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ABSTRACT Caloric vestibular stimulation (CVS) to elicit the vestibulo-ocular reflex has long been used
in clinical settings to aid in the diagnosis of balance disorders and to confirm the absence of brainstem
function. While a number of studies have hinted at the potential therapeutic applications of CVS, the
limitations of existing devices have frustrated that potential. Current CVS irrigators use water or air during
short-duration applications; however, this approach is not tenable for longer duration therapeutic protocols
or home use. Here, we describe a solid-state CVS device we developed in order to address these limitations.
This device delivers tightly controlled time-varying thermal waveforms, which can be programmed through
an external control unit. It contains several safety features, which limit patients to the prescribed waveform and
prevent the potential for temperature extremes. In this paper, we provide evidence that CVS treatment with
time-varying, but not constant temperature waveforms, elicits changes in cerebral blood flow physiology
consistent with the neuromodulation of brainstem centers, and we present results from a small pilot study,
which demonstrate that the CVS can safely and feasibly be used longitudinally in the home setting to treat
episodic migraine. Together, these results indicate that this solid-state CVS device may be a viable tool for
non-invasive neuromodulation.

INDEX TERMS Caloric vestibular stimulation, neuromodulation, migraine, cerebral blood flow, brainstem.

I. INTRODUCTION
Caloric vestibular stimulation (CVS) is a widely used tech-
nique developed by Robert Barany more than a century
ago [1], and is commonly used to diagnose balance disorders
or confirm absence of brainstem function. Historically, water
or air irrigators have been used to warm or cool the external
auditory canal of patients. Both warming and cooling temper-
ature changes lead to density changes in the endolymphatic
fluid in the semicircular canals and create convection currents
which result in cupular deflection, change in the tonic firing
rate of the vestibular nerves and elicit the vestibulo-ocular
reflex or horizontal nystagmus. Though there is still debate
about the totality of effects that caloric stimulation has on
the vestibular organs, the thermoconvection model originally
described by Barany and Wittmaack [2] seems to account for
the majority of the induced changes (at least within earth’s
gravity [3]).

CVS induction has been associated with release of
a number of neurotransmitters including serotonin [4],

histamine [5], acetylcholine [6] and GABA [7]. Addition-
ally, the modulation of various networks and nuclei in the
brain by CVS including the basal ganglia [8] cerebellum,
brainstem, insula [9], hypothalamus [10], thalamus [11], hip-
pocampus [9] and prefrontal cortex [12] suggests significant
potential for CVS to modulate both motor and non-motor
functions.

Despite the evidence for widespread activation of neural
circuits [13] and a long history to support the clinical safety
of CVS, investigation into its potential therapeutic efficacy
has been limited. Several groups have demonstrated acute
benefits of CVS with hemispatial neglect patients [14]-[20],
and a number of studies have explored the therapeutic poten-
tial of CVS for pain mitigation [21]-[23]. However, all of
these studies have suffered from low patient numbers, min-
imal details about the CVS protocol, no longitudinal treat-
ment, and cursory follow-up, if any. The main impediment
to progress for CVS as a mechanism for neuromodulation
and/or therapeutic approach has been the lack of a device
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design suited for prolonged treatments and home use [24].
To address this deficit, we developed a novel, solid-state
device for delivering CVS. We describe the results herein and
provide evidence that time-varying thermal CVS waveforms
elicit physiological changes in cerebral blood flow velocity,
which are consistent with neurostimulation of brainstem cen-
ters. Furthermore, we demonstrate the feasibility and safety
of longitudinal use of the device for the treatment of episodic
migraine.

FIGURE 1. CVS device headset and control unit.

Il. MATERIALS AND METHODS

A. DEVICE

The CVS device (Fig. 1) is easily operated and consists of
a headset, fashioned like music headphones, with aluminum
earpieces to conduct heat and a control unit that powers the
device and allows for patients to start treatments. The temper-
ature in each ear insert is separately controlled allowing for a
wide variety of time-varying waveforms. However, the device
has fail-safe and patient-lockout protections, so the patient
can only activate the neuromodulation protocols and number
of daily treatments prescribed on the SD cards inserted into
the control unit.

The CVS device is based on a Peltier unit, an array of
diodes comprised of n-type/p-type semiconductor junctions
comprised of bismuth telluride (see Fig. 2). The Peltier mod-
ule used in the CVS device is composed of an array of diodes
in a cast epoxy cube to reduce susceptibility to shear stress
(TE Technology, Traverse City, MI). When direct current is
passed in one direction through the array, one side heats up
with respect to the other. Reversing the direction of current
flow also reverses the temperature gradient across the array.
A pulse-width-modulation algorithm is used to power the
Peltier devices so that the actual temperature, as measured
by a thermistor in the earpiece, matches the waveform target
temperature. The anodized, aluminum earpiece is attached to
one side of the Peltier array and an aluminum heat sink is
attached to the other. The Peltier device mates to the heat
sink via a solid aluminum standoff. Fig. 2b shows an enlarged
view of the connections to the Peltier device as well as the
location of a thermistor temperature sensor, which is used in
the control circuit that sets the temperature of the earpiece.
The groove in the ear insert is designed to allow for pressure
equalization within the ear canal. The earpiece is covered on
its lower base by an ethylene-vinyl copolymer skirt that works
to thermally insulate the earpiece from the outer portions of
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FIGURE 2. (a) Exploded view of CVS headset. (b) Schematic showing the
principal elements of the earpiece.

FIGURE 3. Infrared thermographs show the temperatures of the earpiece
and heat sink during a square wave thermal waveform with a minimum
temperature of 15 °C and a maximum temperature of 42 °C. Black is cold,
white is hot.

the ear canal and concha. Fig. 3 shows a thermograph of the
components in fig. 2b.

The thermistor in each earpiece samples the temperature
at the tip at a rate of 4 Hz. The thermistor provides feed-
back to the control circuit that sets the temperature of the
earpiece. The heating and cooling systems are deactivated if
either thermistor detects temperatures 1 °C below or above
the minimum and maximum temperatures defined by the
thermal waveforms, respectively, or if a thermistor fails. The
temperature control circuit accesses a temperature calibration
file matched to a specific thermistor whenever the system is
powered on. The device will display an error and will not run a
treatment if no calibration file is found. Additionally, because
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FIGURE 4. Example of target and actual thermal profiles of the sawtooth
time-varying thermal waveform used in this study.

the warming and cooling functions are driven by the system
software, any potential failure of the system software would
result in inactivation of the device.

The thermistor-recorded temperature is logged with each
treatment thus providing a mechanism to confirm treatment
compliance. Because the thermal load of a subject can lead
to a small drop in thermal efficiency later in the run (thus
creating a small divergence between the measured and tar-
geted temperature, see Fig. 4), the temperature log can also
be assessed to determine whether the subject actually wore
the headset during any particular treatment.

The device was manufactured by Anuva Innovations
(Morrisville, NC) under ISO 13485 compliant protocols.
All hardware, software and safety features of the device were
tested according to ISO 60601 standards by an independent
testing laboratory, Intertek (Atlanta, GA), and the biocom-
patibility of device materials was independently confirmed
under ISO 10993 by Toxikon (Bedford, MA).

B. MODE OF ACTION

Proper CVS induction relies on good thermal transfer
between the earpieces and the temporal bone. Heat flows
around the middle ear space to the inner ear and the vestibular
labyrinth. The horizontal semicircular canal (hSCC) actu-
ally protrudes slightly into the middle ear space and is
the structure most immediately and strongly affected during
CVS [25]. The base of the earpiece is insulated with rubber to
prevent unwanted heat transfer from other than the shaft and
tip. There is a wide variation in tortuosity of the fleshy part of
the ear canal in adults, but the bony canal, which terminates
at the tympanic membrane, is similar in all adults [26]. The
earpiece tip is sized so that it cannot enter the bony canal, but
a good fit will ensure that the tip is abutted to the bony canal
entrance. Though small variations in the fitting of the headset
may exist across patients or day-to-day within a given patient,
CVS is intrinsically well targeted since the thermal stimulus
only stimulates the vestibular organs.
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With conventional irrigation-based CVS, there is a period
of rapid temperature change followed by a constant tempera-
ture epoch and then a slower recovery to body temperature as
the irrigation stops. Plotted as a time-varying waveform, this
would be a very high slew rate change to a plateau followed
by a nonlinear ramp back to 37 °C. By contrast, the CVS
device allows for defined, time-varying waveform shapes (for
an example, see Fig. 4) and has a slew rate limited by the
thermal capacity of the heat sink, but it can achieve roughly
40 °C/minute for heating and 20 °C/minute for cooling.
Notably, the CVS device can repeat a waveform pattern to
create cyclic CVS. Though the amplitude of the thermal
waveform is reduced and the sharp vertices of a sawtooth
waveform pattern are smoothed to a shape resembling a
sine wave (due to the thermal conduction properties of the
temporal bone) the frequency is preserved at the inner ear
target. Making exact predictions about temperature profiles
or tonic firing rates is not possible due to the inter-individual
variations in pneumatization of the bone [27], blood flow, the
quality of the fit of the earpiece, etc.

While dizziness and nausea have been associated with con-
ventional irrigation-based CVS, tolerability can be improved
and unwelcome side effects can be mitigated by avoiding
temperature extremes [1] and by slowing the slew rate.
Notably, although primary endpoints will not be discussed in
this paper, the waveform shown in Fig. 4 has been used in
a number of studies to investigate the therapeutic efficacy of
the CVS device for a number of neurological and metabolic
conditions. There were only minimal adverse effects in
these studies (and no serious or unexpected adverse effects).
Additionally, in over 100 patients who have participated in
other studies using the time-varying CVS waveform shown
in Fig. 4, only 4 patients have reported experiencing dizzi-
ness and/or nausea (transient in all cases) that could have
potentially been related to treatment, and no serious or unex-
pected adverse events were reported. Of the 4 patients who
experienced dizziness/nausea during the study, no patient’s
symptoms were conclusively linked to use of the device
(Black and Rogers, unpublished observations).

In addition to minimizing risk of dizziness and nausea, the
precise temporal control of the thermal waveforms allows
the device to overcome the therapeutic limitation of SCC
adaptation which is observed during constant temperature
CVS [28], [29]. It is important to note that the diminution of
nystagmus to constant temperature CVS is due to a physical
adaptation of ciliary structures, which respond to the motion
of the cupula, rather than the fatigue of afferent nerves.
In fact, Bagnall er al. [30] found that the vesicle struc-
ture in the hair cell synapses has evolved to reduce fatigue.
By varying the temperature applied to the temporal bone
during CVS, adaptation can effectively be avoided, thus
allowing for a therapeutic session limited only by the
endurance of the patient. Finally, having independently con-
trolled caloric earpieces allows for “unyoking” the left and
right labyrinths, enabling non-physiological stimulation to be
delivered.
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C. MEASURING CVS-INDUCED CHANGES IN
CEREBROVASCULAR DYNAMICS

The effects of CVS on cerebrovascular dynamics were
measured using transcranial Doppler sonography (TCD) of
intracranial blood vessels using a Sonoara TCD system
(Natus Medical, Pleasanton, CA). Following Duke University
IRB approval, the basilar artery (BA) of a single subject
was insonated through the suboccipital acoustic window over
the course of three CVS treatments. The Gosling Pulsatility
Index (PI), a measure of cerebrovascular resistance defined as
[(peak systolic velocity - end diastolic velocity)/ mean cere-
bral blood flow velocity] constituted the primary measure of
cerebrovascular dynamics. Eight nearest-neighbor averaging
was performed to smooth the curves. Heart rate (HR) from
the TCD signal was also assessed.

Successful insonation of the BA was judged by real-time
monitoring of the return signal on the TCD unit. A 2 MHz
probe was used and the sampling rate was 0.71 seconds.
The ultrasound probe was coated with a viscous acoustical
coupling gel and held, by hand, at the base of the skull. The PI
time series data was transformed, using a Fast Fourier Trans-
form (FFT) algorithm (StatPlus, AnalystSoft, Walnut, CA)
into a frequency space representation to better highlight the
spectral power distribution of the observed oscillations. Three
minute long segments of the time series were transformed
with no additional digital filtering. Data is presented on a
scale from 0.3 to 9.0 cycles per minute (cpm) to provide better
resolution of the primary observed spectral components.

D. PILOT STUDY TO INVESTIGATE FEASIBILITY OF
HOME-USE CVS FOR THE PREVENTION OF

EPISODIC MIGRAINE HEADACHE

Following Duke University IRB approval, a small pilot clin-
ical study with episodic migraine patients was conducted
primarily to establish safety and feasibility for use of this
device in the home environment. However, the pilot study was
also designed to evaluate different CVS thermal waveforms
and gather preliminary evidence of efficacy. Three patients
met the following inclusion criteria and were thus enrolled in
the study:

o A history of at least four, and not more than fourteen
total monthly headache days of which between four
and nine were migraine headache days. Patients were
permitted continued access to migraine abortive medica-
tions. Patients were being treated at the Duke University
headache clinic.

« A history of some responsiveness (incomplete) to at least
one and a maximum of two prophylactic pharmaceutical
therapies (utilized concurrently).

o Subject were at least 18 years of age.

Exclusion criteria:

« Individuals who were pregnant, who had a history of car-
diovascular disease, who worked night shifts or who had
vestibular migraine, menstrual migraine, post-traumatic
migraine, a history of unstable mood disorder or
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unstable anxiety, moderate or greater hearing loss or a
history of traumatic brain injury.

o A history within the last six months of narcotic or
barbiturate use or experience of one or more analgesic
rebound headaches.

Study parameters:

o Patients self-reported baseline migraine headache
burden.

« Patients used the CVS device for a period of 6 weeks,
and treatment with the CVS device consisted of twice
daily, roughly 18 minute long sessions (active only,
no placebo).

« Patients maintained a pain diary during the treatment
period as well as a 4 week post-treatment observation
period where they self-reported headache pain burden
using visual analogue scale for pain (0-10 point sub-
jective pain reporting). The number of headache days
was binned over 2-week intervals and was used as a
preliminary measure of efficacy.

« Balance was tested using the Berg scale [31] prior to
treatment and at the end of the 6-week treatment period.

« Patients were required to report any adverse events.

One male and two female patients were recruited into the
study. Patient #1 had a device that delivered an in-phase
square wave pattern to both ears with a 2-minute period,
transitioning from 17 to 42 °C. The other two patients had
devices that delivered the sawtooth pattern shown in Fig. 4.
For these two patients, the ears receiving the warm and
cold waveforms were switched on a daily basis to mitigate
the hypothetical risk of unintentionally creating a baseline
vestibular asymmetry after the treatment period. Both the
square and the sawtooth thermal waveforms were designed to
avoid adaptation of the vestibular response. The square wave
program delivered in-phase thermal stimuli to both ears. This
waveform choice was designed to mitigate side effects by
negating the asymmetric effect concomitant with unilateral
CVS administration.

IIl. RESULTS

A. CVS TREATMENT MODULATES

CEREBROVASCULAR DYNAMICS

Vestibular stimulation, including CVS, has previously
been shown to affect cerebrovascular dynamics [32]-[34].
To demonstrate that our device provides substantive stimu-
lation of the vestibular system, we measured the effects of
treatment on PI using TCD sonography over the course of a
CVS treatment. Because the thermoconvective effect of CVS
is maximized when the horizontal semicircular canal (hSCC)
is in the vertical orientation, we first evaluated the effects
of CVS on cerebrovascular dynamics when the subject was
supine on a ~22° wedge pillow, a position which puts hSCC
in the optimal orientation for CVS [35].

In this position, the time-varying sawtooth thermal wave-
form (shown in Fig. 4) induced strong oscillations in PI after
~4-5 minutes of CVS treatment (Fig. 5a). These oscilla-
tions in PI continued throughout the remainder of the CVS
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FIGURE 5. (a) Pl time course, (b) PI power spectrum, (c) HR time course
and (d) HR power spectrum show physiological effects of time-varying
CVS treatment when the subject is supine on a 22° wedge pillow.

(e) Time course data for time-varying CVS in the supine position shows an
anti-phase relationship between PI (purple) and HR (green), with
oscillations in Pl occurring first. (f) Pl time course and (g) Pl power
spectrum when the subject is bent forward in a null position. The subject
did not complete the entire post CVS time course during this recording.
(h) PI time course and (i) Pl power spectrum for constant temperature
CVS (17 °C) when the subject is supine on a 22° wedge pillow. For
panels a-d and f-i, baseline (black), CVS treatment (red), post-CVS
treatment (blue).

treatment and for approximately 7 additional minutes dur-
ing the post treatment period. Power spectra analysis of
the PI time course show prominent peaks clustered around
1.5 cpm for the mid to late-phase CVS treatment as well as the
early post-treatment period as compared to baseline (Fig. 5b).
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Also, peaks ~3.0-3.3 cpm (possible harmonic) were observed
during these periods. In the 21-24 minute segment (early
post-CVS), the peak power increased, suggesting a possible
entrained resonance. Notably, the power spectra for the last
3 minutes of the time series resembles that of the baseline
suggesting that PI had returned to pre-CVS values.

Evaluation of heart rate variability also showed that CVS
treatment induces significant oscillations in heartbeats per
minute (Fig. 5c). Similar to the case for PI, power spectra
analysis for heart rate also revealed significant peaks around
1.5 cpm and ~3.0 cpm, (Fig. 5d), although peaks at other
frequencies were also present. Notably, the HR oscillations
demonstrated an anti-phase relationship to the PI oscillations
(Fig. 5e). The anti-phase relationship was particularly promi-
nent during late-phase CVS. Additionally, the onset of the HR
oscillations occurred after the first peak in PI and indicating
that this entrainment of HR could have been a secondary
compensatory response to the fluctuations in PI.

To rule out the possibility that the observed CVS-induced
changes in cerebrovascular dynamics resulted from a direct
thermal effect on vestibular afferent firing (i.e. that warming
or cooling temperatures reaching the nerve itself, affect the
tonic firing rate), we repeated this experiment (in the same
subject on a separate day) with the subject sitting up in a
slightly forward bent position which leaves the hSCC in
the horizontal orientation. We termed this the null position
because the horizontal orientation of the hSCC should abolish
the potential for changes in temperature to generate thermo-
convective currents. CVS treatment in the null position did
not induce oscillations in PI (Fig. 5e) or HR (data not shown)
and there were no observed peaks in the power spectra that
were significantly different from baseline (Fig. 5g). The lack
of substantive PI or HR oscillations while the subject was
in the null position also rules out the possibility, however
unlikely, that the CVS-induced changes in cerebrovascular
dynamics observed when the subject was in the supine posi-
tion were somehow mediated by a placebo-effect due to sub-
jective sensations of warming and cooling temperatures in the
ears as this sensory experience remained constant throughout.

Finally, to examine the significance of our time-varying
thermal waveform, we next evaluated whether PI oscillations
could be induced by a constant temperature CVS waveform.
For this, the subject was supine on the ~22° wedge pillow and
a constant temperature (17 °C) waveform was applied to both
ears for 21 minutes. Similar to the time-varying waveform in
the null position, constant temperature CVS did not result in
oscillations in PI (Fig. 5f) or HR (data not shown). Although
further studies will be required to validate these findings,
together, these results provide physiological evidence for sub-
stantive and prolonged stimulation of the vestibular system by
time-varying CVS device treatment.

B. FEASIBILITY OF HOME-USE CVS FOR THE PREVENTION
OF EPISODIC MIGRAINE HEADACHE

All 3 patients completed the 6-week treatment period and
4-week follow up. Treatment compliance was above 80%
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in all cases (i.e. patients completed at least 67 of the 84
total treatments over the 6 weeks). Significantly, no patient
reported adverse events that could be attributed to use of
the CVS device either during or after the treatment period.
There were no observable changes in balance (as measured
using the Berg balance test) between the baseline and the
6-week post treatment evaluation. Patient evaluations
revealed that twice-daily treatments at home were quite man-
ageable. Specific comments on the device design generally
related to inconvenience of the cabling leading from the
headset to the control unit. However, no patient reported
significant procedural inconvenience during treatments.
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FIGURE 6. The number of headaches reported over the course of the
treatment and post-treatment observation periods binned into
2 week intervals.

Although the primary intent of this pilot study was to gather
data on the feasibility and safety of using this portable CVS
system in the home setting, evaluation of the of the daily
diaries revealed that the number of headaches after 6 weeks
of CVS therapy was lower than the self-reported headache
frequency prior to entering the study for all 3 patients (Fig. 6).
These results suggest that CVS treatment may provide ther-
apeutic relief for those suffering from episodic migraine
headaches and will be validated in a larger scale research
clinical trial.
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IV. DISCUSSION AND CONCLUSIONS

Irrigation-based CVS has been used for over a century both
to diagnose balance disorders and confirm loss of brain-
stem function. Despite a long-standing history of clinically
efficacy, the therapeutic potential for caloric-based vestibu-
lar stimulation has remained largely unexplored. The pri-
mary impediments for evaluating the therapeutic potential
of CVS stem from the lack of compatibility of irrigation-
based calorics for self-administration in the home and
the short duration of vestibular stimulation which can be
achieved using constant-temperature CVS. The solid-state
CVS device, described herein, overcomes these limitations of
traditional irrigation-based calorics and provides an unprece-
dented opportunity to evaluate the therapeutic potential of
CVS treatment for a number of neurological and metabolic
disorders.

One of the most significant advances the device affords
over traditional irrigation-based CVS is the ability to provide
time-varying thermal waveforms. In this study, we show that
time-varying CVS has a qualitatively different effect on cere-
brovascular physiology than does constant temperature CVS.
More specifically, time-varying, but not constant-temperature
CVS induces significant oscillations in PI (as well as HR)
after 4-5 minutes of treatment (Fig. 5). Analysis of the
PI spectral peaks during time-varying CVS indicates that the
oscillations occur at 40 seconds (and 20 second harmonic)
intervals. While these intervals do not match the periods of the
warm (1.3 minutes) and cold (2.3 minutes) waveforms, they
do fall within the periodicity range of B waves (sharp rhyth-
mic sawtooth-like oscillations in intracranial pressure) [36]
which are thought to be autoregulatory reactions to changes
in arterial blood pressure. B waves occur at frequencies of
0.5 to 3 oscillations per minute) [36], [37], and due to their
slow time constant, are thought to provide a complimentary
mode of autoregulation to the rapid autoregulatory responses
that are required when going from seated to standing, for
example. This slower mode of autoregulation likely allows
for compensation against baseline shifts that could increase
intracranial pressure over time.

Although much remains unknown about the precise cir-
cuit mechanisms that allow for B wave generation, previous
studies have provided evidence for a monoaminergic B-wave
pacing center in the pons [37], an area that receives direct
innervation from the vestibular nuclei in the brainstem [38].
What seems clear from the PI data is that the observed
oscillations resulted from vestibular stimulation (since there
was an orientation dependence) and that time variation of the
thermal waveforms was necessary (since the constant tem-
perature CVS run did not generate oscillations). The periods
of the applied thermal waveforms did not exactly match the
observed oscillation periods, but it is well known that an
oscillator can be driven at a non-resonant frequency [39].
When CVS stimulation stopped, the immediate post-CVS
spectra sharpened to a single primary peak at ~1.5 cpm
(plus a harmonic). Because the PI oscillations fell within
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the periodicity for B waves (0.5 — 3.0 cpm [36], [40]), it
is possible that the PI oscillations resulted from B wave
activity. That is, the time-varying CVS may have entrained
the pontine structures responsible for B-wave pacing. Indeed,
the finding that there was a significant increase of spectral
power at 1.5 cpm when the driving force of CVS stopped
(post-CVS period) supports the hypothesis that entrainment
occurred.

Although speculative, the evidence that time-varying CVS
seemed to entrain B wave pacing, could provide evidence to
suggest a potential mechanism of action for CVS treatment
of migraine headaches. More specifically, Sliwka et al. [40]
found that migraineurs exhibit a greater coefficient of varia-
tion in B wave amplitude compared to healthy controls and
patients with tension headaches. The authors concluded that
this was evidence of dysfunction of a brain stem monoamin-
ergic system in migraine. Further investigation into the modu-
lation or entrainment of B wave pacing by time-varying CVS
and its potential role in the therapeutic effects for migraine
prevention will be an exciting area of future research.

B wave flow abnormalities, if they are truly associated with
migraine, are not in and of themselves thought to be causal in
the disease. While migraine is associated with vascular flow
abnormalities, neuroimaging findings support the hypothesis
that migraine is a neurological disorder involving brainstem
dysfunction. During acute attack, brain activation is observed
in the dorsal pons and also the dorsal midbrain [41]. This
activation persists after pain is controlled through abortive
medication; however, no differences in activation of these
regions are observed interictally [42].

How might CVS-driven neuromodulation affect the
brainstem origins of migraine? Functional imaging studies
of irrigation CVS have demonstrated widespread activation
patterns in the brain, starting in the vestibular nuclei in the
dorsal pons and medulla. For a review, see Dietrich and
Brandt [13]. Although neuroimaging data evaluating patterns
of brainstem activation with CVS have been limited due to
the difficulty of achieving anatomic resolution with these
techniques, a number of tracing studies in animal models have
demonstrated that the vestibular nuclei are extensively con-
nected to numerous brainstem regions implicated in migraine
headache including the periaqueductal gray, the parabrachial
nucleus, the locus coeruleus, the reticular formation, the
dorsal spinal and mesencephalic trigeminal nuclei, and the
dorsal raphe nuclei [43], [44]. This extensive anatomic con-
nectivity of the vestibular nuclei with key brainstem regions
implicated in migraine headache, together with our evidence
for substantive and prolonged stimulation using time-varying
thermal CVS waveforms and our preliminary evidence from
the episodic migraine pilot (showing the safety, feasibility
and potential efficacy of longitudinal use of the device) has
given us incentive to follow up this work with prospec-
tively powered, randomized, placebo-controlled clinical trial
(NCTO01899040; www.clinicaltrials.gov). That trial seeks to
gather data in support of an application for regulatory clear-
ance by the U.S. Food and Drug Administration.

VOLUME 4, 2016

Titration of CVS for therapy is still phenomenological.
The temperature ranges and slew rates of the two different
thermal waveforms used in the migraine pilot evaluation were
selected to minimize adverse events. Importantly, these two
waveforms were well tolerated in the migraine pilot study
and in a larger scale study. Additionally, in our waveform
selection, we sought to ‘“‘balance” CVS delivery so that
unintentional (hypothetical) biasing of baseline vestibular
function did not occur. To balance CVS, either the waveforms
delivered to the two sides were matched or asymmetric wave-
forms were alternated over time to achieve parity. In future
studies, we will seek to establish the physiological sequelae,
safety and tolerability of other thermal waveforms.

We expect that individualized titration for patients using
CVS therapy is likely to be necessary. Whether evaluation
of cerebrovascular dynamics in response to CVS waveforms
may be beneficial in gauging the potential for therapeutic effi-
cacy will be an interesting area for future studies. However,
it is important to note that given the inherent selectivity of
CVS induction (that is, only the vestibular organs respond
to caloric stimulation), treatments should be reproducible.
By contrast, two other neuromodulation devices under
development for migraine treatment, transcranial magnetic
stimulation [45] and cranial electrotherapy stimulation or
transcranial alternating current stimulation [46] (which was
recently found to have significantly weaker stimulation that
the original models predicted [47]), are inherently dependent
on patients placing the devices consistently for each treatment
session. Inconsistencies with device placement may result
in variability in either stimulation intensity or brain regions
activated by treatment, and thus are significant limitations of
these neuromodulation approaches [48].

In addition to having potential therapeutic efficacy for
migraine headaches, we hypothesize that CVS treatment with
our device may be beneficial for a number of clinical disor-
ders. Indeed, a pilot study (using our device) demonstrated
that with time-varying CVS treatment, two minimally con-
scious patients, transitioned from involuntary to voluntary
behavior and that this effect was time-locked to active treat-
ment [49]. Additionally, a case study in a Parkinson’s disease
patient demonstrated time-locked and persistent improve-
ments in both motor and non-motor symptoms with time-
varying CVS treatment [50]. The findings for durable gains
in these two studies, even after cessation of CVS treatment,
suggest that CVS therapy may induce mechanisms of neu-
roplasticity. Additionally, these two studies highlight a range
of therapeutic potential for CVS. Furthermore, the comorbid-
ity among balance disorders and anxiety disorders (as well
as migraine), reviewed by Balaban et al. [38], suggest the
vestibular system may play a significant role in regulating
psychiatric function and mood. Thus, vestibular neuromod-
ulation may provide a novel therapeutic approach for the
treatment of anxiety and mood disorders.

Finally, evidence exists which suggest that another form of
vestibular stimulation, galvanic vestibular stimulation (GVS),
may improve postural stability and gait in Parkinson’s disease
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and balance disorders [51], [52] as well as sensory perception
after stroke [53]-[56]. Thus, vestibular stimulation through
our CVS device may also provide therapeutic efficacy in these
realms. However, there are a number of qualitative differences
between CVS and GVS. While GVS is believed to primarily
affect irregular afferent neurons of the 8™ cranial nerve, CVS
affects both regular and irregular neurons. Regular neurons,
which outnumber irregular neurons by about 3:1, seem to
play a more prominent role in fine/learned motor skills [57]
whereas irregular neurons are thought to be involved in
detecting changes in acceleration [58], [59]. In light of these
differences, it is unsurprising that neuroimaging studies have
found different patterns of cortical activation in response
to CVS and GVS [60]. Finally the kinetics of activation
significantly differ between these two modes of vestibular
stimulation. In CVS, the period of a waveform is limited by
the thermal conduction time of the temporal bone, whereas
GVS can be implemented up to many 10’s of Hz. However,
it is important to note that the actual firing pattern created
by time-varying CVS in the vestibular nuclei is complex.
Regular neurons have an equilibrium firing rate of ~100 Hz
and cold CVS lowers the firing rate whereas warm CVS
raises it. A temperature ramp, therefore, creates an increasing
or decreasing frequency signal, often termed a *““chirp.” Thus,
even though the frequency of a CVS thermal waveform is
significantly less than 1 Hz, the induced firing rate extends
for many 10’s of Hz above and below the equilibrium firing
rate. Furthermore, each ear can be stimulated independently,
leading to a highly complex frequency modulation space in
the brainstem.

From a device usage perspective, the CVS device described
herein is a particularly innovative method for vestibular stim-
ulation because it can be administered with little or no tech-
nical expertise. It simply requires an earpiece to be fitted
within the external ear canal (like a headphone or ear plug)
and a pre-set thermal stimulus is then generated from a small
stimulation unit. Unlike other rehabilitation techniques, no
dedicated space, technical staff or lengthy setup procedures
are required. A primary challenge for successful migraine
prophylaxis (or any preventative treatment) is compliance
with therapy over time, and thus, ease-of-use is a crucial
element of design.

In our pilot study with migraineurs, compliance was excel-
lent, and no adverse effects were reported. Although anecdo-
tal, measures of headache reduction after treatment with the
CVS device suggest the importance of performing an ade-
quately powered, randomized controlled trial. Such a trial will
be the starting point for actual translational work addressing
the needs of migraineurs, and will also lay groundwork for
evaluating other therapeutic applications of the CVS device.
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