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Summary  

 

We present a series of studies on the mechanism that allows us to maintain fixation of the eyes and 

ensure good vision. The muscles and tissues surrounding the eye exert an elastic force that tries to pull 

the eye back to a central position. To counteract this force, a neural command to the muscles is created 

within a network of neurons in the brainstem and cerebellum. This command to hold the eye at a 

constant position is created by integrating the velocity command to move the eye; hence the 

mechanism is called the oculomotor velocity-to-position neural integrator.   If the command to 

maintain fixation is insufficient, the eye drifts back to a central position with a time course that can be 

approximated by a decaying exponential, and the rate of the drift indicates the time constant of the 

neural integrator.  The time constant is defined as position divided by velocity, so if the drift velocity 

is small, the time constant is large.  If the time constant is small, the integrator is said to be ‘leaky’, in 

analogy to water leaky from a bucket with holes. Failure of this neural integrator, by damage to the 

brainstem or cerebellum or as a side effect of medications or alcohol intoxication, results in gaze 

evoked nystagmus, a pattern of eye movements where the eye drifts back to a central position, 

followed by a quick resetting movement to direct the line of sight back to the target.  

Patients with peripheral vestibular lesions develop nystagmus that has a gaze evoked component: eye 

velocity is higher in the direction of the fast phase. This pattern of nystagmus is very familiar to 

clinicians, and is commonly called “Alexander’s Law” (after Gustav Alexander, who described it 

1912). Since the early 1980’s the gaze-evoked component has been thought to be due to adaptive 

changes in the velocity-to-position neural integrator, and our first two studies sought to study this 

gaze-evoked component in more detail then had otherwise been done.  

In our first study, we measured how horizontal, vertical, and torsional velocity varied with horizontal 

position in 17 patients with peripheral vestibular lesions. Neurophysiologic evidence suggests there is 

one brainstem integrator for horizontal eye movements (in the nucleus prepositus hypoglossi), and a 

separate integrator for vertical and torsional eye movements (in the interstitial nucleus of Cajal). We 

were interested if there were interactions between these integrators, because it seems likely that the 

elasticity in one direction likely varies with orthogonal directions. For example, vertical elasticity 

might vary with horizontal position. The results confirmed this prediction, as the horizontal, vertical, 

and torsional components varied proportionately with horizontal position. Unexpectedly, we also 

found that horizontal eye velocity did not usually vary in a linear fashion with horizontal position, as 

expected from previous studies. We found a stronger dependence of velocity on horizontal position 

when subjects looked in the slow phase direction compared to the fast phase direction. We speculated 

that one reason for this finding could be that the neural integrator has the ability to differentially adapt 

to gaze directions, suggesting that there are functionally separate integrators for left and right gaze.  In 

a second study, we investigated how eye velocity varied when patients looked in different vertical 

directions. We measured 11 patients with peripheral vestibular lesions. We replicated the finding from 

the first study that while velocity decreased in the slow phase direction, it was relatively unchanged > 

10° into the fast phase direction. Vertical velocity was highest in the vertical fast phase direction, but 

was relatively unchanged in the slow phase direction. Torsional velocity varied linearly with 

horizontal, but not vertical, position. These results showed that the horizontal and vertical oculomotor 

neural integrators react to altered vestibular input by maintaining different integrating time constants 

depending on gaze direction.  

We investigated Alexander’s law further in healthy subjects using a paradigm that simulates a 

peripheral vestibular disorder.  Natural head movements cause excitation in the vestibular system on 

one side and inhibit a paired-canal on the other side. For example, a leftward head turn excites the left 

horizontal semi-circular canal, and inhibits the right horizontal semi-circular canal.  Thus natural 

rotations always produce a ‘push-pull’ stimulation pattern. Caloric stimulation (warm or cold water 

injected into the ear) can be used to excite (warm) or inhibit (cold) the peripheral vestibular system, 

and so create an artificial vestibular imbalance. One hypothesis of Alexander’s Law was that it is an 

adaptive response to unnatural vestibular stimulation. We assumed that simultaneous irrigation at 

44°C on one side (warm, excitatory) and 30°C (cold, inhibitory) on the contralateral side would 

produce a stimulation pattern similar to that produced by head rotations. If the intervestibular 

mismatch of unnatural stimulation would cause Alexander’s law, then we would expect that it does not 
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develop during simultaneous bilateral bithermal stimulation or would at least be weaker compared to 

unilateral caloric stimulation. Contrary to this expectation, we found that Alexander’s law developed 

with bilateral bithermal caloric stimulation, which does not support the hypothesis that Alexander’s 

law can only be observed with unnatural vestibular stimulation. 

While bilateral bithermal caloric stimulation is similar to natural vestibular stimulation, it nonetheless 

may not be identical. We therefore sought a stronger test of the adaptation hypothesis in an additional 

experiment that used real head movements to stimulate the vestibular system. We used a long 

acceleration paradigm, where the subject was rotated about the yaw axis (to stimulate the horizontal 

vestibular ocular reflex) with a near constant acceleration for over 30 seconds. In contrast to peripheral 

lesions and caloric stimulation, this vestibular stimulation is the result of real head turns, and has the 

push-pull characteristics of natural movements. The procedure produced an average velocity of 31°/s 

that was unchanged over the final 35 seconds of the acceleration period. In all 10 healthy human 

subjects, we found that horizontal eye velocity began to vary with horizontal position in about 10 

seconds, and then was stable for the next 25 seconds. Thus, we found a large and stable Alexander’s 

law with natural vestibular stimulation. Constant acceleration and caloric stimulation protocols that 

show Alexander’s law produce very low frequency stimulation; whereas the vestibular ocular reflex 

studies that do not show Alexander’s law use higher frequency stimuli. Alexander’s law thus may be a 

consequence of the velocity-to-position neural integrator being insensitive to very low frequency 

signals. 

Our studies on patients and healthy subjects led us to some unexpected conclusions about the nature of 

the eye position dependency of velocity, namely, that it does appear to be an adaptive response to 

unnatural stimulation that had been assumed for over 20 years. In order to develop further hypotheses 

about the mechanism underlying Alexander’s Law, we began the development of a dynamic model of 

the velocity-to-position neural integrator that could account for the findings from patients with 

vestibular lesions. The model is a systems-level account of the oculomotor neural integrator that 

contains two feedback loops: a positive position feedback loop within the brainstem, and a negative 

velocity feedback loop through the cerebellum. Single neurons were modelled as units which had 

different thresholds and different saturating values, and linear responses in-between. The population 

response constructed as the sum of many such units is a sigmoid, which is close to linear over much of 

its operating range.  All of these features are supported by neurophysiologic evidence.  Due to the 

vestibular lesion and insufficient tonic activity on the ipsilesional primary afferents, responses in the 

ipsilesional vestibular nucleus approach zero, while the contralesional vestibular nucleus becomes 

excited. The asymmetry in the response of the bilateral vestibular nuclei reduces the linear operating 

range of the central vestibular circuits which perform the integration of velocity signals. The gain of 

the brainstem positive feedback loop thus becomes dependent on the merging neural activity, making 

the integration process dependent on eye movement signals. Therefore, the integration of eye signals 

in the side of the lesion becomes insufficient (leaky), while in the fast-phase direction the integrator 

could become unstable.  Thus, the model can successfully account for our findings in patients using a 

physiologically plausible model. 

Our previous studies restricted gaze to the central 50° field of view because measuring larger angles is 

technically challenging.  Nonetheless, such measurements are important to have a full understanding 

of the performance of the oculomotor neural integrator.  So, we performed an additional study in 

healthy subjects to measure gaze holding, and so the performance of the oculomotor neural integrator, 

over an 80° range. We found that the amount of drift increased sharply at far eccentric positions, 

suggesting that the better performance near straight ahead gaze may be the result of a tuning procedure 

which is optimized in the most commonly used range of gaze. 
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1. Introduction 

 

The central fovea of the human eye, where acuity is highest, only covers about 2° of the visual field, or 

about twice the width of a thumb held at arm’s length. Therefore, to see clearly the eye must be turned 

to direct the fovea towards the object of interest. In addition, much as camera movements blur pictures 

and remove details, eye movements also can degrade vision. Evolution has provided us with a variety 

of different types of eye movement to improve vision, including saccades, smooth pursuit, vergence, 

optokinetic, and the vestibular ocular reflex. These movements normally end with fixation, which is 

hopefully a stable eye position that allows for the greatest acquisition of visual information.  

This work is a collection of papers on studies aimed at understanding the ability to maintain eccentric 

fixation (the eye rotated away from straight ahead gaze). Such control of eye position would be less 

interesting if maintaining an eccentric eye position was like moving a cup of coffee to a new position 

on your desk. In this case, it is only necessary to program the movement of the cup; once there the cup 

will not move until you reach for it again. Unfortunately, elastic forces (principally from the 

extraocular muscles, but also other tissues surrounding the eye) pull the eye back to a central position, 

much as if your desk was tilted and gravity caused your coffee cup to slide. To counteract the elastic 

forces, the extraocular muscles must contract tonically to keep the eyes from moving. This is 

illustrated in Figure 1, which show the eye position (Figure 1A) and medial and lateral rectus muscle 

forces (Figure 1B) from a rhesus macque when the monkey made a saccade from about straight ahead 

to 10° to the right. The medial rectus contracts and the lateral rectus relaxes to move the eye to the 

eccentric position. Notice that the total force (medial rectus force –lateral rectus force) is higher when 

the eye is at 10° compared to straight ahead. This extra force is what is needed to counteract the elastic 

forces that attempt to move the eye back to a central position.  

 

 

Figure 1. Left eye position (A) and muscle forces (B) in a rhesus macque. Unpublished data. 

 

Ocular motor neurons display firing patterns similar to the force curves shown in Figure 1B, where the 

firing rate increases when as the eye is in an eccentric position. Interestingly, the pre-motor commands 

to move the eyes (such as saccades, smooth pursuit, and the vestibular ocular reflex) are for the most 

part velocity commands to move the eye. Therefore the command to hold the eye at a fixed position 

must be computed from the velocity input (7). This computation, integration, is now understood to be 

done by a network of neurons in the brainstem and cerebellum referred to as the ‘velocity-to-position 

neural integrator’. If this integration is diminished (the time constant of the integration is reduced) then 

the fixation command is insufficient to keep a normal eye from drifting back to a central position, and 

the neural integrator is said to be ‘leaky’. Such patients are said to ‘gaze evoked nystagmus’, since 

they need resetting saccades to correct for the drift. This deficit can result from lesions in the 

brainstem and cerebellum, or from different medications and alcohol consumption.  More rarely, the 
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command from the integrator is too large, and the eye drifts eccentrically, and the neural integrator is 

said to be ‘unstable’. 

Hess (8) and Robinson et al (9) proposed that in patients with acute peripheral vestibular lesions the 

performance of the neural integrator adapts. These patients develop nystagmus, where the velocity of 

the slow phase is determined mainly by the difference of the tonic vestibular activity between the right 

and left sides, and the eye drifts towards the side with a lower spontaneous activity. If the tone 

asymmetry is constant the slow phase velocity should also be constant, and the axis of eye rotation 

should not depend on gaze position. However, the slow phase velocity in such patients is highest when 

they look in the direction of fast phase, and is lower when looking in the direction of the slow phase, a 

behavior commonly called ‘Alexander’s Law’ (10). 

Alexander’s Law was hypothesized to result from adaptive changes in the velocity-to-position neural 

integrator (9).  If the command from the neural integrator is too small, then gaze evoked nystagmus is 

created, which, when added to the vestibular component, reduces eye velocity in one direction, but 

increase velocity in the opposite direction (Figure 2). Robinson et al believed it was an adaptive 

response, since eye velocity is reduced in some gaze positions, which should help to improve vision. 

 

 

 

Figure 2.  A. An example of the horizontal eye 

movements in a patient with a peripheral 

vestibular lesion. Notice that the nystagmus 

becomes progressively more intense when the 

patient looks to the right (towards +20°) B. The 

explanation of Alexander’s law proposed by Hess 

(8) and Robinson et al (9). Top: The vestibular 

disorder produces eye velocity (arrows pointing 

to the right) that is the same regardless of the 

direction the patient is looking (left, middle, 

right). Middle: The velocity-to-position neural 

integrator produces a gaze holding command that 

is insufficient to maintain eccentric eye position, 

so the eye drifts towards the center. Bottom: 

When these two drift components are summed, 

eye velocity varies with position in accordance 

with Alexander’s law. Adapted from (1). 

 

2. Studies in patients with peripheral vestibular disorders 

Papers: 

Hegemann S, Straumann D, Bockisch CJ (2007). Alexander’s law in patients with acute vestibular 

tone asymmetry – evidence for multiple horizontal neural integrators. Journal of the Association for 

Research in Otolaryngology, 8(4), 551-61.  

Bockisch CJ, Hegemann S (2008). Alexander’s law and the oculomotor neural integrator: three-

dimensional eye velocity in patients with an acute vestibular asymmetry. Journal of Neurophysiology, 

100(6), 3105-16. 

While Alexander’s law has been known for a century, the measurement of the vertical and torsional 

components of the eye velocity, rather than just horizontal, had not previously been described. Patients 

with acute vestibular disorders usually develop nystagmus in the vertical direction in addition to 

horizontal, so we were interested in whether Alexander’s law holds in the vertical direction, as well. 

(These patients typically also develop torsional nystagmus, but because it is not possible to voluntarily 

make torsional eye movements, it would be difficult to measure changes in torsional velocity as 

torsional position changes.) Neurophysiologic studies suggest there are two brainstem neural 

integrators: one for horizontal gaze, and another for both vertical and torsional eye movements. 
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Apriori, however, it would seem necessary for there to be some interaction between these integrators, 

because it is likely the case that the cross-axis elasticity co-varies. For example, the vertical elasticity 

might vary with horizontal eye position, so the vertical integrator should be able to change 

performance based on horizontal eye position. 

In first study (1), we asked 17 patients with nystagmus to look to a flashing laser spot that moved 

slowly from -25° left to °25 right, while we measured horizontal, vertical, and torsional eye position 

with scleral search coils. While there was considerable variation between patients, overall we found 

that the three components varied proportionately when patients looked from left to right, suggesting 

there is not complete independence of the horizontal and vertical/torsional neural integrators. An 

unexpected finding was that horizontal eye velocity did not usually vary in a linear fashion with 

horizontal position (see Figure 3), as expected from the leaky integrator hypothesis (9). Rather, we 

found there was a stronger dependence of velocity on horizontal position when subjects looked in the 

slow phase direction compared to the fast phase direction. We speculated that one reason for this 

finding could be that the neural integrator has the ability to differentially adapt to gaze directions, 

suggesting that there are functionally separate integrators for left and right gaze. Conceivably, 

integrators for positions in the fast-phase direction become leaky, while those in the slow-phase 

direction can become similarly leaky (Fig. 3A), unchanged (Fig. 3B), or unstable (Fig. 3C). Our 

results thus support several previous studies that suggested the possibility of multiple integrators (11-

13)  .  

 

 

Figure 3. The change in eye velocity with 

position could be different depending upon 

whether the subject was looking in the slow-

phase direction or the fast-phase direction. A–

C  Data from three different patients. Solid 

lines indicate the best-fit lines to the velocity 

data when subjects looked to the left, dashed 

lines show the best-fit lines for eye positions 

to the right. The two slopes for the patient in A 

show little difference, whereas in B, eye 

velocity when looking to the right is mostly 

unchanged, and in C, the slope of the best-fit 

line changes direction. Adapted from (1). 

 

In a second study (14) we investigated how eye velocity varied when patients looked in different 

vertical directions. We measured 11 patients with a peripheral vestibular asymmetry. In this study we 

used second-order equations to describe how velocity varied with position, rather than linear 

functions, as they provided better fits to the data (See Figure 4). Horizontal velocity changed with 

horizontal position in accordance with Alexander’s law and the second-order term for horizontal 

position was also significant. Whereas velocity decreased in the slow phase direction, it was relatively 

unchanged > 10° into the fast phase direction. This confirmed the non-linear finding in our first study 

(1). Vertical velocity was also highest in the vertical fast phase direction and the second-order term for 

vertical position was also significant, in that vertical velocity increased in the vertical fast phase 
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direction, but was unchanging in the slow phase direction. Torsional velocity varied linearly with 

horizontal, but not vertical, position. These results showed that the horizontal and vertical oculomotor 

neural integrators react to altered vestibular input by maintaining different integrating time constants 

depending on gaze direction.  

 

 

Figure 4. We fit second order equations to describe the change in horizontal, vertical, and torsional 

velocity with horizontal and vertical position. A: The best 2
nd

 order fit. Each circle indicates horizontal 

and vertical position for the slow phase eye movements during each fixation period (5 seconds 

duration). The thick line shows the horizontal and vertical velocity, and so the orientation of the line 

indicates direction (for example, a line pointing down and to the left shows downward and leftward 

velocity) and the length represents the speed. Thin lines show torsional velocity, with an upward line 

indicating clockwise velocity, and a downward line indicating counter-clockwise velocity. B: Gaze 

dependent changes in drift velocity, which was found by subtracting the fitted drift at straight ahead 

from fitted drift at all other gaze positions. C-D: The average 2
nd

 order surface fits, shown as surfaces. 

Adapted from (2). 

 

In summary, the two studies in patients with peripheral vestibular lesions found that all three eye 

movement components (horizontal, vertical, and torsional), varied with eye position. Further, we 

found the velocity did not vary linearly with position. These results have two important implications if 

we can assume that they are due to adaptive changes in the oculomotor velocity-to-position 

integrators. First, the horizontal and vertical/torsional integrators do not appear to be completely 

independent. Second, our results also show that the oculomotor neural integrators cannot be 

characterized by a single time constant, but rather can maintain different integrating time constants 

depending on gaze direction. 
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3. Studies in healthy subjects 

Papers: 

Bockisch CJ, Khojasteh E, Straumann D, Hegemann SC. (2012). Development of eye position 

dependency of slow phase velocity during caloric stimulation. PLoS One, 7(12):e51409.  

Bockisch CJ, Khojasteh E, Straumann D, Hegemann SC. (2013). Eye position dependency of 

nystagmus during constant vestibular stimulation. Exp Brain Res. 226,2, 175-182.  

 

Bertonlini, G, Tarnutzer AA, Olasagasti I, Khojasteh E, Weber KP, Bockisch CJ, Straumann 

D, Marti S. (2013). Gaze holding in healthy subjects. PloS One, 8(4):  e61389.  

 

Robinson et al. (9) investigated the time course of the development of the eye position dependency in 

three subjects during caloric induced nystagmus and found that it first occurred 20-46 s after the onset 

of nystagmus. With natural vestibular stimulation (real movements of the head in space on a 

turntable), the eye position dependency was small, and did not evolve over time, which led to the 

proposition that Alexander’s law is an adaptive response to unnatural vestibular stimulation. By 

‘unnatural’, Robinson et al meant that a change in vestibular input from one side is not accompanied 

by the opposite change from the other side for 25 seconds. If Alexander’s law is produced by changes 

in the neural integrator, it could be considered an adaptive response, since eye velocity will be reduced 

for some eye positions, thus aiding vision. During normal yaw head turns, one horizontal semicircular 

canal is stimulated while the other is inhibited. During non-physiologic unilateral caloric stimulation, 

on the other hand, only one canal changes its tonic activity depending on the stimulus (increase with 

warm and decrease with cold stimulation). This unusual pattern of stimulation might be detected and 

lead to Alexander’s law.  

We tested Robinson’s hypothesis that only unnatural (or non-physiologic) velocity commands evoke 

Alexander’s law (3). We assumed that simultaneous irrigation at 44°C on one side (warm, excitatory) 

and 30°C (cold, inhibitory) on the contralateral side would produce a stimulation pattern similar to that 

produced by head rotations. If the intervestibular mismatch of unnatural stimulation would cause 

Alexander’s law, then we would expect that it does not develop during simultaneous bilateral 

bithermal stimulation or would at least be weaker compared to unilateral caloric stimulation. Contrary 

to this expectation, we found that Alexander’s law developed similarly in all conditions, and the 

results do not support the hypothesis that Alexander’s law can only be observed with non-physiologic 

vestibular stimulation. In particular, the finding of a significant eye position effect with bilateral 

bithermal stimulation is troubling for the Robinson et al hypothesis, since this stimulation has the 

push-pull pattern of natural vestibular stimulation. Further, we found that the development of the eye 

position dependency of the velocity of nystagmus evolved at about the same rate as the velocity itself, 

suggesting little delay. This rapid development of Alexander’s law, while possible for an adaptive 

mechanism, is nonetheless quite fast compared to most other ocular motor adaptations. These results 

suggest that Alexander’s law may not be a consequence of a true adaptive mechanism. 

While bilateral bithermal caloric stimulation is similar to natural vestibular stimulation, it nonetheless 

may not be identical. So, we sought a stronger test of the Robinson et al hypothesis in an additional 

experiment that used real head movements to stimulate the vestibular system (5). Using the three axis 

turntable at the Vestibular Laboratory at the University Hospital Zürich (Figure 5), the yaw rotation 

stimulus consisted of a 1 second acceleration ramp (100°/s2
), followed by a lower acceleration ramp 

(starting at 7.3°/s
2
 and increasing at 0.04 °/s

2
/s) until 400°/s was reached after 38 seconds (see Figure 

6). This stimulus was designed to offset the ~15 second vestibular ocular reflex time constant (and the 

150 second adaptation time constant) and produce constant velocity slow phases. In contrast to 

peripheral lesions, this vestibular stimulation is the result of real head turns, and has the push-pull 

characteristics of natural movements. The procedure produced an average velocity of 31°/s that was 

unchanged over the final 35 seconds of the acceleration period. In all 10 healthy human subjects, we 

found a large and stable Alexander’s law, with an average velocity-versus-position slope of -0.366 in 

the first half that was not significantly different in the second half, -0.347. An example of the results in 

one subject is shown in Figure 7.These slopes correspond to integrator time constants of < 3 seconds, 
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are much less than normal time constants (~25 seconds) (15, 16), and are similar to those observed in 

patients with peripheral vestibular lesions. Alexander’s law also developed, on average, in 10 seconds. 

 

 

 

Figure 5. The three axis 

turntable at the Vestibular 

Laboratory at the University 

Hospital Zürich. The turntable 

consists of three nested axes, all 

motorized and computer 

controlled.  An outer axis 

consists of the platform with a 

fixed, earth-vertical rotation 

axis; the middle axis is earth 

horizontal; the inner axis is 

aligned with the subject's 

longitudinal axis. 
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Figure 6. The top and middle panels show the stimulus used in the experiments, with head acceleration 

in A, and velocity in B. The stimulus was an initial step of velocity to about 100°/s, followed by a 

slowly increasing acceleration. After the rotation reached 400°/s, the acceleration stopped, and the 

velocity remained constant until the subject’s nystagmus stopped. The acceleration profile was then 

inverted, so that there was an initial velocity step from 400°/s to 300° /s, followed by a slow change in 

acceleration until the chair reached -400°/s. In C, the simulated responses to the stimulus from a 

system consisting of dominant time constants of 10, 15, or 20 seconds, and an adaptation time constant 

of 150 seconds, and a gain of 0.5 is shown. The velocity response is nearly constant during the 

acceleration phase and then during the constant velocity phase the response declines and reverses 

direction, before returning towards zero before the next acceleration phase. Adapted from (5). 
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Figure 7. Top: Example horizontal eye position traces are shown. Vertical lines mark the beginning 

and end of the yaw rotation acceleration period. 

Bottom: For the same data shown in the top figure, the velocity of each slow phase is shown, and 

color-coded to indicate the gaze direction. 

Adapted from (5). 

 

Constant acceleration and caloric stimulation protocols that show Alexander’s law produce very low 

frequency stimulation; whereas studies of the vestibular ocular reflex that do not show Alexander’s 

law use higher frequency stimuli. Alexander’s law then may be a consequence of the velocity-to-

position neural integrator being insensitive to very low frequency signals. One reason for this could be 

that natural head movements contain mainly high frequency components. Another reason could be to 

make the integrator insensitive to small imbalances in the tonic stimulation from the left and right 

vestibular canals. While another mechanism to compensate for such imbalances exists (up-regulation 

of tonic inputs following peripheral lesion (17), this mechanism operates on a time scale of hours or 

days (18). 

In a final study on normal subjects, we sought a more detailed examination of the gaze evoked 

nystagmus that healthy people have. In both of our previous studies on normal subjects we had 

collected similar data to serve as a baseline in order to understand the effects of caloric stimulation or 

continuous acceleration (5). However, we only measured gaze holding at a few horizontal gaze 
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positions, and restricted these eye positions to the central field of gaze. In order to support future 

studies on the performance of the oculomotor neural integrator in patients with cerebellar damage, we 

measured gaze holding in 20 healthy subjects at positions from -40° left to +40° right in a near 

continuous fashion. Usually, the observed drift is described using a leaky integrator model, which 

assumes that eye velocity grows linearly with gaze eccentricity. As expect, since these were healthy 

subject, drift velocity was weak at all angles tested. We found that, on average, eye velocity grew 

more rapidly at eye eccentricities > ± 20° than expected from a simple leaky integrator model. We 

show that a tangent function provides a better fit of the mean of these curves when large eccentricities 

are considered. This suggests that the linear behavior is the result of a tuning procedure which is 

optimized in the most commonly used range of gaze. We suggest that the observed non-linearity 

occurs due to a saturation of the input that each neuron in the integrating network receives from the 

others as eye eccentricity leaves the central range. As a consequence, gaze-holding performance 

declines more rapidly at large eccentricities. 

4. Dynamic model of Alexander’s Law 

Paper: 

Khojasteh E, Bockisch CJ, Straumann D, Hegemann SC. (2013). A dynamic model for eye-

position-dependence of spontaneous nystagmus in acute unilateral vestibular deficit 

(Alexander's Law). European Journal of Neuroscience, 37,1, 141-9. 
 

Our studies on patients with unilateral vestibular lesions (reviewed in section 2) and in healthy 

subjects (section 3) led us to some unexpected conclusions about the nature of the eye position 

dependency of velocity commonly call Alexander’s Law. Since Robinson et al’s important paper (9), 

it has been assumed that Alexander’s Law results from an adaptive process in response to unnatural 

stimulation whereby the oculomotor neural integrator reduces it efficiency (becomes ‘leaky’) in order 

to reduce eye velocity in some gaze directions. Our results cast doubt on this hypothesis: we found a 

robust Alexander’s law in conditions where the vestibular stimulation was very close to natural 

(bilateral bithermal caloric stimulation) and real (continuous acceleration). We also found that 

Alexander’s Law developed very quickly, much more rapidly than most other oculomotor adaptations. 

In order to try to understand if there were other mechanisms that could produce Alexander’s law, we 

began a project to develop a dynamic model of the velocity-to-position neural integrator that could 

account for the findings from patients with vestibular lesions. 

Figure 8 shows the general structure of the model, which simulates the horizontal-canal driven 

vestibular ocular reflex and is based on known physiology and earlier models (19-21). The model 

contains a direct pathway from the horizontal canals to the eye plant, and two feedback loops. The first 

is a positive position feedback loop within the brainstem, and the second is a negative velocity 

feedback loop through the cerebellum. Critical for the model is describing the transfer function of 

neurons in the vestibular nucleus, which sum the input from the canals with that of the two feedback 

loops. Single neurons were modelled as units which had different thresholds and different saturating 

values, and linear responses in-between. The population response constructed as the sum of many such 

units is a sigmoid, which is close to linear over much of its operating range (see inset f(x) in Figure 8). 

 



14 

 

 

 

Figure 8. A. The model structure for conjugate horizontal canal-driven vestibular ocular reflex. Canal 

signals are projected to the vestibular nucleus via primary vestibular afferents. The vestibular nucleus 

constitute the main vestibular ocular reflex pathway, relaying sensory signals to the motor nuclei. The 

neural integrator circuit includes the prepositus hypoglossi nuclei, the medial vestibular nucleus and 

the vestibular cerebellum. The first level of integration is accomplished by the prepositus nucleus in 

the brainstem (by positive position feedback), which generates and distributes an efference copy of 

eye position. The second integration is done by the occulus/ventral paraocculus of the cerebellum (by 

negative velocity feedback). The effect of these feedback loops is to enhance the time constant of the 

vestibular ocular reflex above the eye plant time constant. B. The model results for stimulated gaze 

holding in darkness. The black line represents a healthy response, and the red line is the response with 

a unilateral vestibular deficit. For both cases, the slope increases at far eccentric eye positions, 

indicating deteriorated integration.  Adapted from (4, 22). 

 

With a vestibular lesion, there is insufficient tonic activity on the ipsilesional primary afferents, the 

ipsilesional vestibular nucleus is silenced, while the contralesional vestibular nucleus becomes 

hyperactive (17). This asymmetry in the response of the bilateral vestibular nuclei reduces the linear 

operating range of the central vestibular ocular reflex circuits, which perform the integration of 

velocity signals. The gain of the brainstem positive feedback loop thus becomes dependent on the 

merging neural activity, making the integration process dependent on eye movement signals. Hence, 

integration of eye signals in the slow-phase direction (side of the lesion) is insufficient (leaky). In the 

fast-phase direction, the integrator can become unstable. Further, the persistent stimulation of the 

primary vestibular afferents by very low-frequency stimuli could in the same manner saturate the 

vestibular nucleus on one side, while pushing the other vestibular nucleus into inhibitory cut-off, thus 

producing eye position–dependent integration similar to unilateral vestibular lesions. The model thus 

may also account for the findings from our caloric and continuous acceleration experiments, where the 

stimulus has an extremely low frequency.  

5. Conclusions 

Constructing short term working memories through persistent neural firing in response to transient 

stimuli, or neural integration, is a major computational task of neural networks throughout the brain 

(for example, accumulation of evidence for decision making in parietal cortex (23); development of 

working memory in prefrontal cortex (24); the head direction cells of the rat limbic system (25); 

memory in the cerebellar cortex (26)). Integrator circuits also average out the noise that is present in 

the stimulus or introduced by individual network elements (27). Neural integration is supported by 

intrinsic biophysical properties of individual neurons as well as interactions between larger 

populations of neurons at the network level, i.e. positive feedback through recurrent mutual inhibition 

(28). Among such integrator networks, the neural integrator of the oculomotor system is the most 
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widely studied, thanks to the unique characteristics of the oculomotor system that make it an excellent 

model for understanding neural processes involved in motor control (for example,  the output of the 

oculomotor system, eye position, can be measured easily and with high accuracy; the oculomotor 

system is a single joint motor system; neural centres involved in eye movement are easily accessible 

for neurophysiological recordings) . 

Our research on the eye position dependency of nystagmus in patients with peripheral vestibular 

deficits as well as in healthy subjects and the accompanying modelling work has added to our 

knowledge of the workings of the human velocity-to-position neural integrator. In the patient studies, 

we found that the two principal velocity integrators (horizontal and vertical/torsional) are not 

completely independent. This should not be too surprising, since the elastic forces in one direction 

likely vary in orthogonal directions, so, for example, the vertical integrator should be sensitive to 

horizontal position. Second, our results also show that the oculomotor neural integrators cannot be 

characterized by a single time constant, but rather can maintain different integrating time constants 

depending on gaze direction. This could mean, as we originally suggested, that integrators operate as 

functionally independent integrators for different gaze directions. More recently, however, our 

modelling work has shown that such behaviour can arise from a single integrator, and so future 

research will be needed to distinguish between these possibilities. 

Our research with healthy subjects was intended to test the hypothesis that Alexander’s Law, or the 

eye position dependent change in velocity during vestibular evoked nystagmus, is an adaptive 

response to unnatural stimulation. Our results strongly suggest this is not the case. We found that 

Alexander’s Law developed even with natural stimulation, and also developed faster than most other 

oculomotor adaptive responses. These results were initially disappointing, as one of the initial 

motivations for these studies was the belief that Alexander’s Law was one of the earliest adaptive 

responses to a vestibular lesion, so if we could understand the mechanism more, we might be able to 

improve the treatment of patients. However, as our modelling work has revealed, our studies also help 

us understand how the integrating circuits within the brainstem and cerebellum operate to maintain 

steady fixation. Temporal integration seems to be a mechanism frequently used throughout the 

nervous system, so comprehending its usage within the oculomotor system may assist in 

understanding many other neural functions. 
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ABSTRACT

Alexander_s law (AL) states that the slow-phase
velocity of spontaneous nystagmus of peripheral
vestibular origin is dependent on horizontal gaze
position, with greater velocity when gaze is directed
in the fast-phase direction. AL is thought to be a
compensatory reaction resulting from adaptive
changes in the horizontal ocular motor neural
integrator. Until now, only horizontal eye movements
have been investigated with respect to AL. Because
spontaneous nystagmus usually includes vertical and
torsional components, we asked whether horizontal
gaze changes would have an effect on the 3D drift of
spontaneous nystagmus and, thus, on the vertical/
torsional neural integrator. We hypothesized that AL
reduces all nystagmus components proportionally.
Moreover, we questioned the classical theory of a
single bilaterally organized horizontal integrator and
searched for nonlinearities of AL implying a network
of multiple integrators. Using dual scleral search
coils, we measured AL in 17 patients with spontane-
ous nystagmus. Patients followed a pulsed laser dot at
eye level jumping in 5- steps along the horizontal
meridian between 25- right and left in otherwise
complete darkness. AL was observed in 15 of 17

patients. Whereas individual patients typically showed
a change of 3D-drift direction at different horizontal
eye positions, the average change in direction was not
different from zero. The strength of AL (= rate of
change of total velocity with gaze position) correlated
with nystagmus slow-phase velocity (Spearman_s
rho=0.5; pG0.05) and, on average, did not change
the 3D nystagmus drift direction. In general, eye
velocity did not vary linearly with eye position.
Rather, there was a stronger dependence of velocity
on horizontal position when subjects looked in the
slow-phase direction compared to the fast-phase
direction. We conclude that the theory of a simple
leak of a single horizontal neural integrator is not
sufficient to explain all aspects of AL.

Keywords: oculomotor, neural integrator, vestibulo-
ocular reflex, nystagmus, adaptation

INTRODUCTION

Patients with an acute vestibular tone asymmetry
(AVTA) show spontaneous nystagmus. The velocity
of the slow phase of nystagmus is mainly determined
by the difference of tonic vestibular activity between
the right and left sides, with the eye drifting towards
the side with a lower spontaneous activity (Leigh and
Zee 2006). When the vestibular tone asymmetry is
constant, the slow-phase velocity (SPV) of nystagmus
should also be constant and the axis of eye rotation
should not change depending on gaze position.
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However, the SPV in ongoing nystagmus varies depend-
ing on horizontal gaze position: SPV decreases when
looking in the direction of the slow phase (Alexander
1912; Robinson et al. 1984). This behavior is called
Alexander_s law (AL).

Horizontal position dependency of eye velocity is
not a natural feature of the rotational vestibular
ocular reflex (VOR) (Robinson et al. 1984), so AL
has been presumed to not arise in the peripheral
vestibular apparatus, nor is it due to mechanical
properties of the orbit. Hess (1982) and Robinson
et al. (1984) suggested that AL results from adaptive
changes in the neural mechanism that helps to
ensure steady fixation at eccentric eye positions,
which is necessary to counteract the elastic forces
produced by extraocular structures. During eccentric
fixation, elastic forces pull the eye back to a central
position. A counter-acting force in the muscles is
generated by integrating eye velocity commands, and
so this mechanism is referred to as a neural
integrator (NI) (Robinson 1968, 1975). If this neural
integration is diminished, i.e., the time constant of
the integrator is reduced, the NI is said to become
Bleaky^ and the fixation command is insufficient to
keep a normal eye from drifting back to a central
position. This produces gaze-evoked nystagmus
whose velocity increases with eccentricity. When
combined with vestibular nystagmus, it reduces drift
velocity in one direction, but increases velocity in the
opposite direction, resulting in AL (Hess 1982;
Robinson et al. 1984).

While the NI leak hypothesis is the most widely
accepted mechanism for AL, it is not completely
consistent with the eye velocity patterns seen in
patients. According to the NI leak hypothesis, the
change of velocity should be linear over the entire
range of eye positions, although Alexander_s original
report (Alexander 1912), as well that of Hess (1983),
describes different nystagmus patterns. Therefore, we
sought to clarify these inconsistencies by measuring
eye velocity with modern recording techniques in
patients over a broad and finely sampled range of
horizontal eye positions. Because spontaneous nys-
tagmus of peripheral vestibular origin (SpN) is
usually not purely horizontal but also includes
vertical and torsional SPV, we further investigated if
all nystagmus components are similarly affected,
which would imply changes by the vertical/torsional
NI. We asked specifically whether horizontal gaze
changes would have an effect on the 3D drift of SpN.
Finally, Robinson et al. (1984) reported that AL
develops within about 25 s in normal people during
caloric vestibular stimulation, suggesting a fast-acting
adaptive mechanism. Thus, we also tested if the eye
position dependency of nystagmus depends on the
recent fixation history in patients.

METHOD

Patients

We investigated 17 patients, 10 women and 7 men,
aged 21–71 years (mean 52) with an acute spontane-
ous nystagmus due to peripheral vestibular tone
asymmetry (mean onset of vertigo 3.1 days before
examination, range 0.25–13 days). All patients un-
derwent a microscopic otoscopy and clinical neuro-
otological examination. The clinical diagnosis of a
peripheral vestibular tone asymmetry was made when
a mixed horizontal torsional nystagmus was observed,
no other acute neurological deficits could be
detected, and the clinical head impulse test showed
a hypofunction of the horizontal VOR with head
rotations towards the direction of the slow phase of
nystagmus. If no cause of the AVTA could be found,
the diagnosis of idiopathic vestibulopathy was made
(Table 1). Patients with Meniere_s disease and
spontaneous nystagmus due to vestibular migraine
and patients with any acute neurological deficits
other than cochleo-vestibular symptoms were exclud-
ed. The characteristics of the peripheral deficit (i.e.,
which canals were affected) were assessed by quanti-
tative head impulse testing and caloric irrigation. The
study adheres to the principles of the Declaration of
Helsinki and was approved by the local ethics
committee. Accordingly, all subjects gave their writ-
ten informed consent after the experimental proce-
dure had been explained. Inclusion criteria were an
acute onset of vertigo within 14 days and a direction-
specific spontaneous nystagmus.

Equipment

Eye and head movements were recorded in a
magnetic frame (Remmel-type system, modified by
A. Lasker, Baltimore, MD, USA) using dual scleral
search coils (Skalar, Delft, the Netherlands) (Robinson
1963; Remmel 1984; Ferman et al. 1987). One search
coil was placed on the right eye around the cornea
after anesthetizing the conjunctiva with oxybupro-
caine 0.4%; a second was tightly fixed on the
forehead. Data was sampled at 1 kHz with 16-bit
precision. Visual targets were produced by a laser,
directed by a two-axis mirror galvanometer, which
projected a 0.25--diameter target on a tangent screen,
1.25 m from the subject. For measurements of
nystagmus, the laser was pulsed (20 ms every 2 s) so
that we could control the patient_s gaze direction
without visually suppressing nystagmus.

Procedure

Head impulse testing (Halmagyi and Curthoys 1988)
was performed to determine the VOR gain in all
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canal planes (horizontal, right-anterior left-posterior,
left-anterior right-posterior plane) and for both
directions of each plane (Schmid-Priscoveanu et al.
1999). Briefly, patients fixated a target straight ahead,
and the examiner stood behind the patient and
manually induced short head movements with an
amplitude of 10–20-. The mean peak velocities and
accelerations were 342-/s and 12,442-/s2 for horizon-
tal movements, 214-/s and 7,118-/s2 for movements
in the on-directions of the anterior semicircular canals
(SCCs), and 200-/s and 6,961-/s2 for on-directions for
the posterior SCCs. Gain was calculated as 1��gaze

�head 3��7�ð Þ,
where gaze (eye-in-space) and head were evaluated when
the head had turned from 3- to 7-. A gain of +1 indicates
perfect compensation (Palla and Straumann 2004).

Nystagmus was measured by instructing subjects to
look in darkness at a pulsed target that moved every 5 s
in steps of 5- from 25- right to 25- left and back. In a
second trial – the jump paradigm – the flashing laser
dot alternated between +/_25- eccentric positions
every 20 s. This paradigm was performed in the first
eight subjects to test for hysteresis, i.e., whether the
previous position would influence the nystagmus
velocity. Bithermal caloric vestibular testing was per-
formed using a commercial caloric irrigator (Vario-
therm, Atmos MedizinTechnik GmbH & Co. KG,
Lenzkirch, Germany). Both ears were irrigated for 30 s
with 30 ml of water at temperatures of 44 and 30-C,
respectively. For eye movement recording, we used a

50-Hz video-oculography system (VisualEyes, Micro-
medicali Technologies, Chatham, IL, USA). Canal
paresis factor and direction preponderance were
calculated as relative differences in percentages in
slow-phase eye velocity using the Jongkees formulas
(Jongkees 1996). A canal paresis factor of 25% or
more and a directional preponderance of 30% or
more were regarded as pathologic.

Data analysis

Data were calibrated and processed using interactive
programs written in MATLAB* (MathWorks, Natick,
MA, USA). We computed rotation vectors and
angular velocity as described previously (Hepp 1990;
Tweed et al. 1990). We present data in the coor-
dinates of the earth fixed coil frame with the z-axis
aligned with gravity. Because the head of the subject
was restrained with a chin rest, which kept Reid_s line
approximately parallel to the earth horizontal, the
data represent a head fixed coordinate system, with
positive rotations being clockwise, right, and up. We
mirrored the horizontal and torsional data of the
patients with right-side lesions, so all patients appear
to have a left-side AVTA. There was no need to
mirror the vertical data because the vertical compo-
nents of the right and left anterior and right and left
posterior SCCs are identical. All patients except one
showed a downward drift.

TABLE 1

Results of vestibular function tests: gain values for the VOR test as measured by head impulse testing in the SCC planes

Patient # Horizontal R/L RALP/LARP down RALP/LARP up Caloric CP Caloric DP Clinical diagnosis

1 0.61/0.29 0.78/0.18 0.58/0.47 _37 _16 IVP
2 NA NA NA 50* 4* Hemorrhagic otitis media
3 0.71/0.46 0.87/0.38 0.64/0.47 NA NA Hemorrhagic otitis media
4 0.79/0.55 NA NA _16 _100 IVP
5 0.65/0.83 0.47/0.71 0.92/0.88 71

_
6 IVP

6 0.60/0.43 0.58/0.52 0.86/0.79
_
54

_
38 IVP

7 0.75/0.44 0.68/0.31 0.88/0.72
_
41

_
46 IVP

8 0.82/0.28 0.70/0.28 0.77/0.44 _70 _49 Temporal bone fracture
9 0.33/0.49 0.20/0.47 0.60/0.53 53 77 IVP
10 0.73/0.35 0.76/0.17 0.47/0.59

_
47

_
100 IVP

11 0.41/0.56 0.35/0.64 0.64/0.54 NA NA Traumatic perilymphatic fistula
12 0.99/0.56 0.89/0.42 1.01/0.76 _55 _51 IVP
13 1.04/0.42 1.05/0.65 0.86/0.84 NA NA IVP
14 0.77/0.54 0.51/0.21 0.87/0.91 NA NA IVP
15 0.74/0.60 0.89/0.68 0.70/0.79 _51 _55 IVP
16 0.88/0.27 0.77/0.23 0.66/0.82

_
63

_
59 IVP

17 0.35/0.69 0.18/0.40 0.34/0.52 54 100 IVP
Normal Q0.71/0.70 Q0.69/0.54 Q0.67/0.68 e+/

_
25 e+/

_
30 IVP

Results of caloric tests are provided as canal paresis factor and directional preponderance according to the Jongkees formulas. Negative values represent
hypofunction on the left horizontal SCC relative to the right horizontal SCC and preponderance of right beating nystagmus, respectively. Pathologic values are bold,
and reduced gain values of the supposed intact side are in italics. Data with an asterisk are from a measurement 4 weeks after the onset of symptoms because initial
testing was not possible due to acute otitis media

Horizontal R/L = horizontal plane, head movement towards right/left, respectively; RALP/LARP = plane of right anterior and left posterior SCC; down = head
movement downwards in the respective plane testing mainly for anterior SCC function and up testing mainly for posterior SCC function; RALP = right-anterior left-
posterior; LARP left-anterior right-posterior; CP = canal paresis factor; DP = directional preponderance; IVP = idiopathic vestibulopathy; NA = not available
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Slow-phase eye velocity was found with an interac-
tive computer program that first automatically
detected saccades based on velocity and noise criteria
(Holden et al. 1992) and then allowed the user to
adjust the automatically marked saccades and to
remove blink artifacts. Individual nystagmus slow
phases were included in later analysis provided they
were at least 100 ms in duration. For each slow phase,
we calculated the median position and velocity for
each component (horizontal, vertical, and torsional).
For some graphs, we then averaged the slow-phase
velocities and/or positions for each target direction,
though all quantitative analysis was made without
averaging over target positions.

We determined the linear change in eye velocity
with horizontal gaze position with least-squares fits to
the torsional, vertical, and horizontal eye velocity
components, as well as to the total velocity (the
length of the 3D eye velocity vector). Rank-order
correlations were tested with Spearman_s rho.

We analyzed the direction of nystagmus by decom-
posing the 3D eye velocity vector into two angles. We
first projected the 3D velocity vector onto the plane
defined by the horizontal and vertical components
and calculated the angle of the projection in this
plane. This angle varies from 0- (upward vertical
velocity, with no horizontal component), to 90-
(leftward, with no vertical component), to 180-
(downward), to 270- (rightward). Likewise, we pro-
jected the vector on to the plane defined by the
horizontal and torsional components, which gives an
angle related to the horizontal/torsional direction:
0- is clockwise torsion, 90- is leftward, 180- is
counterclockwise, and 270- is rightward. (The
remaining direction in the torsional–vertical plane
was ignored because subjects did not voluntarily
change eye position in the vertical or torsional
direction and the position change induced by the
nystagmus was small.) When analyzed as a function of
horizontal gaze position, this analysis provides us with
information about how the direction of nystagmus,
independent of the speed, varies with horizontal gaze
position.

RESULTS

SCC lesion patterns

Table 1 shows the results of head impulse and caloric
testing for each patient. One patient (#2) opted not
to receive head impulse testing because of severe
neck pain. In the remaining 16 patients, quantitative
head impulse testing showed reduced gains for at
least one horizontal canal (HC). Seven patients
(44%) showed the pattern of a so-called superior
vestibular neuropathy, with the HC and anterior

canal (AC) affected but the posterior canal spared,
and seven (44%) had a complete vestibulopathy with
all SCCs affected. Two patients (13%) had an isolated
HC defect only. The vertical canals were not tested in
one patient (#4). In 11 patients, the gain reduction
of the HC was unilateral. In five patients, HC gain
reduction was bilateral, but in all patients the HC
gains were reduced asymmetrically with the gain on
the weaker side at least 20% decreased relative to the
other side. Spontaneous nystagmus was consistently
beating towards the side with the higher gain.

Caloric irrigation revealed a vestibular tone asym-
metry in all patients tested. Five patients could not be
tested in the initial phase, two (#2 and #3) because of
an acute hemorrhagic otitis media and one (#11)
because of a traumatic perilymphatic fistula. The
latter was asymptomatic the day after closure of the
perilymphatic fistula on the side with the weaker
gain. Patient 2 had neither an initial head impulse
nor caloric testing but was tested 4 weeks later by
caloric irrigation showing a canal paresis factor of
50%. Two patients refused caloric testing.

In summary, 12 patients had an AVTA with a
relative hypofunction on the left and 5 on the right
side. Seven patients had a vestibular loss with
affection of all three SCCs, seven showed the pattern
of a superior vestibular neuritis (HC and AC affect-
ed), and two patients had a lesion of the lateral SCC
canal only.

Drift direction of nystagmus slow phase
in relation to the lesion pattern

The horizontal drift component (the slow-phase
direction) was always towards the weaker HC accord-
ing to head impulse and caloric testing, as expected.
Horizontal drift velocity at gaze straight ahead
ranged from _1 to _14-/s with a mean of _6.5-/s.
All patients except one had a downward slow-phase
drift. Vertical drift velocities ranged from 0.2 to _6-/s
(mean: _2.2-/s). The patient with the upward slow-
phase drift (#8) had the weakest vertical drift velocity.
Torsional SPV was between 0.5 and 20-/s, and the
direction was always counter-clockwise. Figure 1
shows the axis of rotation of the nystagmus slow
phase for straight-ahead gaze for each patient nor-
malized by the velocity magnitude. The axes thus
show nystagmus direction. Also shown are the ocular
motor rotation axes associated with excitatory stimu-
lation of each SCC, which were derived according to
the anatomical measurements of Della Santina et al.
(2005). The nystagmus rotation axes cluster near the
excitatory direction of the right horizontal SCC or
opposite the direction of the weaker, left horizontal
SCC. The axes also deviate slightly to oppose the left
anterior SCC.
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Dependence of slow-phase drift velocity
on gaze position

Figure 2 shows representative data from three
patients. The top panel shows eye position as a patient
(#9) followed the flashing target from 25- left to 25-
right. The right-beating nystagmus when looking left
is weaker then when looking to the right, that is, the
nystagmus is stronger in the direction of the fast phase
in accord with AL. Figure 2A also shows nystagmus in
both vertical and torsional eye position. In Figure 2B,
the median eye velocity of each slow phase is shown,
as a function of horizontal eye position, for the same
patient. This patient shows a linear dependence of
horizontal velocity on horizontal gaze position, with a
peak velocity of about _12-/s when looking 25- right,
which declined to about _2-/s when looking 25- left.
In our patients, we never observed a reversal of the
direction of horizontal eye velocity, as reported by

Hess (1983), although this might be because we only
measured to 25- eccentricity. In addition, Figure 2B
shows the vertical and torsional velocity of the slow
phases, which also show a clear linear dependence of
eye velocity on horizontal gaze position. Figure 2C and
D show different patterns of results from two different
patients. In Figure 2C (#6), while eye velocity is
apparent in all three directions, there is very little
change in velocity with horizontal gaze position. The
patient in Figure 2D (#15) showed a constant change
in eye velocity when looking left, although in rightward
gaze there is less of a change in eye velocity.

As represented in Figure 2, the patients typically
showed downward and counterclockwise drift (upper
pole rolls towards patients left side), in addition to
the leftward horizontal component. These compo-
nents are expected from a vestibular disturbance
from the left HC with or without involvement of the
anterior SCC as explained above. We used linear

FIG. 1. The axes of eye velocity (black lines) are shown for each patient at straight-ahead gaze (intercept of linear fits to the velocity vs.
position data), normalized by the velocity magnitude. The orientations of the axes thus show drift direction. Also shown are the oculomotor
rotation axes associated with excitatory stimulation of each SCC [L(R)H = left (right) horizontal, LP = left posterior, LA = left anterior]. The Y-axis
is aligned with Reid_s line with a positive direction to the right, X and Z are normal to Reid_s line with forward and upward directions positive.
Each plot, A–D, shows the same data from different viewpoints: A view from behind (

_
X); B view from the left (

_
Y); C view from below (

_
Z); D

view from a left-low-posterior position.

FIG. 1. The axes of eye velocity (black lines) are shown for each
patient at straight-ahead gaze (intercept of linear fits to the velocity vs.
position data), normalized by the velocity magnitude. The orienta-
tions of the axes thus show drift direction. Also shown are the
oculomotor rotation axes associated with excitatory stimulation of
each SCC [L(R)H = left (right) horizontal, LP = left posterior, LA = left

anterior]. The Y-axis is aligned with Reid_s line with a positive
direction to the right, X and Z are normal to Reid_s line with forward
and upward directions positive. Each plot, A–D, shows the same data
from different viewpoints: A view from behind (

_
X); B view from the

left (
_
Y); C view from below (

_
Z); D view from a left-low-posterior

position.
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regression to characterize the change in horizontal,
vertical, torsional, and total velocity on horizontal eye
position (see Fig. 2). Fifteen of 17 patients showed a
significant change in horizontal velocity with hori-
zontal position that was consistent with AL (all
psG0.05). The average slope of the linear fits was
_0.1-/s per degree of horizontal position, and the
average bias (intercept), which indicates horizontal
eye velocity at gaze straight ahead, was _6.5-/s. Both
the average slope and bias were significantly different
from zero (t tests: slope t=7.8, pG0.01; bias t=4.8-/s,

pG0.01). The average slope of _0.1 corresponds to a
NI time constant of 10 s (time constant=1/slope),
whereas normal values are measured between 15 and
70 s (Becker and Klein 1973; Hess et al. 1985). Most
patients also showed significant changes in vertical
(16 of 17) and torsional (13 of 17) velocity with
horizontal position. For vertical velocity, the average
bias was _2.2 (t=5.2, pG0.01) and the average slope
was _0.043 (t=3.0; pG0.01). For torsional velocity, the
average bias was _3.5 (t=3.0, pG0.01) and the average
slope was _0.034 (t=2.3; pG0.05). The average slopes

FIG. 2. A Horizontal, vertical, and torsional eye position as a patient (#9) followed a flashing target that moved from 25- left to 25- right. For
horizontal position, the eye drifts slowly to the left, and a saccade redirects gaze to the right. B The median eye velocities for each slow phase
are shown from the same patient as in A, including an additional Bsweep^ as the target moved right-to-left that is not shown in A. Horizontal,
vertical, and torsional eye velocity are all greatest for rightward gaze. The best-fit regression lines are also shown. C A second patient (#6), where
horizontal eye velocity is constant with horizontal gaze position but vertical eye velocity shows a small change with velocity being greatest for
gaze to the right. D A third patient (#15), where horizontal eye velocity is linearly increasing from 25 degrees left to about 5 degrees right gaze,
but on further right gaze one gets the impression that velocity change is reduced.

FIG. 2. A Horizontal, vertical, and torsional eye position as a patient
(#9) followed a flashing target that moved from 25- left to 25- right.
For horizontal position, the eye drifts slowly to the left, and a saccade
redirects gaze to the right. B The median eye velocities for each slow
phase are shown from the same patient as in A, including an
additional Bsweep^ as the target moved right-to-left that is not shown
in A. Horizontal, vertical, and torsional eye velocity are all greatest

for rightward gaze. The best-fit regression lines are also shown. C A
second patient (#6), where horizontal eye velocity is constant with
horizontal gaze position but vertical eye velocity shows a small
change with velocity being greatest for gaze to the right. D A third
patient (#15), where horizontal eye velocity is linearly increasing from
25 degrees left to about 5 degrees right gaze, but on further right gaze
one gets the impression that velocity change is reduced.
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of the change in torsional, vertical, and horizontal
eye velocity were such that, in general, eye velocity in
all components decreased when the patients looked
to the left.

If the change in eye velocity with gaze position is
an adaptive response to the vestibular induced
nystagmus, one would expect the strength of the
effect to depend on the magnitude of the nystagmus.
Figure 3 shows these relationships, taking the bias of
the fits of total velocity vs. gaze position (the Btotal
bias^) as an estimate of the vestibular contribution to
the nystagmus. The correlation between the horizon-
tal slope and the bias was significant (Spearman_s
rho=0.5; t=2.3; pG0.05). The correlation between
vertical slope and total bias was also significant,
(rho=0.57; t=2.7; pG0.05), whereas the torsional slope

was not (rho=0.16; t=0.62; p90.5). The slope for total
eye velocity was significantly correlated with the total
bias (rho=0.53; t=2.4; pG0.05).

No hysteresis

The Bjump^ paradigm was designed to find hysteresis
in eye velocity by having the patients alternate gaze
between +25- and _25-. We performed this analysis on
the first eight patients and found no difference in
either the slope or bias for horizontal, vertical, torsion-
al, or total eye velocity compared to our standard
protocol. (Horizontal differences: bias=0.05-/s, paired
t=0.1, p=0.9; slope=_0.02, t=0.88; pG0.5; all other
components showed similarly small, statistically insig-
nificant differences.) Because we did not find any
hysteresis, we stopped testing for hysteresis to reduce
the test duration.

Drift direction

For our patients with a relative left-hypofunction, eye
drift for gaze straight ahead was left, down, and
counterclockwise. However, the direction could
change depending upon horizontal gaze position.
Figure 4A, B shows an example of the direction of
drift in the horizontal/vertical and horizontal/tor-
sional planes. In this patient (#11), the downward
component seen in right gaze (the fast-phase direc-
tion) disappears (and may even change to an upward
component) in left gaze (Fig. 4A). Figure 4C shows
the drift orientation in the same patient as a function
of horizontal eye position. Zero-orientation indicates
up (for the horizontal/vertical plane) and clockwise
(for the horizontal/torsional plane), respectively,
and 90- indicates left. Best fit lines to this data are
shown. The vertical component becomes relatively
smaller in the slow-phase direction (positive slope),
or, in other words, the dependence of velocity on
horizontal eye position is relatively stronger for
vertical compared to horizontal velocity. The torsion-
al component tends to be relatively larger in left gaze,
and thus, the slope of the orientation vs. horizontal
position is negative. The histograms in Figure 4D
show the change in orientation of the slow-phase
drift, that is, the slopes of the best fit lines of
orientation vs. horizontal position such as those in
Figure 4C. The maximum slope was about 1.4, which
means that the nystagmus of this patient changed its
direction by 14 degrees when the patient changed
horizontal gaze position by 10 degrees.

In most patients, drift direction varied significantly
with horizontal gaze position. We computed linear
fits of the drift direction orientation vs. horizontal
eye position, and in the horizontal–vertical plane, 14
of 17 (82%) patients showed a significant change in

FIG. 3. The strength of AL varies with nystagmus intensity. Top:
The slopes of the best-fit lines of horizontal and total eye velocity vs.
the horizontal position are plotted vs. the total eye velocity bias. The
sign of the total bias, and the slope for total velocity, have been
inverted to facilitate comparison with the horizontal data. The total
bias is the total 3D velocity at gaze straight ahead. Each symbol
represents a single patient, and filled symbols indicate those patients
who showed a statistically significant AL. Bottom: The slopes of the
best-fit lines of vertical and torsional eye velocity vs. the horizontal
position are plotted vs. the total eye velocity.
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drift direction. In the horizontal–torsional plane, 10
of 17 patients (59%) showed a significant change in
drift direction with horizontal eye position. Only two
patients (12%) showed no change in drift direction
in both planes. Note that these were not identical
with the two patients who showed no AL in the
horizontal velocity component.

If AL modulates drift velocity, the direction of drift
will remain constant if and only if the change in velocity
is proportional in all components. In Figure 4A, the
vertical component changes more, proportionally,
than the horizontal component, leading to a change
in drift direction. In Figure 4B, the changes in
horizontal and torsional component are closer, so a
change in the horizontal–torsional difference is less
obvious. This is clearer in Figure 4C, where the slope
of the best-fit horizontal–vertical line is greater than
the horizontal–torsional line.

Despite significant changes of drift direction in
individual patients, there was no consistent pattern of
direction change. Thus, for the whole group, the
average change in direction (the slope of best fit line
for direction and gaze position) was not significantly
different from zero for both the horizontal–vertical
plane (mean=0.075; t=0.6; p=0.5) and the horizontal–
torsional plane (mean=_0.1; t=1.9; pG0.08) (Fig. 4D).

Gaze dependent changes in the slope of velocity
vs. position

We frequently observed that the change of eye velocity
with eye positionwas not constant but could be different
depending upon whether the patient was looking to the
left or to the right. Figure 5B and C provide two such
examples. We fit separate lines to eye velocity depend-
ing upon whether the patient was looking to the left or
right of straight ahead. Figure 5A (#9) shows an
example where the slopes of the two lines were very
similar. In Figure 5B (#2), when the patient looked in
the positive direction, where eye velocity was higher,
there was little change in velocity with position, in
contrast to the negative direction. Figure 5C (#6)
shows a more extreme example, where the change in
velocity reverses direction. Averaged over all patients,
the slope for gaze in the slow-phase direction was
_0.14, whereas the slope for gaze in the fast-phase
direction was _0.04, a difference that was significant
(paired t=2.6, pG0.05). We found that 15 of 17 patients
(88%) showed a significant decrease in horizontal
velocity with horizontal position when looking in the
slow-phase direction. In the fast-phase direction, nine
patients showed a significant negative slope, three
(numbers 4, 6, and 13) showed a significant positive
slope, and five (numbers 2, 3, 12, 15, and 16) showed a
slope that was not significantly different from0. Figure 5D
shows the parameters of the linear fits of the horizontal

FIG. 4. Slow-phase drift direction could change with horizontal
eye velocity. A–C Data from patient #11. A Each point shows the
average horizontal and vertical eye position during each fixation
period. The line extending from each point indicates the average
horizontal and vertical velocity for that fixation period. Thus, the
orientation of the line gives the direction of nystagmus in the
horizontal/vertical plane, and the length is the magnitude.
B Torsional and horizontal position and velocity. C The direction
of nystagmus in the horizontal–torsional direction (solid symbols)
and horizontal–vertical direction (open) is shown relative to
horizontal position for the same patient, along with the best-fit
lines. D Histograms showing the change in orientation of the slow-
phase drift for the horizontal–vertical direction (open bars) and
horizontal–torsional direction (solid bars) for all patients. These are
the slopes from linear fits, such as in C.
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slopes vs. the total eye velocity. When looking left (in the
slow-phase direction), the slope of the best-fit line
increases with the total bias (slope=0.014; R2=0.8;
pG0.01), whereas when looking to the right, the slope
does not consistently vary with the total bias
(slope=_0.002, R2=0.004, p90.7). We also calculated
Spearman_s rho, a nonparametric correlation measure,
for velocity axes vs. the total eye velocity. When looking
in the slow-phase direction, horizontal, vertical, and
total velocity components showed significant correla-
tions with the total bias (all psG0.01), but the change in
torsional velocity with horizontal eye position was not
correlated with the total bias (p90.3). When looking in
the fast-phase direction, all correlations were not
significant (all p values90.18).

Finally, we analyzed whether the direction of the
slow phase varied with eye position, similar to the
analysis in Figure 4, when looking to the left, where
we observed stronger AL. The average change in
direction (the slope of best fit line for direction and
gaze position) was not significantly different from
zero for both the horizontal–vertical direction
(mean=_0.08; t=0.5; p90.6) and the horizontal–
torsional direction (mean=_0.1; t=1.3; p90.1).

DISCUSSION

We measured the effect of horizontal gaze position
on eye velocity and drift direction in patients with
AVTA, as determined by head impulse testing and
bithermal caloric testing. For the first time, we
described the effects of horizontal eye position
changes on 3D velocity and drift direction changes.
We found that the strength of AL, the gaze-
dependent change of eye velocity, increased in patients
with higher nystagmus velocity. This is consistent with
the view that AL is a compensatory reaction that
reduces nystagmus SPV in one direction of gaze so that
retinal image slip is minimized. Since the studies by
Hess (1982) and Robinson et al. (1984), it has been
assumed that AL is a consequence of a single
horizontal NI becoming leaky, that is, the normal
force command needed to maintain an eccentric
horizontal eye position is reduced. Below, we consider
how our results require modification of this view.

Unilateral vestibular deficit vs. asymmetric
bilateral hypofunction

We found bilateral – although asymmetric – VOR
gain reductions during head impulse testing in 7 of
17 patients. Although concomitant VOR gain reduc-
tion with head impulses towards the supposed
healthy side is known in patients with acute unilateral
peripheral vestibulopathy (Aw et al. 2001; Halmagyi

FIG. 5. The change in eye velocity with position could be different
depending upon whether the subject was looking in the slow-phase
direction or the fast-phase direction. A–C Data from different
patients. Solid lines indicate the best-fit lines to the velocity data
when subjects looked to the left, dashed lines show the best-fit lines
for eye positions to the right. The two slopes for the patient in A (#9)
show little difference, whereas in B (#2), eye velocity when looking
to the right is mostly unchanged, and in C (#6), the slope of the best-
fit line changes direction. D The slope-values of each best-fit line to
horizontal velocity for the left and right hemifield for all patients are
plotted against the total eye velocity, showing that, in left gaze, the
slope of AL increases with the total eye velocity, but not in right
gaze. Circles indicate data when patients looked to the left and stars
indicate data when they looked to the right. Solid symbols indicate
slopes that were significantly different from zero.
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et al. 1990; Palla and Straumann 2004), we cannot
exclude a bilateral asymmetric affection in these
patients. AL was observed in all of these patients, and
a difference between unilateral and asymmetric bilat-
eral hypofunction has never been made in the litera-
ture with respect to AL. Thus, we think it is reasonable
to not distinguish between pure unilateral hypofunc-
tion and asymmetric bilateral hypofunction here.

No hysteresis

By comparing small, stepwise position changes with
large gaze jumps, we tested the hypothesis that AL is
dependent on the eye position immediately preced-
ing the new position. Robinson et al. (1984) reported
that, in normal subjects with nystagmus induced with
calorics, AL can develop in õ25 s with the sudden
onset of nystagmus. We found no hysteresis, i.e., no
evidence for any fast-acting adaptation process,
perhaps because the response to calorics is different
or the adaptation process in patients that have
experienced an abnormal vestibular stimulus for at
least many hours is different from the initial adaptive
response.

Dependence of vertical and torsional eye velocity
and nystagmus direction on horizontal eye
position

Studies of AL have typically been limited to descrip-
tions of horizontal eye velocity, although nystagmus
resulting from vestibular lesions is more complex,
usually containing vertical and torsional components,
as well. An unexpected finding was that, in our AVTA
patients, the vertical and torsional nystagmus de-
creased when they looked in the direction of the
horizontal slow phase. This could occur if the
vertical–torsional NI was sensitive to horizontal eye
position, and adapted as well. Static torsional posi-
tion does vary with horizontal position when the head
is pitched forward or backward (Haslwanter et al.
1992; Bockisch et al. 2001; Furman and Schor 2003);
if this torsional command passes through the com-
mon torsional–vertical NI, then the torsional–vertical
NI must be sensitive to horizontal gaze position.

Our patients typically had downward and counter-
clockwise drift in addition to the dominant horizon-
tal component, and all three typically modulated with
horizontal gaze position. In 82% of patients, the
direction of nystagmus varied significantly with eye
position, but the changes were not consistently in the
same direction, and so across patients the average
change in direction was not different from zero. An
explanation of this finding might be that changes in
the horizontal and vertical/torsional NI are not
rigidly coupled but show individual variations, and

in general, both integrators work together to reduce
the horizontal, vertical, and torsional nystagmus
components in approximately equal proportions.

Multiple horizontal NIs

Superimposing a gaze-evoked nystagmus (where the
eye drifts back towards a central orbital position) on
to the vestibular evoked nystagmus decreases eye
velocity in the slow-phase direction but has the
unfortunate consequence of increasing eye velocity
in the fast-phase direction. A more adaptive response,
in terms of reducing the vestibular nystagmus, would
be for the NI to become unstable in the fast-phase
direction, that is, to produce a gaze-evoked nystag-
mus that would normally push the eye to eccentric
positions. Indeed, we observed this behavior in three
patients (Fig. 5C). In general, we found that eye
velocity varied more with gaze position when patients
looked in the fast-phase direction compared to when
they looked in the slow-phase direction. This means
that the NI has the ability to differentially adapt to
gaze directions, suggesting that there are functionally
separate integrators for left and right gaze. The
diverse patterns of behavior seen in Figure 5 can be
explained as arising from the relative amounts of
adaptation for left and right gaze: the integrators for
positions in the phase-fast direction become leaky,
while those in the slow-phase direction can become
similarly leaky (Fig. 5A), unchanged (Fig. 5B), or
unstable (Fig. 5C). Cannon et al. (1983) introduced
the concept of multiple integrators in their neural
network model of the NI to improve the network_s
stability. Crawford and Vilis (1993) provided evidence
for multiple vertical/torsional integrators when they
pharmacologically inhibited the integrator and
found that the eye did not drift to a single resting
position, but rather, multiple resting positions were
possible. Recent experimental findings in goldfish
also support the hypothesis of separate integrators
for horizontal gaze (Aksay et al. 2007).

CONCLUSION

AL is frequently observed in AVTA patients and has
traditionally been explained as a simple change in
the horizontal NI. Our measurements of the 3D eye
movements in AVTA patients suggest the mechanism
of AL, while still perhaps based on brainstem and
cerebellar NIs, might not be as simple as originally
thought. Our data lend support to the idea of
multiple horizontal NIs adapting differentially to
the vestibular tone asymmetry. Furthermore, we
showed that horizontal eye position influences both
the horizontal and vertical/torsional NI.
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cording to Alexander’s law (AL), the slow phase velocity of nystag-
mus of vestibular origin is dependent on horizontal position, with
lower velocity when gaze is directed in the slow compared with the
fast phase direction. Adaptive changes in the velocity-to-position
neural integrator are thought to cause AL. Although these changes
have been described for the horizontal neural integrator, nystagmus
often includes vertical and torsional components, but the adaptive
abilities of the vertical and torsional integrators have not been inves-
tigated. We measured 11 patients with a peripheral vestibular asym-
metry and used second-order equations to describe how velocity
varied with position. Horizontal velocity changed with horizontal
position in accordance with AL and the second-order term for hori-
zontal position was also significant. Whereas velocity decreased in the
slow phase direction, it was relatively unchanged �10° into the fast
phase direction. Vertical velocity was also highest in the vertical fast
phase direction and the second-order term for vertical position was
also significant, in that vertical velocity increased in the vertical fast
phase direction, but was unchanging in the slow phase direction.
Torsional velocity varied linearly with horizontal, but not vertical,
position. These results show that the horizontal and vertical oculomo-
tor neural integrators react to altered vestibular input by maintaining
different integrating time constants depending on gaze direction.

I N T R O D U C T I O N

Alexander (1912) observed that in patients with spontaneous
nystagmus due to an acute vestibular asymmetry, the slow
phase velocity, or drift, of nystagmus is lower when the subject
looks toward the side of the slow component of nystagmus
compared with the fast phase direction. This observation is so
frequently observed that it is referred to as “Alexander’s Law.”

Hess (Hess et al. 1984) and Robinson (Robinson et al. 1984)
proposed that Alexander’s Law (AL) results from changes in
the neural mechanism that helps maintain steady eye position
at eccentric positions. Without such a mechanism, elastic
forces produced by the extraocular tissues would pull the eye
back to a central position. Robinson (1968, 1975) proposed that
the counteracting force is produced by integrating eye velocity
commands, so this gaze-holding mechanism is referred to as a
neural integrator (NI). If the NI produces a command that is too
small to maintain fixation, the eye will drift back to an elastic
equilibrium position and the NI is said to be “leaky,” whereas
a command from the NI that is too large and causes the eye to

drift eccentrically is termed “unstable.” Normally, the NI is
slightly leaky, showing integrating time constants of �20 s
(Cannon and Robinson 1987; Goltz et al. 1997). The NI
explanation of AL is that the NI becomes leaky and, when
combined with the constant velocity vestibular nystagmus,
reduces drift velocity in one direction, increases velocity in the
opposite direction. This mechanism is thought to be adaptive in
the sense that it reduces drift velocity for some gaze positions,
thus improving vision, albeit eye drift is higher in the opposite
direction.

Figure 1A shows a simple, hypothetical drift pattern ex-
pected with a left vestibular lesion that produces only horizon-
tal nystagmus. Velocity is the same for all horizontal and
vertical positions. In Fig. 1B, the drift pattern that occurs with
a leaky horizontal NI is shown, in which centrifugal drift
increases with horizontal eccentricity, but does not vary with
vertical position. The combination of the vestibular-evoked
drift in Fig. 1A and the gaze evoke drift in Fig. 1B is shown in
Fig. 1C, illustrating the pattern of AL where velocity is highest
in the fast phase direction. Figure 1D shows a more realistic
example of vestibular nystagmus, which has horizontal, verti-
cal, and torsional components, and the patterns of drift that
result from combining this with a leaky horizontal NI (Fig. 1E)
and both a leaky horizontal and vertical NI (Fig. 1F) are also
shown.

Recently, we showed that in most patients with nystagmus
due to an acute vestibular asymmetry, AL does not change drift
velocity linearly with horizontal gaze position (Hegemann
et al. 2007), as would be predicted by the traditional leaky
integrator model proposed by Robinson et al. (1984). Instead,
drift velocity was reduced proportional to position in the slow
phase direction but was not significantly increased in the fast
phase direction, showing differential NI adaptation for right
and left gazes. We suggested the differential adaptation was
due to functionally separate NIs for left and right gaze, a
hypothesis that originates in the modeling study of Cannon
et al. (1983), and was suggested by physiologic work in
monkey (Crawford and Vilis 1993) and goldfish (Aksay et al.
2007). Chan and Galiana (2005, 2007) also proposed that the
NI can maintain different integrating time constants, depending
on gaze direction.

Although AL is a frequent clinical observation, the few
detailed studies of AL are limited to horizontal movements
(Doslak et al. 1979, 1982; Hegemann et al. 2007; Hess et al.
1984; Jeffcoat et al. 2008; Robinson et al. 1984). AL has been
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observed for vertical eye movements in patients with cerebellar
disease (Glasauer et al. 2003; Straumann et al. 2000) and in
healthy people with pursuit-afternystagmus (Marti et al. 2005).
Here we investigate the characteristics of AL by having pa-
tients with a peripheral vestibular asymmetry look in different
horizontal and vertical directions. Since vestibular nystagmus
usually consists of horizontal, vertical, and torsional compo-
nents, we asked whether AL is also valid for the vertical and
torsional components and whether we would find asymmetries
similar to those in horizontal gaze holding.

M E T H O D S

Patients and equipment

We investigated 11 patients, 5 women and 6 men, ages 21–67 yr
(mean 51 yr), with an acute spontaneous nystagmus due to a periph-

eral vestibular asymmetry (mean onset of vertigo 2.5 days before
examination, range 0.25–6.5 days). Data from horizontal gaze
changes without variation in vertical position from patients 1 through
6 (Table 1) were also used in our previous study (Hegemann et al.
2007). Patients had an onset of vertigo �7 days before measurements,
a clinical diagnosis of a peripheral vestibular asymmetry, and no other
acute neurological deficits. Patients with Ménière’s disease, sponta-
neous nystagmus due to vestibular migraine, or any other cochleo-
vestibular symptoms were excluded. The affected canals were iden-
tified with quantitative head impulse testing and caloric irrigation. The
study adhered to the principles of the Declaration of Helsinki and was
approved by the local ethics committee. All patients gave their written
informed consent after the experimental procedure had been ex-
plained.

Three-dimensional (3D) movements of the head and the right eye
were recorded in a magnetic frame (Remmel-type system, modified by
A. Lasker, Baltimore, MD) using dual scleral search coils (Skalar
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FIG. 1. Hypothetical combinations of vestibular and gaze-evoked nystagmus. A: the drift pattern associated with a left vestibular lesion that evokes only
horizontal nystagmus. Each circle indicates horizontal and vertical positions and the thick line shows the horizontal and vertical velocities, and so the orientation
of the line indicates direction and the length represents the speed. Drift velocity is to the left and does not vary with horizontal or vertical position. B: drift pattern
associated with a gaze-evoked nystagmus caused by a leaky horizontal neural integrator (NI) (time constant � 6.7 s). For eccentric horizontal gaze positions,
the eye moves back to the center with a velocity that increases with eccentricity. Velocity does not vary with vertical position. C: the combination of A and B.
The nystagmus velocity changes linearly with horizontal but not vertical eye position. D: vestibular nystagmus, which has horizontal, vertical, and torsional
components. Thin lines show torsional velocity, with an upward line indicating clockwise velocity and a downward line indicating counterclockwise velocity.
E: the pattern of drift that occurs when combining the vestibular nystagmus of D with a leaky horizontal NI (B). F: the pattern of drift that occurs when combining
the vestibular nystagmus of D with both a leaky horizontal NI and a leaky vertical NI. All simulations ignore other possible gaze-dependent changes in velocity,
such as the half- or quarter-angle rules (Crane et al. 2006; Misslisch et al. 1994; Palla et al. 1999; Tweed et al. 1990).
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Instruments, Delft, The Netherlands) (Ferman et al. 1987; Remmel
1984; Robinson 1963). The calibration procedure was described by
Bergamin et al. (2001). Data were sampled at 1 kHz with 16-bit
precision and peak-to-peak noise in the system was �0.2°, in all
directions. Visual targets were produced by a laser and directed by a
two-axis mirror galvanometer, which produced a 0.25° diameter target
on a tangent screen, 1.25 m from the subject.

Procedure

We performed head impulse testing (Halmagyi et al. 1990) to
determine the vestibuloocular reflex gain in all canal planes (horizon-
tal, right-anterior left-posterior, left-anterior right-posterior) and for
both directions of each plane (Hegemann et al. 2007; Schmid-Priscov-
eanu et al. 1999). Bithermal caloric vestibular testing with water at 44
and 30°C, respectively, was performed using a commercial caloric
irrigator (Variotherm, ATMOS MedizinTechnik, Lenzkirch, Ger-
many) and eye movements were recorded using a 50-Hz video-
oculography system (VisualEyes, Micromedical Technologies). Canal
paresis factor and direction preponderance were calculated as relative
differences in percentages in slow phase eye velocity using the
Jongkees formulas (Jongkees et al. 1962). The canal paresis factor, the
difference between left and right sides relative to the total response is
defined as 100 � [(WL � CL) � (WR � CR)]/(WL � CL � WR �
CR), where W is warm, C is cold, and the subscripts refer to the side
of stimulation. The directional preponderance, the relative difference
between rightward and leftward nystagmus, is 100 � [(WR � CL) �
(WL � CR)]/(WL � CL � WR � CR). A canal paresis factor of �25%
and a directional preponderance of �30% were regarded as patho-
logic.

Gaze-dependent changes in nystagmus were measured by instruct-
ing patients to look in darkness at a pulsed target that moved every 5 s
in steps of 5 from 25° right to 25° left and back. The laser was pulsed
(20 ms every 2 s) so that we could direct the patient’s gaze direction
without visually suppressing nystagmus. This was repeated at vertical
elevations of 20° up and down.

Data analysis

Data were analyzed using programs written in MATLAB (The
MathWorks, Natick, MA). Eye movements are described by rotation
vectors and component velocity (Hepp 1990; Tweed et al. 1990) and
we report the results in degrees and degrees per second. Component
velocity, the derivative of position, is not the same as angular velocity
(Haslwanter 1995; Hepp 1990). Data are presented in a head-fixed

coordinate system, with positive rotations being clockwise, right, and
up. We mirrored the horizontal and torsional data of the patients with
right-side lesions, so all patients appear to have a left-side lesion (slow
phase drift to the left). Saccades were identified and removed with an
interactive computer program that first automatically detected sac-
cades based on velocity and noise criteria (Holden et al. 1992) and
then allowed the user to adjust the automatically marked saccades and
to remove blink artifacts. Individual nystagmus slow phases were
included in later analysis if they were �100 ms in duration. Short
phases �200 ms were split into two or more shorter parts of �100 ms.
We calculated for each slow phase the median position and velocity
for each component (horizontal, vertical, and torsional). For some
graphs we then averaged the slow phase properties for each target
direction, although all quantitative analysis was made without aver-
aging.

To characterize how velocity varied with horizontal and vertical
eye position, we fit two equations to horizontal, vertical, and torsional
velocities. First we fit a simple plane to the data

Vel�hvt� � �0�hvt� � �1�hvt�H � �2�hvt�V (1)

where Vel is velocity and the subscripts refer to horizontal (h), vertical
(v), and torsional (t) components; H is horizontal position; and V is
vertical position. The bias component �0 indicates the velocity at
straight-ahead gaze (V � H � 0°). �1 and �2 (with units of 1/s)
indicate the proportional change of velocity with horizontal and
vertical eye position and, together, represent a plane. This fit is the
two-dimensional extension of the traditional method of analyzing AL
in one dimension with a straight line. In a second analysis, we fit the
following second-order equation to horizontal, vertical, and torsional
velocities

Vel�hvt� � �0�hvt� � �1�hvt�H � �2�hvt�V � �3�hvt�HV

� �4 �hvt�H
2 � �5�hvt�V

2 (2)

The equation can be visualized as representing a 3D, parabolic surface
(see Figs. 3 and 4 for examples). The bias term �0 indicates the
velocity at straight-ahead gaze (V � H � 0°) and the terms �1 and �2

(with units of 1/s) indicate the proportional change of velocity with
horizontal and vertical eye positions. An interaction between horizon-
tal and vertical positions is represented by the �3 term (units of 1/°s)
and permits the plane to twist. The squared terms, �4 and �5 (1/°s),
permit the surface to have a parabolic shape as a function of horizontal
and vertical eye positions.

TABLE 1. Results of vestibular function tests

Patient Horizontal Right/Left RALP/LARP Down RALP/LARP Up Caloric CP Caloric DP Clinical Diagnosis

1 0.41/0.56 0.35/0.64 0.64/0.54 NA NA Traumatic PLF
2 1.04/0.42 1.05/0.65 0.86/0.84 NA NA IVP
3 0.77/0.54 0.51/0.21 0.87/0.91 NA NA IVP
4 0.74/0.60 0.89/0.68 0.70/0.79 �51 �55 IVP
5 0.88/0.27 0.77/0.23 0.66/0.82 �63 �59 IVP
6 0.35/0.69 0.18/0.40 0.34/0.52 54 �100 IVP
7 0.31/0.63 0.68/0.79 0.60/0.81 24 91 IVP
8 0.60/0.55 0.70/0.87 0.94/0.61 NA NA IVP
9 0.56/0.41 0.72/0.40 0.75/0.18 76.5 57 IVP

10 0.62/0.27 0.60/0.31 0.88/0.52 �67 �100 IVP
11 NA NA NA 52 42 IVP

Normal �0.71/0.70 �0.69/0.54 �0.67/0.68 � 	25 � 	30

Gain values for the vestibuloocular reflex test as measured by head impulse testing in the SCC planes, horizontal right/left � horizontal plane, head movement
toward right/left, respectively; RALP/LARP � plane of right anterior and left posterior SCC, down � head movement downward in the respective plane testing
mainly for anterior SCC function and up testing mainly for posterior SCC function. Results of caloric tests are provided as CP (canal paresis factor) and DP
(directional preponderance) according to the Jongkees formulas. Negative values represent hypofunction on the left horizontal SCC relative to the right horizontal
SCC and preponderance of right beating nystagmus, respectively. Pathologic values are in bold and reduced gain values of the supposed intact side are in italic.
NA, not available; PLF, perilymphatic fistula; IVP, idiopathic vestibulopathy.
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Both the plane and the second-order equations were fit to the
velocity of each subject individually using standard multiple regres-
sion techniques, the 10% of the individual data points with the largest
residual error were classified as outliers and removed, and the fitting
procedure was repeated. The overall fit was evaluated with an F-test
and we then tested for significant differences from 0 of the average
parameters, across subjects, with t-test. Correlations between param-
eters were performed with Pearson’s product-moment correlation
coefficient.

To validate each fit, we performed a split-sample analysis. We
randomly assigned each slow phase to one of two groups, performed
the same fitting procedures described earlier to the first group, and
computed the sample squared correlation (R2). Next, we used the
fitted equation to predict the values from the second group and
computed the squared correlation between the predicted and the
observed data. The difference between these R2 values, called shrink-
age, will be small for reliable fits, with a shrinkage value of �0.1
generally indicating a reliable model (Kleinbaum et al. 1988).

An integrator time constant can be inferred from the fitted equations
by �1/slope. For the plane fits, the slope is given directly as the fitted
parameters (see Eq. 1). For the second-order fits, the slope can be
found with the partial derivatives of Eq. 2

�Vel�hvt�

�H
� �1�hvt� � �3�hvt�V � 2�4�hvt�H (3)

�Vel�hvt�

�V
� �2�hvt� � �3�hvt�H � 2�5�hvt�V (4)

which describe how velocity varies with horizontal (Eq. 3) and
vertical (Eq. 4) eye positions. A positive time constant indicates a
leaky integrator and a negative time constant an unstable integrator.
To provide additional statistical support for these results, we split the
data into halves (left and right for horizontal velocity and up and down
for vertical velocity), fit separate planes to each half, and evaluated
weather the slopes were different from zero for each subject with
t-tests.

We analyzed the direction of nystagmus by decomposing the 3D
eye velocity vector into two angles. We first projected the 3D velocity
vector onto the plane defined by the horizontal and vertical compo-
nents and calculated the angle of the projection in this plane. This
angle varies from 0° (upward vertical velocity, with no horizontal
component), to 90° (leftward, with no vertical component), to 180°
(downward), and to 270° (rightward). Likewise, we projected the
vector onto the plane defined by the horizontal and torsional compo-
nents, which gives an angle related to the horizontal/torsional direc-
tion: 0° is clockwise torsion, 90° is leftward, 180° is counterclock-
wise, and 270° is rightward. When analyzed as a function of gaze
position, this analysis shows how the direction of nystagmus, inde-
pendent of the speed, varies with gaze position. We fit the same plane
and second-order functions described earlier to characterize how the
direction of nystagmus varied with eye position.

R E S U L T S

Patient characteristics

Table 1 shows the results of head impulse and caloric testing
for each patient. In patient 11 the tape that fixed the coil to the
forehead loosened due to severe sweating of the patient, which
makes his head impulse results unreliable. In four patients,
caloric vestibular testing could not be performed because of a
perilymphatic fistula (patient 1) or severe nausea (patients 2, 3,
and 8). Patient 7 showed a right beating nystagmus but had
reduced right vestibular function during both head impulse and
caloric testing, the latter being performed 1 day after the head

impulse test. A central lesion was excluded by magnetic
resonance imaging. The patient recovered completely from
nystagmus as well as vertigo and unsteadiness within 3 days.
We interpret this “paradox” nystagmus as a so-called recovery
nystagmus. Since the nystagmus was right beating as in left-
sided unilateral vestibular deafferentation (UVD), however, we
analyzed it as a left UVD.

Example nystagmus patterns

Patients typically had nystagmus with slow phases directed
to the left, down, and counterclockwise when looking straight
ahead. As exceptions, two patients had upward drift. Figure 2
shows example eye position traces in one patient (4) who
followed the flashing laser spot as it moved from left to right
with gaze at zero elevation (A), 20° up (B), and 20° down (C).
The inset in Fig. 2A magnifies the horizontal component when
the patient looked left, straight ahead, and to the right, which
more clearly shows the greater nystagmus when the patient was
looking to the right.
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FIG. 2. A: example eye-position traces from patient 4. Each panel shows
horizontal (bold), vertical (medium), and torsional (light) eye positions as the
patient tracked a flashing laser spot (not shown) that moved from left to right
in 5° steps. In A, gaze elevation was about straight ahead, whereas in B gaze
was about 20° down and in C about 20° up. The inset in A shows horizontal
eye position, magnified, when gaze was left, straight ahead, and to the right.
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Figure 3 shows a summary of the results of another patient
(6). Figure 3, A–C shows median eye velocity of individual
slow phases as a function of horizontal and vertical eye
positions, along with the best-fit second-order equation (Eq. 2).
Figure 3D combines the 3D velocity components into a single
figure. In this plot, we averaged the eye movement data in each
5-s period where the flashing fixation light was in the same
position. Each circle indicates the average horizontal and
vertical positions. The thick line shows the horizontal and
vertical velocities, and so the orientation of the line indicates
direction and the length represents the speed. Thin lines show
torsional velocity, with an upward line indicating clockwise
velocity and a downward line indicating counterclockwise
velocity. Here the overall pattern of the change in nystagmus is
more evident than that in the plots in Fig. 3, A–C, although
these provide a more intuitive view of the fitted surface.

In Fig. 3, A and D, a change in horizontal eye velocity with
horizontal eye position is seen that is consistent with AL, with
velocity increasing when the subject looked in the fast phase
direction (to the right). The best-fit planes to the data are

Velh � �7.5 � 0.095H � 0.058V

Velv � �2.9 � 0.0015H � 0.077V

Velt � �1.5 � 0.045H � 0.014V

Thus horizontal velocity varies more with horizontal than with
vertical position, vertical velocity varies more with vertical
than with horizontal position, and torsional velocity varies
more with horizontal than with vertical position.

The second-order fits provide a more detailed analysis of
how velocity changes with position. The best-fit second-order
surface for horizontal velocity for this patient, shown in Fig.
3A, is

Velh � �7.2 � 0.087H � 0.058V � 0.00044HV

� 0.00094H2 � 0.0023V2

All the fitted parameters were significantly different from
0 with all P values �0.01. Horizontal velocity was �7.2°/s
at straight ahead. The change in velocity with horizontal
position was determined mainly by the linear component,
with a value of �0.087° � s�1

�deg�1. Nonetheless, the sec-
ond-order term, H2, was still significant. This indicates that
the rate of change in velocity changes at different gaze
positions, which is more obvious when considering the
partial derivative of the fitted function with respect to hor-
izontal position

�Velh

�H
� �0.087 � 0.00044V � 0.0019H

With gaze straight ahead (H � V � 0°), the change of horizontal
eye velocity is �0.087° �s�1

�deg�1, and with V � 0°, at 20° left
and right, the change is �0.12 and �0.049° �s�1

�deg�1, respec-
tively. Thus velocity changed the most in left gaze (the slow
phase direction). Horizontal velocity also changed with ver-
tical eye position in this patient. In particular, the V2 term
(�0.0023) shows that horizontal velocity increased when
this patient looked up and down. The partial derivative with
respect to vertical position is

�Velh

�V
� �0.058 � 0.0004H � 0.0045V

so the rate of change of horizontal eye velocity with H � 0°
and with vertical positions of 20, 0, and �20° was �0.15,
�0.058, and 0.033° �s�1

�deg�1, respectively.
Figure 3B shows how vertical velocity varied with eye

position in the same patient. Vertical eye velocity increased
when the patient looked up, but velocity for down gaze was
similar to that at gaze straight ahead. This is consistent with
AL, with velocity being highest in the fast phase direction
(up). The best-fit function was
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FIG. 3. Example eye velocity in patient 6. The
median horizontal (A), vertical (B), and torsional
(C) velocities of individual slow phases (●) is plotted
against horizontal and vertical eye positions. The
best-fit 2nd-order surface is also shown. D: a sum-
mary of the 3-dimensional (3D) drift is shown for the
same subject. Each circle indicates the average hori-
zontal and vertical positions for the slow phase eye
movements during each fixation period (5-s duration).
The thick line shows the horizontal and vertical ve-
locities, and so the orientation of the line indicates
direction (e.g., a line pointing down and to the left
shows downward and leftward velocity) and the
length represents the speed. Thin lines show torsional
velocity, with an upward line indicating clockwise
velocity and a downward line indicating counter-
clockwise velocity. E: the fitted values of the best-fit
2nd-order surface. F: gaze-dependent changes in drift
velocity, which was found by subtracting the fitted
drift at straight ahead from fitted drift at all other gaze
positions.
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Velv � �2.2 � 0.0016H � 0.080V � 0.0012HV

� 0.00055H2 � 0.0024V2

and all parameters except the H term were significantly differ-
ent from 0 (all P values �0.01). Note that the small change in
vertical velocity in down gaze, compared with the much larger
change in up gaze, is captured in the equation with a combi-
nation of the V and V2 terms. The rate changes in vertical
velocity with vertical and horizontal positions are

�Velv

�V
� �0.080 � 0.0012H � 0.0048V

and

�Velv

�H
� 0.0016 � 0.0012V � 0.0011H

Thus in this patient, vertical velocity varies more with vertical
than with horizontal position. Figure 3C shows torsional ve-
locity in this patient, which followed a similar pattern to the
changes in vertical velocity in that velocity increased consid-
erably in up gaze but was relatively unchanged in down gaze.
Torsional velocity at straight ahead gaze and in down gaze was
about zero, but increased to around �5°/s in up gaze. The
best-fit equation is

Velt � �0.3 � 0.053H � 0.039V � 0.0024HV�0.00012H2

� 0.0043V2

and all parameters were significantly different from zero (all
P values �0.01), except the H2 term. Torsional velocity varies
slightly with both horizontal and vertical positions and this is
reflected in the changes in velocity with vertical and horizontal
gaze positions

�Velt

�V
� �0.04 � 0.0024H � 0.0086V

and

�Velt

�H
� �0.053 � 0.0024V � 0.0002H

Figure 3E shows the fitted velocity values at the same eye
positions, as in Fig. 3D. In Fig. 3F, we subtracted the velocity
at gaze straight ahead (the biases in the best-fit equations) from
the fitted values in Fig. 3E, which more clearly shows how eye
velocity changes with gaze position. There is considerable
gaze-evoked nystagmus in left and up gaze, but less of a
change down and to the right.

Figure 4 shows an example from a different patient (4),
where the horizontal velocity decreases both to the left and
right of gaze straight ahead, but increases in up and down gaze.
The best-fit plane equations for this patient’s data are

Velh � �5.3 � 0.071H � 0.0041V

Velv � �1.4 � 0.012H � 0.054V

Velt � �2.6 � 0.035H � 0.025V

and the best-fit second-order equations are

Velh � �4.9 � 0.052H � 0.0043V � 0.0010HV

� 0.0033H2 � 0.0046V2

Velv � �1.4 � 0.016H � 0.053V � 0.00067HV

� 0.00085H2 � 0.00073V2

Velt � �2.6 � 0.031H � 0.024V � 0.00052HV

� 0.0013H2 � 0.0013V2
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FIG. 4. Example eye velocity in patient
4. The median horizontal (A), vertical (B),
and torsional (C) velocities of individual
slow phases (●) is plotted against horizontal
and vertical eye positions. The best-fit 2nd-
order surface is also shown. D: a summary
of the 3D drift is shown for the same subject.
Each circle indicates the average horizontal
and vertical positions for the slow phase eye
movements during each fixation period (5-s
duration). The thick line shows the horizon-
tal and vertical velocities, and so the orien-
tation of the line indicates direction (e.g., a
line pointing down and to the left shows
downward and leftward velocity) and the
length represents the speed. Thin lines show
torsional velocity, with an upward line indi-
cating clockwise velocity and a downward
line indicating counterclockwise velocity.
E: the fitted values of the best-fit 2nd-order
surface. F: gaze-dependent changes in drift
velocity, which was found by subtracting the
fitted drift at straight ahead from fitted drift
at all other gaze positions.
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Quality of the fitted surfaces

The plane surface fits were highly significant for all patients
(overall F-test, all P values ��0.001). A substantial amount of
variation was nonetheless not accounted for by the regression.
The mean R2 values were 0.43, 0.39, and 0.25 for horizontal,
vertical, and torsional velocities, respectively. Shrinkage val-
ues were low, averaging 0.02, or about 6% of the mean R2,
indicating reliable fits.

Likewise, the fitted second-order surfaces were also highly
significant in all cases (F-test, all P values ��0.001), although
again much of the variation in the data was not accounted for
by the regression. The second-order fits accounted for about
28% more of the variance than the plane fits. For horizontal
velocity, R2 varied from 0.22 to 0.86, with a mean of 0.56. The
mean R2 for the fits to vertical velocity was 0.48, ranging from
0.15 to 0.77, and the mean torsional R2 was 0.42 and varied
from 0.15 to 0.64. Shrinkage values were also low, indicating
reliable fits, averaging 0.03, or about 5% of the mean R2.

Dependence of horizontal velocity on gaze position

All patients showed significant horizontal drift to the left at
straight ahead gaze. The average plane and second-order fits
are shown in Table 2. The plane fits indicated an average
velocity at straight ahead gaze of �10.04°/s. Ten of 11 patients
had a negative slope relating horizontal velocity to horizontal
gaze position, which is in accord with AL, and indicates that
velocity was higher in the fast phase direction. The average
slope of �0.088 corresponds to an integrating time constant of
11 s. There was no consistent change of horizontal velocity
with vertical eye position.

For the second-order fits, which provide a more detailed
examination of the change of velocity with position, the aver-
age bias was �10.35°/s (Table 2; see also Fig. 5). Ten of 11
patients had a negative slope relating horizontal velocity to
horizontal gaze position. Eight of the 11 patients also showed
a significant, positive H2 term, with a mean value of 0.003.
Positive H2 indicates a concave up surface that, when com-
bined with the negative H term, reduces horizontal velocity in
the fast phase direction compared with that if the term is 0. The

average HV, V, and V2 terms were not significantly different
from zero, indicating that, across patients, horizontal veloc-
ity did not depend on vertical eye position. Note, however,
that for individual patients these parameters were usually
significantly different from zero, although the signs were not
consistent.

Differentiating the average second-order function fitted to
the horizontal eye velocity with respect to horizontal position
gives

�Velh

�H
� �0.054 � 0.00018V � 0.0059H

Thus at gaze straight ahead (V � H � 0°), the change of
horizontal velocity with horizontal position (or slope of the
fitted function) is �0.054° �s�1

�deg�1; at 20° left (the slow
phase direction), the slope is �0.17° �s�1

�deg�1 and at 20°
right (the fast phase direction), the slope is 0.064° �s�1

�deg�1.
These slopes correspond to time constants of 6, 18, and �16 s
for 20° in the slow phase direction, straight ahead, and 20° in
the fast phase direction, respectively. The position at which
the slope changes sign is 9.2° to the right. So, on average, the
gaze-dependent drifts suggest the NI is leaky in the slow phase
direction, but becomes unstable at �9° in the fast phase
direction. Separate plane fits to horizontal velocity in left and
right gaze provide statistical support for these changes in the
time constant. In left gaze, all 11 patients showed a significant
(P � 0.05) negative slope of velocity versus position. In right
gaze, 5 patients had a significant negative slope, 4 had signif-
icant positive slopes, and 2 showed slopes that were not
significantly different from zero.

Dependence of vertical velocity on gaze position

At straight ahead gaze, 9 of the 11 patients showed down-
ward drift and 2 showed upward drift. From the best-fit plane
(Table 2), 9 patients showed a negative change in vertical
velocity with vertical eye position, with an average slope of
�0.037 (time constant � 27 s). This indicates that velocity
increased in the fast phase direction of nystagmus, in accord
with AL, although the long time constant is in the normal range
(�20 s; Cannon and Robinson 1987; Goltz et al. 1997). There
was not a consistent change of vertical velocity with horizontal
position.

For the second-order fits, 9 of the 11 patients showed a
significant negative relationship between vertical velocity and
position. Nine of the patients also showed a significant nega-
tive V2 term. As shown in Fig. 5B, this is concave down,
meaning that, when combined with the negative V-term, ver-
tical velocity increases in the fast phase direction compared
with that if the term is 0. Eight patients also showed a
significant dependence of vertical velocity on H2, with an
average value of 0.00051, which was not quite significantly
different from zero (P � 0.1).

Differentiating the average function fit to the vertical eye
velocity with respect to vertical position gives

�Velv

�V
� �0.046 � 0.00003H � 0.0040V

Thus at gaze straight ahead, the rate of change of vertical
velocity with vertical position is �0.046° � s�1

�deg�1 (time

TABLE 2. Average best-fit parameters across all subjects

Parameter Horizontal Velocity Vertical Velocity Torsional Velocity

A. Plane fits

Bias �10.04** (�0/�11) �2.06** (�2/�9) �4.40* (�0/�11)
H �0.088** (�1/�10) �0.0074** (�3/�4) �0.042** (�0/�11)
V �0.027 (�4/�7) �0.037** (�1/�9) 0.014† (�6/�2)
R2 0.43 0.39 0.25

B. Second-order fits

Bias �10.35** (�0/�11) �1.82** (�2/�9) �4.31* (�0/�11)
H �0.054* (�1/�10) �0.0020 (�4/�5) �0.030** (�2/�9)
V �0.026 (�3/�8) �0.046* (�1/�9) 0.016 (�7/�3)
HV 0.00018 (�7/�4) �0.00003 (�5/�5) �0.00005 (�6/�5)
H2 0.0030* (�8/�0) 0.00051† (�8/�3) 0.0015 (�7/�3)
V2 �0.00054 (�5/�6) �0.0020* (�1/�9) �0.0021 (�3/�8)
R2 0.56 0.48 0.42

The numbers in parentheses indicate the number of patients for which that
parameter was significantly different from 0 (P � 0.05) in the position and
negative directions. For example, for plane fits, all 11 patients had a significant
horizontal bias �0. **P � 0.01, *P � 0.05, †P � 0.1.
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constant � 22 s); at 20° in the slow phase direction the slope
is 0.035° � s�1

�deg�1 (time constant � �29 s) and at 20° in
the fast phase direction the slope is �0.12° � s�1

�deg�1 (time
constant � 8 s). The position where the partial derivative
changes sign is �11° into the slow phase direction. So, on
average, the NI is leaky in the fast phase direction, but is
unstable in the slow phase direction. Note that this is the
opposite of the pattern seen for horizontal velocity.

Separate plane fits to vertical velocity in down and up gaze
also provide support for these findings of a change in the NI
time constant. In up gaze, 10 of 11 patients showed a signifi-
cant (P � 0.05) negative slope of velocity versus position and
one had a significant positive slope. In down gaze, 6 patients
had a significant negative slope and 5 had significant positive
slopes.

Dependence of torsional velocity on gaze position

According to the average plane fits, all 11 patients had
counterclockwise torsion at gaze straight ahead, with a mean of
�4.4°/s (Table 2). Plane fits also revealed a highly significant
dependence of torsional velocity on horizontal position, with
an average slope of �0.042 (Table 2). A marginally signif-
icant dependence on vertical position was also found
(slope � 0.014, P � 0.1).

Second-order fits found an average torsional velocity at gaze
straight ahead of �4.31°/s and all 11 patients showed a

statistically significant torsional bias (Table 2; see also Fig. 5).
Torsional velocity was significantly dependent on horizontal
position, with 9 of the 11 patients showing a significant
negative slope, with a grand mean of �0.03° �s�1

�deg�1.
Torsional velocity did not consistently depend on any of the
other parameters.

Summary of changes in 3D nystagmus

Figure 5A shows the average second-order fits and Fig. 5,
D–F shows the same fits as in Fig. 5A plotted as 3D surfaces.
Velocity was predominately to the left with smaller downward
and counterclockwise components. Figure 5B shows the gaze-
dependent changes in velocity. Most of the gaze-dependent
changes occur in left and up gaze, whereas in right gaze there
is not much of a gaze-evoked component.

We tested whether the change of eye velocity was related to
the magnitude of the vestibular nystagmus. We used the bias of
the second-order fit as an estimate of the vestibular contribu-
tion to the nystagmus and computed the slope of the second-
order fitted equation for each subject at straight ahead and
	20° in the fast and slow phase directions of the horizontal and
vertical nystagmus. The horizontal slope of the function at
�20° left (slow phase direction) was significantly correlated
with the horizontal bias (correlation � 0.82, P � 0.01),
whereas there was a significant negative correlation at 20° right
gaze (correlation � �0.74, P � 0.01); the correlation at
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FIG. 5. A: the average 2nd-order surface fits, with the same format as that of Fig. 3D. B: gaze-dependent changes in drift velocity, which was found by
subtracting the fitted drift at straight ahead from fitted drift at all other gaze positions. C: gaze-dependent changes in drift velocity, which was found by subtracting
the fitted drift at 25° up from all other gaze positions. See DISCUSSION for details. D–F: the average 2nd-order surface fits, shown as surfaces.
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straight ahead was not significant (correlation � 0.11, P � 0.5)
(Fig. 6). The slope in the slow phase direction was less than the
slope in the fast phase direction in all but two patients and in
seven patients the slope became positive. We did not find
significant correlations between the vertical bias and the ver-
tical or torsional slopes, nor between the horizontal bias and
the torsional slopes.

Nystagmus direction changed as a function of gaze direc-
tion, as indicated in the average fit in Fig. 5B, as well as the
examples in Figs. 3D and 4D. We analyzed the direction
change by decomposing the 3D eye velocity vector into two
angles. We first projected the 3D velocity vector onto the
planes defined by the horizontal and vertical components, and
the planes defined by the horizontal and torsional components,
and calculated the angles of the projections onto these planes
(see METHODS). We then fit Eqs. 1 and 2 to these angles for each
patient, the average fits of which are shown in Table 3. (For the
second- order fit, the horizontal–vertical angle is shown di-
rectly in Fig. 5B in the lines showing the horizontal and vertical
velocities.) The bias indicates the slow phase direction at
straight ahead gaze. The plane and second-order fits give
similar results, with both angles depending mainly on vertical
position (only marginally significant in the case of the hori-
zontal–torsional angle). For the horizontal–vertical angle, the
V2 term was also marginally different from zero.

D I S C U S S I O N

We measured the effect of horizontal and vertical gaze shifts
on the 3D velocity of nystagmus in patients with an acute
vestibular asymmetry and we characterized the change of
velocity with eye position with plane and second-order func-
tions. In all patients the fits were highly significant. All patients
showed AL for horizontal velocity, with velocity being higher
in the fast phase compared with that in the slow phase direc-
tion. In addition, the second-order term for horizontal position
was significant in most (8/11) patients, with the result that
velocity did not increase in the fast phase direction as rapidly
as expected from a linear relationship.

If we assume that the elastic equilibrium point of the eye in
the orbit (null point of the eye) is near straight ahead, the
gaze-dependent drifts suggest the horizontal NI is leaky in the
slow phase direction; beyond 10° in the fast phase direction,
however, the NI is on average unchanged. Some patients even
showed an unstable NI in the fast phase direction. Although
individual patients usually had a significant dependence of
horizontal velocity on vertical position, the direction of the
dependence was not consistent.

Vertical velocity also depended on both vertical position and
its square. Overall, vertical velocity varied in accord with AL,
with velocity being higher in the fast phase direction. Torsional
velocity depended mostly on horizontal position.

The change of horizontal velocity with horizontal position
was correlated with the horizontal bias (Fig. 6A), which could
be expected if AL is an adaptive mechanism sensitive to the
magnitude of nystagmus. Similar correlations were not found
for vertical and torsional velocities, although the velocity of
these components is small, making detection of any correlation
difficult.

The direction of nystagmus, independent of the speed,
changes as a function of vertical eye position. If AL in 3D was
due to a single mechanism operating on the magnitude of the
nystagmus, we would expect proportional changes in velocity
in all components and no change in nystagmus direction. The
fact that nystagmus direction changes suggests that the changes
in slow phase velocity are not due to a single mechanism, but
rather, that the horizontal, vertical, and torsional NIs operate
separately to modify the different 3D components.

A comparison of the plane and second-order fits shows that
the second-order fits account for about 28% more of the
variance in the data (since the plane fits are nested within the
higher-order fits, the higher-order fits must account for at least
as much of the variance). Clearly, though, the linear compo-
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FIG. 6. Correlations between horizontal nystagmus at straight ahead gaze
and the change of horizontal eye velocity with eye position. The change of
horizontal velocity with horizontal position was computed for left (�20°),
right (20°), and straight ahead gaze. Each symbol indicates a single patient and
the lines are the best linear fits for each direction.

TABLE 3. Average best-fit parameters to nystagmus direction

Parameter HV Angle HT Angle

A. Plane fits

Bias 103°** (�11/�0) 112°** (�11/�0)
H �0.063 (�4/�7) 0.041 (�8/�2)
V 0.21** (�9/�1) �0.14† (�3/�7)
R2 0.33 0.27

B. Second-order fits

Bias 101°** (�11/�0) 110°** (�11/�0)
H �0.069 (�4/�7) 0.056 (�8/�3)
V 0.25** (�10/�1) �0.13† (�3/�7)
HV �0.00048 (�5/�5) 0.0036 (�8/�2)
H2 0.00015 (�6/�4) 0.00097 (�4/�3)
V2 0.012† (�8/�3) 0.012 (�5/�5)
R2 0.44 0.41

Nystagmus direction is characterized by two angles. The 3D velocity vector
was projected on the planes defined by the horizontal and vertical components,
and the plane defined by the horizontal and torsional components and the
angles in the planes were calculated. For the horizontal–vertical (HV) angle,
the nystagmus direction angle varies from 0° (upward vertical velocity, with no
horizontal component), to 90° (leftward, with no vertical component), to 180°
(downward), and to 270° (rightward). Likewise, for the horizontal–torsional
(HT) angle, 0° is clockwise torsion, 90° is leftward, 180° is counterclockwise,
and 270° is rightward. The numbers in parentheses indicate the number of
patients for which that parameter was significantly different from 0 (P � 0.05)
in the position and negative directions. **P � 0.01, *P � 0.05, †P � 0.1.
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nents are important contributors to the change of velocity, as
expected from AL.

Our paradigm is not capable of determining the neural locus
of the changes in the oculomotor system, although cerebellar
structures known to be important for NI performance (flocculus
and paraflocculus; Zee et al. 1981) are likely candidates. It is
also possible that other neural structures, particularly those that
receive inputs for the NIs, might also be changing as a result of
the altered vestibular input.

Vertical Alexander’s law

In our patients, vertical eye velocity varied with vertical
position in a manner similar to the classically defined Alex-
ander’s law for horizontal nystagmus, that is, velocity was
highest in the fast phase direction. Vertical AL has been
described for patients with downbeat nystagmus resulting from
cerebellar lesions (Glasauer et al. 2003; Straumann et al. 2000),
as well as in normal subjects with pursuit afternystagmus
(Marti et al. 2005). In our patients, vertical velocity was lowest
in down gaze, where reducing nystagmus may improve vision
during walking and reading.

If we take drift velocity at straight ahead gaze as a reference,
vertical eye velocity in the fast phase direction increased,
whereas velocity in the slow phase direction was unchanged.
This is different from what occurs for horizontal velocity,
where velocity decreases in the slow phase direction and is
relatively unchanged in the fast phase direction (compare Fig.
5, D and E). Assuming the NI is responsible for the gaze-
dependent changes, and that the elastic equilibrium point is
near straight ahead, this suggests the vertical NI changes are
maladaptive. However, shifting the equilibrium point upward
(
25°) would result in a drift pattern more consistent with an
adaptive mechanism—i.e., the NI becomes leaky in down gaze
to reduce drift velocity (see Fig. 5C). Thus changing the
reference position causes the gaze-dependent drift patterns for
horizontal and vertical to become more similar, suggesting the
horizontal and vertical NIs react similarly to altered vestibular
input. Although there have been a few studies of the viscoelas-
tic properties of the orbit in the horizontal (Robinson 1964;
Sklavos et al. 2005, 2006) and torsional (Seidman et al. 1995)
directions, little is known for vertical movements, and the
actual location of equilibrium point is unknown. Shifting the
null point, however, does not account for why the shape of
the fitted velocity function was concave down, whereas the
surface for horizontal was concave up. One possibility is that
the velocity when looking down (�2°/s) is low enough to be
compensated by visually guided eye movements, and so there
was no pressure for adaptive NI changes. Also, although the
reactions of the horizontal and vertical NIs appear different,
their velocity inputs due to the vestibular lesions in our patients
also differ. A left-sided lesion will reduce the input for head
turns to the left due to the reduced input from the left horizontal
canal, but because both the posterior and anterior canal inputs
could be affected, the velocity inputs for both upward and
downward movements could also be influenced. Whether the
vertical and horizontal NIs respond in a similar fashion in
patients with nystagmus therefore remains an open question.

Torsion

Torsional velocity could be expected to vary in a manner
similar to that of vertical velocity, since the vertical and
torsional NIs share a common neurological location. However,
we found that torsional velocity varied mostly with horizontal
position, with the lowest velocity being in the horizontal slow
phase direction. This implies an independence of the vertical
and torsional NIs.

The reason torsion varied with horizontal position is not
clear; conceivably, the torsional NI could be sensitive to
horizontal position and thus the torsional velocity is modified
with horizontal position. Static torsional position varies with
horizontal position when the head is pitched backward and
forward (Bockisch and Haslwanter 2001; Furman and Schor
2003; Haslwanter et al. 1992) and, if this torsional command
passes through the torsional NI, then this NI must therefore be
sensitive to horizontal position.

We did not compare torsional velocity with torsional posi-
tion because of the technical difficulties in measuring small
changes of torsional position (coil slippage; Bergamin et al.
2004; Bockisch and Haslwanter 2001). It is thus possible that
the torsional modulation we see is actually due to a correlation
with torsional position that varies with horizontal position.

Neural integrator time constant depends on gaze direction

The prominent second-order components for horizontal and
vertical velocities show that velocity was not proportional to
gaze position. Robinson’s classic explanation of AL in the
horizontal direction was that the NI became “leaky,” thereby
producing a centripetal nystagmus that superimposed with the
vestibular-evoked nystagmus. This would reduce gaze velocity
in one direction, but increase velocity in the opposite. Although
some of our patients did show the increase in velocity, others
showed a prominent decrease and, on average, there was little
change in velocity in the horizontal nystagmus fast phase
direction. These results suggest that the NI becomes leaky in
the slow phase direction, but can be leaky, unchanged, or
unstable in the fast phase direction. Becoming unstable in the
fast phase direction is the most adaptive response in terms of
reducing slow phase velocity.

Differential adaptation can be explained if the NI can main-
tain different integrating time constants depending on gaze
direction, as suggested by Chan and Galiana (2005, 2007) in
humans and Mensh et al. (2004) in goldfish. Cannon et al.
(1983) originally proposed a related idea, of functionally in-
dependent NIs that are sensitive to different gaze directions,
and Crawford and Vilis (1993) proposed multiple vertical–
torsional NIs based on pharmacological inactivation studies.
More recently, Aksay et al. (2007) provided evidence for
separate horizontal NIs in goldfish when they pharmacologi-
cally lesioned the NI unilaterally and found impaired fixation
over only half the oculomotor range.

Null point of the NI

We have interpreted the gaze-dependent changes in velocity
in terms of the NI time constant, although changes in the NI
null point (the NI’s representation of the eye position where the
elastic forces of the plant pull the eye) could contribute to the
results. Glasauer et al. (2003) concluded that the NI null point
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could shift, in addition to changes in the time constant, in
patients with downbeat nystagmus. This was predicated on the
assumption, based on Crawford et al. (1994), that the NI null
point coincides with primary position. Our patients had tor-
sional nystagmus and their eye movements violated Listing’s
law, and so primary position could not be reliably determined.

Shifting the null point will result in a force command that is
insufficient to maintain gaze position in the direction of the null
point shift and will produce a command too large in the
opposite direction. Thus the NI would appear leaky in the
direction of the null point shift and unstable in the opposite
direction. To explain our horizontal data, the NI null point shift
would have to be to the left, into the slow phase direction. A
shift in the null point would result in a change of the constant
background activity of the NI that, in our patients with vestib-
ular lesions, would shift the position where the rate of change
of eye velocity changes sign. This eye position was about 9°
into the fast phase direction for horizontal velocity and about
11° into the slow phase direction for vertical velocity.

Conclusion

We have shown that patients with 3D nystagmus caused by
a peripheral vestibular lesion develop eye-position–dependent
drift that affects horizontal, vertical, and torsional velocity
components. Regression analysis found that horizontal velocity
varied with horizontal, but not vertical, position. The signifi-
cant second-order term indicates that the time constant of the
horizontal NI can decrease in one gaze direction, while increas-
ing or remaining unchanged in a different gaze direction.
Vertical velocity also varied with vertical position and the
results suggest the vertical NI also appears able to adapt
differentially to gaze direction. Torsional velocity varied with
horizontal position, an effect that we cannot explain. Our
results also show that the oculomotor NIs cannot be charac-
terized by a single time constant, but rather can maintain
different integrating time constants depending on gaze direc-
tion.
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Abstract

The nystagmus in patients with vestibular disorders often has an eye position dependency, called Alexander’s law, where
the slow phase velocity is higher with gaze in the fast phase direction compared with gaze in the slow phase direction.
Alexander’s law has been hypothesized to arise either due to adaptive changes in the velocity-to-position neural integrator,
or as a consequence of processing of the vestibular-ocular reflex. We tested whether Alexander’s law arises only as
a consequence of non-physiologic vestibular stimulation. We measured the time course of the development of Alexander’s
law in healthy humans with nystagmus caused by three types of caloric vestibular stimulation: cold (unilateral inhibition),
warm (unilateral excitation), and simultaneous bilateral bithermal (one side cold, the other warm) stimulation, mimicking
the normal push-pull pattern of vestibular stimulation. Alexander’s law, measured as a negative slope of the velocity versus
position curve, was observed in all conditions. A reversed pattern of eye position dependency (positive slope) was found
,10% of the time. The slope often changed with nystagmus velocity (cross-correlation of nystagmus speed and slope was
significant in 50% of cases), and the average lag of the slope with the speed was not significantly different from zero. Our
results do not support the hypothesis that Alexander’s law can only be observed with non-physiologic vestibular
stimulation. Further, the rapid development of Alexander’s law, while possible for an adaptive mechanism, is nonetheless
quite fast compared to most other ocular motor adaptations. These results suggest that Alexander’s law may not be
a consequence of a true adaptive mechanism.
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Introduction

Alexander’s law describes how the slow phase velocity of

nystagmus varies with eye position [1], where the slow phase

velocity is faster when looking in the direction of the fast phase of

nystagmus than in the slow phase direction. This behaviour can be

observed in most patients with an acute unilateral vestibular

deficit.

Robinson et al [2] and Hess [3] proposed that changes in the

velocity-to-position neural integrator are responsible for Alexan-

der’s law. The integration of the ocular motor velocity command

into a position command is necessary to counter centripetal elastic

forces of the eye plant [4,5]. If neural integration is diminished, the

fixation command is insufficient to keep a normal eye from drifting

towards a central position, producing gaze-evoked nystagmus

whose velocity increases with eccentricity. If gaze-evoked nystag-

mus is combined with the vestibular nystagmus, drift velocity in

one gaze direction is reduced, but is increased in the opposite

direction.

Robinson et al. (1984) investigated the time course of the

development of the eye position dependency in three subjects

during caloric induced nystagmus and found that it first occurred

20–46 s after the onset of nystagmus [2]. With natural vestibular

stimulation (real movements of the head in space on a turntable),

the eye position dependency was small, and did not evolve over

time, which led to the proposition that Alexander’s law is an

adaptive response to un-natural vestibular stimulation. By ‘un-

natural’, Robinson et al meant that a change in vestibular input

from one side is not accompanied by the opposite change from the

other side for 25 seconds. We will use the term non-physiologic to

describe such stimulation patterns. If Alexander’s law is produced

by changes in the neural integrator, it could be considered an

adaptive response, since eye velocity will be reduced for some eye

positions, thus aiding vision.

During normal yaw head turns, one horizontal semicircular

canal is stimulated while the other is inhibited. During non-

physiologic unilateral caloric stimulation, on the other hand, only

one canal changes its tonic activity depending on the stimulus

(increase with warm and decrease with cold stimulation). This

unusual pattern of stimulation might be detected and lead to

Alexander’s law.

In contrast, Doslak et al [6,7] proposed that the rotational

vestibular ocular reflex (rVOR) command has a gaze position

component which leads to Alexander’s law. While this model can
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provide an account for Alexander’s law, it also predicts such effects

for the normal VOR, which are not seen for head impulses [8], or

0.5 hz frequency head rotations [2].

We tested Robinson’s hypothesis that only non-physiologic

velocity commands evoke Alexander’s law. We assumed that

simultaneous irrigation at 44uC on one side (warm, excitatory) and

30uC (cold, inhibitory) on the contralateral side would produce

a stimulation pattern similar to that produced by head rotations. If

the intervestibular mismatch of non-physiologic stimulation would

cause Alexander’s law, then we would expect that it does not

develop during simultaneous bilateral bithermal stimulation or

would at least be weaker compared to unilateral caloric

stimulation. Contrary to this expectation, we found that

Alexander’s law developed similarly in all conditions.

Materials and Methods

Subjects and equipment
Eleven subjects (8 male, 3 female) with no reported history of

vestibular or oculomotor disorders participated, and each gave

prior written consent after the experimental procedure was

explained. The study was approved by the Ethics Committee of

the Canton of Zurich, Switzerland, and was in accordance with

the principles of the 1964 Declaration of Helsinki.

Subjects lay supine with the torso and head tilted up 30u to

position the horizontal canals approximately vertical, which

produces the strongest nystagmus. A neck cushion was used to

reduce head motion. A 1.6 m60.9 m screen was suspended from

the ceiling, 1 meter from the subject and oriented perpendicular to

the gaze line when subjects looked straight ahead. A mirror-

galvanometer and laser under computer control projected a red

target spot (,0.25u diameter) onto the screen to control gaze

direction.

Horizontal and vertical positions of the right eye were recorded

at 220 Hz with head mounted video cameras (EyeSeeCam,

Munich). The center of the pupil was determined by ellipse fits to

thresholded images of each eye. A custom-made calibration of eye

position was made by having subjects fixate targets at640u,630u,

620u, 610u, and 0u horizontally, and 610u vertically. In practice,

eye positions beyond 630u could not be reliably measured and

were excluded.

Warm (44uC), cold (30uC), and simultaneous bilateral bithermal

caloric irrigation was performed at ,230 ml/minute with

ATMOS Variotherm plus systems. Caloric stimulation creates

a temperature gradient along the lateral canals, introducing

convection currents in the endolymph and movement of the

cupula [9]. Cold stimulation produces utriculofugal flow of the

endolymph, simulating a head rotation away from the irrigated ear

and depressing activity in the vestibular nerve; warm stimulation

has the opposite effect. Simultaneous bilateral bithermal stimula-

tion (one side cold, the other warm; hereafter just called

‘bithermal’) thus approximates a normal horizontal head rotation.

The altered temperature of caloric stimulation may also directly

stimulate the vestibular nerve [10,11].

Procedure
Warm, cold, and bithermal stimulations were usually conducted

on the same day in each subject. Each trial had 4 parts, with

caloric stimulation in parts 3 and 4:

1. eye tracker calibration (35 sec)

2. baseline gaze holding (30 seconds)

3. Caloric stimulation (3 minutes):

4. Decline of nystagmus.

During baseline (part 2) and the first 2 minutes of stimulation,

subjects were instructed to look in darkness at a pulsed target that

moved every 4 seconds from 20u right to 20u left. The laser was

pulsed (20 msec on, 2 sec off) so that we could direct the patient’s

gaze direction without suppressing nystagmus. Two minutes after

stimulation began, the targets 620u,610u, and 0u, were presented

in a pseudorandom order, in order to collect data at more fixation

positions to allow for higher order fits through the velocity versus

position curve. Prior to the first caloric stimulation trial, a 1 minute

control trial with 5 target positions and no caloric stimulation was

completed.

Caloric stimulation lasted 3 minutes, but we continued

measurements as eye velocity declined until no nystagmus was

noticeable or the subject became uncomfortable. Short breaks, of

around 5 minute’s duration, were taken between recordings.

The stimulation order was constrained so that the direction of

nystagmus changed for each trial. This required that the bithermal

stimulation be either the first or last trial, and the unilateral

stimulations be in the same ear. The first trial was warm for 3

subjects, cold for 4 subjects, and bithermal for 4 subjects. The

unilateral stimulation was in the left ear for 5 subjects, and in the

right ear for 6.

Analysis
All analyses were performed with MATLAB� (MathWorks Inc,

Natick, MA, USA). Only horizontal eye movements were

analyzed. We use the right-hand rule sign convention: looking

left is positive and looking right is negative. To compare the data

from different stimulation conditions, we converted the data to

appear as if the subjects had right-sided excitation (warm right

side, or cold left side), so slow phase eye movements were to the

left.

Saccades were identified and removed with an interactive

computer program that automatically detected saccades when

velocity exceeded a threshold above the median eye velocity

calculated over a 1 second window. With a window size this large

there are more data points associated with slow phase movements

than saccades, so the median is an estimate of the current slow-

phase velocity, The threshold was typically set 20–30u/s from the

median, depending upon the noise level. To ensure that saccadic

components were not included, the initial 2 (,10 msec) and final 5

samples (,23 msec) were removed from each slow phase. The

automatically-marked saccades could be manually adjusted and

blink artifacts removed.

Nystagmus slow phases shorter than 50 msec were discarded,

and slow phases longer than 100 msec were split into 2 or more

parts of at least 50 msec. (This was done to ensure, for unbiased

statistical analysis, that roughly the same number of data points

occurred in each gaze direction.) For each of these slow phases we

calculated the median position and velocity.

General estimates of the change of nystagmus velocity with eye

position were made by linear regression of velocity versus position,

Velocity~b0zb1H:

b0 is the intercept, or velocity at gaze straight ahead, and b1 is the

slope parameter that describes how velocity changes which

horizontal position, H.

We created ‘sliding’ fits, by fitting lines to 30 seconds of data,

and then advancing the time period every 5 seconds. These fits

gave us the most accurate estimates of the time of peak nystagmus

velocity and slope. To investigate the correlation of the nystagmus

velocity and slope, we made fits to blocks of data 16 seconds in

duration (4 changes of flashing target position). We then cross-

Alexander’s Law in Caloric Nystagmus
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correlated the slopes and intercepts for each subject for the period

when the nystagmus velocity was above 10% of the maximum

velocity.

In patients suffering from spontaneous nystagmus due to an

acute vestibular tone asymmetry, velocity varies with position in

a non-linear fashion [12,13], so we also wished to test if this was

the case with nystagmus induced by calorics. After the first 2

minutes of stimulation, the flashing laser target alternated between

5 positions: 620u, 610u, and straight ahead, which allowed us to

describe the change in velocity with horizontal eye position in

more detail. We did this by fitting second order equations via

linear regression to the horizontal velocity versus position data to

the data collected 2–3 minutes after the start of stimulation,

Velocity~b0zb1Hzb2H
2
:

We occasionally recorded data long enough to observe a reversal

of nystagmus, presumably an adaptation to the persistent caloric

stimulation. We analyzed the 30 seconds of data around the peak

reversal nystagmus for changes in velocity with eye position with

linear fits.

To test for differences between warm, cold, and bithermal

stimulations, we performed one-way repeated-measures analysis of

variance (ANOVA) with SPSS (version 19), and if a significant

effect was found, we then performed multiple comparison tests

with Sidak’s correction. Correlations were performed with

Spearmann’s rank correlation.

Results

We first measured gaze holding prior to caloric stimulation by

having subjects look to a flashing target that moved between

positions of 620u, 610u, and straight ahead for 1 minute, and we

fit second order equations to characterize the nystagmus velocity

at straight ahead gaze (intercept), the first order change of the

velocity with position (slope) and the 2nd order change of velocity

with position. The average best fit parameters were 20.18u/s

(standard deviation= 0.43), 20.005 1/s (0.019), and 20.00004 1/

us (0.0003), none of which were significantly different from zero (p-

values for difference from zero t-tests for the intercept, slope, and

2nd order term were 0.18, 0.34, and 0.64, respectively). However,

individual subjects could exhibit significant drift: 8/11 showed

significant drift at gaze straight ahead (with a maximum of 0.8u/s),

6/11 had significant slope parameters, and 3/11 had significant

quadratic components. The small amount of gaze evoked

nystagmus is typical for healthy people [2,14].

Development of Alexander’s Law
Eye velocity typically increased rapidly with caloric stimulation,

and would then plateau or decline modestly, until the irrigation

stopped, and then velocity would drop rapidly (see bithermal

example in Figure 1). For each data set, we fit straight lines to 30

seconds of data, and then shifted the time period every 5 seconds.

The intercepts (Figure 2, top row) thus show how velocity at

straight ahead evolves over time, and the slopes (Figure 2, middle

row) show how the dependence of velocity on position changes

with time. Nystagmus increased after stimulation began, peaking

on average after 107 seconds (cold = 117 s, warm=110 s,

bithermal = 97 s). The change in velocity with eye position

followed a similar time course, reaching minimums at 118,

119 s, and 113 s for cold, warm, and bithermal stimulation,

respectively.

While nystagmus generally followed a smooth time course

(Figure 2, top row), the fitted slopes were variable within and

between subjects (Figure 2, middle row). Some of this variability

was probably due to the difficulty subjects had in directing their

gaze to the flashing target; in some trials subjects’ eye position did

not change over as large a range (40u) as desired, so the fitted

slopes show more variability as a result. In addition, some subjects

seemed surprised and distracted when the sensation of motion first

appeared, and they did not track the flashing target. If eye position

remained in one direction as the nystagmus increased, the

resulting slope estimate was biased. This led to increased

variability in the slope estimates shortly after the onset of

stimulation.

At the time of maximum velocity (the peaks in Figure 2, top

row), the average difference in intercepts from control across

subjects were 23u/s, 40u/s, and 55u/s for cold, warm, and

bithermal stimulation, respectively (Figure 3A; see Figure 4 for

example fits). The one way ANOVA was significant

(F(2,20) = 24.3; p,0.001), and multiple comparisons found that

cold stimulation produced significantly less intense nystagmus than

both warm (p,0.001) and bithermal (p,0.001) stimulation, and

bithermal stimulation produced marginally greater nystagmus

than warm (p= 0.065).

At the time of maximum nystagmus, the average difference in

slopes across subjects, from control, were 20.085, 20.152,

20.109u/s/u for cold, warm, and bithermal stimulation, re-

spectively (Figure 3B). ANOVA did not find significant differences

between the slopes (F(2,20) = 0.83, p = 0.45). With cold stimula-

tion, 6 of 11 subjects had slopes that became more negative with

stimulation, and 5 had no significant change. With warm

stimulation, the slopes of 9 of 11 subjects became more negative,

and 2 became significantly positive (a reversal of Alexander’s law).

For bithermal stimulation 8/11 had slopes that became more

negative, 1 became significantly positive, and 2 had no significant

change. In each condition, the average difference of slope was

significantly different from zero (all ps,0.02) An integrator time

constant can be inferred from the fitted equations by 21/slope;

average time constants were thus about 12, 5, and 8 seconds for

cold, warm, and bithermal stimulation, respectively. By way of

comparison, an average time constant of 52 seconds was found for

control data analyzed with simple linear fits.

The average slopes and intercepts followed similar time

courses (Figure 2, bottom row). The time courses were

compared by fitting lines to adjacent 16 second blocks of data,

and cross correlating the fitted slopes and intercepts when the

velocity was more than 10% of the maximum velocity. In 16 of

33 experiments the correlations were significant (5 cold, 7

warm, 4 bithermal) with average correlations of 20.43. On

average, the intercept lagged the slope by 17 seconds, which

was not significantly different from zero (t = 1.0, p,0.3).

ANOVA did not find significant differences for the lag times

for the different conditions (F(2,20) = 2.3, p.0.1). The lag of the

intercept is most obvious in the cold condition when the

nystagmus was declining, showing that the eye position effect

tended to recover to normal slightly faster than the nystagmus

decayed. Repeating the cross correlation for the data after the

peak nystagmus velocity found an average correlation of 20.44,

which was significant in 16 of 33 experiments (4 cold, 7 warm,

5 bithermal), and the average lag of the intercept was 48

seconds (t = 2.9, p = 0.006). In the cold condition, the intercept

lagged by 84 seconds (t = 2.5, p = 0.03), in the bithermal

condition the mean lag of the intercepted was 48 seconds

(t = 2.1, p= 0.059), and in the warm condition the mean lag was

11 seconds (t = 0.4, p = 0.6). Correlations for the data when

Alexander’s Law in Caloric Nystagmus
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nystagmus was rising were less strong overall (significant in only

7 of 33 experiments, with a mean of 20.45), and the mean lag

was 3 seconds, which was not different from zero (t = 0.3,

p = 0.7). (Note that because nystagmus rose faster than it

decayed, there was less data entering into these correlations.).

Focusing on the time of maximum nystagmus, there was

a modest correlation between the nystagmus velocity and the slope

(Figure 3C). Overall, the correlation was not quite significant

(Spearmann’s rho= 20.33, p = 0.06), though the correlation for

warm stimulation was significant (rho=20.655, p= 0.034).

Second Order Fits
We fit parabolas to the data from 2–3 minutes after the start of

stimulation (when the target position shifted between 5 positions,

instead of 2). While the quadratic component was often significant

(5/10 cold, 4/10 warm, 4/10 bithermal), the sign of the

components were not consistent, so the average quadratic

components were not different from zero.

Eye Position Dependent Changes in Velocity Decline with
the Decay of Vestibular Nystagmus
The fitted slopes returned towards control values as the

nystagmus decayed (see Figure 2). When nystagmus velocity was

higher, particularly with warm and bithermal stimulation, the

direction of nystagmus could reverse a few minutes after

stimulation stopped (after 2.8 minutes, on average). We did not

always observe a reversal, though this could be because we stopped

the experiment early. In 16 cases (3 cold, 6 warm, 7 bithermal) we

could further analyze the data and so to characterize the reversal

we fit straight lines to 30 seconds of data, centered on the peak

reversal velocity. The average intercepts were 2.1u/s, 3.3u/s, and

3.7u/s for cold, warm, and bithermal stimulation, respectively. In

11/16 cases the fitted slopes were not significantly different from

control. The slopes were more negative than control values in 4

cases (1 cold, 1 warm, 2 bithermal), that is, Alexander’s law was

followed in the reversal period. In 1 bithermal case the slope was

more positive, or a reversal of Alexander’s law.

Figure 1. Example data. A. Horizontal eye position is shown for an experiment with bilateral, bithermal caloric stimulation. The subject looked into
the direction of a flashing laser spot that first shifted between 20u left and right positions (time ,120 s), and then the target shifted to targets at
620u, 610u, and 0u for the remainder of the experiment. B. Position traces before stimulation began, so little nystagmus is observed. C. Position
traces from near the time of maximum velocity. D. Velocity is plotted versus position for 30 seconds of data selected at the time of maximum
nystagmus. Each point is an individual slow phase. The best fit line and fitted parameters are also shown. E. The velocity of individual slow phases is
shown, with different symbols used when subjects were looking left and right of straight ahead. For clarity, only 1 in 10 slow phases are shown.
doi:10.1371/journal.pone.0051409.g001
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Discussion

We found that eye velocity depended upon position in

accordance with Alexander’s law when it was induced by warm,

cold, and simultaneous bilateral bithermal caloric stimulation. The

average velocity to position slope (20.11) is very similar to the

slopes we found in patients (20.088 and20.1) [12,13]. Our results

provide little support for Robinson’s et al [2] hypothesis that

Alexander’s law arises due to an adaptive response to un-

physiologic stimulation. Bithermal stimulation mimics the ‘push-

pull’ of normal vestibular stimulation, yet we usually observed

Alexander’s law in this condition.

The time course of the change in velocity with position, on

average, closely followed that of the speed of nystagmus. There

was, however, considerable variability in the velocity-position

slopes, which made it difficult to determine the onset of

Alexander’s law, or any temporal delay of the rise of

Alexander’s law with the nystagmus velocity. Robinson’s et al

[2], in three subjects, reported that the time of peak Alexander’s

law lagged the time of peak nystagmus by 25 seconds, on

average. Given the variability we observed in the slopes,

however, such a measurement does not seem informative here.

We correlated the slopes and intercepts over several minutes,

and found the optimal temporal lag from the cross-correlation

was not significantly different from zero. Since we binned the

data in 16 second blocks, this would suggest that any lag is less

than half the bin width, or 8 seconds, which is less than the 25

seconds suggested by Robinson et al [2]. This leads us to

question whether it is really an adaptive phenomenon, since

oculomotor adaptive effects typically need many minutes to

develop, though rapid adaptation is not unprecedented (eg.,

[15,16]). Caloric stimulation, like peripheral vestibular disorders,

has a frequency content that is much lower than that produced

by natural head movements, and could explain why Alexander’s

law has not been observed during higher frequency head

rotations. [2,8]. Perhaps very low frequency signals are not well

integrated.

Our results seem to contradict those of Jeffcoat et al [17], who

reported a ‘reversed’ Alexander’s law with warm calorics. They

interpret this result as supportive of Doslak’s model of Alexander’s

law [6,7], which includes an eye-position dependency in the VOR

pathway. However, in Supporting Information S1 we explain that

this is a mis-interpretation of Doslak’s model. Nonetheless, the

results of Jeffcoat et al [17] with warm calorics are different than

ours. However, they used a protocol that likely produced very low

levels of nystagmus (the head was upright, whereas the optimal

position for caloric stimulation is 60u pitched backwards; their

example figures show velocity around 10u/s, whereas our average

peak velocity was 40u/s). In the two cases where we observed

a reversal of Alexander’s law, the nystagmus velocity was quite low

(see Figure 3C).

Our results also do not conclusively support the Doslak

model. This model predicts that the eye-position dependent

effect should be independent of the nystagmus speed (above

a threshold), yet on average we find that the effect rises and

falls with the nystagmus (see Figure 2 and Figure 3C). In

addition, Doslak’s model predicts that Alexander’s law should

be observed during normal head movements, yet this does not

Figure 2. ‘Sliding’ fits to all data. We made linear fits to the velocity versus position data, using 30 seconds of data, and shifting the center time
every 5 seconds. The fitted intercepts (top row) and slopes (middle row) for velocity versus position are shown for each stimulation condition. The
thin grey lines are individual subject data, and the thick black line is the mean. Vertical lines mark the time when caloric irrigation was stopped. In the
bottom row we scaled the mean intercept and slope curves to facilitate comparison of the curves.
doi:10.1371/journal.pone.0051409.g002
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seem to be the case for head impulses [8] or 0.5 Hz frequency

head rotations [2].

What other mechanisms might account for Alexander’s law?

The translational VOR is highly dependent upon gaze

direction, and backward head movements produce centripetal

eye movements, which, if added to a rotational VOR signal

would produce Alexander’s law. The sensitivity of extraocular

motor neurons varies with gaze position when stimulated with

high intensity auditory stimuli (clicks) [18], which stimulate the

otoliths organs [19,20], and Jeffcoat et al [17] proposed this as

the basis of an explanation of Alexander’s law. However,

Alexander’s law has not been found during high frequency head

rotations [2,8]. There is evidence that caloric stimulation evokes

horizontal linear VOR responses due to central processing to

resolve the conflict between the dynamic canal stimulus and the

static otolith signal [21]. To produce Alexander’s law would

require the target distance to vary (being nearer when in the

fast phase direction since the gain of the linear VOR is higher

for near targets). Similarly, the rotational VOR has been found

to be modestly sensitive to vergence angle [22,23]. In our setup

subjects viewed (flashing) targets on a flat screen and so the

eccentric targets were more distant than central targets, but

there was no left/right asymmetry which would provoke

different vergence responses, so a contribution of vergence to

Alexander’s law seems unlikely. Thus, at this point the

mechanism responsible for Alexander’s law remains unclear.

Our data do not fully support either the neural integrator

hypothesis of Robinson et al [2], or the VOR modification

model of Doslak [6,7], and a vergence mediated effect seems

unlikely.

To explain our recent findings in patients with acute unilateral

vestibular deficit, where slow-phase eye velocity varied nonlinearly

with eye position [12,13], we developed a new model for

Alexander‘s Law [24]. The simultaneous disfacilitation of the

ipsilesional and hyperactivity of the contralesional vestibular nuclei

following a peripheral vestibular lesion introduces an asymmetry

in the responses of bilateral vestibular nuclei [25]. We hypothesize

that this central asymmetry limits the linear operating range of the

central responses. We showed that this results in eye position

dependent gains in the central positive feedback loops that

perform integration of velocity commands. Therefore, the time

constant of the neural integrator becomes dependent on eye

position, and nonlinear velocity-versus-position plots result. We

further speculate that a similar mechanism could be responsible

for Alexander’s Law during calorics; a continuous low-frequency

stimulation like calorics could in the same manner saturate or

inhibit the central responses and influence the integrator in

a matter of seconds.

We did not find consistent non-linear velocity-versus-position

effects with caloric stimulation, leaving open the possibility that

the effects found in patients might be the result of adaptive

mechanisms to suppress nystagmus, since these patients typically

had nystagmus for several days before they were measured.

Thus, the patterns of eye position dependencies seen in patients

could be the combination of two different mechanisms, an

immediate linear effect as seen with caloric stimulation, and

slower adaptive changes which produce the non-linear patterns.

If changes in the neural integrator are responsible for these

effects, it suggests the integrator time constant depends on gaze

direction. Adaptation of the neural integrator time constant

depending upon gaze direction has been suggest previously

[26,27,28], and has also been proposed based on pharmaco-

logical inactivation studies in monkeys [29] and more recently

in goldfish [30].

Figure 3. Linear regression of velocity on position at the time
of peak nystagmus. A. Each point shows the difference in intercept
from the control trial for an individual subject and the bars are means.
Open symbols indicate the fitted slopes were not significantly different
from control values. B. Each point shows the change in slope from the
control trial for each subject and the bars are means. Open symbols
indicate the difference in slopes from control values were not
significantly different zero. C. The slopes (from panel B) are plotted
against the intercepts (from panel A). Open symbols indicate the
difference in slopes from control values were not significantly different
from zero.
doi:10.1371/journal.pone.0051409.g003
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Supporting Information

Figure S1 Predictions of Doslak’s (1979) model for
unilateral warm and cold calorics. Top, for a unilateral

right side excitation, Doslak’s model results in a vestibular induced

velocity that is independent of eye position (the dashed line) plus

an eye position dependent term (the dotted line). The sum is such

that the absolute velocity is larger in the fast-phase direction (right)

and smaller in the slow phase direction (left), as expected from

Alexander’s law. Bottom, in the same manner, a unilateral right

side inhibition produces eye position dependent velocity in

accordance with Alexander’s law.
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average velocity of 31°/s was unchanged over the final 35 s 

of the acceleration period. In all 10 healthy human subjects, 

we found a large and stable Alexander’s law, with an aver-

age velocity-versus-position slope of −0.366 in the first 

half that was not significantly different in the second half, 

−0.347. These slopes correspond to integrator time con-

stants of <3 s, are much less than normal time constants 

(~25 s), and are similar to those observed in patients with 

peripheral vestibular lesions. Alexander’s law also devel-

oped, on average, in 10 s. We conclude that Alexander’s law 

is not simply a consequence of non-reciprocal vestibular 

stimulation.

Keywords VOR · Nystagmus · Vestibular · Adaptation · 

Alexander’s law

Introduction

Spontaneous nystagmus in patients with vestibular lesions 

often has a dependency on eye position, first described in 

1912 (Alexander 1912) and called Alexander’s law, where 

the slow-phase velocity is highest with gaze in the fast-phase 

direction. Modern measurements have further quantified 

Alexander’s law in patients (Hegemann et al. 2007; Bockisch 

and Hegemann 2008), and caloric stimulation has been used 

to simulate peripheral vestibular disorders in healthy subjects 

and evoke similar patterns of eye position dependency as 

have been described in patients (Doslak et al. 1982; Robinson 

et al. 1984; Jeffcoat et al. 2008; Bockisch et al. 2012).

Hess (1982), and shortly thereafter Robinson et al. 

(1984), proposed that Alexander’s law arose from changes in 

the brainstem/cerebellar velocity-to-position neural integra-

tor, such that the integrator produces a smaller-than-normal  

command to compensate for elastic forces produced by  

Abstract Alexander’s law, the eye position dependency 

of nystagmus due to peripheral vestibular lesions, has 

been hypothesized to occur due to adaptive changes in the 

brainstem velocity-to-position neural integrator in response 

to non-reciprocal vestibular stimulation. We investigated 

whether it develops during passive head rotations that pro-

duce constant nystagmus for >35 s. The yaw rotation stimu-

lus consisted of a 1-s acceleration (100°/s2), followed by 

a lower acceleration ramp (starting at 7.3°/s2 and increas-

ing at 0.04°/s2/s) until 400°/s was reached after 38 s. This  

stimulus was designed to offset the ~15 s vestibular ocular 

reflex time constant (and the 150 s adaptation time constant) 

and produce constant velocity slow phases. In contrast to 

peripheral lesions, this vestibular stimulation is the result 

of real head turns and has the push–pull characteristics of 

natural movements. The procedure was successful, as the 
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the extraocular tissues that pull the eye back to a central 

position. This would then result in centripetal drift of the 

eyes, which when added to the constant velocity signal from 

the vestibular system produces the eye position dependency 

of velocity.

The oculomotor velocity-to-position neural integra-

tor has been localized to the brainstem [nucleus preposi-

tus hypoglossi (Cannon and Robinson 1987; Cheron and 

Godaux 1987) and medial vestibular nucleus (McFarland 

and Fuchs 1992; McConville et al. 1994) for horizontal eye 

position, and the interstitial nucleus of Cajal for vertical 

and torsional position (King et al. 1981; Crawford et al. 

1991; Crawford and Vilis 1993; Crawford 1994; Helmchen 

et al. 1998; Farshadmanesh et al. 2007)] and cerebellum 

(Takemori and Cohen 1974; Zee et al. 1981; Waespe et al. 

1983). Typically, the brainstem is modeled as a positive 

position feedback system that increases the neural inte-

grator time constant to around 12 s, and the cerebellum is 

modeled as a negative velocity feedback system that further 

increases the time constant to ~25 s (Optican and Zee 1984; 

Glasauer 2006).

Robinson et al. (1984) suggested that the process pro-

ducing Alexander’s law is an adaptive response to the ves-

tibular lesion. Centripetal drift caused by a leaky integrator, 

when added to the constant velocity drift produced by the 

vestibular lesion, will reduce eye velocity in the direction of 

the slow phase, thus aiding vision for some gaze directions. 

Robinson et al. (1984) also performed several experiments 

to support the adaptation hypothesis. First, they reported 

that Alexander’s law is not seen during 0.5-Hz sinusoidal 

head oscillations in normal humans, concluding it is not 

due to the normal vestibular ocular reflex (VOR). Second, 

they reported during caloric stimulation the emergence of 

Alexander’s law is delayed by about 25 s relative to the 

onset of nystagmus, thus giving it the appearance of an 

adaptive response to non-reciprocal (unilateral) vestibular 

stimulation (which Robinson et al. called ‘unnatural’). Uni-

lateral caloric stimulation, as well as peripheral vestibular 

lesions, produces non-reciprocal stimulation in the sense 

that vestibular input from one side is not accompanied by 

the opposite change from the other side. Finally, during 

low constant head acceleration on a turntable (2.1°/s2 after 

a velocity step of 30°/s), Alexander’s law was found but 

was reported to be weak and constant during the 60 s of 

stimulation. They interpreted this as meaning that a natural 

head rotation signal does not evoke Alexander’s law; rather, 

a non-reciprocal pattern of stimulation (unilateral caloric 

or peripheral lesions) is necessary to provoke the adaptive 

mechanism.

We recently observed Alexander’s law with bilateral 

bithermal stimulation (cold on one side, warm on the other) 

(Bockisch et al. 2012), which preserves the normal push–

pull pattern of stimulation from real head movements, 

which suggests Robinson et al.’s (1984) hypothesis should 

be re-evaluated. Peripheral vestibular disorders and caloric 

stimulation contain frequencies that are much lower than 

those produced by natural head movements and could help 

explain why Alexander’s law has not been observed with 

higher-frequency head rotations (Robinson et al. 1984; 

Anagnostou et al. 2011). We therefore sought a stronger 

test of Robinson et al.’s (1984) hypothesis that only non-

reciprocal patterns of stimulation produce Alexander’s law. 

We chose a variant of their constant stimulation experi-

ment, but did so with a paradigm that produces higher lev-

els of nystagmus (simply by using higher velocities and 

accelerations), because our work in patients found that the 

strength of Alexander’s law increased with higher levels of 

slow-phase velocity (Hegemann et al. 2007; Bockisch and  

Hegemann 2008), thus opening the possibility that  

Alexander’s law was low in Robinson et al.’s (1984) con-

stant stimulation experiments because the stimulus was too 

weak.

Methods

Subjects and equipment

Ten subjects with no reported visual or vestibular problems 

were studied. The experiments conformed to the princi-

ples of the Declaration of Helsinki and were approved by 

the local ethics committee. Subjects gave informed, writ-

ten consent after the experimental procedure had been 

explained.

Subjects sat on a rotatable chair controlled with three 

motor-driven axes (Acutronic, Jona, Switzerland). Only the 

earth-vertical axis was used in these experiments. Subjects 

were secured in the chair with safety belts, and the head was 

fixed to the chair with individually adjusted masks (Sinmed 

BV, Reeuwijk, the Netherlands). The mask, made of a ther-

moplastic material (Posicast), was molded to the contour of 

the head. The center of the head was positioned in or near 

the chair rotation axis.

Search coils, produced by Skalar (Delft, the Netherlands) 

or Universal Trading Ventures, Inc (Cleveland, USA), were 

used to record the three-dimensional movements of both 

eyes. Orthogonal magnetic fields with frequencies of 80, 

96, and 120 Hz were produced by a head-fixed coil frame 

(0.5 m3). A fast Fourier transform was computed in real time 

by a digital signal processor to determine the voltage induced 

by each magnetic field (Primelec, Regensdorf, Switzerland). 

Eye position signals were digitized with 12-bit accuracy and 

sampled at 1,000 Hz using National Instruments (Austin, 

Texas) hardware and Labview software. Data were analyzed 

off-line with MatLab software (The MathWorks, Boston, 

MA). Coils were calibrated in vivo by having subjects fixate 
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targets from 0° to ±25°, horizontally and vertically, in 5° 

increments.

A laser spot (~0.25° diameter) controlled by two mirror 

galvanometers was projected onto a chair-fixed screen posi-

tioned 80 cm in front of the subject for visual targets.

We first collected data for control trials to measure hori-

zontal gaze evoked nystagmus. In darkness, subjects looked 

at a pulsed target that moved every 2 s from 20° right to 

straight ahead, and 20° left, for 1 min. We will refer to each 

consecutive period of right, center, and left fixations as a fix-

ation sequence. The laser was pulsed (20 ms every second) 

so that we could direct the subject’s gaze direction without 

visually suppressing nystagmus. Subjects were instructed to 

look in the direction where they last saw the flashed target 

and to attempt to keep looking in that direction until they 

saw a flashed target in a different position.

The goal of the acceleration trials was to produce a 

vestibular stimulus that would create a constant rotational 

velocity signal for a long period. The stimulus consisted 

of an initial velocity step, followed by a period of accel-

eration that increased slowly with time. We used estimated 

properties of the vestibular system (yaw time constant of 

15 s and adaptation time constant of 150 s) to determine 

the required rotation profile to produce a constant veloc-

ity signal of 100°/s. (The existence of the adaptation time 

constant has been determined from studies of long-lasting 

vestibular stimulation (Leigh et al. 1981; Boumans et al. 

1983; Furman et al. 1989). A plausible explanation of such 

a mechanism is to null small tonic imbalances between the 

left- and right-side canals.) The stimulus consisted of a 1-s 

acceleration ramp from 100°/s2 to 107°/s2, followed by a 

lower acceleration ramp starting at 7.3°/s2 and increasing 

at 0.04°/s2/s (Fig. 1). We approximated the initial accel-

eration period by a 1-s period of constant acceleration of 

100°/s2, and thereafter, the acceleration stepped to 7.3°/s2 

and increased once a second by 0.04°/s2 (in other words, 

we approximated the continuous function by changing 

the acceleration once per second). The acceleration con-

tinued until the velocity reached 400°/s. After a delay to 

allow nystagmus to decline, we used the same accelera-

tion sequence, but in the opposite direction to change the 

rotation speed from 400°/s to −400°/s. Figure 1a, b shows 

the acceleration and velocity profiles. Figure 1c shows the 

expected response from a system consisting of dominant 

time constants of 10, 15, or 20 s, an adaptation time con-

stant of 150 s, and a gain of 0.5. The initial period of a 

nearly constant response lasts approximately 38 s. When 

the acceleration stops, the vestibular response decays and 

reverses direction due to the adaptation component. During 

the experiment we monitored eye velocity and did not start 

the second acceleration period until nystagmus appeared 

to stop (typically about 4 min). The second acceleration 

period, during the change from 400°/s to −400°/s, lasted 

about 78 s. Finally, the chair decelerated to zero using the 

same profile as the initial acceleration.

The initial rotation direction was to the right in half the 

subjects and to the left in the other half.

Analysis

Data were first filtered with a zero-phase distortion 200-Hz 

butterworth lowpass filter (butter.m and filtfilt.m, Math-

works). Only horizontal position and velocity were ana-

lyzed, and positive rotations are to the left. Since the results 

for the left and right eyes were similar, we only report the 

results of the movements of the right eye. Saccades were 

identified and removed with an interactive computer pro-

gram that automatically detected saccades when velocity 

exceeded a threshold (typically 20–30°/s, depending upon 

the noise level) above the median eye velocity calculated 

over a 1-s window. The automatically marked saccades 

could be manually adjusted and blink artifacts removed. To 

ensure that saccadic components were not included in the 

slow phases, in particular the initial portion which can be 
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Fig. 1  The top and middle panels show the stimulus used in the 

experiments, with head acceleration in a and velocity in b. The stim-

ulus was an initial step of velocity to about 100°/s, followed by a 

slowly increasing acceleration (see inset of a that shows an expanded 

view of the initial 50 s, and “Methods” for details). After the rotation 

reached 400°/s, the acceleration stopped, and the velocity remained 

constant until the subject’s nystagmus stopped. The acceleration pro-

file was then inverted, so that there was an initial velocity step from 

400°/s to 300°/s, followed by a slow change in acceleration until the 

chair reached −400°/s. In c, the simulated responses to the stimulus 

from a system consisting of dominant time constants of 10, 15, or 

20 s, and an adaptation time constant of 150 s, and a gain of 0.5 are 

shown. The velocity response is nearly constant during the accelera-

tion phase, and then during the constant velocity phase, the response 

declines and reverses direction, before returning toward zero before 

the next acceleration phase
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influenced by the more gradual end of saccades, the first 10 

and final five samples of each slow phase were discarded.

Nystagmus slow phases shorter than 50 ms were dis-

carded, and slow phases longer than 100 ms were split into 

two or more parts of at least 50 ms, to ensure, for unbiased 

statistical analysis, that roughly the same number of data 

points occurred in each gaze direction. For each of these 

slow phases (or parts thereof), we calculated the median 

position and velocity.

Estimates of the change of nystagmus velocity with eye 

position were made by fitting second-order equations with 

linear regression to the velocity-versus-position data:

where β0 is the intercept (with units of °/s), or velocity at 

gaze straight ahead, β1 (s−1) is the slope parameter that 

describes how velocity changes with horizontal position, 

H, and β2 (1/°s) is the second-order component. Inspection 

of the data showed that velocity generally built up for 3 s 

following the onset of the change in acceleration and then 

was fairly constant. So, we discarded the first 3 s of data 

before further analysis. We did fits to the entire acceleration 

period (excluding the first 3 s), as well as doing fits to the 

first and second half of the period, and tested whether the fit-

ted parameters changed using a dummy variable to code for 

the two time periods (Kleinbaum et al. 1988). Finally, we 

did linear fits to each fixation sequence, so we could analyze 

the change in nystagmus in more temporal detail. In order 

to determine when the slope during the acceleration period 

first became significantly different from control values, we 

used Bonferroni-corrected p values.

When combining data across different rotation direc-

tions, we first took the absolute value of the fitted intercepts.

Results

We first measured gaze holding prior to stimulation. The 

average best-fit, second-order parameters were −0.2°/s, 

−0.031 1 s−1, and 3.7 × 10−6 1/°s. The average intercepts 

and second-order terms were not significantly different 

from zero (t test, ps > 0.3), but the average slope term was 

less than 0 (t = 2.9, p < 0.05). A leaky velocity-to-position 

neural integrator with time constant τ will produce velocity 

that varies with horizontal position H according to the fol-

lowing equation:

where bias is the velocity produced by the vestibular stimu-

lation. So, an integrator time constant can be inferred from 

the fitted equations by −1/slope. The average time constant 

was 32 s.

Velocity = β0 + β1 H + β2 H
2,

Velocity = −
H

τ

+ bias

Development of Alexander’s law

Eye velocity increased rapidly in the first several seconds 

after the onset of acceleration. Figure 2 shows examples 

from three subjects (see also Online resource 1). For the sub-

ject in the top row, after the initial increase in eye velocity at 

the start, the velocity was fairly constant for the remainder 

of the acceleration period. The fitted second-order equations 

for the first and second halves are shown in Fig. 2b and are 

nearly identical, indicating that the eye velocity was very 

stable. For the subject shown in panels C and D, eye veloc-

ity increased from the first to the second halves, whereas 
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Fig. 2  Example data, with different subjects shown in each row. The 

left column shows the eye velocity of individual slow phases plotted 

as a function of time, with different symbols to indicate whether the 

subject was looking left or right of straight ahead. Vertical lines mark 

the start and end of the acceleration period. The right column shows 

eye velocity of individual slow phases plotted against horizontal posi-

tion for the acceleration period, excluding the first 3 s. Different sym-

bols indicate when the data point was from the first or second half of 

the experiment. The best-fit, second-order equations for the first and 

second half of the data are shown at the top (V velocity, with the sub-

script indicating the first or second half, P is position)
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eye velocity decreased over time for the subject in panels 

E and F.

The second-order fits to the entire acceleration period 

found that while the average slope term was significantly 

different from zero (−0.38, t = 9.6, p < 0.001), the aver-

age quadratic term was not (−0.001, t = 0.3, p = 0.76) 

(Table 1). In addition, the slope term was significant in all 

10 subjects, whereas the quadratic term was significant in 

only three.

Overall, there was little change in the best-fit, second-

order equations between the first and second periods (Fig. 3). 

The average magnitudes of the intercepts were 30.8°/s and 

30.4°/s for the first and second halves, respectively, and were 

not significantly different (t = 0.2, p = 0.84). Likewise, the 

best-fit slopes (−0.366 and −0.347) were not significantly 

different (t = 0.4, p = 0.68), nor were the second-order 

terms different (0.0013 and −0.0017; t = 0.92, p = 0.38).

To analyze how nystagmus evolved over time in more 

detail, we did linear fits (since the second-order terms in the 

previous analysis were not significantly different from zero 

overall) to each fixation sequence (Fig. 4), including the 

3 min after the acceleration in order to analyze the decay of 

nystagmus. For the first fixation sequence, six of the ten sub-

jects showed slopes that were significantly different from 

control trials during the first fixation sequence (mean inter-

cept = 30°/s, mean slope = −0.3). The first significant slope 

occurred, on average, 10 s after the start of the acceleration. 

Eye velocity declined rapidly after the acceleration ended 

and then reversed direction (Fig. 4a). The average maxi-

mum reversal velocity (intercept) was −9°/s and occurred 

59 s after the end of the acceleration. The slopes declined 

rapidly, but did not reverse (Fig. 4b); rather, they declined to 

a value of about −0.1 and then decayed with a time course 

similar to that of the intercept. Figure 4c shows an apparent 

relationship between the slope and the intercept, as higher 

intercepts tend to be associated with steeper slopes.

The results for the second and third acceleration  

periods were similar (see Table 1). The mean slopes were 

significantly different from control in all periods, whereas 

the average quadratic term was not. Recall that the sec-

ond acceleration period was 78 s long, compared to 38 s 

for the first and third periods, which could have increased 

the ability to detect changes in the parameters over time. 

Nonetheless, the fitted parameters were very stable, with 

only a small reduction in the slope in the third acceleration 

period.

Discussion

We found an eye position dependency of the slow phase of 

nystagmus during constant vestibular stimulation similar to 

Alexander’s law. Like Robinson et al. (1984), we found it 

was mostly stable during the entire period of stimulation, as 
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Table 1  The average parameters from the best-fit, second-order equations for the control and each acceleration period

The column marked “∆” provides the difference between the first and the second halves (2nd − 1st) of each acceleration period

t test results: *** p < 0.001, ** p < 0.01, * p < 0.05

Acceleration period Intercept (°/s) Slope (s−1) Quadratic (1/°s)

Mean ∆ Mean ∆ Mean ∆

Control −0.245 −0.031* 3.7 × 10−6

1st 30.39*** −0.41 −0.380*** −0.074 −0.0007 −0.0030

2nd 31.09*** −1.17 −0.331* −0.058 −0.0049 −0.0037

3rd 33.90*** −2.28 −0.483** 0.095** −0.0068 −0.0049
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the magnitude was similar in the first and second halves of 

the acceleration period. Alexander’s law was also apparent 

in 6/10 subjects in the first fixation sequence and occurred 

on average 10 s after the onset of acceleration. Unlike the 

results of Robinson et al. (1984), however, the size of the 

effect was large and similar to what occurs in patients. Here, 

we found slopes of about −0.4 for nystagmus velocities of 

30°/s, which are comparable to our patient studies where we 

found slopes of about −0.3 to −0.4 for velocities around 

25°/s (Hegemann et al. 2007; Bockisch and Hegemann 

2008).

Robinson et al. (1984) concluded that the eye position 

dependency found during constant acceleration (natural 

stimulation, in the sense that normal push–pull stimulation 

pattern is maintained, albeit for an unusual duration) was 

different from that observed in patients and with caloric 

stimulation (non-reciprocal and therefore unnatural stimu-

lation, because a change in vestibular input from one side 

is not accompanied by the opposite change from the other 

side), because (1) the magnitude was small and (2) it did 

not evolve over time. This led Robinson et al. to conclude 

that Alexander’s law was an adaptive response, as it reduced 

eye velocity in some gaze directions, to non-reciprocal 

stimulation. We suggest this is incorrect for three reasons. 

First, the small magnitude was likely because the velocity 

and acceleration were lower than what we used (a 30°/s 

velocity step followed by 2.1°/s2, compared to a 107°/s step 

followed by an acceleration ramp that began at 7.1°/s2),  

since the magnitude of Alexander’s law increases with 

increasing nystagmus. Second, in their caloric stimulation 

study of three subjects, they report that the peak of Alex-

ander’s law was delayed, on average, 25 s from the peak 

of nystagmus velocity, and from this they concluded that 

Alexander’s law needs 25 s of non-reciprocal stimulation to 

develop. However, in their data a clear eye position depend-

ency is apparent before the peak nystagmus; the fact that the 

peak position dependency was delayed cannot be used to 

conclude that Alexander’s law was not developing earlier. 

In our experiment, Alexander’s law was found on average 

10 s after the onset of stimulation. Third, in our recent study 

with caloric stimulation, we observed Alexander’s law with 

bilateral bithermal stimulation (cold on one side, warm on 

the other) (Bockisch et al. 2012). This stimulus preserves 

the push–pull pattern of natural stimulation and is further 

evidence against the Robinson et al.’s (1984) hypothesis.

Doslak (Doslak et al. 1979, 1982) proposed that Alex-

ander’s law occurs because of an eye position dependency 

within the VOR pathway. According to the model, when-

ever the difference between the right and left canal signals 

exceeds a threshold, an eye velocity signal is added that 

depends upon eye position. Our finding that Alexander’s law 

occurs with constant vestibular stimulation, with very little 

change over time, supports the Doslak model. However, the 

Doslak model also predicts that the velocity-versus-position 

slope should be independent of nystagmus speed (above a 

threshold), but that is not the case in our study (Fig. 4c), nor 

with caloric stimulation (Bockisch et al. 2012). The model 

of Doslak et al. also predicts Alexander’s law should occur 

with the normal VOR, yet it is not found with 0.5-Hz sinu-

soidal head rotations on a turntable (Robinson et al. 1984) 

or head impulses (Anagnostou et al. 2011; Anastasopoulos 

and Anagnostou 2012).

Jeffcoat et al. (2008) proposed a different account of Alex-

ander’s law, where the gain of extraocular motor neurons 

varies with position and whether the velocity inputs come 

from increased or decreased canal activity. This hypothesis 

was based on the findings that eye movements and abducens 

neuron responses to short duration auditory stimuli depend 

upon eye position (Zhou et al. 2004, 2007). Jeffcoat et al. 

(Jeffcoat et al. 2008) proposed that with decreased canal 

activity, the abducens neuron gain decreases with adduct-

ing eye position, thus producing Alexander’s law in patients 

with vestibular lesions and unilateral cold caloric stimula-

tion. With increased canal activity, abducens neuron gain 

increases with adducting eye position. This model thus 

predicts a reversed Alexander’s law with unilateral warm 

caloric stimulation, which they reported (Jeffcoat et al. 

2008). With normal, reciprocal stimulation of the canals, 

the gain changes with eye position cancel, producing a VOR 

that does not depend on eye position. Thus, this model does 
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not predict Alexander’s law during constant acceleration 

protocols, as we observed here, nor with bilateral bithermal 

caloric stimulation (Bockisch et al. 2012).

Constant acceleration and caloric stimulation protocols 

that show Alexander’s law produce very low-frequency 

stimulation, whereas the VOR studies that do not show 

Alexander’s law use higher-frequency stimuli. Alexander’s 

law then may be a consequence of the velocity-to-position 

neural integrator being insensitive to very low-frequency 

signals. One reason for this could be that natural head move-

ments contain mainly high-frequency components. Another 

reason could be to make the integrator insensitive to small 

imbalances in the tonic stimulation from the left and right 

vestibular canals. While another mechanism to compensate 

for such imbalances exists [up-regulation of tonic inputs 

following peripheral lesion (Smith and Curthoys 1989)], 

this mechanism operates on a timescale of hours or days  

(Ris and Godaux 1998).

If Alexander’s law is a consequence of low-frequency 

stimulation, then it is tempting to speculate on the role of 

the velocity-storage mechanism, which enhances the low- 

frequency canal response in order to correctly interpret 

linear acceleration signals from the otoliths (Laurens and 

Angelaki 2011). While the linear VOR is highly eye posi-

tion dependent, to produce Alexander’s law would require 

target distance to change with eye position, being nearer 

when in the fast-phase direction. The flashed targets in 

our setup were presented on a flat screen, with no distance 

difference for left and right targets. Thus, there is not an 

obvious functional connection between the velocity-storage 

mechanism and Alexander’s law.

A different explanation of Alexander’s Law in acute 

unilateral vestibular deficit has recently been proposed 

by Khojasteh et al. (2012). Due to the vestibular lesion 

and insufficient tonic activity on the ipsilesional primary 

afferents, the ipsilesional vestibular nucleus is silenced, 

while the contralesional vestibular nucleus becomes 

hyperactive (Smith and Curthoys 1989). Khojasteh et al. 

(2012) suggested that this asymmetry in the response of 

the bilateral vestibular nuclei reduces the linear operat-

ing range of the central VOR circuits, which perform the 

integration of velocity signals. The gain of the brainstem 

positive feedback loop thus becomes dependent on the 

merging neural activity, making the integration process 

dependent on eye movement signals. They hence propose 

that in the slow-phase direction (side of the lesion) inte-

gration of eye signals is insufficient (leaky), while in the 

fast-phase direction the integrator could become unstable. 

Khojasteh et al. (2012) further speculated that the persis-

tent stimulation of the primary vestibular afferents by very 

low-frequency stimuli could in the same manner saturate 

the vestibular nucleus on one side, while pushing the other 

vestibular nucleus into inhibitory cutoff, thus producing 

eye position–dependent integration similar to unilateral 

vestibular lesions.

Patients suffering from spontaneous nystagmus due to an 

acute vestibular tone asymmetry show velocity that varies 

with position in a nonlinear fashion (Hegemann et al. 2007; 

Bockisch and Hegemann 2008). We did not find similar 

effects here, or in our experiments with caloric stimulation 

(Bockisch et al. 2012). Perhaps, in patients there are adaptive 

mechanisms to suppress nystagmus which cause the nonlin-

ear behavior, since these patients typically had nystagmus 

for several days before being measured. In their model of the 

velocity-to-position neural integrator, which was developed 

to describe congenital nystagmus, Optican and Zee (1984) 

proposed that eye position–dependent nonlinearities were 

necessary to account for changes in nystagmus waveforms 

with eye position that occur in these patients. Perhaps, mod-

ifications to such mechanisms require either more time than 

was available in the protocol used here (patients were typi-

cally measured hours or days after the onset of symptoms) 

or the presence of retinal slip information that was excluded 

in our experiments by performing them in the dark.

Clinicians often treat the presence of Alexander’s law in 

spontaneous nystagmus as a sign of a peripheral vestibular 

lesion, though we suggest it is not conclusive. If Alexan-

der’s law is in fact a consequence of low-frequency velocity 

inputs to the velocity-to-position neural integrator, from any 

source, then Alexander’s law ought to occur. One example 

of this is pursuit after-nystagmus (Marti et al. 2005). How-

ever, with other forms of nystagmus, such as infantile nys-

tagmus syndrome, the Alexander’s law mechanism might 

be invoked, but the variation in eye velocity with position 

would be difficult to detect due to the complex (and tempo-

rally unstable) velocity inputs.
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Abstract

Eccentric gaze in darkness evokes minor centripetal eye drifts in healthy subjects, as cerebellar control sufficiently
compensates for the inherent deficiencies of the brainstem gaze-holding network. This behavior is commonly described
using a leaky integrator model, which assumes that eye velocity grows linearly with gaze eccentricity. Results from previous
studies in patients and healthy subjects suggest caution when this assumption is applied to eye eccentricities larger than 20
degrees. To obtain a detailed characterization of the centripetal gaze-evoked drift, we recorded horizontal eye position in 20
healthy subjects. With their head fixed, they were asked to fixate a flashing dot (50 ms every 2 s)that was quasi-stationary
displacing(0.5 deg/s) between 640 deg horizontally in otherwise complete darkness. Drift velocity was weak at all angles
tested. Linearity was assessed by dividing the range of gaze eccentricity in four bins of 20 deg each, and comparing the
slopes of a linear function fitted to the horizontal velocity in each bin. The slopes of single subjects for gaze eccentricities of
60220 deg were, in median,0.41 times the slopes obtained for gaze eccentricities of 620240 deg. By smoothing the
individual subjects’ eye velocity as a function of gaze eccentricity, we derived a population of position-velocity curves. We
show that a tangent function provides a better fit to the mean of these curves when large eccentricities are considered. This
implies that the quasi-linear behavior within the typical ocular motor range is the result of a tuning procedure, which is
optimized in the most commonly used range of gaze. We hypothesize that the observed non-linearity at eccentric gaze
results from a saturation of the input that each neuron in the integrating network receives from the others. As a
consequence, gaze-holding performance declines more rapidly at large eccentricities.
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Introduction

Most healthy human subjects display a physiological centrifugal

horizontal nystagmus at extreme lateral gaze in darkness ([1]).

This ‘end-point nystagmus’ suggests that the gaze-holding system’s

performance noticeably degrades at larger eccentricities. The

occurrence of end-point nystagmus is, however, quite variable and

subjects showing no end-point nystagmus at all, regardless of

eccentricity, have been reported ([2], [3], [4], [5]) while others

show such nystagmus already at small gaze eccentricities ([2], [5]).

These contrasting findings have been explained by the strong

influence of the physical status of the subjects ([6] for review). For

example alcohol consumption ([7], [8], [9]) as well as sleep

deprivation ([5]) decrease the minimal horizontal gaze eccentricity

at which end-point nystagmus appears.

In general, however, gaze shifts to moderate horizontal

eccentricities evoke, even in darkness, only very weak centripetal

eye drift in healthy subjects, as cerebellar control sufficiently

compensates for the inherent leakiness of the brainstem gaze-

holding network ([10], [11], [12], [13], [14]). Cerebellar disease

unmasks the deficient behavior of the brainstem gaze holding

system and leads to prominent gaze-dependent centripetal drift at

small horizontal gaze-eccentricities, i.e. gaze-evoked nystagmus

([1], [15]). Patients affected by cerebellar disease often also show a

transient nystagmus in the direction of the previous gaze

eccentricity upon returning to primary gaze position after

sustained eccentric fixation. This nystagmus, usually called

rebound nystagmus ([16], [17]), is a consequence of a mechanism

that reduces excessive drift velocity during a sustained eccentric

fixation. Minimal rebound nystagmus has also been observed in

some healthy subjects ([4], [18], [19]). Its presence in healthy

subjects - although infrequent - suggests that physiological drift

velocities may be sufficient to activate the adaptive mechanisms

generating it.

To better understand the physiological and pathological

manifestations of the inherent deficiencies of the gaze holding

system, it is crucial to clarify how the centripetal horizontal eye

drift grows in relation to eccentric gaze position. Several studies

reported drift velocity for only one or very few specific horizontal

gaze eccentricities (typically 30, 40 or 50 deg) ([3], [4], [18], [20]).

This approach does not allow a detailed investigation of the

relationship between the ability to hold gaze stable and concurrent

eye eccentricity, but it is sufficient to characterize it under a simple

modeling hypothesis: in order to obtain the eye position command

for the ocular motor neurons, the velocity command needs to be

integrated by a network of neurons, which is modeled as a leaky

integrator ([11], [21]) with a time constant usually estimated

between 10 s and 70 s ([1], [22]). Such a model results in an eye
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drift velocity that grows linearly with eye eccentricity with a slope

equal to the reciprocal of the leaky integrator time constant ([11],

[12], [21]).The cerebellum is hypothesized to provide a feedback

loop in the model, which prolongs the time constant of the

integrator, scaling down the slope of the eye drift with eye

eccentricity ([23]). Early studies in patients ([24], [25]) observed

nonlinear behavior in pathological nystagmus and therefore

proposed modifications to the leaky integrator model, introducing

an eye eccentricity dependent nonlinearity in the gain of the

cerebellar feedback loop to account for nonlinear behavior. These

nonlinearities were mainly considered to describe specific patho-

logical conditions, although nonlinear growth of centripetal eye

drift velocity with gaze eccentricity has also been observed in

healthy human subjects ([3]). Nonlinear behavior at large

eccentricities is not surprising since integration, the ability to

maintain and update multiple levels of persistent activity, requires

neuronal and network processes, that include nonlinearities such

as the inhibitory cutoff in neuronal firing and possibly nonlinear

synaptic transmission ([26], [27]). This supports a modeling

hypothesis alternative to the leaky integrator, based on a network

of neurons, whose properties mimic those observed from the

neurons believed to be part of the gaze holding network. Such a

model could explain both the leakiness and the nonlinearity, as

they arise naturally from neuronal behavior. Additionally it could

simulate the dependence of behavior on the tuning, which can be

hypothesized to be under cerebellar control.

The purpose for the present study is, therefore, to characterize

the relation between centripetal eye drift velocity and gaze

eccentricity in healthy human subjects and clarify the limit of

applicability of the single time constant leaky integrator model.

Methods

Subjects
Twenty healthy human subjects (8 females; mean age 61 SD:

41611 years; range 24–67 years) participated in the study.

Informed consent of all participants was obtained in written form

after full explanation of the experimental procedures. The protocol

was approved by the Ethics Committee of the Canton of Zurich,

Switzerland (Protocol Nu E-33/2007), and was in accordance with

the ethical standards laid down in the 1964 Declaration of Helsinki

for research involving human subjects.

Experimental setup
Participants were comfortably seated upright on a chair

mounted on a two servo-controlled motor-driven axes turntable

system (Tönnies D561, Freiburg i.Br., Germany; control system:

AcutrolH ACT2000, Acutronic, Switzerland Ltd.). The two

independent motor-driven axes are coincident and earth vertical.

One rotates the chair and the other a cylinder (Optokinetik Drum,

radius: 74 cm) mounted concentrically to the chair. Remotely

controlled LEDs are attached to the cylinder at the level of

subject’s eyes. Safety belts around the feet and the shoulders

restrained the subject. An adjustable chin rest and a forehead strap

were used to stabilize the subject’s head.

Recording of eye movements. Horizontal eye movements

were recorded at 220 Hz with a head-mounted video-oculography

(VOG) device (‘‘EyeSeeCam’’) ([28], [29]) consisting of swimming

goggles with two mounted infrared cameras. A model of the eye

rotation is used by the VOG system to derive the horizontal eye

position from the pupil position recorded in the coordinate system

of the cameras. An additional offline calibration was performed to

improve the accuracy. Using the LED attached to the motorized

cylinder, before the beginning of the experiment, we asked the

subjects to look at a sequence of fixation points. We then fitted a

second order polynomial function to the corresponding eye angles

provided by the VOG system.

Experimental procedure
Participants were asked to fixate a briefly flashing (50 ms every

2 s) red LED without moving the head. The LED was positioned

at the level of the eyes in the range of horizontal gaze eccentricity

from 40 deg left to 40 deg right. Each subject was tested in two

subsequent runs, changing the order of presentation of the

requested gaze eccentricities. Specifically the LED always started

straight-ahead and slowly displaced (0.5 deg/s) up to 40 deg of

eccentricity in one of the two possible directions (the initial

direction was in one run leftward and in the other rightward,

randomly selecting the first one), then the direction was reversed,

continuing the displacement until the 40 deg of eccentricity of the

opposite side was reached, when it was reversed again to return to

straight ahead position, where it stopped. Both eyes were recorded

simultaneously.

Data analysis
Data analysis was done offline on a PC using interactive

programs written in MATLAB (The Mathworks, Natick, MA),

version 7.5. Velocity traces were obtained as the derivative of

horizontal eye position traces. Saccades and blinks were interac-

tively removed using a custom program that identifies all the data

points exceeding by a given threshold the median velocity

calculated over a time window moving in steps of one third of

its width. The data points that exceeded the threshold at least two

times were considered part of a saccade. The beginning and the

end of each saccade were identified by searching for the closer

reversals of the velocity. All data points belonging to saccades were

removed. The threshold was set to 3 deg/s and the width of the

window was 0.5 sec. Missing data or unreliable data (due to blinks,

or if the pupil could not be reliably found at eccentric positions due

to coverage by the eye lids) were not interpolated. We calculated

median eye velocities recorded from every single subject within 4

non-overlapping, 20 deg wide bins of eye eccentricity (i.e. 0–

20 deg and 20–40 deg for both sides), keeping the two runs (which

differ by the starting direction), the two directions of target

displacement and the two eyes, separated. Individual median eye

velocities from all subjects were compared within each bin using a

repeated measures three-way analysis of variance (Matlab function

RMAOV33.m) ([30]) with the direction of target displacement, the

run and the eye as factors, using post hoc Bonferroni correction to

compensate for multiple comparisons.

The behavior of eye drift as a function of gaze eccentricity was

analyzed using two separate procedures, one focused on single

subject data and the other on pooled whole population data. The

first provided a test of the reliability of the linear modeling, by

testing the consistency of the parameters estimated by linear fit of

different ranges of gaze eccentricity. The second allowed defining

the general behavior of gaze holding, evaluating which function

can best represent the growth of the drift velocity with gaze

eccentricity.

Subject-based data analysis
Instantaneous eye velocity values from both eyes, directions of

target displacement and runs were pooled for each subject. The

resulting data were sorted according to their eye eccentricity and

then split in four 20 deg wide bins from 40 left to 40 right (i.e. 0–

20 and20–40 for both sides). Under the assumption of linear

behavior, the slopes obtained fitting the data from different bins

should be the same within each subject. Calling V the instanta-
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neous eye drift velocity and E the horizontal eye eccentricity the

following function was fitted to each bin:

V~m � Ezc1 ð1Þ

The linear slope m and the offset c1 were optimized with an

algorithm (Matlab function quantreg.m) ([31]) for quantiles

regression minimizing a sum of squared residuals with respect to

the median ([32]), as the assumption of normality of the data

required for the ordinary least squares regression was not

confirmed. Lilliefors test ([33]) indicated that the slopes in each

bin across subjects were not normally distributed. To investigate

the linearity of the behavior we performed a paired Wilcoxon

signed rank test, between the coefficients estimated from the 0–

20 deg bin and those obtained in the 20–40 deg bin, pairing those

from each side. Additionally we calculated the ratio of the paired

coefficients. A Wilcoxon signed rank test was used to test whether

the ratios came from a population with a median different from 1.

A median significantly smaller than 1indicates that the rate of

growth of the drift velocity increased with gaze eccentricity,

demonstrating that a linear fit does not capture the real behavior.

Analysis of the pooled population
Each subject’s instantaneous velocity was smoothed as a

function of eye eccentricity using a weighted linear least-squares

robust regression method (Matlab function smooth.m with

‘‘rloess’’ algorithm) based on a second order polynomial model

([34]) applied on a moving window equal to 20% of the whole

range of gaze angles tested (16 deg). The results were interpolated

every 0.1 deg from 40 deg left to 40 deg right. Lilliefors test ([33])

was consistent with the normality of the distribution of resulting

velocities across subjects at each eccentricity. The mean velocity of

all subjects was calculated at each interpolated eye position and

fitted with Eq.1 and with the following equations:

V~ tan k � Eð Þzc2 ð2Þ

V~ sinh h � Eð Þzc3 ð3Þ

where tan and sinh are the tangent and the hyperbolic sine

functions, k and h are scaling coefficient and c2 and c3 are offsets.

Variance accounted for ([35])was used to compare the quality of fit

of the three functions. To check for possible distortions of the

shape of the curve due to boundary effects of the smoothing

process, we repeated the procedure decreasing the size of the

moving window to 5% of the whole range of gaze angles tested

(4 deg) and compared the obtained parameters.

Mathematical model of a network simulating the gaze
holding behavior
To illustrate how the underlying nonlinearities in the brainstem

gaze holding networks could surface at extreme eye positions, we

used a mathematical model of a network of neurons. The network

simulates eye drift velocity by mimicking the physiological

behavior of the neurons. The equations of the model were derived

as follows.

Electrophysiological data have shown that, during eye fixations,

neurons thought to be part of the neural integrator network in the

brainstem ([36], [37], [38]) fire approximately linearly with eye

position. Mathematically:

ri~ ki E{Uið Þ½ �
z

ð4Þ

The subscript indexes the neurons; r is the firing rate and E the

eye position. The two parameters in this expression are the slope,

ki, and the eye position threshold, Ui, which can be measured

experimentally. The inhibitory cutoff (there are no negative firing

rates) is the only nonlinearity considered in equation 4. We

simulated a bilateral network of rate neurons based on published

work ([26], [39]) composed of 40 neurons (20 per side). In order to

simplify, we consider that the same neurons can lead to both

excitatory and inhibitory postsynaptic currents. The firing rate of

the neurons in the network is determined by the total amount of

input current: excitatory contributions from ipsilateral neurons,

inhibitory contributions from contralateral neurons, a tonic input

T and a command input B. The postsynaptic current is

characterized by a synaptic activation variable s, which determines

the active proportion of the maximum synaptic current. We write

the weight of the connection from neuron ‘j’ to neuron ‘i’ as a

product of two factors: the postsynaptic factor ji and the

presynaptic factor gj . NMDA synaptic transmission, with decay

time constant on the order of 100 ms, is hypothesized to play an

important role in network based persistent activity ([40]).

Therefore we will be working in a regime in which synaptic

dynamics is slower than firing rate dynamics and we can consider

that the firing rate adapts instantaneously to the synaptic input

dynamics. In such cases, for a right side neuron i, we can write

([41]):

rR,i~ jR,i
X

j
gR,jsR,j{

X

j
gL,jsL,j

� �

zBR,izTR,i

h i

z

ð5Þ

A similar relation can be written for neurons in the left side

population. To model the synaptic current that each neuron

creates in the postsynaptic neuron, we use a synaptic activation

function s?() with first order dynamics ([26]):

ts
dsi

dt
~{sizs? rið Þ ð6Þ

with ts = 100 ms, as suggested by Seung and colleagues ([26]). As

mentioned above, this is the order of magnitude of the decay time

constant of postsynaptic currents through NMDA receptors. It

follows from the above equation that all firing rates depend on the

combination:

D:
X

j
gR,jsR,j{

X

j
gL,jsL,j ð7Þ

whose dynamic equation can be obtained by differentiating

equation 5 and using equations 5 and 6.

Gaze Holding in Healthy Subjects

PLOS ONE | www.plosone.org 3 April 2013 | Volume 8 | Issue 4 | e61389



tS
dD

dt
~{Dz

X

i
gR,is? jR,i DzBRð ÞzTR,i

� �

z

� �

{

X

i
gL,is? jL,i {DzBLð ÞzTL,i

� �

z

� �

ð8Þ

That is, the dynamics of the network can be reduced to a single

equation. This network will maintain stable fixations for any values

of D for which the right hand side of equation 5, itself a function of

D, is zero in the absence of driving inputs (when BR and BL are

zero). For such stable values, equation 5 gives:

rR,i~ jR,iDzTR,i

� �

z
ð9Þ

Comparing with equation 4, it is possible to assign D to the

internal representation of eye position, j to the slope of the tuning

function and T to the combination –kU. The values for j and T

can be obtained from neurons’ tuning curves, which are

experimentally accessible ([39]). We generated these values by

choosing equally spaced eye position thresholds within right and

left populations of the network and by assigning slopes that are

slightly increasing as eye thresholds become more ipsilateral to

anatomic location of the neurons. The presynaptic factors g are

undetermined and can be used to minimize the right hand side of

equation 8 in the absence of eye movement commands. We

considered both linear and saturating forms of the activation

functions s‘ and used equation 8 to find the values of g that

minimize the drift in D, which is expressed by the cost function in

Eq.10.

V~

X

D
{Dz

X

i
gR,is? jR,i DzBRð ÞzTR,i

� �

z

� �h

{

X

i
gL,is? jL,i {DzBLð ÞzTL,i

� �

z

� �i2
ð10Þ

In the dark, the ability to maintain fixations depends on the

behavior of equation 8, which gives the drift as a function of D. In

our simulations, we will consider D as a proxy for eye position and

derive position velocity plots (PV plots) directly from equation 8.

Results

Figure 1 shows left eye position recorded in one typical subject

as a function of time. The presence of a centripetal drift is evident

at extreme gaze eccentricities, where a clear end-point nystagmus

appears (inset 1 in figure 1-panel A). It is, however, noticeable

(inset 2 and 3 in figure 1-panel A) that for lower eye eccentricity

the eye position trace did not show centripetal drift. On the

contrary, the eyes position displays a rather constant slope, which

appears to be related to the direction of target displacement. This

is confirmed when looking at the velocity trace in panel C of

figure 1, representing the velocity corresponding to eye eccentric-

ities larger than 10 deg (figure 1 - panel B). The eye velocities

recorded at 10 degree of eccentricity with the target moving in

opposite directions (the two ends of the plot in panel C) have two

different values, one for each direction of target displacement,

which nearly match the rate of the target displacement (60.5 deg/

s). Panel C in figure 1 also shows that the effect of the deficiency of

the gaze holding system is already visible at 25 deg (around 60 s,

according to figure 1- panel B), where the end-point nystagmus is

absent, but the positive velocity value observed at 10 deg of

eccentricity began to decrease.

The constant value of the velocity signal observed in figure 1

(panel C – left end) between 10 deg and 25 deg of eccentricity

suggests the presence of a velocity signal, that, at higher

eccentricity, is summed to the position dependent centripetal drift

that represents the object of our study. To understand how to best

account for such a signal when estimating the eye centripetal drift,

we plot the medians of the eye velocity recorded within single bins

(width= 1 deg) centered at every degree of eye eccentricity in the

range tested as a function of gaze, keeping data obtained with the

target moving in opposite directions separated (figure 2). As

already observable in panel C of figure 1, an eye velocity matching

the one of the target displacement is clearly visible at low

eccentricity. This is also confirmed by the right panel of figure 2,

where the difference between the eye velocities recorded with

target moving in opposite directions is reduced after subtraction of

the target velocity.

To find out whether the direction of target displacements or

other factors affect the recorded instantaneous eye velocity, we

calculated for each subject the medians of the velocity within four

non-overlapping 20 deg wide bins in the range tested, keeping the

different runs (which differ by the starting direction), the different

directions of the target displacement and the two eyes separated.

Pooling the data of all our subjects, we used a repeated measure

three-way ANOVA within each bin separately. After applying

Bonferroni correction for multiple comparisons, we found that the

run (i.e. initial displacement toward right vs. initial displacement

toward left) and the eye (i.e. left vs. right eye) were not associated

with a significant difference in any bin. The direction of target

displacement was instead a significant factor (p,0.001;

F(1,38) = 32.5 and F(1,38) = 39.8 for left and right eccentricities,

respectively) in the two central bins (between 0 and 20 deg on both

sides), with higher horizontal eye velocities when the target was

moving toward the subjects’ straight-ahead position, but not in the

two outer bins (between 20 and 40 deg on both sides). The median

difference between eye velocities recorded at the same eccentricity

with the target moving in opposite directions was 0.45 deg/s;

approximately half of the value expected considering the two

opposite velocity offsets needed to match the target displacement

in both directions. This finding, together with the statistical

analysis, suggests that the velocity signal observed in figure 1

varied mainly with eye eccentricity and cannot be subtracted as a

direction dependent offset. Therefore we pooled the data from

both directions at a given gaze angle to cancel the velocity signal,

which causes the difference between the two directions of target

displacement (figure 2). The resulting median velocity represents

the eye centripetal drift velocity due to the gaze holding deficiency.

To investigate the behavior of eye drift as a function of gaze

eccentricity we applied two separate analyses to our data: one

fitting single subject data and the other evaluating the average of

the whole population.

In the first of these analyses, instantaneous velocity recorded

from each single subject was sorted as a function of gaze

eccentricity, pooling data from the two eyes, the two runs and

the directions of target displacement. Data of each subject were

separated in four bins defined as for the statistical analysis above.

We fitted a linear function of the eye eccentricity (Eq.1) to the

values in each bin separately. Figure 3 shows an example of this

fitting procedure in a typical subject. The goal of this analysis was

to quantify the reliability of the parameters estimated by a linear fit

for different ranges of gaze eccentricity.

Gaze Holding in Healthy Subjects
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Using a paired Wilcoxon signed rank test we found that the

slopes fitted from each subject for gaze eccentricities between 0

and 20 on one side were significantly (p,0.05) smaller than those

obtained in the same subject for gaze eccentricities between 20 and

40 deg on the same side. The median ratios (median absolute

deviation in square brackets) of the paired slopes were 0.44 [0.29]

on the left side and 0.32 [0.25] on the right side, respectively.

Ratios of the slopes were significantly lower than 1 (p,0.01),

confirming the significant increase of the rate of growing of the eye

drift velocity with gaze eccentricity and therefore indicating a non-

linear behavior. Pooling both sides the median ratio was 0.41

[0.29]. The mean slopes of the fitted subjects are reported in

table 1.

The second analysis aimed at identifying a function that better

represents the drift behavior, showing an improvement over the

linear one. We characterized the behavior of the whole population

by smoothing the individual instantaneous eye velocity traces of all

subjects as a function of gaze eccentricity and interpolating them

for all angles between 40 deg left to 40deg right in steps of 0.1 deg.

Lilliefors test ([33]) confirmed that the obtained eye velocities at

every step of interpolated eccentricity can be assumed to be

normally distributed across subjects. We therefore calculated the

mean eye velocity at each interpolated gaze eccentricity (figure 4)

and fit each side with a linear, a tangent and a hyperbolic sine

function (Eq. 1, Eq.2 and Eq.3, respectively). The variance-

accounted-for evaluated in the range 0–20 deg scores were 0.90

and 0.97 for the linear fit on the right and left side, 0.98 and 0.95

for the tangent fit and 0.95 and 0.96 for the hyperbolic sine fit on

the right and left side, respectively. When evaluating the fit in the

range 20–40 deg these values however dropped considerably for

the linear fit (0.84 and 0.81 for the right and the left side

respectively) and moderately for the hyperbolic sine fit (0.92 and

0.87) but were almost unaffected for the tangent fit (0.98 and 0.92).

The slopes of the linear fit were 20.036 s21 on the right and

20.029 s21 on the left side, corresponding to a time constant of 28

and 34 s, respectively. The values of k, the scaling factor of the

tangent function, that provide the best fit of the data were 1.53 and

1.28 for right and left side, respectively. The values of h, the scaling

factor of the hyperbolic sine function, that provide the best fit of

the data were 0.031 and 0.025 for right and left side, respectively.

To check for possible distortions due to boundary effects of the

smoothing procedure, we repeated the analysis reducing the width

of the moving windows used to smooth from 16 deg to 4 deg. The

estimated parameters changed by less than 2% of their previous

values, proving the robustness of our estimate to boundary effects.

Results of the simulations of a network of neurons
To show how the observed behavior can stem from the

nonlinearities that affect the integrator network at the neuronal

level, we simulated a mathematical model of a network

incorporating some of the known characteristics of those involved

in the velocity signal integration in the goldfish and showing the

Figure 1. Raw data recorded in a single trial from a typical subject. Panel A - Left eye position plotted as function of time. Positive angles
correspond to right eccentricities as seen by the subject. In this trial the dot was moving (0.5 deg/s) rightward at first. Inset 1: At extreme
eccentricities the centrifugal beating nystagmus is clearly visible and the slow phase shows the tendency of the eye to return toward the primary
position. Inset 2 and 3: Difference in the slope of the position trace at the same eccentricities when the dot is moving outward or inward. Panel B and
C - Position (panel B) and velocity (panel C) of the eye at eccentricities larger than 10 deg right. The eye velocity begins to decrease from its baseline
before the onset of the nystagmus, showing the growing centrifugal drift. Note that the baseline velocity is not zero but is positive between 10 and
25 deg of gaze eccentricity. When returning to 10 deg, however, the velocity is negative, showing the asymmetry in the baseline velocity showing
the subject’s attempt to match the target displacement velocity.
doi:10.1371/journal.pone.0061389.g001
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effect of different tuning of the free parameters (see Methods).

Without tuning (using the same value for every g), the drift grows

rapidly with eye eccentricity (figure 5). Interestingly, however, the

overall shape shows a clear nonlinear behavior evidencing the

intrinsic nonlinearity of the drift pattern due to the influence of the

neurons’ natural nonlinearities (the only nonlinearity considered in

Figure 2. Position-Velocity plot considering target direction. Panel A - Black lines: Medians of the eye velocity within a 1 deg-wide bin
plotted as a function of gaze eccentricity keeping the direction of target displacement separated. Gray lines: velocity of the target as a function of its
position during the whole recording period. Note that the eye velocity matches the target velocity from the beginning suggesting that the offset
observed around the straight ahead gaze is not due to a memory effect. The arrows show the directions of target and eye displacement. Panel B -
Black lines: Velocity traces from the left panel after subtracting the correspondent target velocity. Gray line: Medians of the eye velocity within a
1 deg-wide bin plotted as a function of gaze eccentricity after pooling data from different directions of target displacement.
doi:10.1371/journal.pone.0061389.g002

Figure 3. Position-Velocity plot and linear fit. Gray dots: Instantaneous velocity plotted as a function of the eye eccentricity. Light gray dots:
Velocity in the 0–20 deg bins; dark gray dots: Velocity in the 20–40 deg bins; black line: linear fit of the velocity in the 0–20 deg bins and in the 20–
40 deg bins.
doi:10.1371/journal.pone.0061389.g003
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this simulation is the inhibitory cutoff since we assumed a linear

synaptic activation function).

As the eye spends less time in the most eccentric positions than

in the center, we considered a reasonable assumption to use a non-

uniform tuning procedure, which will weigh more the drifts

occurring in more central eye positions. This can be simulated by

weighting Eq.10, which represents the error to minimize, with a

Gaussian function of the eye eccentricity D (figure 6). We obtained

almost perfect integration in the central eye range, corresponding

to the almost flat region in figure 6 (bottom panel). Outside this

range the performance of the network decreases dramatically and

the drift explodes.

If we set a gaze-dependent tolerance for allowed drift in the

minimization procedure, simulating a mechanism favoring leak-

iness over instability, it is possible to obtain a plot (figure 7)

qualitatively resembling the mean trace depicted in figure 4. This

was obtained by zeroing all the values of Eq.10 below the inverse

of a Gaussian function of the eye eccentricity D and which will

cause a centripetal drift.

To illustrate that different hypotheses in the network design can

also generate simulations that mimic the experimental data, we

include a simulation with saturating synaptic activation functions

and a partial overlap of the activation thresholds in the center of

the eye position range (Figure 8, constant weights).

Random perturbations around the weights used in Figure 7,

generated patterns similar to Figure 4 in the main text (figure 9).

Discussion

Centripetal drift of the eye in eccentric positions is a known

phenomenon possibly caused by non-ideal integration of the eye

velocity command when generating the position command for the

motoneurons driving the eyes ([1] for references). This process is

usually approximated by a leaky integrator ([11], [21]) with a time

constant that ranges between 10 s and 70 s ([22]). Such

approximation implies that the drift velocity grows linearly with

gaze eccentricity, with a slope equal to the inverse of the time

constant. Although it has been shown in a few studies that this

approximation may not hold for all eccentricities ([2], [3]), a

detailed characterization of the gaze dependent centripetal drift

was missing.

In this study we investigated gaze-holding performance in

healthy human subjects by measuring eye drift velocity as a

function of gaze eccentricity over a 640 deg range. Pooling all

subjects, we found a clear drift pattern with approximately linear

behavior only within the central 20 deg of gaze eccentricity. For

larger eccentricities the slope increased gradually, resulting in a

curve that was better fit by a tangent function (figure 4). Our

results therefore contradict the assumption of linearity of

horizontal drift velocity with respect to eye eccentricity, showing

that modeling the gaze holding network as a leaky integrator with

a single time constant ([11], [21]) might be misleading if used on

eye eccentricities larger than 20 deg. According to our data, this

assumption is indeed consistent with the observed behavior only in

a limited range around the primary position, where the linear fit

scored the same variance-accounted-for value as the tangent one.

Such a range is likely to coincide with the most commonly used

eye position, since sustained horizontal gaze exciding 30 degrees is

quite rare under normal conditions as head rotations integrate

gaze shifts when exploring visual scene. This may suggest that the

gaze holding system is optimized to behave linearly within a given

range, while at larger eccentricities it gets nonlinear, an

observation potentially relevant when investigating pathological

forms of nystagmus, like gaze-evoked nystagmus and rebound

nystagmus.

It may be argued that the specific characteristics of our

paradigm affected the recorded drift velocity. In contrast to the

reported earlier studies that used large gaze shifts between

different recorded positions, we slowly displaced the target to

obtain a sequence of quasi-continuous position steps. This allowed

us to minimize the distance between the evaluated gaze

eccentricities, keeping the recording time short, and not sacrificing

Table 1. Summary of the drift velocity and the slopes
estimated from single subjects.

0 deg to 20 deg 20 deg to 40 deg

Left gaze

Median 0.33 6 0.17 1.21 6 0.56

Slope 20.02160.014 20.04560.022

Ratio to 20–40 deg 0.44 [0.29] 1

Right gaze

Median 20.36 [0.30] 21.31 [0.54]

Slope 20.020[0.010] 20.047[0.045]

Ratio to 20–40 deg 0.32 [0.25] 1

doi:10.1371/journal.pone.0061389.t001

Figure 4. Smoothed Position -Velocity plot of the whole
population. Dashed gray lines: Individual position-velocity curves
obtained after smoothing and interpolating instantaneous velocity as a
function of eye eccentricity; solid thick gray line: mean of the smoothed
individual position-velocity curves; solid medium gray line: mean 61
standard deviation of the smoothed individual position-velocity curves;
dashed black line: tangent fit of the mean of the smoothed individual
position-velocity curves.
doi:10.1371/journal.pone.0061389.g004
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the range tested. A saccade-based paradigm usually requires the

subject to rapidly look eccentrically to elicit centripetal drift, and to

look back to straight head after each trial to guarantee the same

starting condition in each trial. This approach is inefficient if one

aims at acquiring the same number of eccentric gaze positions as

we recorded, as it would require two gaze shifts for every gaze

eccentricity and only the very first second of every eccentric

fixation could be used. For our experimental setup, which uses

LEDs embedded in a motorized drum surrounding the subject, a

quasi-static displacing target was a good compromise between the

efficient data acquisition and recording time. We reasoned that,

considering the characteristics of the system, there is, in principle,

no reason to prefer one method over the other, as both require the

integration of a velocity command to reach the desired eccentricity

and none of the two guarantees that the possible nonlinearity of

the integration network will not affect the estimation of the

centripetal drift. For small gaze angles we found an evident

velocity offset of a magnitude similar to the velocity of target

displacement. This offset caused a significant difference between

the instantaneous velocities recorded when the eye moved

rightward or leftward (figure 2). The strong similarity of the left

panel of figure 2 with a hysteresis trace may suggest the hypothesis

that a memory-like effect, developed when reaching large gaze

eccentricities, is responsible for the offset. However, since the offset

is immediately present during the first outward directed movement

(see figure 1 and 2), it cannot be caused by a hysteresis

phenomenon. We hypothesized that such an offset results from

Figure 5. Simulation of the network without tuning. Panel A
shows the output of the synaptic activation function of each neuron
(thin lines) as a function of the internal representation of eye
eccentricity (D), the zero of each line indicates the neuron threshold,
i.e. the eccentricity at which the inhibitory cutoff takes place. The thick
lines are the cumulative output of both sides of the network, obtained
by combining all the synaptic activation functions with their factor g.
Panel B shows the presynaptic factor g of each neuron, indexed
according to the threshold shown in the upper panel, here set to the
same value for all neurons to illustrate the general features of a non-
tuned network. Panel C shows the PV plot for the internal
representation of eye position.
doi:10.1371/journal.pone.0061389.g005

Figure 6. Simulation of the network tuned with non-uniform
error function. The Gaussian function of the eye eccentricity
represented by the solid line in the central panel has been multiplied
to the resulting drift, i.e. the error to minimize, during the optimization
procedure. The contents of the panels are as in figure 1A.
doi:10.1371/journal.pone.0061389.g006

Figure 7. Simulation of the network tuned favoring leakiness
against instability. The inverse of the Gaussian function of the eye
eccentricity shown by the solid line in the central panel has been used
as a gaze-dependent threshold for the non-penalized drift during the
optimization procedure. The contents of the panels are as in figure 1A.
doi:10.1371/journal.pone.0061389.g007
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the velocity command needed to keep the eye on the flashing

target, estimated by the brain by extrapolation from the

displacement of the flashing target observed over time, possibly

through the smooth pursuit system. Since the difference between

rightward and leftward directed movements disappeared with

larger eccentricities, subtraction of target velocity was not justified.

A possible explanation is that the smooth pursuit gain decreased

with eccentricity or that the integration of the velocity command

becomes less efficient the more the eyes moved away from the

center, causing a decrease of the observed velocity offset. Although

theoretically it can be argued that the offset can bias the analysis of

the centripetal drift velocity, we assumed that, by pooling the

velocities recorded with the target moving in both directions, the

effect of the two offsets into opposite directions would cancel out.

A perfect cancellation would be obtained, if the smooth pursuit

gain was symmetric in the two directions, as the offset would have

the same magnitude at each given eccentricity but opposite signs

when the target moved in opposite directions. In the case of an

asymmetry between leftward and rightward smooth pursuit gain,

the effect on our data would be that of adding a vertical bias to the

whole velocity curve, causing a non-zero velocity when the subject

is looking straight ahead, which is not present in our data and that

would not affect the nonlinearity of the behavior in any case.

Although the nonlinear behavior emerges clearly when consid-

ering the population mean curve, the high variability across

subjects, shown by the light gray dashed lines in figure 4,

representing smoothed position-velocity curves of single subjects,

make more difficult to observe a clear behavior when considering

single subject data. Nonetheless, we found that, within subjects, the

slopes of a linear function changed significantly (p,0.05) when

fitting different portions of the range of recorded gaze positions.

Specifically, between 0 deg and 20 deg of eye eccentricity the

slope of the drift velocity was, in median, 0.41 times the one

obtained between 20 and 40 deg. Such a ratio, which was

significantly (p,0.01) lower than 1, confirms the nonlinear

behavior evidenced by the population approach discussed above.

Considerable variability between subjects is a common obser-

vation in both the papers on end-point nystagmus reporting eye

drift velocities ([3], [18]) and in those discussing the angle of

nystagmus onset ([2], [4], [5], [42]). This is usually explained by

the strong influence of the physical status of the subjects ([6] for

review). A direct comparison with results from previous studies

([3], [18]) must be made with caution because of differences in the

range of gaze eccentricities tested. Gordon and colleagues ([18])

reported an eye drift velocity of 0.3 deg/s at 30 deg of gaze

eccentricity, which is lower than what we found in most of our

subjects. On the other hand they also reported that the eye drift

velocity was 6.8 deg/s at 55 deg. Since the maximal gaze angle

reached by all of our subjects was 40 deg, a direct comparison is

not possible. Although different from those found in our study, the

velocities observed by Gordon and colleagues confirm by

themselves a nonlinear growth, which was not further evaluated

in their study. Eizenman ([3]) categorized subjects according to

whether they developed nystagmus due to fatigue or whether they

were showing a sustained nystagmus from the beginning of

eccentric fixation. Our results are in line with the values reported

by Eizenman at 40 deg for the subjects showing sustained

nystagmus.

Although previous studies did not measure eye drift velocities in

a continuous range of gaze eccentricities, a decrease of the

integrator time constants at large angles of gaze was already

reported ([3]). This suggests that the integration process might

work differently at different angles. Some models already proposed

a nonlinearity in the integration process ([24], [25], [43]). These

models, however, dealt with pathological nystagmus (congenital

nystagmus, gaze evoked nystagmus and spontaneous nystagmus,

respectively)and used eye position nonlinear positive feedback

loops to obtain the desired behavior. In a similar way, more recent

models proposed the use of dynamic non-linear gains, which

depend on eye eccentricities to explain the eye position

dependence of rotational vestibulo-ocular reflex behavior ([44],

[45], [46], [47]). By appropriately adjusting the eye-eccentricity

dependence, all these model structures ([25], [24], [45]) could

possibly describe the gaze holding behavior observed in our data.

Figure 8. Simulation of the network using nonlinear synaptic
activation functions. The contents of the panels are as in figure 5.
doi:10.1371/journal.pone.0061389.g008

Figure 9. PV plots of random perturbations of tuned network.
Effect of modifying the tuned values of g by a random fraction of 5% of
the value used in figure 7. Dashed gray lines shows 20 different
perturbations. The black solid line represents their mean.
doi:10.1371/journal.pone.0061389.g009
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However, our aim was to find a simple function able to

encapsulate the main features of the observed dependence of eye

drift velocity on eye position, i.e. of the measurable manifestation

of the leakiness of the integration process. We showed that for

eccentricities between 20 and 40 deg, the linear approximation of

the position-velocity curves worsened, while a tangent function can

better capture both the weak linear growth of eye drift around

primary position and the rapid nonlinear increase observed at

larger eccentricities, without the need for two different strategies as

suggested before ([25]).

Although the tangent function is not derived from a specific

model, the described behavior is consistent with the biological

constraints that the brain has to overcome to hold gaze steady

([26], [27]). To illustrate this point we considered neural networks

similar to those introduced by Aksay and colleagues ([39]). These

authors showed that a network of neurons incorporating some of

the known characteristics of those involved in the velocity signal

integration in the goldfish can be trained to approximate a perfect

integrator within a certain range of eye eccentricities. We

simulated a similar network, showing that it is able to mimic the

nonlinear behavior that we found experimentally. However, we

stress that it is in principle possible to obtain any arbitrary drift

pattern by choosing the right parameters and that we are not

implying that the tuning strategies we used are actually

implemented by the brain. As the goal and the mechanisms used

by the brain to tune the network are not known, we did not use

our network to fit our data. Instead, our aim was to show that

leakiness and non-linearity arise naturally as the behavior of the

integrator network in the brain is affected by a number of

nonlinearities at neuronal level. Our simulations indeed show that

simply considering the inhibitory cutoff, the most known

nonlinearity affecting neurons, the network needs to be finely

tuned to obtain a linear behavior in the most frequently used eye

positions. Inhibitory cutoff is only one of the problems the brain

has to overcome to provide integration of an input velocity signal

given a limited number of nonlinear neurons. Nonetheless we

showed that it may already lead to an outcome which is

qualitatively similar to the experimental data. Implementation in

the network of nonlinear synaptic activation functions led to

simulations that resembled the experimental data more closely,

although still quantitatively different, as more complex interactions

should be considered to model the actual integration network in

the brainstem. In general, whatever the characteristics of the

actual integrator network in the brain are, the activity of each

neuron should be sustained by the inputs it receives from the

others in the network. Moreover such inputs should increase

anytime the network needs to reach a new persistent state,

required to keep the eye in an increasingly eccentric position. We

hypothesize that the nonlinearity we observed occurs due to a

progressive saturation of the input that each neuron in the

integrating network receives from the others when the eyes

approach maximum eccentricity. Given a limited pool of neurons,

the brain might optimize the recruitment strategy to obtain the

best performance in the range of gaze eccentricity most commonly

used. This comes at the cost of saturation of the network output, as

well as that of the input to each neuron in the network, beyond a

certain angle of gaze eccentricity. This saturation would imply a

progressive decline of integration performance, as the needed

firing rate cannot be maintained.

Conclusion

We conclude that gaze holding in healthy humans does not

follow a linear function, but is much better characterized by a

tangent. The nonlinearity of the gaze holding behavior in healthy

subjects is well grounded on neuronal physiology and the use of a

tangent function provides a compact and simple characterization

of healthy behavior to be used as a reference when investigating

pathological conditions of gaze holding, e.g. in patients with

progressive degenerative vestibulo-cerebellar disease.
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Abstract

Spontaneous nystagmus (SN) is a symptom of acute vestibular tone asymmetry. Alexander’s Law (AL) states that slow-phase

velocity of SN is higher when looking in the direction of fast-phases of nystagmus and lower in the slow-phase direction. Earlier

explanations for AL predict that during SN, slow-phase eye velocity is a linear function of eye position, increasing linearly as eye

deviates towards the fast-phase direction. Recent observations, however, show that this is often not the case; eye velocity does

not vary linearly with eye position. Such new findings necessitate a re-evaluation of our understanding of AL. As AL may be an

adaptive response of the vestibular system to peripheral lesions, understanding its mechanism could shed light on early adapta-

tion strategies of the brain. Here, we propose a physiologically plausible mechanism for AL that explains recent experimental

data. We use a dynamic control system model to simulate this mechanism and make testable predictions. This mechanism is

based on the known effects of unilateral vestibular deficit on the response of the ipsi- and contralesional vestibular nuclei (VN) of

the brainstem. This hypothesis is based on the silencing of the majority of ipsilesional VN units, which creates an asymmetry

between the responses of the ipsi- and contralesional VN. Unlike former explanations, the new hypothesis does not rely on lesion

detection strategies or signals originating in higher brain structures. The proposed model demonstrates possible consequences of

acute peripheral deficits for the function of the velocity-to-position neural integrator of the ocular motor system and the vestibulo-

ocular reflex.

Introduction

Unilateral vestibular deficit (UVD) results when the resting dis-

charge rate of primary vestibular afferents on the right or left side of

the head decreases or becomes absent and the firing rate no longer

modulates with vestibular stimuli. This is a common observation in

clinical practice and is the result of a number of pathologies, includ-

ing lesions to the vestibular organs, labyrinthectomy, lesions to the

vestibular nerve (e.g. vestibular neuritis) and neurectomy. In acute

stages, this imbalance induces behavioral symptoms such as vertigo,

postural instability and spontaneous nystagmus (SN). The SN con-

sists of slow eye drift towards the lesioned side (slow-phases), inter-

spersed with quick reorienting eye movements towards the healthy

side (fast-phases). During SN, the slow-phase eye velocity is higher

when the patient looks in the direction of fast-phases and decreases

in the slow-phase direction. This property is known as Alexander’s

Law (AL) (Alexander, 1912). Figure 1A shows a typical nystagmus

pattern observed in a patient with mild vestibular neuritis on the left

side, measured several hours following the onset of symptoms. Fig-

ure 1B depicts slow-phase eye velocity versus eye position gener-

ated from the data in Fig. 1A, demonstrating AL.

The mechanism that causes AL remains unknown. Normal vestib-

ulo-ocular reflex (VOR), evoked by sinusoidal en-block rotations at

0.5 Hz (Robinson et al., 1984) or head impulse stimuli with high-

frequency content (Anagnostou et al., 2011), is shown to be inde-

pendent of eye position. This suggests that the visco-elastic proper-

ties of the eye plant (i.e. the eye ball, the extra-ocular muscles and

the orbital tissue, collectively) are not responsible for eye-position

effects during SN. Doslak et al. (1979) proposed that if the vestibu-

lar tone asymmetry is large enough, then a gaze-dependent com-

mand is added to the total VOR drive at the level of vestibular

nuclei (VN), which is otherwise gated by an inhibitory signal. The

effect of this additional drive is to generate an eye position-depen-

dent movement whose velocity is larger when looking in the direc-

tion of fast-phases and decreases linearly as the eye is directed

towards the slow-phase direction. Alternatively, Hess (1982) and

later Robinson et al. (1984) suggested that AL is an adaptive

response triggered when prolonged imbalanced tonic activity is

detected on the primary afferents. They hypothesized that when the

brain decides it is receiving incorrect sensory signals, it deactivates

its vestibular-perseverating mechanisms (i.e. the velocity storage
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mechanism and the velocity-to-position neural integrator). The time

constant of the velocity-to-position neural integrator (NI) of the ocu-

lomotor system is consequently reduced. Therefore, the NI no longer

provides sufficient command signals for motor neurons to maintain

a desired eye position. This causes the eye position p to drift from a

desired position p0 towards the null position, following an exponen-

tial pattern with the time constant τ determined by the NI:

p ¼ p0e
�t=sð Þ. The velocity of this drift, p0 ¼ dp=dt ¼ �p=s, is a lin-

ear function of eye position. This centripetal drift, when superim-

posed on the SN, counteracts SN when eye position is in the

direction of slow-phases, creating a region in the visual field where

nystagmus is less intense or absent.

While both theories discussed above account for AL, they pro-

pose rather different mechanisms through which AL is induced; the

former suggests changes in the VOR gain but not its dynamics (i.e.

time constants) and the latter suggests modifications in the NI. Both

theories are nevertheless unclear about the underlying neural mecha-

nism that triggers and guides these modifications. Furthermore,

recently Hegemann et al. (2007) showed that in patients with acute

UVD the slow-phase velocity of SN is not a linear function of eye

position. In other words, they found that in these patients the rate of

change of velocity with position is itself a function of eye position,

suggesting an eye position-dependent integrator function. This find-

ing led them to suggest multiple horizontal neural integrators each

with a distinct integration direction.

Temporal integration of neural signals to create short-term memo-

ries is an important task of the neural networks in the brain (e.g.

Goldman-Rakic, 1995; Taube & Bassett, 2003; Huk & Shadlen,

2005). Among those, the NI of the ocular motor system is one of

the best studied. Understanding the underlying cause for AL could

lead to deeper knowledge about neural integration in the ocular

motor system, as well as early adaptation strategies employed by the

central nervous system in response to peripheral lesions. To account

for new experimental data, in this article we propose an alternative

explanation for AL based on changes in the population responses of

the bilateral VN after the onset of UVD. This hypothesis relies on

the silencing of many ipsi-lesional VN units because of insufficient

incoming baseline activity on the primary afferents (Smith & Curth-

oys, 1988a,b, 1989). Unlike former hypotheses, the proposed mech-

anism does not rely on any additional triggering/guiding signals, nor

does it employ switches or other unknown gating signals. Here, a

commonly accepted feedback control model for the VOR is used to

demonstrate that this transformation in the central VOR circuits is

enough to cause AL and also to simulate some recent findings.

Methods

In this section the physiological basis for the model is reviewed and

expressions for the gain and time constant of the system are pro-

vided. Then the proposed mechanism through which AL is induced

in acute UVD is presented.

Description of model structure (healthy system)

The model used here (Fig. 2) is a feedback structure for the canal-

driven conjugate horizontal VOR during slow phases (Galiana &

Outerbridge, 1984; Galiana et al., 1984; Galiana, 1991). The lower-

case letter ‘s’ is the complex frequency and all notations are

expressed in Laplace domain. The input to the model is the differ-

ence in discharge between the right and left vestibular primary affer-

ents: ∆c(s) = cR(s) � cL(s). The output, E(s), is conjugate eye

position defined as the mean right and left eye positions. Solid

arrows in the schematic present population projections (neural path-

A B

Fig. 1. (A) Typical nystagmus record from a 45-year-old patient with mild left-side vestibular neuritis, in the first several hours after the onset of
symptoms (data from Hegemann et al., 2007). The patient attempts fixation of a flashing target that moves in 5° steps from the left side to the right side. Data
from 10–20 s (while looking to the left) and 60–70 s (looking to the right) are magnified for better visualization (same vertical scale). In accordance with Alex-
ander’s Law, slow-phase eye velocity is larger when looking in the contralesional direction compared with ipsilesional direction. (B) Slow-phase eye velocity is
plotted versus median slow-phase eye position for the patient shown in A. Velocity of slow-phases increases as the patient looks more in the direction of the

healthy side (right side).

Fig. 2. Model structure for the horizontal canal-driven conjugate VOR dur-
ing slow-phases. Solid arrows indicate neural projections. Dashed arrows
show where initial eye position is preset for integrators. All notations are in
Laplace domain and lower-case letter ‘s’ is the complex frequency. ∆c is
the difference between the right and left primary vestibular afferents and E is
the conjugate eye position. E* is the efference copy of eye position. E′ is

eye velocity. f(x) is the static population transfer function of the vestibular
nuclei. Abbreviations: VN, vestibular nuclei; FTN, flocculus target neurons
in the vestibular nuclei; PJ, Purkinje neurons; NPH, nucleus prepositus hypo-
glossi; PMT, paramedian tract neurons; MN, motor nuclei. Tp is the time
constant of the plant; a is the plant gain; TH is the time constant of the neu-
ral filter at the NPH; p is the gain of the neural filter at the NPH; and k is
the projection weight of PJ neurons to the FTN. Numerical values are given

in Table 1.
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ways). Rightward movements and positions are considered positive.

Subscripts R and L refer to the right and left side.

In the most direct VOR pathway (three-neuron-arc of the VOR),

canal signals are carried directly to the VN via the primary vestibu-

lar afferents. The VN project to the motor nuclei (MN), which in

turn drive the eye plant. Here, the eye plant is modeled as a first-

order low-pass filter with time constant Tp and gain a. The mathe-

matical integration of the VOR velocity commands is accomplished

through a distributed network of neurons, mainly the VN, nucleus

prepositus hypoglossi (NPH) and the vestibular cerebellum, i.e. floc-

culus/ventral paraflocculus (Fukushima & Kaneko, 1995; Kaneko,

1997). The effect of this network is to augment the time constant of

the gaze holding response above the ~200 ms time constant of the

eye plant, as originally proposed by Skavenski & Robinson (1973).

In the model, this is achieved by two feedback loops around the

VN: a positive position feedback through the NPH and a negative

velocity feedback through the flocculus. The NPH performs the first

integration in the brainstem, generating and distributing an internal

estimate of eye position, E*(s). Here, the NPH is modeled as a first-

order low-pass system with time constant TH and gain p. The

dynamics of this leaky integrator are set equal to those of the eye

plant for simplicity of analyses (i.e. TH = Tp). In a more general

case, the dynamics of the NPH low-pass filter do not match those of

the eye plant (i.e. TH > TP), and the positive feedback does not

fully cancel the eye plant dynamics but will only lengthen the domi-

nant time constant of the response. A second integration is done

through the flocculus/ventral paraflocculus of the cerebellum (Zee

et al., 1981; Nakamagoe et al., 2000). The flocculus receives a copy

of the motor neuron drive from the paramedian tract (PMT) neurons

in the brainstem via mossy fibers (Büttner-Ennever et al., 1989). It

is believed that the flocculus constructs an efference copy of eye

velocity using a stored forward model of plant dynamics (for a

review see Lisberger, 2009). The flocculus also receives vestibular

signals, perhaps from floccular projecting neurons in the VN (Cher-

on et al., 1996). As shown by Lisberger et al. (1994), floccular

gaze-velocity Purkinje neurons (PJ) make inhibitory projections

(with a weight of k in the model) to the flocculus target neurons

(FTN) in the VN, closing the negative feedback loop around the

VN. This negative velocity feedback was also proposed by Glasauer

(2003) in a gaze holding model. In the model, the desired (or initial)

eye position E0 is preset for each leaky integrator, as indicated by

the dashed arrows in Fig. 2.

Resting discharge rates for different neural populations are not

included in the model. This means that in model simulations, all fir-

ing rates modulate around zero; a negative population discharge

means a discharge rate that is below the resting firing rate of the

population.

As the purpose of this study was to prove a concept using a sim-

ple model structure, a conjugate VOR model was used instead of a

complete bilateral structure. Here, the VN represents the effective

overall contribution of the right and left vestibular nuclei to conju-

gate VOR response, i.e. VN = VNR � VNL.

Choice of a sigmoidal transfer function for the VN

If each individual neuron in the VN acts as a piece-wise linear unit

with individual cut-off and saturation thresholds, then the transfer

function of a large population of such units with scattered thresholds

can be approximated by a sigmoidal function (Fig. 3). A qualitative

representation of these sigmoidal transfer functions for the right and

left VN is shown in Fig. 4A. Hereafter, the ‘operating region’ of the

transfer function refers to the region between cut-off and saturation,

where the transfer function has a non-zero gain re. input. In an

intact system, where the responses of the right and left VN are

balanced and symmetric, the effective population response function

of the bilateral VN (i.e. VNR � VNL) is also a sigmoid with a

much larger operating region, as shown in Fig. 4A. This overall sta-

tic transfer function, called f(x) hereafter, can be approximated by a

quasi-linear function that saturates for large inputs and cuts-off for

inputs in the off-direction. In other words, inside the operating

region f(x) ffi gx, where the constant g ¼ f ðxÞ=x defines the instanta-

neous gain (or sensitivity) of the response to the total incoming neu-

ral activity x.

Derivation of the input–output relationship for the model

(healthy system)

If the system is linearized assuming f(x) ffi gx, where g is a constant

that does not vary with the input x, eye velocity can be derived as:

E0 sð Þ ¼ GVORTVOR
s

sTVOR þ 1
Dc sð Þ �

1

sTVOR þ 1
E0 ð1Þ

where TVOR and GVOR are the time constant and gain of the VOR

system, respectively, given by:

TVOR ¼
TP þ gk

1� gp
ð2Þ

GVOR ¼ �
ag 1þ kð Þ

TP þ gk
: ð3Þ

The first component in Eqn (1) presents the forced system

response to the vestibular stimulus ∆c and the second component is

the transient response to the initial eye position E0. The effect of

feedback loops on the time constant of the response can be seen

from Eqn (2). To maintain system stability, the term 1� gp should

be positive. Model parameters (listed in Table 1) are chosen such

that for a healthy system the response gain is almost unity and the

time constant is about 30 s. For a vestibular tone asymmetry of the

amplitude A: Dc sð Þ ¼ A=s, the expression for eye velocity in the

time domain is:

Fig. 3. A qualitative demonstration for constructing a sigmoidal transfer
function from a population of saturating neurons. Single neurons are modeled

as quasi-linear functions with distinct on-thresholds (On-Thr) and a discharge
rate that saturates above some distinct input value. If the incoming discharge
is in the off-direction of neurons, they remain in cut-off region. As the total
incoming discharge activity increases above the on-threshold of neurons,
gradually more neurons are recruited and finally when all neurons are
recruited and saturated the total response saturates. This recruitment order
produces an overall sigmoidal population response. If the operating region

of the sigmoid is large enough, it can be approximated by a quasi-linear
function.

© 2012 Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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E0 tð Þ ¼ AGVORe
� t

TVOR �
E0

TVOR
e
� t

TVOR : ð4Þ

It is important to note that according to Eqns (2) and (3), changes

in VN sensitivity g affect both TVOR and GVOR; a larger g results in

larger VOR gain and time constant. Also outside the operating

region, where the VN response saturates or cuts-off, the gain g is

zero and no further integration of eye signals is achieved.

Changes to the model caused by acute UVD

Immediately following UVD, many of the VN neurons ipsilateral to

the lesion are silenced because of insufficient incoming tonic activity

from primary vestibular afferents. Simultaneously, some of the con-

tralesional secondary vestibular neurons increase their baseline activ-

ity because of the silencing of inhibitory commissural across midline

projections (Smith & Curthoys, 1988a,b, 1989). This causes an

asymmetry between the population responses of the bilateral VN,

altering the effective overall neuronal responses in acute UVD, as

shown in Fig. 4B. The assumption made here is that such a change

in neural responses affects the overall VN response function f(x) in at

least two aspects: (i) the total sensitivity to the input, g, is reduced;

and (ii) the transfer function becomes asymmetric and the operating

range for which the linear approximation f(x) ffi gx is valid becomes

too small, such that the criteria under which the system may be

approximated by a linear system are no longer satisfied (Fig. 4B).

Hence in the analyses of the model in acute UVD the sigmoidal

transfer function is not linearized. This means that the sensitivity g

of the VN is not a constant but will itself depend on the input:

g = g(x). In the model, the input to the VN consists of vestibular as

well as eye-movement related signals:

x ¼ �ð1þ kÞDc� ðk=aÞE0 þ E�: ð5Þ

Therefore any of these quantities can change the input x and con-

sequently the VN sensitivity, g(x).

A desired eye position, E0, as required by the fixation target,

determines an operating point x0 on the sigmoidal curve. SN then

modulates the input x about this operating point. Consider a left-side

UVD, which evokes a SN with left drifting slow-phases. Left-drift-

ing slow-phases decrease the total input to the VN, x, as seen from

Eqn (5). As shown in Fig. 5, when looking to the right (target TR),

a decrease in input x results in an increase in g. From Eqns. (2) and

(3), an increase in g increases the VOR gain and time constant.

Therefore, as leftward slow-phases decrease the total input x, they

increase g along the way, increasing GVOR and TVOR. But for a fixa-

tion point on the left (target TL in Fig. 5), the opposite of this sce-

nario is true; leftward slow-phases decrease g, reducing GVOR and

TVOR. Therefore, for a fixation point on the left side, the forced

response in Eqn (1) will be smaller (i.e. a smaller GVOR). Plus, for

this fixation point, the time constant TVOR is also smaller (as g is

smaller), causing a larger drift velocity towards the null position.

Hence for target TL the small forced response will be counteracted

by an even larger transient response in the opposite direction, result-

ing in an overall smaller eye velocity.

Choosing the parameters of the sigmoidal function

For simulations of the model, the following analytical formulation

was used for the sigmoidal function:

f xð Þ ¼ aþ b 1þ s exp �c x� lð Þð Þð Þ�
1
s: ð6Þ

Equation (6) represents a generalized logistic function. Numerical

values for the parameters (a, b, c, l, τ) are provided in Table 1,

and the function is displayed in Fig. 5A. Figure 5B shows the

instantaneous gain of this function, g(x).

It is important to note here that it is the inherent characteristics of

a sigmoidal shape that produces AL in the model, not a specifically

A B

Fig. 4. A qualitative representation for the response function of the right and left VN, assuming that the right VN dominates integration of eye signals in the
right half-plane and vice versa. Gray curves show the right (solid line) and left VN (dashed line) responses, and the black curve shows the effective overall con-
tribution of both: VNR � VNL. (A) The case where the responses of both sides are balanced and symmetric and (B) the case for a left-side UVD. The effective

overall response in A is symmetric with a large operating region between cut-off and saturation. In contrast, in B the overall response function becomes asym-
metric, having larger gain for positive inputs. It also has a smaller operating range.

Table 1. Numerical values for model parameters used in simulations; the subscript H refers to healthy case and D to acute UVD

Sigmoid parameters (healthy) Sigmoid parameters (UVD)

Parameter a p k Tp (ms) aH bH cH lH τH aD bD cD lD τD

Value 0.7 2 1 200 –122.1 244.3 0.008 0 1 –81.4 172.7 0.011 22.1 1.3

© 2012 Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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optimized parameter set. In general, a sigmoidal function as

expressed in Eqn (6) has high sensitivity around input level x = l

(like a ‘tuning region’) while this sensitivity decreases smoothly as

the input level moves away from this tuned value. With reference to

Fig. 5B, the section of the sigmoidal curve around which the input

x modulates during SN is determined by target position. The average

gain of this section is always larger when modulation occurs about

an eye position in the fast-phase direction than for eye position in

the slow-phase direction. This is because slow-phases are centripetal

(i.e. towards higher g values) for an eye position in the fast-phase

direction, but centrifugal for eye position in the slow-phase direc-

tion. In other words, the sigmoidal function is not strictly tuned to

produce a specific result. In fact, the only restrictions applied when

choosing the parameters of the sigmoidal function were: (i) to main-

tain system stability for all inputs; and (ii) to decrease the sensitiv-

ity, g ¼ f ðxÞ=x, smoothly from its maximum value at the null

position to about one-half at the most eccentric eye positions at 60°.

Therefore, as long as the system stability criteria are met, any sig-

moidal shape with a reasonable gain drop at eccentric eye positions

will produce AL.

Fast-phase strategy

Fast-phases of the SN are not explicitly modeled in this study. Nev-

ertheless, a switching strategy is embedded in the model to be able

to simulate the complete nystagmus pattern. In the nystagmus mode,

the output of the model (eye position) is constantly compared with a

desired value that represents target position. When the difference

between the two is greater than 10°, a fast-phase is triggered, reset-

ting eye position (i.e. the initial condition of the model integrators)

to within ± 5° of the desired value.

Simulation results

Simulations were performed in MATLAB SIMULINK (The Math-

Works Inc., Natick, MA, USA), with an integration step size of

1 ms. Unless otherwise stated, the model simulates a left-side UVD,

which means the input to the model is a positive step function

whose amplitude is indicator of the severity of the deficit. There-

fore, slow-phases are to the left and the resulting eye velocity is

negative.

Gaze holding in the dark

The gaze holding behavior of the model was first examined with

no vestibular input to the model. The drift velocity versus eye

position (i.e. the P–V curve) is plotted in Fig. 6. From the figure it

can be seen that the centripetal drift velocity increases in acute

UVD compared with a healthy case, meaning that integration dete-

riorates in acute UVD. This is because the effective overall sensi-

tivity of the VN in the model, g, decreases as a result of the

change in the population response. Furthermore, both in acute

UVD and in the healthy system, integration becomes worse at

more eccentric eye positions. This is because the right and left ves-

tibular nuclei (that dominate integration of eye signals on the right

and left side, respectively) gradually saturate at large eye positions

(Fig. 4). Therefore their gain, g, decreases for large eccentric eye

positions, adversely affecting integration. The model hence predicts

that even in a healthy subject at more eccentric gaze angles the

integrator does not function as effectively as for central gaze. For

the healthy case, a linear fit to the data points estimates a time

constant of 25 s for eye position within ± 10° from straight

ahead, and a time constant of 8 s for more eccentric positions in

the [10° 30°] range.

A

B

Fig. 5. For a healthy system, the overall population response of the bilateral
VN can be approximated with a quasi-linear sigmoidal function f(x) as
shown in A with the black curve. In case of UVD, this response function is
better described by an asymmetric sigmoidal function, and not a linear
approximation of it, as shown in A with the gray curve. The bell-shaped
function in B is the instantaneous gain of the sigmoidal function f(x) in A

and represents the sensitivity of the VN with respect to the input. For a left-
side UVD, the arrows in A and B show the direction of slow-phase eye
movement around an operating point defined by the fixation target (TR,L).
When the target position is on the right (TR), i.e. in the fast-phase direction,
slow-phases move the eye in a direction that increases the VN gain. While
for a fixation point on the left (TL), slow-phases move the eye such that the
VN gain decreases. Parameters for sigmoidal function in both healthy and

UVD are provided in Table 1.

Fig. 6. Model behavior during simulated gaze holding in darkness. Each
marker represents the drift velocity at the corresponding eye position. The
black plot corresponds to a healthy system and the gray plot to left-side
UVD. For both cases the slope increases at far eccentric eye positions, sug-
gesting a deteriorated integration function.
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Simulations in the slow-phase and nystagmus modes

In Fig. 7, the effect of eye position on eye velocity is demonstrated

for a vestibular tone imbalance of +60 spikes/s (i.e. a left-side defi-

cit). In other words, the input to the model was a step of size +60

at time 100 ms. The model was simulated with this input in both

the slow-phase and the nystagmus mode, for three conditions: eye

straight ahead (dark gray), and at 20° to the right (light gray) and

to the left (black). The eye velocity is largest when the eye is devi-

ated 20° to the right (i.e. the fast-phase direction). As explained

in the Methods, this difference is a result of a smaller VOR gain at

�20° as well as a larger counteracting centripetal drift at this

position.

The effect of severity of the deficit

The input to the VN in the model includes both the efference copy

of eye position and vestibular signals (see Eqn 5). Therefore, not

only the eye position but also the amount of the vestibular imbal-

ance in UVD modulates the VN sensitivity g to the incoming dis-

charge. To examine how the severity of the imbalance affects

model behavior, the model was stimulated with rightward steps of

different magnitudes at multiple eye positions, again simulating a

left-side UVD. Figure 8 shows the resulting eye velocity as a

function of fixation position for each step amplitude. For smaller

input amplitudes, the P–V plots are almost symmetric around the

straight ahead position. But for larger input values, the plot satu-

rates in the fast-phase direction (i.e. on the right side), demonstrat-

ing a reduced rate of change with eye position in the fast-phase

direction.

Reversal of nystagmus direction

Figure 8 also shows that for smaller vestibular tone imbalance, if

eye position is far enough into the slow-phase direction (here: left

side) there could be a region where the direction of nystagmus

reverses and slow-phases drift to the right instead of left (as indi-

cated by positive eye velocity). For instance, if the tonic imbalance

is 10 spikes/s, then for eye positions that are further than 30° to the

left, the nystagmus changes direction. As shown, this threshold posi-

tion beyond which nystagmus reverses depends on the severity of

the deficit and is smaller for smaller tonic imbalance.

The effect of the sigmoidal function

The sigmoidal function that was used in model simulations so far

was chosen based on the fact that following UVD many of the ip-

silesional VN units are silenced, causing a reduction in the ipsile-

sional VN sensitivity (see Fig. 4B for a graphical explanation). This

sigmoidal function is shown in Fig. 5A (gray curve) and again in

Fig. 9A (black curve).

Furthermore, the contralesional VN also increases its baseline

activity because inhibitory cross-midline projections from the ipsile-

sional VN are silenced. If this increase in baseline activity of the

contralesional VN coincides with an increase in population sensitiv-

ity, an even greater asymmetry in the responses of the right and left

VN would result. To reflect this further change in the contralesional

VN, the sigmoidal function was modified as shown in Fig. 9A (gray

curve, parameters: a = �76, b = 209, c = 0.011, τ = 0.5, l = 25).

The model was then stimulated with a rightward step of 60 spikes/s

at various eye positions. The resulting P–V plot from this modified

A C

B D

Fig. 7. Simulation results for a left-side UVD. The input to the model was a rightward pulse at time 100 ms with amplitude of +60 spikes/s. The eye position
was set at three different values at the start of simulation. In A and B the model was simulated in slow-phase mode only; in C and D the nystagmus model was
simulated. Eye velocity was greatest when the eye was initially at 20° to the right (i.e. in the fast-phase direction) and lowest for the eye position in the slow-
phase direction. The difference in response amplitude is caused by a larger VOR gain at +20° as well as a smaller counteracting centripetal drift velocity.
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sigmoidal function is shown in Fig. 9B (gray) where it can be com-

pared with the original P–V plot (black) for the same input ampli-

tude. The gray plot shows that if the sensitivity of the contralesional

VN is simultaneously increased, the slope of the P–V plot could

become positive in the fast-phase direction, suggesting that in the

fast-phase direction the integrator has become unstable.

Discussion

A new physiologically plausible mechanism is proposed to explain

the effects of eye position on SN and its performance is tested

through model simulations. The new hypothesis is based on UVD-

induced changes in the responses of ipsi- and contralesional VN,

which have been shown in several experimental studies (reviewed

by Smith & Curthoys, 1989). The assumption made here is that this

change in the population response function and the resulting asym-

metry between the bilateral VN responses reduce the effective linear

operating range of the VN. Based on this assumption, it is proposed

that in acute UVD, a sigmoid better describes the population

response function of the bilateral VN, which in a healthy system

could be approximated by a quasi-linear function. To simulate AL

effects, the parameters of the sigmoidal function were neither spe-

cifically tuned nor optimized; the only criteria were to maintain sys-

tem stability as well as a smooth drop in the sensitivity of the

sigmoidal function at more eccentric eye positions. To investigate

the performance of this hypothesis through model simulations, a

simple feedback control system for the VOR was used. In addition

to replicating and explaining the experimental data, model simula-

tions make some novel testable predictions which are discussed

below.

In a healthy system, the integration of eye velocity signals

deteriorates at eccentric eye positions

We suggest that in a balanced and healthy system, the population

response function of the bilateral VN is also sigmoidal (albeit one

with a quasi-linear behavior inside a large operating region). Hence

we propose that even in a healthy system, the integrator time con-

stant decreases at eccentric eye angles because of the lower sensitiv-

ity of the sigmoidal function at eccentric positions (Fig. 6). This

behavior has been documented by Eizenman et al. (1990), who

reported a decrease in the time constant for eye positions beyond

20°. They proposed that an eye position-dependent gain in the cere-

bellar feedback loops causes smaller time constants at eccentric eye

positions. This explanation is similar to the present hypothesis,

except that here the eye position-dependent gain is assumed in the

vestibular nuclei of the brainstem. Our hypothesis is also in agree-

ment with the results of nonlinear identification of the VOR system

by Chan & Galiana (2008). They found that in both healthy subjects

and vestibular patients the integration of VOR commands could be

dependent on eye position and suggested that perhaps integration is

best close to the origin and deteriorates at lateral eye positions.

Nevertheless, this does not mean that in a healthy system vestibu-

lar nystagmus is dependent on eye position and head velocity. As

proposed by Galiana (1991), during normal vestibular nystagmus,

when vestibular or eye movement signals exceed the linear range of

sensors or central processing stages, a quick-phase is triggered to

reorient the eye and bring the activity back inside the linear range.

Therefore, fast-phases could extend the linear range of the response

beyond the linear range of individual elements in the system.

Fig. 8. The response of the model is compared for various simulated
degrees of left-side unilateral deficit by changing the input amplitude. The
model was stimulated with steps of different amplitudes (shown by distinct
markers) and eye velocity at the time of the step is plotted as a function of

fixation position. For smaller values of the input and eye positions near
straight ahead, the P–V plot is relatively symmetric around the straight ahead
position. For larger inputs the P–V plot saturates in the fast-phase direction.
Also, if the eye is deviated far enough into the slow-phase direction (for
example at �40° or �50°) the direction of nystagmus reverses.

A B

Fig. 9. The sigmoidal function of Fig. 5 (black curve) is modified to additionally reflect an increase in the sensitivity of the right VN caused by silencing of
the left VN in acute left-side UVD. The resulting model response is shown in B. (A) The sensitivity function g for the two cases: black for the original sigmoi-
dal shape and gray for the modified shape. For each of these cases the model was simulated with a rightward pulse of +60 spikes/s at different fixation points.
(B) The resulting P–V plots. An increase in the sensitivity of the contralesional VN could result in an unstable integrator in the fast-phase direction (i.e. a posi-
tive slope for the P–V curve in the fast-phase direction).
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During SN, the rate of change of slow-phase velocity with

position depends on both eye position and the severity of the

vestibular imbalance

The new hypothesis predicts that in acute UVD, VOR gain and inte-

grator properties both become dependent not only on eye position,

but also on the vestibular signal whose amplitude depends on the

severity of the pathologic tonic imbalance.

With several sensory-motor signals converging onto it (e.g. head

velocity and eye position), the VN constitutes the central processing

stage of vestibular information. The medial VN is also involved in

the temporal integration of horizontal eye velocity commands.

Hence, a UVD-induced change in the population response of the

VN would influence the manner in which the fused information is

processed, while simultaneously affecting the NI properties. In the

model, the proposed sigmoidal transfer function of the VN receives

both the eye position and vestibular information. This means that

the VN discharge would be a function of both these signals.

This dependence is shown in Fig. 8, where different P–V curves

result from varying the input level. In other words, the intensity of

the pathologic nystagmus influences how the slow-phase velocity

changes with eye position. Furthermore, the figure shows that in all

the P–V curves, velocity is not a linear function of position. For

lower input amplitudes and eye positions close to straight ahead, the

P–V plot could perhaps be approximated by a linear function, espe-

cially in the presence of noise in experimental data. But as the input

amplitude increases (here: above 60 spikes/s), a saturation effect

appears in the velocity in the fast-phase direction. This behavior is

in agreement with the experimental findings of Hegemann et al.

(2007)and Hegemann & Bockisch (2008) who reported that P–V

plots from acute UVD patients were significantly nonlinear – in a

sense that the rate of change of velocity with position declined in

the fast-phase direction (i.e. a saturation effect).

Figure 8 also shows that by looking far enough to the slow-phase

direction, the direction of the nystagmus could reverse. It should be

noted, however, that the reversal of nystagmus direction by looking

far to the ipsilesional side is also a prediction of Hess (1983) and

Robinson et al. (1984) theory, which has also been experimentally

verified by them. Hence, this observation alone cannot be used to

favor the present model over previous theories.

Contribution of the right and left VN to the integration and its

effect on P–V plots

The contribution of the right and left VN to the integration of eye

commands is not yet fully known in humans. However, in the gold-

fish (with lateral eyes), it was shown that the integration of rightward

eye positions is dominated mostly by the right VN–NPH complex

and vice versa (Aksay et al., 2007). Here we assumed that the same

principle also applies to humans. The contribution of the right and

left VN to the integration of eye velocity signals was explained with

reference to the schematic in Fig. 4. In this figure, it is assumed that

the right VN dominates integration of eye commands in the right

half-plane and the left VN in the left half-plane. This means that the

VNR population transfer function has higher sensitivity for eye posi-

tions in the right half-plane and vice versa. Therefore, in acute left-

side UVD when VNL is mostly silenced, the overall VN transfer

function becomes asymmetric around zero (straight ahead position),

having higher sensitivity on the right side, as shown in Fig. 5, and

the simulations in Figs 6–8 are the results of this assumption.

At the same time, silencing of the inhibitory commissural projec-

tions from VNL to VNR during acute left-side UVD increases the

activity level of VNR. If this increase in baseline activity also

increases VNR sensitivity to the input, then the overall sigmoidal

function would be even more asymmetric around zero, as shown in

Fig. 9A (gray curve). This increase in VNR sensitivity leads to a

positive slope for the resulting P–V plots when looking in the fast-

phase direction (Fig. 9B, gray plot). A positive slope in the fast-

phase direction would mean an unstable integrator. Indeed to help

stabilize gaze, in addition to a hindering centripetal drift in the

slow-phase direction, a centrifugal drift in the fast-phase direction is

needed to counteract vestibular drift in both directions. Again, in the

experiments of Hegemann & Bockisch (2008) in patients with acute

UVD, the slope of the P–V plot was indeed positive in the fast-

phase direction in several subjects. They suggested that the NI might

have different time constants at different eye positions, enabling it

to adapt to a UVD functionally: becoming leaky in the slow-phase

direction and unstable in the fast-phase direction.

The new hypothesis with respect to existing literature

Previous hypotheses regarding the origin of AL (Doslak et al., 1979;

Hess, 1982; Robinson et al., 1984) suggested that AL is the result of

changes in either the NI or the VOR processing. In the model pre-

sented here, the UVD-induced change in the transfer function of the

VOR interneurons simultaneously affects both the integrator and the

VOR response. Moreover, unlike previous hypotheses, this new

mechanism does not rely on extra triggering or guiding signals that

would induce changes in the VOR or NI systems, nor on the use of

lesion detection mechanisms: comparator networks or detection

switches. Plus, this study shows that a single horizontal integrator

that is dependent on eye position could produce the observed nonlin-

ear P–V plots, without the need for multiple directional integrators as

suggested by Crawford & Vilis (1993) and Hegemann et al. (2007).

The present hypothesis suggests that even though AL can help

stabilize gaze in slow-phase direction, it is not necessarily an adapta-

tion mechanism of the central nervous system. We propose that AL

is not necessarily an intentional adaptive strategy, but an immediate

consequence of UVD that results from a change in the response

function of the secondary vestibular neurons.

Finally, the mechanism proposed here could also be responsible

for the AL effects seen during vestibular nystagmus induced through

caloric irrigations (Doslak et al., 1982; Robinson et al., 1984; Jeff-

coat et al., 2008). The persistent constant excitation/inhibition of the

vestibular nerve during caloric tests could drive the ipsilateral VN

units into saturation/cut-off, producing an asymmetry between the

bilateral VN, and reducing the quasi-linear range of the central VOR

neurons as was explained here. The ‘unnatural stimulation pattern’

that according to Robinson et al. (1984) is the triggering signal for

AL, could in fact be the saturation of central VOR neurons caused

by very low-frequency persistent stimulations of the vestibular nerve.
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