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1. Introduction

Saccades are rapid movements of the eyes required for directing fovea
toward the target of interest. These eye movements play an important
role in perception and responding to the visual environment.” The
cerebellum in the human brain is in charge of optimizing and
modulating motor functions including ocular motor performance and
lesions of cerebellum can cause Inaccurate, inconsistent and slow
saccades.” Saccade circuitry has been studied in multiple animal studies.
The oculomotor vermis (OMV) and caudal fastigial nucleus (CFN) are
found to be the critical structures for the accuracy of saccades. The
fastigial nucleus is one of the deep nuclei located in the rostral part of
cerebellum and OMV settles in the most dorsal part on lobules VI and
VII, projecting perkinje fiber to the posterior part of fastigial nucleus.”
Results from animal studies using microstimulation, injections, or cooling
of focal cerebellar areas revealed that isolated lesions of OMV lead to
contraversive saccades while CFN lesions give rise to ipsiversive

48 Impairment of saccadic gain, the ratio of actual and

saccades.
intended size of saccades, is referred to as saccadic dysmetria.

There 1s uncertainty about applying the outcomes of animal studies
directly to humans and yet corresponding areas of human brains are not
clearly revealed. Few studies about saccadic control of the human
cerebellum showed that not only the posterior vermis but also the

910" and demonstrated

cerebellar hemisphere can affect saccadic accuracy
the possibility that broader portion of the cerebellum could play a role in
saccadic control. In fact, stroke physicians occasionally encounter

patients presenting with saccadic dysmetria but lacking lesions in CFN
or OMV.



We conducted the present study to explore cerebellar regions iIn
charge of horizontal saccadic accuracy in humans by utilizing magnetic
resonance image (MRI) lesion mapping technique with diffusion
weighted image (DWI) of isolated cerebellar stroke patients. Results of
electrophysiologic tests for saccades are also compared in groups of

different lesional vascular territories.



2. Materials and Methods

2.1. Study participants:

The patients with cerebellar infarction were recruited from the acute
stroke registry of Keimyung University Dongsan Hospital between July
2016 and October 2020. Among these patients, the ones (1) who have
concurrent lesions in the brainstem or cerebral hemisphere, (2) who are
unable to cooperate during video—oculography (VOG) test due to disease
severity or cognitive dysfunction, and (3) who has history of other
neurologic diseases which can induce saccadic abnormality were
excluded. Forty—three patients were finally enrolled for the study.
Clinical profiles including date of birth, age at onset, neurologic
examination findings at the time of admission, electrophysiologic test
results and neuroimaging studies including DWI were reviewed
retrospectively in selected patients. Patients were divided into 2 groups,
with saccadic dysmetria and without dysmetria to be compared. Then,
they were classified again into groups for further analysis according to
the cerebellar vascular territory supplying main lesions.!” This study
was approved by the institutional review board of Dongsan Hospital

(IRB no. 2021-12-055).

2.2. Lesion analysis:

Lesions were identified based on DWI scan displaying high signals

and drawn by a trained image analyst manually on the T1 scans of



each patient using the MRIcron software. Volume-of interest images of
right-sided lesions were flipped onto the corresponding portion of the
opposite side for analysis. Lesions were mapped in the stereotaxic space
on Tl-weighted MRI atlas of Spatially unbiased infratentorial template
(SUIT) space by applying the segmentation and normalization method'”
provided by the SPMS software. The Talairach Daemon software was
used for anatomical labelling in the created overlap images.'”
Voxel-based lesion symptom mapping (VLSM) was then performed with
nonparametric mapping (NPM) software provided with MRIcron.
Voxel-by-voxel analysis was undergone between patients with or
without saccadic dysmetria using the nonparametric Liebermeister test

" Only voxels that exhibited lesions in at least 5% (n =

for binary data.
2) of all patients were included for analysis and p < 0.05 was

considered significant.

2.3. Electrophysiologic assessment:

Video-oculography (VOG) (SMI, Teltow, Germany, resolution of 0.1 °,
sampling rate of 60 Hz) was used to record horizontal saccade,
spontaneous  nystagmus  (SN), gaze-evoked nystagmus (GEN),
head-shaking nystagmus (HSN) and caloric responses. Detailed testing
techniques have been previously published.” Saccadic dysmetria was
determined by target fixation task using = 15 ° target steps to evoke 30
° alternate horizontal saccades. The gain of each saccade, that is, the
ratio of amplitude of implemented saccade divided by the expected

amplitude of the target step, was marked as hypometric when the value

is < 0.85 and hypermetric when > 1.0."1



2.4. Statistical analysis:

Statistical analysis was performed using SPSS statistics V.26.0. Data
were expressed as mean with standard deviations, medians with
interquartile ranges or as proportions. Student’s t-test, Mann—-Whitney U
test, analysis of variance and Fisher’s exact or x° test were performed
as appropriate and p-value < 0.05 was considered to be significant. To
determine statistical power using the lesion image data, voxel-by-voxel
analysis with a nonparametric Liebermeister test was used as mentioned

above.



3. Results

3.1. Comparison of clinical characteristics between

patients with and without saccadic dysmetria:

In total, 43 patients with isolated cerebellar infarction were included in
the present study. Of these, 30 patients (69.8%) demonstrated either
hypometria or hypermetria in horizontal saccade and were labeled as
'with dysmetria’ group. On the other hand, 'without dysmetria’ group
consisted of 13 patients (30.2%). Clinical characteristics and VOG results
were compared between the groups (Table 1). Age was significantly
higher in patients with saccadic dysmetria compared to those without
dysmetria (66.87 + 12.82 vs 5354 + 14.09, p < 0.01). There was no
definite gender predominance. All superior cerebellar artery (SCA)
territory infarction patients were included in the with dysmetria group,
albeit the proportion of lesion territory did not show significant
difference between groups. Time interval from the onset of symptoms to
the VOG test was collected in each patient. The median interval was
5.0 days in the with dysmetria group and 6.0 days in the without
dysmetria group. There was no significant difference in SN, GEN, HSN

and caloric response results.

3.2. Difference in saccadic features according to

vascular territory of cerebellar lesion:

Saccadic features of 8 patients with SCA territory infarction and 32

_6_



patients with posterior inferior cerebellar artery (PICA) territory
infarction are analyzed in Table 2. Accuracy of saccades in percentage
was similar between both groups in ipsilesional and contralesional
directions. The proportion of patients with saccadic dysmetria did not
differ significantly in both groups. All SCA infarction patients had
saccadic dysmetria while 21 (65.6%) patients with PICA infarction did.
Types of dysmetria were assessed based on the dominant direction of
saccades In relation to the side of brain lesions and showed significant
differences between groups. Ipsilesional hypometria was more frequent in
the SCA infarction group compared to the PICA group (87.5% vs
15.6%). On the other hand, the opposite tendency was observed for
ipsilesional hypermetria (0% vs 25.0%) (p < 0.01). Contralateral
hypometria was significantly more frequent in the PICA infarction group
compared to the SCA group (59.4% vs 25.0%) and -contralateral
hypermetria was not observed in the PICA infarction (0% vs 37.5%) (p
< 0.01). As directional preponderance was found from the above
findings, we classified saccadic dysmetria again as ipsiversive and
contraversive. A significant difference was observed that the PICA
infarction group was apt to have ipsiversive saccadic dysmetria while
the SCA group tended to show contraversive saccadic dysmetria (p <

0.001).

3.3. Lesion analysis of patients with saccadic dysmetria:

The overlapped lesion image of patients with saccadic dysmetria was
created for SCA and PICA cerebellar infarction groups. Images of 8

patients with SCA infarction and 21 patients with PICA infarction were



included for analysis. The frequency of overlap was demonstrated with
rainbow color from blue to red, the red representing the most often
shared region in common. In the SCA infarction group, culmen,
fastigium and dentate were the frequently damaged regions (Figure 1)
while cerebellar tonsil and inferior semilunar lobule were in PICA
infarction patients (Figure 2). However, the VLSM method with
nonparametric mapping found no voxels to be statistically significant in
relation to saccadic dysmetria or ipsi/contraversive saccades in either

group.



Table 1. Clinical Characteristics and Video—oculography Result of Isolated Cerebellar Infarction Patients with

and without Saccadic Dysmetria

With dysmetria (n=30) Without dysmetria (n=13)  p—-Value

Age at diagnosis, years 66.87 £ 12.82 5354 + 14.09 p < 0.01"
Sex NS
Male 24 (80.0) 10 (76.9)
Female 6 (20.0) 3 (23.1)
Lesion territory NS
SCA 8 (26.7) 0 (0)
AICA 1 (3.3 2 (15.4)
PICA 21 (70.0) 11 (84.6)
Interval from symptom onset to 5.0 [2.0-8.0] 6.0 [4.0-9.0] NS
electrophysiologic evaluation, days
VOG findings
Presence of spontaneous nystagmus 8 (26.7) 2 (16.7) NS
Presence of gaze evoked nystagmus 2 (8.3) 1 (9.1) NS
Abnormal caloric paresis 4 (19.6) 3 (27.3) NS
Abnormal head shaking nystagmus 8 (32.0) 3 (27.3) NS

Data are represented as mean * standard deviation, median [interquartile range] or number (%).
AICA: anterior inferior cerebellar artery, NS: not significant; SCA: superior cerebellar artery, PICA: posterior
inferior cerebellar artery; VOG: video—-oculography; *: p < 0.01



Table 2. Comparison of Saccadic Features of Cerebellar Infarction Patients with Superior Cerebellar Artery

Territory Lesion and Posterior Inferior Cerebellar Artery Territory Lesion

SCA lesion (n=8) PICA lesion (n=32) p—Value
Saccadic accuracy (%)
Ipsilesional 7177 £ 16.21 82.85 + 12.88 NS
Contralesional 82.36 £ 6.97 83.70 + 10.62 NS
Saccadic dysmetria 8 (100) 21 (65.6) NS
Type of saccadic dysmetria
Ipsilesional saccade p < 0017
Hypometria 7 (87.5) 5 (15.6)
Hypermetria 0 (0) 8 (25.0)
Contralesional saccade p < 001"
Hypometria 2 (25.0) 19 (59.4)
Hypermetria 3 (37.5) 0 (0)
Directional preference of dysmetria p < 0.001™
Ipsiversive 0 (0) 16 (50.0)
Contraversive 6 (75.0) 2 (6.3)

Data are represented as mean * standard deviation or number (94).
NS: not significant; SCA: superior cerebellar artery, PICA: posterior inferior cerebellar artery; *: p < 0.01; s
p < 0.001

_10_



Figure 1. The overlapped lesion image of patients with superior
cerebellar artery territory infarction with saccadic dysmetria.
Culmen, fastigium and dentate were the most frequently

damaged regions.

Figure 2. The overlapped lesion image of patients with posterior inferior
cerebellar artery territory infarction with saccadic dysmetria.
Cerebellar tonsil and inferior semilunar lobule were the most

frequently damaged regions.

_11_



4. Discussion

Accurate saccade is a fundamental and critical ocular motor function
required in humans for perception of visual environments. We found in
this study that saccadic dysmetria is quite a common manifestation in
SCA and PICA infarction patients and interestingly, opposite directional
preference of dysmetria was observed according to vascular territory of
the lesion. SCA infarction tends to provoke contraversive saccades,
while PICA infarction likely causes ipsiversive saccades. Overlapping
lesion images revealed that in comparison with the findings of classic
animal studies, rather broader area of cerebellum can attribute to
saccadic dysmetria in humans.

In our study, clinical characteristics of isolated cerebellar infarction
patients with and without saccadic dysmetria were compared. Age was
significantly higher in the with dysmetria group. Normal saccade in
humans is known to be slightly hypometric and this tendency intensifies
in the elderly.?® In addition, aging might negatively affect immediate
saccadic adaptation in older patients.?’ Vascular territory of the lesion
did not make significant difference in proportion of patients with
dysmetria. It was not surprising because of the well-known highly
variable vessel branching and blood supply of posterior circulations and
our initial assumption that broad area of cerebellum would involve in
saccadic accuracy.?**

Until now, a number of experimental animal studies have proved that
the fastigial nucleus and dorsal cerebellar vermis, also known as
oculomotor vermis, are primarily in charge of maintaining saccadic
accuracy.®” However, there are other reports suggesting the potential

role of the cerebellar hemisphere in saccadic control. Superior and

_12_



inferior semilunar lobules have been proven to evoke saccades In
stimulation studies of monkeys.®?® Possible relationship between
saccades and the cerebellar hemisphere is further emphasized in human
studies. Functional MRI studies showed increased activation in the
vermis as well as in cerebellar hemispheres on the horizontal saccade
task.'%?"®  Tesion study with structural MRI also supported the

" In line with previous publications, our study showed that

findings.”
PICA infarction patients with saccadic dysmetria most frequently shared
lesions in cerebellar hemispheres. However, in VLSM with
nonparametric statistical analysis, there was no specific region in the
cerebellum that could be localized as the focus of saccadic dysmetria
with sufficient statistical significance.

The association between cerebellar structure and the direction of
saccadic dysmetria has also been studied in various experiments. It is
generally accepted that OMYV elicits ipsiversive saccades and CFN
promotes contraversive saccades on activation. In other words, OMV
lesions sparing CEN can cause contraversive saccadic dysmetria when

429 Saccadic  features of

CEN lesions lead to ipsiversive dysmetria.
circumambient lesions could be inferred from understanding saccade
circuitry. Brainstem and cerebellar portion of the horizontal saccade
circuitry are composed of the inferior olivary nucleus, oculomotor vermis,
fastigial nucleus, excitatory burst neurons, inhibitory burst neurons and
the connecting fiber between these principal structures. Connecting fiber
traverses from side to side by passing through superior and inferior
cerebellar peduncles.>® We found that patients with SCA infarction have
a tendency of contraversive saccadic dysmetria with ipsilateral
hypometria and contralateral hypermetria. Anatomical structures the

most frequently damaged were fastigium, culmen and dentate. Lesions in

this area could disrupt the inhibitory connections of the vermis to the

_13_



ipsilateral fastigial nucleus or could interfere with the projection from
the contralateral fastigial nucleus into the superior cerebellar peduncle,
thereby resulting in contraversive saccades. Previously published case
reports in cerebellar infarction and demyelinating disease depicted this
behavior.®® *" On the other hand, PICA infarction patients frequently had
ipsiversive  saccadic dysmetria with ipsilateral hypermetria and
contralateral hypometria. The most overlapped site of lesion was in part
of the cerebellar tonsil and a wide portion of inferior semilunar lobules.
In this case, damage to the inhibitory climbing fiber from the inferior
olivary nucleus to the contralateral OMV could explain the ipsiversive
dysmetria. Similar findings with impairment of the olivocerebellar
pathway have been well studied in medullary infarction.®**

Several limitations exist in the present study. First, it was a
retrospective study with a single-center source of patients. The number
of participants in the SCA and AICA infarction groups was so small
that the results may not be generalized into larger population. Also, on
the standard MRI scan, a very small lesion in the brainstem could be
missed and this might have influenced the results. The VOG testing as
well bears controversies. Since testing largely depends on patients’
cooperation, careful patient selection cannot completely exclude possible
errors. The inconsistent extent of saccadic adaptation in the individuals
may have played role as a confounding factor, albeit there was no
significant difference in the time interval from symptom onset to
saccadic investigation between patient groups. In addition, there is no
universally accepted testing method or reference value for defining

saccadic dysmetria.

_14_



5. Summary

Saccadic dysmetria was observed in a large proportion of cerebellar
stroke patients. Also, directional preference of saccadic dysmetria was
distinctive according to vascular territory of the lesion. In real-world
practice, stroke lesions are rarely focal insult as in experimental animal
study designs. Instead, broad involvement of cerebellar structures and
injury in connecting fibers of saccade circuitry seems more common in
humans. The present study emphasizes that understanding the anatomy
of the saccadic circuitry and the respective saccadic abnormalities would

help physicians in diagnosing and localizing cerebellar infarction.

_15_



—

A)

References

Thurtell M]J, Tomsak RL, Leigh R]J: Disorders of saccades. Curr
Neurol Neurosci Rep 2007; 7: 407-416.

Robinson FR, Fuchs AF: The role of the cerebellum in voluntary eye
movements. Annu Rev Neurosci 2001; 24: 981-1004.

Srivastava A, Ahmad OF, Pacia CP, Hallett M, Lungu C: The
Relationship between Saccades and Locomotion. J Mov Disord 2018;

11: 93-106.

Beh SC, Frohman TC, Frohman EM: Cerebellar Control of Eye
Movements. J Neuroophthalmol 2017; 37: 87-98.

Fujikado T, Noda H: Saccadic eye movements evoked by

microstimulation of lobule VII of the cerebellar vermis of macaque

monkeys. J Physiol 1987; 394: 573-594.

Goffart L, Chen LL, Sparks DL: Deficits in saccades and fixation
during muscimol inactivation of the caudal fastigial nucleus in the

rhesus monkey. J Neurophysiol 2004; 92: 3351-3367.

Ignashchenkova A, Dash S, Dicke PW, Haarmeier T, Glickstein M,
Thier P: Normal spatial attention but impaired saccades and visual

motion perception after lesions of the monkey cerebellum. J

Neurophysiol 2009; 102: 3156-3168.

_16_



Sato H, Noda H: Saccadic dysmetria induced by transient functional
decortication of the cerebellar vermis [corrected]. Exp Brain Res 1992;
88: 455-458.

Choi KD, Kim H]J, Cho BM, Kim JS: Saccadic adaptation in lateral
medullary and cerebellar infarction. Exp Brain Res 2008; 188: 475-482.

10. Hayakawa Y, Nakajima T, Takagi M, Fukuhara N, Abe H: Human

11.

12.

13.

14.

cerebellar activation in relation to saccadic eye movements: a
functional magnetic resonance imaging study. Ophthalmologica 2002;
216: 399-405.

Tatu L, Moulin T, Bogousslavsky J, Duvernoy H: Arterial territories
of human brain: brainstem and cerebellum. Neurology 1996, 47:
1125-1135.

Sul B, Kim JS, Hong BY, Lee KB, Hwang WS, Kim YK, et al.:
The Prognosis and Recovery of Aphasia Related to Stroke Lesion.
Ann Rehabil Med 2016; 40: 786-793.

Lancaster JL, Woldorff MG, Parsons LM, Liotti M, Freitas CS,
Rainey L, et al.. Automated Talairach atlas labels for functional

brain mapping. Hum Brain Mapp 2000; 10: 120-131.

Rorden C, Karnath HO, Bonilha L: Improving lesion—-symptom
mapping. ] Cogn Neurosci 2007; 19: 1081-1088.

_17_



15.

16.

17.

18.

19.

20.

21.

Kim HA, Lee H, Yi HA, Lee SR, Lee SY, Baloh RW: Pattern of
otolith dysfunction in posterior inferior cerebellar artery territory

cerebellar infarction. J Neurol Sci 2009; 280: 65-70.

Botzel K, Rottach K, Biittner U: Normal and pathological saccadic
dysmetria. Brain 1993; 116: 337-353.

Helmchen C, Hagenow A, Miesner J, Sprenger A, Rambold H,
Wenzelburger R, et al. Eye movement abnormalities in essential
tremor may Indicate cerebellar dysfunction. Brain 2003; 126:

1319-1332.

Moschner C, Perlman S, Baloh RW: Comparison of oculomotor
findings in the progressive ataxia syndromes. Brain 1994; 117 (Pt

1): 15-25.

Wessel K, Moschner C, Wandinger KP, Kompf D, Heide W:
Oculomotor testing in the differential diagnosis of degenerative

ataxic disorders. Arch Neurol 1998; 55: 949-956.

Sharpe JA, Zackon DH: Senescent saccades. Effects of aging on
their accuracy, latency and velocity. Acta Otolaryngol 1987, 104:
422-428.

Huang J, Gegenfurtner KR, Schiitz AC, Billino J: Age effects on

saccadic adaptation: Evidence from different paradigms reveals

specific vulnerabilities. J Vis 2017; 17: 9.

_18_



22.

23.

24.

25.

26.

21.

28.

Akgun V, Battal B, Bozkurt Y, Oz O, Hamcan S, Sari S, et al.:
Normal anatomical features and variations of the vertebrobasilar
circulation and its branches: an analysis with 64-detector row CT
and 3T MR angiographies. Scientific World Journal 2013; 2013:
620162.

Marinkovi¢ S, Kovacevi¢ M, Gibo H, Milisavljevic M, Bumbasirevié¢
L: The anatomical basis for the cerebellar infarcts. Surg Neurol

1995; 44: 450-460.

Takagi M, Zee DS, Tamargo R]J: Effects of lesions of the
oculomotor vermis on eye movements in primate: saccades. J

Neurophysiol 1998; 80: 1911-1931.

Mano N, Ito Y, Shibutani H: Saccade-related Purkinje cells in the
cerebellar hemispheres of the monkey. Exp Brain Res 1991; 84:
465-470.

Ron S, Robinson DA: Eye movements evoked by cerebellar

stimulation in the alert monkey. J Neurophysiol 1973; 36: 1004-1022.

Dieterich M, Bucher SF, Seelos KC, Brandt T: Cerebellar activation
during optokinetic stimulation and saccades. Neurology 2000; 54:

148-155.
Stephan T, Mascolo A, Yousry TA, Bense S, Brandt T, Dieterich M:

Changes in cerebellar activation pattern during two successive

sequences of saccades. Hum Brain Mapp 2002; 16: 63-70.

_19_



29.

30.

31.

32.

33.

34.

Kheradmand A, Zee DS: Cerebellum and ocular motor control. Front

Neurol 2011; 2: 53.

Ranalli PJ, Sharpe JA: Contrapulsion of saccades and ipsilateral
ataxia: a unilateral disorder of the rostral cerebellum. Ann Neurol

1986; 20: 311-316.

Frohman EM, Frohman TC, Fleckenstein J, Racke MK, Hawker K,
Kramer PD: Ocular contrapulsion in multiple sclerosis: clinical
features and pathophysiological mechanisms. J Neurol Neurosurg

Psychiatry 2001; 70: 688-692.

Tilikete C, Hermier M, Pelisson D, Vighetto A: Saccadic lateropulsion
and upbeat nystagmus: disorders of caudal medulla. Ann Neurol

2002; 92 658-662.

Tilikete C, Koene A, Nighoghossian N, Vighetto A, Pélisson D:
Saccadic lateropulsion in Wallenberg syndrome: a window to access

cerebellar control of saccades? Exp Brain Res 2006; 174: 555-565.

Helmchen C, Straube A, Bittner U: Saccadic lateropulsion in
Wallenberg's syndrome may be caused by a functional lesion of the

fastigial nucleus. J Neurol 1994; 241: 421-426.

_20_



Characteristics of Saccadic Dysmetria and the Lesion

Analysis in Isolated Cerebellar Infarction

Kim, Sohyeon
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Graduate School
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(Supervised by Professor Lee, Hyung)

(Abstract)

Saccade 1s a critical function for percepting visual environments. So
far, oculomotor vermis and caudal fastigial nucleus in the cerebellum
have been known as the crucial structures for saccadic accuracy in
animal studies. We sought to assess the responsible area in humans and
conducted the lesional image analysis in cerebellar infarction patients.
We also compared saccadic features in patients with different vascular
territory lesions.

Forty—three patients from the acute stroke registry of Keimyung
University Dongsan Hospital between July 2016 and October 2020 were
enrolled. Saccadic dysmetria was observed in 69.8% of isolated cerebellar

infarction. 75.0% of patients with superior cerebellar artery (SCA)
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territory infarction showed contraversive saccadic dysmetria, while 50.0

% of patients with posterior inferior cerebellar artery (PICA) territory

infarction presented ipsiversive saccades. Unlike animal studies, MRI

analysis showed the most frequently damaged structures were fastigium,

culmen and dentate in the SCA group while part of cerebellar tonsil and

inferior semilunar lobule in the PICA group.

Two thirds of patients presented saccadic dysmetria. Midline cerebellar

structures and hemisphere were associated area. The present study

emphasizes that knowledge in anatomy of saccade circuitry and

understanding the respective saccadic abnormalities would help

physicians in diagnosing and localizing cerebellar infarction.
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