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RAPID COMMUNICATION
Model for the Translational Vestibuloocular Reflex (VOR)

WISSAM S. MUSALLAM! AND R. D. TOMLINSON"?
Departments ofPhysiology and?Otolaryngology, University of Toronto, Toronto, Ontario M5S 1A8, Canada

Musallam, Wissam S. and R. D. TomlinsonModel for the translational that attempt to produce a velocity and a position signal fr
vestibuloocular reflex (VOR)M. Neurophysiol 82: 2010-2014, 1999. the incoming acceleration signal while attempting to maintgin
The function of the translational vestibuloocular reflex (tVOR) and th@onsistency with observed high-pass filtering behavior (An-
angular vestibuloocular reflex (aVOR) is to stabilize images on t laki 1998; Paige and Tomko 1991b; Telford et al. 1997).
retina during translational and rotational motion, respectively. It h ?St popul’ar hypothesis is that of'integrating the primgry

generally been assumed that these two reflexes differ in their cen lith aff tsi land th dina the int ted si It
processing because they differ significantly in their primary affere Olith arrerent signal an én sending the integrated signgi 1o

behavior and characteristics at the motor level. So far, models of neural integrator and the oculomotor plant (Paige
tVOR have focused on the type of processing that the primary afferdf@mko 1991b; Telford et al. 1997). Alternatively, it has be¢n
signal must undergo before reaching the neural integrator. Here, p@posed that the acceleration signal be differentiated and {her]
propose a model that does not require any prefiltering. It is known thategrated (Angelaki et al. 1993). However, we proposq a
the eye plant requires signals in phase with velocity and position. fmpler model. Specifically, primary afferent signals are passesi
propose that the velocity signal is obtained directly from the neurgdrough the neural integrator to yield the velocity signal. T
integrator, whereas the position signal is obtained dlrgctly from theysition signal is obtained directly from the primary affere tg_
primary afferents synapsing onto the oculomotor nuclei. This desig .5, se a signal in phase with acceleration is just a signaign
|tc_>roved sufficient to simulate eye movements in response to tranglg <07\ ik position but with the sign reversed. Thereforé &
ional motion. . . . .
second integrator is not needed, suggesting that the brain $tgm
dynamics of the tVOR reflex are different from those of th&
angular vestibuloocular reflex (aVOR) only because the &
spective inputs to the brain stem differ. There is evidence
The translational vestibuloocular reflex (tVOR) stabilizethere exists monosynaptic primary afferent innervation of
gaze in response to translational movements. This is a com@fllomotor nuclei of otolithic origin (Uchino et al. 1996). W|
cated task because the peripheral otolith organs respond ideigPose that this signal acts as the position input in respon

INTRODUCTION

‘RBojomARd

Qo

tically to tilt and to linear translation, whereas the oculdfanslational movement. A simple model is presented that nds
response to these stimuli differ; tilting of the head (sensir%Its input an acceleration signal. Then, given this model aid
gravity) elicits torsional eye movements, whereas translatiof selected parameters and after computing the differgrigg
elicit horizontal eye movements. In addition, to accuratefjetween the output of the model and the experimental data| &<
maintain images on the fovea, the brain must consider thgall deduce the exact input (high-frequency primary afferggt
target distance and eccentricity of the image with respect Rghavior) necessary to accurately reproduce the experimgra
each eye (Paige and Tomko 1991a,b; Telford et al. 1997). data. >
Perhaps the greatest obstacle to understanding the tVOR has N
been the elucidation of the necessary central processing M&THODS =
quired t_o transfer the otolith primary afferent signals into The model shown in Fig.A was written using Matlab’s Control
appropriate oculomotor commands. Otolith primary afferent§siem (Mathworks) package. The neural integrator and the oclilo-

enCOde a S|gnal that |S |n phase Wlth, and even |eadS, ||n%t0r p|ant are expressed as (Fuchs et al. 1988)
head acceleration, although these data are only available for

frequencies up to 2 Hz (Fernandez and Goldberg 1976; Gold- H = (1+sm)

berg et al. 1990). In contrast, the canal afferents, measured to P (14 sm)(L + s7a)(1 + s74)
frequencies up to 8 Hz, encode head velocity (Fernandez and 1
Goldberg 1971). Hine =

The oculomotor plant is known to require signals in phase (3% $7im)

with velocity and position (Robinson 1981). Single-cell recordvherer; = 0.14 s,7, = 0.28 s,7; = 0.037 s,7, = 0.003 s, and

ings from position-vestibular pause (PVP) cells and eye-hear: = 20 s.

velocity (EHV) cells in the vestibular nucleus have shown that The open loop transfer function of the model in Fig\ i simply

these cells carry otolith signals in phase with linear velocity, E

indicating that the acceleration signal coming from the periph- o= (Kit KoHin)Hye® @)

eral organs has already been processed (McConville et al.

1996; McCrea et al. 1996). Several models have been proposéereK, provides the system with position informatidf,H;,, with
velocity information,e®°*s represents a 10-ms delay, aads the

The costs of publication of this article were defrayed in part by the paymef€celeration. The output frofeq. 1(Eye velocity) was compared with
of page charges. The article must therefore be hereby maddtttisement” Angelaki's data (Angelaki 1998) and the value€sandK, optimized
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ to minimize both phase and gain errors. Because the Angelaki datg arg

2010 0022-3077/99 $5.00 Copyright © 1999 The American Physiological Society
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Fic. 1. A: model presented in this paper

eye plant;K, and K, are as discussed in
METHODS. B: comparison of sensitivity (deg/|
B C s/lcm/s= deg/cm) and phase&Cj values for
the output produced by the model (soli
line) shown inA, with K; = 1.0 andK, =

]

1.0 g 0 100 for a pure acceleration signal, and dal
—_ b 50 from Angelaki (1998) (long dashed line
g 0.8 / =} L and Telford (1997) (short dashed line up t|
® y S 80 i LT 4 Hz). The phase frr]cim :]he model Iear:js b
-5 06 = T _ up to 20° at 2 Hz while the sensitivity has
= // g 100 LT T smaller slope and a greater intercept. Pha|
-‘§ 0.4 L, B an ) \\ for this and all subsequent plots is relativ
= // 8 420 N head acceleration.
2 T < \
g 02 @ 140
2] = / -

T 2 \
0.0 8 160
0.1 1.0 10.0 o 0.1 1.0 10.0
Frequency (Hz) Frequency (Hz)

available to frequencies beyond 15 Hz, we have chosen to model fizibeled Hg. H,¢ represents the required filtering of the acce
data instead of the Telford data, which is included for completeneggation signal (primary afferent behavior) so that the output

Nevertheless, our results show that the phase of the model's outipt model agrees with the Angelaki data,zHvas then fitted
differs from the Telford data by-10° between 1 and 4 Hz (Fig. 3).

For a pure acceleration input, the appropriate valueKfoand K,
were deduced by minimizing the least-squared difference between ﬁ{{e . ; -
experimentally obtained complex numbge® (whereg is the gain otolith primary afferent behavior is
and p is the phase) and the one produced by the model. Other
minimization methods were also used without any significant change

to the values oK, andK,. Then, the difference between the output O{Nhere
the model using the derivdd, andK, and the experimental data were
computed. This difference corresponds to the required filtering of the 1 K
acceleration signal to adequately simulate the experimental data. The Hu(s) = [ ]
difference between the two outputs was fitted to an equation according (1 + s7va)(1 + s72)

to the Goldberg et al. (1990) classification of afferents ¢(seLT9.

erents. Specifically, the overall transfer function describi

H(s) = Hu(s) - Hy(s) - Ha(s)

Hy(s) = [(1 + sty (1 + STvz)]KV
RESULTS Ha(s) = [(1 + s7a)]*

Figure 1,B and C, depicts the output of the model (solidRepresentative values of the parametersrgge~ 3 s, 1o =~
line) for K; = 1.0 andK, = 100 as compared with experimen-0.10 s,K,,; = 0.15,7, ~ 15 s,K, =~ 0.13,7,, ~ 200 s, and
tal data [Angelaki 1998 (long dashed line up to 15 Hz) anfd,, ~ 1 s (Goldberg et al. 1990). ForH all values were as
Telford et al. 1997 (short dashed line up to 4 Hz)] for a purabove except for,,, = 0.25,K,, = 0.15, andH,, = [(1 +
acceleration input. There is a fairly good phase agreemesy,)(1 — sn,,)]<V. This results in a signal that has a pha
between the two plots with the largest phase difference occugsponse consistent with a very regular primary afferent
ring at 2 Hz where the output of the model lags the expenvith a gain described by a dimorphic afferent (see Fig.
mental results of Angelaki by20°. However, the value of the Indeed, this could be the behavior of some afferents aboy
model’s sensitivity curve is greater than those found expektz, because for primary afferents recorded by Goldberg et
mentally below 1 Hz. As the frequency increases, the slope (@®90) the phase began to lag acceleration as the freque
the model’s sensitivity curve is smaller than the experimentiaicreased.
one, and as the frequency increases further, the sensitivityFigure 2 depicts the output of the model in response to
curve levels off. input of a regular primary afferent and a dimorphic primal

From Fig. 1, it can be seen that to accurately simulate thé&erent. The dimorphic afferenK(, = 0.16; Fig. 2,A andB)
experimental data, the model still needs a slowly rising higtonverges onto the experimentally deduced sensitivities
pass filter and an almost flat phase response, exhibiting a 20th as much as a 50° phase lead at 1 Hz. For the dimorf
phase lag as the frequency increases. Up to 2 Hz, this is #fterents, least-square optimization resulteKin= 3.5 and
behavior of utricular regular afferent neurons recorded k¢, = 80. In contrast, the regular afferent (ks 0.01,K; = 0.8,
Goldberg et al. (1990). The two curves shown in Fig. 1 exandK, = 1) approximates the experimental phase curve alm
tending up to 15 Hz (dashed line is Angelaki data, solid line gerfectly but with a large loss in sensitivity (Fig. @,andD).
model output) were divided into each other and the resiigure 3 depicts the output of the model in response to

—» K, » NI > a(t), acceleration; NI, neural integrator; EH,

according to Goldberg et al. (1990) classification of primg
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A C
1.0 1.0
T o8 £ os
o Z 3]
E’ ﬂ‘/ ? "/
T 06 v T 06 v FIG. 2. Comparison of the sensitivityAf
2 // 2 / and phase R) of experimental translational
2 04 2z 04 1 vestibuloocular reflex (tVOR) data (——-) an
= = L . . .
@ . LA a —_— 44, the model (—) in Fig. 1 for a primary afferent
¢ 0.2 > o 02 L input with K,, = 0.16 (dimorphic)K; = 3.5,
n e (7] 1 - e .
,-55# LT andK, = 80. The sensitivity curve is almost
0.0 ot 0.0 et identical with that of Angelaki (1998) (long
0.1 1.0 10.0 0.1 1.0 10.0 dashed line extending to 15 Hz), and with g
F ency (Hz F H slight adjustment in gain, can also be made jo
requency (Hz) requency (Hz) accurately reproduce Telford (1997) dath
(short dashed line extending to 4 Hz). Howt
B D ever, up to a 60° phase lead is introducegl.
Also shown is a comparison of the sensitivit)
N n (C) and phasel}) of experimental tVOR data
g 0 g ] (~—-) and the model (—) in Fig. 1 for al
2 -2 2 80 I~ primary afferent input wittK,, = 0.01 (highly
8 4 .l \ a ~ e — regular),K, = 0.8, andK, = 1. In contrast
N = 2 s N ; . ;
c N S -100 = with A andB, the phase curve is almost iden
2 60 Suxin— \ = N tical with that of Angelaki (1998). However, g
g -80 = | {9\ g 120 the sensitivity is flat and exhibits a high inter; £
T 100 ~~ |t ~JIN ® N\ cept. =3
g 1 N g 140 N S
< 420 d < \ 2
4 140 \\ e 160 \ S
QO N -] —
8 160 8 -180 o
z 0.1 1.0 10.0 ) 0.1 1.0 10.0 3
Frequency (Hz) Frequency (Hz) .g
3
o,
=)
input composed of the combined behavior derived from thieported by Uchino et al. (1996). Because an accelera @1
regular and dimorphic afferents shown in Fig. 2. Least-squagignal is in phase with position, this makes the signal that e
Q

optimization resulted in values &f; = 1.2,K, = 150,7,, = otolith primary afferents carry adequate to code position.

0.25, ancK,, = 0.15. The combined behavior of the afferentis In deriving Hy, it became clear that the behavior of regulh®
represented by f4 derived above. The model's sensitivityafferents is more suited to drive the system. Unfortunately, |
curve (solid line) closely resembles that of Angelaki (Angelaldtferent data are available for frequencie® Hz. However, | 2
1998), whereas the maximum phase difference is a lag of 10 gives an idea of the type of afferent behavior needed &
and occurs at-1 Hz. realize the model presented here. It is consistent with extifag-
olated regular afferent (bordering on dimorphic) behavior] @
DISCUSSION $Iov_v rising high-pass fllter.wnh a flat phase response mqree@—
ing in lag as the frequency increases. We are not suggesting e
As shown in Fig. A, the tVOR pathway in our model is existence of a new class of afferents. The behavior of primpry

identical to the Robinson model for the aVOR. Howeveagfferents for frequencies2 Hz is not known. Therefore H
because the canal primary afferents encode angular head mey represent the response of several primary afferents ¢on
locity and the utricular primary afferents encode linear heagrging onto central neurons or even the central processing of
acceleration, the input to the integrator from the two systemsgamary afferent signals. Either way, givenl a signal that
different. The question is, how are the utricular primary affedeviates slightly from observed low-frequency afferent signals,
ent signals processed to provide the eye plant with the necd® model shows how existing pathways may be used| to
sary velocity and position signals. reproduce tVOR behavior.

The model presented here is simple in that it takes advantag&he high-frequency phase lag exhibited by the responsé¢ of
of known pathways in the brain stem. For horizontal conjugatke model is partly due to the 10-ms delay that was used while
eye movements, the nuclear prepositus hypoglossi (NPH) isféting the afferent transfer function. This short latency |is
important site for neural integration. There is a large projectiaonsistent with Angelaki’s result (Angelaki 1998).
of inputs from the lateral vestibular nucleus (LVN) onto the The simplicity of the model presented here would also
NPH in the squirrel monkey (Belknap and McCrea 1988) argknerate horizontal eye movements during sustained Head
a corresponding large projection of utricular afferents onto thiéts. The model has as its purpose only the reproductionf of
LVN (McCrea et al. 1987). No second integration of the otolithorizontal eye movements. Clearly additional circuitry and
signal is required. The position signal is obtained directly fromprocessing is required to inhibit horizontal eye movements
the primary afferents with a modification in gain. Utriculaduring tilts. The mechanism involved in differentiating bé-
afferents synapsing directly onto oculomotor nuclei have beemeen translations and tilts is currently not known and Has
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A of our model is that on integrator lesions, a partial loss |of

eye movements in response to translational motion will

1.0 occur, although some eye movement may still occur dudg to
the monosynaptic primary afferent connection to the plant.

08 Another consequence of this model is that irregular primary
- / afferents have little or no effect on the behavior of the
E y tVOR. Because the behavior of primary afferent neurons for

2 06 A frequencies>2 Hz is not known, this prediction is base

z / solely on theory. Galvanic current studies for the avVQR

g‘ // have shown that irregular afferents do not contribute to the
s 04 / aVOR (Minor and Goldberg 1991). Also, regular and irreg-

2 / ular inputs remain segregated at the level of the vestibdlar
@ / L1 . . - -
n 02 / nuclei (Goldberg et al. 1987), although this segregation is
. ____,.? incomplete. However, this could result in parallel pathwalys
": /:,,— for the primary afferents that have distinct functions. We

0.0 1 have shown here that it is possible for the function of the

0.1 1.0 10.0 regular afferent to be to provide the integrator with input fo
Frequency (Hz) obtain the velocity command. The function of the irregulpr

afferent remains a question. The VOR is not the only reflex

B that these afferents drive. Therefore the irregular afferents

could be used for the vestibulcollic reflex (Goldberg et al,

-40 1987) or even to adjust the gain of the tVOR for vergencg

m sensitivity. 5
o o
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