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Abstract

Purpose A combination of the caloric test with functional magnetic resonance imaging (fMRI) is a promising method for a
comprehensive diagnostics of pathologies of the vestibular system. The aim of this study was to investigate the potential pattern
of grey matter local activation in fMRI using cold and hot caloric stimulation in patients presenting unilateral peripheral
vestibular injury.

Methods Forty right-handed participants aged 27 to 56 with the diagnosis of right-sided peripheral vestibular hypofunction were
included. Stimulation was performed separately for the right and the left ear with cold (C, 14-15 °C) stimulus and hot (H, 48—
49 °C) stimulus. Grey matter activation was assessed in BOLD technique using a 3T scanner.

Results We observed activity within the parieto-insular vestibular cortex (PIVC), thalamus, insula and retroinsular area, hippo-
campus, and cerebellum, as well as oculomotor centers located in the precentral gyrus, superior temporal gyrus, and intraparietal
sulcus. Cold stimulus resulted in more areas of activation in response to the right ear activation rather than to the left ear. The
ipsilateral activity was noted for insular cortex and intraparietal sulcus. The differences between hot and cold stimuli were noted
for the right ear.

Conclusions In this preliminary study, the combination of the caloric test and fMRI allowed to present specific pattern of grey
matter activation in patients with unilateral peripheral vestibular injury. Further studies are necessary to develop patterns or
cortical maps differentiating various balance disorders and to analyze the dynamics of cortical plasticity after the injury.
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Introduction movement is derived from the information input from topo-

graphically and functionally distant brain cortical areas, par-
The sense of balance is a major source of information about  ticularly the vestibular, vision, and somatosensory systems.
body position in space and its acceleration. The feeling of = Each element contains neural pathways and a specific cortical
area, often scattered in a couple of locations. This complexity
leads to difficulties in diagnosis and treatment of vertigo and
>4 Zbigniew Serafin balance disorders. Moreover, “dizziness” is a commonly used
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separation of acquired data from scanner calibration due to
similarities between both sounds.

The second and more commonly used method of vestib-
ular stimulation in fMRI is the galvanic test, during which
electric current is conducted between the mastoid process-
es. This type of stimulation causes hyperpolarization of the
vestibular epithelium with no effect on hairy cells [6] al-
though reports on this result are contradictory [11].
Activation power is greater on the cathode side compared
to the anode side; however, all otoliths and afferent neu-
rons from all canals are excited at the same time [6]. The
test is accompanied by sensory, thermal, and pain sensa-
tion, as well as dizziness, metallic taste, and sometimes
nausea. Some researchers additionally applied nuchal skin
electric stimulation during fMRI, which was supposed to
reduce those sensations [12, 13].

In current otoneurology, the Fitzgerald-Hallpike caloric test
with induced nystagmus registration is the most commonly
used diagnostic tool to estimate the labyrinth function. In this
test, heat transfer from external auditory meatus to the inner
ear results in endolymph movement. This results in the change
of bioelectric potential of the stimulated semicircular canal,
then neuron depolarization, and, finally, increased conduction
along the cranial nerve VIII. Lowering temperature causes the
endolymph to move in the opposite direction with respect to
hot stimulation. Then, nerve VIII conduction is reduced com-
pared to the zero state. The induced stimulus activates the
vestibulo-cerebello-oculomotor (vestibulo-oculomotor) and
vestibulo-cerebello-spinal reflexes. The first attempts of calo-
ric stimulation in fMRI were limited to one type of stimulus
[14, 15]. Recently, Frank and Greenlee proposed a device that
offered both cold and hot stimulation but they validated the
system only on 13 healthy participants [16]. Therefore, the
aim of this preliminary study was to investigate the potential
pattern of grey matter local activation in fMRI using cold and
hot caloric stimulation in patients presenting unilateral periph-
eral vestibular injury.

Materials and methods
Caloric stimulation device

For the study, we used a device for caloric vestibular stim-
ulation in fMRI designed by Frank and Greenlee [16] and
modified by our team. We used the inner ear temperature
change as the stimulus, administering either very hot (H) or
cold (C) water to the ear external canal. The neutral stim-
ulus was temperature close to physiological body temper-
ature, which was achieved by infusing warm water (W).
The device utilized closed circulation of water at a given
temperature. The water was delivered from outside of the
Faraday cage from the control room with pumps to the
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glass capsules placed inside the ears of the patient, who
was lying down on the MR scanner’s table. The device
scheme of the device is shown in Fig. 1.

Additionally, during the caloric test, the induced nystagmus
of the right eye was registered. The registration was made at a
frequency of 50 Hz using an infrared camera (Visual System,
NordicNeuroLab, Bergen, Norway). In both oculars, black
background was used (no eye fixation). The analysis of regis-
tered data was conducted using the ViewPoint EyeTracker®
software (Arrington Research, Inc., Scottsdale, USA).

Device calibration

Before commencing the experiments, it was necessary to cal-
ibrate the initial temperature of hot and cold water and the
temperature in the glass capsules. In order to do this, we per-
formed a series of 40 temperature measurements outside the
Faraday cage at the same physical conditions.

To trigger the vestibulo-cerebello-oculomotor (vestibulo-
oculomotor) and vestibulo-cerebello-spinal reflexes, it was
necessary to apply temperature higher or lower relative to
the body temperature; in the Fitzgerald-Hallpike test, the
difference should be at least of 7 °C, i.e., not higher than
30 °C for cold water and not lower than 44 °C for hot water.
The water temperature was controlled before each study
using a digital K-type multimeter (VOLCRAFT MT-52,
China). Based on a series of calibration measurements, we
determined that the water temperature in the container must
be 13 °C and 50 °C, respectively, in order to conduct the
experiment and achieve water temperatures in the capsules
of 1415 °C and 48-49 °C accordingly. In order to habituate
the patient to the noise of flowing water, we used a 60-s
neutral stimulus with body temperature (37 °C) before calo-
ric stimulation.

The effect of temperature on MRI signal in BOLD se-
quence and artifact creation was described by Lobel et al.
and Rieke et al. [12, 17]. In their studies, they pointed out
that some imaging parameters are sensitive to surrounding
temperature. To better understand this problem and to
eliminate it during patient tests, we conducted two addi-
tional experiments using an agar dummy (1% agar with
2 mM NiCl,). In the first test, we evaluated the dummy
image in response to the neutral stimulus (W). In the sec-
ond test, we conducted a full assessment (structural and
functional sequence) with three stimuli: stimulus H to the
left dummy pole, stimulus C to the right dummy pole, and
stimulus W to both poles. It was determined that cold water
had a greater effect on BOLD signal compared to hot and
warm water, which both triggered similar effects. The sig-
nals were located superficially near the capsules.
Therefore, it can be assumed that in vivo caloric artifacts
do not map onto the brain and do not distort results.
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Fig. 1 Outline of the device for
caloric stimulation of the balance
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Study group

The size of the study group was calculated based on a study by
Mumord [18]. We included 40 right-handed participants aged
27 to 56 (mean age 39) with the diagnosis of right-sided pe-
ripheral vestibular hypofunction (Table 1). The diagnosis was
made by the laryngologist during standard otoneurological
diagnostic procedures (videonystagmography, posturography,
vestibular evoked myogenic potentials, temporal bone CT,
and brain MRI). The diagnostic procedure was the same for
all the participants. Videonystagmography was performed
using a VNG Ulmer system (Synapsys, France). The follow-
ing vestibulo-oculomotor and vestibulo-visual reactions were

temperature
control

cold water tank collecting tank

assessed: saccadic eye movements, optokinetic reaction,
smooth pursuit movements, positional nystagmus, gaze nys-
tagmus, spontaneous nystagmus, cervical nystagmus, and ca-
loric bithermal reaction. For posturography, a SPS system
(Synapsys, France) was used to test sensory organization with
the estimation of somatosensory, visual, and vestibular effi-
ciency, which simultaneously constitute global postural effect
(final stabilogram). Vestibular evoked myogenic potentials
were stimulated using Centor C+ system (Deltamed, France)
by presenting a 110-dB and 500-Hz sound wave to each ear
and collected ipsilaterally and contralaterally from the
sternocleidomastoid muscle. The latency of the P13N23P30
waves, their morphology, and amplitudes were analyzed.
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Table 1 Demographic and

clinical characteristics of the Category Frequency
study group
Absolute Relative

Gender Male 13 32.5%
Female 27 67.5%

Age range (years) 21-30 17.5%
31-40 17.5%
41-50 15.0%
51-60 20 50.0%

Intensity of vestibular hypofunction <40% 15 37.5%
41-70% 15 37.5%
>71% 10 25.0%

Cause of vestibular hypofunction Vasogenic damage 19 47.5%
Idiopathic 6 15.0%
Meniere’s disease 5 12.5%
Vestibular neuritis 4 10.0%
Trauma 2 5.0%
Labyrinthitis 2 5.0%
Toxic damage 1 2.5%
Postoperative 1 2.5%

Exclusion criteria included the following: psychiatric or
neurological disorders, temporal bone pathologies seen on
CT, brain tumors or malacia on MRI, previous brain or ear
surgery, pregnancy, claustrophobia, metal foreign objects, or
metal implants (heart stimulator, cardioverter, insulin pump,
cochlear implant, CNS stimulation, prosthesis). All partici-
pants were adults and gave informed consent to participate.
We obtained a permission to conduct the study from the local
bioethical committee.

Scanning

The study was conducted at the Interdisciplinary Center for
Modern Technology, Nicolaus Copernicus University,
Torun, Poland, using a 3T MRI scanner (GE Discovery
MR 750, General Electric Healthcare, USA) and 8-channel
neurovascular head coil (HD 8-CH Neurovascular Array,
General Electric Healthcare, USA). After installing the cap-
sules and the eye-tracker, the patient was placed in the MRI
gantry in a supine position with his/her head tilted at 30°
towards the chest. The reproducibility of the head position
and the alignment of the canal with gravitational force vec-
tor were achieved using a pillow wedge. During the exper-
iment, the scanner room was dark to minimize eye fixation.

For each participant, experimentation started with a volu-
metric high-definition brain scanning in 3D BRAVO sequence
(3D T1W1, TR-10.4, TE-4.4, FA-90°, thickness—1.2 mm,
gap—0.0). After structural imaging, the functional study was
performed using BOLD technique in axial plane using EPI
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sequence (TR-2000, TE-27, FA-90°, layer thickness—
3.0 mm, gap—0.0). The EPI sequence lasted 13 min on aver-
age. Two sessions were conducted; during the first session, hot
water stimulation was used (four stimulations to the right ear
and four stimulations to the left ear), while cold water was
used during the second session. Thus, each session contained
nine alternating blocs of 30-s stimulation and 60-s rest (time of
registration was calculated on the base of oculomotor reaction
during F-H test, with peak expected between 60 and 90 s after
beginning of stimulation). This process allowed for data ac-
quisition at the maximum BOLD reaction time. The effect of
habituation, usually present during stimulus repetition, was
not essential and may result only in smaller reaction, not its
absence.

Data analysis

Data preprocessing and analysis were conducted using a toolkit
FSL v. 5.0 (The FMRIB Software Library). The image quality
control allowed for evaluation of fMRI scans for field distortion
and spike artifacts, which were not found, and also to verify the
mean voxel intensity to intensity variance in the next volume
ratio (temporal signal-to-noise ratio, tSNR). All EPI scans were
also subject to the correction of movement, acquisition time,
coregistration, normalization, segmentation, and spatial
smoothing. Structural imaging transform coefficient was used
for functional studies. The main method for functional image
analysis was the subtraction of mean signal value during acti-
vation from the mean control signal value. This process was
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applied to each voxel, which created the activity map. In prac-
tice, however, this method is avoided in group analysis due to a
considerable systematic bias, and more sophisticated algo-
rithms are preferred. For structural and functional image regis-
tration to the spatial atlas MNI152, we used the FLIRT library
(FMRIB’s Linear Image Registration Tool) [19].

The fMRI data analysis was conducted using FEAT library
v. 6.00 (FMRI Expert Analysis Tool). Movement correction
was conducted using MCFLIRT package [20], while spatial
smoothing was conducted using Gaussian filter (FWHM
4.0 Mm). We also used high-pass filter in time domain
(Gaussian-weighted least-squares straight line fitting, sigma =
50.0S). Time series analysis was conducted using FILM soft-
ware (FMRIB’s Improved Linear Model) with local correla-
tion correction [21, 22].

Statistical analysis

Z statistic images (Gaussianized T/F) were set in terms of
clusters for Z > 2.8. The cluster significance (with correction)
was set at p =0.05. The first five EPI scans were discarded in
each data package to achieve signal balance. For fMRI image
coregistration, we used structural 3D T1W1 scans in BRAVO
sequence. The first-level statistical analysis (individual data)
was conducted using a general linear model (GLM). The
second-level statistical analysis (group analysis) for difference
assessment between C and H stimuli was conducted using
FLAME library (FMRIB’s Local Analysis of Mixed
Effects), which is a type of variance test for mixed effects in
a full Bayesian network.

Results

None of the participants stopped the procedure due to discom-
fort during stimulation or complained about significant side
effects of caloric stimulation (e.g., annoying nausea, vomiting,
palpitation, vertigo). In order to confirm the effectiveness of
caloric stimulation during the experiment, the right eye nys-
tagmus was registered in addition to subjective vertigo sensa-
tion. We only registered the presence of nystagmus and its
detailed characteristics were not subject to analysis.

The device effectiveness was confirmed in all patients: hot
water stimulation led to nystagmus towards the stimulated ear
while cold water stimulation occurred in the opposite direc-
tion. Cold stimulus resulted in more areas of activation in
response to right ear activation rather than to the left ear. The
differences between hot and cold stimuli were noted for the
right ear.

We observed activity within the parieto-insular vestibular
cortex (PIVC), thalamus, insula and retroinsular areas, hippo-
campus, and cerebellum as well as oculomotor centers located
in the precentral gyrus, superior temporal gyrus, and

intraparietal sulcus. Significant activity in response to neutral
stimulus to both ears was noted in the right fronto-parieto-
temporal area, hippocampus, and cerebellar hemisphere,
which may be considered a measurement of noise.
Figures 2, 3, 4, and 5 depict activation of the above-listed
structures. Tables 2, 3, 4, and 5 show brain areas in patients
that presented statistically significant activity in response to
left and right ear caloric stimulation.

Discussion

In this preliminary study, we presented the potential pat-
tern of grey matter local activation in fMRI using cold and
hot caloric stimulation in patients presenting unilateral
vestibular injury. We observed increased activity within
the parieto-insular vestibular cortex (PIVC), thalamus,
insula and retroinsular areas, hippocampus, and cerebel-
lum as well as oculomotor centers in the precentral gyrus,
superior temporal gyrus, and intraparietal sulcus. We no-
ticed significantly increased activity in response to the
neutral stimuli to both ears within the right fronto-
parieto-temporal cortex, hippocampus, and cerebellar
hemispheres. The activity may be considered a noise from
the method or measurement itself and may be attributed to
scanning-related stress, scanner’s noise, sensation of water
flowing, and touch sensation from the external ears. In
most tests, increased activity was observed within the
insula, especially the parietal operculum, which is in ac-
cordance with previous studies. Many more centers were
stimulated by the cold stimulus applied to the right ear
rather than left ear and ipsilateral activity was observed
within the insula and intraparietal sulcus. The differences
between the hot and cold stimuli were more pronounced
for the right ear.

Numerous human and animal studies demonstrated the ac-
tivation of several separate and distinct cortical areas during
the processing of vestibular information [13—16]. Evidence
from functional imaging studies has revealed a complex net-
work of cortical areas in both human hemispheres, predomi-
nantly in the temporo-insular and temporo-parietal cortex
[14]. It has been proven that vestibular stimulation modulates
somatosensory cortical processing via the activation of the
parietal operculum [17]. The region of the frontal lobe, which
participates in the vestibular processing, is an origin of the
fronto-ponto-cerebellar tract [18]. The damage of this path-
way may result in cerebellar ataxia. Patients with neurological
deficits have been noted to be hyporesponsive to the proprio-
ceptive and vestibular stimuli. Cognitive dysfunction due to
the damage of frontal, temporal, and parietal cortex may dis-
turb the stimuli-responsivity, vestibular compensation, and re-
activity [19]. In previous attempts to map the vestibular cor-
tex, only pathways engaged in stimulus processing were
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Fig.2 Graphical presentation of brain areas statistically activated after applying cold stimulus to the right ear. Significant activations (red areas) are listed

in Table 2. The remaining indicated areas were not statistically significant

mentioned. Depending on the vestibular stimulation and reg-
istration methods, various patterns of spontaneous activity in
term of location and extent were observed. Moreover, the
activity was not symmetrical in both hemispheres. Higher ac-
tivity was observed in the non-dominant hemisphere and on
the same side as the stimulus [6, 12, 13, 23]. The first attempts
of functional imaging with caloric stimulation [14-16] were
limited mainly to healthy individuals and one type of stimulus.
In the study by Suzuki et al., vestibular stimulation of the right
ear with cold water activated the left superior temporal gyrus
as well as the right superior temporal gyrus, right intraparietal
sulcus, right parahippocampal gyrus, right hippocampus, and
left insula; the highest Z value denoting the highest activity
agreement between subjects was mapped in the left superior
temporal gyrus [15].

In response to left ear stimulation, we observed an in-
creased activity of the right cingulate gyrus, right superior
temporal gyrus, left hippocampus and parahippocampal gyri,

%i% %3*
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left intraparietal sulcus, right cingulate gyrus, and right insula.
The highest Z value was mapped in the right intraparietal
sulcus and right thalamus. In contrast, in the previously men-
tioned study by Fasold et al. [24], the cold stimulus applied to
the right ear caused activation of the left dorsolateral parietal
cortex, right dorsolateral parietal cortex, left and right parieto-
insular cortices, left superior temporal gyrus, right and left
cingulate gyri, left posterior cingulate gyrus, right parieto-
frontal operculum, and left prefrontal cortex.

In our study during the left vestibular stimulation, the
BOLD signal increase was noted within the right and left
posterior insulas, right and left posterior cingulate gyri, left
prefrontal cortex, and right superior temporal gyrus. In gener-
al, in patients with right-sided vestibular hypofunction, the
stimulation of the injured labyrinth typical vestibular still re-
sulted in activation of areas that were identified in previous
studies as the vestibular cortex in healthy subjects. However,
in our patients, the response for stimulation of the contralateral
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Fig. 3 Graphical presentation of brain areas statistically activated after applying cold stimulus to the left ear. Significant activations (red areas) are listed
in Table 3. The remaining indicated areas were not statistically significant
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Fig. 4 Graphical presentation of brain areas statistically activated after applying hot stimulus to the right ear. Significant activations (red areas) are listed

in Table 4. The remaining indicated areas were not statistically significant

(healthy) vestibulum included more areas, which were spread
outside PIVC. This observation may be interpreted as a plas-
ticity of the whole vestibular system. Since the left ear has to
take over the balance control of the body, it also activates new
cortical areas. However, these results should be interpreted
with caution due to small population size and simplified data
analysis. In our study, we confirmed reports by other authors
regarding cortical representation of the balance sense in
healthy individuals. In previous studies using galvanic stimu-
lation, usually both semicircular canals and otolith organs
were stimulated simultaneously. Moreover, the response time
was shorter than for caloric stimulation [6, 13]. Depending on
current intensity, we observed galvanic skin tension and pain

as side effects. These reactions involve the sensory system,
which could influence the response of the vestibular system to
greater extent than during the caloric test [6, 14]. It can be
assumed that, for this reason, galvanic stimulation is associat-
ed with a risk of “overlapping™ activation of vestibular and
somatosensory cortices. Another premise for inequality be-
tween galvanic and caloric stimulation is the eye reaction.
Galvanic stimulation induces rotational eye movement and
the horizontal nystagmus has a smaller amplitude than in the
caloric test [12]. Finally, the differences can be attributed to
anatomical variants of PIVC (temporo-parietal and temporo-
insular cortices). Therefore, direct comparison of the literature
data can be challenging.

IIIII

Fig.5 Graphical presentation of brain areas statistically activated after applying hot stimulus to the left ear. Significant activations (red areas) are listed in
Table 5. The remaining indicated areas were not statistically significant
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Table 2 Brain areas in patients showing statistically significant
activation after applying cold stimulus to the right ear (BA-Brodmann
areas)

Table 4 Brain areas in patients showing statistically significant
activation after applying hot stimulus to the right ear (BA-Brodmann
areas)

Structure BA Z value Structure BA Z value
Left superior temporal gyrus 22L 3.24 Right anterior cingulate gyrus 24 R 3.11
Left anterior cingulate gyrus 24 L 2.83 Left thalamus 13, 14L 2.95
Left insula 13,14 L 2.75 Left fronto-parietal operculum 40L 2.89
Right postcentral gyrus - 2.61 Left lingual gyrus 18L 2.77
Left pyramidal tract 1,2,3,4,6 L 2.35 Left insula 13,14 L 2.74
Right inferior frontal gyrus 6 R 231 Right superior temporal gyrus 22 R 2.62
Left postcentral gyrus 3L 2.61

Our study has some limitations. Firstly, we did not
assess the temporal relation between the duration of stim-
ulation and the cortical activation seen in BOLD se-
quence. In a standard Fitzgerald-Hallpike caloric test,
there is a 10-s delay between the start of stimulation and
the response, i.e., nystagmus. However, the most intense
reaction is after 60-90 s. In fMRI, since BOLD signal is
relatively weak, several repeated acquisitions are neces-
sary to gain an image. Therefore, we had to weigh be-
tween the total scanning time acceptable for subjects and
the strength of the BOLD signal. Since it was a prelimi-
nary study, we used cold and hot stimuli to both ears. In
further experiments, we will be able to limit the range of
stimuli in favor of deeper analysis of temporal aspects of
the test. Secondly, due to the delay in vestibular activation
described above, stimulation in our fMRI paradigm might
be too frequent and might result in overlapping cortical
activations. Thirdly, our study group may be considered
inhomogeneous. We included right-handed subjects with a
laryngological diagnosis of right-sided peripheral vestibu-
lar hypofunction with no structural abnormalities of the
inner ear. Such diagnosis is called a functional vestibular
hypofunction, which means that the particular reason of
vertigo is not known and may include various reasons.
This group of patients, however, is worth deeper

Table 3 Brain areas in patients showing statistically significant
activation after applying cold stimulus to the left ear (BA—Brodmann
areas)

diagnostics as the disease is not fully understood.
Moreover, cortical activations seem not to depend on the
particular reason of peripheral vestibular injury. Finally,
our study was a group analysis of cortical activations in
response to cortical activation; therefore, results were av-
eraged within the study group and do not bring any diag-
nosis for a particular patient. Instead, we were looking for
differences between the right and the left ear stimulation
and between cold and hot stimuli in this cohort.
Therefore, our results present a rather basic scientific
study in contrast to a complete clinical test.

In conclusion, the combination of the complete caloric test
and fMRI is an innovative approach to diagnosis of vertigo
and creates new scientific possibilities. Apart from physiolog-
ical responses to caloric stimulation, which are still not fully
understood, fMRI may become a tool to objectively determine
the prognosis regarding recovery and could be an indicator of
a successful vestibular rehabilitation. Studies on a larger group
would allow development of patterns or cortical maps differ-
entiating various balance disorders and to investigate cortical
plasticity after injury. Considering technology, further efforts
will be focused on automation and computerization of the
system to reduce interscan variability to approximate the de-
vice to clinical practice.

Table 5 Brain areas in patients showing statistically significant
activation after applying hot stimulus to the left ear (BA-Brodmann
areas)

Structure BA Z value Structure BA Z value
Right anterior cingulate gyrus 24 R 3.95 Right cerebellar hemisphere - 3.55
Right thalamus - 3.89 Left insula 13,14 L 3.25
Right hippocampus 13, 14R 3.81 Right hippocampus 36 R 2.93
Right parahippocampal gyrus 37R 3.72 Left superior frontal gyrus 6L 2.78
Right inferior parietal lobe 40 R 3.55 Right lingual gyrus 18R 2.75
Left intraparietal sulcus 7L 3.48 Left anterior cingulate gyrus 24 L 2.73
Right insula 13, 14R 3.47 Right superior temporal gyrus 22 R 2.6
Right postcentral gyrus 3bR, 2R 335 Right fronto-parietal operculum 40R 2.45
Right lingual gyrus 18R 2.85 Right intraparietal sulcus 7R 221
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