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Abstract We recorded the vestibulo-ocular reflex (VOR)
in 18 normal subjects, 50 patients with unilateral loss of
vestibular function and 18 patients with bilateral loss of
vestibular function. The unilateral cases had either par-
tial loss (i.e. vestibular neuronitis or Meniere's disease)
or total loss (i.e. vestibular nerve section), whereas bi-
lateral cases had only partial loss (i.e. due to ototoxicity
or to suspected microangiopathy, secondary to severe
kidney disease). Tests were performed at 1/6-Hz passive
head rotation in the dark, with peak head velocities
ranging from 125 to 190°/s. We report on the distinct
VOR non-linearities observed in unilateral versus bilat-
eral patients: whereas unilateral patients all exhibit an
asymmetric hypofunction with decreasing VOR gain at
higher head velocities, bilateral patients have a more se-
vere but symmetric hypofunction associated with in-
creasing VOR gain at higher head velocities. We pres-
ent a model study that can duplicate the nature of these
characteristics, based mainly on peripheral non-linear
semicircular canal characteristics and secondary central
compensation. Theoretical analyses point to the impor-
tance of clinical test parameters (rotation speed and fre-
guency) in the determination of a functional VOR and
the detection of reflex non-linearities, so that test proto-
cols can seriously bias the evaluation of adequate func-
tional recovery.
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Introduction

The vestibulo-ocular reflex (VOR) provides compensa
tory involuntary eye movements, such that the eyes are
stabilised on a spatial goa during unexpected head
movements. The observed ocular response normally al-
ternates between slow and fast phases to form so-called
vestibular nystagmus. We will focus on the horizontal
VOR, measured in the dark during passive whole-body
rotation around a vertical axis. The main compensatory
role of the VOR is realised during slow phases, where
the eye(s) move(s) in the opposite direction to the head
to maintain a near-constant viewing direction in space.
Fast phases are intermittent, quickly redirecting the eye,
usually in the direction of the head movement (anti-com-
pensatory), in order to alow the eye to stabilise gaze at a
new position in space. The properties of VOR slow phas-
es have been reported in the literature by several groups
in both normal subjects and in patients suffering from
unilateral vestibular deficits (Hain et al. 1987; Baloh et
al. 1989; Paige 1989; Katsarkas et al. 1995). Patients are
typically found to have reduced linear ranges in the VOR
and to exhibit asymmetries in the gain when comparing
responses towards and away from the lesion. Steadily
decreasing sensitivities, which eventually reach a satu-
rated response, are also found with increasing rotation
speeds towards the lesion. We report similar results be-
low, with the addition of observations from patients with
bilateral vestibular deficits. In the latter case, the nature
of the VOR non-linearities is found to be opposite to that
of unilateral patients: the VOR sensitivity (gain) is low,
but now increases symmetrically with larger head speeds
in either direction. This paper presents the experimental
data and provides a simple peripheral explanation for the
discordant nature of the non-linearities, using simula-
tionsin abilateral, non-linear model of the VOR.
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Fig. 1A—C Plots of canal sen-
sitivity to head velocity, with
approximations used in the
models. (See Tables 4 and 5 for
values of M saturation and rest-
ing rates.) A Linear modelsin
normal subjects; B after right
unilateral nerve section, linear
with reduced bias; C in bilater-
al patients, non-linear canals
with dead-zone. Functional
ranges are presented with re-
spect to head velocity. M Satu-
ration level, H head velocity
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Background

First, a brief review of the physiological substrates for
vestibular nystagmus is provided, which implies the need
for modelling VOR responses throughout nystagmus.
There are three main components: the semicircular ca
nals, the central neural pathways and the ocular motor
system (eye muscles and eyeballs). Non-linear properties
at any of these levels can distort the VOR and invalidate
the use of alumped dedicated model for the compensato-
ry VOR (slow phases alone).

Central and behavioural observations appear remark-
ably linear during VOR slow phases, due to severa fac-
tors. First, thanks to nystagmus during head rotations,
eye positions remain well within motor limits in the or-
bit, ~50° in man and monkeys (Barnes 1980; Baker et al.
1981; Laurutis and Robinson 1986; Tomlinson and Bahra
1986). Second, the same nystagmus causes many pre-
motor activities during slow phases to modulate further
away from cut-off or saturation (e.g. Scudder and Fuchs
1992) due to central response components related to eye
position. Theoretical studies have demonstrated that the
action of such nystagmus, in a bilateral structure can be a
major factor in extending the linear range of the VOR,
despite potential limitations of low background activities
at sensory and central levels (Galiana 1991; Smith and
Galiana 1991). Nystagmus, therefore is a plausible
mechanism for observations that the VOR is much more
linear than its primary sensors (Laurutis and Robinson
1986; Tomlinson and Bahra 1986).

Finally, it is known that the generation of horizontal
nystagmus is associated with the activation of burst cells
in the reticular formation (Henn et al. 1982; see Galiana
1991 for afull discussion) and the silencing or severe in-
hibition of many premotor vestibular cells ipsilateral to
the fast phase direction. This is clearly a form of func-
tional structural modulation. Hence, even though nystag-
mus supports linear function in the VOR, lumped linear
models for studying VOR slow phases in isolation are
till not justified. As explained elsewhere (Galiana and
Outerbridge 1984; Galiana 1991), constant switching be-
tween modes can affect the dynamics (time constants)
estimated from slow-phase VOR envel opes (linked slow-
phase segments) and the shape of measured non-lineari-
ties. In conclusion, despite some functional linearities,
VOR-data interpretation must always be linked to bilat-
eral models of both slow and fast phases, in order to al-
low consistency in parameter estimates.

Primary characteristics

Regular primary afferents from the canals are the likely
dominant input for the rotational VOR (Minor and Gold-
berg 1991; Chen-Huang et al. 1997). They are known to
have an asymmetric sensitivity, preferring ipsilateral to
contralateral head rotation, especially at low rotation fre-
guencies or during steps of acceleration (Paige 1989;
Goldberg and Fernandez 1971). In addition, the primary
sensitivity measured during steps of acceleration is a



function of the applied stimulus level (e.g Brichta and
Goldberg 2000). Like al neural responses, primary ac-
tivity is also limited by cutoff and saturation levels
(Segal and Outerbridge 1982). The canal sensitivity to
head velocity at a particular frequency is, therefore, de-
pendent on the amplitude and direction of input stimuli,
which can be represented as a non-linear sigmoidal curve
(Fig. 1A). However, the degree of non-linearity observed
at various rotational frequencies will additionally vary
because of the dynamics of sensory-neural transduction
(see Discussion): for example, in the healthy case at
1/6 Hz, we demonstrate that primary non-linear charac-
teristics are well described by a simple straight line
(dashed line in Fig. 1A), limited by cut-off and satura-
tion levels (see also the Methods section).

Such non-linear dynamic sensors, with reciprocal
characteristics, can cause a functional increase in the lin-
ear range of a reflex when projecting onto a symmetric
(bilateral) premotor system (Smith and Galiana 1991).
Hence, an adequate study of the non-linear properties of
the VOR, with or without peripheral deficits, requires bi-
lateral representations of both sensors and premotor cir-
cuits, as well as arepresentation of nystagmus effects.

Summary

This paper investigates the effects of unilateral or bilater-
al losses in the vestibular apparatus on sinusoidal rota-
tion tests of the VOR performed in the dark. The unilat-
eral and bilateral loss data is then compared with that of
normal subjects. Data from normal subjects and patients
with unilateral losses, together with our analysis proce-
dures, have been presented in part previously (Smith et
al. 1997; Katsarkas et a. 1998). Here, we add the unusu-
al properties of the VOR in hilaterally lesioned patients.
By focusing on a representative case from each group,
the various non-linear properties of the VOR are ex-
plained using simulations of a bilateral non-linear model
of sensory and central VOR pathways (see Methods sec-
tion). The model includes switching of pathways to im-
plement the generation of nystagmus, since this can af-
fect the observed VOR dynamics and linearity.

Materials and methods

Acquisition of human data

This study included 18 normal subjects, 50 patients with unilateral
loss of vestibular function and 18 patients with bilateral loss of
vestibular function, as determined by caloric tests. The unilateral
cases had either partial loss (i.e. vestibular neuronitis or Meniere's
disease) or total loss (i.e. vestibular nerve section), whereas bilat-
eral cases had severe loss (i.e. due to ototoxicity or suspected mi-
croangiopathy secondary to severe kidney disease). Control sub-
jects were considered normal if they had no history of dizziness,
ear or neurological disease. Patients were from the Dizziness Clin-
ic at the Royal Victoria Hospital in Montreal, Canada, under the
care of one of us (A.K.). According to history and neurology as-
sessment, the patients had no detectable brainstem problems. All
experiments had ethics committees’ approval.
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Silver/silver-chloride electrodes were used to record conjugate
eye position in the horizontal plane. All subjects remained in dim
red light for 20 min and were then seated on a servo-controlled ro-
tating chair, restrained by seat belts and a head holder. The head
and body were fixed en-bloc to the chair during rotations in the
dark, while subjects were instructed to perform mental arithmetic.
All experimental protocols used a sequence of sinusoidal rotations
at 1/6 Hz, with increasing peak head velocities (typically ~125,
160 and 190°/s). This was done to explore the sensitivity of VOR
biases and non-linearities to stimulus amplitude, thereby assisting
in determining the cause of the non-linearities (Galiana et al.
1995; Katsarkas et al. 1995). Each test lasted 52 s, of which the
last 32 s were recorded to measure VOR properties in steady state.
Full electrooculogram (EOG) calibrations were performed before
and after the sequence of rotations, and offsets (null position) were
re-measured between the rotation tests to control for electrode
drift.

The chair was controlled by a Pentium computer, using soft-
ware developed in house with Modula-2 (Jensen Partners Interna-
tional, Mountain View, Calif., USA). Eye position and head
(chair) position channels underwent analogue low-pass filtering
(8-pole Bessel) to 40 Hz to avoid aiasing when sampled. Data
were recorded on separate channels of a 16-bit National Instru-
ments A/D board and stored at 500 Hz for later analysis. Signal
processing was carried out off-line on a Pentium using software
developed localy with Matlab (Mathworks, Natwick, Mass.,
USA). The sampled signals were digitally low-pass filtered down
to 15 Hz and then decimated to a 100-Hz sampling rate to save
storage space. This 15-Hz bandwidth was sufficient to examine
the slow-phase characteristics, in spite of mild distortions on the
fast-phase trajectories.

The position traces were digitally differentiated to obtain eye
and head velocity trajectories and scanned by our classification al-
gorithm to demark slow-phase segments automatically (Rey and
Galiana 1991). The extracted slow-phase data were then examined
visualy in X-Y plots (see Results) and computationally by fitting
appropriate linear or cubic descriptions to the VOR characteristics.
As described in detail elsewhere (Katsarkas et a. 1995), this re-
quired first removing any phase shift (dynamics) between the
stimulus and response curves. Justification for the selection of a
linear or cubic model was done on the basis of the associated vari-
ance-accounted-for and BIC to avoid over-modelling (Galiana et
al. 1995). VOR characteristics were modelled by the expressions
in Eqg. 1, where y represents the slow-phase eye velocity, and x
represents the phase-shifted head velocity in a particular sinusoi-
dal protocol. Parameter estimates were obtained by regression
with experimental data.

linear fit: y=m+nx

cubic fit: y=rmnx+px2+gx3 (1)
model selection criteria: BIC=log(mse)+log(N)-P/2N

quality of fit: VAF=100-(1-mse/variance of data)

In both linear and cubic cases, the linear gain term (n) defines the
VOR sensitivity for low-velocity rotations, and the dc offset (or
bias) is the zero-order coefficient (m). P is the number of model
parameters (two for linear, four for cubic), N is the number of data
points in the pooled slow phases and mse is the mean square error
of the fit [ZN._; {eye(j)-y(j)}#N]. In the case of normal subjects, a
straight line it the data well, while for patients a curve was often
necessary (Baloh et al. 1989; Paige 1989; Galiana et al. 1995;
Katsarkas et al. 1995). The quality of the fit is assessed by the
variance-accounted-for (VAF), a percentile figure similar to the
squared regression coefficient in standard linear regression.

VOR simulations

Simulations were performed to replicate the responses found in
unilateral patients as well as the unusual responses found in most
bilateral patients. A model simulating the bilateral VOR anatomy
was first proposed by Galiana and Outerbridge (1984) and further
discussed in Galiana (1991) and Smith and Galiana (1991). It is
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reproduced in the Appendix as Simulink formulations for ease of
reference [Figs. 12 (slow phases) and 13 (fast phases)]. Tables are
aso provided in Appendix A for model parameters used in the
three simulation cases presented in the Results. The VOR model
relies on a simple first-order representation of the eye plant. Limi-
tations on neural firing rates at all levels are implemented by recti-
fication/saturation at all summing junctions (“cells’). The dynam-
ics of the sensors (canals) on both sides are more complicated.
One must consider both the high-pass dynamics and the non-linear
(asymmetric) sensitivities of the transduction process, as men-
tioned above.

The geometric properties of the semicircular canals cause
bending of the cupula approximately in phase with head velocity
at rotational frequencies above ~0.1 Hz (time constant ~4 s). Next,
the mechano-neural transduction process has non-linear properties
causing asymmetric changes in firing rate on the primary affer-
ents, sensitive to both the direction and speed of the head. This
can be expressed by the following equation, relating primary ac-
tivity, C(S), with associated head velocity, H,(s), in the Laplace
domain:

C(9=K{H} [H(S T, S(T;S+1)]+R/S )

where Sisthe Laplace variable, and bold-face type indicates trans-
form of the variables:

T, = Cand time constant, s

R, = Canal resting rate, sp/s

H, = Head velocity, degrees/'s

k = Cana sensitivity with respect to head velocity (slopes in
Fig. 1), itself a function of head velocity amplitude in the non-
linear case.

Note the order of the operations: dynamics must be applied to
head velocity before the non-linear gain k, since cupula bending
then causes neural activation. If the order of operationsis reversed
in a non-linear system, the result is not the same (non-commuta-
tive).

The sensitivity of the healthy canal (k, slope of dashed line in
Fig. 1) isrepresented in the model with asimple straight line, with
non-zero intercept, so that the canal primary activity is biased at
R, sp/s with a stationary head. For our 1/6-Hz protocols, this linear
assumption is justified in the Discussion. In those lesion cases
where a non-linear canal was deemed necessary to duplicate data
(e.g. Fig. 1C), the cana sensitivity was described by a quadratic
function of concurrent head velocity, as a simple approximation
for asigmoidal curve; e.g. for the right canal this would be evalu-
ated from

k=aH,2+bH, 3

The choice of {a,b} pairs can change the shape of the effective ca-
nal transduction process. The relevant k description is substituted
in Eq. 2, so long as C(S) is positive and less than some desired sat-
uration level (M). If C(S) exceeds these limits, it is fixed at zero or
M=350 sp/s, as appropriate (see Fig. 1). These 0-M limitations on
the firing rates are applied at all levelsin the central VOR circuit.
The expression for the left canal uses Eq. 2 with H, replaced by
—H, (opposite sensitivity).

For the purposes of this paper, we have also added an initial
central processing stage (not in Galiana 1991; Galiana and Outer-
bridge 1984) to provide improvement on the apparent vestibular
time constant (velocity storage), even when gaze holding is excel-
lent. The phase angle, between head velocity and corresponding
slow-phase eye velacity, is affected by canal dynamics and by any
central processors. The canal time constant, T, in Fig. 12, is deter-
mined by the physical structure of the canal (4-6 s). However, the
range of VOR phase angles observed in our data cannot come
from T, alone. In previous papers, it was shown that a behavioural
improvement on the canal-time constant could appear without a
velocity storage stage, depending on the goals of fast phases and
the transient effects of switching (Galiana 1991; Mettens et al.
1994). This nystagmus-driven shaping of the slow phase is only
effective if the time constant of gaze holding is less than 1-2 s or
if the stimulus is of very low bandwidth (e.g. a step). In such

cases, significant discontinuities in eye-velocity levels should ap-
pear across fast-phase intervals (end of one slow-phase relative to
beginning of next slow-phase). Our hormal subjects and some pa-
tients had good gaze holding and, yet, still showed VOR time con-
stants larger than expected from the primaries (smaller phase
leads) at the experimental test frequency of 1/6 Hz. Since these
subjects had smooth transitions between slow-phase eye velocities
during nystagmus, this implied a healthy (large) gaze-holding ca-
pacity, and switching dynamics could not play arole in improving
VOR phase. Hence, we had to include a bilateral stage to pre-pro-
cess signals on vestibular afferents, akin to that proposed by Hain
et al. (1987). This initial stage normally causes an apparent in-
crease in the effective vestibular time constant at the behavioural
level (velocity storage), though the opposite can aso be realised
by appropriate selection of parameters (see patient sections be-
low).

Simulated data was produced by implementing the bilateral
model with Simulink (Mathworks, Natwick, Mass., USA) on a
Pentium, at a sampling rate of 0.01 s. The simulations were re-
peated for three cases; under normal conditions with two intact
linear canals, with one modified canal (unilateral peripheral le-
sion) and, finally, with two modified canals (bilateral case). The
same Simulink models for slow and fast phases were used in all
cases (Figs 12 and 13 in Appendix), with simple parametric ad-
justments for each condition. These parametric changes are ex-
plained in the Results section and tabulated in the Appendix for
the three representative cases. Finally, the simulated results under-
went the same analysis procedure as the experimental data, to
compare measured versus simulated behaviour (gain, phase, non-
linearity, bias).

Results

Experimental measurements of the human VOR and sim-
ulations of this reflex were all performed at various peak
head velocities (see Methods) at a fixed oscillation fre-
guency of 1/6 Hz. This was done to verify consistency
between data and simulations not only in a given proto-
col, but also across protocols in a given subject. In gen-
eral, characteristics associated with increasing peak head
velocity in a protocol confirm previous work (e.g.,
Katsarkas et al. 1995) and are reproduced by model sim-
ulations. These include observed increases in fast-phase
rate with peak head velocity, a variable VOR bias mov-
ing towards the lesioned side with protocol speed and
smoothing of VOR non-linearities observed at low test
speeds. Here, we will focus the presentation on results
during the protocol with the highest rotation speed, in
the interest of space. The main goa here is to find a
common mechanism to explain the diverse VOR charac-
teristics, which appear with different peripheral vestibu-
lar lesions.

Experimental observations of the VOR
Normal cases

When relating VOR slow-phase eye velocity to head ve-
locity, the VOR phase lead of 18 normal subjects exam-
ined so far was usually small, as computed from the opti-
mal time shift required to “collapse” the x-y plot of head
velocity with respect to eye velocity. The resulting VOR
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lar reflex char%cteristicsin nor-  Subject Cubic Quadr. Gain Blaso Phase VAF
mal subjects (see Eq. 1 for defi- (@ (P) (n) (m, °/s) (degrees) %
nitions) ag19 —4.20e6 ~1.6le* 076 5.64 7.21 98.01
fbl3 -1.97e% -2.81e4 -0.55 1.81 541 98.41
jn29 1.75e% —2.45¢4 -0.73 5.52 4.21 97.95
ocl3 —6.54e6 1.89e4 -0.90 3.93 -0.60 98.12
mrl6 -2.27e% -1.23e4 -0.62 5.25 3.61 97.16
mean (18) -2.20e -1.88e4 -0.69 2.92 357 N/A

x-y plot in normals was nearly linear with very small dc
offsets (zero intercept; <8°/s). Note that this bias is not
related in any way to the presence (or lack) of spontane-
ous nystagmus in the dark, as discussed earlier (Smith
and Galiana 1991; Galiana et al. 1995).

The VOR of a representative normal subject is shown
in Fig. 2A, with its associated x-y plot (Fig. 2B), after re-
mova of a small 7.2° phase lead. In Fig. 2B, the fitted
VOR characteristic curve (Eg. 1) is superimposed on the
data points (bold line) and is clearly nearly linear. The pa-
rameters describing this particular normal VOR are pro-
vided in Table 1 (ag19, first row). (The gain and bias refer
to the n and m coefficientsin Eg. 1). Figure 3 superimpos-

es the fitted VOR responses from five typical normal sub-
jects, all estimated at the same peak velocity of 189°/s, at
1/6 Hz. The data fits for al our 18 normal subjects indi-
cate a mean VOR gain of —0.68+0.16, a mean bias of
0.21+4.82°/s and a mean phase lead of 3.54+2.30°. At
large peak head velocities, even the normal VOR can be-
come non-linear, but remains symmetric; usually thereisa
decreasing sensitivity at higher speeds, with a few notable
exceptions (example ocl3 in Fig. 3illustrates such arare
case). The presence of small biases in normal subjects
(3-5°/sin Fig. 3) is understandable: any small asymmetry
in a subject’s bilateral sensory characteristics or central
sensitivities would cause this, as simulated below.
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Table 2 Sample vestibulo-ocu-

ot ; Subject Cubic Quadr. Gain Bias Phase VAF
iletera detiais oo @ ®) 0 (e (degreey %

nv10 -2.90e”7 9.94¢4 -0.55 7.23 14.43 97.01

mr31 3.16e 7.93e4 -0.69 6.08 7.82 95.66

apl6 -9.0e”7 6.86e -0.45 16.10 10.22 96.09

ja6b 2.80e”7 4.11e4 -0.46 6.52 10.22 98.67

mro2 3.75¢6 4.24¢ -0.61 11.31 9.62 94.40

mean (50) 1.24e7 -2.87e5 -0.60 7.71 11.45 N/A
%00 Normal ?UbieCtS a mean bias of 7.67+6.61°/s and a mean phase lead of
: s agl9 11.51+4.41°. However, it must be noted that the gain fig-
2000 x- - ]fg;g ure is not a good description of behaviour in these non-
@ g < x ocl3 linear patients. The parameter n is the linear term in the
& 100 §§§§, o + mr16 polynomial fit for the VOR characteristic and is best as-
= R4 N sociated with the response during small head rotations
‘:3 0 £, i o (slope of x-y plot for small inputs). Hence, it is more ap-
° 24 84 propriate to examine the full parametric description, as
- 100r o @% 8, provided in Table 2. These relationships imply that, for
o ) R unilateral patients, an incremental change in head veloci-
~2001 A ty would cause a larger incremental change in eye veloc-
~a0g. . o o ity if added at low rather than high head speeds. Hence,

: 100
Head Velocity (deg/s)

Fig. 3 X-Y plots of the polynomial fits to vestibulo-ocular reflex
(VOR) data from five representative normal subjects (symbols)

Unilateral cases

In patients with a unilateral loss of peripheral vestibular
function (determined by caloric tests), the phase shift of
the VOR could be quite severe, even after long-term
compensation (Table 2). Though a patient might no lon-
ger have had spontaneous nystagmus and might have felt
close to normal, VOR phase leads could be four times
the normal range (close to canal response phase). VOR
gains were rarely larger than 75% of normal, and dc off-
sets were mildly elevated. The most striking change was
the nature of the VOR eye-re-head characteristic. It was
now clearly non-linear (requiring cubic fits) and asym-
metric, with early saturation effects during faster rota-
tions towards the side of the lesion.

An example is provided in Fig. 4A and B: a patient
with aright vestibular deficit due to unilateral vestibular-
nerve section. The right-side deficit appeared early as a
decreasing sensitivity for rotations to the right above
~150°/s. The associated cubic fit for this VOR is super-
imposed on the x-y plot to better visualise its curvature.
Other unilateral patients had even more severe deficits,
displaying near saturation of the VOR gain for nearly all
rotations towards the lesioned side. For ease of reference
and in the interest of space, Fig. 5 provides the fitted
VOR characteristics for only five of our unilateral pa-
tients, since the VOR with unilateral deficits has already
been well described in the literature.

The data fits for al our 50 unilateral patients indicate
amean VOR gain (parameter nin Eq. 1) of —-0.59+0.17,

VOR “gain” in patients is actually a dynamic measure,
due to the non-linear behaviour. The typical “gain” fig-
ure (mean slope of VOR x-y plot) used in the clinic will,
therefore, overestimate the performance of such patients
during natural high-velocity head turns towards the side
of the lesion.

Bilateral cases

In rotational tests of patients who had bilateral vestibular
loss (determined by caloric tests), we expected little re-
sponse due to a weak vestibular system. However,
though there may have been little or no response during
low head-velocity protocols (as expected), during high-
er-velocity protocols these patients usually demonstrated
an increasing sensitivity in the response with increasing
speed (example in Fig. 6). VOR characteristics appeared
symmetric as for the normal subjects, but an unrespon-
sive zone in the lower range of velocities in each proto-
col (dead-zone) seems obvious, especialy in protocols
with lower peak head velocities (see arrows in Fig. 6A).
The percentage of a harmonic cycle spent in such a dead
zone decreased as the maximum (or peak) input velocity
increased; that is, VOR responses became smoother, al-
beit still non-linear during higher-speed protocols. As a
result, cubic polynomials can produce reasonable fits to
these VOR responses. Five typical bilateral cases are
provided in Fig. 7 for comparison with the asymmetric
characteristics of unilateral patientsin Fig. 5.

The parameters from cubic fits of the VOR character-
istics are provided for all 18 bilateral patientsin Table 3.
The linear gains obtained from these cubic fits were ap-
proximately 1/10 of the normal range (coefficient n in
Eg. 1), with a mean of —0.09+0.19 for al 18 patients.
The mean bias was —0.20+3.31°/s and the mean phase
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Fig. 5 X-Y plots of the fits to vestibulo-ocular-reflex (VOR) data
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lead was 44.92+35.69°. The offsets are small because the
response was small, but phase leads were approximately
eight times the normal range; such large phase leads in
bilateral peripheral patients were aso reported by Hess
et al. (1985).
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This pattern of increasing VOR gain with concurrent
head velocity appeared consistently in all bilateral pa-
tients, implying that in some cases the incremental VOR
gain can be near normal, if perturbations were applied
around high head velocities [e.g. slope of ~0.6 in VOR
x-y plot of patient fb12 at peak head velocities, but slope
(VOR gain) of only 0.1 at low speeds, Fig. 7]. Thus, in
contrast to unilateral patients, typical VOR “gain” fig-
ures (mean slope of VOR x-y plot) used in the clinic will
now underestimate the performance of bilateral patients
during natural high-velocity head turns.

Simulation of the VOR in normals and patients

Two types of non-linearities in the VOR have thus been
seen. There is the more typical decrease in VOR gain
(slope of x-y plot) with increasing head velocity, seen
early on one side in unilateral patients or on both sides at
high speeds in normals. Then, there is the surprising in-
crease in VOR sensitivity in both directions as head
speed increases in bilateral patients. The question here is
whether these divergent behaviours require different hy-
potheses or whether both can be accommodated in a sin-
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Fig. 7 X-Y plots of the fits to vestibulo-ocular-reflex (VOR) data
from five representative bilaterally deficient subjects (symbols). Note
the scale change on the vertical axis, compared with normas and
unilateral-deficit patients (Figs. 3 and 5), because of low VOR gain

gle model with modified sensors. This was addressed by
simulating the bilatera VOR model in the Appendix,
with parameter sets selected to match examples from the
three populations. Simple modification at the peripheral
sensory stage, together with associated “ compensatory”

slope k in Fig. 1A), such that primary responses are
available for head rotation from 250°/s contralateral to
625°/s ipsilateral in the cana passband. The bilateral
sensors are presumed symmetric with respect to each
other, and each sensor projects onto one side of the bilat-
eral model (see Figs. 12 and 13 in Appendix).

The time constants T, 4y and T, (see Table 5 in Appen-
dix) refer to the desired dynamics from the last bilateral
stage, which implements gaze-holding integrators and is
involved in both slow and fast phases. Additional param-
etersin the velocity storage stage transform the canal dy-
namics. Thus, the time constants of this velocity storage
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flex characteristics in bilateral Subject Cubic Quadr. Gain Blaso Phase VAF

deficits (gain n not significant- (@ () (n) (m, °/s) (degrees) %

py differen ngmsgig’s)app' ' 12 4.01e% 22764 010 292 25.85 96.42
dc42 -1.56e% —1.34e4 -0.09 0.08 30.66 94.70
mr50 —1.50e% 1.10e -0.02 -1.00 27.66 63.78
spl2 —1.55e% 1.83e+ 0.10 -5.58 114.83 34.72
apl8 -3.91e6 8.0le"> -0.03 -1.30 40.28 94.31
ap25 -9.37e”7 4.69e4 -0.04 —4.17 54.11 62.29
fb09 3.10e % 2.03e4 0.15 —4.40 119.04 90.45
jall —6.03e7 9.18e> 0.01 -3.41 95.59 12.18
jal4d —4.20e 6 3.71e4 -0.07 2.54 22.24 78.24
jal8 4.80e7 2.78e> -0.05 -0.36 55.31 41.46
ja2l -1.41e% 5.91e5 -0.01 -1.21 21.64 57.33
ja26 9.54e-7 8.98e4 -0.28 8.90 24.05 95.33
mrO1 —6.93e7 -1.39¢4 -0.05 0.86 30.06 64.43
mr07 -1.80e8 4.62e5 -0.01 -1.61 88.98 26.05
mrl3 -5.39%¢~ -1.77e4 -0.004 153 10.82 19.93
spl7 4.06e° -6.86%5 -0.38 0.22 4.81 78.62
nv17 -3.30e”’ 3.86e> -0.05 -1.47 29.46 81.15
mr438 1.53e% —2.61e* -0.70 112 14.43 98.20
mean (18)  —6.18¢7 1.07e4 —0.09 068 44,99 N/A

stage (difference and common mode, Ty and T in Ta-
ble 5) will replace the cana time constant in the VOR
behavioural response, provided that the “integrator” time
constant (gaze holding) in the last stage is large. In the
normal case considered here, the apparent global VOR
time constant (as per phase lead re head velocity) will
change from 4 s at canal levelsto over 16 s at the behav-
ioural level.

Figure 2C, D is a simulation of the VOR in a normal
subject, during a peak rotation velocity of 189°/s. The
parameters were selected to represent the subject above
in the same figure. Fast phases are more likely as head
velocity increases, and their frequency is slightly higher
to the left. This is associated with the small dc bias on
the resulting model VOR characteristic (Fig. 2D), aso
observed in this subject. The VOR characteristic ap-
pears nearly linear, even though central resting rates and
sensitivities would not have allowed such ideal behav-
iour in a sustained slow-phase mode response (pure
VOR compensatory mode). Two mechanisms contribute
together to reflex linearity at central stages in this mod-
el: the bilateral nature of the premotor circuits in the
VOR (Smith and Galiana 1991) and the resetting action
of fast phases on premotor cells (Galiana 1991). The re-
sult is a normal VOR characteristic compatible with
central and behavioural data. We can thus move on to
lesion cases.

Unilateral case

In a unilateral vestibular lesion, there is a presumed re-
duction of the primary vestibular response on the side of
the experimental VOR (X-Y) plot, corresponding to rota-
tion towards the lesion side (during rightward head ve-
locities for aright lesion). In general, to represent a uni-
lateral deficit, the lesioned-canal sensitivity curve can be
shifted downwards (a reduction in the canal resting rate)

and towards the lesion side (a reduction in sensitivity);
or, in the case of a total loss, it is driven to zero
(Fig. 1B).

To preserve central properties and match observed be-
haviour, the two sides in the central stages may now
have different (endogenous) resting rates and sensitivi-
ties to reflect the consequences of compensation that re-
balances central background activity at vestibular-nuclei
(VN) and premotor levels (R, and R.). The remaining
model parameters are then selected to fit the patient’s
VOR gain and phase characteristics, through appropriate
time constants (see Appendix). For example, if gaze
holding was intact, then the parameters in the velocity
storage stage would be selected to imbed the observed
VOR phase, and the second stage set to provide the ap-
propriate gaze-holding time constant (near 15 ). If gaze
holding was deficient, then after providing the appropri-
ate time constant in the second bilateral stage, the re-
quired time constant in the velocity storage stage had to
be set smaller than expected from the observed VOR
phase, due to the beneficial effects of nystagmus on the
global VOR phase. The adjustments used here centrally
are compatible with observations after unilateral vestibu-
lar loss: realignment of resting activity and improvement
of VOR gain require changes in the sensitivity of premo-
tor cellsin the VN to both commissural and primary af-
ferent signals (Newlands and Perachio 1990; Chan et al.
1999; Yamanaka et al. 2000; see also reviews by Die-
ringer 1995; Curthoys and Halmagyi 1995). Such synap-
tic changes theoretically can cause associated changes in
the dynamics of central circuits, particularly associated
with asymmetries in central modulations, despite appro-
priate ocular responses (Galiana 1985).

Here we present simulation results for the case in
Fig. 4, a patient who underwent a unilateral vestibular
nerve section. Thus, the remaining canal in the model
preserved a normal linear function, while the other was
forced to zero (Fig. 1B); what is more surprising is that it
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was also necessary to postulate areduction in resting rate
in the remaining healthy canal, so that its linear function-
al range is now modified (range of operation is from
798°/s ipsilateral to 78°/s contralateral; see Fig. 1B).
Possible mechanisms for this postulate are proposed in
the Discussion.

The observed VOR phase lead in this patient is pre-
sumed to be a reflection of the interaction between pri-
mary dynamics and the “velocity storage” stage, since
gaze holding was normal (T,4 was large, see Methods).
In the model here, this required decreases in commissu-
ral excitation in the first stage, together with increased
(possibly asymmetric) commissural inhibition in the ves-
tibular-nuclei/prepositus hypoglossi (VN-PH) (premotor)
stage. The full parameter set for this unilateral simula-
tion is provided in the Appendix (Tables 4, 5, 6, 7). Fig-
ure 4C and D isasimulation of this unilateral patient at a
peak rotation velocity of 189°/s. It exhibits the character-
istic asymmetry in the number of fast phases in each di-
rection, due to reproduction of the small but significant
dc bias seen on the experimental VOR characteristic
(Fig. 4B,). The linear range of the VOR in this unilateral
patient simulation is much smaller than normal (<100°/s
ipsi-lesion head rotation), but is compatible in this case
with that of the remaining canal during contra rotation
(~80°/s, Fig. 1B). The EV during ipsi-lesion rotation
now saturates around —38°/s. However, the non-linear
VOR characteristic can also be dominated by central, not
peripheral, properties (see Discussion).

We found that the shape of simulated VOR character-
istics in this model could well match those of any unilat-
eral patients and stay compatible with the known etiolo-
gy. For example, in order to duplicate the VOR charac-
teristics of patients with non-specific unilateral disease
(e.g. Meniere's disease), reproduction of behaviour re-
quired that the deficient canal be represented by a more
non-linear (sigmoidal) characteristic as per the first op-
tion above, rather than simply forcing its response to ze-
ro (nerve-section case).

Bilateral case

To represent bilateral lesions, the canal resting rate, Rc,
was reduced to zero and a curved characteristic for the
canal sensitivity was shifted outwards on both sides to
implement a dead-zone (Fig. 1C). Such non-linear senso-
ry properties were sufficient to reproduce the data, with-
out changing the dynamics of the torsion-pendulum effect
(remains at 4 s). As a result, the VOR circuit is again
symmetric, but the reflex must now overcome a large
threshold and there is a global decrease in primary sensi-
tivity. Internal activitiesin the central stages of the model
(R, and R;) were again readjusted to keep effective cen-
tral resting rates near their normal levels, presumably
achieved in the patient during the compensation process.
This would be consistent with the known near-recovery
of central resting activities in unilateral lesions, but, to
our knowledge, no one has recorded in the vestibular nu-

clel of alert animals after otoxicity (acute or recovered).
To reproduce the abnormally large phase leads (worse
than expected from cana response), the commissural
pathways in the first velocity-storage stage had to reverse
from net mutual excitation to net mutua inhibition. To
compensate for lower velocity-storage (VS) resting rates
and low sensory sensitivity, a decrease in mutua inhibi-
tion in the premotor stage and a generalised increase in
sensitivity to afferent vestibular signals were required.

Figure 6C and D summarise the effects of these sen-
sory changes in the model, with parameters tuned to re-
present the patient in Fig. 6A and B. At the lowest veloc-
ity, the canals are very close to cut-off so that the eye re-
sponseis near zero while, at the highest rotation velocity,
one or the other canal responds well. The result is an ap-
parent improvement in VOR gain for protocols with
larger peak velocities, the increasing sensitivity observed
experimentally (Fig. 6B). In fact, the instantaneous gain
of the VOR (slope of x-y curve at a given head velocity)
can even reach normal levels, depending on the severity
of the attenuation in sensory transduction and/or quality
of central compensation. However, mean gain is still low
compared with normal subjects, and phase leads are
large (Table 3). The proposed canal characteristic could
be due to thresholds for the activation of neural transduc-
tion in each canal and velocity-dependent recruitment of
damaged haircells, which is consistent with the nature of
most causes of bilateral lesions, such as ototoxicity or
presumed peripheral cell loss secondary to microangiop-
athy (see Discussion).

Discussion

This study combined experimental data and simulations
to explore the underlying causes of non-linearities in the
human VOR in patients with unilateral or bilateral defi-
cits of peripheral function. Simple changes in primary
sensory characteristics were sufficient to explain the di-
verse VOR non-linearities of both unilateral and bilateral
losses: asymmetries with decreasing VOR gain at high
speeds in unilateral patients versus symmetric character-
istics in bilateral patients with increasing VOR gain at
higher speeds. Central non-linearities representing limits
on cell responses play a crucia role, so that behavioural -
ly observed VOR characteristics will depend on the pro-
tocol rotation speeds, rotation frequencies and the nys-
tagmus pattern itself. In the presence of sensory deficits,
compensatory changes in central endogenous activities
(model internal biases) are required to restore functional
ranges in central circuits and reduce biases causing spon-
taneous nystagmus. The main postulated sites of com-
pensatory changes are summarised in Fig. 8. However, to
maintain desired resting rates and central sensitivities to
head rotation (see Table 4 in Appendix), minor paramet-
ric changes are in fact required at multiple sites in this
distributed processor (see Table 5in Appendix).

This simulation study provides an aternative formu-
lation for the processing stages proposed by Lasker et al.
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Fig. 12 in Appendix

(1999, 2000) in the monkey VOR. These authors ex-
plained the significant non-linearities of the VOR after
compensation for unilateral labyrinthectomy, by propos-
ing a greater reliance on irregular (non-linear) rather
than regular (linear) primary afferents at central levels:
that is, the central VOR was proposed to consist of two
paralel pathways, one linear and the other non-linear on
each side of the brainstem, with modifiable recruitment.
This may be very difficult to test experimentally. Instead,
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it is proposed here that simple changes in the sensory
characteristics (static non-linearity) due to disease or le-
sions are sufficient to explain the data in both unilateral
and bilateral cases, because they are necessarily associat-
ed with central parametric changes to provide compensa-
tion: here, cell firing-rate limitations at all stages, and the
need for bilateral “balance’, will always result in new
VOR dynamics and non-linearities secondary to sensory
deficits. Specific changesin primary recruitment patterns
may exist, but are not required. Several issues related to
assumptions made in the model simulations will now be
discussed. They point to some key experiments to verify
model predictions for the compensation process after
vestibular lesions and to several implications for the
clinical evaluation of functional recovery in the vestibu-
lar patient.

Are healthy primary regular afferents linear
or non-linear?

The first processing stage in any VOR model requires an
adequate representation of activity on primary vestibular
fibres. There is a current controversy on whether we
should bother with non-linear descriptions of canal func-
tion, especialy during natural (high-frequency) head
movements. We will focus on regular vestibular affer-
ents, since they are known to play the dominant role in
the normal rotational VOR (Minor and Goldberg 1991,
Chen-Huang et a. 1997). In their early seminal work in
the squirrel monkey, Goldberg and Fernandez (1971) re-
ported significant asymmetries in the responses of regu-
lar afferentsto ipsilateral versus contralateral steps of ac-
celeration. Figure 9A well reproduces the responses of a
particular regular fibre provided in their paper (Fig. 15in
Goldberg and Fernandez 1971), using a simple non-lin-
ear (asymmetric) model of canal function (ipsi-/contra-
lateral sensitivity to acceleration: 2.2 vs. 1.62 sp/s/°/s%;
ipsi-/contralateral time constant: 6.96 vs. 4.01 s). The
non-linear nature of similar regular afferents is again
strongly supported in more recent work (Brichta and
Goldberg 2000), where the turtle regular afferents also
exhibit a form of decreasing sensitivity with increased
head velocity (asin the sigmoidal curves of Fig. 1).

How can this be reconciled with the reported linear
behaviour of regular afferents in chinchilla during high-
frequency sinusoidal head rotations above 0.5 Hz (Hullar
and Minor 1999)? One could call on species differences.
However, the answer could be that interactions between
transduction dynamics and static non-linearities can
change the apparent sensory characteristics, depending
on the stimulus properties (head-velocity frequency, am-
plitude,...). For example, in Fig. 9B, C, the identical non-
linear sensor model used in Fig. 9A is now subjected to
1/6-Hz head rotations, the conditions used in our proto-
cols. Clearly, the sensor now appears to behave in avery
linear fashion (Fig. 9C), with an apparent velocity sensi-
tivity of ~0.5 sp/g/°/s and an effective time constant of
~5 s. Hence, a non-linear sensor can be adequately repre-



380

Fig. 9A-C Effects of sensory
non-linearities on canal nerve

Step of Acceleration (2 deg/sz)

responses. A Results from a ' :
Simulink mode! reproducing ar : Ty
asymmetric data of Goldberg 35l ; ol
and Fernandez (1971) during : LT
steps of acceleration (see Dis- — 3 g
cussion). B Responses from the ﬁ R
same model to 1/6-Hz head ro- <250 (I
tation at peak speeds of 150°/s. =
C X-Y plot of datain B, with o
apparent linear characteristics E
at 1/6 Hz 151
1 E
L. = =+ excitatory
% 5 10 15 20
A Time (s)
Head Velocity & Canal Firing Rate Head vs Canal @ 1/6 Hz
200 ™ 180 T ' g
o~ 160} i o
1 50 'i(f) N‘W e:‘% ,l.\‘ 7\ ﬁ:k g’
N §oNS
@ 100[% v Y .
g [ S } Q
T sof Y ‘-‘\% rJ Y \%/100,
o ! I =
g ° \ { i S
] \ ! H O
T 50 v ! ‘
) i H
-100 v
i
. . . : .
_15%0 22 24 26 30 —950 ~100 -50 0 50 100 150
B Time (s) C Head (deg/s)

sented by a linear process (subject to cut-off or satura-
tion) in this particular case, or at the frequencies used by
Hullar and Minor (1999). It is the basis for assuming
straight-line characteristics in our canal models here, so
long as the sensor is healthy and the protocol conditions
allow it. Changing the protocols would normally require
re-examining assumptions of linearity, especialy at low
frequencies. In general, it would be preferable to imbed
the true non-linear behaviour in all cases, even though
apparent linear function may sometimes be observed.

However, thisissue of sensor “linearity” is not critical
to reproducing observed clinical data after total unilater-
al loss: alinear form of the remaining vestibular function
is quite sufficient, so that the main non-linear properties
of the VOR observed behaviourally could simply be due
to limitations in the remaining peripheral sensor’s range
of operation and/or the asymmetric properties of the
brainstem after compensation. This is not the case for
more labile unilateral deficits or for bilateral lesions due
to ototoxicity (see below): in these cases, reproduction of
non-linear VOR characteristics did require assuming
more non-linear (sigmoidal) descriptions of canal func-
tion — a verifiable model prediction (see below).

VOR after unilateral lesions — peripheral or central
non-linearity?

A wide variety of non-linear VOR forms could be repre-
sented by simple changesin the global static non-lineari-
ty of the lesioned sensor characteristics (see aso “‘Ve-
locity storage’ and VOR phase lead”, below). The time
constant of the vestibular torsion-pendulum model was
always presumed unchanged since it reflects the me-
chanical properties of the cupula (see also “Bilatera pa-
tients’, below). Similarly, additional new central non-lin-
earities in the brainstem processes were not required, on-
ly parametric changes to realign bilateral resting activity
(biases) and to achieve the observed VOR phase and
gain. All types of responses could be duplicated in one
model, by making changes compatible with the known
lesions considered here (see also section “ * Velocity stor-
age’ and VOR phase lead”, below).

The VOR model simulations of a unilateral loss pa-
tient (Fig. 4) were achieved with parameter sets tuned
for our 1/6-Hz protocols. In order to test the reliability of
our hypothesis, this model was also used to generate pre-
dicted responses to harmonic rotations (Fig. 10) or to
steps of head velocity (Fig. 11), always with the same
parameter set as in Fig. 4. The simulation result in
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Fig. 11 Simulation of vestibulo-ocular reflex (VOR) model used
in Fig. 4, during steps of ipsi-lesion vs. contra-lesion head rotation
at 150°/s. Note apparent variable VOR decay rates and different
saturation level when compared with 1/6-Hz simulation in Fig. 4
(head velocity trace is reversed)

Fig. 11 reproduces the types of VOR responses observed
experimentally in compensated, unilateral mammals:
asymmetric step responses, saturation during rotations
ipsilateral to the lesion and differences in the apparent
decay time constants with rotation direction (after leav-
ing saturation level, Fig. 11). The model’s non-linear be-
haviour is also qualitatively similar to that reported pre-
viously in other experimental reports (Broussard et al.
1999; Lasker et a. 2000): for example, apparent changes
in the severity of VOR asymmetry as the stimulus fre-
guency changes (Fig. 10A, slopes at peak ipsi- and con-
tra-lesion rotation) and an apparently more robust con-
tra-lesion sensitivity for high-frequency 10-Hz rotation
at different speeds (Fig. 10B).

In the simulation at 10 Hz (Fig. 10B), the non-lineari-
ty in fact now remains relatively stable with stimulus
amplitude, despite a “gain” variability with input fre-
guency. Reported changes in VOR contra-lesion sensi-
tivity at high frequencies are much smaller than at low
frequencies and do not appear statistically very signifi-
cant above a few Hz (Minor et al. 1999; Lasker et al.
2000). Our current model does not produce variable
gains at high frequencies unless sensor or central cells
have input-dependent non-linearities themselves (curved
sensitivities). Thisis to be developed in the future. With
non-linear (curved) VOR behavioural characteristics (as
implied in Fig. 4B), a global VOR characteristic could
be an appropriate single description of the reflex at a
given frequency; however, forcing sine-wave fits for
half-cycles (as in Broussard et al. 1999; Lasker et al.
1999, 2000; Minor et al. 1999) could still produce esti-
mated VOR gains that vary both with input amplitude
and direction, depending on the form of the non-lineari-
ty. This half-cycle approach essentially fits an optimal
straight line through a non-linearity for each input ampli-
tude: with a VOR curve as in Fig. 4B, the resulting fit
can have higher slopes for higher inputs when the non-
linearity is “bowl-shaped”; on the other hand, if the non-
linearity in the test conditions appears to be “ saturating”,
then the estimated gain (line slope for sine fit) would de-
crease with input amplitude. Results are then labile and
depend on which part of a larger non-linearity is being
exercised. A non-linear system can be very difficult to
interpret in a coherent way if analyses are restricted to
linear tools.

Note that the remaining canal in the cases above was
assumed linear, with a modified range of operation. This
caused sensor cut-off for the first 1.5 s of the step re-
sponse during ipsi-lesion 150°/s rotation (see dotted lines
in Fig. 9, top panel). The ipsi-lesiona response saturated
at ~30°/s, which is less than the saturation level ob-
served during 1/6-Hz simulations (Fig. 4D). Again, the
observed non-linearities in this simulated VOR reflect
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the combined effects of primary non-linearities, primary
dynamics (lower gain at lower frequencies extending the
operating range) and possibly asymmetric central modu-
lations about a balanced, and reduced, resting activity
(Galiana 1985). (Remember that the initial segments of a
VOR step response actually represent a high-frequency
test.) Saturations in the VOR during various protocols,
therefore, need not represent an unmasking of the non-
linear limits in the single remaining vestibular sensor,
but can also reflect rectification (cell cut-off) in some
premotor centres.

Finally, a non-linear sensory characteristic (peripher-
al) was implied by the model-fit requirements in many
non-specific patients. Thisis a prediction that remains to
be verified in animal models. More to the point, much is
known of the changes in vestibular nuclei activity after
unilateral vestibular loss (see reviews in Curthoys and
Halmagyi 1995; Yamanaka et al. 2000), but there is cur-
rently no information to support the standard assumption
of normal characteristics in the remaining vestibular sen-
sors (primary activity) after such losses. Perhaps the
compensation process is assisted by the vestibular
efference system, which would acutely carry bilaterally
unbalanced activity and could at least temporarily alter
the primary dynamics and/or resting activity (Brichta
and Goldberg 2000; Marlinski et al. 2000). The same
guestion would be relevant for animal protocols involv-
ing cana plugging: can the primary system dynamics or
non-linearity be altered by now bilaterally asymmetric
modulations at central levels, despite normal resting ac-
tivity?

Bilateral patients

In the bilateral patients, reproduction of VOR non-lin-
earities relied on one key assumption: deficits in the bi-
lateral sensors including a threshold (dead-zone), and
sensitivities much lower than normal. No change of ca
nal dynamics was required. These represent predictions
of the sensory process in man after otoxicity or cell
death due to suspected microangiopathy (our patients).
However, we can infer that these are reasonable results
in relation to reported observations in the pigeon (Li and
Correia 1998). After exposure to toxic doses of strepto-
mycin, canal primary-afferent activity in the pigeon was
monitored throughout the recovery process (up to
150 days post-injection): canal dynamics never changed
significantly from the control condition. In the initial
phase, primary activity had greatly reduced resting rates
and much lower sensitivities to a wide range of stimuli.
In the pigeon, 150 days seemed sufficient to restore nor-
mal sensitivities, but resting rates remained at ~50% of
normal. Thus, given our data and model predictions here,
it would seem that man never fully recovers from otoxic-
ity and that the primary fibre responses resemble those
observed acutely in the pigeon.

Another model prediction for many bilateral patients
was a sensory process with increasing sensitivity at

higher rotation speeds. Increasing sensitivity with in-
creasing stimulus amplitude is seen on norma primary
activity at low head speeds (see Introduction and the sec-
tion “Are healthy primary regular afferents linear or non-
linear?’, above); hence, it seems reasonable that this
non-linearity may become more important when operat-
ing at low gain with modified vestibular morphology
(the lower end of the sigmoidal curve in Fig. 1). This
conjecture seems consistent with pigeon data (see
above), but we are not aware of experimental data on
primary vestibular afferents in mammals or primates af -
ter otoxicity. Hence, it remains to be verified whether the
observed VOR non-linearities are indeed sensorial in our
bilateral patients.

The model predicts, at least in our pool of bilateral
patients, that normal levels of VOR response might ap-
pear at high rotation speeds, if tested with head perturba-
tions applied around a high speed bias [e.g. Slope of
~—0.6 in VOR x-y plot of patient fb12, at peak head ve-
locities but slope (VOR gain) of only —0.1 at low speeds,
Fig. 7]. Thus, asin the unilateral patients, clinical evalu-
ation of VOR integrity is keenly dependent on the select-
ed head-rotation protocol.

“Velocity storage” and VOR phase lead

In most patients, the final compensatory result was al-
ways associated with net deficits in the measured VOR
phase, causing abnormally large phase leads at the test
frequency. Thus, it would seem that central loop recruit-
ment is reduced in the post-lesion state, since feedback is
an accepted mechanism for “storage” action. Here, we
simply postulated a parametric change in a “velocity
storage” model stage. Equivalently, a model where cell
and loop recruitment in the bilateral stages depended on
current set-point would achieve the same result, since bi-
lateral resting rates at VN levels have been shown to be
decreased in animals after compensation for peripheral
vestibular lesions. Thus, the parametric changes at the
central level are interpreted here to be secondary to the
assumed change in sensory afferent signals: because of
the non-linear and highly interconnected circuits in the
brainstem, modifying sensory inputs would naturaly
change the functional dynamics of the downstream pre-
motor circuits.

The present study relied on a two-stage representa-
tion of VOR processing after the sensors: velocity stor-
age and pre-motor “neural integration”, as often postu-
lated in the literature (Raphan et al. 1977). The same
effect could be achieved with a single bilateral stage,
where two imbedded feedback loops interact to im-
prove canal dynamics and cancel eye plant dynamics
simultaneously. Available neurophysiology and anato-
my cannot yet specify which type of model topology is
most appropriate. However, this is not significant from
the point of view of this study. Here, the intent was to
demonstrate that peripheral sensor modifications could
dominate in reproducing observed VOR characteristics



in normals and selected patients, if one also takes into
account non-linearities in central circuits associated
with compensation and the dynamic effects of nystag-
mus on the reflex.

This modelling exercise attempted to duplicate exper-
imental data based on an understanding of the equations
representing the simulated model behaviour. In the fu-

383

ture, it is planned to develop automated identification
procedures that would fit data to alternate central top-
ologies without subjective biases.

Acknowledgements This work was supported by an operating
grant from the Medical Research Council (MRC, Canada). We
also thank J. Goldberg for his helpful comments on the character-
istics of vestibular nerve responses.

Simulink models of the VOR with selected parameter sets

The two figures included here (Figs. 12 and 13) describe
the implementation of the VOR in the Simulink (Matlab)
environment, for those who wish to duplicate or test
model properties. Figure 12 is a bilateral realisation of
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Fig. 12 Schematic of the vestibulo-ocular reflex (VOR) model
during slow phases. Transfer functions are shown for: canal modu-
lation (cr, cl), eye plant and internal models generating efference
copies of right and left ocular/canal responses (E*r, E*I, C*r and
C*1). Canal non-linearity defined in Fig. 1. Cr/Cl Right and left
cana firing rates, combining modulations with resting rate Rc;
VNr/VNI premotor vestibular nuclei firing rates; gv/gc commissu-

ra (cross-midline) pathway gains in two stages; bc/bs ipsilateral
loop gains in two stages, which control time constants together
with commissural gains. Endogenous or external biases (e.g.
R1-R6, right and |eft) are used to reach desired resting rates in dif-
ferent sites when head velocity is zero. VN-PH Vestibular-nu-
clei/prepositus hypoglossi. For other definitions, see text and
Table 4

Table 4 Model characteristics

forced constant in all cases (re- te Description Parameter
fer to Fig. 12) .
Sensors Canal time constant T1 41
Velocity storage Canal “model” gain Ker 0.5
Kcl 05
Canal “model” resting rate (sp/s) Rc*r 60
Rc*| 60
VN-PH premotor Eye model gain Ker 0.5
Kel 05
Eye model resting rate in PH (sp/s) Rer 90
Rel 90
Eye plant Eye plant (and model) time constant T 0.3
Eye plant gain Kp 0.55
Saturation Maximum firing rate (sp/s) M 350
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in slow phase.] The premotor stage (with burst cells Br, Bl) uses
new parameters to replicate effects of switching and enable fast
phase dynamics (see Tables 4 through 7). Conventions as in
Fig. 12

Table5 Slow-phase model parameters that vary with type of deficit (* indicates significant changes from normal; computed items refer

to desired values achieved with the associated parameters)

Site Description Cases
Name Normal Unilateral  Bilateral
Sensor Canal afferent resting rate (sp/s) (computed) Rer 100 o* 3.33*
Rcl 100 62.5* 3.33*
Canal bias (sp/s) R6r 100 o* —2.5%
Reél 100 31* —2.5*
Linear approximation of primary neuron gain ~ Excitatory ke 04 0.4 0.146*
Inhibitory ki 04 04 0.096*
Curved approximation of primary neurongain  Quadratic term a 0 0 2.09e5*
(Eq. 3) Linear term b 04 0.4 0.092*
Velocity ~ VOR time constants (computed from data) Diff. mode Ted 7.42 4.23* 1.37*
storage Common mode Tcc 7.49 4.23* 1.38*
Slow phase ipsi-loop gain ber 0.9 0.06* -3.95*
bcl 0.9 0.06* —3.95*
Commissural gains ger 0.005 0.001* —0.005*
gcl 0.005 0.001* —0.005*
Output bias (sp/s) R1r 0 —80* —9o0*
Ril 0 20* —90*
Canal model filter bias (sp/s) Rar 201.45 125* —237*
R4l 201.45 124* —237*
Input (endogenous) hias (sp/s) R5r 50.05 150* 153*
RS 50.05 92* 153*
VN-PH Integrator time constants, computed Differencemode Tvd 13 6* 8*
premotor Common mode Tvec 15 1.0 17
VN gain re canal (computed) Sv 17 2.6* 7.0*
Slow phase input gain psr 0.48 0.69* 2.03*
psl 0.48 0.69* 2.03*
Slow phase ipsi-loop gain bsr 1.76 1.63 1.78
bsl 1.76 1.63 1.78
Commissural gains gvr 0.10 0.16* 0.08*
gvl 0.10 0.16* 0.08*
Input bias (sp/s) R2r 155.73 186.5* 212.5*
R2| 169.32 130.7* 204.1*
Eye model filter bias (sp/s) R3r 221.37 216* 229*
R31 233.72 205* 221*
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Table 6 Fast-phase model pa-

rameters forced constant inall ~ Sit€ Description Parameter
cases (this only affects the ves- .
tibular-nuclei/prepositus-hypo- v N-PH premotor Eye model resting rate (sp/s) (computed) Refr 90
glossi (VN-PH) stage, previous _ Refl 0
stages remain at same settings Burst cells gain Br 20
throughout nystagmus) _ Bl 20
Time constant (computed) Tf (9) 0.05
Input “vestibular” gain pfr -1.2
pfl -12
Ipsi loop gain bfr 3.33
bfl 3.33

Table 7 Fast-phase model parameters which vary with type of deficit (refer to Fig. 13; note asymmetries in saccade thresholds in unilat-

eral case)
Site Description Name Cases
Normal Unilateral Bilateral
VN-PH Premotor Input bias (sp/s) R2fr -166 -213 —284
R2fl -162 -216 —286
Eye model filter bias (sp/s) R3fr 221 213 229
R3fl 234 205 221
Switching Fast-phase ON threshold (sp/s) Onthresr 24 78 47
Onthres| 24 2 40
Fast phase OFF threshold (sp/s) offthresr 150 56 2
offthresl 150 25 2
The schematic during fast phases is altered by the ef-  References

fect of central burst cells, so that a representative model
for rightward fast phases is provided in Fig. 13. Simple
mirror symmetry would describe the model during left-
ward fast phases. Note that switching between slow and
fast phases involved switching the appropriate parameter
values into pathways: the same dynamic elements (inte-
grators) were shared by both modes.

The parameter sets used in the three representative
simulations (see Results) are described in Tables 4, 5, 6
and 7. Parameters refer to elements in models of Fig. 12
and 13. T4y and T, represent the time constants of the
“velocity-storage” stage, used to match VOR phase.
Similarly, T,4 and T, represent time constants computed
for the vestibular-nuclei/Prepositus hypoglossi (VN-PH)
stage and implement the oculomotor integrator proper-
ties. The integrator (T, T,q), velocity storage (T, Tey)
and fast phase (T;) time constants can be computed from
Eqg. A-1, when matches to the patient data are related to
model parameters.

T,=T-(1+gv)/(1-Ke-bst+gv)
T.=T-(1-9v)/(1-Ke-bs-gv)
T=T-(1+gc)/(1-Kc-bect+ge)
T=T-(1-gc)/(1-Kc-be-ge)
T=T/(1+Ke-bf-(1+B))=50 ms
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