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Abstract

Acute unilateral lesions of vestibular graviceptive pathways from the otolith organs and semicircular canals via vestibular
nuclei and the thalamus to the parieto-insular vestibular cortex regularly cause deviations of perceived verticality in the frontal
roll plane. These tilts are ipsilateral in peripheral and in ponto-medullary lesions and contralateral in ponto-mesencephalic
lesions. Unilateral lesions of the vestibular thalamus or cortex cause smaller tilts of the perceived vertical, which may be
either ipsilateral or contralateral. Using a neural network model, we previously explained why unilateral vestibular midbrain
lesions rarely manifest with rotational vertigo. We here extend this approach, focussing on the direction-specific deviations
of perceived verticality in the roll plane caused by acute unilateral vestibular lesions from the labyrinth to the cortex. Tra-
ditionally, the effect of unilateral peripheral lesions on perceived verticality has been attributed to a lesion-based bias of the
otolith system. We here suggest, on the basis of a comparison of model simulations with patient data, that perceived visual
tilt after peripheral lesions is caused by the effect of a torsional semicircular canal bias on the central gravity estimator. We
further argue that the change of gravity coding from a peripheral/brainstem vectorial representation in otolith coordinates
to a distributed population coding at thalamic and cortical levels can explain why unilateral thalamic and cortical lesions
have a variable effect on perceived verticality. Finally, we propose how the population-coding network for gravity direction
might implement the elements required for the well-known perceptual underestimation of the subjective visual vertical in
tilted body positions.

Keywords Midbrain stroke - Rotational vertigo - Vestibular system - Head angular velocity cells - Head direction cells -
Mathematical model

Abbreviations

AVS  Acute vestibular syndrome
OTR Ocular tilt reaction

SVV  Subjective visual vertical
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organs and vertical semicircular canals [1-3]. Typical roll
plane signs are tilts of the perceived visual vertical, ocular
torsion, skew deviation, and tilts of the head and body. This
complete eye—head synkinesis is called the ocular tilt reac-
tion (OTR). It was first observed during electrical stimula-
tion of the rostral midbrain tegmentum in the monkey [4,
5] and was later described also in patients with unilateral
meso-diencephalic lesions [6]. Various clinical studies have
shown that tilts of perceived verticality are highly sensitive
vestibular signs of unilateral peripheral [7-10] and cen-
tral lesions of the vestibular circuitry in the brainstem [3,
11-14] as well as the vestibular thalamus [15-17] and the
parieto-insular vestibular cortex [14, 18]. As regards the fre-
quency of all components of the OTR in unilateral brainstem
lesions, SV'V tilts occurred in up to 80-90%, ocular torsion
followed with 80%, skew deviation with 40%, and complete
OTR with 20% [13, 16].

Human lesion studies have allowed clinically relevant
interpretations on which the following topographic diagnos-
tic rules are based: (1) complete OTR or its ocular motor
components occur only with unilateral lesions from the laby-
rinth to the rostral midbrain tegmentum, including the INC
and the rostral interstitial nucleus of the medial longitudinal
fascicle (riMLF). Thus, reflexive control of eyes (vestibulo-
ocular reflex and vestibulo-ocular tone imbalance), head,
and body (vestibulo-spinal reflexes and tone imbalance, head
tilt and body lateropulsion) is mediated at the brainstem/
cerebellar level [19]. (2) Unilateral graviceptive tone imbal-
ances caused by lesions of the centromedial or posterolateral
vestibulo-thalamic subnuclei or the parieto-insular vestibular
cortex (PIVC) manifest only with perceptual tilts and are
determined by deviations of the perceived visual vertical. (3)
All unilateral peripheral and caudal pontomedullary brain-
stem lesions (including the vestibular nuclei, VN) manifest
with ocular motor and perceptual tilts that are ipsilateral. All
unilateral lesions within the pontomesencephalic brainstem
cause contralateral tilts due to a crossing of graviceptive
pathways in the pons at a level above the vestibular nuclei.
(4) Unilateral lesions at thalamic or cortical level manifest
with either ipsilateral or contralateral tilts of the SVV [2,
15, 16]. The direction of the tilts is constant in the single
patient (intraindividual consistency), but it varies interindi-
vidually, with about 50% ipsilateral and 50% contralateral.
(5) The amount of the SV'V tilts in degrees is less in thalamic
and in cortical lesions (thalamus: mean 3°-5°; cortex: mean
4°—6° compared to brainstem lesions, mean 8°-14°) (Fig. 1;
Table 1).

The last two findings are still unexplained. Why do uni-
lateral lesions manifest at the thalamic or cortical level with
perceptual tilts in either ipsi- or contralateral direction? Why
are these deviations from true vertical quantitatively smaller
than in brainstem and peripheral vestibular lesions? There
is a partial crossing of the ascending graviceptive pathways

@ Springer

in the rostral midbrain that provides the thalamus and the
cortex with input from graviceptive sensors of both laby-
rinths [20]. This allows the right and left thalamocortical
networks to operate separately (there is no direct intercon-
nection between the two thalami) and mediate vestibular
information from both labyrinths [21].

Another explanation for the difference between periphery/
brainstem versus thalamus/cortex lesions could be based on
different neuronal coding principles. In a recent study based
on the clinical experience that caudal vestibular brainstem
lesions cause rotational vertigo, whereas more rostral vestib-
ular lesions cause non-rotational dizziness or only imbalance
without vertigo. We mathematically simulated the different
manifestations of vestibular disorders in the yaw plane using
a neural network model of the head direction cell system
[22]. This model was based on experimentally documented
differences in neuronal coding for angular head velocity and
head direction [23]. It explained and confirmed the clinical
experience of vestibular vertigo syndromes in the horizontal
semicircular canal plane. However, graviceptive vestibular
function in the roll plane was not included in that model,
although the majority of patients presented with roll plane
signs.

We here hypothesize that the differential effects of uni-
lateral graviceptive lesions in either the brainstem or thala-
mocortical vestibular circuitry can also be explained by a
dysfunction of a graviceptive cell system that uses coding
principles for spatial orientation in the roll (and pitch) planes
similar to those exhibited by the head direction cell system
for the horizontal yaw plane [23]. We therefore extended our
model approach to the graviceptive frontal roll plane. Find-
ings in a recent study on macaque monkey of the gravity-
orientation tuning in anterior thalamic neurons [24] encour-
aged us to develop the following model.

Methods
Clinical study on published SVV tilts

A total of 15 published studies on acute unilateral peripheral
or central vestibular lesions were reviewed as to the direction
and amount of SVV tilts [2, 3, 7-9, 12-14, 16, 18, 25-28]. A
statistical meta-analysis was not applicable since the meth-
ods used to determine the visual vertical differed across the
studies, as did the lesion size and the grouping of the patients
(complete or incomplete peripheral lesions; analyses of the
entire brainstem versus lower and upper brainstem segments
in central lesions). The data were obtained in upright body
position. The mathematical model approach in the current
study, however, also requires patient data on SVV measure-
ments in tilted body positions, which are comparatively rare.
We took into account two studies in which patients with
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Fig.1 Two alternative mechanisms for SVV tilt after unilateral ves-
tibular lesion. a OTO model (see text). Lower row: body position of
the patient, dark red cross indicates lesion side. Middle row: periph-
eral processing: unequal numbers of hair cells with left and right pre-
ferred directions on the intact utricle cause a utricular bias (dark red
arrow), which is added to the remaining saccular and utricular dis-
charge (light blue arrows) caused by gravity to yield the otolith vector
(dark blue arrow). Top row: central processing: vectorial addition of
normalized otolith vector (dark blue arrow) and idiotropic bias (light
blue arrow) leads to the SVV estimate (red line). The resulting SVV
is equal for left-ear-down and right-ear-down positions. b OTO model
prediction for SVV tilt due to asymmetry of utricular hair cell propor-
tion. The predicted SVV deviation at 90° is equal for ipsi- or con-

peripheral vestibular lesions were tested in right-ear-down
(RED) and left-ear-down (LED) positions [29, 30].

Model approach

In the following, only lateral tilt and perception of vertical-
ity in the roll plane are considered for clarity. Systems-level
models for dynamic three-dimensional gravity or tilt percep-
tion have been published elsewhere [31-37 and other pub-
lications not cited here]. In contrast to these models, which
focused on the mechanisms required to solve the problem
of perception of verticality on a relatively abstract level, the
current work posits a hypothesis as to how these mechanisms
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tralateral lesions. ¢ SCC model (see text). Lower row as in a. Middle
row (peripheral): independent of body position, a torsional semicircu-
lar canal bias (dark orange arrow) rotates the otolith vector away from
the affected ear. Top row: summation with idiotropic bias as in a. d
Right: SCC model prediction for SVV tilt due to semicircular canal
imbalance. At 90°, prediction for ipsi- and contralateral lesions dif-
fers by approximately the same amount as in the upright position. In ¢
and d, the SVV deviation in the upright position has been set to about
12.5° corresponding to the data of [29]. In case of an asymmetry of
utricular hair cells b the difference at 90° right-ear-down or left-ear-
down positions (dashed vertical line) is close to zero. In contrast, the
model with canal bias predicts a sustained difference for right-ear-
down and left-ear-down positions

might be implemented at the neuronal level. Firing rate neu-
rons (that is, simulated neurons that have firing rates as input
and output) were used throughout, since these model neu-
rons simplify the task of designing a network-level model
implementing gravity perception with the aim of simulating
lesions of this network.

Peripheral sensory input
The otolith organs, the sensory organs for gravity, decom-
pose the gravity vector into one component aligned

approximately with the interaural axis (utricle) and a sec-
ond component aligned with the body-longitudinal axis

@ Springer
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Table 1 SVV tilts in acute unilateral vestibular lesions at different lesion sites from labyrinth to cortex (ipsilateral tilt=1i; contralateral tilt=c)

Lesion site TSL (days) No. of patients Amount of SVV tilt (°) References (no.)
Mean Median (Range)
ipsi contra
Cortex 1-7 54 i-8.7,¢c-1.5) Baier et al. [2]
2-12 52 i4 c3.4-6.2 (2.7-15) Brandt et al. [1]
4-10 82 i54 c53 Baier et al. unpublished
Thalamus 1-9 37 i3.4 c5.1 Baier et al. [16]
1-7 17 i3 c4 Dieterich and Brandt [15]
Midbrain 1-9 14 c13.5 Dieterich and Brandt [15]
1-15 28 (6-29) Dieterich and Brandt [12]
Pontomes?® —14 14 i4.1 (2.7-6.6) Zwergal et al. [28]*
Pons 1-15 47 i9.3 (5-15) Dieterich and Brandt [12]
Medulla 1-5 36 ill (5-22) Dieterich and Brandt [11]
1-15 i124 Dieterich and Brandt [12]
1-10 50 i9.8 (—28) Cnyrim et al. [54]
1-2 43 i7.9 Cnyrim et al. [55]
Brainstem in total il-19 82 i7.0 c4.2 Yang et al. [3]
c2-8
3-9 79 i4.5 c4.2 (2.3-9.6) Baier et al. [14]
1-10 111 i/c 8.1 (2.7-26) Brandt and Dieterich [13]
Labyrinth/nerve
Neuritis 1-11 50 i7 (—25) Cnyrim et al. [54]
Neuritis 1-2 40 i7 Cnyrim et al. [55]
Neuritis 34 5 i12.2 (5.5-33.3) Anastasopoulos et al. [10]
Neuritis 1-14 20 16.8 (0.2-33.0) Bohmer and Rickenmann [29]
Neurectomy 1-10 13 i (10-30) Vibert et al. [25]
Neurectomy 1-7 5 i8.5 (7-10) Bisdorf et al. [27]
Neurectomy 4-10 13 il11.9 (6.6-22) Bohmer [9]
Neurectomy 1-14 15 i12.4 (4.8-21.4) Bohmer and Rickenmann [29]
Labyrintectomy 1-7 6 i 4-21) Friedmann [7]
Zoster 1-7 4 i10.4 (3.2-17.2) Bohmer and Rickenmann [29]

Tilts in pontomesencephalic lesions are typically due to an affection of the medial longitudinal fascicle (MLF) which crosses midline above the
vestibular nuclei and therefore shows contralateral directions of tilts, skew deviation and ocular torsion. One exception from that rule has been
described for rare anteromedian pontomesencephalic lesions close to and within the medial lemniscus, which manifested with isolated ipsilateral

SVV tilts (without skew deviation and ocular torsion; Zwergal et al. [28])

TSL time since lesion onset, ipsi, i ipsilateral tilt, contra, ¢ contralateral tilt

(saccule). The primary otolith afferents are tuned to the
angle of tilt in a sinusoidal manner. Since otolith hair
cells on one otolith macula are polarized in both direc-
tions (e.g., left-right for the utricle and the roll plane),
there are four populations of hair cells (two utricular and
two saccular populations) for each side of the head. For
example, the left utricle contains hair cells with preferred
direction for leftward tilt, but also for rightward tilt. In
addition to the sinusoidal tuning, each afferent fiber has a
baseline firing rate. Taken together, the afferent fibers from
each of the populations thus yield a population response
with a baseline firing rate approximately proportional to
the number of fibers [38].

@ Springer

In the following, we propose two mechanisms of how
peripheral lesions might lead to roll tilt SVV deviations in
the upright position and formulate them as computational
models.

Otolith (OTO) model (Fig. 1a): the predominant expla-
nation for SVV tilt after peripheral lesions is that the SVV
bias is caused by the effect of the lesion on otolith affer-
ents. To model this assumption, we assumed that hair cells
on both sides of the striola (having opposite directions) are
not equal in number (Ewald’s law for otolith organs) [39].
We refer to this model assumption as the “OTO model”. In
a healthy system, the central fusion of utricular afferents
from the left and right labyrinths and from both sides of
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the striola ensures an unbiased response. However, after a
peripheral lesion, the unbalanced input from the remaining
side causes an SVV deviation in the upright position (see
Appendix for mathematical derivation).

Semicircular canal (SCC) model (Fig. 1c): an alterna-
tive explanation for SVV tilt following peripheral lesions
is based on semicircular canal input. Gravity perception
requires that the so-called tilt-translation ambiguity be
solved [31-37, 40, 41]. The predominant view is that
semicircular canal input is used by a central estimation
mechanism to disentangle otolith input caused by tilt from
that caused by translational acceleration. Under normal
circumstances, canal input is transient and has no influence
on static body positions. However, a peripheral unilateral
lesion causes a continuous imbalance of semicircular
canal afferent firing, since input from the lesioned side
is missing. This imbalance is centrally interpreted as a
head rotation, which manifests as vertigo and spontaneous
nystagmus. However, it should also have an effect on the
estimation of the direction of gravity. For this model, we
assumed a basic gravity estimation mechanism proposed
previously (2-D: [40]; 3-D: [31, 33, 34]). This dynamic
model consists of a 3-D differential equation system whose
static solution predicts an SVV deviation in the upright
position that is approximately proportional to the semi-
circular canal bias (see Appendix). Since it is currently
unknown how or where the brain implements gravity esti-
mation at the neural level, we assumed for the SCC model
a simple fusion of otolith and semicircular canal input
(see Appendix) below the thalamus, for example, at the
brainstem or cerebellar level (see for example [42, 43]).

neural tuning

XXXOHEX

-

-100 0
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Fig.2 Left: simulated neuronal tuning functions for graviceptive
pathways above midbrain implementing rate change tuning. Right:
subjective visual vertical derived from a tuning curve population

Central processing

Otolith afferent fibers from both sides are fused (probably in
the vestibular nuclei) via commissural connections, so that
overall four populations of neurons can be assumed: those
tuned for 2-D leftward, rightward, upward, and downward
acceleration. While the components of gravitational accel-
eration in the periphery and supposedly in brainstem path-
ways are coded in sensory coordinates, central neurons show
a tuning that is no longer restricted to the two directions of
otolith organs. In central neurons [24], tuning is distributed
over various directions similar to that of the head direction
cell system [23, 44]. We thus implemented a tuning curve
population model [45]. To implement the well-known bias of
perception of the direction of gravity (Aubert effect, see for
example [46]), we assumed a so-called rate change model,
in which tuning curves are not homogeneous but depend on
the direction of tuning ([45], Fig. 2 left), and from which
the SVV direction (Fig. 2, right) is computed via popula-
tion decoding. The tuning curve population model receives
appropriately weighted input from utricular and saccular
otolith afferents (in the case of the SCC model, after fusion
with canal input). The perceptual bias implemented by the
population of gravity-tuned neurons acts in a very similar
way as Mittelstaedt’s idiotropic vector, which was applied
to the normalized otolith organ vector [46]. The normaliza-
tion, which causes the SVV to be approximately independent
of gravity magnitude, is here implemented by transforming
the vectorial representation of the gravity estimate (utricular
and saccular components) to a population representation that
codes the direction but not the magnitude of the vector.
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model with neurons tuned to gravity direction as shown on the left.
The typical Aubert effect (underestimation of tilt for larger angles)
can be clearly seen (blue line)
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Results
Clinical data on SVV tilts

Unilateral peripheral lesions of the labyrinth or the eighth
nerve caused ipsilateral SV'V tilts in upright head and body
position, which were maximal with complete vestibular
loss due to neurectomy or labyrinthectomy [9, 10, 25]
(Table 1; Fig. 3). Pontomedullary lesions of the vestibu-
lar nuclei also caused ipsilateral tilts of about the same
amount. Above the crossing of graviceptive pathways in
the lower pons (Table 1; Fig. 3), the tilts were contralateral
up to the rostral midbrain tegmentum (INC) and showed
somewhat less degrees of deviation from true vertical in
the pons [3, 13, 14]. One exception from that rule has been
described for anteromedian pontomesencephalic lesions
close to and within the medial lemniscus which manifested
with isolated ipsilateral SV'V tilts of up to 6.6° [28]. Two
studies have shown that lesions of the vestibular thalamic
subnuclei caused either ipsilateral or contralateral SVV
tilts had a lesser degree of up to 5° [15, 16]. The same is
true for unilateral lesions of the parieto-insular vestibu-
lar cortex [1, 2]. For better understanding, the directions

lesion side

ipsi

Cortex 4° - 6°

Thalamus 3°- 5°

and ranges of the mean data have been schematically
depicted in a simplified way (Fig. 3). This allowed us to
demonstrate the special features of vestibular lesions in the
thalamus and cortex, i.e., the smaller tilts to the ipsi- or
contralateral side.

Simulation results

Simulation of the intact network shows the typical Aubert
effect on perception of verticality, that is, the underestima-
tion of tilt observed for large tilt angles (Fig. 2, right). No
particular effort was made to fit the response to experimen-
tal data so that the result shown in Fig. 2 should be con-
sidered an approximate response illustrating the principle.
Note that the idiotropic vector [46], which can be interpreted
in Bayesian terms as prior expectation for upright orienta-
tion [47-49], is implicitly realized by inhomogeneous tun-
ing curves. Thus, there is no neuron or neuronal population
implementing the idiotropic vector; instead, it is coded in the
synaptic weights of the network.

For peripheral lesions, we simulated two different models.
As described in “Methods”, the OTO model assumes that the
SVV deviation in the upright position is caused by unequal
numbers of hair cells on the utricular macula, an assumption

SVV tilts

@[[[
iy 350
o

INC

Midbrain = 10° - 14°

Pons E MLF 4°-9°
= VN

Medulla 10°-12°

Peripheral 7°- 13°<

Fig.3 Schematic graviceptive pathways together with the amount (in
deg) of SVV deviation for ipsi- and contralateral lesions depending
on the level of acute unilateral vestibular damage. The range of the
mean values was calculated from a total of 15 published studies (see
Table 1). The four major messages are as follows. (1) In peripheral
and pontomedullary brainstem lesions SV'V tilts are ipsilateral. (2) In
pontomesencephalic vestibular pathway lesions up to the INC, SVV
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tilts are contralateral. (3) In vestibular thalamic and cortical lesions,
SVV tilts may be either ipsilateral or contralateral with an intraindi-
vidual consistency and an equal distribution interindividually. (4) The
amount of SVV tilt is maximal in complete peripheral lesions, fol-
lowed by tilt in brainstem lesions and less in lesions of the vestibular
thalamus and cortex
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found in the majority of the literature (for example, [29,
30]). The SCC model assumes that the SVV deviation is
caused by a torsional bias of the vertical semicircular canals
mediated by the central gravity estimator. Figure 4 shows
simulation of both models in comparison to the data of [29],
obtained after unilateral vestibular nerve section. Both mod-
els have been adjusted for the value reported in the upright
position (12.4°): in the OTO model, the hair cell ratio was
set to 0.436; in the SCC model the roll angular velocity bias
was set to 2.8°/s, which, assuming a torsional VOR gain of
0.5, would approximately correspond to a hardly recogniz-
able torsional nystagmus of 1.4°/s. Both models also predict
some static ocular torsion due to utricular bias for the OTO
model and the effect of sustained semicircular canal input
for the SCC model [51].

While both models can simulate the SVV deviation in
the upright position, the model predictions differ for tilted
positions such as right-ear-down and left-ear-down positions
(see Fig. 1b, d). As shown in Fig. 4, the SCC model clearly
corresponds better to the patient data obtained in tilted head
positions.

A unilateral lesion of the central population network was
simulated by randomly removing half of the neurons in the
network, that is, by setting their output firing rate to zero.
To estimate the amount of the resulting SVV deviation, the
lesion simulation was repeated 100 times (larger numbers
yield similar results). With the present network, the average
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Fig.4 SVV data from [32] obtained in patients with unilateral vestib-
ular nerve section (blue, error bars denote SD) and model simulations
of the SVV adjustments (red and yellow). The OTO model (yellow)
assumes unequal distribution of hair cells with opposite tuning on
the utricular macula (Ewald’s law for otolith organs); the SCC model
(red) assumes that the afferent input of vertical semicircular canals
is processed centrally by the gravity estimation mechanism. After a
lesion, the semicircular canal bias causes a perceptual error of gravity
direction that becomes visible as SV'V tilt
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Fig.5 Average subjective visual vertical after simulated unilateral
central lesion of the tuning curve population (red region shows
standard deviation of the simulated lesion). To simulate the lesion,
approximately 50% of the neurons have been removed randomly. For
the upright position, the simulated mean SVV tilt is 0°+6.2° corre-
sponding to an average absolute deviation of 5.0°

absolute SVV tilt was 5.0° for the upright position (Fig. 5);
this is very close to the clinical findings at the thalamo-
cortical level (see Fig. 3).

Discussion
Modeling unilateral peripheral vestibular lesions

To explain the effect of unilateral peripheral lesions on SVV
deviation, we considered two alternatives: for the OTO
model unequal proportions of utricular hair cells with oppo-
site tuning direction were assumed; for the SCC model we
took into account that the SVV depends on tilt-translation
disambiguation and that the central gravity estimator oper-
ates with semicircular canal input. Thus, SVV tilt follow-
ing a peripheral lesion could be caused by an imbalance of
utricular firing rate for ipsi- and contralesionally tuned hair
cells, or by the well-known imbalance of semicircular canal
input. Such an imbalance would act as rotational input to a
central gravity estimator, which in turn leads to a deviation
of the SVV.

While both models are able to generate an SVV deviation
in the upright position, the model predictions for tilted body
positions differ. The OTO model predicts that the difference
of the SVV setting for right- and left-ear-down positions
vanishes, since in both positions the SVV is determined only
by utricular input independent of its amount (Fig. 1a, b). In
contrast, the SCC model predicts that the SVV is rotated
by an approximately constant amount to the ipsilateral side

@ Springer
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manifesting as a constant shift of the SVV independently of
body position (Fig. lc, d).

From our comparison of the predictions of the two mod-
els with data of the SVV adjustments in patients with unilat-
eral vestibular lesions in left-ear-down and right-ear-down
body positions [29], we propose that the SVV deviation in
the upright position is indeed predominantly caused by the
effect of semicircular canal bias on the gravity estimator and
is not due to an utricular hair cell asymmetry. Corresponding
to our assumption that SVV tilt is caused by semicircular
canal imbalance, we previously have shown that static ocular
torsion observed during prolonged galvanic vestibular stimu-
lation can be fully explained by semicircular canal activa-
tion [50]. Damage to the gravity estimator has also recently
been implicated in the generation of persistent horizontal
positional nystagmus [51].

We also considered patient data from Miiller et al. [30],
who measured SVV in patients with unilateral peripheral
vestibular damage in different body positions. However,
due to the smaller SVV tilts found in their study, the dif-
ferences between model predictions were not as conclusive
as for the data from Bohmer and Rickenmann [29] (see
Appendix Fig. 7). Miiller and co-workers [30] also tested
the hypothesis that SVV tilt due to complete vestibular nerve
lesion should differ from that of a lesion of the superior
branch, because the latter would spare the saccular nerve.
The difference between both types of lesions in their data
was negligible. An evident explanation compatible with our
model is that SV'V tilt with peripheral lesions is not caused
by otolith organ dysfunction, but by the lesion of the verti-
cal semicircular canal afferents, which are affected in both
cases (even though only the superior canal is affected with
superior nerve lesion).

To further clarify the relative contribution of the otolith
or canal biases to pathological SVV deviations after unilat-
eral lesions, SVV data from patients not only in the upright
position but also in tilted positions are required. Such data
acquired in patients with brainstem or midbrain lesions
might also help to elucidate where otolith—canal fusion for
gravity estimation takes place—already in the cerebellum
[42, 43] or higher at midbrain levels, thus comparable to the
generation of the head direction cell signal [22, 23].

Modeling central vestibular lesions at thalamic level

For the central lesions, we proposed a tuning function net-
work that codes gravity direction in a distributed fashion
similar to the coding of heading direction in the head direc-
tion cell network [22, 23]. The recent finding of gravity-
tuned neurons in the thalamus [24] prompted us to propose
that neuronal coding of gravity in the thalamus, and possibly
in regions below and above, follows similar principles as
known for the head direction cell system [23]. The effect of
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a unilateral lesion of such a network depends on its imple-
mentation and read-out mechanisms. Here, we assumed that
thalamic gravity-encoding neurons converge onto a corti-
cal population-tuning network with similar coding proper-
ties; this is followed by standard population decoding to
derive the gravity direction encoded in the network activity.
In addition, we proposed that the perceptual bias in tilted
positions, i.e., the Aubert effect, which has been explained
as idiotropic vector or, in a Bayesian framework, as prior
expectation for the upright position, is implemented at the
neural level as inhomogeneous tuning functions via synap-
tic weights. Interestingly, the transformation from vectorial
coding (utricular/horizontal and saccular/vertical compo-
nents) to population coding also implements what is [50]
called normalization, that is, representation of the angle
with respect to gravity independently of the amplitude of
the otolith vector. To achieve normalization in a vectorial
coding scheme would require the implementation of non-
linear mathematical operations, specifically division, which
is difficult to realize neuronally. However, the transforma-
tion from a vector code to a population code proposed here
implements the normalization as emergent property and
without needing mathematical division.

Unilateral central lesion of this model network showed
that in the upright position, a random bias with an average
deviation of 5° emerges. The direction of the bias depends
on the distribution of neurons (or neuronal assemblies) on
both sides of the thalamus. A perfectly equal distribution
would not cause any bias after a unilateral lesion. We thus
hypothesize that the SVV tilt observed after unilateral tha-
lamic or cortical lesions, which is independent of the lesion
side, is due to the population coding of the direction of
gravity and the relative distribution of neuronal assemblies
in the population. The experimentally observed distribution
of lateral deviations is unlikely to be related to hemispheric
vestibular dominance, since this would imply a dependence
of tilt magnitude on the side of the lesion, which was not
found.

Instead of representing gravity direction using a feedfor-
ward network, we could as well implement the gravity-tuned
population model by an attractor network with recurrent
connectivity as supposed to exist for head direction cells
[22, 23, 44]. The results of such an attractor network con-
cerning the effect of unilateral lesions is, according to our
simulations, similar, but the implementation as feedforward
network used here is simpler and therefore preferable to
illustrate our main hypotheses.

However, an attractor solution would have several addi-
tional advantages:

1. Since an attractor network implements a short-term
memory, during short periods of weightlessness, such
as while jumping down from a rock, the perception of
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the direction of gravity would be sustained despite zero
input from the otolith organs. In a pure feedforward net-
work, it would rapidly decay.

2. During longer periods of weightlessness, the subjective
perception of verticality does not vanish but aligns with
the body midline [52, 53]. This is exactly what hap-
pens in an attractor network with inhomogeneous tuning
curves due to drift of the bump of activity toward the
region with maximal tuning. Again, in a feedforward net-
work, the perception of verticality would simply vanish
during zero g.

3. As mentioned above, all systems-level models for grav-
ity estimation and tilt-translation disambiguation ([31-
37] and others) posit that an internal estimate of gravity
is updated not only by otolith input, but also by angular
velocity signals derived from semicircular canal input.
While we assumed here that gravity estimation is per-
formed below the level of population coding, for exam-
ple by cerebellar circuits [43], an attractor network could
solve this updating using a similar integration mecha-
nism as applied in the head direction cell network to
update head direction while turning [22].

Conclusions

The presented model explains the clinical data summa-
rized in Fig. 3: (1) ipsilateral tilt of perceived vertical-
ity in unilateral peripheral lesions, which are compatible
with SVV tilts measured in upright or head-tilted posi-
tions; (2) ipsi- or contralateral tilts in vestibular lesions of
the thalamus or cortex; (3) SVV tilts in degree are about
50% smaller in thalamus and cortex lesions compared
to a peripheral deficit. The pathophysiology of the latter
two clinical findings has been hitherto unexplained. Our
model approach to coding of the direction of gravity in
central areas is well in line with animal data that suggest a
3-D ‘brain compass’ comprising head direction and grav-
ity direction cells [44]. Furthermore, comparison of our
model simulations with patient data in the right-ear-down
and left-ear-down positions suggests that static deviations
of the SVV after unilateral peripheral lesions may not be
caused by otolith organ imbalance as suggested previously,
but may be a consequence of a vertical semicircular canal
imbalance acting upon the central gravity estimator.
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Appendix
OTO model

If the static deviation of the SVV found after unilateral
lesions results from unequal numbers of hair cells on both
sides of the utricular striola, we have to consider four popu-
lations of utricular afferents (two for each utricle) and two
populations of saccular afferents (one tuned for upright
posture and one for upside-down posture). Each population
has an offset and a gain corresponding to the proportion of
contributing hair cells (see Fig. 6).

In a static body position, the gravitational acceleration is
the only input to the otolith organs; thus, the utricular and sac-

. sin(a .
cular components can be written as [fy ] = [ (@) ] with a

1 cos(a)
being the angle of tilt. The utricular firing rates of one utricle
are thus u; = ¢ - (f, + uy) for the ipsilateral population and
u, = (1—c)- (=, +uy) with ¢ <1 being the proportion of
hair cells tuned to the ipsilateral direction and u, being a rest-
ing discharge (assumed to be large enough so that the
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Fig.6 Simulated cosine tuning functions for population response of
utricular afferents in the roll plane (blue: left utricle; yellow: right
utricle). For each utricle, two functions corresponding to ipsi- and
contralaterally polarized hair cells are shown. It is assumed that hair
cell proportions are unequal so that both response gain and offset
depend on hair cell polarization
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steady-state firing rates always remain larger than zero). For
an equal number of hair cells on both sides, ¢ would be 0.5.
The saccular populations (up and down) are s, ,; = +f + 5.

The overall otolith organ output used to esti-
mate the direction of gravity can thus be computed as
gy =u=u;+u,—u,—u; and g, =s=s,—s5,. In the
héalthy case, the factor c and the resting discharges cancel out.

In case of a unilateral lesion,
u=uy; —u, =f,+2c—1) uy,and s = f,. For the upright
position the expected SVV deviation can be calculated by set-
tingf,=0andf,=1as

p =tan"!(u/s) = tan~1((2c = 1) - uy) & 2c — 1) - uy.

With a resting discharge corresponding to 2 g and a hair
cell proportion of 0.55, this would yield an SVV deviation of
11.5°. The influence of the idiotropic bias can be ignored in
the upright position.

In the right-ear-down and left-ear-down positions, f,==+1
and f,=0. Thus, u=u; —u, =+1+2c—1)-u,. Even
though the utricular discharge in the left- and right-ear-down
positions is not equal in amplitude, the estimated head orienta-
tion # = tan~' (u/s) is +90° and thus results in the same SVV
in both positions after applying the idiotropic bias.

SCCmodel

To explain a static SV'V tilt on the basis of a unilateral semicir-
cular canal lesion, we have to consider how canal and otolith
input is fused centrally for gravity estimation.

The basic differential equation governing the dynamic
fusion of canal and otolith signals [31, 33, 34] is given by:

g=gxo+( -8z,
with g being the estimated gravity vector, @ the angular
velocity vector (measured by the semicircular canals), and
f the gravito-inertial acceleration (measured by the otolith
organs). In our 2-D case, only f and f, corresponding to utri-
cular and saccular afferent discharge are used. If participants
are in a static body position, fis equal to the true gravity
vector. The time constant 7 is estimated by [34] to be about
5s,and by [37] as 1.3 s.

To estimate the static deviation caused by a unilateral
lesion, we consider the steady state of the equation by setting
the left side to zero. This results in

woxg=(f-g/z.

For simplicity, we only consider tilt in the roll plane caused
by a rotation around the naso-occipital axis (the x-axis). Then
the equation above simplifies to:

w, 0 0 0
0 X gy = _wx'gz = f;/_gy /T’
0 gz CUX : gy f; - gZ
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which can be solved for the estimated gravity vector g as

0 0
g=|g |=|fi+o.f. 7 |/(e) 77 +1).
8: fomofy T

The SVV deviation in upright can then be calculated by
setting fy=0 and f,=1. For small w,, the SVV deviation is
f = w, - . Thus, with =5 s a torsional semicircular canal
bias of w,=2°/s corresponds approximately to an SVV tilt
in the upright position of 10°. The estimated gravity com-
ponents are used for central processing.

In right-ear-down and left-ear-down positions, fy=+1
and f,=0. Therefore, the estimated angle is f ~ 90° + w, - 7,
which means that in both positions the error corresponds to
a rotation of the SVV in the same direction and amount as
in upright.

Note that for a unilateral lesion, not only a torsional semi-
circular canal bias has to be assumed, but also that otolith
input from one side is completely missing (see OTO model
above). For the SVV model, this results in otolith input
being reduced to half of its normal amplitude. However, due
to the implicit normalization in the central processing (see
below), this reduction of amplitude only affects the vari-
ability of the response.

Central processing

The two graviceptive inputs g, and g, (corresponding to
interaural and longitudinal gravity components) derived
by the OTO or SCC models described above are fed to a
dynamic population of gravity-tuned neurons with firing
rates f; and tuning direction ¢; by applying synaptic weights
sin((pj) and cos(q)j):

£ =[s0]",

550 = () + [sin (¢,) - 8, +cos (¢) -] = 5,0 )/=.

with b(7) being a time-dependent bias term derived from an
inhibitory neuron dynamically adjusting the overall firing
rate, 7 the time constant, and [.]* denoting the linear-thresh-
old activation function given by g(x)=[x]* with g(x) =0 for
x<0 and g(x) =x otherwise, to provide only positive fir-
ing rates. The second, otherwise identical layer of neurons
applies synaptic weights w; implementing the idiotropic
bias. The Gaussian synaptic weight between neuron j of
the first layer and neuron k of the second layer is given by
Wi = ¢ - ¢=U=k"/" with ¢, being a scaling factor depending
on the tuning direction and ¢ the tuning width. The result-
ing Gaussian tuning functions are schematically depicted in
Fig. 2 (left). The SVV was read out from the network layer
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Fig.7 Data from [30] (blue, complete vestibular nerve lesion, error
bars denote SD) compared to SCC model prediction (red) for SVV
tilt (left, due to semicircular canal bias) and OTO model prediction
(right, due to utricular haircell asymmetry). Model parameters have

by standard population decoding. For simulation of lesions,
we randomly set the firing rates of approximately 50% of the
neurons in layer 1 to zero (Fig. 7).
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