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A DEVICE AND METHOD TO INDUCE VIBRATIONAL WAVEFORMS THAT
HETERODYNE IN THE BODY TO IMPROVE SLEEP ONSET AND SLEEP
QUALITY

CROSS REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No.
63/044,019, filed June 25, 2020, and U.S. Provisional Application No. 63/186,035,

filed May 7, 2021, the contents of which are hereby incorporated by reference.

BACKGROUND

[0002] Sleep is a natural state for the body that can be described by reduced
motility and sensory responses. There are various stages of sleep, and these have
been classified as non-rapid eye movement (NREM) and rapid eye movement sleep
(REM). In NREM sleep there is an N1, N2, and N3 stage of sleep. These sleep
stages have been identified using an electroencephalogram (EEG). EEG tests use
small metal electrodes attached to the scalp to detect electrical activity in the brain.
Stage N1 occurs just as a person goes into sleep and is usually less than 8 minutes.
During this time, a person can be awakened easily especially due to an unexpected
noise. This stage of sleep is characterized by rhythmic alpha waves in the 8-13 Hz
frequency range. In Stage N2 sleep, muscles become more relaxed and slow-wave
(delta) brain activity occurs. Stage N2 typically lasts for 10-25 minutes but can last
for an hour. Stage N3 is called deep sleep when delta brain activity increases and in
which it is harder to wake a person that can last for 20 to 40 minutes. Some sleep
models actually break Stage N3 into a Stage N3 and N4. Typically, after a person
has passed through these three stages of NREM sleep, they enter REM sleep which
is a deeper sleep during which breathing becomes slowed and regular and the eyes
and eyelids may flutter. It is common to cycle through the stages of NREM and REM
sleep multiple times throughout the night. Restorative functions occur in the body
during all stages of sleep. N3 and REM sleep are, however, when our bodies and
minds receive the most renewal.

[0003] A heuristic model of sleep-wake states in which arousal, sleep drive,
and conscious awareness were identified as the three indicators to determine a
person’s sleep and wake state. Arousal refers to the wake drive and is related to the
relative amount of beta and alpha wave activity. Sleep drive is determined by the
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amount of delta wave activity. Conscious awareness can be quantified by the
complexity of neural activity. REM sleep is achieved by low arousal, high sleep drive,
and low conscious awareness.

[0004] Sleep disorders such as insomnia, sleep apnea, and restless leg
syndrome effect an estimated 10% of the entire population. About 20-30% of adults
have reported symptoms of insomnia. Insufficient or compromised sleep is a major
risk factor for increased disease, depression, anxiety disorders, substance abuse,
pregnancy complications, neurobehavioral and cognitive impairment.

[0005] While there are a variety of medications that have been clinically
evaluated and widely used to treat insomnia, the only non-pharmacological treatment
that has been clinically tested and used as primary treatment for insomnia is
cognitive behavioral therapy (CBT). One benefit to non-pharmacological treatments
over their counterpart is that they can produce long-lasting results with a lower
chance of producing side effects. For this reason, it is important to develop viable

non-pharmacological treatments for these sleep disorders.

BRIEF SUMMARY

[0006] A system for introducing vibrational waves into a body of a subject is
provided herein. The system includes a bed frame comprising a first vibration contact
and a second vibration contact. The first vibration contact is in mechanical
communication with a first location of the body of the subject, and the second
vibration contact is in mechanical communication with a second location of the body
of the subject. A first vibration source is connected to the first vibration contact and
configured to cause a first vibration of the first vibration contact. A second vibration
source is connected to the second vibration contact and configured to cause a
second vibration of the second vibration contact. The location or orientation of the
first vibration contact and the second vibration contact are configured such that the
first vibration combines with the second vibration to generate a super-imposed
vibration.

[0007] A method of treating a sleep disorder, depression, anxiety, or multiple
forms of pain in a patient is also provided. The method includes providing a bed
frame comprising a first panel and a second panel in contact with a box spring or
mattress, and at least two vibration wave sources. The method also includes
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vibrating the first panel of a bed frame in a first waveform of 5 to 200 Hz and
vibrating the second panel of the bed frame in a second waveform of 5 to 200 Hz.
The first and second waveforms combine to generate a super-imposed vibration in a
range of 0.25 Hz to 10 Hz while the patient is positioned on the bed. The bed frame
can include two or more vibration wave sources that combine to produce unique low

frequency vibrational waves in the mattress and body.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] FIG. 1 shows two superimposed sinusoidal waves (100 Hz and 120

Hz) that form the harmonic response labeled Sum. The beat frequency is equal to
the difference in the two inputs, which would be 20 Hz in this case.

[0009] FIG. 2 shows an embodiment of a suspension system for a vibrating
bed. The spheres represent individual springs or suspension and are mounted to the
cross slates.

[0010] FIG. 3 shows the suspension for the vibrating bed platform with the
vibrating and non-vibrating plates. This figure shows the configuration for 4
independent vibration transducers.

[0011] FIG. 4 shows a bed system with four individual vibration isolated
sections and 2 non vibrating sections at the head and feet.

[0012] FIG. 5A illustrates an embodiment of a bed vibrating system where an
independently driven mounted vibration transducer is positioned under each corner
of the box spring.

[0013] FIG. 5B shows isolation pads placed underneath each vibration mount

to reduce noise and prevent the propagation of mechanical vibrations to the ground.

[0014] FIG. 6A shows an operating deflection shape of the bed vibrating at 15
Hz.

[0015] FIG. 6B shows an operating deflection shape of the bed vibrating at 27
Hz.

[0016] FIG. 7 shows locations of HD-EEG cranial electrodes that were used
for analysis.

[0017] FIG. 8 shows mean AASM sleep latency in minutes for each of the

three conditions. The error bars show the standard error for each condition. For the

control group, the average sleep latency in minutes was 6.95 = 1.83 (mean = SEM),
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for the SWV session it was 6.80 + 1.56 (mean £ SEM), and for the BFV session it
was 4.94 + 0.99 (mean = SEM).

[0018] FIG. 9 shows mean unequivocal sleep latency in minutes for each of
the three conditions. The error bars show the standard error for each condition. For
the control group the average sleep latency in minutes was 8.73 £ 2.43 (mean *
SEM), for the SWV session it was 6.92 £ 1.59 (mean £ SEM), and for the BFV
session it was 5.18 £ 1.00 (mean £ SEM).

[0019] FIG. 10 shows electrodes which differ in MSE significantly during wake
from the control session in the SWV session (left) and BFV session (right). Yellow
electrodes indicate increased MSE, and blue electrodes indicate decreased MSE.
Darker colors are significant at the p < 0.05 level, and light colors are significant at
the p = 0.1 level.

[0020] FIG. 11 shows electrodes which differ in MSE significantly during N1
sleep from the control session in the SWV session (left) and BFV session (right).
Yellow electrodes indicate increased MSE, and blue electrodes indicate decreased
MSE. Darker colors are significant at the p < 0.05 level, and light colors are
significant at the p = 0.1 level.

[0021] FIG. 12 shows electrodes which differ in MSE significantly during N2
sleep from the control session in the SWV session (left) and BFV session (right).
Yellow electrodes indicate increased MSE, and blue electrodes indicate decreased
MSE. Darker colors are significant at the p < 0.05 level, and light colors are
significant at the p = 0.1 level.

DETAILED DESCRIPTION

[0022] Researchers have recently begun investigating the effects that
mechanical stimulations such as whole-body vibration (WBV) and rocking have on
sleep. The concept of using mechanical stimulation to induce or improve sleep
largely stems from the fact that vibrating environments such as trains or cars and
rocking environments such as swings can lead to higher levels of drowsiness.
Despite multiple studies to ascertain the effects of vibration and rocking on sleep
quality, only single frequency systems have been considered and optimal amplitudes
and frequencies have not been reported. Previous attempts to provide vibrating or
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rocking environments resulted in relatively complicated, heavy, and expensive
frames with large motors to either lift or rock the bed.

[0023] Electric motors and electro dynamic vibration transducers cannot
effectively operate at frequencies below 7 Hz. The innovation in the proposed
system is that multiple vibration transducers are used to develop vibration waves and
patterns that heterodyne in the mattress and human body to produce low frequency
(0.05 Hz to 10 Hz) waves that travel through the body in either predictable or chaotic,
unpredictable manner as desired, helping to induce sleep by lowering arousal and
conscious awareness. Heterodyning of two vibration waves at different frequencies
creates a new wave that oscillates at the average frequency of the two waves but
that is amplitude modulated at a frequency equal to the difference between the two
waves. This difference frequency is often referred to as the beat frequency. An
example of a 100 Hz sine wave and a 120 Hz sine wave being superimposed to
create an amplitude-modulated wave at the beat frequency of 20 Hz is shown in FIG.
1.

[0024] Electromagnetic vibration drives generally have difficulty generating
low frequency (f < 7 Hz) vibration. Therefore, they have shown to not be as effective
for inducing sleep. To address this issue, using wave superposition or the
heterodyning of multiple conventional vibration waves creates a low frequency
vibrational wave. When vibration waves are superimposed in the bed system, with
proper timing and phasing of the signals they can be used to produce a
displacement wave that propagates along the length of the bed. In structural
vibration analysis, this globally propagating vibration wave has been referred to as a
traveling wave. This wave can also be designed to travel or propagate in a circular
pattern, a side-to-side pattern, a diagonal pattern, and other patterns as desired.
This form of traveling wave vibration has never been used in a bed system or as a
sleep-inducing technique.

[0025] Although direct superpostion of vibration waves to induce a beat
frequency has shown to be an effective method there are other methods to create a
low frequency traveling waves that are used in this sleep system. These consist of
using filters such as phasers and flangers to manipulate, combine, and generate
signals that result in low frequency traveling waves being induced in the mattress
and human body.
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[0026] A system for introducing vibrational waves into a body of a subject is
provided herein. The system includes a bed frame comprising a first vibration contact
and a second vibration contact. The first vibration contact is in mechanical
communication with a first location of the body of the subject, and the second
vibration contact is in mechanical communication with a second location of the body
of the subject. A first vibration source is connected to the first vibration contact and
configured to cause a first vibration of the first vibration contact. A second vibration
source is connected to the second vibration contact and configured to cause a
second vibration of the second vibration contact. The location or orientation of the
first vibration contact and the second vibration contact are configured such that the
first vibration combines with the second vibration to generate a super-imposed
vibration.

[0027] In some embodiments, the first vibration contact is a first panel
positioned beneath a box spring or a mattress and the second vibration contact is a
second panel positioned beneath the box spring or the mattress.

[0028] In some embodiments, the first and second vibration source are affixed
to an undersurface of the first panel and the second panel to independently vibrate
each of the first and second panels in a frequency range of 5 to 200 Hz, and transmit
vibrational waves to a subject that are combined by superposition in the subject.
[0029] In some embodiments, each panel can be vibrated independently in a
range of 5 to 200 Hz with waveforms, which can be arbitrary, sinusoidal, triangular,
rectangular with various duty cycles, or with a customized waveform shape and with
sufficient power to induce subjective perception of vibration.

[0030] In some embodiments, the waveform is arbitrary. In some
embodiments, the waveform is sinusoidal. In some embodiments, the waveform is
triangular. In some embodiments, the waveform is rectangular with various duty
cycles.

[0031] In some embodiments, each panel can be vibrated at a same
frequency with 0° to 180° of relative phase.

[0032] In some embodiments, each panel can be vibrated at frequencies
offset from each other such as to induce an interferential beat frequency as a

difference between two or more driving frequencies.
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[0033] In some embodiments, each panel can be vibrated independently with
various waveforms in a range of 5 to 200 Hz to induce beat frequencies in the range
of 0.05 Hz to 200 Hz which can be perceived as traveling waves.

[0034] In some embodiments, each panel can be vibrated independently to
induce localized vibrational maxima into a head, cervical spine, or other desired
location in the subject by use of phased inputs or superimposed vibrational waves.
[0035] In some embodiments, each panel can be vibrated independently with
sinusoidal waveform sources to induce vibration into the body optimally in a range of
0.01 Hz to 10 Hz.

[0036] In some embodiments, each panel can be vibrated independently with
a vibrational wave to induce a harmonic of the vibrational wave into the body in a
range of 0.25 Hz to 4 Hz. In some embodiments, each panel can be vibrated
independently with a vibrational wave to induce a harmonic of the vibrational wave
into the body in a range of 0.01 Hz to 200 Hz.

[0037] In some embodiments, each panel can have affixed to it or its attached
LFE transducer a sensor from which an oscillatory signal can be derived to monitor
drive frequency and pattern of waveform and to allow depiction of signal phase and
interferential beat frequencies.

[0038] In some embodiments, the vibration sources comprise at least one of
electromagnetic drivers, transducers, displacement shakers, linear resonance
actuators, piezoelectric actuators, solenoids, pneumatic or hydraulic actuators, and
electric motors with unbalanced weights, cams, or crankshafts.

[0039] In some embodiments, a sensor in mechanical contact with the subject
to measure the super-imposed vibration.

[0040] In some embodiments, the sensor is configured to provide a feedback
signal to at least one of the first vibration source and the second vibration source in
response to the super-imposed vibration.

[0041] In some embodiments, the sensor comprises mouth guard sensor to
derive a measure of pattern and amplitude of induced frequencies into the body
which may be customized to the subject’s maxillary tooth print pattern.

[0042] In some embodiments, a derived waveform pattern from the mouth
guard sensor demonstrates induced beat frequencies.
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[0043] In some embodiments, the system further includes a third vibration
contact connected to a third vibration source and a fourth vibration contact
connected to a fourth vibration source, wherein the location or orientation of the third
vibration contact and the fourth vibration contact are configured such that vibrations
combine to produce a super-imposed vibration.

[0044] In some embodiments, the system includes a controller is configured to
execute a sequence of waveform parameters to produce a sequence of different
perceived waveforms inside the subject over a period of time. The controller and a
sensor can be in electrical communication.

[0045] A method of treating a sleep disorder in a patient is also provided. The
method includes providing a bed frame comprising a first panel and a second panel
in contact with a box spring or mattress, and at least two vibration wave sources.
The method also includes vibrating the first panel of a bed frame in a first waveform
of 5 to 200 Hz and vibrating the second panel of the bed frame in a second
waveform of 5 to 200 Hz. The first and second waveforms combine to generate a
super-imposed vibration in a range of 0.25 Hz to 10 Hz while the patient is positioned
on the bed.

[0046] A method of treating depression in a patient is also provided. The
method includes providing a bed frame comprising a first panel and a second panel
in contact with a box spring or mattress, and at least two vibration wave sources.
The method also includes vibrating the first panel of a bed frame in a first waveform
of 5 to 200 Hz and vibrating the second panel of the bed frame in a second
waveform of 5 to 200 Hz.

[0047] A method of treating anxiety in a patient is also provided. The method
includes providing a bed frame comprising a first panel and a second panel in
contact with a box spring or mattress, and at least two vibration wave sources. The
method also includes vibrating the first panel of a bed frame in a first waveform of 5
to 200 Hz and vibrating the second panel of the bed frame in a second waveform of
5 to 200 Hz.

[0048] A method of treating multiple forms of pain in a patient is also provided.
The method includes providing a bed frame comprising a first panel and a second
panel in contact with a box spring or mattress, and at least two vibration wave

sources. The method also includes vibrating the first panel of a bed frame in a first
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waveform of 5 to 200 Hz and vibrating the second panel of the bed frame in a

second waveform of 5 to 200 Hz.

[0049] In some embodiments, the super-imposed vibration is in a range of
0.25 Hz to 4 Hz.
[0050] In some embodiments, the bed frame and system includes at least two

vibration sources. In some embodiments, the bed frame and system includes at least
three vibration sources. In some embodiments, the bed frame and system includes
at least four vibration sources.

[0051] In some embodiments, the sleep disorder is insomnia, sleep apnea, or
restless leg syndrome. In some embodiments, the sleep disorder is insomnia. In
some embodiments, the sleep disorder is sleep apnea. In some embodiments, the
sleep disorder is restless leg syndrome.

[0052] In some embodiments, the method includes inducing a low frequency
traveling wave vibration to the patient.

[0053] In some embodiments, the method includes filtering vibration waves to
target one or more locations of the bed frame. Examples of filters include, but are not
limited to, using phasers and flangers to manipulate, combine, and generate signals
that result in low frequency traveling waves being induced in the mattress and
human body.

[0054] In some embodiments, the method includes controlling vibration waves
to target one or more locations of the bed frame.

[0055] FIG. 2 shows an embodiment of a bed frame 200 without the mattress,
panels, or vibration source. The legs 210 of the bed support the bed frame 200 that
includes cross-slats 220. A suspension system 230 which consists of multiple
springs or kinetic isolators is positioned on the cross-slats 220. Eight cross slats 220
provide support for the panels (not pictured). The small cylinders represent springs
230 that support the panels (not pictured) and provide vibration damping and
isolation from one panel to the others.

[0056] FIG. 3 shows an embodiment for a twin XL sized bed 300. Corner legs
310 for the bed frame 300 and a middle leg 320 are shown. The four panels 330
represent the vibration isolated and suspended vibrating panels. The panels 330 are
vibration isolated from each other through a suspension system 230 thus minimizing

any cross talk of vibration from one panel to the other. This allows the heterodyning
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of the vibration to occur in the mattress and the human body. These four panels 330
are used to generate the traveling wave vibration patterns that develop in the
mattress and human body. Four springs 230 are shown on each slat 220 and for
each panel 330 but this number can vary based on the size of the bed and the
needed length of the slats and size of the panels. Four vibration transducers 350 are
shown with one transducer mounted to each panel 330. The panels 340 at the head
and foot of the bed are isolated but non-vibrating panels.

[0057] FIG. 4 shows four vibration panels 400 are shown but this number can
vary based on the size of the bed (e.g. single, twin, double, queen, king) and the
desired vibration pattern (e.g. rocking, circular, longitudinal). The panels 410 and 420
at the head and foot of the bed are isolated but non-vibrating panels. In some cases,
the non-vibrating panel 410 at the foot of the bed is removed, and the bed system
only consists of four vibrating panels 400 and non-vibrating panel at the head 420. In
some embodiments, a sensor 430 may be positioned on a panel 400. The bed may
include a controller 440 that is in communication with the sensor 430.

[0058] In some embodiments, the vibration sources may be from a low
frequency effects (LFE) transducer, although it is understood that other vibration
sources may be used including comprise at least one of electromagnetic drivers,
piezo-electric drivers, displacement shakers, solenoids, pneumatic or hydraulic
actuators, and electric motors with unbalanced weights, cams, linear resonance
actuators, piezoelectric actuators, or crankshafts. In some implementations, each
vibration contact (e.g. each panel) can be vibrated at the same frequency with 0° to
180° of relative phase. Each vibration contact can be vibrated at frequencies offset
from each other such as to induce an interferential beat frequency as the difference
between the two driving frequencies. In some implementations, each vibration
contact (e.g. each panel) can be vibrated with different frequencies. Each vibration
contact can be vibrated independently with various waveforms in a range of 5 to 200
Hz to induce beat frequencies in the range of 0.05 Hz to 200 Hz that can be
perceived as a traveling wave. As such, each vibration contact can be vibrated
independently to induce localized vibrational maxima in the bed mattress. The
vibration drives may also be such that the input vibration waves superimpose
external to the body resulting in a beat frequency wave being directly input to the
body.

-10 -
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[0059] The LFE transducers can induce vibration into the panel by the impulse
movement of a vertically oriented magnetic piston that is controlled by a high current
coil circumferentially wound. One exemplary vibration source may be the Buttkicker
LFE Concert transducer which has an operating frequency range of 5 to 200 Hz (The
Guitammer Company, Westerville, OH 43086).

[0060] The waveform for each transducer can be changed from sinusoidal to
square or triangle or even uniquely shaped. The output voltage is amplified and
applied to the LFE transducers such that a maximal induced vibration is about 3 g, but
adjustable. Drive frequencies can range between 5 Hz and 250 Hz, but in some
implementations more optimally in the range of 15 — 40 Hz. While sinusoidal waves in
the therapeutic range of 45 -80 Hz can be induced, in some implementations the more
effective method is the employment of square waves in the 15 — 25 Hz range, resulting
in a 3@ harmonic at the 45 — 80 Hz range induced into the body by each transducer.
By offsetting the frequency of the two LFE transducers, e.g. 26.7 and 27.7 Hz, a
traveling interferential beat frequency pattern is induced at 1 Hz moving up and down
the spine. This beat frequency can be adjusted by a difference between the two drive
frequencies, typically ranging between 0.1 Hz and 10 Hz, in some implementations
optimally between 0.5 to 2 Hz.

[0061] The system shown in the figures is configured to drive asymmetric,
independent vibration into each panel. Two programmable function generators may
control each LFE transducer independently. The programmable generators can create
a first drive signal and a second drive signal. The first and second drive signals may
be sinusoidal, triangular, a rectangular with variable duty cycle at frequencies, or a
customized waveform between 5 and 200 Hz to correlate with the range limits of the
LFE transducers. The output voltage of the function generators can be adjusted
between 0 and 1.5 V, the latter for maximal drive effect. The first and second drive
signals may be conditioned (e.g. amplified, strengthened, conditioned, increased in
power) by an amplifier.  Further, the waveform combinations between two
simultaneously operating function generators can be sequenced in time to achieve
various parameters in the desired frequency range of 45 to 80 Hz. Exemplary function
generator may include the Resonant Light Progen Il programmable function

generators for this purpose (Resonant Light Technology Inc., Courtenay, BC).
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[0062] The output signal of each programmable function generator passes to
stereo inputs of an audio amplifier which accommodates stereo input and outputs.
Each signal is amplified in the functional range of 5 Hz to 200 Hz with a maximum of
1500 W out of each channel to each of the two LFE transducers. Exemplary amplifiers
may include the Behringer NX3000 amplifier for this operating range (Behringer
Amplifiers, MusicTribe Inc., Las Vegas, NV).

[0063] In some embodiments, inductor coil pickup sensors are affixed to the
cylinder casing of each LFE transducer. Since the piston is a magnet, the coil faithfully
transduces piston movement to a signal for monitoring of the independent stereo drive
patterns. The pickup coils are connected to a multichannel sound amplifier with USB
interface for real time plotting and tracking of use of the seat. An exemplary analog to
digital converter amplifier may include the Focusrite 18i20 analog-digital converter
amplifier combination which interfaces to a PC computer (Focusrite Inc, High
Wycombe, Great Britain). The signal may be displayed by software rendering in
standard oscilloscope tracings as well as surround sound depiction to capture
interferential beat effect traversal in the body. An exemplary software may include the
Virtins Multi-instrument software for oscilloscope rendering (Virtins Technology,
Singapore) and the MasterPinguin Surround Sound software for surround depiction of
the body in a coronal plane (Pinguin Ingineurbuero GmBH, Hamburg, Germany). The
signals may be super-imposed in the subject to generate a super-imposed signal (e.g.
a beat signal).

[0064] Modifications to these embodiments by use of alternative transducer and
sensor types, methods of subject beat frequency generation, and bed design may be

familiar to those skilled in the art. All are within the spirit and scope of these claims.

EXAMPLES
[0065] Human Subijects
[0066] Human subjects approval for this study was received from the

Institutional Review Board (IRB) at Brigham Young University (IRB#: F19226).
Written informed consent was received from all subjects. Participants were
compensated for completion of the four sessions and surveys.

[0067] Inclusion criteria were designed to maximize the potential for decrease
in sleep latency due to vibration treatment. The selected subjects had self-reported

-12-
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poor sleep with at least mild insomnia symptoms on the Insomnia Severity Index (ISI
> 7). Subjects were excluded if they had clinically diagnosed sleep disorders such as
shift work sleep disorder, sleep apnea, and circadian sleep disorders. For safety
concerns, subjects were also screened and excluded if they had a history of neck
pain, diseases of the cervical spine or musculoskeletal disorders. To reduce the
amount of possible confounding variables, subjects were also screened and
excluded for illicit drug, alcohol, and excessive caffeine use, as these have been
shown to affect sleep.

[0068] Beat Frequency Vibration Bed System

[0069] A novel dual frequency bed vibration system was created for use in this
study. The system consisted of four custom steel mounts containing ButtKicker®
Concert vibration transducers. These vibrating mounts (A) were placed under each
corner of the box spring of a twin sized bed (see FIGs. 5A and 5B). A foam pad (B)
was also placed underneath the transducer (A). The signals for each transducer
were produced by a Rigol DG812 dual channel waveform generator, and the signals
were amplified using XTi series Crown amplifiers. Two frequency combinations were
used in this study. First, all four transducers were driven at 26.75 Hz. This
combination will be referred to as standing wave vibration (SWV). The second
combination was produced by driving one half of the bed (divided laterally) at 26.5
Hz, and the other half at 27 Hz. This combination results in a 0.5 Hz beat frequency
and will be referred to as beat frequency vibration (BFV).

[0070] When vibrating the bed with the four actuators, different vibration
patterns known as operating deflection shapes (ODSs) develop at different
frequencies. In this study, we used a Polytec PSV-500-3D scanning laser Doppler
vibrometer to measure the frequency response and determine the ODSs of the bed.
We found that the largest response for the system occurred at 15 Hz with
comparably high responses at 21 Hz and 27 Hz. The spatial vibration response of
the bed when all four vibration drivers were vibrating at 15 Hz is shown in FIG. 6A.
While 15 Hz elicited the highest response, the ODS of the bed at this frequency
primarily targets the head and foot of the bed, while producing a smaller reaction in
the middle of the bed. With all four drives vibrating at 27 Hz, the ODS targets the
entire bed (see FIG. 6B). Therefore, we used standing wave and beat frequency
combinations near 27 Hz. We believe that oscillations of 2 Hz and lower are
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generally most effective at inducing/improving sleep, therefore, we selected a beat
frequency somewhere in this range for further clinical testing.

[0071] Recording Characteristics and Instrumentation

[0072] The bed vibration system was placed in a sound isolation chamber
(Industrial Acoustics, double wall) that exceeded standards for audiometric testing as
set forth by the American National Standards Institute. Participants were asked to lay
in the bed, close their eyes, and sleep if possible. Each participant did this for up to
two hours, or until they woke up from a nap and did not feel that they would fall
asleep again. This process was repeated over the course of four sessions. Brain
activity was measured using the Compumedics Neuroscan high-density
electroencephalography (HD-EEG) system with the SynAmpsRT 64-channel
amplifier and recorded using the EEG software: Curry 7©. A sampling rate of 1 kHz
was used during recording.

[0073] A 64-channel Quick-Cap with 4 integrated bipolar leads for vertical and
horizontal EOG (VEOG, HEOG), EMG, and EKG were used. Brain activity was
recorded with sintered Ag/AgCl electrodes (Compumedics Neuroscan EEG,
Charlotte, NC) with the SynAmpsRT 64-channel amplifier and recorded with the EEG
software: Curry 7©. The electrode placement follows the internationally accepted 10-
20 placement system of the sensor net’s electrodes (electrodes are placed at 10%
and 20% along lines of latitude and longitude). A common average reference
automatically calculated by Curry 7© was used. FIG. 7 shows the locations of the 52
cranial electrodes that were used during analysis. Some of the electrodes in the
temporal region were excluded because they were found to be more prone to noise
during vibration testing.

[0074] Testing Procedure

[0075] Participants were given identification numbers, and all data were

stripped of unique identifiers. To prevent any placebo effect, participants were not
told the hypothesis of this study.

[0076] Throughout, the participants were required to fill out a sleep diary every
morning and evening. The sleep diary contained questions about the participant’s
sleep patterns and the activities that they performed throughout the day. This
allowed for tracking of general sleep patterns and identification of potential
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confounding variables. Participants were required to come to four in-lab sessions.
Each of these sessions was separated by one week.

[0077] The first in-lab session was a habituation session in which participants
were acclimated to sleeping in the lab’s bed with the cap on. The next three sessions
had one of three conditions applied: control, SWV, or BFV. The control session was
always third, and the two vibration conditions were randomly assigned to be the
second or fourth session for each participant. During the control session, the
vibrating mounts were removed from under the bed and placed on vibration isolation
pads so that no mechanical vibration would be transferred to the participant, but they
were still turned on to achieve the same noise level as during the vibration sessions.
[0078] To select the exact frequency and amplitude combinations for the two
vibration sessions, participants were recruited to lay in the vibrating bed for a few
minutes and subjectively rate the comfort appeal of the system as the vibration
frequencies and amplitudes were adjusted. This was done on a separate occasion
prior to the test sessions previously described. It was found that most participants
preferred a beat frequency of 0.5 Hz, and a peak acceleration of 0.2 m/s? RMS. This
amplitude is comparable to other studies that investigate the effect of vibration on
sleep, as they typically use 0.2 to 0.3 m/s? RMS. Because of this, the bed was driven
with a peak acceleration of 0.2 m/s? RMS for all participants during both vibration
sessions.

[0079] During the SWYV session, the vibrating mounts were all driven at 26.75
Hz. During the beat frequency session, one half of the bed (divided laterally) was
driven at 26.5 Hz, and the other was driven at 27 Hz. This combination led to a 0.5
Hz horizontal traveling wave that propagated left-to-right across the user’s entire
body.

[0080] The in-lab sessions took place in the afternoon at the same time of day
across all four sessions. After the vibration sessions, participants were asked to
subjectively rate their experience using a Likert scale survey. They were asked about
the comfort of the system, whether or not the vibration helped them to fall asleep
faster, whether it improved the quality of their sleep, and whether or not they would
prefer to use it over an entire night of sleep.

[0081] HD-EEG Data Processing
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[0082] The HD-EEG data were visually scored with Curry 7© using 30-second
epochs according to the sleep staging rules of the AASM scoring manual criteria
[33]. To remove artifacts from the bed vibration system and any other sources of
interference, all data were filtered using a Hann filter (FFT-type filter). The filter types
used included a high pass filter set at 1 Hz and a low pass filter set at 30 Hz, as well
as a band-stop filter centered at 26.75 Hz with a width of 4.0 Hz and a slope of 1 Hz.
These values were selected to remove any effects from the vibration transducers
and the 0.5 Hz traveling wave. Additional artifact removal was performed using the
MATLAB toolbox EEGLAB. Artifacts were defined as any occurrence of HD-EEG
activity caused by external events such as eye blinks or other movement. All
naturally occurring events such as k-complexes and sleep spindles were included in
the analyses.

[0083] Multi Scale Sample Entropy

[0084] Conscious awareness may be quantified by the complexity or entropy

of the HD-EEG waveform. Entropy quantifies the irregularity of time series data
signals. Entropy is lower for predictable signals (such as a regular sine wave), and
higher for signals with low predictability. In this study, multi-scale sample entropy
(MSE) was used as a measure of complexity. MSE was chosen because
physiological systems are characterized by varying waveforms, the complexity of
which is best characterized over various time scales.

[0085] MSE is a variation of sample entropy (SampEn), a time-series analysis
method. A full technical description for calculating MSE will not be described herein,
but Costa et al. provides a detailed explanation of this process (Costa, M.;
Goldberger, A. L.; and Peng, C. K. “Multiscale Entropy Analysis” PhysioNet).
[0086] In this study, SampEn was calculated using run length m = 2 and
tolerance window r = 0.15 * SD (standard deviation), as this has been shown to be
acceptable. To produce a quantifiable value to represent the MSE for a given time
series, the values from timescale = 20 to T = 30 were averaged. This method for
quantifying MSE was determined acceptable for this study because the SampEn vs.
time scale plots level off around 20, and taking the average helps decrease the

effects of outlying values at any given time scale.

[0087] Analysis
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[0088] Sleep Latency. One metric obtained from the filtered HD-EEG data was
sleep latency. Two definitions of sleep latency were used. The first definition is the
AASM standard defined as the amount of time from lights off to the first occurrence
of a 30 second epoch classified as non-wakefulness. The second definition was the
amount of time from lights off to the first 30 second epoch classified as non-
wakefulness followed by at least two minutes of continued sleep. This will be referred
to as unequivocal sleep. A similar definition of unequivocal sleep was used in which
3 continuous epochs of stage N1 sleep were required.

[0089] MSE Validation. To verify the effectiveness of MSE for tracking
changes in brain activity, the average MSE values were compared between wake,
N1 sleep, and N2 sleep. This was done by taking the average control session data
for all participants and plotting the MSE values on a topographic HD-EEG head plot
for the three sleep-wake states mentioned.

[0090] MSE Analysis. Average MSE values during wake, N1 sleep, and N2
sleep were calculated during each session and then plotted on topographic HD-EEG
plots. The results from the standing wave and BFV sessions were then compared
per electrode to the control session to determine the effects that vibration type has
on neural complexity.

[0091] Power Spectral Density Analysis. Power spectral density (PSD)
analysis was performed on the EEG data to determine the effect of vibration on the
expression of sleep and wake drive. A Fast Fourier Transform (FFT) was performed
for every five second window of EEG data per electrode. It was desired to track the
power spectrum of the different brain wave types over the course of the testing
session. Brain wave frequency ranges were defined as delta 0-3.99 Hz, theta 4-7.99
Hz, alpha 8-13 Hz, and beta greater than 13 Hz. To account for natural fluctuations
in brain activity and differences between subjects, relative PSD values were used,
meaning the PSD value for a given frequency range divided by the sum total PSD of
all four frequency ranges. Alpha rhythms are more prominent during wakefulness
and are strengthened during tasks requiring mental arithmetic and visual imagery.
Therefore, relative alpha PSD will be used as a measure of the expression of arousal
(or wake drive). Additionally, relative delta PSD was used as a measure of the
expression of sleep drive, as delta waves are typical during deeper stages of NREM

sleep.
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[0092] Subjective Ratings. A subjective questionnaire was given to
participants after the sessions. The results were used to analyze user preferences
between the two vibration types.
[0093] Statistical Analysis. All statistical analyses were performed, and p-
values obtained using a linear, mixed models analyzing variance with blocking on
subjects. We performed post-hoc pairwise t-tests to determine where there were
differences between treatments. This analysis is appropriate due to the expected
deviation in baseline sleep characteristics between subjects. The variance was
estimated using the restricted maximum likelihood (REML) approach. Significance
was determined at the p < 0.05 level, except where otherwise specified in the results
section. For example, some values at the p < 0.1 were considered in the Multi Scale
Sample Entropy section. Analyses were performed using JMP (v14).
[0094] Participants
[0095] For this study, 14 college students (8 female, 6 male, mean age 22.2 +
3.0) were recruited. Table 2 shows the demographic and sleep features of the
sample population. Most participants have self-reported, clinical insomnia of
moderate severity according to the ISI. Participants had an average self-reported
sleep latency of over 40 minutes with high variability during the study period.

TABLE 2. Participant Demographic Table

Gentder
8 female
Age 2221 3.0 yearx
Weight PRSI RN G 1
Height G676 £ 2.8 inches
Wihite - 10 parficipants
Hispanigiiatino - 1y articipant
Race/Fthnicity Nathes Hy oy

Averags slesp latency
during period of study

5§ score 151237
. AN participants were undergraduate
Education N :
rollege students
[0096] Data from three participants were excluded due to non-related factors.

The first was excluded due to ending two sessions early to use the bathroom. The

second was excluded due to not having slept the night before a session. The 3rd
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was excluded due to self-report in the diary of a menstruation period which
reportedly greatly affected sleep during the final session.
[0097] B. Sleep Latency and Sleep Stages
[0098] The average AASM sleep latencies for each condition are shown in
FIG. 8. The variance (in minutes?) for the control, SWV, and BFV sessions are 36.7,
26.9, and 10.7, respectively.
[0099] The average unequivocal sleep latencies are shown in FIG. 9. The
variance (minutes?) for the control, SWV, and BFV sessions were 64.8, 27.9, and
11.0, respectively.
[00100] Statistical analysis as described in the analysis section determined if
there was a difference in means between the three conditions. Table 1 shows the
two tailed p-values and the upper and lower bounds for 95% confidence intervals
comparing the two vibration sessions to the control session.

TABLE 1 Sleep Latency P-values

Sleep Latency Standing Wave Beat Frequency
Definition Vibration Vibration
AASM p=<0.915 p =<0.181
Fo20=1.87, p=0.33 Upper CL = 3.197 Lower | Upper CL = 5.058 Lower
’ e : CL =-2.882 CL=-1.022
. p=<0.336 p <0.068
(llineq_uqvgc?:al ?(I)e?g) Upper CL = 5.657 Lower | Upper CL = 7.399 Lower
220= 1.0/, p=0. CL = -2.024 CL = -0.281
[00101] Two tailed P-values were calculated for determining whether there was

a difference between the mean sleep latency during the control session and the two
vibration sessions. The 95% confidence interval upper and lower bounds for the
difference between the control and vibration sessions are also reported. For
example, the BFV upper bound for AASM latency suggests that BFV caused
participants to fall asleep 5.058 minutes faster than during the control session. The
F-value in the table is for the overall test for differences between treatments. Table 3

shows the percentage of each sleep state during the first hour for each condition.
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TABLE 3. Wake-Sleep State Percentages

Condition Wake N1 N2 N3
Control 19.5 27.3 44.2 8.9
Standing
Wave 34.1 29.3 32.6 4.4
Vibration
Beat
Frequency 22.3 304 39.5 7.7
Vibration
[00102] Based on a power analysis of the observed differences, a sample size

of 24 would be required to achieve significance in unequivocal sleep latency
difference for the comparison of BFV treatment to the control. The same comparison
would require a sample size of 46 for the AASM definition. Differences between
SWYV treatment and the control were small, indicating that a larger sample may not
result in meaningful significance by either definition of sleep latency.

[00103] Multi Scale Sample Entropy Validation Results

[00104] The control session MSE values during the first minutes of wake, N1,
and N2 sleep stages were averaged for all participants. MSE drops in 44 of the 52
electrodes when transitioning from wake to N1 sleep, but the difference is not
statistically significant. MSE then drops again significantly from N1 to N2 sleep. The
difference in MSE between wake and N2 is statistically significant with p <0.002 for
all electrodes. This shows that neural complexity drops significantly when
transitioning from wake to N2.

[00105] Multi Scale Sample Entropy Results

[00106] The MSE topographical HD-EEG plot comparisons for wake, N1, and
N2 stages were completed. MSE values were averaged across all participants.

Analysis was performed on the first two minutes of each sleep stage, excluding any
artifacts. Analysis of N3 sleep was not included because too few participants entered
this stage of sleep.

[00107] The color scales used are relative to the stage of sleep being analyzed.
This means that the color scales are different for each stage of sleep but are the
same between sessions within their respective sleep stage. This allows for

observation of subtle differences in MSE between conditions for each sleep stage.
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Therefore, the color scales between sleep stages should be noted. For example, the
MSE scale during N2 sleep (1.78 to 1.98) is significantly lower than the MSE values
during wake and N1 sleep (2 to 2.18 and 2 to 2.16 respectively).

[00108] Upon observation, it can be seen that overall MSE dropped slightly
from wake to N1 sleep and dropped significantly from N1 to N2 sleep. Wake MSE is
generally lower in the frontal regions during both vibration conditions than during the
control, and MSE is lower during the BFV condition in the medial parietal region than
the other conditions. Stage N1 sleep MSE is generally higher during BFV, although
electrode CPZ is still notably lower than the other two regions. Stage N2 sleep MSE
is generally higher during the control session throughout the entire central region
than both of the vibration conditions.

[00109] Table 4 shows the electrodes that underwent a significant change
between the control session and the two vibration treatment sessions. P-values were
obtained using a linear mixed models analysis of variance with blocking on subjects
as described previously. In Table 4, both electrodes which are significant at the p
0.05 level (bolded) and significant at the p < 0.1 level (non-bolded) are shown. It was
determined that significance at the p < 0.1 level would also be considered due to the
fact that this is a pilot study, and while significance at the p < 0.1 is not conclusive, it
is suggestive of a trend. Based on a power analysis of the observed differences, a
sample size of 30 would be required to achieve statistical significance for all non-
significant electrodes (p = 0.05) shown in Table 4.
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TABLE 4. Electrodes with Significant Changes in MSE

Slexp Standing Wave Vibration Beat Frequency Vibration
Stage Higher MSE | Lower MSE | Higher MSE | Lower MSE
CPEp <0834 | AF4 p<0.088 ) P7 p<0.824
Pip=84831 | Clp<.048 | PEp <0059
O p<0.838 | FPIp 20065 | P p =007
Wake | PO7 p=80023 | FCO4 p <0080
Fs=1.92, | PO4 p < 0.009
p=0.17 | POS p=<0.044
CP4 p < 0.080
Ol p= 0084
Ni Fip <0075 O p 2 G087
F2 20=1.71,
p=0.21
F7 p<6.041
FP1 p = .087
) FOS p <0958 |
N2 CP3 p < 0.0%8
F110=1.92, - ~
p=0.13 Gl p= 0077
AFI p = 0084
FSp<0065 |

[00110]

average decrease in MSE during the SWV session, and 27 of the 52 electrodes

During the wake stage, 29 of the 52 electrodes analyzed showed an

showed an average decrease in MSE during BFV session. MSE significantly
increased in eight electrodes and decreased in four electrodes during the SWV
session. MSE significantly increased in three electrodes during the BFV session
(see Table 4). FIG. 10 shows a plot of the electrodes which underwent a
statistically significant change for the two vibration conditions. In general,
decreases in MSE during this stage occurred in the parietal region, while
increases occurred in the frontal region.

[00111]

average decrease in MSE during the SWV session, and 1 of the 52 electrodes

During stage N1 sleep, 40 of the 52 electrodes analyzed showed an

showed an average decrease in MSE during BFV. One electrode was found to
decrease in MSE during SWV, and one electrode increased in MSE during BFV
(see FIG. 11). Due to a general lack of significance, differences between
sessions may be due to outlying data.
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[00112]

lower average MSE during SWYV than during the control session, and 47 of the 52

During the stage N2 sleep, 49 of the 52 electrodes analyzed had a

electrodes had a lower average MSE during the beat frequency session than
during the control session. MSE did not significantly change in any of the
electrodes during the SWV session. MSE significantly decreased in seven
electrodes during the BFV session which can be seen in FIG. 12. All seven of
these electrodes were in the left hemisphere of the brain.

[00113]
[00114]

minutes of wake, N1, and N2 sleep were compared. For all conditions, the PSD

Power Spectral Density Results

The relative beta, alpha, theta, and delta PSD during the first two

results followed typical trends such as higher occurrence of beta waves during
wake, higher alpha during wake (especially in the parietal regions) and increasing
theta and delta waves as patrticipants went deeper into sleep.

[00115]
and central regions and increase delta rhythms throughout much of the frontal

SWV was shown to significantly decrease alpha rhythms in frontal

and left central and parietal regions during wake. BFV was shown to increase
delta rhythms in the left frontal region during stage N2 sleep. The electrodes
affected and their corresponding p-values are shown in Tables 5 to 8.

TABLE 5. Relative Beta PSD Changes

Sleap | Standing Wave Vilwatlon | Best Frequency Vibration
Slage | Higher PSD | {ower PSDY | Higher PSD | Lower PSD
O £ 0006 PR=0048 | OI0.032
Wake POE < 0026 Bl = 0L
POE< 5006 FOS = 0046
¥06 = 4,030
CPs £ 0506
M1 87 = 046
w04 2 6038
W2
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TABLE 6. Relative Alpha PSD Changes

Sleep | Standing Wave Vibration | Beat Freguency Wibration
Stage | Higher PSD | Lower PSD | Higher PSD | Lower PSD

Wake 22 5 4045

Wl
2 C

1A
i)
14
=
Lo
&
B |
i)
1A
B
14
[
Lo
&
b

TABLE 7. Relative Theta PSD Changes

Sleep | Standing Wave Vibwation | 8eat Freguency Vibration
Stage | Bigher PSO | lower S0 | Higher PSD | Lowes PSE
Wake
1
L7 <6018
N1 C';Pl =05
B3 L0048
PLE0.080
FZ={02d
27 24,045
FoEE0
e ey
P4
jocks
o2
s o8
i [S.3-4
o3 CPZ =080
i85 33
CF3 Lt IS
Rt £F 17
P2= C 2
Cog s
#7 s
N2 &
e3
wL
ar 28
bt X3
& 3
=07 20033
035 = 0.063T
SO L6054
CZ={0al
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Slaep
Slage

Standing Wave Vibration

Beat Frequency Vibration

Higher PSD

Lowey PED

Higher PSD | Lower PSD

Wake

Ml

[00116] Subjective Ratings Results

[00117] Table 9 contains the results of the Likert scale questions given to

participants after the vibration sessions. These questions focused on the comfort

of the vibration and whether it caused a faster transition to sleep or higher quality

of sleep. On average, participants rated the BFV session as being more

comfortable, helping them to fall asleep faster, and improving the quality of their

sleep during the entire sleep session. However, these differences were not

statistically significant.
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TABLE 9. Subjective Rating Results

The vibration was The vibration The vibration I would prefer
comfortable helped me to improved the not to use it
Condition fall asleep quality (.)f my over an entire
faster sleep during the | night of sleep
entire sleep
session
Standing Wave 3786 3.000 2714 2357
Vibration
Beat Frequency 4.000 3.071 3.143 2.500
Vibration

[00118] Discussion

[00119] In this study we aimed to show that BFV-induced by superimposing
two different vibration waves could be a plausible non-pharmacological treatment
for individuals with poor sleep. We compared the effect that BFV of 0.5 Hz and
traditional SWV have on different physiologic and subjective metrics. Statistically

significant results as well as trends are discussed for each metric in the following

sections.
[00120] Sleep Latency
[00121] Sleep latency results are suggestive of a modest decrease in the

amount of time that it took participants to fall asleep when subjected to the BFV
session. In particular, the unequivocal sleep latency results are indicative of this
trend. Between the two definitions of sleep latency, unequivocal sleep may be
considered more appropriate, as it represents the amount of time for a person to
achieve lasting sleep, which is the goal.

[00122] In addition to having a lower mean than the control and SWV
sessions, the BFV session had a much lower variance. This implies that BFV
may produce more consistently low sleep latency times with fewer outliers.
[00123] Sleep latency (by both definitions) was relatively low (average of
less than 10 minutes) for all sessions. This was somewhat unexpected when
considering that participants were recruited from a population of persons having
moderate to severe self-reported insomnia. This may in part be explained by the

fact that testing took place in the early afternoon, which is known to be a time
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when sleep drive peaks. Regardless of the cause, the generally low sleep
latencies result in a floor effect, which can complicate the process of identifying
strong statistical evidence of a difference between groups.

[00124] Multi Scale Sample Entropy Validation

[00125] MSE during N2 sleep was shown to be significantly lower than

during wake and N1 sleep. MSE values were lower during N1 than during wake,
but not significantly. In some cases, wake and N1 may have nearly the same
value of MSE. This shows that MSE is an effective tool for quantifying changes in
neural complexity as a person transitions from wake to deeper stages of sleep.
Because deeper stages of sleep such as N2 are associated with lower brain
activity, it stands to reason that MSE may be used to represent a person’s
conscious awareness. Conscious awareness impacts a person’s sleep-wake
state.

[00126] Multi Scale Sample Entropy

[00127] During the wake stage, it was found that for both vibration

conditions, nearly half of the electrodes had a higher average MSE, and nearly
half had lower MSE. In general, the decreases in MSE occurred in the frontal
regions, and the decreases occurred in the parietal and occipital regions. This
discrepancy between the frontal and parietal/occipital regions is likely due to the
fact that alpha waves, which are common during resting wake, occur
predominantly in the parietal/occipital regions of the brain. Because SWV shows
decreased MSE in some frontal regions, there is some cause to believe that this
may decrease conscious awareness during wake. The electrodes, however, do
not line up well with regions that have been shown to be associated with
conscious awareness. lt is, therefore, difficult to conclude significant changes in
conscious awareness during the wake stage.

[00128] During N1 sleep, there were no electrodes which demonstrated a
significant change in MSE at the p < 0.05 level, and only two showed a significant
change at the p < 0.1 level (between both vibration conditions). This makes it
difficult to conclude the effects that either type of vibration may have on MSE
during N1 sleep.
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[00129] During N2 sleep, most electrodes showed a decrease in MSE during
both vibration conditions. Only the BFV condition, however, caused a significant
difference. All significant electrodes are in the left hemisphere of the brain (Fig.
14). One possible explanation for this is because insomnia has been linked to
altered glucose metabolism in left frontoparietal heteromodal cortices that show
smaller NREM sleep-wake differences in these areas. The significant frontal
electrodes (FP1, AF3, F7, F5, and FC5) and CP3 map into this frontoparietal
area. This could mean that BFV is able to counteract the disruptive processes
that impede healthy NREM activity in individuals with poor sleep. Additionally,
neuroimaging studies have shown that conscious awareness may be associated
with brain activity in the left middle frontal gyrus. Electrodes FC5 and F5 lie in this
region, which indicates that BFV may lead to reduced conscious awareness
during deeper stages of sleep.

[00130] Power Spectral Density

[00131] While there were multiple HD-EEG electrodes that underwent

significant changes in each frequency band, the alpha and delta bands were of

most interest due to their use as measures for expression of arousal and sleep
drive respectively. During wake, SWV lowered the relative alpha PSD in the
central and frontal regions and increased relative delta PSD throughout most of
the left and frontal regions of the brain. This suggests that during wake, SWV
may reduce the expression of arousal, as well as increase the expression of
sleep drive. These changes do not manifest during sleep, implying that these
benefits do not persist.

[00132] BFV was shown to increase relative delta PSD during stage N2
sleep, that suggests that this treatment may increase sleep drive expression
during deeper stages of sleep. This finding is consistent with the MSE findings, in
which BFV was shown to reduce neural complexity. This adds to the hypothesis
that BFV may be of benefit to those who suffer from poor sleep quality,
particularly in deeper stages of sleep.

[00133] These PSD results indicate that SWV may cause faster transition
into sleep (although this is not supported by the sleep latency results), and that

beat frequency may produce more benefits during N2 sleep. This implies that the
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use of different vibration types may be appropriate based on a given patient’s
needs and their current sleep-wake state.

[00134] Subjective Ratings

[00135] Participants generally found both vibration types to be comfortable

and reported that it may improve their sleep. There was a slight inclination
towards BFV over SWV, although more participants would be needed to show
significance.

[00136] In this study BFV demonstrated a trend towards decreasing sleep
latency, particularly when defined as achieving unequivocal sleep. BFV also
shows more consistently low latencies with fewer outliers than the control and
SWYV conditions.

[00137] Because the underlying frequency of the BFV was 26.75 Hz (the
same frequency used for the SWV session), it was inferred that the difference in
outcome between the SWV and BFV conditions is due to the presence of the 0.5
Hz traveling wave.

[00138] MSE was shown to be effective at quantifying the difference in
neural complexity between wake and deeper stages of sleep and shows a
general decrease in complexity between wake and N1 sleep. Both standing wave
and BFV caused changes in all sleep-wake states that were analyzed, although
primarily during wake and N2. SWV may decrease complexity in the frontal
region, while both standing wave and beat frequency may cause increased
complexity in the parietal/occipital regions. Varied MSE values and locations of
significant electrodes during wake and N1 sleep make it difficult to conclude the
effect on conscious awareness during these stages.

[00139] During N2 sleep, BFV led to reduced MSE in the left frontoparietal
area of the brain. The location of some of these electrodes are known to relate to
conscious awareness, and to show smaller NREM sleep-wake differences in
individuals with poor sleep. This indicates that BFV may reduce conscious
awareness in these individuals during deeper stages of sleep.

[00140] Based on changes in relative PSD, SWV may lead to decreased
expression of arousal and increased sleep drive during wake, although these

changes do not persist into sleep. BFV may cause higher expression of sleep
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drive during stage N2 sleep. This suggests that the use of different vibration
types may be appropriate based on a given patient’s needs and their current
sleep-wake state.

[00141] In summary, our results suggest that BFV may help individuals with
poor sleep by decreasing sleep latency, by reducing their conscious awareness,
and by increasing sleep drive expression during deeper stages of sleep. SWV
may be beneficial for decreasing expression of arousal and increasing expression
of sleep drive during wake, implying that a dynamic vibration treatment may be
beneficial.
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CLAIMS

1. A system for introducing vibrational waves into a body of a subject, the system
comprising:

a bed frame comprising a first vibration contact and a second vibration contact,
the first vibration contact being in mechanical communication with a first location of
the body of the subject, the second vibration contact being in mechanical
communication with a second location of the body of the subject;

a first vibration source connected to the first vibration contact and configured to
cause a first vibration of the first vibration contact;

a second vibration source connected to the second vibration contact and
configured to cause a second vibration of the second vibration contact; and

wherein the location or orientation of the first vibration contact and the second
vibration contact are configured such that the first vibration combines with the second
vibration to generate a super-imposed vibration.

2. The system of claim 1, wherein the first vibration contact is a first panel
positioned beneath a box spring or a mattress, and the second vibration contact is a
second panel positioned beneath the box spring or the mattress.

3. The system of claim 2, wherein the first and second vibration sources are
affixed to an undersurface of the first panel and the second panel to independently
vibrate each of the first and second panels in a frequency range of 5 to 200 Hz, and
transmit vibrational waves to a subject that are combined by superposition in the

subject.

4. The system of claim 2, wherein each panel can be vibrated independently in a
range of 5 to 200 Hz with waveforms selected from arbitrary, sinusoidal, triangular,
and rectangular waveforms with various duty cycles, or with a customized waveform

shape and with sufficient power to induce subjective perception of vibration.

5. The system of claim 2, wherein each panel can be vibrated at a same frequency
with 0° to 180° of relative phase.
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6. The system of claim 2, wherein each panel can be vibrated at frequencies offset
from each other such as to induce an interferential beat frequency as a difference

between two or more driving frequencies.

7. The system of claim 2, wherein each panel can be vibrated independently with
various waveforms in a range of 5 to 200 Hz to induce beat frequencies in the range
of 0.05 Hz to 200 Hz which can be perceived as traveling waves.

8. The system of claim 2, wherein each panel can be vibrated independently to
induce localized vibrational maxima into a head, cervical spine, or other desired

location in the subject by use of phased inputs or superimposed vibrational waves.

9. The system of claim 2, wherein each panel can be vibrated independently with
sinusoidal waveform sources to induce vibration into the body optimally in a range of
0.01 Hz to 10 Hz.

10.  The system of claim 2, wherein each panel can be vibrated independently with
a vibrational wave to induce a harmonic of the vibrational wave into the body in a range
of 0.01 Hz to 200 Hz.

11.  The system of claim 2, wherein each panel can have affixed to it or its attached
LFE transducer a sensor from which an oscillatory signal can be derived to monitor
drive frequency and pattern of waveform and to allow depiction of signal phase and

interferential beat frequencies.

12.  The system of claim 1, wherein the vibration sources comprise at least one of
electromagnetic drivers, transducers, displacement shakers, linear resonance
actuators, piezoelectric actuators, solenoids, pneumatic or hydraulic actuators, and

electric motors with unbalanced weights, cams, or crankshafts.

13.  The system of claim 1, further comprising a sensor in mechanical contact with

the subject to measure the super-imposed vibration.
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14.  The system of claim 13, wherein the sensor is configured to provide a feedback
signal to at least one of the first vibration source and the second vibration source in

response to the super-imposed vibration.

15.  The system of claim 13, wherein the sensor comprises mouth guard sensor to
derive a measure of pattern and amplitude of induced frequencies into the body which
may be customized to the subject’s maxillary tooth print pattern.

16.  The system of claim 15, wherein a derived waveform pattern from the mouth

guard sensor demonstrates induced beat frequencies.

17.  The system of claim 1, further comprising a third vibration contact connected to
a third vibration source and a fourth vibration contact connected to a fourth vibration
source, wherein the location or orientation of the third vibration contact and the fourth
vibration contact are configured such that vibrations combine to produce a super-

imposed vibration.

18.  The system of claim 1, wherein a controller is configured to execute a sequence
of waveform parameters to produce a sequence of different perceived waveforms

inside the subject over a period of time.

19. A method of treating a sleep disorder, depression, anxiety, or multiple forms of
pain in a patient, comprising:
providing a bed frame comprising a first panel and a second panel in contact
with a box spring or mattress, and at least two vibration sources;
vibrating the first panel of a bed frame in a first waveform of 5 to 200 Hz; and
vibrating the second panel of the bed frame in a second waveform of 5 to 200
Hz;
wherein the first and second waveforms combine to generate a super-imposed

vibration in a range of 0.25 Hz to 10 Hz while the patient is positioned on the bed.

-33-



WO 2021/263199 PCT/US2021/039239

20. The method of claim 19, wherein the sleep disorder is insomnia, sleep apnea,
or restless leg syndrome.

21.  The method of claim 19, wherein the patient has depression, anxiety, or multiple

forms of pain.

22.  The method of claim 19, further comprising inducing a low frequency traveling
wave vibration to the patient.

23. The method of claim 19, further comprising filtering vibration waves to target
one or more locations of the bed frame.

24. The method of claim 19, further comprising controlling vibration waves to target
one or more locations of the bed frame.
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