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Background: The head impulse test is a valuable clinical test that can help identify peripheral vestibular dysfunction by observing corrective saccades that return the eyes to the target of interest. Corrective saccades have been classified as covert if the onset occurs before the end of the head impulse and as overt if they occur afterwards. However, the mechanism that trigger these saccades remain unclear.

Objective: The objective of this study was to examine the role of neck input in generating overt as well as covert saccades.

Methods: Sixteen patients (9 males and 7 females: age 35-80 years, average 62.7 years old) who showed corrective saccades during the head impulse test were included. Twelve patients had unilateral vestibular dysfunction, and 4 patients had bilateral vestibular dysfunction. Patients underwent both the head impulse test (HIT) and the body impulse test (BIT) in a randomized order. While the head is rotated horizontally in HIT, the body is rotated horizontally in BIT. During BIT, the neck is fixed by a cervical collar (neck lock extrication collar) to reduce somatosensory input from the neck. The head movements and eye movements were recorded and analyzed by the video HIT recording system.

Results: In all 16 patients, corrective saccades were observed in HIT as well as in BIT. While there were no significant differences in peak head velocities between HIT and BIT (p = 0.33, paired t-test), the VOR gain in BIT was significantly smaller than that in HIT (p = 0.011, paired t-test). The number of overt saccades per trial in BIT was significantly decreased compared to that in HIT (p < 0.001, paired t-test) whereas there were no significant differences in the number of covert saccades between the two tests. The proportion of overt saccades among all corrective saccades in BIT was significantly lower than the proportion in HIT (p < 0.001, paired t-test).

Conclusions: Somatosensory input from the neck contributes to the generation of overt saccades and reinforces the vestibulo-ocular reflex complementing the retinal slip during high frequency head movements.
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INTRODUCTION

The head impulse test (HIT) is a valuable clinical test to identify peripheral vestibular dysfunction (1, 2). When clinicians turn the head briskly in the plane of the semicircular canals, healthy subjects can stabilize their gaze with the angular vestibulo-ocular reflex (VOR) that compensates for the head rotation with an equal eye rotation in the direction opposite to the head. In patients with vestibular dysfunction, the eyes move with the head, requiring corrective saccades to return the gaze to the earth-fixed target. Detecting these corrective saccades is the clinical sign of VOR hypofunction in clinical HIT (2).

Objective eye movement measurement during HIT using the scleral search coil technique as well as high-speed video imaging has revealed that corrective saccades occur not only after the end of the eye response defined as the zero crossing of eye velocity but also during the head rotation (3, 4). The latter is called a covert saccade, since it is difficult to perceive them without recording equipment. The former is called an overt saccade since it is easily observed by the clinician without recording.

The mechanisms of how corrective saccades are generated are still unclear. Previous studies have suggested that they are triggered by retinal slip (5), visual input (6), residual vestibular function (7), or internal models created in the central nervous system (8). However, the role of somatosensory input from cervical movement in the generation of corrective saccades is still unclear.

Previous studies have shown that while the contribution of the somatosensory input from cervical movement to VOR is minimal in normal conditions, it potentiates after bilateral vestibular loss (9, 10). After unilateral labyrinthectomy, somatosensory input can be used to change activity in the vestibular afferents in frogs (11), but not in primates (12, 13).

To investigate the role of cervical input in generating corrective saccades in HIT, we performed both HIT and the body impulse test (BIT), in which the examiner quickly rotates the patient's body with their neck fixed using a cervical collar, in patients with peripheral vestibular dysfunction. We compared the differences in the generation of corrective saccades between HIT and BIT and revealed that the sensory input from the neck mainly contributes to the generation of overt saccades.



METHODS


Experimental Procedure

All procedures were in accordance with the Helsinki declaration and were approved by the University of Tokyo Human Ethics Committee (No. 2487). All patients gave written informed consent.



Patients

Sixteen patients (9 males and 7 females; age 35–80 years, mean age 62.7 ± 14.6 years) were recruited from the Balance Disorder Clinic, Department of Otolaryngology at the University of Tokyo Hospital. All the patients received a detailed history taking and neuro-otological tests including the head impulse test, caloric test (4°C ice water). The methods of these vestibular function tests have been described previously (14). The inclusion criteria were (1) unilateral or bilateral vestibular hypofunction shown with the caloric test (canal paresis calculated using Jongkee's formula >20%, or maximum slow phase eye velocity < 10°/s bilaterally) (14), (2) corrective saccades present with decreased VOR gain (<0.8) on at least on one side in the lateral canal using vHIT (15), and (3) free from any disease of the central nervous system. The clinical characteristics of the patients are listed in Table 1. The vestibular schwannomas in patients #10 and #11 were located in the internal auditory meatus without any compression of the brainstem. The tumors sizes were 6.2 and 4.7 mm, respectively.


Table 1. Clinical characteristics of the 16 patients with vestibular dysfunction.
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Head Impulse Test (HIT)

Subjects were seated on a chair in a light room, and were instructed to visualize an eye level target on the wall at a distance of 1 m. The examiner stood behind the subject and held the subject's head. Horizontal head impulses were manually applied to each side with unpredictable timing and direction by the examiner (Figure 1A). The amplitude of the head rotation was 15-20°, and the head velocity of the impulse was 110-220°/s. At least 20 accepted head impulses were collected for each horizontal semicircular canal.


[image: Figure 1]
FIGURE 1. Methods for the head impulse test and body impulse test. (A) Head Impulse Test. The examiner stood behind the subject and held the subject's head. Horizontal head impulses were manually applied to each side with unpredictable timing and direction by the examiner. (B) Body Impulse Test. Subjects were seated on a rotating stool, and wore a cervical collar to minimize neck movements. The examiner held both shoulders. Impulsive horizontal body rotation was manually applied to each side with unpredictable timing and direction by the examiner.




Body Impulse Test (BIT)

Subjects were seated on a rotating stool, the seat of which could rotate freely in the horizontal plane, and were instructed to visualize an eye level target on the wall at a distance of 1 m in a light room. They wore a cervical collar (Ossur Miami-J Neck Brace; Ossur Japan, Tokyo) to stabilize the head. To minimize neck movement, particular care was taken to secure the neck brace tightly around the neck. The examiner stood behind the subject and held both shoulders. Impulsive horizontal body rotations were manually applied to each side with unpredictable timing and direction by the examiner (Figure 1B). The amplitude of the rotation was 15-20°. The head velocity of the impulse was 110-220°/s. At least 20 accepted head impulses were collected for each horizontal semicircular canal.

HIT and BIT were performed in a randomized order.



Data Collection and Analysis

Eye velocity and head velocity were recorded for each head rotation using an Otometrics Impulse device (Otometrics, Denmark). Subjects wore a lightweight goggle frame with a built-in camera to record eye movements from the right eye and an accelerometer to record head movement at a sampling frequency of 250 Hz. The values of VOR gain were calculated as the ratio of mean eye velocity over mean head velocity during a 40-ms window centered at peak head acceleration (3).

Corrective saccades were analyzed off-line with custom SciLab 6.1.1 software (SciLab, ESI Group). Saccades were identified by their peak velocity. We only analyzed corrective saccades that brought the eye toward the target. Compensatory saccades that occurred during the head movement were classified as “covert.” Saccades appearing after the head movement had finished were classified as “overt” (4). The beginning of a head impulse was defined as the first time point when the head velocity exceeded 2% of the peak prior to peak head velocity. The end of a head impulse was defined as the first time when head velocity had a zero crossing after the peak velocity. The amplitude of the saccade was measured at the peak. Covert saccade amplitude was adjusted such that velocity of the VOR was removed (16). The latency of the saccade was the difference between the beginning of the head impulse and the time of the peak velocity of the saccade.



Statistical Analysis

Data are expressed as mean ± SD. Statistical analysis of the data was done using SPSS software version 21 (IBM Corp., Armonk, NY, USA). The peak head velocity, VOR gain, and the number, latency and amplitude of corrective saccades between HIT and BIT were compared using a paired t-test. The correlation between the decrease in the proportion of overt saccades and various parameters (duration from the onset, HIT gain, differences in gain between HIT and BIT, difference in head velocities between HIT and BIT, and age) were examined using a Pearson's correlation coefficient analysis. A difference was considered significant at p < 0.05.




RESULTS

Figure 2 shows the results of HIT and BIT in a representative patient with vestibular neuritis on the right side (Patient #2 in Table 1). While both overt and covert saccades were observed in HIT to the right side, almost all saccades were covert in BIT to the same side.


[image: Figure 2]
FIGURE 2. Results of the head impulse test and body impulse test in a patient with a right vestibular neuritis (Patient #2). (A) Head Impulse test. Head velocity is black. Eye velocity is blue in the left lateral rotation and red in the right lateral rotation. In the right lateral rotation, both covert and overt saccades were observed. (B) Body Impulse Test. In the right lateral rotation, overt saccades decreased.


We performed HIT as well as BIT in 12 patients with unilateral vestibulopathy and 4 patients with bilateral vestibulopathy. Disruptive artifacts such as a large bounce or multiple peaks (17) were not observed either in HIT or BIT. Since there were no significant differences in the decrease in the proportion of overt saccades in BIT compared to HIT between patients with unilateral vestibular dysfunction and bilateral vestibular dysfunction (p = 0.079, unpaired t-test), we combined the data of the patients with unilateral and bilateral vestibular dysfunction.

Table 2 shows the summarized results of HIT and BIT in 20 affected sides in total. While there were no significant differences in peak head velocities between HIT and BIT (p = 0.33, paired t-test), the VOR gain in BIT was significantly smaller than that in HIT (p = 0.011, paired t-test). The number of corrective saccades in BIT was significantly smaller than that in HIT (p = 0.0011, paired t-test). There were no significant differences in the number of covert saccades per trial between HIT and BIT (p = 0.81, paired t-test). However, the number of overt saccades in BIT was significantly decreased compared to that in HIT (p < 0.001, paired t-test). The proportion of covert saccades among all corrective saccades in HIT was 54.3 ± 11.4% whereas in BIT it was significantly greater at 74.2 ± 14.9% (p < 0.001, paired t-test). The latency of all corrective saccades in BIT was significantly smaller than that in HIT (p = 0.0065, paired t-test).


Table 2. Results of head impulse test and body impulse test.
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Since we included patients with a variety of diseases, we also analyzed the results of HIT and BIT limited to patients with vestibular neuritis (Patients #1-#7; Supplementary Table 1). While there were no significant differences in peak head velocities between HIT and BIT (p = 0.34, paired t-test), the VOR gain in BIT was significantly smaller than that in HIT (p = 0.028, paired t-test). The proportion of covert saccades among all corrective saccades in BIT (67.3 ± 11.4%) significantly increased compared to than that in HIT (57.3 ± 14.1%; p = 0.038, paired t-test).

To investigate the factors that have an association with the decrease in the proportion of overt saccades in BIT in comparison with HIT, we examined its correlation with several factors (Supplementary Figure 1). There were no significant correlations between the decrease in the rate of overt saccades in BIT and the duration from the onset of the disease (r = 0.039, p = 0.89, Pearson's correlation coefficient analysis), the gain in HIT (r = 0.13, p = 0.58, Pearson's correlation coefficient analysis), differences in gain in between HIT and BIT (r = −0.057, p = 0.81, Pearson's correlation coefficient analysis) or the difference in head velocity between HIT and BIT (r = 0.31, p = 0.19, Pearson's correlation coefficient analysis). Only patient age had a weak correlation with the decrease in the rate of overt saccades in BIT (r = −0.453, p = 0.045, Pearson's correlation coefficient analysis).



DISCUSSION

In the present study, we performed HIT as well as BIT in patients with peripheral vestibular dysfunction, and showed that the proportion of overt saccades significantly decreased in BIT compared to HIT, suggesting that input from the neck contributes to the production of overt saccades in HIT.

During each head impulse, corrective saccades are induced to bring the eyes back on target, and they have been accepted as a clinical sign of vestibular dysfunction. Corrective saccades have been suggested to have a role in facilitating patient recovery (9). Visual processing is suppressed during saccades, so that neither the motion of the eye nor the blur of the retinal image during inadequate VOR is perceived. This saccadic suppression can reduce oscillopsia and improve visual performance during high-velocity head movements (9, 10).

The mechanism of how corrective saccades are generated is still unclear. Retinal slip during head rotation has been suggested as the main trigger of corrective saccades (5, 6). However, the presence of corrective saccades in darkness indicates that there are triggers other than the retinal slip during head movement (6). The remaining vestibular function and the somatosensory input from the neck have been proposed as possible triggers of corrective saccades (18). Another possible explanation might be generation through internal models in the central nervous system (8). This hypothesis is consistent with previous findings that corrective saccades are triggered earlier when the head turns are active (19, 20), and when they are predictable (21).

We have addressed the question of whether the somatosensory input from the neck contributes to the generation of corrective saccades during high-velocity head rotations. When the head is rotated on the body, neck joints and muscle proprioceptors are also activated, generating the slow phase eye movement through the cervico-ocular reflex (COR) pathway. While the contribution of the COR to gaze stabilization is very small under normal conditions, it has been shown that the COR potentiates after bilateral vestibular loss (22, 23). Since this potentiated COR mainly compensates for head velocity at lower frequencies, the slow phase eye movement generated by the COR may contribute to improving the slow compensatory eye responses to passive low-acceleration head turns but not to generating the slow eye movements to passive head turns with naturally high accelerations. However, it is possible that the potentiated COR enhances oculomotor responses to low frequency stimuli and serves to trigger covert saccadic responses for high-acceleration head rotations. In fact, it has been reported that a patient with absent labyrinthine function was able to make both the slow and quick phases of nystagmus during rotation of the body with the head stationary in darkness (24). In the present study, BIT showed slightly but significantly reduced gain in comparison with HIT, suggesting that the somatosensory input from the neck can contribute to generating compensatory eye movements to the high-frequency head movement.

During head rotation, gaze shifts are achieved by eye-head saccades to bring the image of an object to the fovea (25, 26). The eye-head saccades are composed of eye and head components which show distinct properties. The head component lags the eye component by ~40 ms although this latency can be affected by the shape of the driving neural signal (27). The waveform of the head component is different from that of the eye component and its velocity increases with the amplitude of the head movement. The generator of the head component is considered to be distinct from that of the eye component, and includes the superior colliculus in the brainstem (25). It is possible that the head component of eye-head saccades may contribute to the generation of overt saccades in HIT since the proportion of overt saccades was significantly reduced in BIT compared to HIT.

There are several limitations in the present study. First, the sample size was relatively small, which might make it difficult to analyze the factors that have an association with the decrease in the proportion of overt saccades in BIT in comparison with HIT. Second, we included patients with wide range of duration from the onset of disease. It has been reported that the gain of the COR continues to increase after making vestibular lesions (23). However, there were no significant correlations between the duration from the onset of the disease and the decrease in the proportion of overt saccades in BIT compared to HIT. Third, the body rotation in BIT was not measured. There is a possibility that there are differences in velocities of body movement and that of head movement in BIT. Additionally, it is possible that the cervical collar used while performing BIT may not completely eliminate the somatosensory input from the neck. We carefully secured the collar to stabilize the head on the body to reduce the movement of the neck during the body rotation. It is possible that the pressure of the collar to the neck skin and muscle might affect the COR and the generation of corrective saccades.

In conclusion, we have performed BIT and HIT in patients with unilateral and bilateral vestibular dysfunction, and shown that stabilization of the neck resulted in a reduction of overt saccades and a slight decrease in the VOR gain. These results suggest that the somatosensory input from the neck contributes to the generation of overt saccades and reinforces the VOR, complementing the retinal slip trigger during high frequency head movements.
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Supplementary Figure 1. Correlation of the decrease in the proportion of overt saccades in BIT in comparison with HIT with various parameters. (A) Correlation between the decrease in the proportion of overt saccades in BIT in comparison with HIT and the duration from the onset of disease. (B) Correlation between the decrease in the proportion of overt saccades in BIT in comparison with HIT and VOR gain in HIT. (C) Correlation between the decrease in the proportion of overt saccades in BIT in comparison with HIT and the differences in gain between HIT and BIT. (D) Correlation between the decrease in the proportion of overt saccades in BIT in comparison with HIT and the differences in head velocities between HIT and BIT. (E) Correlation between the decrease in the proportion of overt saccades in BIT in comparison with HIT and the patient's age.

Supplementary Table 1. Results of head impulse test and body impulse test in patients with vestibular neuritis.
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