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Description
FIELD

[0001] The presentinvention is related to dental appli-
ances. In particular, the present invention is related to a
method and apparatus for verifying compliance with den-
tal appliance therapy.

BACKGROUND

[0002] Sleep apnea is characterized by a cessation or
reduction of breathing during sleep. Obstructive sleep
apnea (OSA) refers to apnea syndromes due primarily
to collapse of the upper airway during sleep. It is estimat-
ed that 2 to 4% of middle-aged North Americans suffer
from obstructive sleep apnea (OSA). Left untreated,
sleep apneais known to cause or aggravate other serious
medical conditions, including heart disease, hyperten-
sion, and hypoxia. However, because episodes of apnea
interrupt sleep, the most noticeable consequences of the
untreated condition are fatigue and daytime sleepiness.
These conditions are dangerous for individuals practicing
a profession requiring alertness, and particularly those
professions in which the work may be monotonous. For
example, it is believed that OSA has been a contributing
factor in numerous traffic accidents involving long-dis-
tance truck-drivers.

[0003] One frequently prescribed course of treatment
for OSA is mandibular advancement therapy. This treat-
ment consists of mechanically positioning the lower jaw
(mandible) of the patient forward, and maintaining that
position for the duration of sleep. This is accomplished
by fitting the patient with a dental appliance, known as a
mandibular advancement device (MAD). The MAD is
similar in appearance to an orthodontic retainer or a pro-
tective mouth-guard, and is manufactured by a qualified
dental health care provider. The MAD is typically in two
parts: an upper part fitted to the upper teeth, and a lower
part fitted to the lower teeth. The relative position of the
two parts determines the degree of mandibular advance-
ment. During sleep, the two parts are attached together
such that the lower mandible is not able to fall back. On
some MADs the relative position is adjustable by the den-
tal health care provider. The American Academy of Sleep
Medicine has acknowledged that Mandibular advance-
ment therapy is effective for treating mild to moderate
sleep apnea. The anterior mandibular position helps pre-
vent collapse of the soft tissue in the palate which is fre-
quently the cause of obstructive sleep apnea, thus im-
proving the quality of sleep, and consequently, daytime
alertness.

[0004] For individuals employed in professions where
a lack of alertness is adanger to public safety, treatment
of obstructive sleep apnea with MAD or other dental ap-
pliance therapy may be mandated, either by the employ-
er, a professional association, government body, or in-
surance provider. Although MAD devices are generally
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designed with consideration to patient comfort, there is
a period where the patient must adjust to the new device,
during which therapy is often abandoned due to irritation
and discomfort. Thus, mere possession of a treatment
device (for example, MAD or other dental appliance) is
not sufficient to verify the patient has submitted to treat-
ment recommendations. A recent statement on MADs
from the American Trucking Association stated that there
is evidence that MADs may help in reducing OSA in in-
dividuals with mild to moderate OSA there is no method
of measuring compliance. Accurate confirmation of com-
pliance may soon become a requirement for maintaining
or renewing qualifications and licenses for some profes-
sions, and/or for obtaining reimbursement from a health
insurance provider. Thus, there is a need to accurately
know when a dental appliance such as a mandibular ad-
vancement device is being worn by a patient.

[0005] Devices disclosed in Du Hamel et al
US2010/0152599, Rahman et al US2006/0166157,
Longley US2007/0283973, and Ivanov et al. US Pat
5,774,425 typically measure ambient temperature. Dis-
cussion of measuring other parameters such as oxygen
saturation, light, pressure, movement, etc. are disclosed
but methods of how to use these signals to increase ac-
curacy of the oral compliance device are not disclosed.
[0006] Typical devices currently available for estimat-
ing compliance with MAD therapy and orthodontic treat-
ments are battery-operated electronic devices that
record only ambient temperature and are embedded
within the oral appliance. These devices typically com-
prise a thermal sensor, a memory storage device, a bat-
tery power supply, a clock and an electronic processor.
Such devices must, obviously, be of sufficiently small size
to allow for embedding into the oral appliance, and pref-
erably minimally increasing its size, so they do not add
to patient discomfort or inhibit the effectiveness of the
MAD in treating OSA. This limits the type of signals that
may practically be recorded to those that can be meas-
ured with sensors having small size and low power con-
sumption.

[0007] The simplest such systems record intra-oral
temperatures using a suitable sensor (typically a ther-
mistor) to determine whether they are within a range that
is consistent with placement in the mouth of a patient.
[0008] One article titled "Applicative Characteristics of
New Microelectronic sensors Smart Retainer and Ther-
aMon for Measuring Wear Time" that appeared in Journal
of Orofacial Orthopedics (Timm Cornelius Schott, Gernot
Goz, J Orofac Otrhop (German Orthodontic Society)
2010;71 :339-47) compared the Smart sensor to the
TheraMon sensor. This article explained how they tested
the devices using a readily obtainable thermostatic water
bath, a Buchi B-490 Heating Bath. By programming the
water bath to heat the water to a temperature of 35°C for
a specified length of time and then allowing the temper-
ature to fall to room temperature the authours were able
to trick both sensors into reporting wear time during the
time the water was heated to 35°C. This testing teaches
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the reader how to fool both the Smart and TheraMon
sensors into thinking that they were in the mouth of a
patient.

[0009] Both the Smart and TheraMon sensors sample
a temperature signal once every 15 minutes. The Smart
chip has a sensitivity of 0.3°C and the TheraMon had a
0.1°C. In the article, the authours discuss that the Ther-
aMon chip was more accurate because of the lower sen-
sitivity.

[0010] Rules are expected to come down from several
different sources, such as transportation authorities,
health insurance companies and employers that require
some form of accurate indication of when a MAD device
is being worn. Current devices that use temperature only
can be easily fooled. Similarly devices that rely on tem-
perature only will have issues in functioning properly in
warm environments. A compliance monitoring system
that checks only whether the intra-oral temperature is
within an acceptable range is easily deceived by creative
individuals, for example, by placing it in a warm water
bath, kept ata constant temperature with a heating device
and thermostat during sleeping hours.

[0011] Forexample, Rahman et al. (US2006/0166157
A1) teaches a device that may use a combination of tem-
perature, moisture, pH, light, and pressure measure-
ments to make it more difficult to deceive the system. Du
Hamel et al. (US2010/0152599) teach an oral appliance
that uses measurement of blood-oxygen saturation lev-
els in the oral tissues to more accurately verify compli-
ance. Abolfathi (US 7,553, 157 B2) teaches the use of a
colorant indicator that reacts to temperature, moisture,
and/or one or more intra-oral chemical or biological spe-
cies. However, these additional measurements not only
consume additional power, but in many cases, also in-
volve different mechanical requirements, such as small
openings to allow direct contact with the oral cavity and/or
tissues, as is the case with pH, moisture, and species
measurements. These openings are at risk of bacterial
contamination which may then infect the patient.
[0012] Longley (US2007/0283973)teaches anoral ap-
pliance that responds to commands received via a trans-
ceiver to record measurements such as temperature, hy-
drogen ion concentration, pH, moisture, absolute humid-
ity, or movement of oral appliance at periodic intervals.
The recorded measurements are analyzed to determine
if the measurements are consistent with the conditions
expected in the oral cavity. Additionally, the recorded
measurements are used to determine usage patterns as
well as to determine if the user’s use of the oral appliance
has been in accordance with a patient’s prescribed ther-
apy schedule.

[0013] However, the above-described methods are
susceptible to deception by users placing the dental ap-
pliance in artificial environments that mimic conditions in
the oral cavity. The method of the present invention is
devised to be difficult to deceive without requiring signif-
icant additional power and increasing the size of the de-
vice.
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SUMMARY

[0014] The presentdisclosure allows for verification of
compliance with dental appliance therapy with improved
accuracy and/or reduced power consumption (i.e. longer
product life) compared to existing devices.

[0015] In an aspect, the present disclosure provides a
method for verifying compliance with a dental appliance
therapy for a human patient comprising periodically
measuring at least one parameter of a dental appliance
worn by the human patientto obtain a time-domain series
of measurements of the at least one parameter. At least
a portion of the time-domain series of measurements is
transformed to a frequency-domain series of measure-
ments. Compliance with the dental appliance therapy is
determined by determining that components of the fre-
quency-domain series of measurements are within pre-
selected tolerances to indicate compliance.

[0016] In an aspect, the present disclosure provides a
dental appliance therapy compliance monitoring appa-
ratus for use with a compliance verification processor.
The apparatus comprises a battery to power the appa-
ratus; a temperature sensor to measure an ambient tem-
perature of the apparatus; a spatial orientation sensor to
measure a spatial orientation of the apparatus; a proc-
essor configured to control the temperature sensor and
the spatial orientation sensor to periodically measure the
ambient temperature and the spatial orientation to obtain
a time-domain series of ambient temperature measure-
ments and a time-domain series of spatial orientation
measurements, respectively; a memory operatively cou-
pled to the processor to record the time-domain series
of ambient temperature measurements and the time-do-
main series of spatial orientation measurements; and a
communication module operatively coupled to the proc-
essor to communicate the recorded time-domain series
of ambient temperature measurements and the recorded
time-domain series of spatial orientation measurements
to the compliance verification processor for determining
compliance with the dental appliance therapy.

[0017] In an aspect, the present disclosure provides a
compliance verification processor for use with a dental
appliance therapy compliance monitoring apparatus as
described herein. The compliance verification processor
is configured to: transform at least a portion of the time-
domain series of ambient temperature measurements to
a frequency-domain series of ambient temperature
measurements; and, determine compliance with the den-
tal appliance therapy by determining that components of
the frequency-domain series of ambient temperature
measurements are within pre-selected tolerances to in-
dicate compliance.

[0018] In another aspect, the compliance verification
processor is configured to: transform at least a portion
of the time-domain series of spatial orientation measure-
ments to a frequency-domain series of spatial orientation
measurements; and, determine compliance with the den-
tal appliance therapy by determining that components of



5 EP 3 199 125 A1 6

the frequency-domain series of the spatial orientation
measurements are within pre-selected tolerances to in-
dicate compliance.

[0019] In an aspect, the present disclosure provides a
dental appliance therapy compliance verification system.
The system comprises a dental appliance therapy com-
pliance monitoring apparatus and a compliance verifica-
tion processor. The dental appliance therapy compliance
monitoring apparatus includes: a battery to power the
apparatus; a temperature sensor to measure an ambient
temperature of the apparatus; a spatial orientation sensor
to measure a spatial orientation of the apparatus; a proc-
essor configured to control the temperature sensor and
the spatial orientation sensor to periodically measure the
ambient temperature and the spatial orientation to obtain
a time-domain series of ambient temperature measure-
ments and a time-domain series of spatial orientation
measurements, respectively; a memory operatively cou-
pled to the processor to record the ambient temperature
measurements and the spatial orientation measure-
ments; and a communication module operatively coupled
to the processor. The compliance verification processor
is configured to communicate with the communication
module of the apparatus to communicate the recorded
time-domain series of ambient temperature measure-
ments and the time-domain series of spatial orientation
measurements and to determine compliance with the
dental appliance therapy.

[0020] In an aspect, the present disclosure provides a
tangible computer-readable medium having recorded
thereon non-transitory instructions, which when execut-
ed by a processor causes a computer to perform a meth-
od for verifying compliance with a dental appliance ther-
apy for a human patient as described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Embodiments of the present disclosure will now
be described, by way of example only, with reference to
the attached Figures.

FIG. 1 is a flow diagram of a method for verifying
compliance with a dental appliance therapy for a hu-
man patient in accordance to an aspect of the
present disclosure.

FIG. 2 is a flow diagram of a method for verifying
compliance with a dental appliance therapy for a hu-
man patient using temperature by comparing the ra-
tio of the power in two frequency bands to determine
compliance in accordance with an example embod-
iment of the present disclosure.

FIG. 3 is a time domain graph of temperature meas-
urements recorded in a human mouth by a dental
appliance therapy compliance monitoring apparatus
in accordance with an example embodiment of the
present disclosure.
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FIG. 4 is a frequency domain graph (Power Spec-
trum) of the transformed time domain series of tem-
perature measurements in FIG. 3. Examples of two
frequency bands used to calculate the power ratio
for compliance determination in accordance with an
example embodiment of the present disclosure are
also shown in FIG. 4.

FIG. 5is a time domain graph of temperature meas-
urements recorded in an artificial environment
(Buchi water bath) by a dental appliance therapy
compliance monitoring apparatus in accordance
with an example embodiment of the present disclo-
sure.

FIG. 6 is a frequency domain graph (Power Spec-
trum) of the transformed time domain series of tem-
perature measurements in FIG. 5. Examples of two
frequency bands used to calculate the power ratio
for compliance determination in accordance with an
example embodiment of the present disclosure are
also shown in FIG. 6.

FIG. 7 is a flow diagram of a method for verifying
compliance with a dental appliance therapy for a hu-
man patient using spatial orientation by comparing
the mean of the total power to a threshold level to
determine compliance in accordance with an exam-
ple embodiment of the present disclosure.

FIG. 8 is a flow diagram of a method for verifying
compliance with a dental appliance therapy for a hu-
man patient using spatial orientation by comparing
the ratio of the power in two frequency bands to de-
termine compliance in accordance with an example
embodiment of the present disclosure.

FIG. 9 is a time domain graph of the spatial orienta-
tion measurements recorded in a human mouth by
a dental appliance therapy compliance monitoring
apparatus in accordance with an example embodi-
ment of the present disclosure.

FIG. 10 is a frequency domain graph (Power Spec-
trum) of the transformed time domain series spatial
orientation measurements in FIG. 9.

FIG. 11 is a time domain graph of the spatial orien-
tation measurements recorded in an artificial envi-
ronment (Buchi water bath) by a dental appliance
therapy compliance monitoring apparatus in accord-
ance with an example embodiment of the present
disclosure.

FIG. 12 is a frequency domain graph (Power Spec-
trum) of the transformed time domain series of spa-
tial orientation measurements in FIG. 11. Examples
of two frequency bands used to calculate the power
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ratio for compliance determination in accordance
with an example embodiment of the present disclo-
sure are also shown in FIG. 12.

FIG. 13 is a flow diagram combining the method in
FIG. 2 with the method in FIG. 7.

FIG. 14 shows a diagram of a patients head in the
supine position with labeled X and Y axis and gravity
vector.

FIG. 15 shows a diagram of a patients head in the
supine partial left position with labeled X and Y axis,
gravity vector and the X and Y components of the
gravity vector.

FIG. 16 shows a diagram of a patients head in the
supine - left position with labeled X and Y axis, gravity
vector and the X and Y components of the gravity
vector.

FIG. 17 is a block diagram of a dental appliance ther-
apy compliance monitoring apparatus for a human
patient in accordance with an aspect of the present
disclosure.

FIG. 18 is a block diagram of a dental appliance ther-
apy compliance monitoring apparatus for a human
patient having its power turned on and off by a real-
time clock in accordance with an example embodi-
ment of the present disclosure.

FIG. 19 shows perspective view of adental appliance
fitted with the compliance monitoring apparatus of
the present disclosure.

FIG. 20 is a block diagram of a dental appliance ther-
apy compliance verification system in accordance
with an aspect of the present disclosure.

DETAILED DESCRIPTION

[0022] Generally, the present disclosure provides a
method and an apparatus for verifying compliance with
a dental appliance therapy for a human patient by peri-
odically measuring a parameter of a dental appliance
worn by the human patient and determining compliance
with the dental appliance therapy by performing a spec-
tral analysis of the measured parameter.

[0023] For illustrative purposes, example embodi-
ments of the present disclosure are described using tem-
perature and/or spatial orientation of the dental appliance
as the measured parameters. However, other parame-
ters such as, humidity, pH, or other suitable intra-oral
physiological parameters may also be used for determin-
ing compliance with the dental appliance therapy in ac-
cordance with the present disclosure.

[0024] In humans, the temperature inside the mouth
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closely approximates body core temperature the vast
majority of time, and the typical range of intra-oral tem-
perature is approximately 34-39 degrees Celsius. Thus,
as a first indicator of compliance, the temperature value
is checked to see if it is within this range. If the temper-
ature recorded consistently lies outside this range, it is
likely that the device is not being worn.

[0025] Instanceswhen intra-oral temperature does not
closely approximate body temperature include when hot
or cold foods or beverages are being consumed, and
during smoking. These activities, however, cannot be
performed while asleep, and are therefore not relevant
to the present disclosure. Additionally, the above tem-
perature range does not account for instances of signif-
icant fever or hypothermia. However, such occurrences
are rare, and are not deemed significant for the present
purposes. One notable exception however is during oral
breathing, when the intra-oral temperature only closely
approximates body core temperature during exhalation.
During oral inhalation, intra-oral temperature often is sig-
nificantly lower than body core temperature. This may be
circumvented by of consecutive measurements lie within
the range 34-39 degrees Celsius.

[0026] However, as described earlier, methods of ver-
ifying compliance based on intra-oral temperature meas-
urement or other parameters alone to determine if the
measurements are consistent with the conditions expect-
ed in the oral cavity can be easily defeated using com-
monly available items.

[0027] In order to improve the accuracy of compliance
verification, the present disclosure utilizes the differenc-
es in the spectral properties to verify compliance with the
dental appliance therapy. The spectral properties of
physiological parameters such as temperature have a
different spectral signature than in an artificial mechani-
cal environment such as a water bath that may be used
to deceive compliance with the dental appliance therapy.
[0028] Accordingly, the present disclosure allows for
verification of compliance with dental appliance therapy
with improved accuracy and/or reduced power consump-
tion (i.e. longer product life) compared to existing devices
using spectral analysis of the measured parameters.
[0029] For example, FIG. 1 shows a flow diagram of a
method for verifying compliance with a dental appliance
therapy for a human patient in accordance to an aspect
of the present disclosure. At least one parameter of a
dental appliance worn by the human patient is periodi-
cally measured to obtain a time-domain series of meas-
urements or data of the at least one parameter at 102.
At least a portion of the time-domain series of measure-
ments is transformed to a frequency-domain series of
measurements or data at 104. The time domain data may
be transformed into frequency domain data by suitable
spectral transformation such as Fast Fourier Transfor-
mation (FFT), Discrete Fourier Transformation (OFT) or
the like.

[0030] Components of the frequency-domain data, for
example, amplitude, phase, power, etc., are analyzed at
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106 to determine that whether the results ofthe frequency
domain analysis fall within pre-selected tolerances or
specified parameters at 108. If yes, it is determined at
110 that the dental appliance is worn by the human pa-
tient. Otherwise, itis determined at 112 thatthe appliance
is not being worn by the human patient, indicating a po-
tential lack of compliance with the dental appliance ther-
apy.

[0031] In an example embodiment, the measured pa-
rameter may be intra-oral/ambient temperature. Time-
domain temperature measurements can be transformed
into frequency-domain data as described above. Com-
pliance with the dental appliance therapy may be deter-
mined by comparing the ratio of the power in two fre-
quency bands in the frequency-domain temperature
measurements as shown in FIG 2.

[0032] Temperature of the dental appliance worn by
the human patient is periodically measured to obtain a
time-domain series of temperature measurements at
202. At least a portion of the time-domain series of tem-
perature measurements is transformed to a frequency-
domain series of measurements at 204. A ratio of the
total power in two frequency bands is calculated. Phys-
iological temperature varies at a slower frequency than
the temperature in an artificial mechanical environment
such as a water bath that may be used to deceive com-
pliance with the dental appliance therapy. Hence, fre-
quency bands indicative of physiological frequency and
mechanical frequency are selected for comparison.
[0033] A determination is made as to whether the ratio
of the total power in the two frequency bands is within
pre-selected tolerances at 208. If the ratio of total power
is above a threshold value, it is determined at 210 that
the dental appliance is worn by the human patient. Oth-
erwise, it is determined at 212 that the appliance is not
being worn by the human patient, indicating a potential
lack of compliance with the dental appliance therapy.
[0034] FIG. 3 shows a time domain graph of tempera-
ture measurements recorded in a human mouth by aden-
tal appliance therapy compliance monitoring apparatus,
or a compliance micro-recorder, in accordance with an
example embodiment of the present disclosure. The du-
ration of the temperature measurements illustrated is
about 6.5 hours.

[0035] FIG. 4 shows afrequency domain graph (Power
Spectrum) of the transformed time domain series of tem-
perature measurements in FIG. 3. Examples of two fre-
quency bands used to calculate the power ratio for com-
pliance determination in accordance with an example
embodiment of the present disclosure are also shown in
FIG. 4.

[0036] The total power is calculated for all frequencies
in the physiological frequency band 402 and the mechan-
ical frequency band 404. If the ratio of total power is below
a threshold value, it is determined that the dental appli-
ance is worn by the human patient.

[0037] FIG. 5 is a time domain graph of temperature
measurements recorded in an artificial environment
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(Buchi water bath) by the dental appliance therapy com-
pliance monitoring apparatus in accordance with an ex-
ample embodiment of the present disclosure. The dura-
tion of the temperature measurementsiillustrated is about
6.5 hours, similar to the data shown in FIG. 3.

[0038] The time domain temperature data is trans-
formed into frequency domain by suitable spectral trans-
formation and is illustrated in FIG. 6. The total power is
calculated forallfrequenciesinthe physiological frequen-
cy band 602 and the mechanical frequency band 604. It
can be seen that the spectral signature of the temperate
measurements in the artificial environment (FIG. 6) is
significantly different than spectral signature of the tem-
perature measurements in the oral cavity of a human
patient (FIG.4).

[0039] The difference is exemplified in the in the total
power in the mechanical frequency band 604. Thus, a
ratio of the total power in the two frequency bands in the
example of FIG. 6 would be greater than that obtained
in the example of FIG. 4, indicating non-compliance with
the dental appliance therapy.

[0040] Inanother example embodiment, the measured
parameter may be the spatial orientation of the dental
appliance. Time-domain spatial orientation measure-
ments can be transformed into frequency-domain data
as described above. Compliance with the dental appli-
ance therapy may be determined by calculating the mean
or average power of the power spectrum of the spatial
orientation measurements.

[0041] As shown in FIG. 7, the spatial orientation of
the dental appliance worn by the human patient is peri-
odically measured to obtain a time-domain series of spa-
tial orientation measurements at 702. At least a portion
of the time-domain series of spatial orientation measure-
ments is transformed to a frequency-domain series of
measurements at 704. The mean or average power of
the power spectrum of the spatial orientation measure-
ments is calculated at 706. A determination is made as
to whether the average power is above a threshold value
at 708. If the average power is above the threshold value,
it is determined at 710 that the dental appliance is worn
by the human patient. Otherwise, it is determined at 712
thatthe appliance is not being worn by the human patient,
indicating a potential lack of compliance with the dental
appliance therapy.

[0042] In another example embodiment, compliance
with the dental appliance therapy may be determined by
comparing the ratio of the power in two frequency bands
of the frequency-domain series of measurements of spa-
tial orientation to determine compliance as shown in FIG.
8.

[0043] The spatial orientation of the dental appliance
worn by the human patient is periodically measured to
obtain a time-domain series of spatial orientation meas-
urements at 802. At least a portion of the time-domain
series of spatial orientation measurements is trans-
formed to a frequency-domain series of measurements
at 804. A ratio of the total power in two frequency bands
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is calculated at 806. Physiological spatial orientation var-
ies differently than the spatial orientation in an artificial
mechanical environment that may be used to deceive
compliance with the dental appliance therapy. Hence,
frequency bands indicative of physiological frequency
and mechanical frequency are selected for comparison.
[0044] A determination is made as to whether the ratio
of the total power in the two frequency bands is within
pre-selected tolerances at 808. If the ratio of total power
is within pre-selected tolerances, it is determined at 810
that the dental appliance is worn by the human patient.
Otherwise, it is determined at 812 that the appliance is
not being worn by the human patient, indicating a poten-
tial lack of compliance with the dental appliance therapy.
[0045] FIG. 9 shows a time domain graph of spatial
orientation measurements recorded in a human mouth
by a dental appliance therapy compliance monitoring ap-
paratus, or a compliance micro-recorder, in accordance
with an example embodiment of the present disclosure.
The time domain spatial orientation data is transformed
into frequency domain by suitable spectral transforma-
tion. FIG. 10 shows a frequency domain graph (Power
Spectrum) of the transformed time domain series of spa-
tial orientation measurements in FIG. 9. Examples of two
frequency bands used to calculate the power ratio for
compliance determination in accordance with an exam-
ple embodiment of the presentdisclosure are also shown
in FIG. 9.

[0046] The total power is calculated for all frequencies
in the physiological frequency band 1002 and the me-
chanical frequency band 1004. If the ratio of total power
is below a threshold value, it is determined that the dental
appliance is worn by the human patient.

[0047] FIG. 11 is a time domain graph of spatial orien-
tation measurements recorded in an artificial environ-
ment (Buchi water bath) by the dental appliance therapy
compliance monitoring apparatus in accordance with an
example embodiment of the present disclosure.

[0048] The time domain spatial orientation data is
transformed into frequency domain by suitable spectral
transformation andisillustrated in FIG. 12. The total pow-
er is calculated for all frequencies in the physiological
frequency band 1202 and the mechanical frequency
band 1204. It can be seen that the spectral signature of
the spatial orientation measurements in the artificial en-
vironment (FIG. 12) is significantly different than spectral
signature of the spatial orientation measurements in the
oral cavity of a human patient (FIG.10). The difference
is exemplified in the in the total power in the mechanical
frequency band 1204. Thus, a ratio of the total power in
the two frequency bands in the example of FIG. 12 would
be different than that obtained in the example of FIG. 10,
indicating non-compliance with the dental appliance ther-
apy.

[0049] In an example embodiment, compliance with
the dental appliance therapy may be verified by analyzing
the power spectrum of the frequency-domain spatial ori-
entation measurements and determining that it is ran-
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dom. Additionally, compliance may be verified by deter-
mining that the power spectrum lacks any significant fre-
quency or frequencies indicative of a change in spatial
orientation due to an artificial means.

[0050] Inan example embodiment, the present disclo-
sure uses two measurements, for example, intra-
oral/ambient temperature and the spatial orientation
measurements. The spatial orientation measurements
may be, for example, the x, y, z coordinates of the direc-
tion of gravity (gravity vector) as measured by an accel-
erometer.

[0051] FIG. 13isaflow diagram combining the method
in FIG. 2 with the method in FIG. 7. Temperature and
spatial orientation of the dental appliance worn by the
human patient is periodically measured to obtain a time-
domain series of temperature and spatial orientation
measurements at 1402. At least a portion of the time-
domain series of temperature measurements is trans-
formed to a frequency-domain series of temperature
measurements at 1404. A ratio of the total power in two
frequency bands is calculated at 1406. A determination
is made as to whether the ratio of the total power in the
two frequency bands is within pre-selected tolerances at
1408. Ifthe ratio of total power is above a threshold value,
at least a portion of the time-domain series of spatial ori-
entation measurements is transformed to a frequency-
domain series of spatial orientation measurements at
1410. The mean or average power of the power spectrum
of the spatial orientation measurements is calculated at
1412. A determination is made as to whether the average
power is above a threshold value at 1414. If the average
power is above the threshold value, it is determined at
1416 that the dental appliance is worn by the human pa-
tient. Otherwise, it is determined at 1418 that the appli-
ance is not being worn by the human patient, indicating
a potential lack of compliance with the dental appliance
therapy.

[0052] Itis noted thatother example embodiments may
combine the method of FIG. 2 with the method of FIG.
8. All three methods may also be combined to determine
compliance with the dental appliance therapy.

[0053] The combination of intra-oral temperature
measurements with a secondary signal such as spatial
orientation as a co-indicator of compliance may further
improve the accuracy of the compliance verification
method and apparatus of the present disclosure. For ex-
ample, the orientation of the patient relative to the local
gravity vector may be used as a parameter for compli-
ance verification alone (as described earlier with refer-
ence to spatial orientation) or in combination with tem-
perature measurements. If the device orientation indi-
cates consistency with a substantially upright or upside-
down patient, itis very likely that (i) the device is notbeing
worn, or (ii) the patient is not asleep.

[0054] Additional co-indicators are optionally derived
from the intra-oral temperature measurements, and the
device orientation measurements. Inan example embod-
iment, the variation of temperature over time and the
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change of the orientation of the gravity vector is comput-
ed. The four derived signals from the measurement of
two physiological phenomena consist of current ambient
temperature, a delta temperature that shows the largest
magnitude in temperature change from the last reading,
head position (standing, prone, supine, left or right) and
head movementwhich may be derived, forexample, from
the largest change in 2 dimensions of the gravity vector
from the last recorded sample.

[0055] In another example embodiment, an autocorre-
lation of the recorded temperature is performed for the
period(s) during which the temperature is consistent with
intra-oral placement. The result of the autocorrelation is
compared to acceptable values for biological signals.
This differentiates quasi-random metabolic temperature
variations from the regular temperature variations typical
of thermostatically-controlled heating devices commonly
used to deceive compliance monitors.

[0056] An autocorrelation of the recorded orientation
signalis also performed in another example embodiment,
for the period(s) during which at least one other signal or
indicator is consistent with intra-oral placement and a
sleeping patient. The autocorrelation differentiates qua-
si-random movements of a human patient during sleep
from programmed and/or motorized artificial movements
which may be used to deceive the compliance monitor.
[0057] A standard statistical measure of deviation of
the recorded orientation signal is also preferably per-
formed for the period(s) during which at least one other
signal or indicator is consistent with intra-oral placement
and a sleeping patient. The variation of the orientation
signal, when the device is worn, indicates the extent of
head movement of the patient. During sleep, a certain
minimum level of activity is expected. If the signal varia-
tion is below this minimum level, it is very likely that the
device is not being worn. Conversely, a high level of ac-
tivity is not sustainable during sleep. Thus, inan example
embodiment, the level of activity within a range bounded
by a minimum value and amaximum value indicates the
patientto be in compliance with the dental appliance ther-
apy.

[0058] To conserve power and memory, thus reducing
the required physical size of the battery and memory stor-
age device, the measured signals need not be sampled
continuously. Instead, in an example embodiment, short
measurement bursts are taken at intervals, and the de-
vice may be put into a dormant mode between bursts,
with only the system clock active. Appropriate measure-
ment intervals may be in the range of 30-300 seconds,
with virtually no loss of significance of the results.
[0059] To further reduce the memory requirement, da-
ta may be stored to memory at pre-selected intervals of
measurement bursts. With this method, a sequence of
measurement bursts is stored in a temporary memory
location. Once the pre-selected storage interval is
reached, a mean value of the measurements is comput-
ed, and a statistical measure of the variance of the same
values is computed. These data are then stored to mem-

10

15

20

25

30

35

40

45

50

55

ory in lieu of the individual measurements. In an example
embodiment, data are stored every fifth measurement
burst, reducing the memory requirement by 60%, but
without substantial loss of significance.

[0060] As is the case with other devices, the primary
indicator of compliance is intra-oral temperature. Intra-
oral temperature is typically measured with a thermistor.
These devices are relatively low in cost, widely available,
and provide stable output over long periods of time. Itis
noted, however, that the various aspects of the present
disclosure work equally well with temperature measured
by any other means.

[0061] Thermistors typically consume power to pro-
duce an electrical output. To conserve battery power, the
thermistor is only powered for a short time before, during,
and after data acquisition. In an example embodiment,
the thermistor is powered for less than one millisecond
for each measurement burst, and measurement bursts
are taken atintervals of one minute. Sampling at intervals
instead of continuously also conserves device memory.
As an additional means of conserving memory, in an ex-
ample embodiment, data are stored at five-minute inter-
vals. The data stored are the output at the first minute,
and the absolute maximum of the difference between
that measurement and the measurements at the second,
third, fourth, and fifth minutes. Because two data are
stored instead of five, this method of data storage reduc-
es the required storage capacity by 60%, without signif-
icant loss of generality of the results.

[0062] As described earlier, methods of verifying com-
pliance based onintra-oral temperature measurement or
other parameters alone to determine if the measure-
ments are consistent with the conditions expected in the
oral cavity can be easily defeated using commonly avail-
able items.

[0063] The spectral analysis methods described here-
in improve the accuracy of compliance verification. In ad-
dition, the use of at least one appropriate secondary sig-
nal further improves the accuracy of compliance verifi-
cation. The example embodiments of the present disclo-
sure have been described using temperature and spatial
orientation as two parameters used for compliance ver-
ification.

[0064] Spatial orientation may be provided by a suita-
ble accelerometer. In an example embodiment, a three-
axis capacitive accelerometer is used. If inertial effects
areignored or deemed insignificant, as is usually the case
during sleep, the accelerometer signal indicates its ori-
entation with respect to the direction of gravity. Addition-
ally, the signal may be used to estimate the extent of its
movement during a time interval, by taking the difference
between consecutive measurements. Finally, capacitive
accelerometers are widely available atrelatively low cost,
and require little power to operate. Thus, use of these
instruments is consistent with the requirements of low
power consumption, and acquisition of data from which
device position and movement may be quantified.
[0065] Spatial orientation of the device is computed by
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resolving the outputs of the three perpendicular acceler-
ometer axes into a vector, which represents the direction
of gravitation, as shown in FIGS. 14 - 16. When a dental
appliance equipped with a 3-axis accelerometer is being
worn, with the accelerometer fixed relative to the head
of the patient, the orientation and movement of the ac-
celerometer is the same as the orientation and movement
of the patient’s head. A convenient method of fixing the
accelerometer relative to the head of the patient is for it
to berigidly embedded into the mandibular advancement
device with a known orientation. Because the appliance,
when worn, is always in the same position relative to the
patient’s head, this method also provides a fixed frame
of reference for calculating the orientation of the patient’s
head, and the orientation of the device has a one-to-one
correspondence with the orientation of the patient when
wearing the device.

[0066] The design of the overwhelming majority of
mandibular advancement devices and orthodontic appli-
ances is such that when they are not worn, and are at
reston aflat surface, the only stable positions correspond
to orientations with respect to gravity that would indicate
a vertical position of the patient’s head (i.e. as though
standing upright or upside-down), as shown in Fig. 14.
Thus, the most common and logical orientation of the
device whenitis not being worn is the least common and
least logical orientation of the device when it is being
worn and the patient is asleep. Therefore, the orientation
of the device provides an effective indication of whether
the device is being worn during sleep i.e., supine, prone,
left or right positions.

[0067] An additionalindicator of compliance can be de-
rived from the variation in the spatial orientation signal
over time. The variation of the spatial orientation signal,
when the device is worn, indicates the extent of head
movement of the patient. As the patient changes position,
the accelerometer will indicate the new position of the
gravitational vector relative to the oral appliance. A non-
zero difference between consecutive orientation meas-
urements indicates movement of the device in the inter-
vening period. The magnitude of the difference indicates
the magnitude of the movement or change in position. A
small difference may indicate a small shift of the head,
or opening of the jaw, for example, while a large differ-
ence typically indicates rolling over, or other whole-body
movements. Thus, it is not only the frequency, but the
magnitude of change in the orientation that is of signifi-
cance. A suitable quantity that increases both with the
frequency and magnitude of orientation change is the
root-mean-squared value or standard deviation of sev-
eral consecutive measurements.

[0068] During sleep, a certain minimum level of activity
is expected. If a suitable measure of signal variation in-
dicates activity below this minimum level, it is very likely
that the device is not being worn. Conversely, a high level
of activity is not sustainable during sleep. Thus, in an
example embodiment, the measure of signal variation
indicating activity level must lie within a range bounded
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by a minimum value and a maximum value in order for
the patient to be considered in compliance. Another in-
dication that the oral appliance is not being worn would
be any periodic movements that are repeated over a giv-
en time. This would indicate that the device is in some
form of mechanical apparatus and is in fact being fooled
into thinking that it is being worn.

[0069] The spatial orientation information may be used
by the clinician to assist patients with positional sleep
apnea. Positional sleep apnea is the prevalence of sleep
apnea in a specific sleep position. Typically positional
sleep apnea is denoted as the patient having abnormal
breathing while they are in the supine position (lying on
their backs). Recording the spatial orientation of the head
is required in order to determine the amount of time the
patient is in a certain position. This information can be
used by the clinician who is treating positional sleep ap-
nea to if the patient is following instructions to type to
reduce their amount of time in a specific position.
[0070] The spatial orientation signal can also be used
to eliminate those individuals who wear the device but
are not in a position to allow them to go to sleep. This
aids in reducing the chance of deceiving the dental ap-
pliance therapy.

[0071] In an example embodiment, temperature, tem-
perature difference and head position measurements are
made at periodic intervals, from which head movement
over time, and temperature changes or variation (delta
temperature) can be determined. Based on this data, cer-
tain indicators of compliance can be determined or ana-
lyzed. The indicators of compliance can include, for ex-
ample, a temperature that is consistently within a range
indicating that the device is the oral cavity, such as meas-
ured or average temperatures above 34C; a head posi-
tion thatindicates the useris not standing (or not standing
upside down); temperature variations that show no evi-
dence of mechanical intervention, such as heating in a
thermostatically controlled water bath; and, head move-
ments that are not static, and do not indicate evidence
of mechanical intervention. If any of the indicators are
negative, the patientis likely not complying with the dental
appliance therapy.

[0072] Itis noted that between consecutive orientation
measurements that are different, it is not possible to de-
termine the extent of movement, or, equivalently, the
number of position changes that have occurred. Thus, it
is acknowledged that the variance in orientation is an
indication only, and not a measure of all activity. Howev-
er, the measurement of 1 minute intervals over a 5 minute
period is appropriate for capturing most movements dur-
ing sleep. Thus, noncontinuous sampling is justified for
the present purposes, provided that the above is under-
stood. Other devices typically record on single 5 minute
or longer sample period.

[0073] To further conserve power, a short measure-
ment burst is taken at appropriate intervals, instead of
continuously sampling the accelerometer output. In an
example embodiment of the present invention, single
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measurements are taken at intervals of one minute, and
each measurement requires the accelerometer to be
powered for less than one millisecond. This method also
conserves device memory. As an additional means of
conserving memory, in an example embodiment, data
are stored at five-minute intervals. The data stored are
the output at the first minute, and the absolute maximum
of the difference between that measurement and the
measurements at the second, third, fourth, and fifth min-
utes. Because two data are stored instead of five, this
method of data storage reduces the required storage ca-
pacity by 60%, without significant loss of generality of the
results. Data storage for a measurement cycle can be
reduced to 2 bytes.

[0074] An additional means of compliance verification
can be derived from a measure of the variation of tem-
perature over time. One easy and widely accessible
means of maintaining a relatively constant temperature
of the device is immersion in a thermal bath, or other
thermostatically controlled device. However, in such in-
stances, we expect to see periodic increases and de-
creases in temperature, as the heating element is
switched on and off. When the ambient temperature is
relatively constant, the switching on and off of the element
will occur at regular intervals.

[0075] Thistype of variation can be recognized by com-
puting the autocorrelation of the signal for various values
of lag, and searching for the maximum. Autocorrelation
provides an indication of the similarity of a signal with a
time-shifted version of itself. If the time shift, or lag, is
close to a frequency of significance in the signal, the au-
tocorrelation will have a large value, and if the lag is not
close to any frequencies present in the signal, the auto-
correlation will have a small value. The value of lag for
which the autocorrelation has the largest value indicates
the dominant frequency in the signal. If this dominant
frequency is small (close to the sampling frequency), it
may indicate that the signal is uncorrelated (random) or
weakly correlated.

[0076] Although regular body-temperature variations
are expected (due, for example to the circadian rhythm),
they are not expected to auto-correlate with the same lag
or dominant frequency as the switching on and off of the
heating element of a thermostatically controlled device.
Thus, if a strong temperature signal auto-correlation ex-
ists in this range and/or a frequency analysis of the delta
temperatures demonstrates a significantfrequencyinthe
power spectrum thatitis very likely that the device resides
in a thermostatically heated environment, and therefore
is not being worn. Further, compliance may be deter-
mined based on temperature measurements that indi-
cate an expected nocturnal/diurnal variation in body tem-
perature, as measured intra-orally.

[0077] An additional means of compliance verification
is obtained by computing the autocorrelation of the ac-
celerometer signal for various values of lag, and search-
ing for the lag which yields the maximum autocorrelation
factor. Movement during sleep occurs at quasi-random
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intervals, which would appear uncorrelated, or weakly
correlated, for all values of lag. However, a robotic or
motorized mechanism to periodically change the position
of the device outside the patient's mouth, unless very
sophisticated, would repeat a pattern of motions, yielding
a strong autocorrelation factor when the lag coincides
with the period of repeated motion.

[0078] In an example embodiment, compliance with
treatment is determined from up to four parameters, re-
corded at approximately five (5) one (1) minute intervals:
(i) a base temperature representative of the interval; (ii)
a base spatial orientation representative of the interval;
(iii) a maximum temperature variation during the interval;
and (iv) a maximum spatial orientation variation during
the interval. Additionally, autocorrelation of the temper-
ature and spatial orientation signals, and a statistical
measure of variance of the spatial orientation signal are
computed after the data are retrieved from the device.
For the device to register compliance: i) the recorded
temperature must be between a specified range i.e., 35
degrees Celsius and 40 degrees Celsius ii) the spatial
orientation must indicate a position that is not substan-
tially vertical; iii) the statistical variance of the spatial ori-
entation must be greater than a minimum value and less
than a maximum value; iv) a sequence of temperature
measurements spanning a specified period must not be
strongly auto-correlated with a minimum and a maximum
period; and v) a sequence of spatial orientation meas-
urements spanning an specified period must not be
strongly auto-correlated with a minimum and a maximum
period.

[0079] FIGURE 17 shows a block diagram of a dental
appliance therapy compliance monitoring apparatus
1700 for a human patient according to an example em-
bodiment. The apparatus 1700 consists of a battery
1704, CPU 1706, temperature sensor1708, spatial ori-
entation sensor 1712, a memory 1710 and a communi-
cations module 1702. The battery1704 powers the ap-
paratus 1700 and may be a disposable batter or a re-
chargeable battery. The temperature sensor 1708 meas-
ures an ambient temperature of the apparatus. The spa-
tial orientation sensor 1712 measures a spatial orienta-
tion of the apparatus. The CPU 1706 is configured to
control, among others, the temperature sensor 1708 and
the spatial orientation sensor 1712 to periodically meas-
ure the ambient temperature and the spatial orientation
to obtain a time-domain series of ambient temperature
measurements and a time-domain series of spatial ori-
entation measurements, respectively. The memory 1710
is operatively coupled to the processor 1706 to record
the time-domain series of ambient temperature meas-
urements and the time-domain series of spatial orienta-
tion measurements. The communication module 1702 is
operatively coupled to the processor 1706 to communi-
cate the recorded time domain series of ambient temper-
ature measurements and the time-domain series of spa-
tial orientation measurements to an compliance verifica-
tion processor (not shown) to determine compliance with
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the dental appliance therapy.

[0080] In an example embodiment, the compliance
verification processor is configured to execute the meth-
ods as described herein.

[0081] In an example embodiment, the apparatus may
further include a real time clock; a power switch; and a
power capacitor as shown in FIG. 18. As described ear-
lier, the apparatus described herein have reduced power
consumption. This is achieved in the apparatus 1800, for
example, by switching the microprocessor off (either in
complete power down mode orin a sleep mode) between
collection sessions. The clock 1814 provides an on/off
signal to a power switch 1816. The power switch is op-
eratively coupled to the clock 1814 and the processor
1806.

[0082] The apparatus 1800 may additionally include a
power capacitor 1818. The power capacitor 1818 is op-
eratively coupled to the power supply to minimize high
current draw spikes that normally occur during the power
on cycle of a microprocessor. This has the effect of re-
ducing the effects of power spikes and increasing lon-
gevity of the battery.

[0083] In normal design using integrated circuits that
require power, a filtering capacitor may be inserted be-
tween power and ground to filter out any noise that may
be induced by the integrated circuit into the power lines.
There are also very high power draws on some integrated
circuits such as micro-processors during startup. In an
example embodiment, the filtering capacitor is advanta-
geously used as a temporary storage for power, so that
there is enough power during start up as small power
cells (batteries) suitable for compliance measurement
devices are not able to supply the current required to
startup a CPU. Ifa power cellis able to supply the current,
the startup current spikes may reduce the life span of the
battery. The use of the capacitor allows the shut down
and power on of the CPU and other components without
any issues during the on/off cycle. This significantly in-
creases the longevity of the compliance measurement
device.

[0084] The power switch 1816 is configured to period-
ically toggle the processor 1806, memory 1810, temper-
ature sensor 1808, and the spatial orientation sensor
1802 between an off-state and an on-state based on the
on/off signal provided by the clock 1814. The processor
1806 is configured to control the temperature sensor
1708 and the spatial orientation sensor 1712 during the
on-state.

[0085] Poweris turned on, for example, once a minute
by the on/off signal from the real-time clock 1814. The
microprocessor 1806 may read operational information
contained in the real-time clock and execute the functions
associated with a session. At the end of the session the
microprocessor may verify if the apparatus 1800 is
docked (wired or wireless) to a base-station (not shown)
and whether the base station is trying to communicate
with it, for example, via the communication module 1802.
If so a communication session is performed to transfer
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data to/from the memory 1810. If the apparatus 1800 is
not docked to the base station or at the end of the com-
munication session, the microprocessor power may be
powered off (completely or to a sleep mode). This method
has the advantage of significantly reducing power re-
quirements and thus allows the device tolast longer while
still collecting more adequate signal information.

[0086] In an example embodiment, the dental appli-
ance therapy compliance monitoring apparatus 1900 can
be manufactured to fit easily within a dental appliance
1910 or embedded therein, as shown in FIG. 19.
[0087] FIGURE 20 is a block diagram of a dental ap-
pliance therapy compliance verification system in ac-
cordance with an aspect of the present disclosure. The
system 2500 comprises a dental appliance therapy com-
pliance monitoring apparatus (or a compliance micro-re-
corder) 2000; and a compliance verification processor
2010. The compliance micro-recorder 2000 includes a
battery to power the apparatus; a temperature sensor to
measure an ambient temperature of the apparatus; a
spatial orientation sensor to measure a spatial orientation
of the apparatus; a processor configured to control the
temperature sensor and the spatial orientation sensor to
periodically measure the ambient temperature and the
spatial orientation to obtain a time-domain series of am-
bient temperature measurements and a time-domain se-
ries of spatial orientation measurements, respectively; a
memory operatively coupled to the processor to record
the ambient temperature measurements and the spatial
orientation measurements; and a communication mod-
ule operatively coupled to the processor. The compliance
verification processor 2010 is configured to communicate
with the communication module of the compliance micro-
recorder 2000 via a base station 2006 over communica-
tion links 2004 and 2008 (wired or wireless) to commu-
nicate the recorded time-domain series of ambient tem-
perature measurements and the time-domain series of
spatial orientation measurements and to determine com-
pliance with the dental appliance therapy.

[0088] The compliance micro-recorder 2000 may be
embedded within an oral appliance. The compliance mi-
cro-recorder 2000 is docked with the base station 2006
via a communication link 2004. Communication between
the base station 2006 and the compliance micro-recorder
is done wirelessly by optical or electromagnetic means.
The base station 2006 is connected to a computer 2010
through a USB or other similar computer interface mod-
ule (or via suitable wireless protocols). The computer
2010 may connected to the internet where communica-
tion via link 2012 to a cloud application 2014 where data
or other appliance and/or patient -related information
may be stored. Further analysis of the data can be done
at any location with this setup.

[0089] Generally, the apparatus and system of the
present disclosure uses a temperature sensor such as a
thermistor for collecting temperature and a spatial orien-
tation sensor such as an accelerometer for collecting
head position and head movement. In example embod-
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iments, the CPU samples at 1 minute intervals. Data is
stored once every 5 to 15 minutes depending on what
the user/dental practitioner desires. Data storage con-
sists of the temperature at the time the data was stored,
with 0.1 °C accuracy, adeltatemperature thatis therange
of temperature variation since the last time data was
stored, head position at the time the data was stored and
a measure of head movement which is the range of ac-
celeration measurements since the last time data was
stored. This information is analyzed using spectral anal-
ysis for any periodic frequencies that could be used to
indicate that the oral appliance is in an artificial environ-
ment. This information coupled with a minimum temper-
ature and over temperature and head position can be
used to increase the accuracy on reporting if the device
is being worn.

[0090] Similarly spectral analysis for the movement of
the head and change in head position can be used to
indicate if the device is in the mouth of the patient or not.
It may be possible to further increase accuracy by using
the head position and head movement to indicate the
probability that the patient was asleep while wearing the
device.

[0091] Certain aspects of the methods described here-
in may be provided in a tangible computer-readable me-
dium having recorded thereon non-transitory instruc-
tions, which when executed by a processor causes a
computer to perform a method for verifying compliance
with a dental appliance therapy for a human patient as
described herein.

[0092] Whiletheinvention hasbeen describedinterms
of exemplary embodiments, those skilled in the art will
recognize that the invention can be practiced with mod-
ification within the scope of the appended claims. The
included examples are merely illustrative and are not
meant to provide an exhaustive list of possible embodi-
ments and applications. Additionally, it should be under-
stood that while the present invention is presented in the
scope of a mandibular advancement device for the treat-
ment of sleep apnea, the present method may equally
be applied to other fields, such as dental and orthodontic
corrective devices.

[0093] Further examples for the invention are subse-
quently given:

1. A method for verifying compliance with a dental
appliance therapy for a human patient, the method
comprising:

periodically measuring at least one parameter
of a dental appliance worn by the human patient
to obtain atime-domain series of measurements
of the at least one parameter (102, 202, 702,
802, 1402);

transforming at least a portion of the time-do-
main series of measurements to a frequency-
domain series of measurements (106, 204, 704,
804, 1404, 1410); and,
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determining compliance with the dental appli-
ance therapy (110, 210, 710, 810, 1416) by de-
termining that components of the frequency-do-
main series of measurements are within pre-se-
lected tolerances to indicate compliance (108,
208, 708, 808, 1408, 1414).

2. The method of example 1, wherein the at least
one parameteris temperature or a spatial orientation
of the dental appliance.

3. The method of example 2, wherein a component
of the frequency-domain series of measurements is
power, the method further comprising:

determining a ratio of the total power in two fre-
quency bands (206, 806, 1406), the two frequen-
cy bands indicative of physiological frequency
(402,602, 1002, 1202) and mechanical frequen-
cy (404, 604, 1004, 1204) respectively; and,
determining compliance with the dental appli-
ance therapy when the ratio of the total power
is within the pre-selected tolerances.

4. The method of example 3, wherein the ratio of the
total power is within pre-selected tolerances when
ratio of total power of the frequency band indicative
of mechanical frequency and the frequency band in-
dicative of physiological frequency is above a thresh-
old value.

5. The method of example 2, wherein the pre-select-
ed tolerances are determined in accordance with a
statistical analysis of the temperature measure-
ments over time.

6. The method of example 2, wherein determining
compliance with the dental appliance therapy com-
prises

assessing the temperature measurements against
expected minimum variations; or determining that
the temperature measurements indicate an expect-
ed nocturnal/diurnal variation in body temperature,
as measured intra-orally;

or

determining the temperature measurements are
within a maximum expected short-term variation.

7. The method of example 2, wherein determining
compliance with the dental appliance therapy com-
prises determining that the temperature measure-
ments indicate an expected nocturnal/diurnal varia-
tion in body temperature, as measured intra-orally.

8. The method of example 2, wherein determining
compliance with the dental appliance therapy com-
prises determining the temperature measurements
are within a maximum expected short-term variation.
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9. The method of example 1, wherein the at least
one parameter is a spatial orientation of the dental
appliance.

10. The method of example 9, wherein the at least
one parameter is the spatial orientation of the dental
appliance and acomponent of the frequency-domain
series of measurements is power, the method further
comprising:

determining an average power of the frequency-
domain series of measurements (706); and,
determining compliance with the dental appli-
ance therapy when the average power is above
a threshold value.

11. The method of example 9, wherein a component
of the frequency-domain series of measurements is
power, the method further comprising:

determining a ratio of the total power in two fre-
quency bands, the two frequency bands indica-
tive of physiological frequency and mechanical
frequency, respectively; and,

determining compliance with the dental appli-
ance therapy when the ratio of the total power
is within the pre-selected tolerances.

12. The method of example 9, wherein determining
compliance with the dental appliance therapy further
comprises:

analyzing the power spectrum of the frequency-
domain spatial orientation measurements to de-
termine that it is random; and optionally
determining that the power spectrum lacks any
significant frequency or frequencies indicative
of a change in spatial orientation due to an arti-
ficial means.

13. The method of example 12, further comprising:

determining that the power spectrum lacks any
significant frequency or frequencies indicative
of a change in spatial orientation due to an arti-
ficial means.

14. A dental appliance therapy compliance monitor-
ing apparatus (1700, 1800) for use with acompliance
verification processor, the apparatus comprising:

a battery (1704, 1804) to power the apparatus;
a temperature sensor (1708, 1808) to measure
an ambient temperature of the apparatus;

a spatial orientation sensor (1712, 1812) to
measure a spatial orientation of the apparatus;
a processor (1706, 1806) configured to control
the temperature sensor and the spatial orienta-
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tion sensor to periodically measure the ambient
temperature and the spatial orientation to obtain
a time-domain series of ambient temperature
measurements and a time-domain series of spa-
tial orientation measurements, respectively;

a memory (1710, 1810) operatively coupled to
the processor to record the time-domain series
of ambient temperature measurements and the
time-domain series of spatial orientation meas-
urements; and

a communication module (1702, 1802) opera-
tively coupled to the processor to communicate
the recorded time-domain series of ambient
temperature measurements and the recorded
time-domain series of spatial orientation meas-
urements to the compliance verification proces-
sor for determining compliance with a dental ap-
pliance therapy.

15. The apparatus of example 14, wherein the tem-
perature sensor is a thermistor and the spatial ori-
entation sensor is an accelerometer.

16. The apparatus of example 14, wherein the spatial
orientation sensor is an accelerometer.

17. The apparatus of example 14, further comprising:

a clock (1814) to provide an on/off signal to a
power switch (1816), the power switch being op-
eratively coupled to the clock and the processor
and configured to periodically toggle the proc-
essor between an on-state and an off-state
based on the on/off signal; and

the processor configured to control the temper-
ature sensor and the spatial orientation sensor
during the on-state.

18. A compliance verification processor for use with
a dental appliance therapy compliance monitoring
apparatus of any one of examples 14 to 17, the com-
pliance verification processor being configured to 13:

transform at least a portion of the time-domain
series of ambient temperature measurements
to a frequency-domain series of ambient tem-
perature measurements; and,

determine compliance with the dental appliance
therapy by determining that components of the
frequency-domain series of ambient tempera-
ture measurements are within pre-selected tol-
erances to indicate compliance.

19. The compliance verification processor of exam-
ple 18, wherein a component of the frequency-do-
main series of ambient temperature measurements
is power, the compliance verification processor is
further configured to:
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determine a ratio of the total power in two fre-
quency bands, the two frequency bands indica-
tive of physiological frequency and mechanical
frequency, respectively; and,

determine compliance with the dental appliance
therapy when the ratio of the total power is within
pre-selected tolerances.

20. The compliance verification processor of exam-
ple 19, wherein the ratio of the total power is within
pre-selected tolerances when ratio of total power of
the frequency band indicative of mechanical fre-
quency and the frequency band indicative of physi-
ological frequency is above a threshold value.

21. The compliance verification processor for use
with a dental appliance therapy compliance monitor-
ing apparatus of any one of examples 14 to 17, the
verification processor being configured to:

transform at least a portion of the time-domain
series of spatial orientation measurements to a
frequency-domain series of spatial orientation
measurements; and,

determine compliance with the dental appliance
therapy by determining that components of the
frequency-domain series of the spatial orienta-
tion measurements are within pre-selected tol-
erances to indicate compliance.

22. The compliance verification processor of exam-
ple 21, wherein a component of the frequency-do-
main series of spatial orientation measurements is
power, the compliance verification processor is fur-
ther configured to:

determine an average power of the frequency-
domain series of spatial orientation measure-
ments; and,

determine compliance with the dental appliance
therapy when the average power is above a
threshold value.

23. The compliance verification processor of exam-
ple 21, wherein a component of the frequency-do-
main series of spatial orientation measurements is
power, the compliance verification processor is fur-
ther configured to:

determine a ratio of the total power in two fre-
quency bands, the two frequency bands indica-
tive of physiological frequency and mechanical
frequency, respectively; and,

determine compliance with the dental appliance
therapy when the ratio of the total power is within
the pre-selected tolerances.

24. The compliance verification processor of exam-
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ple 21, wherein the compliance verification proces-
sor is further configured to:

analyze the power spectrum of the frequency-
domain series of spatial orientation measure-
ments to determine that it is random.

25. The compliance verification processor of exam-
ple 21, wherein the compliance verification proces-
sor is further configured to:

determine that the power spectrum of the fre-
quency-domain series of spatial orientation
measurements lacks any significant frequency
or frequencies indicative of a change in spatial
orientation due to an artificial means.

26. A dental appliance therapy compliance verifica-
tion system, the system comprising:

a dental appliance therapy compliance monitor-
ing apparatus, the apparatus including:

a battery to power the apparatus;

a temperature sensor to measure an ambi-
ent temperature of the apparatus;

a spatial orientation sensor to measure a
spatial orientation of the apparatus;

a processor configured to control the tem-
perature sensor and the spatial orientation
sensor to periodically measure the ambient
temperature and the spatial orientation to
obtain a time-domain series of ambienttem-
perature measurements and a time-domain
series of spatial orientation measurements,
respectively;

a memory operatively coupled to the proc-
essor to record the ambient temperature
measurements and the spatial orientation
measurements; and

a communication module operatively cou-
pled to the processor; and

a compliance verification processor config-
ured to communicate with the communica-
tion module of the apparatus to communi-
cate the recorded time-domain series of
ambient temperature measurements and
the time-domain series of spatial orientation
measurements and to determine compli-
ance with the dental appliance therapy.

27. The system of example 26, wherein the compli-
ance verification processor is further configured to:

transform at least a portion of the time-domain
series of ambient temperature measurements
to a frequency-domain series of ambient tem-
perature measurements; and,
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determine compliance with the dental appliance
therapy by determining that components of the
frequency-domain series of ambient tempera-
ture measurements are within pre-selected tol-
erances to indicate compliance.

28. The system of example 27, wherein a component
of the frequency-domain series of ambient temper-
ature measurements is power, the compliance ver-
ification processor is further configured to:

determine a ratio of the total power in two fre-
quency bands, the two frequency bands indica-
tive of physiological frequency and mechanical
frequency, respectively; and,

determine compliance with the dental appliance
therapy when the ratio of the total power is within
pre-selected tolerances.

29. The system of example 28, wherein the ratio of
the total power is within pre-selected tolerances
when ratio of total power of the frequency band in-
dicative of mechanical frequency and the frequency
band indicative of physiological frequency is above
a threshold value.

30. The system of example 26, wherein the compli-
ance verification processor is further configured to:

transform at least a portion of the time-domain
series of spatial orientation measurements to a
frequency-domain series of spatial orientation
measurements; and,

determine compliance with the dental appliance
therapy by determining that components of the
frequency-domain series of the spatial orienta-
tion measurements are within pre-selected tol-
erances to indicate compliance.

31. The system of example 30, wherein a component
of the frequency-domain series of spatial orientation
measurements is power, the compliance verification
processor is further configured to:

determine an average power of the frequency-
domain series of spatial orientation measure-
ments; and,

determine compliance with the dental appliance
therapy when the average power is above a
threshold value.

32. The system of example 30, wherein a component
of the frequency-domain series of spatial orientation
measurements is power, the compliance verification
processor is further configured to:

determine a ratio of the total power in two fre-
quency bands, the two frequency bands indica-
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tive of physiological frequency and mechanical
frequency, respectively; and,

determine compliance with the dental appliance
therapy when the ratio of the total power is within
the pre-selected tolerances.

33. The system of example 30, wherein the compli-
ance verification processor is further configured to:

analyze the power spectrum of the frequency-
domain series of spatial orientation measure-
ments to determine that it is random.

34. The system of example 33, wherein the compli-
ance verification processor is further configured to:

determine that the power spectrum lacks any
significant frequency or frequencies indicative
of a change in spatial orientation due to an arti-
ficial means.

35. A dental appliance for a human patient having
fixed thereto orembedded therein a dental appliance
therapy compliance monitoring apparatus of any one
of examples 14 to 25.

36. Atangible computer-readable medium having re-
corded thereon non-transitory instructions, which
when executed by a processor causes a computer
to perform a method for verifying compliance with a
dental appliance therapy for ahuman patientaccord-
ing to any one of examples 1 to 13.

Claims

A dental appliance therapy compliance monitoring
apparatus for use with a dental appliance, the appa-
ratus comprising:

a temperature sensor, preferably comprising a
thermistor, to measure an ambient temperature
of the apparatus;

a processor configured to control the tempera-
ture sensor to periodically measure the ambient
temperature to obtain a time-domain series of
ambient temperature measurements;

a memory operatively coupled to the processor
torecord the time-domain series of ambienttem-
perature measurements;

a battery coupled to power the temperature sen-
sor, the processor, and the memory; and

a communication module operatively coupled to
the processor to transmit the recorded time-do-
main series of ambient temperature measure-
ments to a compliance verification processor.

2. Theapparatus of claim 1, further comprising a spatial
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orientation sensor, preferably comprising an accel-
erometer, more preferably comprising a three-axis
accelerometer, even more preferably comprising a
three-axis capacitive accelerometer, to measure a
spatial orientation of the apparatus with respect to a
direction of gravity, wherein:

the processor is further configured to control the
spatial orientation sensor to periodically meas-
ure the spatial orientation to obtain a time-do-
main series of spatial orientation measure-
ments;

the memory is operatively coupled to the proc-
essor to record the time-domain series of spatial
orientation measurements;

the battery is coupled to power the spatial ori-
entation sensor; and

the communication module is operatively cou-
pled to the processor to transmit the recorded
time-domain series of spatial orientation meas-
urements to the compliance verification proces-
sor.

The apparatus of claim 1 or 2, wherein each spatial
orientation measurement comprises a gravity vector
representing the direction of gravity relative to an
orientation of the dental appliance.

The apparatus of claim 3, wherein the gravity vector
comprises X, y, z coordinates of the direction of grav-

ity.

The apparatus of any one of claims 1 to 4 further
comprising:

a clock to provide an on/off signal to a power
switch, the power switch being operatively cou-
pled to the battery, the clock and the processor
and configured to periodically toggle the proc-
essor between an on-state and an off-state
based on the on/off signal, wherein the battery
is coupled to power the clock; and

wherein the processor is configured to control,
during the on-state, the temperature sensor, and
when dependent on claim 2 also the spatial ori-
entation sensor.

The apparatus of claim 5, wherein in the off-state the
processor is in a power down mode to reduce power
consumption of the apparatus.

The apparatus of claim 5, wherein the processor con-
trols, only when the processor is in the on-state, the
temperature sensor to measure the ambient temper-
ature to obtain the time-domain series of ambient
temperature measurements, and when dependent
on claim 2 also the spatial orientation sensor to
measure the spatial orientation to obtain the time-
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10.

1.

12.

13.

14.

15.

30
domain series of spatial orientation measurements.

The apparatus of claim 7, wherein the temperature
sensor is, and when dependenton claim 2 the spatial
orientation sensor also is, powered during the on-
state forless than one millisecond, and is unpowered
in the off-state.

The apparatus of claim 5, wherein the power switch
toggles to turn on power to the processor at intervals
of one minute.

The apparatus of claim 5, wherein the clock controls
the processor to control the temperature sensor to
measure the ambient temperature to obtain the time-
domain series of ambient temperature measure-
ments, and when dependent on claim 2 also the spa-
tial orientation sensor to obtain the time-domain se-
ries of spatial orientation measurements, in meas-
urement bursts at a measurement interval in the
range of 30 to 300 seconds.

The apparatus of claim 10, wherein the apparatus is
ina dormant mode between the measurement bursts
wherein only the clock is active, and the processor,
and the temperature sensor, and when dependent
on claim 2 also the spatial orientation sensor, are
unpowered.

The apparatus of claim 10, wherein the measure-
ment bursts have a duration of less than one milli-
second.

The apparatus of claim 12, wherein the measure-
ment interval is one minute.

The apparatus of claim 10, wherein the memory
records the time-domain series of ambient temper-
ature measurements, and when dependent on claim
2 also the time-domain series of spatial orientation
measurements, at a pre-selected interval of the
measurement bursts.

The apparatus of claim 14, wherein the pre-selected
interval is every fifth measurement burst.
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