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Fig. 4. Schematic diagram of the analog computer realization of the model 

to give an output proportional to eye position. The 
whole push-pull configuration can be represented as 
an ideal differential integrator with inputs from the 
right (R) and left (L) sides, as shown at the bottom of 
Fig. 3. The mathematical relationships of the pertinent 
variables in the complex frequency domain, s , are 
indicated in the figure. 

3. Results 

A schematic diagram of the model is illustrated in 
Fig. 4. Signals from the right and left semicircular 
canals, via the vestibular nuclei (R VN and LVN), are 
represented by potentiometers 1 and 2. Desired gaze 
signals (G,. and G I) are simulated by the poten
tiometers 5 and 6. A constant tone signal (T) is 
provided by potentiometer 7. When an imbalance be
tween the vestibular input signals occurs, either com
parator Cl or C2 activates relay K 1 or K2, re
spectively. Thus, only one half of the slow phase 
modulation network is turned on, and summed gaze 
and tone signals, G, are allowed to pass via A3 or A4 to 
summers AS or A6, respectively. It is here that the gaze 
and tone signals are summed with the vestibular 
signals to produce a modulated signal. The neural 

integrators (A 7 and AS) are connected in a push-pull 
configuration and have the property of producing a 
constant output from simultaneous equal inputs and 
an integrated output from unbalanced inputs, in accor
dance with principles discussed above. The output of 
A 7, after inversion by IS, is summed with the output of 
AS by A9. A negative ramp output from A9 represents 
slow eye movement in the leftward direction caused by 
excitation of the agonists (left lateral and right medial 
recti), with subsequent jerk right nystagmus. The mod
el primarily simulates the slow drift in vestibular 
nystagmus; the saccades were simulated by running 
the computer in the Rep-Op mode which automati
cally resets the integrator outputs to zero at a prede
termined rate. 

When simulating normally functioning semicir
cular canals with equal tonic innervation from the two 
sides, the model produced no nystagmus. When sim
ulating total impairment of the canal on one side 
with gaze directed maximally in the opposite direction, 
the model produced large amplitude (arbitrarily cho
sen to be 15°) nystagmus with linear slow phases 
directed toward the "lesioned" side and fast phases in 
the opposite direction (corresponding with observed 
clinical phenomenology). As gaze was adjusted from 
far contralateral to ipsilateral, the nystagmus gradually 



diminished to zero. This is shown in Fig. 5 as third 
degree nystagmus (by Alexander's classification). 
When one canal output was only partially reduced and 
the other normal, the nystagmus was smaller in ampli
tude and was absent in ipsilateral or in both ipsilateral 
and center gaze, as indicated by the second and first 
degree labels in Fig. 5. 

Figure 6 illustrates the quantitative relationship 
between the amplitude of the nystagmus, the angle of 
desired gaze, and the amount of canal dysfunction. The 
linear property of these curves is a result of our simple 
interpretation of Alexander's law, i.e. , the amplitude of 
third degree nystagmus increases linearly with increas
ing gaze in the direction of the fast phase. The parallel 
property of the curves is again a result of our linear 
approximation of the variation of nystagmus with 
canal deficit. 

40 Discussion 

We have developed an analog computer model that 
simulates the gaze-dependent variation of the slow 
phase of vestibular nystagmus in accordance with 
Alexander's law. The model incorporated current 
anatomical and physiological concepts of the 
vestibulo-ocular arc and version eye movements. As an 
initial simplifying assumption the frequency of the 
nystagmus was held constant (at 3.33 Hz). The com
puter was adjusted to automatically zero its output 
approximately every 0.30 s, thereby simulating the 
action of the fast phases of nystagmus. During this 
time the slow phase drift increased at a rate determined 
by the model output. The results from the model 
suggest a quantitative relationship between nystagmus 
amplitude, vestibular imbalance, and desired gaze. The 
model provoked some interesting questions: 1) Is the 
relationship between the amplitude of the nystagmus 
and the desired gaze angle actually linear? 2) For a 
given angle of gaze, is the change in nystagmus ampli
tude a linear function of canal deficit? 3) How does the 
nystagmus frequency vary with gaze? 4) Is the present 
definition of intensity (frequency times amplitude) the 
best dependent variable to measure? Consequently, 
studies of calorics on normal subjects have been 
initiated in our laboratory to answer these questions 
and to provide additional direction for our modelling. 

Two crucial aspects of the model are the slow phase 
modulator (S¢M) and the push-pull configuration of 
the neural integrators. The S¢M allowed desired gaze 
signals to modulate vestibular imbalances. The result
ing signal needed to be integrated in a way which 
would produce a linear movement of the eyes by an 
increase in muscle agonist force and a decrease in 
antagonist force. The rather simple push-pull feedback 
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Fig. 5. Recordings of the outputs from the model with various 

parameter settings to simulate three degr{:�s. of nystagmus (I-III) 

variation with gaze. Blank areas imply no nystagmus 
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Fig. 6. Plots of variations of nystagmus amplitude as a function of 

gaze angle and the amount of simulated semicircular canal dysfunc

tion. LC: left canal, RC: right canal 

network accomplished this. Integration is performed in 
the paramedian pontine reticular formation 
(Robinson, 1975a; Robinson, 1975b) and slow phase 
modulation presumably occurs in the same region. 

The model suggested a possible neural configu
ration, shown in Fig. 7, which would produce nys
tagmus from vestibular imbalance which varied with 
gaze. The vestibular nuclei (RVN, L VN) transfer excit
atory signals contralaterally and inhibitory signals 
ipsilaterally to the neural integrators (NI). Prior to 
synapsing with the integrators, these signals are modu
lated by desired gaze (Gr, G1) and tone (T) signals. 
When no imbalance between vestibular nerve activity 
from each side is present, the summed gaze and tone 
signals (G) are prevented from passing by means of the 
presynaptic inhibition supplied by a postulated bias 
(B). When an imbalance of vestibular activity occurs, 
this inhibitory bias is turned off by additional pre
synaptic inhibition. Such inhibition of inhibitory sig
nals is not unusual in other areas of neurophysiology 
(Eccles, 1964; Davidoff, 1978). Also shown are the 
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Fig. 7. A possible neural "wiring diagram" suggested by the model. The upper half of the diagram corresponds to the right side of the brainstem 

and the lower half to the left side. Open circles represent excitatory neurons; filled circles represent inhibitory neurons. Dysfunction of the left 

semicircular canal is signified by a large X through LC 

ocular motor nuclei (OMN) and the eye muscles. With 
dysfunction of the left canal (LC), the right canal (RC) 
leads to increased stimulation of the left lateral rectus 
(LLR) and right medial rectus (RMR) causing the eyes 
(represented here as one eye) to drift to the left. 
Intervening saccadic pulses from the right pulse gener
ator (RPG) move the eyes back to their pre-drift 
position. The waveforms shown represent changes In 
the neural firing frequencies and eye position (8E). 
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