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Gaze stability during head motion is mediated by the vestibulo-ocular reflex (VOR), which generates slow-phase eye movements of the same velocity but in the opposite direction of those of the head. The main drive for this reflex is generated by the semicircular canals that provide the brainstem with a faithful signal of head angular velocity [Fernandez and Goldberg, 1971; Goldberg and Fernandez, 1971]. However, given the anatomical fact that the rotational axes of the head, the eyes, and the labyrinth do not coincide, other sensory receptors and computations must be involved in generating these compensatory eye movements. Accordingly, previous work has shown that vestibule-generated compensatory eye movements are modulated by eye-target distance [Viirre et al., 1986; Gresty et al., 1987; Schwarz et al., 1989; Paige, 1989] and by linear components of head motion [Gresty and Bronstein, 1986]. Thus, this early work established that otolith-mediated and visually mediated cues shape the vestibulo-ocular response, and that – as expected from geometrical considerations – it is the otolithic component of the vestibulo-ocular response that is particularly sensitive to the visual context. Although these findings have considerable physiological significance, the fact that vestibular testing at the time was conducted largely in the dark, either calorically or with precision rotational devices, meant that vestibular clinicians did not need to place much weight upon them. This situation has now changed.
Currently, the video Head Impulse Test (vHIT) is likely the vestibular test most frequently requested in a clinical setting. In this test, the rotational stimulus is delivered by turning the head by hand, and as the rotational axis of the head lies behind the labyrinth [Drake et al., 2012], a degree of otolith stimulation is likely delivered. The vHIT is also conducted in the presence of visual fixation in a normally lit room, and therefore the eye-target distance will likely have an effect upon VOR gain. That is, a closer target should increase the gain [Viirre et al., 1986; Gresty et al., 1987; Hine and Thorn, 1987; Crane et al., 1997; Crane and Demer, 1998; Collewijn and Smeets, 2000; Clément and Maciel, 2004; Chim et al., 2013; Leigh and Zee, 2015], as now the response involves compensatory eye movements not only for the rotation of the head but also for the translation of the orbits [Leigh and Zee, 2015]. Considering the almost ubiquitous use of the vHIT in clinical settings, it is surprising that the influence of different fixation target distances upon VOR gain assessed with the vHIT still remains unknown.
Subjects and Methods
Experiment 1
The horizontal VOR was assessed using the ICS video Head Impulse system, which has a camera mounted on the right eye (GN Otometrics, Denmark) with a sampling rate of 250 Hz, in 18 healthy subjects (6 male; 27.2 years, SD 5.27). None of the subjects reported any history or active neurological, otological, or ophthalmological condition, and none were on any medication. Firstly, we assessed the VOR gain with viewing targets (normal room illumination) positioned at 150, 40, 30, 20, and 10 cm. With each subject, 15–18 valid horizontal head impulses were delivered in a randomized order (10–20° amplitude; velocities within 50–300°/s). Mean VOR gains were calculated for each condition for both left and right head impulses and analyzed in SPSS version 24.
Results of Experiment 1
There was no right-left difference in VOR gain at any distance when comparing right and left head impulses, and therefore an average of both sides was used for further analysis. The gain in VOR response increased as the viewing target distance decreased. That is, the mean gain observed at 150 cm was 0.96, increasing to 1.07 at 40 cm, 1.1 at 30 cm, 1.16 at 20 cm, and 1.21 at 10 cm (Fig. 1). Pearson’s correlation showed a statistically significant negative relationship between VOR gain and target distance (r = –0.73, p < 0.001). One-way ANOVA revealed significant differences for the main factor “distance” (F = 70.64, p < 0.001) and post hoc analysis with the Scheffé test showed three distance groups with comparable gain values: 10–20 cm, 30–40 cm, and 150 cm. Statistically significant differences (p < 0.001) were present between these three distance groups on post hoc analysis.
Experiment 2
We proceeded to examine whether the observed changes in VOR gain were pursuit mediated. Accordingly, we performed a second experiment on 10 of the 18 subjects (2 males; 27.9 years, SD 5.95) and implemented the same protocol but in complete darkness whilst the subjects were imagining targets at different distances [Gresty et al., 1987]. First, the targets were made visible and then the lights were switched off, eliminating all visual cues, which was immediately followed by a series of head thrusts. As imaginary targets could be lost, brief periods of light for stationary refixation were frequently introduced.
Results of Experiment 2
In this second experiment, in the dark, we found an effect of target distance on VOR gain similar to that seen during fixation. Again, no differences in VOR gain values were evidenced between right and left head impulses at any distance, and therefore a single value per subject was used. The mean gain values were 0.96 at 150 cm, 1 at 40 cm, and 1.07 at 20 cm (Fig. 1). There was a significant negative correlation between gain and distance (r = –0.50, p < 0.001). There also was a statistically significant difference in VOR gain between light and darkness for the 20- and 40-cm distances (p < 0.01 and p < 0.05, respectively), but not for the 150-cm distance. When testing with targets at a distance of 10 and 20 cm, catch-up saccades in the direction of the target were observed in the majority of the subjects in the light condition. However, in the dark there was no consistent saccade generation at 20 cm.
Modelling
Finally, we compared the experimentally observed VOR gain values with those theoretically predicted by the geometrical calculations (Fig. 2). These “ideal” VOR gains at different target distances are illustrated in Figure 3. The mean experimental gains for each target distance, in light and darkness, showed statistically significant differences (t values between –36.35 and –7.9, p < 0.001) from the theoretical values (Fig. 3); that is, the increase in gain observed was lower than predicted by the formulae. (N.B. As an alternative way of calculating the ideal VOR gain, the tangential displacement of the eye on a 30° head rotation [“y”] could be estimated at 4 cm [according to an averaged value from our measurement in 10 subjects]. Thus, the obtained values of VOR gain are similar to those obtained with the previously presented formula [G10 = 1.53; G20 = 1.32; G30 = 1.22; G40 = 1.17; G150 = 1.001].)
Discussion
Our results illustrate that the VOR gain increased as the target distance decreased, a finding congruent with the results of previous non-vHIT-based studies [Gresty and Bronstein, 1986; Viirre et al., 1986; Gresty et al., 1987; Hine and Thorn, 1987; Crane et al., 1997; Crane and Demer, 1998; Collewijn and Smeets, 2000; Clément and Maciel, 2004; Chim et al., 2013; Leigh and Zee, 2015]. Figures 1 and 3 also show that the gains in the light condition were slightly higher than with imagined targets, suggesting that there may be a component of smooth pursuit to compensatory eye movement for proximal targets.
The theoretical (“ideal”) VOR gains at different target distances, as illustrated in Figure 3, were larger than those experimentally obtained. This implies a physiological ceiling effect in the VOR, further testified by the presence of “catch-up” saccades at 10–20 cm in light.
[bookmark: _Hlk527645930]As darkness eliminates smooth pursuit components, the VOR gain enhancement in the dark represents the internalized target distance estimates; however, convergence mechanisms could also be directly contributing to this effect [Paige, 1989]. With targets at 150 cm there was no significant difference in gain between light and darkness, thus providing evidence for the vHIT manufacturer’s suggested distance for clinical testing (>1 m) [MacDougall et al., 2009]. Considering the empirical data provided by our study, the manufacturer’s recommended target distance should be adhered to in order to minimize the risk of misleading results due to altered gain values. However, the clinical bedside HIT is routinely performed at shorter eye-target distances, of the order of 30 cm when the patient fixates on the examiner’s nose, which would be imposing additional demands on the VOR gain and/or involve a component of smooth pursuit. Given the considerable gain change between 150 cm (vHIT) and 30 cm (bedside or clinical HIT) some discrepancies observed between the laboratory vHIT and the bedside HIT may be due to target distance, but this has not been investigated in the present study. Nevertheless, it is often necessary to complement vHIT testing with more established vestibular assessments such as caloric and rotational chair tests, rather than relying solely on the vHIT.
Finally, our results show an enhancement of gain with closer target viewing distances. It might therefore be expected that in patients with central disorders, either by way of impaired VOR suppression or difficulties generating target distance estimates, the process of distance-mediated gain enhancement may be distorted. Future studies may examine this possibility with a view to developing it into a test of central vestibular function.
In conclusion, the physiological VOR gain modulation with distance/convergence can be demonstrated using vHIT.
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Legend(s)
[bookmark: Figures]Fig. 1.	Mean values for the vestibulo-ocular reflex (VOR) gain at each distance. On the x axis, target distances are expressed in centimeters; real targets (light) are represented by squares and imagined targets (dark) are represented by circles. On the y axis, the mean VOR gain values are expressed. * p < 0.001. Error bars show 95% CIs.
Fig. 2.	Theoretical model for the calculation of vestibulo-ocular reflex (VOR) gain using a cyclopean eye. VOR gain is the ratio between angle of eye rotation (Q) and the angle of head rotation (ø). Q can be calculated with the above formula, where h is the distance from the center of head rotation to the center of eye rotation, defined at 8.8 cm [Hine and Thorn, 1987]. d is the target distance to the center of eye rotation. The imaginary line passing through the center of eye rotation and the new position of the eye after head rotation is defined as y, and α is the angle between y and the line joining the center of eye rotation and the target. The equations to calculate y and α can be observed below the main formula.
Fig. 3.	Mean vestibulo-ocular reflex (VOR) gains for each target distance in both light and dark conditions, and comparison with theoretical values. On the x axis, target distances are expressed in centimeters, and on the y axis VOR gain values are represented. Triangles correspond to theoretical VOR gain values, while squares and circles represent the experimental VOR gain in the light and dark conditions, respectively.
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