. Two groups were distinguished: upper
spinal lesion level group (T'12 and above, n = 6) and lower spinal
lesion level group (L1 and below, n = 15).2¢

All participants had ventriculoperitoneal shunts. Three shunt
groups were delineated. Group 1 had no shunt revisions, Group 2
had one shunt revision, and Group 3 had two or more shunt
revisions.

Participants who had nystagmus on clinical examination
within the range of the eye movement tasks were excluded, but
seven participants were found to have low-amplitude gaze-evoked
nystagmus (<2°) on eye movement recording that was clinically
apparent only in eccentric gaze.

Nineteen participants with CII had artifact-free brain MRI
scans. Different regions of interest in the brain were measured by
one of us. Brain MRI measurements were calculated using com-
puter software (Ataman software Inc., 1998) that measured dis-
tances or areas of the selected regions of interest on a T1- or
T2-weighted midsagittal MRI.?” The following measures were used
as surrogate markers for cerebral and cerebellar dysmorphology
in CII: the longest longitudinal and transverse distances across
the vermis, herniation distance and area below foramen magnum,
intracranial fossa, posterior fossa, cerebellar vermis, vermis lob-
ules I to V, and vermis lobules VI to VII areas. All of these
measurements are significantly different in children with CII in
comparison with typically developing children.?”

Equipment and procedures. We recorded saccades with the El
Mar eye tracker (El-Mar Inc., Downsview, Ontario, Canada), an
infrared video eye tracking system that determines the horizontal
and vertical eye position from the relative positions of multiple
corneal reflections and center of pupil.?** The optical components
are mounted on a lightweight spectacle frame that weighed about
300 g. The video image is sampled at 120 Hz. The system accuracy
is 0.5° with a linear visual range of =40° horizontally and *=30°
vertically. The system is free from drift and has a resolution (i.e.,
minimum detectable movement) of 0.1°. Horizontal and vertical
head movements were recorded using a magnetic head tracker
(Flock of Birds; Ascension Technology Corp., Burlington, VT).

Each participant was seated with his or her eyes in the central
position, facing the center of a 45-cm computer monitor (SyncMas-
ter 900 NF; Samsung) located 57 cm from the participant’s cornea.
The visual target displayed on the computer monitor was a 2-mm,
white square light that subtended 12 minutes of arc. Stimulus
luminance was 65 cd/m2. The background monitor luminance was
0.01 cd/m?2. The laboratory was lit dimly. Participants’ perfor-
mance and alertness were monitored by TV and by an oscilloscope
display of horizontal and vertical eye movements to provide feed-
back during the task. Eye movement positions were calibrated for
each eye with the fellow eye occluded, at 14 fixation light points,
separated by 3.3° visual angle and arrayed along the horizontal
and vertical axes. Eyeglasses were removed prior to testing be-
cause they interfere with the function of the eye tracker. Uncor-
rected visual acuity in all cases was adequate for seeing and
responding to the stimuli.

An eye patch was used to cover the nonpreferred (nonsighting)
eye®! in all participants. Movements of the viewing eye were mea-
sured. The target stepped between the center of the computer
monitor and points located +=10° or +15° horizontally and *=5° or
+10° vertically. Twenty target steps were presented at each am-
plitude and direction. The off-center locations and directions were
presented randomly. Each trial started with the target on for at
least 1 second before it stepped to the next location after a random
interval between 0 and 0.5 second to avoid predictive saccades,
which would confound measurement of saccade latency.?>%

Processing of eye movement data. The stimulus, head, and eye
movements were digitized for off-line analysis. Stimulus, head,
and eye velocity data were filtered using a 5-point Savitsky—Golay
differentiator. Initial saccades were included in the analyses if
they had a minimum velocity of 100°/s or were in the same direc-
tion as the target displacement, if the eye position trace shifted
<0.5° from baseline during the 200 milliseconds prior to target
displacement up to saccade onset, and if saccades occurred within
a latency of 70 to 450 milliseconds to ensure that only visually
directed nonanticipatory saccades were included. The beginning
and end of saccades were marked automatically by computer soft-
ware when eye velocity reached 30°s. Each second of data was
displayed on a computer monitor so that the automatic markings
could be verified by inspection.

Mean horizontal or vertical head position was checked for each
participant before, during, and after saccades to ensure that no
head rotation of =0.5° induced the vestibulo-ocular reflex or
changed the size of the required saccade. No saccade was associ-
ated with horizontal or vertical head rotation of =0.5°.

Analyses. For each participant, we calculated the means and
SD of the initial saccadic amplitude gains, defined as the ratio of
the first saccadic amplitude to target amplitude, and latencies.
Saccade latencies were measured as the time between target step
and the beginning of saccades, detected at the point when the eye
velocity reached 30°/s. The saccadic peak velocity (PV)—-amplitude
(A) relationship, known as the main sequence,’* was computed
from scatter plots of individual saccades that were fitted to an
exponential curve, PV = V (1 — exp [—A/C]), for each participant,
where V is the maximum velocity at the asymptote of the curve
and C is a constant. This exponential equation served to best fit
the nonlinear relationship relating saccadic amplitude to peak
velocity.?>36

Analyses were done using a Statistical Package for Social Sci-
ences (SPSS, Chicago, IL).?” Between- and within-group data were
compared using independent two-sample Student ¢ tests for nor-
mally distributed data or Mann—Whitney U test for nonparamet-
ric data, Spearman correlation tests, and linear stepwise
regression analyses. Bonferroni correction was applied when mul-
tiple comparisons were made.?*® Horizontal saccades to 15° target
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Table 2 Mean number of saccades and asymptotic peak velocities
in control and Chiari type II malformation (CII) groups

Control
Parameter group CII group  p Value
Rightward saccades
Mean no. of saccades 26 (7) 25 (7)
Mean asymptotic peak 521.2 (90.7)  485.1(80.7) 0.13
velocity
Leftward saccades
Mean no. of saccades 26 (6) 25 (9)
Mean asymptotic peak 537.4 (83.6) 539.4 (81.5) 0.90%*
velocity
Upward saccades
Mean no. of saccades 30 (7) 31 (5)
Mean asymptotic peak 466.9 (117.5) 420.9 (114.8) 0.17*
velocity
Downward saccades
Mean no. of saccades 28 (6) 29 (6)
Mean asymptotic peak 435.7 (111.5) 458.5(116.4)  0.52%*

velocity

Values are given as °/s (1 SD).

* p Value on Mann—Whitney U test; the first p value was ob-
tained on independent Student ¢ tests. Significance was defined
as p < 0.01.

steps in the nasal field were analyzed, while temporally directed
saccades to 15° target steps were excluded because of the blind spot.
A statistical formula was used to take into account the variation in
the number of saccades made by each subject for each target direc-
tion and amplitude (for more details see the supplementary material
on the Neurology Web site at www.neurology.org).*

Results. There were no significant differences in sac-
cadic amplitude gains, asymptotic peak velocities, or laten-
cies between the CII and control groups (table 2; figure).
Three participants in the CII group had abnormal saccadic
gains, lying outside the 95% ClIs of the mean saccadic gain
of the control group. One participant had saccadic hyper-
metria (gain of about 1.6) to four of seven target ampli-
tudes, and two participants had saccadic hypometria (gain
of about 0.5) to two and five of seven target amplitudes. All
three participants had clinically evident gaze-evoked nys-
tagmus only beyond the range of eye movement recorded
(£15°).

Three participants in the CII group had abnormally
prolonged latencies lying outside the 95% ClIs of the mean
saccadic latency of control subjects. Two of them had gaze-
evoked nystagmus, clinically evident only beyond the
range of eye movements recorded. No significant group or
individual differences in variability of saccades occurred
between control and CII participants.

There were no significant differences in saccadic gains,
asymptotic peak velocities, or latencies based on spinal
lesion level or the presence of nystagmus. The number of
shunt revisions did not affect saccadic gains, asymptotic
peak velocities, or latencies. Linear stepwise regression
analyses also did not show an effect for these variables on
saccades. No significant correlations were found between
saccadic gains, asymptotic peak velocities, or latencies and
MRI parameters in participants with CII.

2100 NEUROLOGY 64 dJune (2 of 2) 2005

A
115
11
s [E Controks O CIT |
§n 1
%u.ss
g 0.9
0.85
0.8
0rs
Nasal 15° 10° R 0° L 10° U 10°0
B
300 -
290 + [@Cominuls OCIT|
280
£ 270 1
H
ﬁ 260 4
o 250
T 240 |
& 230 |
220
210
200
Hasal 15° 10°L 10°u 10°D
Figure. Mean saccadic gains (A) and latencies (B)

(ms; =1 SE) for rightward (R), leftward (L), upward (U),
or downward (D) target amplitudes in the control and
Chiari type II malformation (CII) groups.

Discussion. No significant differences in saccadic
gains, peak velocities, and latencies were found be-
tween the control and CII groups. Only 3 of 21
participants in the CII group had dysmetric sac-
cades and saccades with prolonged latencies. The
neural circuits involved in the processing of sac-
cades are typically not adversely affected by the
deformity of CII.

Saccadic dysmetria has been described in a few
case reports or small case series of CI and CII.1823
The number of patients with saccadic eye movement
abnormalities was 1 to 3 out of a total of 1 to 28
patients in those studies.’®?? The number of subjects
with CII studied was small, there were no controls,
and eye movements were not recorded or were re-
corded by electro-oculography.

Several factors are known to be associated with
worse outcome in spina bifida and CII. Upper spinal
lesion is usually associated with worse cognitive, be-
havior, and limb movement disabilities and with
more cerebellar and midbrain anomalies.***? The
number of shunt revisions was assumed to be a sur-
rogate marker for the cumulative effects of severely
raised intracranial pressure on the developing
brain.*' Gaze-evoked nystagmus was considered to
indicate floccular and parafloccular involvement.?
Statistical analyses showed that saccades were not
adversely affected by any of these factors.

Neural circuits necessary for saccade processing
are mostly normal in CII, perhaps because their
function is not affected by the deformity of CII or
because there is adequate neural reserve. The cere-
bellum may recalibrate eye movements to minimize



errors in the face of the chronic developmental and
congenital deformity of CII.

Structure—function correlations between brain
MRI and saccade metrics are sparse. Saccadic ampli-
tude gain correlates with MRI volume of cerebellar
vermis in healthy adult humans.** We found no cor-
relation between saccadic parameters in CII and
MRI measurements. Despite the anatomic abnormal-
ities of the brainstem and cerebellum,??? their physi-
ologic function in saccadic processing is typically
intact.

Recording eye movements in children is difficult
and challenging. Restricting participants to those
with verbal or performance IQ of >70 and excluding
participants who had syringobulbia or nystagmus on
clinical examination in the range of ocular motor
recording served to select better-functioning individ-
uals with CIL.

The use of a noninvasive and well-tolerated eye
tracker system in children, the relatively large num-
ber of participants, and the correlation of structural
changes on MRI with function of the saccadic system
provide a reliable quantitative assessment of the ef-
fects of CII deformity on the developing brain.

Acknowledgment

The authors thank Dr. Daune L. MacGregor, Ms. Irit Dror, and
Mr. Alan Blakeman for their support along with the participants
and their families for their time and effort.

References

1. Gilbert JN, Jones KL, Rorke LB, Chernoff GF, James HE. Central
nervous system anomalies associated with meningomyelocele, hydro-
cephalus, and the Arnold—Chiari malformation: reappraisal of theories
regarding the pathogenesis of posterior neural tube closure defects.
Neurosurgery 1986;18:559-564.

2. Barkovich AdJ. Congenital malformations of the brain and skull/congen-
ital anomalies of the spine. In: Barkovich AJ, ed. Pediatric neuroimag-
ing. Philadelphia: Lippincott Williams & Wilkins, 2000:330—337.

3. Sutton LN, Adzick NS, Bilaniuk LT, Johnson MP, Crombleholme TM,
Flake AW. Improvement in hindbrain herniation demonstrated by se-
rial fetal magnetic resonance imaging following fetal surgery for myelo-
meningocele. JAMA 1999;282:1826-1831.

4. Wagner W, Schwarz M, Perneczky A. Primary myelomeningocele clo-
sure and consequences. Curr Opin Urol 2002;12:465—468.

5. Leigh RG, Zee DS, eds. The neurology of eye movements. New York:
Oxford University Press, 1999.

6. Averbuch-Heller L, Leigh RJ. Eye movements. Curr Opin Neurol 1996;
9:26-31.

7. Takagi M, Zee DS, Tamargo RJ. Effects of lesions of the oculomotor
vermis on eye movements in primate: saccades. J Neurophysiol 1998;80:
1911-1931.

8. Barash S, Melikyan A, Sivakov A, Zhang M, Glickstein M, Thier P.
Saccadic dysmetria and adaptation after lesions of the cerebellar cortex.
J Neurosci 1999;19:10931-10939.

9. Sharpe JA. Neural control of ocular motor systems. In: Miller NR,
Newman NJ, eds. Walsh and Hoyt’s clinical neuro-ophthalmology, vol 1.
Baltimore: Lippincott, Williams & Wilkins, 1998:1101-1167.

10. Pelisson D, Goffart L, Guillaume A. Control of saccadic eye movements
and combined eye/head gaze shifts by the medio-posterior cerebellum.
Prog Brain Res 2003;142:69—89.

11. Gaymard B, Rivaud S, Amarenco P, Pierrot-Deseilligny C. Influence of
visual information on cerebellar saccadic dysmetria. Ann Neurol 1994;
35:108-112.

12. Vahedi K, Rivaud S, Amarenco P, Pierrot-Deseilligny C. Horizontal eye
movement disorders after posterior vermis infarctions. J Neurol Neuro-
surg Psychiatry 1995;58:91-94.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Day JW, Schut LJ, Moseley ML, Durand AC, Ranum LP. Spinocerebel-
lar ataxia type 8: clinical features in a large family. Neurology 2000;55:
649-657.

Subramony SH, Filla A. Autosomal dominant spinocerebellar ataxias
ad infinitum? Neurology 2001;56:287—-289.

Hashimoto M, Ohtsuka K. Transcranial magnetic stimulation over the
posterior cerebellum during visually guided saccades in man. Brain
1995;118:1185-1193.

Ditterich J, Eggert T, Straube A. The role of the attention focus in the
visual information processing underlying saccadic adaptation. Vision
Res 2000;40:1125-1134.

Hayakawa Y, Nakajima T, Takagi M, Fukuhara N, Abe H. Human
cerebellar activation in relation to saccadic eye movements: a functional
magnetic resonance imaging study. Ophthalmologica 2002;216:399—
405.

Collard M, Strubel-Streicher D, Eber AM, Remy C. Les troubles oculo-
moteurs dans les malformations d’Arnold—Chiari. Rev Neurol 1980;136:
531-538.

Longridge NS, Mallinson AI. Arnold—Chiari malformation and the oto-
laryngologist: place of magnetic resonance imaging and electronystag-
mography. Laryngoscope 1985;95:335-339.

Spooner JW, Baloh RW. Arnold-Chiari malformation: improvement in
eye movements after surgical treatment. Brain 1981;104:51-60.
Lennerstrand G, Gallo JE. Neuro-ophthalmological evaluation of pa-
tients with myelomeningocele and Chiari malformations. Dev Med
Child Neurol 1990;32:415-422.

Mossman SS, Bronstein AM, Gresty MA, Kendall B, Rudge P. Conver-
gence nystagmus associated with Arnold-Chiari malformation. Arch
Neurol 1990;47:357-359.

Korres S, Balatsouras DG, Zournas C, Economou C, Gatsonis SD, Ad-
amopoulos G. Periodic alternating nystagmus associated with Arnold—
Chiari malformation. J Laryngol Otol 2001;115:1001-1004.

Dennis M, Fletcher JM, Rogers T, Hetherington R, Francis DJ. Object-
based and action-based visual perception in children with spina bifida
and hydrocephalus. J Int Neuropsychol Soc 2002;8:95-106.

Altman DG. Practical statistics for medical research. London: Chapman
and Hall, 1995.

Van Allen MI, Kalousek DK, Chernoff GF, et al. Evidence for multi-site
closure of the neural tube in humans. Am J Med Genet 1993;47:723—
743.

Salman MS, Blaser S, Sharpe JA, Dennis M. Cerebellar vermis mor-
phology in children with Arnold—Chiari type II malformation. Child
Nerv Syst (in press).

DiScenna AO, Das VE, Zivotofsky AZ, Seidman SH, Leigh RJ. Evalua-
tion of a video tracking device for measurement of horizontal and verti-
cal eye rotations during locomotion. J Neurosci Methods 1995;58:89-94.
Allison RS, Eizenman M, Cheung BSK. Combined head and eye track-
ing system for dynamic testing of the vestibular system. IEEE T Bio-
Med Eng 1996;43:1073-1082.

Allison RS, Eizenman M, Tomlinson RD, Nedzelski J, Sharpe JA.
Vestibulo-ocular reflex deficits to rapid head turns following intratym-
panic gentamicin instillation. J Vestib Res 1997;7:369-380.

Mapp AP, Ono H, Barbeito R. What does the dominant eye dominate? A
brief and somewhat contentious review. Percept Psychol 2003;65:310—
317.

Ross SM, Ross LE. Children’s and adults’ predictive saccades to square-
wave targets. Vision Res 1987;27:2177-2180.

Gagnon D, O'Driscoll GA, Petrides M, Pike GB. The effect of spatial and
temporal information on saccades and neural activity in oculomotor
structures. Brain 2002;125:123-139.

Bahill A, Clark M, Stark L. The main sequence, a tool for studying
human eye movements. Math Biosci 1975;24:191-204.

Sharpe JA, Zackon DH. Senescent saccades. Effects of aging on their
accuracy, latency and velocity. Acta Otolaryngol 1987;104:422—428.
Lewis AR, Kline LB, Sharpe JA. Acquired esotropia due to Arnold—
Chiari type I malformation. J Neuro-ophthalmol 1996;16:49-54.

SPSS Inc. Statistical Package for the Social Sciences for Windows:
Chicago: SPSS, 2001.

Miller RG. Simultaneous statistical inference. New York: Springer-
Verlag, 1981:6-8.

Snedecor GW, Cochran WG. Statistical methods. Ames: Iowa State
University Press, 1980:441-443.

Wills KE. Neuropsychological functioning in children with spina bifida
and/or hydrocephalus. J Clin Child Psychol 1993;22:247-265.

Dennis M, Fitz CR, Netley CT, et al. The intelligence of hydrocephalic
children. Arch Neurol 1981;38:607—615.

Fletcher JM, Dennis M, Northrup H, et al. Spina bifida: genes, brain,
and development. Int Rev Res Ment Retard 2004;29:63-117.

Ettinger U, Kumari V, Chitnis XA, et al. Relationship between brain
structure and saccadic eye movements in healthy humans. Neurosci
Lett 2002;328:225-228.

June (2 of 2) 2005 NEUROLOGY 64 2101



