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ARTICLE INFO ABSTRACT

Article history:

Objective: Acute vestibular neuropathy (AVN), often referred to as vestibular neuritis, is a cranial
neuropathy responsible for a significant proportion of cases of acute vertigo. This study describes the
spectrum of lesion patterns in AVN as identified by video head impulse testing (VHIT) which assesses
the high frequency vestibulo-ocular reflex function of the semicircular canals, and cervical and ocular
vestibular evoked myogenic potentials (VEMPs) which assess otolith function.

Methods: We used vHIT and VEMPs to assess 35 patients with vestibular neuropathy in the acute stage.
Results: Unilateral superior division vestibular nerve involvement was the most common variant (57.1%),
followed by unilateral superior and inferior division (28.5%), bilateral superior division (8.5%) and unilat-
eral inferior division (5.7%). We observed a partial inverse correlation between the proportion of afferent
fibers from an organelle, and the likelihood that the test of that organelle’s function will be abnormal.
Conclusion: vHIT and VEMPs provide more detailed characterization of lesion pattern in AVN than caloric
testing.
Significance: Comparison of lesion patterns from neuro-physiological testing with what is known about
the proportional distribution of afferent fibers from the vestibular end-organelles suggests a new,
neuro-anatomically based insight regarding susceptibility of these pathways to AVN.
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1. Introduction:

The vestibular nerve is one of the 12 cranial nerves that form
the cluster of direct sensory inputs to the brain. Anatomically
related to the cochlear nerve, its “Y”-like configuration comprises
two branches that combine into a single structure. Those branches
are named according to their position in the internal auditory
canal, as superior and inferior divisions. The superior division of
the nerve carries the cupular input from the superior and horizon-
tal semicircular canals (SCCs) and from the utricle, while the
inferior division carries input from the posterior SCC and saccule.
Similar to other cranial neuropathies, the vestibular nerve can be
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independently affected by a variety of conditions including tumors,
traumatic injuries, infections and inflammation (neuritis). The
mechanism of the vestibular injury (immune, viral or vascular) in
vestibular neuritis has remained elusive, so the term “vestibular
neuritis” and the non-committal term “acute peripheral vestibu-
lopathy” are currently used interchangeably.

Acute vestibular neuropathy (AVN), also called vestibular neuri-
tis, is one of the archetypal conditions in vestibular medicine. It
manifests as an acute vestibular syndrome (AVS) with vertigo, nys-
tagmus, gait disturbance and autonomic symptoms (nausea and
vomiting), all of which must by convention last more than 24 h
(Hotson and Baloh, 1998; Kattah et al., 2009). The first clinical
descriptions dated from 1924 (Nylen, 1924) and 1949 (Hallpike,
1949), and histological support was provided by Schuknecht and
Kitamura in 1981 and others (Richard and Linthicum, 2012);
Schuknecht and Kitamura, 1981. From this early evidence of VN
two relevant aspects were observed; first, the histological changes
are similar to other viral related neuropathies (e.g., Herpes zoster)
such as the absence of evidence of micro-vascular occlusion; and
second, the superior branch of the vestibular nerve is more often
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affected. Analysis of the nystagmus vector in the acute stage of VN
provided additional support for the conjecture that the superior
division is the affected part of the nerve in most of the cases
(Yagi et al.,, 2010). Caloric testing, which is perhaps the most
widely available method for assessing peripheral vestibular func-
tion, only measures function of one of the five vestibular organelles
on each side (the horizontal semicircular canal, whose afferents
travel through the superior division of the vestibular nerve), and
thus cannot recognize other patterns of disease involvement by
VN — though it bears mentioning that caloric testing assesses the
low end of the frequency range of the horizontal SCC’s function,
whereas VHIT assesses the higher end thereof.

A contemporary vestibular laboratory includes both video head
impulse testing (VHIT) and vestibular evoked myogenic potentials
(VEMPs), which afford more comprehensive assessment of the 5
vestibular organelles on each side. The increased application of
VHIT and data acquisition are facilitating more accurate character-
ization of the lesion profile of AVN. Therefore, applying these tests
on a larger sample of AVN patients should permit a reassessment
of whether this disease predominantly involves the superior divi-
sion of the vestibular nerve, or is actually a spectrum of nerve
lesions.

Our study has two aims. The first aim is to describe the variants
of AVN observed through vHIT and VEMPs in patients with vestibu-
lar neuritis in the acute stage, and to illustrate for the clinician the
spectrum of AVN observed in daily practice. The second aim is to
provide new insights into vestibular lesion pattern by comparing
our results with the micro-anatomic literature of the human
vestibular nerve.

2. Methods

A retrospective cohort study was conducted. Patients with all
variants of AVN that were evaluated between 2014 and 2018 at
our tertiary clinic and its associated vestibular disorders centers
networks were considered for this study. The patients were
selected from the database according to established criteria. The
inclusion criteria based on the HINTS protocol (Kattah et al.,
2009)were patients without prior history of recurrent vestibular
symptoms who (1) experienced new onset spontaneous and sus-
tained acute vestibular syndrome (lasting more than 24 h) within
the preceding 15 days; (2) had physical examination (nystagmus)
consistent with peripheral vestibular involvement (horizontal-
torsional, unidirectional, suppression with fixation) and without
other cranial nerve or additional neurological abnormalities; (3)
had both multiaxial vHIT and air conducted cervical and ocular
VEMPs performed within the first 15 days from the onset of symp-
toms; (4)had no discernable lesion in the posterior fossa or
vestibular nerve on a 1.5 or 3 Tesla brain MRI with contrast (and
diffusion sequence) after 72 h of symptom onset; (4) had no sub-
jective hearing complaints, and had an audiogram showing no syn-
chronic ipsilateral hearing loss (to exclude labyrinthitis and
Méniére’s disease); (5) had no evidence of a more convincing alter-
native diagnosis (e.g., vestibular migraine) during the subsequent
clinical evaluation from at least 1 year of follow up. Since there
could be variants of AVN affecting canals other than the horizontal,
a normal bedside horizontal Head impulse test (HIT) was not
regarded as an exclusionary criterion. However, this subgroup of
patients needed at least 2 or more 1.5 or 3 Tesla brain MRIs (with
diffusion) without evidence of any lesion in the posterior fossa,
performed within a 4-week interval to be include in the study.

In order to include individuals with sequential forms of AVN,
patients with a well-documented history compatible with AVN
supported by clinical examination, caloric testing, vHIT and MRI
negative for any central lesion were not excluded from the study.
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This research received prior approval from our institutional
review board.

All vestibular tests and the physical examination were per-
formed by the same operator (DAY) using the same video goggles
and VEMP procedures. In all patients the VOR gain was assessed
with VHIT (Eye See Cam®, Interacoustics, Denmark). The vestibular
evoked myogenic potentials (VEMPs) were measured from the cer-
vical muscles (cVEMP, cervical VEMP) and extraocular muscles
(oVEMP, ocular VEMP) using 500 Hz air-conducted tone bursts at
100 dB (Epx Eclipse®, Interacoustics, Denmark). Two VEMP trials
were performed; if the amplitude of both results were within the
40% difference between them, then the study was considered reli-
able and the higher amplitude was used.

The multiaxial vHIT was reviewed with specific attention to the
vestibulo-ocular reflex (VOR) gain of all 6 canals and corrective
catch up saccades. The software calculated VOR gains during in
VvHIT by two methods: the instantaneous velocity gain (eye veloc-
ity/head velocity) at a 60 ms window (VOR60), and the regression
slope between head and eye velocity (VORrs). The normal vHIT
range in our lab was obtained from a control group of 25 normal
subjects (mean * 2 SD for VORrs gains). The side-to-side quotient
was defined as the asymmetry index (gain regression asymmetry)
between sides. Abnormal horizontal VOR gain was defined as
below 0.8 for VORrs (range 0.9-1.12), asymmetry >6% and (+2
SD). The range of normal values for the vertical canals VORrs gain
was between 0.82 and 1.26 and asymmetry <8% (Yacovino et al.,
2018).

The single variable used to measure the canal function was the
VOR gain regression slope (VORrs), since it is more reliable than
the occurrence of catch-up saccades or instantaneous VOR gain,
in tracings contaminated by spontaneous nystagmus as observed
in the acute stage of VN.

Evoked responses of VEMP include two peaks of vestibular ori-
gin, which appear at approximately 13 and 23 ms in cVEMP (p13-
n23), and at approximately 10 and 16 ms (n10-p16) in oVEMP.
Normal values of VEMPs were based on data from 34 control sub-
jects (age range 25-80 years) and compared with the results in the
patients. The VEMP responses were considered abnormal when
they were absent (no definable and replicable VEMP response) or
had amplitudes less than the fifth percentile according to the
non-parametric data from the control group. The lower limits of
inter-peak amplitude were 22 uv (range 22-180 pv) and 0.9 pv
(range 0.9-8.5 pv) for cVEMP and oVEMP, respectively. Interaural
asymmetry above 34% for cVEMP and 37% for oVEMP (percentile
95%) were considered abnormal. Abnormal results on the latency
of p/n potentials, or more than 40% of difference variability in
the amplitude of potential p/n on 3 successive VEMP trials were
regarded as indeterminate results.

The results of vHIT and VEMPs were analyzed as a binary out-
come, normal or abnormal according to the normative data.

2.1. Topographic grouping procedure

Based on the nerve’s anatomy vestibular neuritis can be divided
into four variants. (1) If the anterior SCC, horizontal SCC and utricle
were all involved then it was considered a complete superior divi-
sion VN. However, if one of the organelle afferents was unaffected
then the case was defined as partial superior division VN. (2) If the
posterior canal and the saccule were both affected, then it was con-
sidered a complete inferior division VN. (3) Involvement of both
divisions was defined as any combination lesion of the superior
and inferior divisions was obtained in the vHIT and VEMP mea-
surements. (4) In accordance with previous studies, bilateral forms
of VN (bilateral sequential and bilateral simultaneous VN) were
included to cover the full spectrum of this condition (Huppert
et al., 2006; Schuknecht and Witt, 1985; Yacovino et al., 2018).
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Table 1

Topographic spectrum of vestibular nerve involvement based on the results of 35 patients who underwent complete video head impulse testing (vHIT) and vestibular evoked
myogenic potentials (VEMPs). The results are presented as binary outcomes (normal or abnormal). In 6 patients VEMPs (cVEMP n:4 and/or oVEMP n:2) were indeterminate since
they presented with abnormally prolonged p1/n1 latency, and/or more than 40% of the variability in the peak-to-peak potential amplitude, recorded on three measurement trials.
Consequently, the lesion profile was grouped based on the VHIT results alone. Superior and inferior division means at least one vestibular end-organ innervated by the superior
and inferior division, respectively. Bilateral vestibular neuritis forms refer to bilateral involvement of vestibular neuritis (either sequential or simultaneous), topographically
corresponding to vestibular nerve involvement. ASCC: anterior semicircular canal; HSCC: horizontal semicircular canal; PSCC posterior semicircular canal.

n: 35 HSCC ASCC PSCC Utricle Saccule CLASSIFICATION
Both branches (n: 10, 28.5%)
3 affected affected affected affected normal All canals + utricle
1 affected normal affected affected affected PSC + HSC + utricle + saccule
1 affected affected affected normal normal Only canals
4 affected affected normal affected affected Superior division + saccule
1 normal normal normal affected affected Utricle + saccule
Superior branch alone (n: 20, 57.1%)
3 affected normal normal normal normal HSC
6 affected affected normal undetermined undetermined Unclassifiable
1 affected affected normal normal normal Only canals
7 affected affected normal affected normal Complete superior division
3 affected normal normal affected normal HSC + utricle
Inferior branch alone (n: 2, 5.7%) normal normal affected normal affected Complete inferior division
Bilateral forms (n: 3, 8.5%) affected affected normal affected normal Bilateral superior division
Total (percent) 32 (91.4%) 25 (71.4%) 7 (20%) 22 (62.9%) 8 (22.9%)
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Fig. 1. Vestibular testing battery (VHIT and VEMPs) in the left labyrinth of normal subjects (column A), in cases with acute superior branch vestibular neuritis (columns B, C,
D) and in a case of inferior branch vestibular involvement of the right ear (column E). Red and blue tracings represent responses originating from the right and left ears,
respectively. For VHIT testing, the VOR eye velocity responses (in black) are superimposed on the head velocity tracings (in red or blue), inverted. The vertical axis represents
the velocity scale from —100 to 300°/s, and the horizontal axis represents the time from —50 to 300 ms. The data in column B show a reduction on the VOR gain on the
horizontal and anterior canals with evident catch-up saccades, and absent responses in the ipsilateral oVEMP, consistent with complete superior branch vestibular neuritis.
The spontaneous nystagmus contaminated all the vHIT tracings. The data in column C are from a case with horizontal canal involvement and reduced oVEMP responses, but
normal anterior and posterior canal function, consistent with partial superior division vestibular lesion. The data in column D are from a case with a more restricted superior
vestibular nerve lesion, since only the horizontal canal gain is reduced, while the function of the remaining organelles has remained intact. The data in column E show
reduced gain in the posterior canal, and absent cVEMP, consistent with a complete inferior division lesion. In this case there was oblique (predominantly down beat)
nystagmus. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results

Thirty-five patients (mean age: 51.6 years) with new AVN from
our database met all inclusion criteria and none of the exclusion
criteria. The restrictive temporal window of < 15 days (in order
to limit the analysis to cases in the acute stage), the lack of diffu-
sion sequence in the MRI, and the presence of conductive hearing
loss were the most frequent reasons for exclusion. The mean time
from symptom onset to clinical examination and instrumented
evaluation was 7.8 days (SD 4.7). The follow up of the patient (first
to last visit interval) ranged between 12 and 50 months (mean:
36 months).

The AVN patients were classified according to the results of the
VHIT and VEMPs into four main groups (Table 1).

Selected examples of data from a control subject and from each
category of AVN are displayed in Fig. 1.

In our case series the frequency of involvement by organelle
afferents, in descending order, was horizontal SCC (91%), anterior
SCC (71%), utricle (63%), saccule (23%) and posterior SCC (20%). This
order is similar, though not identical, to the studies by Taylor et al
(Taylor et al., 2016)and Navari et al (Navari and Casani, 2020), in
which posterior canal involvement was more common than saccu-
lar involvement.
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Superior branch involvement represented the most frequent
variant, accounting for 57.1% (20/35) of cases. Of those cases of
superior division involvement, a complete superior division
vestibular lesion was the most common form observed. Complete
inferior division involvement was observed in only 5.7% (2/35) of
cases. Involvement of both divisions was found in 28.5% (10/35)
of cases, representing the second most common pattern overall
in frequency. Bilateral involvement was found in 8.6% (3/35) of
cases, of which 2 were bilateral sequential AVN (Fig. 2) and one
was bilateral simultaneous AVN (Fig. 3). Isolated otolith impair-
ment in combination with normal canal function was documented
in a single case (Fig. 4). (To contrast those abnormal vestibular pro-
files with a vestibular testing in normal subjects see Supplemen-
tary Fig. 1).

For this study we have chosen to remain neutral with respect to
etiology; nevertheless, of the 10 patients with complete (superior
and inferior division) involvement, we checked 5 of them for Her-
pes zoster antibodies and found all 5 to be positive for IgG but neg-
ative for IgM; moreover, none of these 5 patients developed the
herpetic skin lesions in the external auditory canal suggestive of
Herpes zoster oticus; consequently we speculated that the IgG pos-
itivity was more likely due to recent varicella vaccination.
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Fig. 2. Video head-impulse test and nystagmographic tracings in one of the patients with bilateral sequential vestibular neuritis. This patient with left sided vestibular
neuritis in the acute stage exhibited spontaneous right beat nystagmus (right side, top panel). The vHIT performed at 7 weeks from symptom onset showed hypofunction of
the left horizontal canal associated with well-organized covert and over saccades (left side, panel A). Eight months later the patient reported a second attack of dizziness with
severe imbalance. This second attack was likely superior branch vestibular neuritis on the right side, based on the fact that repeat vestibular testing showed spontaneous left
and mild up beat nystagmus (right side, second panel from the bottom), and reduced VOR in the horizontal and anterior canals (left side, panel B). After 2 weeks the
spontaneous nystagmus was no longer present, whereas and the reduced VOR remained (data not shown).

140



Dario Andrés Yacovino, Estefania Zanotti and M. Cherchi

Head
—— Eye

L]

Left Ear

Right Ear
200 °/SEC

Clinical Neurophysiology Practice 6 (2021) 137-145

Head

—— Eye

200°/SEC

b

Right Ear Left Ear

300 ms 300 ms
Right ear Left ear Right ear Left ear
a || iomv e b | |Tromv E
1 P1 Pl P1
a a
E 100 dbj 100 db E 100 dHf
= = 100 db
f= f=3
N1 N1
N1 N1
Tanv P1
v 100 dbf s\ ~F N~~~ 100db Voq/'vb.ﬂp
POH T T S IR [ ) GO0 S a N
= =
w [ P1
= =
S [100 abfor——oo ~omee L0 dbw 3100 ﬂbw mo.,hw
N1
e e T e W

Fig. 3. Video head impulse test (VHIT), cVEMP and oVEMP, in a patient with bilateral simultaneous superior division vestibular neuritis. Panels on the left (a) show results of
testing in the acute phase; panels on the right (b) show results of testing from follow-up two years later. AC (anterior SCC), HC (horizontal SCC) and oVEMP (utricle) are
bilaterally affected. Both posterior SCCs and cVEMPs are normal. At the 2-year follow up, mild recovery was observed in terms of gain on both anterior canals and in the
amplitude of the oVEMP only on the left ear. In the cVEMP tracing P1 represents the p13 peak and N1 represents the n23. In oVEMP tracing N1 represents the n10 peak and P1
represents the p16 peak; as reported elsewhere (Yacovino DA, et al., Front Neurol 2018; 9: 353) in this case the patient exhibited spontaneous up beat nystagmus at the initial

symptomatic stage.

4. Discussion

Although most physicians feel reasonably comfortable with the
clinical diagnosis of AVN, several questions remain regarding the
exact pathogenesis, the treatment, the frequency of sub-variants
(e.g., pure otolithic involvement) and why some organelles’ affer-
ent pathways are more vulnerable than others. One aim of this
study is to characterize the frequency of different variants of
AVN encountered in vestibular clinics. Understanding these lesion
profiles may improve their recognition in the real-world setting.

This study relied heavily on vHIT. When acute vestibular hypo-
function is suspected, it is recommended to start with vHIT due to
its low burden for the test subject (Starkov et al., 2020). Loss of
caloric function by itself is insufficient to diagnose VN given that
it identifies a deficit in only 1 out of 5 vestibular organelles. In
addition, caloric testing is uncomfortable for an acutely ill patient,
it poses several technical challenges, and the underlying sponta-
neous nystagmus may result in miscalculation of vestibular
hypofunction.

Exclusively superior division AVN was the most common pre-
sentation in our series, similar to the recent study by Navari and
Casani (Navari and Casani, 2020). Although supportive histological
data are scarce, superior division involvement was considered for
years to be a characteristic finding of VN (Fetter and Dichgans,
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1996; Himmelein et al., 2017). This was supported by what was
at that time the most widely available tool, the caloric test. Several
explanations for this pattern were proposed, including (a) direct
viral invasion via the facio-vestibular anastomosis selectively
involving the superior division; (b) the longer and narrower aspect
of the bony channel of the superior division than the inferior divi-
sion of the vestibular nerve, making the former more vulnerable to
compression inside the channel due to edema (Goebel et al., 2001);
and (c) a double innervation of the posterior SCC which confers
greater resistance to injury of the inferior portion of the labyrinth
(Arbusow et al., 1999).

In mild to moderate cases, a more distal involvement of the
nerve could lead to incomplete and selective distal branch lesions
(Goebel et al., 2001).

In contrast to our study, other authors using similar vestibular
testing batteries have reported that involvement of both superior
and inferior divisions is the most prevalent profile in VN (Guan
et al.,, 2017; Taylor et al., 2016). This discrepancy may be attributa-
ble to a selection bias or to dissimilar inclusion/exclusion criteria.

Like other cranial neuropathies, AVN is a dynamic process, and
some spontaneous recovery (restoration of function through cen-
tral compensation) is expected (Biiki et al., 2017; Fu et al., 2019;
Palla and Straumann, 2004). Vestibular testing performed at a sig-
nificant delay after symptom onset may not be representative of
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Fig. 4. Pure otolithic involvement in VN. This unusual case, a young woman presented to the emergency room with acute vertigo and sustained positional nystagmus with
mixed torsional and mild horizontal components, with fixation and gait disturbance. She subsequently developed frequently recurring typical BPPV in the right ear,
eventually involving all three canals. In the right ear the oVEMP was absent and the cVEMP was weak. At 3 months she was better but was still unbalanced. Note that on vHIT,

the VOR gain was normal in all three canals, and there were no catch-up saccades.

the initial injury and the original topography. In contrast, testing
performed too early (<24-48 h) may provide a similarly incom-
plete picture of the final extent of vestibular damage (Taylor
et al,, 2016). Therefore, the timing between symptom onset and
vestibular assessment is critical for correct localization of the
lesion within the vestibular nerve.

Isolated involvement of nearly each individual vestibular end-
organ has been reported as an independent variant of AVN. For
example, pure ampullary nerve involvement of the horizontal or
posterior canals, and isolated utricular lesions have been described
(Blodow et al., 2013; Guan et al., 2017; Halmagyi et al., 2002; Kim
and Kim, 2012; Magliulo et al., 2012; Manzari et al., 2014). Despite
this variability, an isolated lesion of the anterior SCC afferents has
never been reported, nor did any such cases appear among our
data.

Interestingly, one patient displayed an absent response on the
utricle (0VEMP) and moderate impairment on the saccule (cVEMP)
with normal multiaxial vHIT (Fig. 4). This AVN profile would be
attributed to a selective lesion of fibers in the superior vestibular
nerve. Since there are neural anastomoses within the vestibular
nerve — such as Voit’s nerve (Curthoys et al., 2014; Gacek and
Rasmussen, 1961; Voit, 1907), which carries about 10% of saccular
fibers into the superior division of the vestibular nerve — it is con-
ceivable that the combination of oVEMP absence and cVEMP weak-
ness partly reflects input from crossed labyrinthine afferents.
Similarly, due to the double innervation of the saccule, it could
be misclassified as a lesion of both divisions in cases with superior
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nerve lesion plus saccular involvement. In any case, there is still
insufficient evidence to clarify the group to which such cases
would belong. Since the oVEMP response is mediated by an
ascending pathway, and the cVEMP by a descending pathway, we
would not expect a single central lesion to account for this pattern;
moreover, the function of the canal afferents was normal, and MRI
failed to demonstrate any lesion in the vestibular nuclei.

AVN is typically unilateral, and while rare, a separate lesion
involving the contralateral nerve has been described in 1-4% of
patients (Huppert et al., 2006; Mandala et al., 2010). Such cases
usually occur in a sequential pattern, after a long period (months
to years) following the initial nerve damage (Huppert et al.,
2006; Schuknecht and Witt, 1985). Our data include two cases of
a bilateral sequential vestibular lesion (Fig. 2) and one case of an
acute bilateral simultaneous AVN (Fig. 3) as we reported elsewhere
(Yacovino et al., 2018). Three patients in our series were classified
within this group, all of them involving the superior division. The
underlying mechanisms of contralateral lesions are unknown, but
may be related to a sympathetic immune response (Young et al.,
2016). In support of this conjecture were an early study that failed
to demonstrate the efficacy of antiviral therapy (valacyclovir) in
acute VN (Strupp et al., 2004),the finding of elevated pro inflamma-
tory components in the peripheral blood in the acute stage of VN
(Fattori et al., 2003; Kassner et al., 2011),and some evidence of pos-
itive effect of corticosteroids (Solis et al., 2019). Taking these into
account, some authors postulate an immune mediated injury as
the main mechanism of AVN (Wu et al., 2019).
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Table 2
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Comparison of the relative percentage of fibers of each organelle in the vestibular nerve from temporal bone histological studies (two columns on left) with the relative
percentage of organelle involvement from clinical studies (three columns on right). ASCC: anterior semicircular canal; HSCC: horizontal semicircular canal; PSCC posterior

semicircular canal.

Histologic studies of human temporal bones, with
organelle afferents and their percentage of total
fibers of the vestibular nerve, in ascending order

Clinical studies of the percentage of cases of vestibular neuritis in which an organelle is involved,
in descending order

Lee et al. (1990) Bergstrom (1973)

Taylor et al. (2016)

Navari and Casani (2020) Our series

HSCC (12%) HSCC (97.7%)
ASCC (12.8%) ASCC (93%)
PSCC (14.5%) PSCC (13.35%) Utricle (72.1%)

Saccule (26.5%)
Utricle (34.2%)

Saccule (22.05%)
Utricle (32.44%)

PSCC (39.5%)
Saccule (39%)

HSCC (97%)
ASCC (83%)
Utricle (73%)
PSCC (46%)
Saccule (44%)

HSCC (91.4%)
ASCC (71.4%)
Utricle (62.9%)
Saccule (22.9%)
PSCC (20%)

The vHIT and VEMP provide more comprehensive tools than the
caloric test to identify these variants of VN. Although the most fre-
quent cause of bilateral vestibular weakness is ototoxicity, that is
not a plausible etiology in our patients; there would need to be a his-
tory of ototoxic exposure, and the onset of vestibular symptoms
would need to be gradual; our cases did not have these features.
Rationally, patients with bilateral vestibular hypofunction who were
previously considered idiopathic might be reclassified within a bilat-
eral AVN group according to the results from a modern test battery.

Although other authors have reported on the distribution of the
vestibular nerve lesions in AVN (Magliulo et al., 2014; Navari and
Casani, 2020; Taylor et al., 2016), our study aimed to survey all
potential variants, including the sequential or “patchy” forms. In
any case, our observations and those of others do show that it is
quite characteristic for AVN to manifest as a sub-total lesion of
the vestibular nerve.

The question of why vestibular neuritis involves specific afferent
pathways in the observed patterns remains unanswered, though
comparing our data (and that of others) with what is known of the
microanatomy of the vestibular nerve may suggest some clues.
The microstructural anatomy of the vestibular nerve is difficult to
analyze due to a variety of factors, such as neuronal anastomoses
with adjacent structures (Ozdogmus et al., 2004), the gradual rota-
tion in the disposition of the fibers along the course of the nerve
(Silverstein et al., 1986), the variable orientation between individu-
als (Rasmussen, 1940), variability between genders (Moriyama
et al., 2007), the attrition of nerve fibers with age (Bergstrom,
1973, (NAGAI et al., 1999), and variability between different meth-
ods of histological preparation (Lopez et al., 2005). Nevertheless, a
few painstaking studies on human specimens have been conducted,
each with its merits and limitations. For example, the study by Lee
et al. (Lee et al., 1990) has the merit of tracing fibers from each of
the five vestibular organelles, but the limitation of analyzing only
three specimens; the study by Bergstrom (Bergstrom, 1973) has
the merit of analyzing forty specimens, but the limitation of conflat-
ing the afferents from the anterior and horizontal canals; the study
by Lopez, Ishiyama et al (Lopez et al., 2005 )has the merit of analyzing
thirteen specimens, but the limitation of completely omitting saccu-
lar afferents. Some of those histologic data are juxtaposed with data
from clinical studies in Table 2.

Interestingly, there is a partial inverse correlation between the
proportion of afferent fibers from an organelle, and the likelihood
that the test of that organelle’s function will be abnormal (with
the utricle being a notable exception to this generalization). This
relationship appears counterintuitive at first, as one might expect
that the greater the cross-sectional area of the vestibular nerve
occupied by an organelle’s of fibers, the more likely that it would
be involved by a lesion (and thus the more likely that its dysfunc-
tion would be detected by a vestibular test). However, another way
of conceptualizing this is that the larger the number of fibers from
a given organelle, the less likely it would be for a lesion to interrupt
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them all, effectively rendering that organelle’s function more resi-
lient against a lesion. In other words, assuming a random distribu-
tion of damage from AVN involving a given number of fibers, a
pathway containing a smaller total number of fibers will be pro-
portionally more affected (and thus its dysfunction will be more
readily detectable on vestibular testing), whereas a pathway con-
taining a larger total number of fibers will be proportionally less
affected (and thus its dysfunction will be less readily detectable
on vestibular testing). This may be why, for example, the test of lat-
eral canal afferents is abnormal in 91.4-97.7% of cases of AVN, even
though those afferent fibers account for only 12% of the total fibers
in the vestibular nerve.

5. Limitations of the study

This study was designed to demonstrate primarily the value of
VvHIT in classifying the sub-variants of an acute peripheral vestibu-
lar syndrome, and consequently does not consider caloric testing
as the gold standard since that test does not assess function of
the vertical canals. Therefore, patients with caloric hypofunction
yet normal H-SCC gain in VHIT could be missed; it is known that
results from these tests can be discrepant (Blodow et al., 2013;
Burston et al., 2018; Fukushima et al., 2019; Jung et al.,, 2017;
Mahringer and Rambold, 2014; McGarvie et al., 2015; Park et al.,
2005; Rambold, 2015; Rubin et al., 2018; Wegmann-Vicuia et al.,
2018; Yoo et al., 2016), and such discrepancies are believed to be
attributable to the fact that the tests assess different frequencies
of the vestibulo-ocular reflex (McCaslin et al., 2014, Redondo-
Martinez et al., 2016, Zellhuber et al., 2014).

The question of whether a very small (lacunar) acute stroke
undetected by MRI could provoke the symptoms in some patients
is a limitation. However, even in the typical clinical forms (diag-
nosed by HINTS) the MRI has the last word, simply because the
MRI is still regarded as the gold standard for detecting a central
lesion. The probability of a stroke with two normal MRIs is believed
to be extremely low (Choi et al., 2018), and we did check this in the
atypical forms of AVN in the present study.

The optimal time frame after symptom onset for conducting
these vestibular tests has not been established. In the interest of
studying a relatively uniform clinical group of acute AVN patients,
we used the inclusion criterion of <15 days from symptom onset. In
a similarly arbitrary fashion, other studies have elected to use dif-
ferent time frames. It is certainly possible that a different time
inclusion criterion could result in a different profile of lesion distri-
bution patterns.

6. Conclusion

Examining each of the 10 vestibular end organs with vHIT and
VEMPs is currently the most expeditious method for identifying
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the lesion pattern in cases of acute vestibular syndrome presenta-
tion (from unilateral, to bilateral, to superior division, to inferior
division, to single branch involvement). This more detailed charac-
terization of the lesion pattern will facilitate more accurate diagno-
sis of AVN.

Future studies should analyze larger samples of AVN patients,
including the less frequent forms (e.g., pure otolithic or bilateral),
and consider investigating different time frames from symptom
onset, since it is known that different tests may detect recovery
(compensation) at different times.
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