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Abstract
BACKGROUND
Caloric stimulation of the vestibular system is associated with autonomic response. The lateralization in the nervous system activities also involves the autonomic nervous system. 

AIM
To compare the effect of the right and left ear caloric test on the cardiac sympathovagal tone in healthy persons.

METHODS
This self-control study was conducted on 12 healthy male volunteers. The minimal ice water caloric test was applied for vestibular stimulation. This was done by irrigating 1 milliliter of 4 ± 2 °C ice water into the external ear canal in 1 s. In each experiment, only one ear was stimulated. For each ear, the pessimum position was considered as sham control and the optimum position was set as caloric vestibular stimulation of horizontal semicircular channel. The order of right or left caloric vestibular stimulation and the sequence of optimum or pessimum head position in each set were random. The recovery time between each calorie test was 5 min. The short-term heart rate variability (HRV) was used for cardiac sympathovagal tone metrics. All variables were compared using the analysis of variance.

RESULTS
After caloric vestibular stimulation, the short-term time-domain and frequency-domain HRV indices as well as, the systolic and the diastolic arterial blood pressure, the respiratory rate and the respiratory amplitude, had no significant changes. These negative results were similar in the right and the left sides. Nystagmus duration of left caloric vestibular stimulations in the optimum and the pessimum positions had significant differences (e.g., 72.14 ± 39.06 vs 45.35 ± 35.65, P < 0.01). Nystagmus duration of right caloric vestibular stimulations in the optimum and the pessimum positions had also significant differences (e.g., 86.42 ± 67.20 vs 50.71 ± 29.73, P < 0.01). The time of the start of the nystagmus following caloric vestibular stimulation had no differences in both sides and both positions.

CONCLUSION
Minimal ice water caloric stimulation of the right and left vestibular system did not affect the cardiac sympathovagal balance according to HRV indices.
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Core tip: The caloric test can induce an isolated and unilateral stimulation of the vestibular system and can be considered as a model for studying the concept of the laterality of vestibulo-autonomic reflex. In contrast to microgravity methods or tilt test, the caloric test can provide specific data because it does not cause hemodynamic compensatory responses due to orthostasis.


INTRODUCTION
[bookmark: _Hlk27735762][bookmark: _Hlk27735868]The vestibular system provides sensory information for static and dynamic balance of the body. The physiological stimuli of the vestibular system are linear and angular accelerations. The effect of the vestibular system on the autonomic nervous system activity is generally called vestibulo-sympathetic reflex[1-5]. It is also known as the vestibulo-autonomic reflex[6]. A well-documented example of this reflex is the open- loop feedforward control of blood pressure during orthostatic challenges[7-9]. But any active or passive orthostatic challenges or body movements in addition to the vestibular system also stimulates a variety of mechanical receptors in the muscles and the cardiovascular system. These sensory signals are distributed in the brain stem and other parts of the central nervous system and may affect the autonomic tone[10-14]. In order to eliminate these movement induced effects from vestibulo-sympathetic reflex, the vestibular system must be stimulated by non-physiological methods like sound, vibration, caloric test and galvanic stimulation[15-19]. Caloric test is one of the most useful laboratory methods to determine the response of the labyrinth. It is also one of the few methods that allow the assessment of one labyrinth independent of the other[20-23]. In vestibular epithelium the slow or type II sensory cells are more responsive to caloric test[24]. The caloric test specifically stimulates the lateral or horizontal semicircular duct. There are two reasons for this phenomenon. The first reason is the closeness of this duct to the thermal stimulus in the outer ear. The second reason is the position of this duct in the same direction of thermal convections in the outer ear duct during caloric test. Vestibular stimulation in the caloric test has two mechanisms. One of them is a direct effect of temperature on vestibular afferents and/or receptors. This mechanism is independent of the head position and it matters less in quantity. The second and first-known mechanism is due to endolymph convection which is depended on the head position. The optimum position means the head is flexed 30 degrees forward in the supine position. This position puts the horizontal semicircular ducts in vertical or gravity plane. The pessimum position means the head is extended 60 degrees backward in the supine position. This position puts the horizontal semicircular ducts in the horizontal plane and eliminates the effect of gravity on endolymph convection (Figure 1). 
Caloric stimulation of vestibular system is associated with autonomic response[25-27]. Similarly some of these autonomic effects are related to changes in skin temperature or the activation of other sensory afferents and are unrelated to stimulation of vestibular system[28]. However, head positioning to some extent can unmask the vestibular from the non-vestibular or thermoreceptors-induced autonomic effect, at least theoretically.
The lateralization in the nervous system activities also involves the autonomic nervous system[29-31]. In the review of available literature and databases, we cannot find any report about the autonomic laterality of the caloric test in normal participants. There are many reports about the differences in caloric test response parameters between right and left ear, for example, the duration and the time of onset or offset of nystagmus or the speed of its slow or fast phases. However, it is well documented that the caloric test may induce asymmetric stimulation and its output or the vestibulo ocular reflex has an inter-aural difference. The reasons for these asymmetric responses are generally attributed to the variation in the shape or in the size of external ear canals or middle ear as well as to the coplanarity of canals[32-36].
However, the lateralization may also play a role in caloric test outcomes including its autonomic effects. In this self-control study, we compared the effect of the caloric test on the cardiac sympathovagal tone in healthy persons in two states, the optimum and the pessimum positions, then the difference between the right and the left caloric vestibular stimulations on heart rate variability (HRV) were evaluated.

MATERIALS AND METHODS
This self-control study was conducted on 12 healthy male volunteers. The study protocol was confirmed by the research council of Golestan University of Medical Sciences. The ethic number was ir.goums.REC.1396.275. The subjects underwent the general clinical and otoscopic examination. They had no drug history. None of them were smokers. They had no history of chronic illness or hospitalization last year. All participants were informed about the study and assigned the informed consent. There was not any exclusion of the case from this study because of a closed ear canal, rigid ear wax, rupture of the tympanum, a history of Dizziness, vertigo, tinnitus, spontaneous nystagmus, deviation of the visual axis and eye movement disorders. All experiments were performed in the morning and between 10 h and 12 h. The volunteers were fasting at least 3 h before the experiment. The caloric test was performed in the supine position in a dim-light room. Each ear was tested twice, in forward or optimum and in backward or pessimum bending modes, as shown in Figure 2. The order of right or left ear vestibular stimulation was randomly assigned for each volunteer. The sequence of the forward or backward head bending for the caloric test was also randomly assigned for every volunteer. This was done to reduce the conditioning effect of the first caloric test experience on the results of the next caloric tests on the same subject. The recovery time between each calorie test was 5 min. The one-milliliter ice water caloric test was applied for vestibular stimulation. In this method, cold induction was performed with 1 milliliter of ice water at about 4 °C in 1 s[34,37]. After stable positioning of the head in the optimum or the pessimum positions, the head was transiently turned laterally to put the external ear channel in the proper place for ice water irrigation and 2-3 s following the infusion phase of the caloric test, the head was then turned to its recording position. During recording, the subjects were asked to do mental tasks. This was done to reduce the subject's focus on vestibular stimulation and to prevent central inhibition of the nystagmus. The start of the nystagmus and its duration were visually monitored because of a lack of video-oculography and electronystagmography equipment in our lab. Respiration and electrocardiograph were recorded continuously by PowerLab recorder 8/30 ML870 and Dual Bio/Stim ML 408, AD Instrument Ltd. Australia. The sampling rate was 1 kHz. The lead II electrocardiograph signals were used for data analysis in successive 5 min after the caloric test. HRV was measured in time domain and frequency domain methods. The power spectrum was calculated using the fast-Fourier transformation. Three frequency bands were selected: very-low-frequency (VLF) band (0.003-0.04 Hz), low-frequency (LF) band (0.04-0.15 Hz), and high-frequency (HF) band (0.15-0.4 Hz). For overcoming the effect of total power inequality on the absolute value of LF and HF components, the spectral densities were normalized on the basis of the very-low frequency component. The normalized value of LF and HF were calculated according to the following equation: [LF or HF (ms2)]/ [total power (ms2)-very-low-frequency (ms2)] and were used for statistical analysis[38].
The variables were compared using the analysis of variance before and after the caloric tests (Figure 2). The statistical review of the study was performed by Dr. Mohamd Fayaz, the biomedical statistician in Shahid Beheshti University of Medical Sciences, Tehran, Iran. 

RESULTS
The mean ± SD of age, weight, and height of participants were 28.23 ± 6.02 years, 80.21 ± 16.45 kilograms and 179.57 ± 6.93 centimetres respectively. The mean ± SD of the average heart rate in beat per minute and the arterial blood pressure in mmHg before the vestibular stimulation, after the vestibular stimulation in the optimum (+30º) and in the pessimum (-60º) positions and following the last recovery stage following the vestibular stimulation, are shown in Table 1. There were no significant changes in the average heart rate and arterial blood pressure after vestibular stimulation. The side and the position of the vestibular stimulation had also no significant effects on average heart rate and arterial blood pressure. 
[bookmark: _Hlk24406148]The mean ± SD of respiratory rate after vestibular stimulation in optimum position was slightly more than the pessimum position in both sides (18.54 ± 2.40 vs 17.42 ± 2.45 in the left side and 18.54 ± 2.04 vs 17.88 ± 2.74 in the right side), but these differences were not statistically significant (Figure 3). 
The mean ± SD of respiratory amplitude after vestibular stimulation in optimum position was slightly less than the pessimum position in both sides (5.82 ± 2.35 vs 6.41 ± 3.01 in the left side and 5.86 ± 2.43 vs 6.56 ± 3.14 in the right side), but these differences were not statistically significant (Figure 4). For all volunteers, vertigo and the nystagmus of the caloric test had been eliminated at the same 5-min recording stage and before the start of the next recovery phase.
The mean ± SD of the time domain and the frequency domain indices of HRV before vestibular stimulation, after it and following the last recovery stage are summarized in Table 2.
Nystagmus duration of left caloric vestibular stimulations in the optimum and the pessimum positions had significant differences (e.g., 72.14 ± 39.06 vs 45.35 ± 35.65, P < 0.01). Nystagmus duration of right caloric vestibular stimulations in the optimum and the pessimum positions had also significant differences (e.g., 86.42 ± 67.20 vs 50.71 ± 29.73, P < 0.01) Figure 5.

DISCUSSION
These data indicated that despite inducing vestibular stimulation, the 1-s-1-mL ice water caloric test of the right and the left ear had on effect on the short-term HRV indices of cardiac sympathovagal tone in healthy persons. We observed more prolong duration of the nystagmus time in the optimum position. However, the HRV indices had no significant differences following 1-s-1-mL ice water caloric test in the pessimum and the optimum positions. Kasbekar et al[39] reported similar results for a standard bi-thermal caloric test. They used 250 mL of 44 ˚C and 30˚C water for caloric stimulation in a fixed order sequence for the right or the left side in all patients. They report no significant changes in heart rate and blood pressure and concluded that the caloric test in stable cardiac patients had no significant effect on hemodynamic parameters[39]. Jauregui-Renaud et al[40] reported changes in HRV indices following caloric stimulation. They used 30 ˚C water for caloric stimulation during 120 s and also they used only 2 min periods for calculating the frequency domain indices of HRV and despite these setting, they concluded that the increase in HF power was a manifestation of the effect of the caloric test on respiratory frequency[40]. We also observed a non-significant increase in the respiratory frequency. It occurred during 5 min interval following 1-s caloric test with 1 mL ice water. But we observed that this effect was more prominent in the optimum position than the pessimum position. 
[bookmark: _Hlk27676469]The 1-s-1-mL ice water caloric test caused vestibular stimulation as indicated by inducing the nystagmus. This observation was similar to previous reports[34,37]. The caloric test causes vestibular stimulation by indirect and direct mechanisms. The indirect or the main specific mechanism is the endolymph convection and is depended on the head position. The direct or the nonspecific mechanism is due to thermal changes in the activity of vestibular afferents and is independent of the head position. The pessimum position puts the horizontal semi-circular ducts in the horizontal plane and eliminates the effect of gravity on endolymph convection. Therefore, it is used as a type of self-control verification for induction of specific vestibular stimulation; which is only inducible for horizontal semi-circular duct in optimum position. The duration of nystagmus in the optimum position was more than pessimum position in both sides and had significant differences (P < 0.01). This finding was expected and indicated a proper vestibular stimulation by the 1-s-1-mL ice water caloric test.
However, the intensity and duration of 1-s-1-mL ice water caloric test were inadequate to elicit a vestibulo-autonomic reflex. The vestibular and the autonomic system may have different sensitivity to caloric stimulation because the vestibular stimulation by 1-s-1-mL ice water caloric test did not provide adequate input for an autonomic output. Many studies reported autonomic effect following vestibular stimulation[18,19,25,27,41] and also many studies reported no autonomic effect following vestibular stimulation[39,42-44]. In addition to adequate vestibular input, the effect size of the vestibulo-autonomic reflex must also set appropriate to show its autonomic laterality. Indeed, many factors can be considered as potential sources of inequality of vestibular effects of caloric stimulation between right and left ears. They are the inter-aural differences in the volume and in the shape of the external ear channels, the variation of co-planarity of semi-circular channels between right and left sides and the laterality in the processing of vestibular inputs per se[22,45-48].
The hemispheric dominance of autonomic networks may also cause asymmetric autonomic response following exposure to the one identical stimulus at the right or left side[29-31,49,50].
However, our data did not show any significant differences in short term HRV indices following 1-s-1-mL ice water caloric test on both sides. McGinley et al[49] reported lateralization only for sympathetic responses. In the same study, they also used a unilateral facial cooling method for selective increase of parasympathetic tone in one-side and recorded its effect on HRV. They observed no differences between right and left side facial cooling stimulation by this method and concluded that despite prominent lateralization for sympathetic activity, there was no parasympathetic lateralization[49]. We did caloric vestibular stimulation in the pessimum and the optimum conditions and it may cause some degree of simultaneous cervicosympathetic effect. Bolton et al[51] reported a very complex interaction among cervical proprioception afferents, respiratory muscles, sympathetic tone and vestibular system in cats. However, there are limited data about cervicosympathetic effect on respiration, heart rate and blood pressure in normal humans[52,53]. 
[bookmark: _Hlk35281892]Our data may provide further clinical support regarding the cardiovascular safety of the 1-s-1-mL ice water caloric test. There is limited data about the safety of different methods of vestibular assessment including the caloric test in cardiovascular patients[39]. The research implication of this data is introducing a model for studying the concept of the laterality of vestibulo-autonomic reflex. In contrast to microgravity methods or tilt test, the caloric test can provide specific data because it does not cause hemodynamic compensatory responses due to orthostasis. Therefore, adequate vestibular stimulation by irritation with more volume of cold water or in longer duration e.g., more than a few seconds may cause different results. 
This study had some limitations and any generalization of data need. They included small sample size, visual monitoring of nystagmus and using fixed level of caloric stimulation. Galvanic vestibular stimulations with increasing intensities, measuring the velocity of different phases of nystagmus by electronystagmography and larger sample size can provide better data about cardiac autonomic laterality of vestibular system. 

ARTICLE HIGHLIGHTS
Research background
The caloric vestibular stimulation provides the opportunity for isolated and unilateral activation of the vestibular system. Therefore, it may be very helpful as a model for comparison of the effect of vestibulo-autonomic reflex on cardiovascular system and for exploration of differences between the right and the left sides. 

Research motivation
There is very limited information about the autonomic laterality. The autonomic effects of vestibular system are well documented but the reports about the laterality of vestibular effect on cardiovascular system is rare.

Research objectives
To compare the effect of the caloric test on the cardiac sympathovagal tone and to study any difference between the autonomic effects of the right and the left side caloric vestibular stimulations.

Research methods
This self-control study was conducted on 12 healthy male volunteers. The minimal ice water caloric test was applied for vestibular stimulation in the optimum and in the pessimum positions for each side. The time domain and the frequency domain indices of the heart rate variability were used as markers of cardiac sympathovagal tone.

Research results
Caloric test induced nystagmus and vestibular stimulation in the optimum positions but had no effect on blood pressure, average heart rate and heart rate variability.

Research conclusions
The minimal ice water caloric test was well tolerable, provided inadequate vestibular autonomic stimulation and may have introduced a model for studying the concept of the laterality of vestibulo-autonomic reflex.

Research perspectives
The vestibular and the autonomic system may have different sensitivity to caloric stimulation and the irritation with more volume of cold water or in longer duration e.g., more than a few seconds may cause adequate autonomic vestibular stimulation.
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[bookmark: OLE_LINK17][bookmark: OLE_LINK18][bookmark: _Hlk35282230][bookmark: _Hlk35280333]Figure 1 Schematic drawing of horizontal semi-circular canal axis and its alignment with gravity plane in supine and upright orientations. A: Arrow shows the angle between horizontal canal and vertical line in supine position; B: Arrow shows the vertical position of horizontal canal following the 30˚ forward tilt in supine position e.g., the optimum position in supine state; C: Arrow shows the horizental position of horizontal canal following the 60˚ backward tilt in supine position e.g., the pessimum position in supine state; D: Arrow shows the angle between horizontal canal and horizental line in upright position; E: Arrow shows the horizental position of horizontal canal following the 30˚ forward tilt in upright position e.g., the pessimum position in upright state; F: Arrow shows the vertical position of horizontal canal following the 60˚ backward tilt in upright position e.g., the optimum position in upright state. In optimum position the horizontal canal axis is vertical and in the gravity plane (B and F). In pessimum position this axis is horizontal and eliminates the effect of gravity on endolymph convection (C and E).
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Figure 2 The study design and timeline. Each horizontal arrow is equal to 5 min.



[image: ]
Figure 3 The mean ± SD of respiratory rate before vestibular stimulation, after it and following the last recovery stage (n = 12). 
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Figure 4 The mean ± SD of respiratory amplitude before vestibular stimulation, after it and following the last recovery stage (n = 12). 
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Figure 5 The mean ± SD of nystagmus duration in seconds after caloric vestibular stimulation of each ear in the optimum (+30º) and in the pessimum (+60º) conditions (n = 12). 


Table 1 The mean ± SD of average heart rate and blood pressure (n = 12)
	The condition of recording

	Average heart rate 
	Systolic pressure
	Diastolic pressure

	Before vestibular stimulation
	72.33 ± 9.47
	123.07 ± 15.41
	70.07 ± 6.74

	Left vestibular stimulation at +30º
	73.41 ± 8.95
	127.29 ± 11.68
	72.86 ± 5.55

	Left vestibular stimulation at -60º
	72.16 ± 8.69
	127.21 ± 12.03
	71.36 ± 7.93

	Right vestibular stimulation at +30º 
	73.13 ± 8.24
	128.07 ± 15.42
	74.07 ± 6.74

	Right vestibular stimulation at -60º
	72.13 ± 9.56
	126.36 ± 11.15
	70.36 ± 7.15

	Last recovery stage
	70.85 ± 9.10
	122.29 ± 11.34
	70.64 ± 7.17



Table 2 The mean ± SD of the time and the frequency domain indices of heart rate variability (n = 12) 
	[bookmark: _Hlk25339798]
	Before vestibular stimulation
	Left vestibular stimulation
	Right vestibular stimulation
	Last recovery stage

	
	
	at +30˚
	 at -60˚
	at +30˚
	 at -60˚
	

	Total power (ms²)
	2009.5 ± 147.9
	2905.6 ± 2506.5
	8698.7 ± 2185.8
	2277.4 ± 1556.3
	5063.2 ± 4842.9
	3173.9 ± 2562.7

	HF ms²
	628.25 ± 592.3
	871.51 ± 819.6
	2472.36 ± 629.6
	527.50 ± 415.7
	1493.71 ± 1900.2
	848.51 ± 862.5

	nHF (nu)
	47.63 ± 19.35
	42.76 ± 12.34
	40.25 ± 12.96
	40.59 ± 14.81
	40.56 ± 10.08
	40.15 ± 13.76

	LF ms²
	434.94 ± 320.27
	697.00 ± 554.68
	2048.37 ± 479.73
	581.52 ± 551.35
	1015.51 ± 905.88
	753.21 ± 457.60

	nLF (nu)
	44.85 ± 18.78
	45.31 ± 17.48
	46.85 ± 17.52
	50.57 ± 17.97
	43.09 ± 17.83
	49.76 ± 18.71

	LF/HF
	1.33 ± 1.07
	1.34 ± 1.21
	1.32 ± 0.7
	1.57 ± 1.05
	1.18 ± 0.71
	1.61 ± 1.38

	SDNN (ms)
	44.85 ± 17.85
	56.55 ± 26.06
	70.95 ± 63.38
	50.12 ± 16.48
	61.24 ± 25.08
	55.63 ± 18.84

	SD delta NN (ms)
	36.00 ± 20.42
	48.76 ± 34.26
	67.81 ± 81.36
	40.04 ± 17.64
	58.44 ± 40.01
	49.45 ± 29.70

	SDNN/SD delta NN
	1.429 ± 0.468
	1.421 ± 0.561
	1.359 ± 0.525
	1.385 ± 0.388
	1.318 ± 0.548
	1.321 ± 0.441

	RMSSD
	35.95 ± 20.39
	48.70 ± 34.22
	67.69 ± 81.18
	39.98 ± 17.61
	58.36 ± 39.96
	49.37 ± 29.63

	Maximum NN (ms)
	988.5 ± 158.4
	1085.5 ± 273.35
	1197.6 ± 352.8
	1033.6 ± 193.9
	1267.6 ± 384.1
	1122.2 ± 232.8

	Minimum NN (ms)
	704.30 ± 82.52
	687.78 ± 72.81
	685.34 ± 104.34
	685.00 ± 59.56
	690.15 ± 119.1
	695.47 ± 85.85

	Range NN (ms)
	284.2 ± 113.7
	397.8 ± 279.8
	511.7 ± 380.1
	348.6 ± 159.1
	577.4 ± 404.4
	426.7 ± 248.7

	Mean NN (ms)
	843.2 ± 113.6
	829.2 ± 106.0
	844.0 ± 113.9
	829.9 ± 90.9
	846.2 ± 119.0
	860.2 ± 114.0

	Normals (%)
	99.13 ± 1.34
	99.41 ± 1.07
	98.93 ± 1.56
	99.43 ± 0.96
	98.54 ± 2.29
	98.10 ± 3.86

	Ectopics (%)
	0.87 ± 1.34
	0.56 ± 0.99
	1.07 ± 1.56
	0.57 ± 0.96
	1.43 ± 2.27
	1.88 ± 3.86


VLF: Very-low-frequency; LF: Low-frequency; HF: High-frequency; nLF: Normalized value of LF; nHF: Normalized value of HF; NN: Beat-to-beat intervals of normal sinus rhythm; SDNN: Standard deviation of NN intervals; SD delta NN: Standard deviation of the differences between adjacent NN intervals; RMSSD: Square root of the mean of the squares of the successive differences between adjacent NNs.
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