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ABSTRACT

Objective: We sought to quantify and compare angular vestibulo-ocular reflex (aVOR) gain and
compensatory saccade properties elicited by the head impulse test (HIT) in pontine-cerebellar
stroke (PCS) and vestibular neuritis (VN).

Methods: Horizontal HIT was recorded =7 days from vertigo onset with dual-search coils in 33
PCS involving the anterior inferior, posterior inferior, and superior cerebellar arteries (13 AICA,
17 PICA, 3 SCA) confirmed by MRI and 20 VN. We determined the aVOR gain and asymmetry,
and compensatory overt saccade properties including amplitude asymmetry and cumulative
amplitude (ipsilesional trials [l]; contralesional trials [C]).

Results: The aVOR gain (normal: 0.96; asymmetry = 2%) was bilaterally reduced, greater in AICA
(I=0.39, C = 0.57; asymmetry = 20%) than in PICA/SCA strokes (| = 0.75, C = 0.74; asym-
metry = 7%), in contrast to the unilateral deficit in VN (I = 0.22, C = 0.76; asymmetry = 54%).
Cumulative amplitude (normal: 1.1°) was smaller in AICA (| = 4.2°, C = 3.0°) and PICA/SCA
strokes (I = 2.1°, C = 3.0°) compared with VN (I = 8.5°, C = 1.3°). Amplitude asymmetry in
AICA and PICA/SCA strokes was comparable, but favored the contralesional side in PICA/SCA
strokes and the ipsilesional side in VN. Saccade asymmetry <61 % was found in 97% of PCS and
none of VN. Gain asymmetry <40% was found in 94% of PCS and 10% of VN.

Conclusion: HIT gains and compensatory saccades differ between PCS and VN. VN was charac-
terized by unilateral gain deficits with asymmetric large saccades, AICA stroke by more symmet-
ric bilateral gain reduction with smaller saccades, and PICA stroke by contralesional gain bias
with the smallest saccades. Saccade and gain asymmetry should be investigated further in future
diagnostic accuracy studies.

Classification of evidence: This study provides Class Il evidence that aVOR testing accurately dis-
tinguishes patients with PCS from VN (sensitivity 94%-97%, specificity 90%-100%).
Neurology® 2014;83:1513-1522

GLOSSARY

AICA = anterior inferior cerebellar artery; AUC = area under the curve; aVOR = angular vestibulo-ocular reflex; AVS = acute
vestibular syndrome; Cl = confidence interval; DWI = diffusion-weighted imaging; HIT = head impulse test; PCS = pontine-
cerebellar stroke; PICA = posterior inferior cerebellar artery; SCA = superior cerebellar artery; VN = vestibular neuritis;
VOG = video-oculography.

Acute vestibular syndrome (AVS), characterized by prolonged spontaneous vertigo,' is fre-
quently due to vestibular neuritis (VN) but may be caused by pontine-cerebellar stroke
(PCS).>* A negative clinical head impulse test (HIT), or absence of compensatory saccade,
plus assessment for skew deviation and direction-changing nystagmus predict PCS in the con-
text of AVS®™® better than the reference standard, diffusion-weighted imaging (DWI), which
may be falsely negative.®’

Because clinical HIT is subjective,'® quantitative assessment is desirable. A small video-
oculographic (VOG) study has compared the angular vestibulo-ocular reflex (aVOR) gain,
the ratio of eye velocity to head velocity, in a contemporaneous group of patients with AVS
consisting of PCS and VN."" However, the quantitative aspect of the pivotal sign of clinical
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HIT, the presence or absence of a compensa-
tory saccade,'” remains to be investigated in

AVS. We hypothesized that aVOR gain and
compensatory saccade measures would differ
between PCS subgroups and VN. In this
study, we used the gold-standard search coil
technique to record the HIT, analyzing aVOR
gain and saccade characteristics in PCS sub-
groups as defined by vascular territories and
lesional anatomy, and compared the findings
with VN and normal subjects.

METHODS Study protocol approvals, registrations, and
patient consents. Study protocol was approved by the Sydney
Local Health District Ethics Review Committee (X11-0151)
and University of Sydney (13076) with written informed consent
from all subjects, in accordance with the Declaration of Helsinki.

Subjects. We prospectively recruited 63 nonconsecutive patients
from inpatient neurology at a quaternary hospital between 2011
and 2014, based on symptoms of acute prolonged spontaneous
vertigo (>24 hours) and gait imbalance consistent with AVS.
Patients with anterior circulation (n = 3) and lateral medullary
stroke (n = 7) were excluded. Patients underwent targeted neuro-
otological examination (HIT, skew deviation, and direction-
changing nystagmus)®® and MRI; examiners were not explicitly
masked to imaging or other test results.

Thirty-three patients with PCS (26 men; aged 24-80, 58.5 *
15.8 years [mean = SD]) were identified by abnormal DWTI in
the territories of posterior inferior cerebellar artery (PICA), ante-
rior inferior cerebellar artery (AICA), or superior cerebellar artery
(SCA). Subtypes of AICA strokes were defined: (1) AICAp with
peripheral characteristics, indicated by positive clinical HIT; and
(2) AICAc with central characteristics, indicated by negative clin-
ical HIT. Twenty VN (10 men; aged 37-85, 59.2 = 14.5 years)
were diagnosed by normal DWI, a benign targeted examination
(unidirectional nystagmus, positive clinical HIT, no skew devia-
tion), and lack of neurologic deficits on follow-up (discharge and
6-8 weeks). HIT was recorded by L.C. =7 days from vertigo
onset (PCS: 3.4 = 2.0 days; VN: 3.4 £ 2.3 days). Normal
subjects (n = 17, 14 men, aged 26-80, 50.5 * 15.4 years)
without vestibular or neurologic disorders consisted of ambula-
tory care staff or relatives of outpatients. All subjects completed
the study protocol without complications. See appendix e-1-I and
table e-Al on the Neurology/® Web site at Neurology.org for

details of the clinico-radiologic findings.

MRI. Stroke protocol MRI (1.5T, GE, Australia; 5-mm-thick
axial slice, 0.5-mm gap) was performed in all patients with PCS
(48-72 hours from vertigo onset) and VN (48-96 hours from
vertigo onset). Acute stroke was defined by abnormal DWI" and
hypointense apparent diffusion coefficient map, supplemented by
T2-weighted sequences. Anatomical localization and vascular

territories were determined by LC using axial sections.'

Recording setup. Head and binocular eye positions were re-
corded with precalibrated dual-search coils (Universal Trading
Ventures, Cleveland, OH).">'¢ Subjects wore a head coil
secured to a dental impression bite bar. Search coils were
placed after topical anesthesia, and recording was performed in
a magnetic coil frame (CNC Engineering, Enfield, CT). Head
and eye signals were recovered by phase detection, low-pass

filtered (0-100 Hz), and sampled at 1 kHz with 16-bit
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resolution. The system had a resolution of 0.1 arcminute and

<2% cross-coupling between orthogonal signals.

Recording procedure. The subject was positioned with their
head in the coil frame center, 91 ¢m from a target. An experi-
menter standing behind the subject manually delivered approxi-
mately 25 to 30 center-eccentric, unpredictable, passive head

impulses in the plane of each horizontal canal.’>'®

Impulses
were matched to duration (onset to peak velocity approximately
100 milliseconds), amplitudes (15-20°), peak velocities (200—
300°/s), and peak accelerations (2,500-4,500°/s?) aided by an
LCD monitor (appendix e-1), which displayed individual

impulse velocity profiles.

Data analysis. MRI lesions were reported by neuroradiologists,
corroborated by LC, mirrored as left, which was assigned as ipsile-
sional. For bilateral lesions, the side with qualitatively larger DWI
lesion volume was assigned as left. AICA stroke was analyzed both
as a group and as 2 divisions, AICAp and AICAc¢. Because ische-
mia in PICA and SCA affects the cerebellum but not the vestib-
ular nuclei directly, we grouped them for analysis.

Head and eye data were analyzed offline with semiautomated
LabView software (National Instruments, Austin, TX). Rotation
vectors for head, gaze, and eye positions were determined.'”'®
Head impulses were aligned to peak head acceleration. Trials with
saccadic eye movements during the first 70 milliseconds after
impulse onset were excluded and the remainder analyzed (table 1).
Gain of the abducting eye (e.g., right eye for leftward impulses)'®
was calculated based on peak head acceleration centered during a
40-millisecond window.? Gain asymmetry (Gs) between ipsile-
sional (Gi) and contralesional (Gc) gains was determined as the
absolute difference: Gs = (Gc — Gi) X 100%.

Compensatory saccades were distinguished from fast phases
of spontaneous and gaze-evoked nystagmus by criteria such as dif-
ference in intersaccadic interval (appendix e-1-II and figure e-1).
Head impulse onset was defined as when peak head velocity
reached 2%, and offset defined when it approached zero.'” Sac-
cade onset latency was measured between impulse onset and peak
saccade acceleration. Saccades were classified as overt if the onset
occurred after impulse offset and covert if before.!”** Peak veloc-
ity was used to detect covert saccades. Overt saccade amplitude
was determined as cumulative (average amplitude of all saccades
per trial per horizontal canal) and as mean (first, second, and third
saccade). Overt saccade amplitude asymmetry (As) was calculated
from the sum of ipsilesional (£Ai) and contralesional (£Ac) sac-

cade amplitude using Jongkee’s formula:

Ao 22 AT DA 00

STAI+ > Ac
Statistical analysis. Statistical analysis was performed using SPSS
21 (IBM Corp., Armonk, NY). Data were tested for normality with
the Shapiro-Wilk test. Kruskal-Wallis test was used to compare
difference in aVOR gain asymmetry, 1-way analysis of variance in
overt saccade amplitude asymmetry, and linear mixed model
between ipsilesional and contralesional gains and saccade amplitude
among PCS, VN, and normal subjects. AICA stroke was considered
as a group for analysis, and descriptive statistics are given for AICAp
and AICAc. Gain and saccade asymmetry were analyzed as absolute
values, and their direction (positive or negative) is separately
described. Bonferroni correction was used for multiple comparisons
to adjust the o level of 0.05 for all tests. Receiver operating charac-
teristic curve analysis was used to identify potential quantitative cut-
points for differendating PCS from VN in future diagnostic accuracy
studies, and to identify thresholds for detecting a positive clinical

HIT based on cumulative saccade amplitude.
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[ Table 1 Head impulse gain and saccade characteristics in normal subjects, VN, and pontine-cerebellar stroke ]

Normal (n = 17) VN (n = 20) AICA (n = 13) PICA/SCA (n = 17/3)
Left Right | c | (o} | c
HIT trials excluded NA NA 3x1 & == l, 4 +1 42 4 +1 41
HIT trials included 302 30 2 213 21 £ 3 23+ 4 24 +5 26 =2 26 + 2
Gain and saccade characteristics
aVOR gain 0.96 + 0.05 022 +0.06 076+006 038+013 057=*012 0.75=+0.09 0.74 =0.08
Abnormal gain, % NA 100 80 100 100 80 80
Gs, % 2+x1 54 +7 22 =10 71
Negative® Gs, % NA 0 15 50
Abnormal Gs, % NA 100 77 50
Overt saccade mean amplitude, °
1st 1.0=+02 53+11 13+03 32+11 27 = 0.7 19=+03 21 +05
2nd 05+01 30=+06 0.7 0.2 16 =06 1.0=05 0.6 + 0.2 1.0+ 0.4
Cumulative amplitude, ° 11 +0.3 85+14 1.3+ 0.2 47 + 1.4 33+0.7 21 +04 3.0+ 08
Abnormal cumulative amplitude, % NA 100 5) 77 62 20 40
(+) clinical HIT, % 0 100 0 62 31 0 20
As, % 72 84 + 4 27 =13 257
Negative® As, % NA 0 31 70
Abnormal As, % NA 100 69 70
Overt saccade mean latency, ms
1st 372 + 40 314 + 33 343 + 43 322 + 44 335 + 43 336 + 46 318 + 34
2nd 634 * 43 539 * 34 581 = 41 559 * 57 616 = 37 643 = 36 614 + 38
ISl1-2 262 + 29 224 + 23 248 = 47 245 = 42 272 + 36 326 + 25 295 = 29
Overt saccade, %
>5° 0 49 + 12 0 21 =17 10 = 10 4+ 4 7+6
>3°-5° 5= 5 46 = 11 6+3 20+ 9 16 + 6 10+ 6 13+ 4
>2°-3° 9+7 24 +5 8+5 26 = 10 17«8 19+8 16 =7
>1°-2° 21 +8 36 = 10 16 = 8 34 =11 26 =11 27 =7 32=+7
Covert saccade, % 13+7 71 +12 18 = 10 57 + 22 45 + 20 41 + 12 29 = 14
Frequency (%) of diagnoses by gain and saccade characteristics
Abnormal gain NA 41 36 27 29 33 36
Abnormal Gs NA 50 25 25
Normal Gs NA ] 23 77
Abnormal cumulative amplitude NA 55 0 32 50 19 50
Positive clinical HIT 0 63 25 13
Abnormal As NA 47 21 33
Normal As NA 0 40 60

Abbreviations: AICA = anterior inferior cerebellar artery; As = overt saccade amplitude symmetry; aVOR = angular vestibulo-ocular reflex; C = contrale-
sional; Gs = gain asymmetry; HIT = head impulse test; | = ipsilesional; ISl;-> = intersaccadic interval between first and second overt saccade; NA = not
applicable; PICA = posterior inferior cerebellar artery; SCA = superior cerebellar artery; VN = vestibular neuritis.

Values are given as mean + 95% confidence interval, except as otherwise indicated. Abnormal gain (<0.80) was defined as below mean — 2 SD of normal, and
abnormal gain asymmetry (>5.9%), overt saccade amplitude asymmetry (>15.5%), and cumulative amplitude (>2.95°) as above mean + 2 SD of normal.
2Negative gain or saccade asymmetry indicates gain and saccades amplitude and/or frequency biased contralesionally.

RESULTS aVOR gains among subjects with PCS and
VN. In normal subjects, aVOR gains were just below
unity (0.96 £ 0.05, mean * 95% confidence interval
[CI]) and symmetric (2% = 1%). Table 1 summarizes

gains in PCS and VN. In VN (n = 20), gains were
deficient ipsilesionally and reduced by approximately
20% contralesionally (figures 1A and 2A) leading to
marked asymmetry (figure 3, A and B). AICA stroke
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[ Figure 1 HIT in PCS and VN ]
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Typical examples of head impulse test (HIT) in pontine-cerebellar stroke (PCS) and vestibular
neuritis (VN), shown as time series of inverted eye velocities to HIT trials. (A) Ipsilesional gain
deficit (mean 0.16) in VN (table e-A1, VN 12) led to large overt (black arrow) saccades (first
amplitude: 8.1°, mean) and covert (gray arrow) saccades (73% of trials). Contralesional gain
was slightly reduced (0.72) with small overt saccades (1.8°). Saccades in the direction of
contralesional impulses (#) represented the fast-phases of spontaneous nystagmus. (B) In
anterior inferior cerebellar artery-peripheral (AICAp) stroke (AICAp 6) due to left vestibular
nuclear infarction (white arrow), despite bilateral gain deficits (ipsilesional 0.11, contrale-
sional 0.21) overt saccades were small (ipsilesional trials: 2.5°; contralesional trials: 2.9°)
and occurred predominantly after ipsilesional trials. Anticompensatory saccades (%) were
dominant after contralesional trials. (C) In anterior inferior cerebellar artery-central (AICAc)
stroke (AICAc 4) due to isolated right floccular infarction, gains were asymmetrically reduced
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(n = 13) was characterized by variable bilateral gain
reduction. In AICAp stroke (n = 8), gains were bilat-
erally reduced (ipsilesional: 0.25 % 0.10; contralesional:
0.53 = 0.14) resulting in a spectrum of asymmetry
(30% = 13%) (figures 1B, 2B, and 3, A and B). In
AICAc stroke (n = 5), gain reduction was moderate
(ipsilesional: 0.59 * 0.16; contralesional: 0.63 *
0.22) and symmetric (9% = 8%) (figures 1C, 2C,
and 3, A and B). In PICA/SCA strokes (n = 20), gains
were reduced by approximately 25% maintaining sym-
metry (figures 1D, 2D, and 3, A and B).

Gains were different between the 2 sides in VN
(p < 0.01; linear mixed model) and AICA stroke
(p < 0.01), but not in PICA/SCA strokes (p =
0.60) or normal subjects (p = 0.96). Ipsilesional gains
were lower in VN (p < 0.01) and AICA and PICA/
SCA strokes (p < 0.01) compared with normal sub-
jects, lower in VN than AICA stroke (p = 0.03), and
lower in AICA stroke than PICA/SCA strokes (p <
0.01). Contralesional gains were lower in VN and
AICA and PICA/SCA strokes (p < 0.01) compared
with normal subjects, lower in VN than AICA stroke
(» = 0.01) and in AICA than PICA/SCA strokes (p =
0.03), but not different between VN and PICA/SCA
strokes (p = 1.00). There was a difference in gain
asymmetry (Gs) (H; = 47.31, p < 0.01; Kruskal-
Wallis test) between VN and other groups (normal,
PICA/SCA: p < 0.01; AICA: p = 0.02) and between
AICA stroke and normal (p = 0.02), but not PCS and
normal. Negative Gs, indicating contralesional gain
bias, never occurred in VN, but was present in 20%
of AICA and 50% of PICA/SCA strokes.

Overt and covert saccade characteristics. Table 1 sum-
marizes the saccade characteristics across groups. In nor-
mal subjects, saccades were small and symmetric (figure
4A). In VN, mean overt saccade amplitude was about 4
times larger during ipsilesional than contralesional trials
(figure 4B), but was similar between the 2 sides in PCS
(figure 4, C-E). The first saccade contributed to two-
thirds, the second saccade to one-third, while the third
saccade occasionally to the total eye movements in all
groups, except ipsilesionally in PICA/SCA strokes and
in normal subjects (first 82%, second 15%, and third
39%). Saccade latency was similar between the 2 sides in
all groups, with comparable intersaccadic interval. In

(ipsilesional: 0.55; contralesional: 0.75) with few small overt
saccades. (D) Upper: In posterior inferior cerebellar artery
(PICA) stroke (PICA 15) involving the left cerebellar hemi-
sphere and nodulus (white arrowhead), gains were symmet-
ric (ipsilesional: 0.85; contralesional: 0.82) with frequent
overt saccades larger after contralesional (4.3°) than ipsile-
sional (2.8°) trials. Lower: In superior cerebellar artery (SCA)
stroke (SCA 2) involving the superior vermis, gains were
mildly reduced bilaterally (ipsilesional: 0.66; contralesional:
0.71) with small overt saccades (ipsilesional trials: 2.2°
contralesional trials: 1.2°).



VN of all saccades, spontaneous nystagmus fast phases
comprised 2%, whereas 98% were compensatory
saccades.

There was a spectrum of saccade abnormalities in
PCS. Overt saccade amplitude asymmetry (As) com-
pares ipsilesional and contralesional saccade ampli-
tudes (figure 3D). In normal subjects, asymmetry
was negligible (7% % 2%, mean * 95% CI). There
was a difference in As (F5455 = 78.84, p < 0.01;
analysis of variance) between normal and VN (p <
0.01) or PCS (p < 0.01) and VN and PCS (p < 0.01)
but not between AICA and PICA/SCA strokes (p =
1.00). It strongly favored the ipsilesional side in VN
and became less asymmetric in AICA (AICAp =
36% * 18%, AICAc = 14% * 6%) and PICA/
SCA strokes. Negative As, indicating more frequent
or collectively larger saccades after contralesional tri-
als, never occurred in VN, but was present in 33% of
AICA and 70% of PICA/SCA strokes. Cumulative
amplitudes (figure 3C) that measure the compensa-
tory saccades seen during clinical HIT were small in
normal subjects (1.1° = 0.3°). Amplitudes were dif-
ferent between the 2 sides in VN (p < 0.01; linear
mixed model) and in AICA (p = 0.03) and PICA/
SCA (p = 0.02) strokes, and but not in normal sub-
jects (p = 0.80). For ipsilesional trials, amplitudes
were larger in VN (video 1) and AICA stroke (video 2;
AICAp = 5.7° £ 1.9°, AICAc = 3.1° = 0.8°) than
in normal subjects (p < 0.01), but not different
between PICA/SCA strokes and normal subjects
(p = 0.86). However, amplitudes were larger in
VN than in PCS (p < 0.01), and in AICA than in
PICA/SCA strokes (p = 0.01). Contralesionally, am-
plitudes were larger in AICA (AICAp = 3.4° = 1.1°,
AICAc = 3.0° = 0.9°) and PICA/SCA strokes (video
3) than VN (p < 0.01) or normal (p < 0.01), but not
different between VN and normal (p = 1.00) and
between AICA and PICA/SCA strokes (p = 1.00).
In normal subjects, large saccades (>5°) were absent,
while small saccades (1°-2°) were sometimes present
(figure e-2A). In PCS, small saccades were prevalent
bilaterally. In addition, in AICAp stroke, saccades of all
sizes were more frequent after ipsilesional than con-
tralesional trials. In VN, large saccades were frequent
and dominant after ipsilesional but not contralesional
trials. Covert saccades (figure e-2B) were present in
<20% of trials in normal subjects. They were most
frequent during ipsilesional trials in VN and AICAp
stroke, while occurring in about every second trial con-

tralesionally in AICAc¢ and PICA/SCA strokes.

Aggregate aVOR gain and saccade properties in PCS vs
VN. When gain or saccade symmetry was abnormal
(figure e-3A, table 1), VN accounted for about 50%,
while AICA (20%) and PICA/SCA (30%) strokes
combined for the other half. When gain or saccade

symmetry was within normal limits, VN was never
present; PICA/SCA strokes (60%-80%) was more fre-
quent than AICA stroke (20%-40%). When gains
were abnormal, VN accounted for 41% (n = 20), with
AICA (26%, n = 13) and PICA/SCA (33%, n = 16)
strokes combined for the majority. When cumulative
amplitude was abnormal, VN was responsible for 53%
(n = 20), AICA stroke 26% (n = 10), and PICA/SCA
strokes 21% (n = 8, 7 PICA); of these, positive clinical
HIT was observed in all VN, 80% of AICA strokes,
and 50% of PICA/SCA strokes.

Receiver operating characteristic curve analysis
identified cut-points for gain and saccade properties
that maximized aggregate differences between pa-
tients with PCS and VN in our series (figure e-3B).
The most robust was saccade asymmetry (<61%;
sensitivity of 97%, specificity 100%; area under the
curve [AUC] = 0.99, 95% CI = 0.97-1.00), fol-
lowed by gain asymmetry (<38%; sensitivity 94%,
specificity 90%; AUC = 0.97, 95% CI = 0.93-
1.00) and smaller ipsilesional cumulative amplitude
(<4.3°% sensitivity 94%, specificity 88%; AUC =
0.96, 95% CI = 0.92-1.00). Higher ipsilesional gain
(>0.30; sensitivity 84%, specificity of 85%; AUC =
0.89, 95% CI = 0.80-0.98) was not as sensitive or
specific.

Cut-points of cumulative amplitude for detecting
a positive clinical HIT were also determined likewise
(figure e-3C). The sensitivity was 100% and specific-
ity 88% at 3.1°, 90% and 90% at 3.4°, and 84% and
99% at 4.3° (AUC = 0.98, 95% CI = 0.96-1.00).

DISCUSSION We systematically investigated aVOR
gain and compensatory saccade characteristics in pro-
spectively recruited patients with PCS and VN using
the gold-standard measure, scleral search coils, to
record the HIT. Our data provide quantitative
insights into the clinical sign previously shown to
discriminate between PCS and VN in AVS—the
presence or absence of a compensatory refixation
saccade after the HIT.>® In our contemporaneous
cohort of PCS defined by vascular territories and
VN, we characterized HIT gain and saccade
abnormalities to provide a framework for anatomical-
physiologic correlation. Here, we elucidated gain and
saccade parameters with implication for clinical HIT
interpretation, and identified saccade amplitude for
observing a positive clinical HIT.

We found gain symmetry in PICA/SCA strokes in
contrast to VN, consistent with a VOG study."
However, we showed symmetric 25% aVOR gain
reduction supporting modulation of the human
high-acceleration aVOR by focal cerebellar lesions,
in contrast to diffuse processes, which affect gain var-
iably®! or alter the rotation axis.** PICA supplies the
dorsal vermis, nodulus, and uvula,?® and ischemia can
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Figure 2 Angular vestibulo-ocular reflex gains in pontine-cerebellar stroke
and VN
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Group data (mean = 95% confidence interval) displayed as time series of inverted eye
and head velocities during the first 125 milliseconds of head impulses.*® (A) In vestibular
neuritis (VN), ipsilesional gains were deficient while contralesional gains were reduced by
approximately 20%. (B) In anterior inferior cerebellar artery-peripheral (AICAp) stroke,
ipsilesional gains (0.25 + 0.11, mean + 95% confidence interval) were deficient like VN,
but unexpectedly contralesional gains (0.52 = 0.16) were also reduced. (C) In anterior
inferior cerebellar artery-central (AICAc) stroke, compared with AICAp stroke,
ipsilesional gains were less severely reduced (0.59 + 0.16), while contralesional gains
(0.63 + 0.22) were similar. (D) In posterior inferior cerebellar artery/superior cerebellar
artery (PICA/SCA) strokes, gains were mildly reduced bilaterally. Solid lines: means;
dashed lines: 95% confidence intervals.
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produce isolated vertigo.> Approximately half of SCA
stroke patients present with vertigo, probably related
to efferent projections from the anterior lobe to the
nodulus and uvula.?*

In AICA stroke, in addition to ipsilesional gain
deficit, contralesional gain was unexpectedly reduced,
which might be explained by floccular involvement®
(figure 1C; table e-Al, AICAp 2 and 4). AICA sup-
plies the labyrinth,? lateral pons (including root entry
zone and vestibular nucleus),?” and flocculus®®; occlu-
sion results in a spectrum of audio-vestibular loss.”
Our patient with isolated flocculus stroke had more
severe gain reduction ipsilesionally, contrary to a case
report®; this may reflect variable inhibition by the
floccular target neurons on the ipsilesional vestibular
nucleus, or adaptation of the contralateral flocculus.
We speculate that gain asymmetry may be dependent
on the relative involvement of the inner ear, vestibular
nucleus, and flocculus, supported by the different
gain and saccade characteristics between AICAp and
AICACc strokes.

Our gain and saccade analysis explains why clinical
HIT is “falsely” positive in AICAp stroke and negative
in AICA¢/PICA/SCA strokes.®” Mild gain reduction
with bilateral 2°-3° saccades, often larger contrale-
sionally, was the hallmark of PICA/SCA strokes. Var-
iable gain reduction with bilateral 3°-4° saccades,
mostly larger ipsilesionally, characterized AICA
stroke. In contrast, ipsilesional gain deficit accompa-
nied by large (8°), unilaterally dominant saccades was
typical of VN. We found the optimal clinical detec-
tion threshold to be approximately 3°-4°, larger than
the previously reported 1°-2° for eye movements in

1,>° probably because it is more difficult to dis-

genera
cern smaller eye movements immediately after head
rotation. Consequently, there was concordance in
VN but discordance in AICA¢/PCA/SCA strokes
between frequency of those with abnormal cumula-
tive amplitude and positive clinical HIT. A negative
clinical HIT has high sensitivity and specificity,®®
paradoxically because it misses small saccades, not
because the implied aVOR is “normal” in PCS.°
The severity of gain reduction likely accounts for
the difference in saccade amplitude between PCS
and VN. However, in AICAp stroke, despite compa-
rable ipsilesional gain deficit to VN, saccades were
smaller. The flocculus might be implicated because
it modulates saccades,”" although an experimental
lesion causes postsaccadic drift and does not affect
saccade velocity or accuracy.” We found negative
saccade asymmetry in 70% of PICA/SCA strokes
implying that saccades toward the ipsilesional side
were more frequent and/or collectively larger after
contralesional trials. Because an experimental lesion
of dorsal vermis causes ipsilesional hypometria,®***
these saccades might represent refoveating eye



[ Figure 3 Gain and saccade properties in PCS and VN ]
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(A) Normal gains were just below unity and symmetric. Ipsilesional gains were lowest in vestibular neuritis (VN) and anterior infe-
rior cerebellar-peripheral (AICAp) stroke, and ranged from 0.50 to 0.60 to unity in anterior inferior cerebellar artery-central
(AICAc) and posterior inferior cerebellar/superior cerebellar artery (PICA/SCA) strokes. Gains in VN overlapped with pontine-
cerebellar stroke (PCS). (B) Gain asymmetry was large with the ipsilesional gain lower in VN and, to a lesser extent, in AICAp
stroke, but was relatively small in AICAc and PICA/SCA strokes. Some AICAc and PICA/SCA strokes had negative gain asym-
metry. (C) Overt saccade amplitude asymmetry (As) compares ipsilesional and contralesional saccade amplitudes. Normal As was
close to zero. In vestibular neuritis (VN), As was strongly positive indicating saccade dominance during ipsilesional head impulse.
Asymmetry was less pronounced in AICAp stroke, and even less in AICAc stroke. In PICA/SCA strokes, As was comparable to
AICA stroke. Negative As indicates more frequent or collectively larger saccades during contralesional trials. (D) Overt saccade
cumulative amplitudes, the equivalent of clinical head impulse test, were very large ipsilesionally in VN compared with normal
subjects. In PCS, amplitudes during ipsilesional trials were smaller than in VN, and comparable to normal subjects except in
AICAp stroke. Contralesionally, amplitudes were larger than in VN and in normal subjects, particularly in PICA/SCA strokes.

movements in the presence of saccadic undershoot-  classification of PCS and VN in our series, while

ing. Fast phases of direction-changing nystagmus
were unlikely to explain saccade occurrence, because
they were excluded from analysis and present in only
30% of PICA strokes and absent in SCA stroke.”
Defining potential cut-points for overt saccade
amplitude asymmetry enabled accurate retrospective

cut-points for gain asymmetry and ipsilesional cumu-
lative amplitude were slightly less sensitive and spe-
cific. We found that in those with abnormal gain/
saccade asymmetry or cumulative amplitude, VN
and PCS accounted for about half each, suggesting
that this approach of dichotomizing quantitative
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[ Figure 4 Compensatory overt saccade characteristics in pontine-cerebellar stroke and VN ]
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(dark red bars) saccades. (C) In anterior inferior cerebellar artery-peripheral (AICAp) stroke, some saccades were sufficiently large bilaterally to be detected.
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measures into normal or abnormal, based on compar-
ison to normal, healthy controls, is unhelpful.
Although the search coil technique has limited avail-
ability and is technically demanding in the hyperacute
setting, it is the gold-standard method for gain and
saccade analysis. Future studies could potentially uti-
lize modern VOG, which is portable, rapidly deploy-
able,* and has sufficient spatial (0.1°) and temporal
(>250 Hz) resolution. With VOG, it remains to be
determined, however, whether saccade analysis is
more or less reliable than gain measurement. VOG
saccade analyses will likely be influenced by the
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effectiveness of algorithms that filter eye blinks and
other pseudo-saccade artifacts.’” VOG gain measures
depend on the computational algorithm used* to
factor for goggle slippage from inertia.*

Our study has several limitations. This is not a
diagnostic accuracy study in unselected AVS, so the
sensitivity, specificity, or predictive value of our find-
ings in clinical practice is unknown. Nevertheless, we
sought to generate hypotheses regarding quantitative
parameters that might be used for such future studies.
Our study included only those selected for neurology
admission and imaging, so our results may not



generalize to unselected AVS. We proposed criteria
for differentiating compensatory overt saccades from
fast phases of nystagmus, but this has not been for-
mally validated; therefore, some misclassification
might have occurred and affected our results. Our
saccade analysis does not apply to lateral medullary
stroke presenting with isolated vertigo, because these
patients were excluded. Caution is required when cor-
relating aVOR gain and saccade findings with a spe-
cific region of the cerebellum, nonvisualized lesions
(e.g., labyrinthine infarction, adaptation in nonin-
farcted parts of cerebellum), and the relatively small
number of patients with lesions in each particular
functional region. Our results could have been influ-
enced by the approximately 35% of patients who
underwent recording between 4 and 7 days after ver-
tigo, and ocular motor and vestibular findings might
evolve over the first several days. It is unknown the
extent to which our findings, measured by search coil
technique, will generalize to the more clinically appli-
cable VOG.

Odur results have practical implications for clinical
care and future research in patients with AVS. When
performing the clinical HIT, clinicians should com-
pare the left—right difference in size of compensatory
saccades, and be cognizant that bilateral saccades sug-
gest AICA stroke, small or no saccade PICA/SCA
strokes, and unilaterally dominant large saccades
VN.>¢ Future VOG-based studies should expressly
seck to compare the diagnostic accuracy of various
computerized algorithms (using saccade analysis, gain
measures, or both) for quantitatively differentiating
PCS from VN in unselected patients with AVS.
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