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Figure 46(A)

physiological data obtained in a physiological study of a subject. The method includes ex-
tracting a first signal from the physiological study. A second signal from the physiological
study is also extracted. The first signal and the second signal are obtained by one or more
biometric sensors. Data of the first signal and data of the second signal are stored on a
memory storage. A coherency value is determined between components of the extracted
first signal and components of the extracted second signal. And the correspondence of the
physiological study data is determined based on the determined coherency value.
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COHERENCE-BASED METHOD, APPARATUS, AND SYSTEM
FOR IDENTIFYING CORRESPONDING SIGNALS OF A PHYSIOLOGICAL STUDY

[1] This application claims the benefit of priority of U.S. Provisional Application No. 62/514,235, filed
June 2, 2017, the entire contents of which are herein incorporated by reference.

[2[ FIELD OF THE DISCLOSURE

[3[ The present disclosure relates to a method, apparatus, and system for determining whether two or more
signals correspond, or in other words, originate from the same source, single person, or study subject,
undergoing the measurement of the signals. The disclosure can be used as chain of custody or means of
verification of the veracity of signals obtained in a physiological study. It can be used to determine whether
a signal originating from an unknown source, single person, or study subject of a physiological study
corresponds to a signal recorded in a known source, person, or study subject of the physiological study and
thus can be used to assign such signals, originating from an unknown source, to the known source; or it can
be used to determine whether a sensor of a signal of a physiological study assigned to a person or study
subject was indeed placed on the person or study subject, was correctly placed, and indeed recorded the
signal to be recorded.

[4] RELATED ART

[S[ The objective of this disclosure is to determine whether two or more signals originate from, or in other
words correspond to, a single source, person, or study subject.

[6] Many physiological studies rely on measuring one or more signals using a single or multiple sensors.
To improve the quality of the physiological study, it would be helpful to determine with high accuracy
whether each signal of the physiological study is indeed obtained from the same person or subject. The
signals of the physiological study contain information related to the subject. The signals can be termed
physiological or have a physiological or environmental effect on the subject of the study, or can contain
information relating to the environment, stimuli, or treatment(s) to which the subject is exposed. For
example, the signal may include a measure of respiration, a heartbeat, brain activity, a measure of activity
of the subject, ambient temperature or lighting of the environment of the subject, dosing of a medication,
etc. Combining information from different signals can give a more complete picture of the physiological
process under investigation whether it is a medical examination, a study of physiology, a measure of
activity, health monitoring, or any other study where the physiology of a person or a study subject is of
interest. To name a few examples, in medicine the combination of signals are commonly used to improve
diagnosis, in research the measure of several signals can lead to new understanding of the underlying
physiology, in sports an athlete’s performance can be quantified by monitoring more than one signal, and
in daily life the combination of commonly worn sensors such as a mobile phone, a smart watch, or an
activity tracker can give a more complete picture of the persons or subjects activity and routine.

[7] The sensors used to monitor the signals may be a part of one system or be a compilation of several

systems, where sensors from a single or different manufacturers are used together to obtain the
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measurement. The sensors used can be medical or consumer products or a combination of the two. The
sensor can communicate over a wire or wirelessly, or their signals can be collected by a third system
where the signals level of correspondence is determined.

[8[ Additionally, in the increasing technology of the modern world, it is becoming more common that
persons carry two or more unconnected body-worn sensors. These sensors are often built into devices that
are carried every day, such as mobile phones and smart watches or can be specialized monitoring sensors,
such as health monitors or medical sensors. Those sensors can send data over wireless links or recording
their measurements for later review. Together the signals recorded by the multiple sensors can provide
information of more value than the signals from individual sensors. It can, however, be essential to
confirm that the signals are indeed all originated from the same person before reaching a conclusion based
on multiple sensors. This is especially important in the medical field where a wrong diagnosis may lead to
health and financial risks or reduced quality of life.

[9] There are multiple scenarios in which it is of importance to determine whether two signals originate
from the same source, person, or study subject.

[10] One scenario is that two persons or subjects undergo a study in close proximity. One sensor in the
study is a wireless sensor, for example, a pulse oximeter. For some reason the persons or subjects may
accidently be given the wrong sensors or may accidently switch their sensors. In this scenario, the method
in the disclosure can be used to identify which set of signals belong to which patient or subject. And
instead of having lost two measurements from the study, the mistake can be corrected, and the signals can
be correctly attributed to the correct person or subject. This may well become more important as the
number of wireless sensors in hospitals and clinics increases.

[11] A second scenario is that a person or a subject is assigned a set of sensors. Although it is assumed
that all sensors work properly and have been placed properly, it is possible that a sensor malfunctions or is
not placed properly. In this scenario, the method in the disclosure can be used to identify the
malfunctioning or misplaced sensor.

[12] Another scenario is that a person or study subject intentionally “cheats” in a physiological study.
That is, as described below, some subjects may be incentivized to purposely provide signals obtained
from two different subjects, or in other words “cheat.” Such a physiological study could include a simple
medical exam, a sleep study, a physical fitness exam, or monitoring within a hospital or clinic
environment. It would helpful to be able to verify, or in other words, determine the veracity or
correspondence, in such studies.

[13[ For example, some sleep studies are mandatory and are required to regulate the physical and mental
capabilities of operators working in hazardous environments or with risky machinery or tools. This can
be, for example, a truck driver that needs to prove that he is capable of driving the truck without risking
the lives of others by falling asleep, etc. The practice is that various governmental agencies, such as
departments of transportation (DOTs), insurance companies, or employers require the driver to prove that

he does not have an untreated sleep disorder for him to operate the truck. The same goes for employees in
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nuclear power stations, air-traffic controllers, train operators, etc. Those employees therefore are
incentivized to not to be diagnosed with a sleep disorder, such as obstructive sleep apnea syndrome
(OSA), as they could lose their ability to work and be forced to undergo treatment that only has 50%
compliance.

[14] On the other hand, hospital facilities, such as a hospital of the U.S. Department of Veterans Affairs
(VA), encounter a problem where patients may be incentivized to be diagnosed with a medical condition,
for example, a sleep disorder. Often, if a person serves in the military and if the person has a disability
that was developed during their time of service, when that person quits, the VA will pay that person a
certain amount per month for the rest of their life. Such medical conditions, for example, a sleep disorder
like OSA, are considered a disability and a person will receive a significant payment if the military
releases them from service with that condition. It is therefore an incentive for those leaving the service to
be diagnosed with a medical condition, such as a sleep disorder, such as OSA, before they are released so
they will receive extra benefits for the rest of their lives.

[15] For those cases, it important to prove that the study actually was performed on the person that was
supposed to be analyzed. For example, it is important to prove, for example, that a home sleep test device
was not moved deceptively from an unhealthy person that is supposed to be the subject of the study to a
healthy person before the study starts, for example from the trucker to the trucker’s wife/child or
equivalent. Or in the case of a person trying to falsely claim a disability, such as the VA example above,
from the person that is supposed to be the subject of the study (who is healthy) to a known OSA patient.
[16] In the case of diagnosing a sleep disorder, such as sleep apnea, the sleep disorder may be diagnosed
using both a measure of respiratory flow and blood oxygen saturation. In the past, it has been identified
that fixing an oximeter to the wrist of the person using a hospital band or serial numbered wristband and
making sure in the morning after that the wristband stayed on the whole night can ensure that the oximeter
was used on the person to be examined. It remains, however, to prove that the other signals were recorded
from the same person as the oximeter data. Currently, hospitals are suggested to record an additional
electrocardiogram (ECG) channel. As each heart beat delivers both an ECG QRS-signal followed by a
plethysmograph signal (“pleth” for short) in the oximeter, a technician can check that the two are in sync
at a few occasions to verify that both are originated from the same source. This requires extra labor and
monitoring costs, and requires extra channels to be recorded, adding burden to both the person undergoing
the study and the technician examining the study outcome. Furthermore, manually looking whether the
ECG and pleth signals are in sync at various times is prong to errors.

[17] In a sleep study, as the respiratory flow and blood oxygen saturation is used to diagnose OSA,
measuring the ECG does not ensure that the recorded flow signal originates from the same person as the
ECG and pleth signals.

[18] Two prior art references attempt to address the above issues: US 8,679,012 and US 6,993,378,

[19] US 8,679,012 describes a method of same-source-identifications. US 8,679,012 is based on the idea

to fix a biometric sensor to the body that actually confirms the person’s identity, such as by having a
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fingerprint scanner or retina scanner as one of the signals of the recording. This patent also mentions the
use of typical correlation such as between heart rate signal derived from ECG and heart rate from the
Pulse Oximeter to confirm the same source. It does, however, not mention the use of coherence of non-
correlating signals or secondary signals to do the trick.

[20] US 6,993,378 describes identifying a person based on bio-metric parameters, such as to check
whether two voice recordings are originated from the same person. This is actually a very different
application, as it is not related to medical diagnosis but security. And it is not related, necessarily, for
identification of a same-source in real time. Rather, whether the signals are obtained from the same source
is assessed by comparing signals recorded in different times.

[21] SUMMARY

[22] The present disclosure concerns a method, system, and apparatus for determining a correspondence
of data obtained in a physiological study of a subject. The method includes extracting a first signal from
the physiological study. A second signal from the physiological study is also extracted. The first signal
and the second signal have been obtained by one or more biometric sensors. Data of the first signal and
data of the second signal are stored on a memory storage device. A coherency value is determined
between components of the extracted first signal and components of the extracted second signal. And the
correspondence of the physiological study data is determined based on the determined coherency value.
[23] A method for maintaining a chain of custody of data of a physiological study of a subject is also
provided. This method includes providing to the subject a physiological study system, the physiological
study system including one or more sensors configured to obtain physiological study data. The
physiological study data includes a first signal from the physiological study and a second signal from the
physiological study. Data of the first signal and data of the second signal are stored on a memory storage
device. A confirmation is obtained that the one or more sensors have been placed on the subject. The
method further includes receiving the physiological study data; and determining a correspondence of the
data of the physiological study. The correspondence of the data of the physiological study is determined
by extracting a first signal from the physiological study. A second signal from the physiological study is
also extracted. The first signal and the second signal are obtained by one or more biometric sensors. Data
of the first signal and data of the second signal are stored on a memory storage device. A coherency value
is determined between components of the extracted first signal and components of the extracted second
signal. And the correspondence of the physiological study data is determined based on the determined
coherency value.

[24] Additionally, a system to determine correspondence of data of a physiological study is provided. The
system comprises one or more processors and one or more memory storages. The one or more memory
storages have stored thereon the data of the physiological study. The one or more processors are
configured to perform the following: extract a first signal from the physiological study; extract a second
signal from the physiological study, the first signal and the second signal being obtained by one or more

biometric sensors, and data of the first signal and data of the second signal being stored on the one or
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more memory storage device; determine a coherency value between components of the extracted first
signal and components of the extracted second signal; and determine the correspondence of the
physiological study data based on the determined coherency value.

[25] And one or more computer-readable mediums are provided herein having stored thereon executable
instructions that when executed by the one or more processors configure a computer system to perform at
least the following: extract a first signal from the physiological study; extract a second signal from the
physiological study, the first signal and the second signal being obtained by one or more biometric
sensors, and data of the first signal and data of the second signal being stored on the one or more memory
storage device; determine a coherency value between components of the extracted first signal and
components of the extracted second signal; and determine the correspondence of the physiological study
data based on the determined coherency value.

[26] BRIEF DESCRIPTION OF THE DRAWINGS

[27] FIG. 1 shows an example of a modulated signal y(t) and its envelope m(t).

[28] FIG. 2 shows a coherence of ECG and pleth signals for four sleep studies.

[29] FIG. 3 shows a coherence of ECG and pleth signals for four sleep studies with one study clipped.
[30] FIG. 4 shows a coherence spectrogram of ECG and pleth signals measured in an honest sleep study.
[31] FIG. 5 shows a coherence spectrogram of ECG and pleth signals measured in an honest sleep study
where the patient suffers from severe apnea.

[32] FIG. 6 shows a coherence spectrogram of ECG and pleth signals measured in an honest sleep study
where the ECG and pleth signals are not correctly synchronized.

[33[ FIG. 7 shows a coherence spectrogram of ECG and pleth signals measured in a dishonest sleep
study.

[34] FIG. 8(A) shows a coherence between thorax respiratory inductance plethysmography (RIP) volume
and pleth signals, and FIG. 8(B) shows a coherence of abdomen respiratory inductance plethysmography
(RIP) and pleth signals for four sleep studies.

[35] FIGS. 9(A) and 9(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
signals, respectively, measured in an honest sleep study.

[36] FIG. 10(A) and 10(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
signals, respectively, measured in an honest sleep study where the patient suffers from severe apnea.

[37[ FIGS. 11(A) and 11(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
signals, respectively, measured in an honest sleep study where the RIP and pleth signals are not correctly
synchronized.

[38] FIGS. 12(A) and 12(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
signals, respectively, measured in a dishonest sleep study.

[39] FIGS. 13(A) and 13(B) show a coherence of thorax and abdomen RIP and pleth envelope signals,

respectively, for four sleep studies.
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[40] FIGS. 14(A) and 14(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
envelope signals, respectively, measured in an honest sleep study.

[41] FIGS. 15(A) and 15(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
envelope signals, respectively, measured in an honest sleep study where the patient suffers from severe
apnea.

[42] FIGS. 16(A) and 16(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
envelope signals, respectively, measured in an honest sleep study where the RIP and pleth signals are not
correctly synchronized.

[43] FIGS. 17(A) and 17(B) show a coherence spectrogram of thorax and abdomen RIP volume and pleth
envelope signals, respectively, measured in a dishonest sleep study.

[44] FIGS. 18(A) and 18(B) show a coherence of thorax and abdomen RIP envelope and pleth envelope
signals for four sleep studies.

[45] FIGS. 19(A) and 19(B) show a coherence spectrogram of thorax and abdomen RIP volume envelope
and pleth envelope signals, respectively, measured in an honest sleep study.

[46] FIGS. 20(A) and 20(B) show a coherence spectrogram of thorax and abdomen RIP volume envelope
and pleth envelope signals, respectively, measured in an honest sleep study where the patient suffers from
severe apnea.

[47] FIGS. 21(A) and 21(B) show a coherence spectrogram of thorax and abdomen RIP volume envelope
and pleth envelope signals, respectively, measured in an honest sleep study where the RIP and pleth
signals are not correctly synchronized.

[48] FIGS. 22(A) and 22(B) show a coherence spectrogram of thorax and abdomen RIP volume envelope
and pleth envelope signals, respectively, measured in a dishonest sleep study.

[49] FIG. 23 shows a coherence of cannula flow and pleth envelope signals for four sleep studies.

[SO[ FIG. 24 shows a coherence spectrogram of cannula flow and pleth envelope signals measured in an
honest sleep study.

[S1] FIG. 25 shows a coherence spectrogram of cannula flow and pleth envelope signals measured in an
honest sleep study where the patient suffers from severe apnea

[S2] FIG. 26 shows a coherence spectrogram of cannula flow and pleth envelope signals measured in an
honest sleep study where the cannula flow and pleth signals are not correctly synchronized.

[S3[ FIG. 27 shows a coherence spectrogram of cannula flow and pleth envelope signals measured in a
dishonest sleep study.

[S4] FIG. 28 shows a coherence of cleaned ECG and pleth signals, respectively, for four sleep studies
[SS[ FIGS. 29(A) and 29(B) show a coherence of cleaned thorax and abdomen RIP volume and pleth
signals, respectively, for four sleep studies.

[S6] FIGS. 30(A) and 30(B) show a coherence of cleaned thorax and abdomen RIP volume and pleth

envelope signals, respectively, for four sleep studies.
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[S7] FIGS. 31(A) and 31(B) show a coherence of cleaned thorax and abdomen RIP volume envelope and
pleth envelope signals, respectively, for four sleep studies.

[S8] FIG. 32 show a coherence of cannula flow and pleth envelope signals for four sleep studies.

[59] FIGS. 33(A) and 33(B) show metrics ¥ and @, respectively, for ECG - pleth signal pairs from all the
PSG recordings.

[60] FIGS. 34(A) and 34(B) show metrics ¥ and @, respectively, for Abdomen RIP - pleth signal pairs
from all the PSG and PG recordings.

[61] FIGS. 35(A) and 35(B) show metrics ¥ and @, respectively, for Thorax RIP - pleth signal pairs from
all the PSG and PG recordings.

[62] FIGS. 36(A) and 36(B) show metrics ¥ and @, respectively, for Abdomen RIP - pleth envelope
signal pairs from all the PSG and PG recordings.

[63] FIGS. 37(A) and 37(B) show metrics ¥ and @, respectively, for Thorax RIP - pleth envelope signal
pairs from all the PSG and PG recordings.

[64] FIGS. 38(A) and 38(B) show metrics ¥ and ®, respectively, for Abdomen RIP envelope - pleth
envelope signal pairs from all the PSG and PG recordings.

[65] FIGS. 39(A) and 39(B) show metrics ¥ and @, respectively, for Thorax RIP envelope - pleth
envelope signal pairs from all the PSG and PG recordings.

[66] FIGS. 40(A) and 40(B) show metrics ¥ and @, respectively, for cannula flow - pleth envelope signal
pairs from all the PSG and PG recordings.

[67] FIGS. 41(A) and 41(B) show an epoch-wise histogram metric ¥ for thorax and abdomen,
respectively, and pleth signal pairs.

[68] FIG. 42 shows cumulative distribution functions of metric ¥ for honest and dishonest recordings
derived from the Abdomen RIP — Pleth signal pairs.

[69] FIG. 43 shows cumulative distribution functions of metric ¥ for honest and dishonest recordings
derived from the Thorax RIP — Pleth signal pairs.

[70] FIGS. 44(A), 44(B), and 44(C) show an outlier recording. Note the marked epochs are the epochs
deemed of unacceptable quality.

[71] FIGS. 45(A), 45(B), and 45(C) show an outlier recording. Note that the respiration amplitude of the
RIP signals are quite stable compared to the amplitude changes in the pleth signal.

[72] FIGS. 46(A) and 46(B) illustrate an example of respiratory inductance plethysmograph (RIP) belts,
46(A) shows an example of the wave-shaped conductors in the RIP belts, 46(B) shows the cross-sectional
area of each belt, which is proportional to the measured inductance.

[73] DETAILED DESCRIPTION OF VARIOUS EMBODIMENTS

[74] 1 — Introduction

[75] A primary problem being resolved by this disclosure is providing a quantitative measure of whether

two or more signals obtained from a physiological study are indicative of a common event (snoring, body
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movement, respiration, heartbeat, movement, sound, etc.) from the same and intended single subject of the
study.

[76] A way to compare the likelihood of two signals originating from the same source is to calculate the
“correlation” between the two signals. Correlation is a measure of the similarity of the shape of two
signals. If they “look alike,” the correlation value will be high. If the signals do, however, have different
shapes, a correlation is less useful in determining whether they originated from the same source. A
method is therefore needed that can determine in a quantitative way whether two or more signals
originated from the same source that is independent of the actual signal shape of the two or more signals.
As an illustrative example, an ECG signal and a pleth signal originating from the same person have a very
low correlation due to their very different shapes. The amplitude of one of the signals contains no
information on the amplitude of the other.

[77] The present disclosure addresses and solves the above-noted problems in a new way. Particularly, we
start looking into the coherence of the signals involved. The coherence of two signals originating from a
single source may be high even though their correlation may be low. In the illustrative example above the
coherence between the ECG and pleth signals originating from the same person is very high.

[78] The signals may be recorded by any body-worn device, such as a mobile device, smart watch,
activity tracker, health, or medical sensors. One particular example includes signals obtained by a sleep-
monitor device that records multiple signals coming from independent sensors. Such a sleep-monitor
device could be, for example, a Nox T3 recorder from Nox Medical ehf.

[79] FIGS. 46(A) and 46(B) show a schematic of a sleep-monitor device based on Respiratory Inductive
Plethysmography (RIP) to measure respiratory related areal changes. As shown in FIGS. 46(A) and 46(B),
in a RIP-based device, stretchable belts 31, 32 that each contain a respective conductor 34, 35. When put
on a subject 33, the conductors 34, 35 form a conductive loop that creates an inductance that is directly
proportional to the absolute cross sectional area of the body part that is encircled by the loop. When such a
belt is placed around the abdomen or thorax, the cross sectional area is modulated with the respiratory
movements and therefore also the inductance of the belt. Conductors 34, 35 may be connected to signal-
processing and storing device 38 by leads 36, 37. Signal-processing and storing device 38 may include a
memory storage. By measuring the belt inductance, a value is obtained that is modulated directly
proportional with the respiratory movements. RIP technology includes therefore an inductance
measurement of conductive belts that encircle the thorax and abdomen of a subject.

[80] The device may obtain signals that may originate from several sources and are mixed at various
amplitudes in the recorded signal. For example, a measure of the thoracic respiratory movement may
contain a mixture of signals of varying strengths. The primary signals may be caused by the respiratory
movement, and secondary signals may be caused by the heart beating, and other possible sources of
thoracic movement. The same applies to other signals of the physiological study. For example, a measure
of the abdomen movement will contain a primary respiratory signal at high amplitude and secondary

signals originating from the heart beating and other sources. Respiratory flow measured at the nose is also
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composed of the primary respiratory signal and the secondary signal originating from the heart. And the
oximeter pleth signal is primarily a cardio signal but also contains a secondary signal of respiration
through the modulation of the heart volume by the respiration. In such examples, as the primary
component of the signals is not the same as the secondary signal(s) and their form may be very different
from each other, they will not have a high correlation value and correlation will be an insufficient measure
to determine whether the signals originate from the same person.

[81] Coherence is, however, a method that overcomes the drawbacks of correlation for this purpose. Even
if the signals compared do not share the same shape, they are generated, at least partially, by the same
events (e.g., breathing, movement, cardio). They do therefore contain portions that are synchronized in
time and have a fixed phase relationship. Coherence between two signals measures the synchronized
portions of the signals even if the shapes of those portions do not correlate. The reason why coherence
works this way is explained below.

[82] First, coherence is calculated in the frequency domain, where the signal has been broken up into
independent frequency components. Therefore, even if there is a primary signal involved, the secondary
signal’s frequency components are largely separated from the primary signal in the frequency domain.
[83[ Second, coherence is a measure of the phase relationship between waves of a single frequency.
Signals triggered from the same origin will have the same fundamental frequency. And given the system
they travel through is stationary in time, relative to the time it takes the signals to reach a detector, their
phase relationship will be preserved resulting in high coherence regardless of the amplitude of the waves
under investigation. For example, regarding a person’s heart, the electrical signal, ECG, may trigger the
heart beat and the resulting pulse in the finger may share the same fundamental frequency as the recorded
ECG signal. Whether two signals originate from the same source and they contain the same fundamental
frequency or harmonics, these components will be coherent given the system they travel through is
stationary in time.

[84[ Coherence does actually measure the coupling strength with common harmonics in different signals
and can therefore be used to determine whether the signals are partially coming from a common origin,
practically independent of their signal shapes or whether they are correlated or not.

[85] The method and system described herein may be based on any body-worn devices or sensors, non-
medical or medical. For example, one particular example would be the Nox Medical’s T3 device or
another similar sleep study device. The method described herein may be used to detect whether measured
signals of the physiological study originate from one subject may be based on the data provided by a Nox
T3 device or another device recording signals of a physiological study such as respiration, pulse,
electrocardiogram, or other almost periodic signals.

[86] Furthermore, the method can be used for chain-of-custody purposes by confirming that a first sensor
is attached to a person using any method, while confirming that other sensors are fastened to that same
person by using the coherence between the first sensors signals and the other sensors. For example, the

first sensor could be an oximeter fastened to the wrist of the patient using a hospital band or serial



10

15

20

25

30

35

WO 2018/220606 PCT/IB2018/053993
10

numbered wristband to confirm that it is worn by the patient during a sleep study and by making sure in
the morning after the study that the wristband is intact it has been confirmed that the first sensor stayed on
the patient for the whole night. As sleep apnea is diagnosed using both the oximeter data and
simultancously recorded flow, it may be shown with the method and system described herein, that the
other signals were recorded from the same patient as the oximeter data.

[87] The method and system disclosed herein is based on using coherence to test whether signals
recorded from two or more distributed sensors originate from the same source. Further, a method is
described of identifying the source by ¢ither fixing one of the sensors to the patient (as described above)
or by using one of the bio-parameters recorded by the conventional sensors to identify the patient (for
example, respiratory inductance plethysmography (RIP) belts can be used to evaluate the circumference of
the patient wearing the belts and thereby if the circumference is known in advance for the patient, the data
can only be falsified by finding a replacement-person with exactly the same circumference) or by proving
by photograph or video that one or more of the sensors were attached to the correct person at a given time
during the recording. And the method is used to confirm that the sensors were not moved from a first
subject to a second subject before or after the confirmation photo or video was made.

[88] As described above, often in physiological studies of a subject, two or more signals are obtained
from, originate with, are produced by, or are related to a subject of the study. The subject may be, for
example, a human subject, a patient, or an animal. As used herein, such a signal may be termed a signal of
the physiological study. The term “signal” of the physiological study is used to describe a detection of an
event, movement, activity, or occurrence relating to, originating from, or produced by the subject of the
physiological study or of the environment of the subject.

[89] A physiological event may include respiration, heartbeat, body movement, brain activity, skin
conductance, muscle tone, eye movement, or sound, snoring, response to exterior stimulus or stimuli, such
as lighting, sounds, or physical touching, coupled with said exterior stimulus or stimuli, or coupling
between physiological events. Additionally, the above categories of physiological events may be further
separated into more finely defined events. For example, a heartbeat may be broken down and considered
to be a plurality of separate events, including the electrical activation of the heart, the pumping of the
heart, and eventually the arrival of a pulse to the extremities. For example, if heart signals were examined
as received and separated from RIP signals and a pulse signal were examined in oximeter, a common
trigger could be the electrical activation of the heart which would lead to downstream events such as the
heart pumping and the generation of a pulse.

[90] Signals of the physiological study may include, for example, but are not limited to: an
electrocardiogram (ECG), a plethysmograph signal, respiratory inductance plethysmography (RIP),
electroencephalography (EEG), electrooculography (EOG), electronystagmography (ENG), or
electromyography (EMG). Further, signals of the physiological study may include a detection of snoring,
swallowing, coughing, body movement, respiration, heartbeat, movement, brain activity, digestion,

temperature changes, perspiration, a response or responses of the subject to a stimulus or environment, or
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other bodily activities. Further, a signal of a physiological study could be related to an environmental
activity or condition during the physiological study, or an event, condition, or treatment to which the
subject is exposed to or affected by during the study. The signal of the physiological study may be
obtained with one or more biosensors or sensors, such as light sensors, cameras, accelerometers,
microphones, or temperature detectors, or some other detector confignred to gather the signal in the
physiological study.

[91] To improve the quality of the physiological study, it would be helpful to determine with high
accuracy whether each signal of the physiological study is indeed obtained from the same subject. Thus,
an object of the method and systems disclosed herein is to determine whether two signals of the
physiological study originate from or in other words correspond to the same source, person, patient, or
subject.

[92] There are multiple scenarios in which this would be useful, that is, where the two sensors are placed
on two patients.

[93] One scenario is that a patient intentionally cheats in a physiological study. Such a physiological
study could include a simple medical exam, a sleep study, or a physical fitness exam, or monitoring, at
home, within a hospital or clinic environment, or in some other environment.

[94] Further, in some physiological studies, as described below, some subjects may be incentivized to
purposely provide signals obtained from two different subjects, or in other words “cheat.” Using the
method described herein, it become possible to verify, or determine the correspondence, in such studies.
[95] Another scenario is that two patients undergo a study in close proximity. One sensor in the study
may be a wireless sensor, for example, a pulse oximeter. For some reason the patients may accidently be
given the wrong sensors or the subjects accidently switch their sensors. In this scenario, the method in the
disclosure can be used to identify which set of signals belong to which patient. And instead of having lost
two measurements in the study, the mistake can be corrected, and the signals can be attributed to the
correct subject. This may well become more important as the number of wireless sensors in hospitals and
clinics increases.

[96] Outlined below are various scenarios or applications in which it would be helpful to determine a
veracity, correspondence, or quality of two signals obtained in a physiological study would be helpful.
[97] 1.1 Ensuring quality of signals coming from sensors placed on a person

[98] During a measurement of signals of a physiological study, more than one sensor may be placed on a
patient. The coherence between signals from two different sensors can be used to determine that sensors
attached to the patient measure a signal of a physiological study from the patient. The method can be used
to measure how reliable the measured signals are. In a first example, during a sleep measurement the
coherence between signals from an ECG and a pulse oximeter can be used to determine whether both the

ECG and pulse oximeter are correctly measuring the heart beating.
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[99] In a second example, during a Holter ECG monitoring, coherence between two different leads in the
Holter measurement can be used to determine whether both leads, which are connected to the patient, are
correctly measuring heart activity.

[100] In a third example, during a sleep study, the coherence between an audio signal and a respiratory
signal measured by RIP belts or another respiratory sensor can be used to determine whether both sensors
are measuring signals originated from respiration. Such as if a person is undergoing a sleep study where
snoring is measured by an audio sensor and respiratory movements by RIP belts, it is important to
determine whether the sounds are originated from the person respiration or from another source.

[101] In a fourth example, during recordings of daytime activities, such as by a mobile phone and a
smartwatch, the coherence between the activity signals can be used to determine whether both are
originate from the same person.

[102] 1.2 Detecting whether signals recorded with sensors not directly placed on a person originate from
the person

[103] During a sleep study the method described herein can be used to determine the origin of signals
measured by sensors not directly attached to a patient.

[104] In a first example, in a sleep study, the patient undergoing the study may share a bedroom with a
second person. The coherence between an audio signal and a respiratory signal measured by RIP belts or
another respiratory sensor can be used to determine whether sounds of snoring captured by an audio
recording originate from the patient undergoing the sleep study or the second person sleeping in the same
room as the patient.

[105] In a second example, during a sleep study, a patient may sleep in an environment where external
noise is detected by the audio measurement the coherence between the audio signal and the respiratory
signal measured by RIP belts or another respiratory sensor originate from the patient respiration or the
external noise source

[106] 1.3 Detecting whether sensors assigned to a person measure biological signals from that person
[107] During a measurement of signals of a physiological study, wireless sensors may be used on a
patient. In a first example, the coherence between signals measured by two wireless sensors can be used to
determine whether both sensors have been correctly placed on the patient undergoing the study.

[108] In a second example, if it is determined that all of the sensors used in the physiological study do
record signal of the study. However, a sensor assumed to be placed on a first person is for some reason
placed on a second person. According to the method and system described herein, the coherence between
sensors on the first person can be used to determine which sensors are truly measuring signals from the
first person. And the coherence between the sensors on the second person can be used to determine which
sensors are measuring signals from the second person.

[109] In a third example, in the case two persons undergo a physiological measurement and mix a sensor

as mentioned in the second example, the coherence between the signals from the sensors assigned to the
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first person and the second person can be used to determine which sensors were placed on the first person
and which sensors were placed on the second person. Instead of the study being invalid, the sensors can be
reassigned to each person and the study can be salvaged.

[110] 1.4 Detecting whether a sensor was connected to a person

[111] During a measurement of signals of a physiological study, more than one sensor may be expected
to be placed on a patient. But it may not be known whether the sensors were placed on the patient or not,
or are placed correctly. The coherence between signals can be used to identify sensors that were not
properly placed and thus are not measuring signals.

[112] 1.5 Detecting artifacts in a signal

[113] During a measurement of signals of a physiological study, a sensor designed to measure one
physiological process or event may detect more than one process or event. This can influence the analysis
of the measured signals. In a first example, during a sleep study, an ECG or pulse signal may be measured
as well as an EMG signal obtained, for example, from the leg to detect periodic limb movement. The
coherence between the two signals can be used to determine whether there is a cardiac artifact in the EMG
signal, which could be interpreted as limb movements during signal analysis.

[114] In a second example, during a sleep study an ECG or pulse signal may be measured as well as
respiratory movements using RIP belts. Coherence between the two signals can be used to determine
whether there is a cardiac artifact in the respiratory movement signal.

[115] In a third example, during a study of EEG, an EEG signal is measured and an ECG or a pulse signal
is measured. The coherence between the signals can be used to determine whether there is a cardiac
artifact in the EEG signal.

[116] In a fourth example, during an EEG study, brain activity may be measured using EEG and eye
movements are tracked for example using EOG. The coherence between the EEG signal and EOG signal
can be used to determine whether there is eye movement artifact in the EEG signal.

[117] 1.6 Sleep Studies

[118] Sleep studies are used to obtain data relating to body activity of a subject during sleep. Sleep
studies are particularly useful in diagnosing sleep disorders, such as sleep apnea syndrome. Various
techniques may be used to obtain signals of relevant data in a sleep study, including, but not limited to,
Respiratory Inductance Plethysmography (RIP), Electroencephalography (EEG), Electrocardiography
(ECQG), Electrooculography (EOG), Electronystagmography (ENG), and. Electromyography (EMG).
Relating to such techniques for obtaining, calibrating, and analysis these signals, U.S. Patent Numbers
8,025,539, 9,059,532, and 9,192,316, U.S. Pub. No. 2015/0126879, U.S. Patent Application No.
14/535,093 filed November 6, 2014, U.S. Patent Application No. 15/680,910 filed August 18, 2017, U.S.
Provisional Patent Application No. 62/555,992 filed September 8, 2017, and U.S. Provisional Patent
Application No. 62/575,139 filed October 20, 2017, each of which are incorporated herein by reference in

their entirety.
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[119] As described in the background section, some patients or subjects may seek to cheat in their sleep
studies measured with take-home sleep study equipment. The reasons can be numerous but some of them
are the following:
e atruck driver with sleep apnea could lose his driver's license if he does not seek the possibly
expensive treatment; or
e an army veteran who developed sleep apnea while in service could get on disability.
[120] Usually, when a patient is at risk for cheating in a sleep study, an oximeter is attached to the patient
in a way that he cannot take it off. In this case, the oximeter may be wireless. To combat this, those who
cheat in sleep studies usually employ the following methods:
e those wanting to avoid diagnosis of sleep apnea sleep with the oximeter while a person that does
not have sleep apnea (often the spouse) sleeps with the rest of the sleep study equipment; or
e those wanting to be misdiagnosed may sleep with the oximeter while a person that is known to
have sleep apnea sleeps with the rest of the sleep study equipment.
[121] One object of this disclosure is to describe how a statistic called coherence may be used for
determining whether a patient cheated in his sleep study in the following ways: (1) the patient had the
oximeter attached; or (2) another person wore the remaining sleep study equipment (including RIP belts
and often an ECG sensor). The plethysmography signal can originate from any pulse meter. For example,
the plethysmography signal can originate from the fingertip, however, other appendages, such as the toes,
foot, or hand, or other locations such as carlobe or forchead can also be used.
[122] Thus, the method of this disclosure may use coherence as a measure of the probability that two
signals of a physiological study originate from the same person or subject. The signals of the
physiological study could be, for example, RIP signals and oximeter pleth signal. The signals could also
be an ECG signal collected with a wireless sensor on the patient and a pulse plethysmography signal or a
respiratory signal.
[123] The coherence statistic may be used for comparing the plethysmography (pleth) signal from the
oximeter to one of the signals measured, for example, respiration or ECG, from the rest of the sleep study
equipment.
[124] 1.7 Remote Sleep Studies
[125] In another embodiment, a chain of custody of the sleep data is obtained remotely, for example,
through the mail. In this embodiment, a sleep study device, for example, a Nox T3 device or another sleep
study obtaining system is sent by mail from, for example, a sleep study administrator or agency to a
subject.
[126] According to an embodiment, the patient receives the sleep study device or system, which may
include one or more different sensors. The sleep study device or system may also include a device,
including a camera, that can communicate over a wireless interface with the one or more sensors. One of

the sensors may be capable of monitoring whether it is removed from the patient after being attached to
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him (locked to the patient). For example, the sleep study device, such as the Nox T3 device, would be able
to detect or determine whether the device has been removed from the patient once it has been attached.
The sleep study device, such as the Nox T3 device, is attached to the patient with, for example, RIP belts,
and the device would record continuously if the belts were disconnected. This same sensor may have a
display or other means of a visual signal generator.

[127] The subject would then follow the directions of the system and put on the sensors. The sleep study
device, with, for example, the camera instructs the "locked" sensor to show a code on the display as a
"confirmation code.”

[128] The subject is then instructed to be seen on the camera and a photo or a video is taken showing both
the face of the subject and the code on the display. In another embodiment, the subject is also instructed to
show his ID card for a photo.

[129] From this time forward the locked sensor confirms that it has not been removed from the subject
and the coherence confirms that the other sensors are on the same subject.

[130] In another embodiment, a simpler "manual" version may not require a wireless connection with the
camera but could be done over a video call.

[131] After the device is on the subject and "locked," the subject is called by video for a chain of custody
(COC) confirmation. When the subject appears in the video he is requested to press a button or otherwise
activate the sensor with the display, if it is not already active. The display shows a confirmation code on
the display that can be seen on the video and may be stored with the recording. The operator may log the
code to confirm the identification and the time of the identification. The "locked" sensor then confirms
that it was not removed, and if more than one sensor is used, coherence with other sensor signals is used
to determine that the other sensors are all on the same person. When the recording is reviewed the code
stored is compared with the code logged by the operator.

[132] In these embodiments, the display could be a row of light emitting diodes showing a randomized
pattern as a confirmation code, a regular display or any other means of displaying a visual code.

[133] 2 — Methods and experiments supporting the method.

[134] A proof of concept was performed for testing the effectiveness of the method when used on real
data received from a sleep study. Although the proof of concept is described in detail, including an
implementation of the method and a discussion of useful metrics, the description does not exclude other
possible implementations of the method or other metrics. Other implementations may include using
different pairs of signals, using different durations of the measured signals in the method, scaling of the
measured coherence with the power of one or both of the two signals under investigation, or scaling of the
measured coherence with the two signals cross power density. Other metrics may include a measure of
coherence length or coherence duration, that is the maximum length of segments from the two signals
under investigation which results in a coherence value above a certain threshold, the coherence at certain

frequency bands can be of interest, or the ratio of coherence between two different frequency bands.
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Furthermore, specific values used in the proof of concept are specific to this implementation and may
change greatly, by many orders of magnitude, depending on the implementation and signal sources.
[135] The sleep study data used was both provided by the University Hospital of Iceland, hereby referred
to as the “LSH dataset” and recorded by Nox Medical ehf employees for testing the concept. The
coherence method was implemented using the Matlab signal processing software, Python, and other
mathematical software. The recorded signals were mixed up between recordings and the method was
tested to determine how accurately the method would work to determine whether a recording contained a
signal that did not originate from the same person. In the text below, this implementation of the method is
described.

[136] First, the data and the code will be discussed. The coherence statistic will be introduced alongside
other methods used in this disclosure. The coherence for each signal pair will be examined on specific
sleep study recordings. Metrics will be proposed and analyzed. A cheat detection test will be proposed
based on analyzed metrics. The cheat detection test's results of the LSH dataset will be examined. Lastly,
the significance of the results of the metrics will be discussed.

[137] 2.1 Recordings made for testing the concept

[138] The data used for exploring the coherence statistic and the metrics introduced in this disclosure
consisted of three partial sleep recordings performed by Nox and one full polysomnography (PSG)
recording. Recordings 1 to 3 were gathered by the Nox research team and recording 4 came from the LSH
dataset.

[139] The first recording was fraudulent, or in other words, was based on “cheating.” That is, the one
subject only slept with an oximeter while the subject's spouse slept with the rest of the sensors and
recorder (including the signals frontal EEG, ECG, EMG, RIP belts, and cannula).

[140] The second recording was honest. That is, the subject did not cheat during the sleep study and wore
all the sensors and recorder himself.

[141] The third recording was honest. That is, the subject did not cheat during the sleep study. Also, this
subject suffered from severe sleep apnea, which is apparent in the recording.

[142] The forth recording was honest, but due to the equipment used, the recorded signals were not
properly synchronized. That is, the RIP and pleth signals are not properly synchronized in time. Note that
the RIP signals in this recording were sampled at 25 Hz opposed to the 200 Hz sampling rate in the first
three recordings.

[143] 2.2 The LSH dataset

[144] The data used for building the methods introduced in this disclosure included 778 polygraph (PG)
recordings and 113 polysomnography (PSQG) recordings from the University Hospital of Iceland (the LSH
dataset). Note that the recordings in the LSH dataset were not properly synchronized. That is, the pleth
signals were not properly synchronized in time with the other signals. Also, note that the RIP signals in
the LSH recordings were sampled at 20-25 Hz. As coherence is based on synchronized events in more

than one signal, the lack of synchronization was expected to reduce the efficiency of the method.
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[145] 3 - Tools
[146] The mathematical and signal processing tools used for exploring the coherence statistic and
building our cheat detection metrics will be introduced in this section.
[147] 3.1 Coherence
[148] As described above, coherence is the main mathematical method used in this method. A
mathematical definition of coherence is listed below.
[149] The coherence between signals x(£) and y(t) may be defined as:
|6 (DI’
G () Gyy ()
where G, (f) is the cross spectral density between x(t) and y (), G, (f) is the autospectral density of

ny (f) =

x(t) and G,,,(f) is the autospectral density of y(t).

[150] We have 0 < C,,, (f) < 1, and the magnitude of C,,,(f) can be thought of as the strength of the
connection between the f frequency components in x(¢) and y(t).

[151] 3.2 Coherence spectrogram

[152] A coherence spectrogram is a method to represent coherence as an image.

[153] Coherence spectrogram can be looked at as a heatmap, where each point (¢, f) shows the coherence
between two signals at frequency f during time £. A plot of this type of heatmap, provided herein as
grayscale, was used for presenting the results of this disclosure.

[154] 3.3 Envelope detectors

[155] The envelope signal of an oscillating signal, such as a sine wave, where the “amplitude” of the sine
wave changes slowly from one wave to the next is indeed the “amplitude.” What is commonly referred to
as the oscillating signal is “amplitude modulated” by the slow changing signal. Envelope detectors are
therefore used to determine the amplitude of an amplitude modulated signal. Finding the envelope of a
signal can be an important pre-processing method before calculating its coherence to another signal.
[156] More generally, let us say that we are given a signal y(t) which is a multiple of a low-frequency
signal m(t) and a high frequency signal c(t). We also assume that the frequency spectra of m(t) and c(t)
do not overlap.

[157] Envelope detection involves isolating m(t) when you are only given y(£). The term

m(t) is referred to as the envelope of y(t) since it is visually the envelope of y(£). An example can be
seen in Figure 1.

[158] Figure 1 shows an example of a modulated signal y(t) and its envelope m(t), particularly y(t) =
e tcos(2m * 20t) and its envelope m(t) = e~ tu(t). In the case of Figure 1, m(t) was chosen to be the
low-frequency signal e ~*u(t) where u(t) is the Heaviside step function. c(t) was chosen to be the high

frequency, relative to m(t), cosine of frequency 20 Hz.
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[159] Note that the spectra of m(t) and c(t) overlap. However, the spectrum of m(t) is very attenuated
for high frequencies. It loses half of its power at i Hz so we can relax the condition that the spectra of

m(¢t) and c(t) must not overlap completely if one of the signals produces insignificant contribution to the
spectra overlap compared to the other.

[160] 3.3.1 Envelope detection using peaks (PE method)

[161] In this subsection, a method for estimating the envelope of y(¢£), with only y(t) given, will be
explored. As can be seen in Figure 1, it seems like it could be sufficient to find all the peaks in y(¢) and
interpolate polynomials between them to estimate the envelope. This subsection will introduce a method
that does that. The method works as the following:

e Detect all peaks in y(t) using a detect_peaks function, for example, the detect peaks function
written by Marcus Duarte. (Relating to the detect peaks function, reference is made to O. E. P. P.
¢. a. Jones E, "SciPy: Open Source Scientifc Tools for Python," 2001, which is incorporated
herein by reference in its entirety, which is available online at hittp://www.scipv.org/) (as of 26

May 2017)); and

o Interpolate the peaks with a B-spline interpolation. (Relating to B-spline interpolation, reference
is made to M. Duarte, "Detect peaks in data based on their amplitude and other features," 2014,
which is incorporated herein by reference in its entirety, which is available online at
https://github.com/demotu/BMC/blob/master/functions/detect peaks.py as of 9 January 2017.
[162] 3.3.1.1 Envelope of RIP volume signals
[163] To find the envelope of a RIP volume signal, we proposed using the PE method. We also proposed
the following condition settings for the peak finder:
e The minimum peak height is zero; and
e The minimum distance between peaks is 2 seconds.
[164] 3.3.1.2 Envelope of fingertip plethysmography signals
[165] To find the envelope of a pleth signal, we proposed using the PE method introduced in this section.
We proposed the following condition settings for the peak finder (however, these condition settings could
be modified):
e The minimum peak height is 4000; and
e The minimum distance between peaks is 0.3 seconds.
[166] We also proposed that the peaks detected with the peak finder (peak detect) are passed through a
heart variability correction test before the envelope is interpolated. This heart variability correction test is
described by a published disclosure on signal quality indices for electrocardiograms and
photoplethysmograms and works as the following. (See C. e. a. Orphanidou, "Signal-Quality Indices for
the Electrocardiogram and Photoplethysmogram: Derivation and Applications to Wireless Monitoring,"
IEEE Journal of Biomedical and Health Informatics, vol. 19, no. 3, pp. 832-838, 2014, which is

incorporated herein by reference in its entirety.)
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[167] In an embodiment, we assume that y[n] is our fingertip plethysmography signal sampled at a
sampling frequency of f; and [ is a vector containing all the peaks that our peak detector (peak_detect)
detected. The heart variability correction test works as the following:
1. y[n] is split into 10 second epochs y;[n] := y[i * 10f;: (i + 1) * 10f;] for all i;
2. O corresponds to a vector of all the peaks in the epoch y;[n];
3. We initialize a new empty vector x;
4. For each I we perform the following:
a. We compute the vector RR := [D[1: end] — I0[0: end — 1] so RR[/] contains the
RR interval between @[ + 1] and IP[J],
b. For each element RR[j] in RR, we perform the following

max(RR)

. lculate the variability ratio 7 :=
1. We calculate the variability ratio RRIJ]

ii. Ifr >2.2and sig [I(i) []]] > sig [I(i)[j + 1]], then we append I®P[j + 1] to
the end of the vector x, and
iii. If r > 2.2 and +sig [l(i)[j + 1]] > sig [l(i) []']], then we append 1@ to the

end of the vector x; and

5. We remove all elements of x from [.
[168] The heart variability correction test has now been run on /. The modified PE method for the
fingertip plethysmography was implemented as the function peak envelope for pleth.
[169] 3.4 Stripped signal quality checker (SSQC)
[170] If the purpose of the method is to determine whether someone is cheating on a study, it is helpful to
use only time periods where the signals are valid and exclude periods where the signals are not. It is quite
common in sleep studies, for example, that the oximeter probe falls off during the night and the signal
becomes invalid. If the coherence of the time periods where the signal is invalid would be included in the
analysis, the coherence would be measured as a low value and therefore may falsely indicate cheating.
The same applies for any signal involved. Therefore, a method needs to be created for each signal to
determine when the signal is considered valid. In the case of this study, this method is a classifier that is
referred to as the SSQC program and it was used to determine the quality of ECG, fingertip
plethysmography, RIP, and cannula flow signals epoch-wise.
[171] 3.5 Intersection between two Gaussian probability distributions
[172] As any measure contains errors, the measured signals will have some distribution around the
correct value. When a classifier is made to determine whether a measure belongs to one class or the other,
it is important to figure out the optimal boundary between the two classes. For two Gaussian probability
distributed measures, the intersection between the two Gaussian functions is this optimal boundary.
[173] A Gaussian probability distribution with a mean p and standard deviation ¢ is described by the

function:
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(x=p)?

1
p(x,p,0) = ——==¢e 2

[174] The intersection between two Gaussian probability distributions N (y, ;) and N (u,, 03) are all x

such that:
p(x, uq,01) = p(x, 1z, 02) .
[175] That is,
(x=pq)? (x—pp)?
e 205 = 1 e 293
oV2T o221 ’

which can be rewritten as

— 2 — 2
In(gy) —In(a,) = (xZ:ZZ) - (ngzl) :

[176] A computer function, such as a Matlab™

function, may be written for solving for x.

[177] 4 — Testing the efficiency of the method to determine whether signals are of the same subject origin
[178] 4.1 Coherence between ECG and pleth

[179] Coherence between ECG and pleth signals can be thought of as the phase relationship between
frequency components in ECG and pleth signals. The idea behind this statistic is that the coherence
between these signals are high in the frequency band of the heart beats and harmonics of the heart beats.
That is, there should be a constant phase relationship between the frequency components of the signals on
the heart's frequency band and its harmonics. If the ECG and pleth signals are from two different people,
then the coherence should be quite poor on the heart's frequency band and its harmonics.

[180] In this section, the coherence between ECG and pleth signals will be explored. Firstly, the
coherence between whole ECG and pleth signals will be explored alongside proof of concept figures.
Secondly, the coherence between each ECG and pleth signal epochs will be explored alongside proof of
concept figures.

[181] 4.1.1 Signal preprocessing

[182] Both ECG and pleth signals were filtered with a 2nd degree Butterworth low-pass filter with cut-off
frequency 10 Hz. Both signals were then down-sampled to a sampling frequency of 20 Hz.

[183] 4.1.2 Coherence between whole ECG and pleth signals

[184] In this subsection, the coherence between whole ECG and pleth signals will be explored. We begin
by plotting the coherence for different recordings.

[185] Our proof of concept includes four coherence plots between pleth and ECG signals from four sleep
study recordings. These plots can be seen in Figure 2, which shows mean coherence, at each frequency for
the duration of the measurement, of ECG and pleth signals for four sleep studies

[186] The dotted line plot is the coherence between the ECG and pleth signals measured from a relatively
healthy person that participated in a partial sleep study.

[187] The broken line plot is the coherence between the ECG and pleth signals measured from a person

with severe apnea that participated in a partial sleep study.
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[188] The dot-dash line plot is the coherence between the ECG and pleth signals measured from a person
during a full sleep study from the LSH dataset. Note that in this study, the pleth and ECG were not fully
synchronized in time.

[189] The solid line plot is the coherence between the ECG and pleth signals measured from two different
people.

[190] There is good coherence between the ECG and pleth signals on the heart's frequency band in most
of the honest sleep studies as can be seen in Figure 2.

[191] Since a significant part of the signals measured on the person with severe sleep apnea were not of
good quality the whole night, the coherence between the ECG and pleth on this recording was poor. The
coherence was calculated again on ECG and pleth signals from the same person during a period when the
signals were of acceptable quality (20000 sec - 25000 sec). The corrected coherence figure can be seen in
Figure 3, which shows a coherence of ECG and pleth signals for four sleep studies with one study clipped.
[192] In Figure 3, all the honest recordings have much higher coherence than the dishonest recording.
However, in Figure 2, the person with severe apnea had low coherence, which was due to low quality of
the measurement in some time periods. Therefore, the total coherence of the pleth and coherence signals
may not be a sufficient statistic for determining fraudulent sleep studies without some preprocessing
involving a signal quality checker, as mentioned above

[193] A segmented coherence statistic might be more suitable to give a more thorough overview of how
the coherence changes with time. A segmented coherence statistic will be explored in the next subsection.
[194] 4.1.3 Coherence between ECG and pleth signal epochs

[195] In this subsection, the coherence between segmented ECG and pleth signals will be explored by
using coherence spectrograms. We begin by plotting the coherence spectrograms for different recordings.
[196] Our proof of concept includes four coherence spectrograms.

[197] Figure 4 is a first spectrogram, which shows a coherence spectrogram of ECG and pleth signals
measured in an honest sleep study. Thus Figure 4 shows the coherence between ECG and pleth signals,
both measured from a relatively healthy person that participated in a partial sleep study.

[198] Figure 5 is a second spectrogram, which shows a coherence spectrogram of ECG and pleth signals
measured in an honest sleep study where the patient suffers from severe apnea. Thus Figure 5 shows the
coherence between ECG and pleth signals measured from a person with severe apnea that participated in a
partial sleep study.

[199] Figure 6 is a third spectrogram, which shows a coherence spectrogram of ECG and pleth signals
measured in an honest sleep study where the ECG and pleth signals are not correctly synchronized. Figure
6 thus shows the coherence between ECG and pleth signals measured from a person during a full sleep
study from the LSH dataset. Note that in this study, the pleth and ECG were not fully synchronized in

time.
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[200] Figure 7 is a fourth spectrogram, which shows a coherence spectrogram of ECG and pleth signals
measured in a dishonest sleep study. Figure 7 thus shows the coherence between ECG and pleth signals
measured from two different people.

[201] There is good coherence between the ECG and pleth on the heart's frequency band in the honest
sleep studies. Note that the reason why the coherence was low in the beginning of Figure 5 was because
the recording started before the patient applied the sleep study equipment on himself. There is also bad
coherence between the ECG and pleth on the heart's frequency band in the dishonest sleep study.

[202] This means that this segmented coherence statistic could be used for building a metric for detecting
fraudulent sleep studies.

[203] 4.1.4 Coherence metric based on coherence length

[204] In physics, coherence length and coherence time are two metrics of signal coherence strength. One
metric of coherence strength between two signals of a physiological study is the maximum epoch length
which results in a coherence value above a certain threshold. This metric would result in a short duration
for dishonest measurements while resulting in a long duration for honest measurements.

[205] 4.2 Coherence between RIP and pleth

[206] Coherence between RIP and pleth signals can be thought of as the phase relationship between
frequency components in those signals. The idea behind this statistic is that the coherence between these
signals are high on the frequency band where the heart beats. That is, there should be a synchronous
relationship between the frequency components of the signals on the heart's frequency band. If the RIP
and pleth signals are from two different people, then the coherence should be quite poor on the heart's
frequency band.

[207] In this section, the coherence between RIP and pleth signals will be explored. Firstly, the coherence
between whole RIP and pleth signals will be explored alongside proof of concept figures. Secondly, the
coherence between each RIP and pleth signal epochs will be explored alongside proof of concept figures.
[208] 4.2.1 Signal preprocessing

[209] RIP Abdomen and thorax volume signals, and the pleth signals were filtered with a 2nd degree
Butterworth low-pass filter with cut-off frequency 10 Hz. All of the signals were then down-sampled to a
sampling frequency of 20 Hz.

[210] 4.2.2 Coherence between whole RIP and pleth signals

[211] In this subsection, the coherence between whole RIP and pleth signals will be explored. We begin
by plotting the coherence for different recordings.

[212] Our proof of concept will be four coherence plots between pleth and RIP volume signals from four
sleep study recordings. These plots can be seen in Figures 8(A) and 8(B), which shows a coherence of RIP
and pleth signals for four sleep studies.

[213] The dotted line plot is the coherence between the RIP volume and pleth signals measured from a
relatively healthy person that participated in a partial sleep study.



10

15

20

25

30

35

WO 2018/220606 PCT/IB2018/053993
23

[214] The bolded line plot is the coherence between the RIP volume and pleth signals measured from a
person with severe apnea that participated in a partial sleep study.

[215] The broken line plot is the coherence between the RIP volume and pleth signals measured from a
person during a full sleep study from the LSH dataset. Note that in this study, the pleth and RIP were not
fully synchronized in time.

[216] The solid line plot is the coherence between the RIP volume and pleth signals measured from two
different people.

[217] There is a difference between the coherence of the honest sleep studies and the dishonest sleep
study. However, the coherence of one of the honest measurements seems to be slightly close to the
coherence of the dishonest measurement. This may be due to signal artifacts or irregularities in some
epochs.

[218] A segmented coherence statistic might be more suitable to give more thorough overview over how
the coherence changes with time. A segmented coherence statistic will be explored in the next subsection.
[219] 4.2.3 Coherence between RIP and pleth signal epochs

[220] In this subsection, the coherence between segmented RIP volume and pleth signals will be explored
by using coherence spectrograms. We begin by plotting the coherence spectrograms for different
recordings.

[221] Our proof of concept will be four coherence spectrograms.

[222] Figures 9(A) and 9(B) show a first spectrogram, which shows a coherence spectrogram of RIP
volume and pleth signals measured in an honest sleep study. Figures 9(A) and 9(B) thus show the
coherence between RIP volume and pleth signals, both measured from a relatively healthy person that
participated in a partial sleep study.

[223] Figures 10(A) and 10(B) show a second spectrogram, which shows a Coherence spectrogram of
RIP volume and pleth signals measured in an honest sleep study where the patient suffers from severe
apnea. Figures 10(A) and 10(B) thus show the coherence between RIP volume and pleth signals measured
from a person with severe apnea that participated in a partial sleep study.

[224] Figures 11(A) and 11(B) show a third spectrogram, which show a coherence spectrogram of RIP
volume and pleth signals measured in an honest sleep study where the RIP and pleth signals are not
correctly synchronized. Figures 11(A) and 11(B) thus show the coherence between RIP volume and pleth
signals measured from a person during a full sleep study from the LSH dataset. Note that in this study, the
pleth and RIP were not fully synchronized in time.

[225] Figures 12(A) and 12(B) show a fourth spectrogram, which shows a coherence spectrogram of RIP
volume and pleth signals measured in a dishonest sleep study. Figures 12(A) and 12(B) thus show the
coherence between RIP volume and pleth signals measured from two different people.

[226] There is good coherence between the RIP and pleth signals on the heart's frequency band in the

honest sleep studies. Note that the reason why the coherence was low in the beginning of Figures 10(A)
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and 10(B) was because the recording started before the patient applied the sleep study equipment on
himself. There is also bad coherence between the RIP and pleth signals on the heart's frequency band in
the dishonest sleep study.

[227] This means that this segmented coherence statistic could be used for building a metric for detecting
fraudulent physiological studies, for example, sleep studies. Furthermore, this means that measuring the
length of epochs which result in a coherence above a certain threshold could be a useful metric of
measurement quality.

[228] 4.3 Coherence between RIP and pleth envelope

The amplitude of the pleth signal is said to be dependent on respiration, thus the pleth signal is amplitude
modulated with respiration. This means that the envelope of the pleth signal is a signal that gives
information about respiration. (See A. Roebuck, V. Monasterio, E. Gederi, M. Osipov, B. J. A. Malhotra,
T. Penzel and G. D. Clifford, "A review of signals used in sleep analysis," Physiological Measurement,
vol. 35, no. 1, pp. 1-57, 2014, which is incorporated herein by reference in its entirety.)

[229] Coherence between RIP and pleth envelope signals can be thought of as a metric of the phase
relation between frequency components in those signals. The idea behind this statistic is that the
coherence between these signals are high on a frequency band of possible breathing frequencies. That is,
there should be a synchronous relationship between the frequency components of the signals on that
frequency band. If the RIP and pleth envelope signals are from two different people, then the coherence
should be quite poor on this specific frequency band.

[230] In this section, the coherence between RIP and pleth envelope signals will be explored. Firstly, the
coherence between whole RIP and pleth envelope signals will be explored alongside proof of concept
figures. Secondly, the coherence between each RIP and pleth envelope signal epochs will be explored
alongside proof of concept figures.

[231] 4.3.1 Signal preprocessing

[232] The abdomen and thorax RIP volume signals and the pleth signals were filtered with a 2nd degree
Butterworth low-pass filter with cut-off frequency 10Hz. Both signals were then down-sampled to a
sampling frequency of 20Hz. The envelope of the pleth signal was computed with the method proposed in
33.1.2.

[233] 4.3.2 Coherence between whole RIP and pleth envelope signals

[234] In this subsection, the coherence between whole RIP and pleth envelope signals will be explored.
We begin by plotting the coherence for different recordings.

[235] Our proof of concept will be four coherence plots between pleth envelopes and RIP volume signals
from four sleep study recordings. These plots can be seen in Figures 13(A) and 13(B), which show a
coherence of RIP and pleth envelope signals for four sleep studies

[236] The dotted line plot is the coherence between the RIP volume and pleth envelope signals measured

from a relatively healthy person that participated in a partial sleep study.
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[237] The bolded line plot is the coherence between the RIP volume and pleth envelope signals measured
from a person with severe apnea that participated in a partial sleep study.

[238] The broken line plot is the coherence between the RIP volume and pleth envelope signals measured
from a person during a full sleep study from the LSH dataset. Note that in this study, the pleth and RIP
were not fully synchronized in time.

[239] The solid line plot is the coherence between the RIP volume and pleth envelope signals measured
from two different people.

[240] It seems that no noticeable pattern can be seen in Figure 13(A) and 13(B). A segmented coherence
statistic may be more suitable for finding a pattern between the RIP and pleth envelope signals. A
segmented coherence statistic will be explored in the next subsection.

[241] 4.3.3 Coherence between RIP and pleth envelope signal epochs

[242] In this subsection, the coherence between segmented RIP volume and pleth envelope signals will
be explored using coherence spectrograms. We begin by plotting the coherence spectrograms for different
recordings.

[243] Our proof of concept includes four coherence spectrograms.

[244] Figures 14(A) and 14(B) show a first spectrogram, which shows a coherence spectrogram of RIP
volume and pleth envelope signals measured in an honest sleep study. Figures 14(A) and 14(B) thus show
the coherence between RIP volume and pleth envelope signals, both measured from a relatively healthy
person that participated in a partial sleep study.

[245] Figures 15(A) and 15(B) show a second spectrogram, which shows a coherence spectrogram of RIP
volume and pleth envelope signals measured in an honest sleep study where the patient suffers from
severe apnea. Figures 15(A) and 15(B) thus show the coherence between RIP volume and pleth envelope
signals measured from a person with severe apnea that participated in a partial sleep study.

[246] Figures 16(A) and 16(B) show a third spectrogram, which shows a coherence spectrogram of RIP
volume and pleth envelope signals measured in an honest sleep study where the RIP and pleth signals are
not correctly synchronized. Figures 16(A) and 16(B) thus show the coherence between RIP volume and
pleth envelope signals measured from a person during a full sleep study from the LSH dataset. Note that
in this study, the pleth and RIP were not fully synchronized in time.

[247] Figures 17 (A) and 17(B) show a fourth spectrogram, which shows a coherence spectrogram of RIP
volume and pleth envelope signals measured in a dishonest sleep study. Figures 17 (A) and 17(B) thus
show the coherence between RIP volume and pleth envelope signals measured from two different people.
[248] There is a noticeable pattern on the coherence spectrograms. It seems like the honest sleep studies
show noticeably more coherence on a specific frequency band (containing the frequencies that the subject
breaths at) than the dishonest sleep study.

[249] The noticeable pattern could be an indication that a metric for detecting fraudulent sleep studies

could be built from this segmented coherence statistic. The epoch length giving a coherence value above a
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certain threshold could be used here as a metric of the signal coherence strength.4.4 Coherence between
RIP envelope and pleth envelope

[250] The envelope of a RIP volume signal describes how the breathing amplitude changes with time.
[251] Coherence between RIP envelope and pleth envelope signals can be thought of as the phase
relationship between frequency components in those signals. The idea behind this statistic is that the
coherence between these signals are high on a frequency band of possible breathing frequencies. That is,
there should be a synchronous relationship between the frequency components of the signals on that
frequency band. If the RIP envelope and the pleth envelope signals are from two different people, then the
coherence should be quite poor on this specific frequency band.

[252] In this section, the coherence between RIP and pleth envelope signals will be explored. Firstly, the
coherence between whole RIP and pleth envelope signals will be explored alongside proof of concept
figures. Secondly, the coherence between each RIP envelope and pleth envelope signal epochs will be
explored alongside proof of concept figures.

[253] 4.4.1 Signal preprocessing

[254] The abdomen and thorax RIP volume signals and the pleth signals were filtered with a 2nd degree
Butterworth low-pass filter with cut-off frequency 10Hz. Both signals were then down-sampled to a
sampling frequency of 20Hz. The envelope of the pleth signal was computed with the method proposed in
subsection 3.3.1.2. The envelopes of the RIP volume signals were computed with the method proposed in
subsection 3.3.1.1.

[255] 4.4.2 Coherence between whole RIP envelope and pleth envelope signals

[256] In this subsection, the coherence between whole RIP envelope and pleth envelope signals will be
explored. We begin by plotting the coherence for different recordings.

[257] Our proof of concept includes four coherence plots between pleth envelope and RIP envelope
signals from four sleep study recordings. These plots can be seen in Figures 18(A) and 18(B), which
shows a coherence of RIP envelope and pleth envelope signals for four sleep studies.

[258] The dotted line plot is the coherence between the RIP envelope and pleth envelope signals
measured from a relatively healthy person that participated in a partial sleep study.

[259] The bolded line plot is the coherence between the RIP envelope and pleth envelope signals
measured from a person with severe apnea that participated in a partial sleep study.

[260] The broken line plot is the coherence between the RIP envelope and pleth envelope signals
measured from a person during a full sleep study from the LSH dataset. Note that in this study, the pleth
and RIP were not fully synchronized in time.

[261] The solid line plot is the coherence between the RIP envelope and pleth envelope signals measured

from two different people.
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[262] No noticeable pattern appears to be discernible in Figure 18(A) and 18(B). A segmented coherence
statistic may be more suitable for finding a pattern between the RIP envelope and pleth envelope signals.
A segmented coherence statistic will be explored in the next subsection.

[263] 4.4.3 Coherence between RIP envelope and pleth envelope signal epochs

[264] In this subsection, the coherence between segmented RIP volume envelope and pleth envelope
signals will be explored using coherence spectrograms. We begin by plotting the coherence spectrograms
for different recordings.

[265] Our proof of concept includes four coherence spectrograms.

[266] Figures 19 (A) and 19(B) shows a first spectrogram, which shows a coherence spectrogram of RIP
volume envelope and pleth envelope signals measured in an honest sleep study. Figures 19 (A) and 19(B)
thus show the coherence between RIP volume envelope and pleth envelope signals, both measured from a
relatively healthy person that participated in a partial sleep study.

[267] Figures 20 (A) and 20(B) is a second spectrogram, which shows a coherence spectrogram of RIP
volume envelope and pleth envelope signals measured in an honest sleep study where the patient suffers
from severe apnea. Figures 20 (A) and 20(B) thus show the coherence between RIP volume envelope and
pleth envelope signals measured from a person with severe apnea that participated in a partial sleep study.
[268] Figures 21 (A) and 21(B) shows is a third spectrogram, which shows a coherence spectrogram of
RIP volume envelope and pleth envelope signals measured in an honest sleep study where the RIP and
pleth signals are not correctly synchronized. Figures 21 (A) and 21(B) thus show the coherence between
RIP volume envelope and pleth envelope signals measured from a person during a full sleep study from
the LSH dataset. Note that in this study, the pleth and RIP were not fully synchronized in time.

[269] Figures 22 (A) and 22(B) is a fourth spectrogram, which shows a coherence spectrogram of RIP
volume envelope and pleth envelope signals measured in a dishonest sleep study. Figures 22 (A) and
22(B) thus show the coherence between RIP volume envelope and pleth envelope signals measured from
two different people.

[270] There does not appear to be a noticeable pattern in Figures 19(A) and 19(B), Figures 20(A) and
20(B), Figures 21(A) and 21(B), and Figures 22(A) and 22(B). Therefore, it is likely that the coherence
between RIP envelopes and pleth envelopes statistic would be difficult to use as a metric for detecting a
fraudulent sleep study.

[271] Note that the high coherence early in time in Figures 20(A) and 20(B) is not believed to be
noteworthy since the sleep study it depicts did not start until around time 10000 sec.

[272] 4.5 Coherence between cannula flow and pleth envelope

[273] Coherence between cannula flow and pleth envelope signals can be thought of as the phase relation
between frequency components in those signals. The idea behind this statistic is that the coherence
between these signals is high on a frequency band of possible breathing frequencies. That is, there should

be a synchronous relationship between the frequency components of the signals on that frequency band. If
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the cannula flow and pleth envelope signals are from two different people, then the coherence should be
quite poor on this specific frequency band.

[274] In this section, the coherence between cannula flow and pleth envelope signals will be explored.
Firstly, the coherence between whole cannula flow and pleth envelope signals will be explored alongside
proof of concept figures. Secondly, the coherence between each cannula flow and pleth envelope signal
epochs will be explored alongside proof of concept figures.

[275] 4.5.1 Signal preprocessing

[276] The cannula flow and the pleth signals were filtered with a 2nd degree Butterworth low-pass filter
with cut-off frequency 10 Hz. Both signals were then down-sampled to a sampling frequency of 20 Hz.
The envelope of the pleth signal was computed with the method proposed in 3.3.1.2.

[277] 4.5.2 Coherence between whole cannula flow and pleth envelope signals

[278] In this subsection, the coherence between whole cannula flow and pleth envelope signals will be
explored. We begin by plotting the coherence for different recordings.

[279] Our proof of concept includes four coherence plots between pleth envelopes and cannula flow
signals from four sleep study recordings. These plots can be seen in Figure 23 which shows a coherence
of cannula flow and pleth envelope signals for four sleep studies.

[280] The broken line plot is the coherence between the cannula flow and pleth envelope signals
measured from a relatively healthy person that participated in a partial sleep study.

[281] The dotted line plot is the coherence between the cannula flow and pleth envelope signals measured
from a person with severe apnea that participated in a partial sleep study.

[282] The black plot is the coherence between the cannula flow and pleth envelope signals measured
from a person during a full sleep study from the LSH dataset. Note that in this study, the pleth and cannula
flow were not fully synchronized in time. Also, note that the cannula flow in this study is not really the
cannula flow. Rather, the flow is measured by a continuous positive airway pressure (CPAP) machine. For
simplicity, we will continue referring to this flow signal as cannula flow.

[283] The solid line plot is the coherence between the cannula flow and pleth envelope signals measured
from two different people.

[284] No noticeable pattern appears in Figure 23. A segmented coherence statistic may be more suitable
for finding a pattern between the cannula flow and pleth envelope signals. A segmented coherence
statistic will be explored in the next subsection.

[285] 4.5.3 Coherence between cannula flow and pleth envelope signal epochs

[286] In this subsection, the coherence between segmented cannula flow and pleth envelope signals will
be explored using coherence spectrograms. We begin by plotting the coherence spectrograms for different
recordings.

[287] Our proof of concept includes four coherence spectrograms.
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[288] Figure 24 is a first spectrogram, which shows a coherence spectrogram of cannula flow and pleth
envelope signals measured in an honest sleep study. Figure 24 thus shows the coherence between cannula
flow and pleth envelope signals, both measured from a relatively healthy person that participated in a
partial sleep study.
[289] Figure 25 is a second spectrogram, which shows a coherence spectrogram of cannula flow and
pleth envelope signals measured in an honest sleep study where the patient suffers from severe apnea.
Figure 25 thus shows the coherence between cannula flow and pleth envelope signals measured from a
person with severe apnea that participated in a partial sleep study.
[290] Figure 26 is a third spectrogram, which shows a coherence spectrogram of cannula flow and pleth
envelope signals measured in an honest sleep study where the cannula flow and pleth signals are not
correctly synchronized. Figure 26 thus shows the coherence between cannula flow and pleth envelope
signals measured from a person during a full sleep study from the LSH dataset. Note that in this study, the
pleth and cannula flow were not fully synchronized in time. Also, note that the cannula flow in this study
is not really the cannula flow. Rather, the flow is measured by a CPAP machine. For simplicity, we will
continue referring to this flow signal as cannula flow.
[291] Figure 27 is a fourth spectrogram, which shows a coherence spectrogram of cannula flow and pleth
envelope signals measured in a dishonest sleep study. Figure 27 thus shows the coherence between
cannula flow and pleth envelope signals measured from two different people.
[292] There does not appears to be a noticeable pattern in Figure 24, Figure 25, Figure 26, and Figure 27.
Therefore, it is likely that the coherence between cannula flow and pleth envelopes statistic cannot be
used to make a metric for detecting a fraudulent sleep study.
[293] 4.6 Coherence after signal quality check
[294] In this section, we will use the SSQC introduced in section 3.4 to detect all epochs of unacceptable
quality in the sleep recordings used in sections 4.1, 4.2, 4.3, 4.4, and 4.5 and reconstruct the recordings
using only the epochs of acceptable signal quality. Afterwards, we will plot the same plots as Figure 2,
Figure 8, Figure 13, Figure 18, and Figure 23 using the reconstructed signals.
[295] 4.6.1 Preprocessing
[296] All the signals used in this section were preprocessed in the following way:

o All signals were filtered with a 2nd degree Butterworth low-pass filter with cut-off frequency 10

Hz and then down-sampled to a sampling frequency of 20 Hz; and
o The SSQC was used to reject signal epochs of questionable quality for each signal pair before
calculating the coherence

[297] 4.6.2 Coherence between whole ECG and pleth signals
[298] In this subsection, the coherence between whole ECG and pleth signals will be explored. We begin

by plotting the coherence for different recordings.



10

15

20

25

30

35

WO 2018/220606 PCT/IB2018/053993
30

[299] Our proof of concept includes four coherence plots between pleth and ECG signals from four sleep
study recordings. These plots can be seen in Figure 28, which shows a coherence of cleaned ECG and
pleth signals for four sleep studies

[300] The dotted line plot is the coherence between the ECG and pleth signals measured from a relatively
healthy person that participated in a partial sleep study.

[301] The bolded line plot is the coherence between the ECG and pleth signals measured from a person
with severe apnea that participated in a partial sleep study.

[302] The broken line plot is the coherence between the ECG and pleth signals measured from a person
during a full sleep study from the LSH dataset. Note that in this study, the pleth and ECG were not fully
synchronized in time.

[303] The solid line plot is the coherence between the ECG and pleth signals measured from two different
people.

[304] In Figure 28, we can see that there is a difference between the honest and dishonest sleep studies.
That is, the honest sleep studies have much higher coherence on the heart's frequency band than the
dishonest sleep study. This implies that the coherence between the whole ECG and pleth signals could be
used for constructing a metric that determines whether a person cheated in a sleep study.

[305] 4.6.3 Coherence between whole RIP and pleth signals

[306] In this subsection, the coherence between whole RIP and pleth signals will be explored. We begin
by plotting the coherence for different recordings.

[307] Our proof of concept includes four coherence plots between pleth and RIP volume signals from
four sleep study recordings. These plots can be seen in Figures 29(A) and 29(B), which show a coherence
of cleaned RIP volume and pleth signals for four sleep studies.

[308] The dotted line plot is the coherence between the RIP volume and pleth signals measured from a
relatively healthy person that participated in a partial sleep study.

[309] The bolded line plot is the coherence between the RIP volume and pleth signals measured from a
person with severe apnea that participated in a partial sleep study.

[310] The broken line plot is the coherence between the RIP volume and pleth signals measured from a
person during a full sleep study from the LSH dataset. Note that in this study, the pleth and RIP were not
fully synchronized in time.

[311] The solid line plot is the coherence between the RIP volume and pleth signals measured from two
different people.

[312] In Figures 29(A) and 29(B), we can see that there is a noticeable difference between the honest and
dishonest sleep studies. That is, the honest sleep studies have higher coherence on the heart's frequency
band than the dishonest sleep study. This could imply that the coherence between the whole RIP and pleth
signals could be used for constructing a metric that determines whether a person cheated in a sleep study.

[313] 4.6.4 Coherence between whole RIP and pleth envelope signals
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[314] In this subsection, the coherence between whole RIP and pleth envelope signals will be explored.
We begin by plotting the coherence for different recordings.

[315] Our proof of concept includes four coherence plots between pleth envelopes and RIP volume
signals from four sleep study recordings. These plots can be seen in Figures 30(A) and 30(B), which show
a coherence of cleaned RIP volume and pleth envelope signals for four sleep studies.

[316] The dotted line plot is the coherence between the RIP volume and pleth envelope signals measured
from a relatively healthy person that participated in a partial sleep study.

[317] The bolded line plot is the coherence between the RIP volume and pleth envelope signals measured
from a person with severe apnea that participated in a partial sleep study.

[318] The broken line plot is the coherence between the RIP volume and pleth envelope signals measured
from a person during a full sleep study from the LSH dataset. Note that in this study, the pleth and RIP
were not fully synchronized in time.

[319] The solid line plot is the coherence between the RIP volume and pleth envelope signals measured
from two different people.

[320] In Figures 30(A) and 30(B), we can see that there is a noticeable difference between the honest and
dishonest sleep studies. That is, the honest sleep studies have higher coherence than the dishonest sleep
study. This could imply that the coherence between the whole RIP and pleth envelope signals could be
used for constructing a metric that determines whether a person cheated in a sleep study.

[321] 4.6.5 Coherence between whole RIP envelope and pleth envelope signals

[322] In this subsection, the coherence between whole RIP envelope and pleth envelope signals will be
explored. We begin by plotting the coherence for different recordings.

[323[ Our proof of concept includes four coherence plots between pleth envelope and RIP envelope
signals from four sleep study recordings. These plots can be seen in Figures 31(A) and 31(B), which show
a coherence of cleaned RIP volume envelope and pleth envelope signals for four sleep studies

[324[ The dotted line plot is the coherence between the RIP envelope and pleth envelope signals
measured from a relatively healthy person that participated in a partial sleep study.

[325] The bolded line plot is the coherence between the RIP envelope and pleth envelope signals
measured from a person with severe apnea that participated in a partial sleep study.

[326] The broken line plot is the coherence between the RIP envelope and pleth envelope signals
measured from a person during a full sleep study from the LSH dataset. Note that in this study, the pleth
and RIP were not fully synchronized in time.

[327] The solid line plot is the coherence between the RIP envelope and pleth envelope signals measured
from two different people.

[328] In Figures 31(A) and 31(B), we can see that there is a noticeable difference between the honest and

dishonest sleep studies. That is, the honest sleep studies have higher coherence than the dishonest sleep
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study. This could imply that the coherence between the whole RIP envelope and pleth envelope signals
could be used for constructing a metric that determines whether a person cheated in a sleep study.
[329] 4.6.6 Coherence between whole cannula flow and pleth envelope signals
[330] In this subsection, the coherence between whole cannula flow and pleth envelope signals will be
explored. We begin by plotting the coherence for different recordings.
[331] Our proof of concept includes four coherence plots between pleth envelopes and cannula flow
signals from four sleep study recordings. These plots can be seen in Figures 32, which shows a coherence
of cannula flow and pleth envelope signals for four sleep studies
[332] The dotted line plot is the coherence between the cannula flow and pleth envelope signals measured
from a relatively healthy person that participated in a partial sleep study.
[333] The bolded line plot is the coherence between the cannula flow and pleth envelope signals
measured from a person with severe apnea that participated in a partial sleep study.
[334] The broken line plot is the coherence between the cannula flow and pleth envelope signals
measured from a person during a full sleep study from the LSH dataset. Note that in this study, the pleth
and cannula flow were not fully synchronized in time. Also, note that the cannula flow in this study is not
really the cannula flow. Rather, the flow is measured by a CPAP machine. For simplicity, we will
continue referring to this flow signal as cannula flow.
[335] The solid line plot is the coherence between the cannula flow and pleth envelope signals measured
from two different people.
[336] In Figure 32, we can see that there is a noticeable difference between the honest and dishonest sleep
studies. That is, the honest sleep studies have higher coherence than the dishonest sleep study. This could
imply that the coherence between the whole cannula flow and pleth envelope signals could be used for
constructing a metric that determines whether a person cheated in a sleep study.
[337] 5 — Metric analysis and method construction
[338] In this section, we will propose metrics derived from coherence that could be used to determine
whether a patient is cheating in a sleep study. The metrics will be analyzed and in the end of this section, a
method for determining whether a patient is cheating in a sleep study will be proposed.
[339] 5.1 Preprocessing of data used for the analysis
[340[ The data that was used for analyzing these metrics were 108 PSG recordings (originally 113 PSG
recordings but 5 recordings missing signals were removed from the dataset) and 778 PG recordings from
LSH. These recordings were assumed to be honest, that is, none of the patients cheated in their sleep
study. The dataset was preprocessed in the following way.
1. The SSQC was used for flagging epochs of bad quality in the signals in both PSG and PG
recordings. Afterwards, the signals in each recording were down-sampled to 20 Hz and saved

in pickle files.
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2. The preprocessed recordings were split into two sets. The first set remained unchanged and

was called the honest recordings. The second set was called the dishonest recordings and was
changed in the following way:

e For cach pair of two recordings in the dishonest set, we flip-flopped the pleth signal.
That is, the first recording's pleth signal was replaced with the second recording's
pleth signal and vice versa.

The PSG recordings were split into 54 honest and 54 dishonest recordings.
The PG recordings were split into 390 honest and 388 dishonest recordings.
Metrics were calculated from the coherence of signal pairs from preprocessed honest and

dishonest recordings. These metrics are then saved to pickle files.

[341] 5.2 Narrowing down the choices

[342] In the analysis described herein, the following metrics were proposed and considered:

The maximum value of the total coherence

The maximum value of the coherence on a frequency band of interest

The mean value of the total coherence

The mean value of the total coherence on a frequency band of interest

The standard deviation of the total coherence

The standard deviation of the total coherence on a frequency band of interest

The median of the total coherence

The median of the total coherence on a frequency band of interest

The coherence value such that the cumulative sum of the total coherence's histogram is 25%
The coherence value such that the cumulative sum of the total coherence's histogram is 50%
The coherence value such that the cumulative sum of the total coherence's histogram is 75%
The maximum value of the coherence calculated for each epoch

The maximum value of the coherence calculated for each epoch on a frequency band of
interest

The mean value of the coherence calculated for each epoch

The mean value of the coherence calculated for each epoch on a frequency band of interest
The standard deviation of the coherence calculated from each epoch

The standard deviation of the coherence calculated from each epoch on a frequency band of
interest

The median of the coherence calculated for each epoch

The median of the coherence calculated for each epoch on a frequency band of interest

The coherence value such that the cumulative sum of the coherence calculated for each epoch

histogram is 25%
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e The coherence value such that the cumulative sum of the coherence calculated for each epoch
histogram is 50%
e The coherence value such that the cumulative sum of the coherence calculated for each epoch
histogram is 75
[343[ After further analysis, it was decided that although many of the above-listed metrics could be
further relied on, working with the following metrics would be sufficient:
e The mean value of the coherence calculated for each epoch; and
e The mean value of the coherence calculated for each epoch on a frequency band of interest.
[344] These metrics will be reviewed in the next subsection and one of them will serve as the basis for
the method we will introduce in the end of this section.
[345] 5.3 Choosing metric and signal pair
[346] In this subsection, the following chosen metrics will be analyzed:
o Metric W : The mean value of the coherence calculated for each epoch; and
o Metric @ : The mean value of the coherence calculated for each epoch on a frequency band of
interest.
[347] We will begin by analyzing these metrics on each signal-pair combination. Based on the results of
the analysis, we will choose a signal pair alongside a single metric for constructing the cheat detection
method.
[348[ The metrics worked with in this example, were calculated for each 30 second epoch and a typical
sleep study recording is c.a. 8 hours long. Therefore, we got c.a. 960 metric values for each metric for
cach signal pair in a recording. Working with all these values can make the analysis complicated. To
simplify the analysis, we analyzed the following metrics for each signal pair computed for our given
metrics for each 30-second epoch:
o  Metric ¥ : The mean of all values W for a signal pair; and
o Metric @ : The mean of all values @ for a signal pair.
[349] With these new metrics, we will plot them for each signal pair of interest for all our recordings in
the following way
o We label all the recordings with values 0, 1, ....; and
o A scatter plot will be plotted where each Cartesian coordinate (x,y) will signify the metric ¥
or @ for recording x. The point will be labeled with triangles (A) if x is a dishonest recording
or with circles (O) if x is an honest recording.
[350[ Figures 33(A) and 33(B) show metrics ¥ and ® for ECG - pleth signal pairs from all the PSG
recordings
[351] Figures 34(A) and 34(B), and Figures 35(A) and 35(B) show metrics ¥ and @ for for RIP - pleth
signal pairs from all the PSG and PG recordings
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[352[ Figures 36(A) and 36(B), and Figures 37(A) and 37(B) show metrics ¥ and @ for RIP - pleth
envelope signal pairs from all the PSG and PG recordings
[353[ Figures 38(A) and 38(B), and Figures 39(A) and 39(B) show metrics ¥ and @ for RIP envelope -
pleth envelope signal pairs from all the PSG and PG recordings
[354[ Figures 40(A) and 40(B) shows metrics ¥ and ® for cannula flow - pleth envelope signal pairs
from all the PSG and PG recordings
[355] Discernible patterns can be seen in Figures 33(A) and 33(B), Figures 34(A) and 34(B), Figures
35(A) and 35(B), Figures 36(A) and 36(B), Figures 37(A) and 37(B), Figures 38 (A) and 38(B), Figures
39(A) and 39(B), and Figures 40(A) and 40(B). However, the patterns are most discernable in Figures
33(A) and 33(B), Figures 34(A) and 34(B), and Figures 35(A) and 35(B). Therefore, metrics calculated
from the ECG-Pleth and RIP-Pleth signal pairs should be sufficient for our cheat detection method.
[356] We will choose the metric W calculated from the RIP-Pleth signal pairs as the metric for
determining whether a patient is cheating in a sleep study. The reason is that not all sleep studies include
ECG signals and W is a simpler metric than ® that performs slightly better.
[357[ Though not on topic, metric ¥ in Figures 34(A) and 34(B) and Figures 35(A) and 35(B) show the
presence of cardiac artifacts in almost all the RIP recordings. Note that the pleth recordings do have
respiratory effects embedded within but the coherence statistic may not detect the effects since all the
respiratory presence in the pleth may be tied to the pleth signal’s envelope (the respiratory frequency
components are modulated into other frequency components).
[358] 5.4 The chosen metric and signal pair
[359] In this subsection, we will perform statistical analysis on the metrics ¥ and ¥ computed from RIP-
pleth signal pairs. Note that ¥ will be chosen as the metric for determining whether a recording is a cheat
recording since W is calculated epoch-wise and W is a generalization of W for a whole recording. We
included the statistical analysis of W as extra information that could be useful in future analysis.
[360] The metric W
[361] In this subsection, we will analyze W with an epoch-wise histogram. The histogram will work as
the following:

o We collect all metrics W for all epochs for all honest recordings into a flattened array h;

o We collect all metrics W for all epochs for all dishonest recordings into a flattened array d;

and

o We plot the histograms of h and d on the same figure.
[362] We plot these histograms two times. Once for the Abdomen RIP volume — Pleth signal pair and
another for the Thorax RIP volume — Pleth signal pair. Figures 41(A) and 41(B) show a figure with those
histograms.
[363] Figures 41(A) and 41(B) show the epoch-wise histograms of Abdomen RIP volume — Pleth and

Thorax RIP volume — Pleth signal pairs for honest (broken line) and dishonest (solid line) recordings.
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[364] Note that the histograms in Figures 41(A) and 41(B) are not normalized since that action would
make the histograms quite illegible. Figures 41(A) and 41(B) shows that there is a significant difference
between the probability distribution of ¥ computed from epochs from honest sleep recordings and the
probability distribution of W computed from epochs from dishonest sleep recordings.
[365[ The metric ¥
[366] In this subsection, we will analyze ¥ by comparing the probability distributions of ¥ for honest
recordings and W for dishonest recordings. For simplicity, we will use the following notation from here
on:
®  Rgpdomen: Array of all metrics ¥ computed from Abdomen RIP — Pleth signal pairs from the
honest recordings;
*  dgpaomen: Array of all metrics ¥ computed from Abdomen RIP — Pleth signal pairs from the
dishonest recordings;
®  Rihorax: Array of all metrics ¥ computed from Thorax RIP — Pleth signal pairs from the
honest recordings; and
®  diporax: Array of all metrics ¥ computed from Thorax RIP — Pleth signal pairs from the
dishonest recordings.
[367] First, we will show that it is sufficient to assume that the probability distributions are Gaussian.
Next, we will analyze the probability distributions.
[368] 5.4.2.1 Can we assume that the distributions are Gaussian?
[369[ Before calculating some statistical properties from Agpgomens Capdomens Pehorax> and Reporax. We
removed all the NaN values from those arrays. ¥ is NaN for recordings where either one of the signal
pairs (RIP or Pleth) did not pass the signal quality check.
[370] Table 1 contains the sizes of Rypgomen> Cabdomens Pehorax> N Renoras after the NaN values were

removed.

Table 1: The number of elements in Rypg0men. abdomens Pehorax, aNd Aeporas after all the NaN

values were removed

i = Abdomen i = Thorax
Number of elements in h; 437 435
Number of elements in d; 394 395

[371] Table 2 shows the statistical properties of the values in Rgpgomens Capdomens Pehoraxs a4 Aenorax-
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Table 2: Statistical properties of values in hgpgomen> Qapdomens Pthorax> A Atrorax

i = Abdomen i = Thorax
Mean of h; 0.5001 0.4870
Standard deviation of | 0.0472 0.0418
Honest recordings | p,
Kurtosis of h; 0.5550 1.5320
Skewness of h; -0.1984 0.1795
Mean of d; 0.3383 0.3384
Standard deviation of | 0.0023 0.0023
Dishonest d;
recordings Kurtosis of d; -0.0386 0.2630
Skewness of d; 0.2159 0.2419

[372] As can be seen in Table 2, it is reasonable to assume that Aypg0men> abdomen aNd diporax have
Gaussian probability distributions since their kurtosis and skewness are not too far away from zero. The
term Agp o0, has an albeit high kurtosis, that is, the probability distribution has a sharper curve than the
Gaussian distribution. Since the kurtosis is positive, modeling the probability distribution of hyp g, With
a Gaussian distribution would give a worst-case estimate if we assume no skewness. For that reason, we
will assume that h;p, 0,4, has a Gaussian distribution.

[373] Note that the skewness is often above 0 in Table 2 so our Gaussian distribution assumption may be
a bit liberal. The skewness is though not too far from zero so the uncertainty should be small.

[374] 5.4.2.2 Analyzing the distributions

[375] Using the reasoning from section 5.4, we will assume that 2,p40men» Qabdomens Pthoraxs and
dthorax have Gaussian distributions with the means and standard deviations shown in Table 2.

[376] Figure 42 shows the cumulative distribution functions of ¥ for honest (circled line) and dishonest
(solid ling) recordings derived from the Abdomen RIP — Pleth signal pair.

[377] Figure 43 shows the cumulative distribution functions of ¥ for honest (circled line) and dishonest
(solid line) recordings derived from the Thorax RIP — Pleth signal pair.

[378] Note that the reason we are looking at the cumulative distribution functions instead of the
probability distribution functions is that plotting the probability distribution functions for honest and
dishonest recordings together would look illegible.

[379] Note that Figure 42 and Figure 43 also show the maximum intersection between the probability
distributions of g p40men and dgpgomen» and the probability distributions of hiporaxr and deporax. The
intersection was computed with the method described in section 3.5 of this disclsoure.

[380] The intersection values alongside some statistical information can be found in Table 3.
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Table 3: Maximum intersection of ¥ alongside statistical information

Abdomen — Pleth Thorax — Pleth
pair pair
Intersection Wy 0.34764 0.34785
Probability that a recording with | 0.99998 0.99998
Y < Y, is dishonest
Probability that a recording with | 0.00002 0.00002
Y > Y, is dishonest
Probability that a recording with | 0.00062 0.00044
Y < W, is honest
Probability that a recording with | 0.99938 0.99956
Y > W, is honest

[381] Table 3 shows that the intersection values ¥, for Abdomen RIP volume — Pleth and Thorax RIP
volume - Pleth pairs are suitable threshold values for determining whether a sleep recording is fraudulent.
That is, if a certain recording has a metric ¥ < W, then we can classify the recording as fraudulent.
Otherwise, we can classify the recording as honest.
[382] 5.4.3 Testing the threshold values on the LSH dataset
[383] An idea of a classification method was mentioned in [373] and can be summarized as the
following:
Given a metric ¥ computed from a recording, if ¥ < Wy, then we can classify the recording that
Y belongs to as fraudulent. Otherwise, we can classify the recording that ¥ belongs to as honest.
[384[ The metric ¥, is assumed to be the either one of the intersection values from Table 3, depending on
if we computed ¥ from Abdomen RIP volume — pleth or Thorax RIP volume — pleth signal pairs.
[385] Table 4 shows the performance of this classification method on our LSH dataset compared to its

real classification if ¥ computed from Abdomen RIP volume — Pleth signal pairs.

Table 4: Confusion matrix for analyzing the performance of a cheat detection classification

method using metrics ¥ computed from Abdomen RIP volume — Pleth signal pairs

Predictive condition
Honest recording Dishonest Recording
True Honest recording 434 3
condition | Dishonest recording 0 394

[386] Table 5 shows the performance of this classification method on our LSH dataset compared to its

real classification if ¥ computed from Abdomen RIP volume — Pleth signal pairs.
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method using metrics ¥ computed from Thorax RIP volume — Pleth signal pairs

Predictive condition
Honest recording Dishonest Recording
True Honest recording 432 3
condition | Dishonest recording 0 395

[387] Table 4 and Table 5 show the performance of the classification method is quite good.
[388] Since there are only three outliers, it is within our scope to check these recordings individually.
Note that the outliers in Table 4 and Table 5 come from the same recordings. Table 6 shows the metrics

computed for these three outliers.

Table 6: Metrics computed from the three outliers

¥ computed from Abdomen | ¥ computed from
RIP volume — Pleth pair Thorax RIP volume —
Pleth pair
Recording 1 0.34327 0.34336
Recording 2 0.34149 0.34139
Recording 3 0.34453 0.34137

[389] As can be seen in Table 6, the metrics of the outliers do not deviate far from the threshold metrics
given in Table 3. Therefore, one can assume that these recordings were close from passing the cheat
detection test.
[390] Figures 44(A), 44(B), and 44(C) show the first outlier recording. The signal quality checker is
going a bit overboard. This implies that the cheat detection test may be improved by improving the
performance of the signal quality checker.
[391] Figures 45(A), 45(B), and 45(C) show a part of the second recording. It shows that there are
sometimes odd changes in the envelope of the pleth signal. These changes do not seem to be related to the
respiratory signals as the RIP signals in these figures seem quite stable (the amplitude of the breaths is not
changing dramatically). These changes in the pleth signal could be due to some built-in preprocessing
methods in the oximeter or a patient with some special physiological processes.
[392] The third recording seemed normal though, except that the quality of the RIP signal epochs that
passed the SSQC were sometimes a bit lax.
[393] 5.5 Constructing the cheat detection method
[394] Using the findings from this disclosure, we propose the following method for determining whether
a sleep study recording is fraudulent:

1. Extract the following signals from a given recording:

a. Abdomen RIP volume signal as A4,

b. Thorax RIP volume signal as T, and
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c. Fingertip plethysmography signal as P;
2. Resample A, T, and P to a sampling frequency of 20 Hz;
3. Split A, T, and P into 30 second epochs and denote the ith epoch of A as 4;, the ith epoch of
T as T;, and the ith epoch of P as P;;
4. Runthe SSQC on signals A, T, and P such that the state variable SA; denotes the quality of
epoch 4;, ST; denotes the quality of epoch T;, and SP; denotes the quality of epoch P;;
(Note that SSQX is also dependent on a separate flow signal (from cannula or CPAP) and
oximeter signals (spo2 and pulse).
Also, note that we assume that a state variable takes a value True if the corresponding epoch is of
acceptable quality and False if the corresponding epoch is of unacceptable quality.)
5. Calculate the mean of the coherence between A; and P; if both SA; and SP; are True, for all i,
then store these mean values in the vector my;
6. Calculate the mean of the coherence between T; and P; if both ST; and SP; are True, for all &.
Then store these mean values in the vector my;
7. Calculate the metric ¥, := mean(my,) for Abdomen RIP volume — Pleth signal pair;
8. Calculate the metric W := mean(my) for Thorax RIP volume — Pleth signal pair; and
9. If¥, < 0.34764 or Y7 < 0.34785, then classify the sleep study recording as fraudulent.
Otherwise, classify the sleep study recording as honest.
[395] Note that this method gives the same result as Table 4 and Table 5 if it is applied on our LSH
dataset.
[396] 6 — Discussion
[397] In this section, we will list the outcomes of this disclosure alongside what could have done better
and how to improve the work in this disclosure.
[398] To summarize, in this disclosure we determined that calculating a metric from the coherence
between RIP signals and a fingertip plethysmography signal could give an idea of whether a person is
cheating in a sleep study. A method was proposed based on that metric and it performed well on a large
given dataset.
[399] Another significant result from this disclosure is that the analysis methods used implied that cardiac
artifacts can virtually be found in any RIP signal (see section [344] of the present disclosure).
[400] In this disclosure, all the data in the LSH dataset could have been used in this disclosure’s analysis.
That is, alternatively, instead of splitting our LSH dataset into two parts and turning the other part into
dishonest sleep recordings, we could have used the whole dataset as honest recording and a mixed copy of
itself as the dishonest sleep studies.
[401] Further, the signal quality checker could be improved to validate the proposed cheat detection
method on another large dataset.

[402] 7 - Conclusion
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[403] In this section, we conclude on the results from the study listed above. It is evident that the method
used can be effectively applied on datasets containing signals from standard sleep studies. As expected,
pre-processing the signals and identifying the time periods that gave useful signals improved the
efficiency of the method and proved to be important. The tools and mathematics used above are, however,
only examples of how the method can be implemented but the tools used are different between
applications and signal types and the methods above are therefore in no way fully covering all the possible
ways of implementing coherence for conforming that signals are originated from a single person.

[404] According to the present disclosure, the following methods or any combination or permutation of
the following methods and steps and features are provided for determining a correspondence of data
obtained in a physiological study of a subject comprising, the method first comprising: extracting a first
signal from the physiological study; extracting a second signal from the physiological study; determining
a coherency value between components of the extracted first signal and components of the extracted
second signal; and determining the correspondence of data of the physiological study based on the
determined coherency value. According to the method, the first signal and the second signal is obtained by
ong or more biometric sensors, and data of the first signal and data of the second signal are stored on a
memory storage.

[405] The physiological study may be a sleep study.

[406] The methods may further comprise obtaining the first signal and the second signal using the same
biosensor device.

[407[ The methods may further comprise determining a correspondence of the physiological study data
based on the determined correspondence of the first signal and the second signal.

[408] The methods may further comprise determining a quality of the physiological study data based on
the determined correspondence of the first signal and the second signal.

[409[ The methods may further comprise sampling the first signal at a first sampling frequency.

[410] The methods may further comprise separating a first frequency component from the first signal.
[411] The methods may further comprise sampling the second signal at a second sampling frequency.
[412] The methods may further comprise separating a second frequency component from the second
signal.

[413] The methods may further comprise determining a presence within the first signal and the second
signal of a trigger signal portion of a same physiological origin.

[414] The first sampling frequency may be the same as the second sampling frequency.

[415] The methods may further comprise breaking the first signal into one or more independent
frequency components.

[416] The methods may further comprise breaking the first signal into a primary signal and one or more
secondary signals, a frequency of components of the secondary signals of the first signal being largely

separated from a frequency of the primary signal of the first signal.
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[417] The methods may further comprise breaking the second signal into one or more independent
frequency components.

[418] The methods may further comprise breaking the second signal into a primary signal and one or
more secondary signals, a frequency of components of the secondary signals of the second signal being
largely separated from a frequency of the primary signal of the second signal.

[419] The methods may further comprise identifying a common physiological event shown in both the
first signal and the second signal.

[420] The common physiological event may include, but is not limited to, respiration, heartbeat, body
movement, brain activity, skin conductance, muscle tone, eye movement, or sound.

[421] The common physiological event may also include, but is not limited to, coupling between
physiological events such as respiration and heart beating, or the time from a heart beat occurring to the
time a pulse arrives at a location away from the heart.

[422] The step of determining the coherency value may be based on a determination of a coherency
between the first frequency component of the first signal at the first sampling frequency and the second
frequency component the second signal at the second sampling frequency.

[423] The first signal or the second signal may be a respiratory inductance plethysmography (RIP) signal.
[424] The respiratory inductance plethysmography (RIP) signal may include an abdomen respiratory
inductance plethysmography (RIP) signal.

[425] The respiratory inductance plethysmography (RIP) signal may include a thorax respiratory
inductance plethysmography (RIP) signal.

[426] The first signal or the second signal may be a plethysmography signal, a fingertip plethysmography
signal, an electrocardiogram (ECG) signal, or a cannula flow signal.

[427] The step of determining the coherency value may include measuring coupling strength of common
harmonics between the first signal and the second signal, and determining whether at least some
components of the first signal and the second signal come from a common physiological origin.

[428] The method may further comprise sampling a first frequency band of the first signal at a first
sampling frequency; and sampling a second frequency band of the second signal at a second sampling
frequency, wherein the first signal is an electrocardiogram (ECQ) signal, the second signal is a
plethysmography signal, and the first frequency band and the second frequency band are a frequency band
including the heart rate and harmonics of the heart rate in the subject during the physiological study.
[429] The method may further comprise filtering the first signal and the second filter with a low-pass
filter.

[430] The method may further comprise determining an envelope for the first signal or the second signal.
[431] The method may further comprise determining the envelope for the first signal or the second signal
may include detecting peaks of the first signal or the second signal.

[432] The method may further comprise interpolating the peaks of the first signal or the second signal.
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[433] Interpolating the peaks of the first signal or the second signal includes interpolating the peaks of the
first signal or the second signal with a B-spline interpolation.

[434] The first signal may be a respiratory inductance plethysmography (RIP) signal, the minimum peak
of the first signal may be set to zero, and the minimum distance between peaks of the first signal may be
about 2 seconds.

[435] The first signal may be a respiratory inductance plethysmography (RIP) signal, and the minimum
distance between peaks of the first signal may be about 2 seconds.

[436] The second signal may be a fingertip plethysmography signal, the minimum peak of the second
signal may be set to 4,000, and the minimum distance between peaks of the second signal may be about
0.3 seconds.

[437] The second signal may be a plethysmography signal, and the minimum distance between peaks of
the second signal may be about 0.3 seconds.

[438] The method may further comprise passing the detected peaks through a heart variability correction
test before the envelope is interpolated.

[439] The method may further comprise determining a quality of the first signal or a quality of the second
signal.

[440] The method may further comprise determining whether the first signal or the second signal is
within a data quality threshold; and selecting data to be used in the step of determining the coherency
value from one or more periods of the physiological study in which the first signal and the second signal
is within the data quality threshold.

[441] The step of determining the coherency value may include using a coherence spectrogram.

[442] The method according to an embodiment, includes sampling a first frequency band of the first
signal at a first sampling band; and sampling a second frequency band of the second signal at a second
sampling band. The first signal is a respiratory inductance plethysmography (RIP) signal, the second
signal is a plethysmography signal, and the first sampling band and the second frequency band are the
frequency band of a heart beat and the harmonics of the heart beat in the subject during the physiological
study.

[443] The plethysmography signal may be a fingertip plethysmography signal.

[444[ The first signal or the second signal may be a whole signal.

[445] The first signal or the second signal may be a portion of a signal from a determined epoch.

[446] The first signal may be a plethysmography signal, and the method may further comprise
determining an envelope for the first signal to obtain information regarding respiration of the
physiological study.

[447] The method may further comprise sampling a first frequency band of the first signal at a first
sampling frequency; and sampling a second frequency band of the second signal at a second sampling

frequency, wherein the first signal is a respiratory inductance plethysmography (RIP) signal, the second
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signal is a plethysmography signal, the method further comprises determining an envelope for the first
signal and for the second signal, and the first frequency band and the second frequency band are a
frequency band comprising the respiration frequency and its harmonics of the subject during the
physiological study.

[448] According to the present disclosure, one or more computer-readable mediums may be provided
having stored thereon executable instructions that when executed by the one or more processors configure
a computer system to perform any of the above-described methods or combinations or permutations of the
above-described methods, including at least the following: extract a first signal from a physiological
study; extract a second signal from the physiological study; determine a coherency value between
components of the extracted first signal and components of the extracted second signal; and determine the
correspondence of the physiological study data based on the determined coherency value.

[449] According to the present disclosure, the following systems or any combination or permutation of
the following systems and features are provided to determine a correspondence of data of a physiological
study, the system comprising: one or more processors; and one or more memory storages, wherein the one
or more memory storages have stored thereon the data of the physiological study, and the one or more
processors are configured to perform the following extract a first signal from a physiological study;
extract a second signal from the physiological study; determine a coherency value between components of
the extracted first signal and components of the extracted second signal; and determine the
correspondence of the data of the physiological study based on the determined coherency value.

[450] The physiological study may be a sleep study.

[451] The system may further comprise a first biosensor configured to obtain the first signal in the
physiological study.

[452] The system may further comprise a second biosensor configured to obtain the second signal in the
physiological study.

[453] The system may further comprise a biosensor configured to obtain the first signal and the second
signal in the physiological study.

[454] The one or more processors may be configured to determine a correspondence of the physiological
study data based on the determined correspondence of the first signal and the second signal.

[455] The one or more processors may be configured to determine a quality of the physiological study
data based on the determined correspondence of the first signal and the second signal.

[456] The system may further comprise a first biosensor configured to obtain the first signal and a second
biosensor configured to obtain the second signal.

[457] The system may further comprise a memory unit or memory storage configured to receive and store
the first signal output from the first biosensor and the second signal output from the second biosensor.
[458] The first signal may be sampled at a first sampling frequency.

[459] The system may be configured to separate a first frequency component from the first signal.
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[460] The second signal may be sampled at a second sampling frequency.

[461] A second frequency component may be separated by the system from the second signal.

[462] A presence within the first signal and the second signal of a trigger signal portion of a same
physiological origin may be determined by the system.

[463] The the first sampling frequency may be the same as the second sampling frequency.

[464] The first signal may be broken into one or more independent frequency components.

[465] The first signal may be broken by the system into a primary signal and one or more secondary
signals, a frequency of components of the secondary signals of the first signal being largely is separated
from a frequency of the primary signal of the first signal.

[466] The second signal may be broken or separated by the system into one or more independent
frequency components.

[467] The second signal may be broken into a primary signal and one or more secondary signals, a
frequency of components of the secondary signals of the second signal is largely separated from a
frequency of the primary signal of the second signal.

[468] A common physiological event shown in both the first signal and the second signal may be
identified by the system.

[469] The common physiological event may include but is not limited to, respiration, heartbeat, body
movement, brain activity, skin conductance, muscle tone, eye movement, or sound.

[470] The common physiological event may also include, but is not limited to, coupling between
physiological events such as respiration and heart beating, or the time from a heart beat occurring to the
time a pulse arrives at a location away from the heart.

[471] The coherency value may be determined by the system based on a determination of a coherency
between the first frequency component of the first signal at the first sampling frequency and the second
frequency component the second signal at the second sampling frequency.

[472] The first signal or the second signal may be a respiratory inductance plethysmography (RIP) signal.
[473] The respiratory inductance plethysmography (RIP) signal may include an abdomen respiratory
inductance plethysmography (RIP) signal.

[474] The first signal or the second signal may be a plethysmography signal.

[475] The respiratory inductance plethysmography (RIP) signal may include a thorax respiratory
inductance plethysmography (RIP) signal.

[476] The first signal or the second signal may be a fingertip plethysmography signal, an
electrocardiogram (ECG) signal, or a cannula flow signal.

[477] The coherency value may be determined by the system based at least in part on measuring coupling
strength of common harmonics between the first signal and the second signal, and determining whether at
least some components of the first signal and the second signal come from a common physiological

origin.
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[478] The system may be configured to sample a first frequency band of the first signal at a first sampling
frequency is sampled; and a second frequency band of the second signal at a second sampling frequency is
sampled, and where the first signal is an electrocardiogram (ECG) signal, the second signal is a
plethysmography signal, and the first frequency band and the second frequency band are a frequency band
including the heart rate and harmonics of the heart rate in the subject during the physiological study.
[479] The first signal and the second filter may be filtered with a low-pass filter.

[480] The system may be configured to determine an envelope for the first signal or the second signal.
[481] The envelope for the first signal or the second signal may be determined by the system based at
least in part on detecting peaks of the first signal or the second signal.

[482] The systems may be configured to interpolate peaks of the first signal or the second signal.

[483] Interpolating the peaks of the first signal or the second signal may include interpolating the peaks
of the first signal or the second signal with a B-spling interpolation.

[484] The first signal may be a respiratory inductance plethysmography (RIP) signal, the minimum peak
of the first signal may be set to zero, and the minimum distance between peaks of the first signal may be
about 2 seconds.

[485] The first signal may be a respiratory inductance plethysmography (RIP) signal, and the minimum
distance between peaks of the first signal may be about 2 seconds.

[486] According to the systems, the second signal may be a fingertip plethysmography signal, the
minimum peak of the second signal may be set to 4,000, and the minimum distance between peaks of the
second signal may be about 0.3 seconds.

[487] The second signal may be a plethysmography signal, and the minimum distance between peaks of
the second signal may be about 0.3 seconds

[488] The detected peaks may be passed through a heart variability correction test by the system before
the envelope is interpolated.

[489] The a quality of the first signal or a quality of the second signal may be determined by the system.
[490] The system may make a determination of whether the first signal or the second signal is within a
data quality threshold; and select data to be used in the step of determining the coherency value from one
or more periods of the physiological study in which the first signal and the second signal is within the data
quality threshold.

[491] The systems may determine the coherency value includes using a coherence spectrogram.

[492] The systems may bay be configured to: sample a first frequency band of the first signal at a first
sampling frequency; and sample a second frequency band of the second signal at a second sampling
frequency, where the first signal is a respiratory inductance plethysmography (RIP) signal,

the second signal is a plethysmography signal, and the first sampling band and the second sampling band
are a frequency band of a heart eat and the harmonics of the heart beat in the subject during the

physiological study.
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[493] The plethysmography signal may be a fingertip plethysmography signal.

[494[ The first signal or the second signal may be a whole signal.

[495] The first signal or the second signal may be a portion of a signal from a determined epoch.

[496] The first signal may be a plethysmography signal, and the system may be configured to determine
an envelope for the first signal to obtain information regarding respiration of the physiological study.
[497] The systems may be further configured to sample a first frequency band of the first signal at a first
sampling band; and sample a second frequency band of the second signal at a second sampling band,
where the first signal is a respiratory inductance plethysmography (RIP) signal, the second signal is a
plethysmography signal, the method further comprises determining an envelope for the first signal and for
the second signal, and the first sampling band and the second sampling band are frequency band including
a respiration frequency and its harmonics of the subject during the physiological study.

[498] Also according to the present disclosure, a method for maintaining a chain of custody of
physiological study data for a subject is provided, comprising any of the above-described methods or
combinations or permutations of the above-described methods, including at least the following the method
comprising: providing to the subject a physiological study system, the physiological study system
including one or more sensors configured to obtain physiological study data, the physiological study data
including a first signal from the physiological study and a second signal from the physiological study;
obtaining a confirmation that the one or more sensors have been placed on the subject; receiving the
physiological study data; extracting a first signal from the physiological study; extracting a second signal
from the physiological study; determining a coherency value between components of the extracted first
signal and components of the extracted second signal; and determining the correspondence of the
physiological study data based on the determined coherency value. The physiological study may be a
sleep study.

[499] Certain terms are used herein throughout the description and claims to refer to particular methods,
features, or components. As those having ordinary skill in the art will appreciate, different persons may
refer to the same methods, features, or components by different names. This disclosure does not intend to
distinguish between methods, features, or components that differ in name but not function. The figures are
not necessarily to scale. Certain features and components herein may be shown in exaggerated scale or in
somewhat schematic form and some details of conventional elements may not be shown or described in
interest of clarity and conciseness.

[S00[ Although various example embodiments have been described in detail herein, those skilled in the
art will readily appreciate in view of the present disclosure that many modifications are possible in the
example embodiments without materially departing from the concepts of present disclosure. Accordingly,
any such modifications are intended to be included in the scope of this disclosure. Likewise, while the
disclosure herein contains many specifics, these specifics should not be construed as limiting the scope of
the disclosure or of any of the appended claims, but merely as providing information pertinent to one or

more specific embodiments that may fall within the scope of the disclosure and the appended claims. Any
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described features from the various embodiments disclosed may be employed in combination. In addition,
other embodiments of the present disclosure may also be devised which lie within the scopes of the
disclosure and the appended claims. Each addition, deletion, and modification to the embodiments that
falls within the meaning and scope of the claims is to be embraced by the claims.

[S01] Certain embodiments and features may have been described using a set of numerical upper limits
and a set of numerical lower limits. It should be appreciated that ranges including the combination of any
two values, ¢.g., the combination of any lower value with any upper value, the combination of any two
lower values, and/or the combination of any two upper values are contemplated unless otherwise
indicated. Certain lower limits, upper limits and ranges may appear in one or more claims below. Any
numerical value is “about™ or “approximately” the indicated value, and takes into account experimental

error and variations that would be expected by a person having ordinary skill in the art.
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WHAT IS CLAIMED:

1. A method for determining a correspondence of data of a physiological study, the method comprising:
extracting a first signal from the physiological study;
extracting a second signal from the physiological study, the first signal and the second signal being
obtained by one or more biometric sensors, and data of the first signal and data of the second signal
being stored on a memory storage;
determining a coherency value between components of the extracted first signal and components of
the extracted second signal; and
determining the correspondence of the physiological study data based on the determined coherency

value.

2. The method according to claim 1, wherein the physiological study is a sleep study.

3. The method according to claim 1, further comprising determining a presence within the first signal and

the second signal of a trigger signal portion of a same physiological origin.

4. The method according to claim 1, wherein the first signal or the second signal is a respiratory
inductance plethysmography (RIP) signal, a photoplethysmography signal, an electrocardiogram (ECG)

signal, a cannula flow signal, accelerometer signal, or an audio signal.

5. The method according to claim 1, wherein the step of determining the coherency value is based on a
determination of a coherency between a first frequency component of the first signal and a second

frequency component of the second signal.

6. The method according to claim 1, further comprising identifying a common physiological event present

in both the first signal and the second signal.

7. The method according to claim 6, wherein the common physiological event includes respiration,
heartbeat, body movement, brain activity, skin conductance, muscle tone, eye movement, or sound, or

coupling between physiological events.

8. The method according to claim 1, wherein the step of determining the coherency value includes
measuring a coupling strength of common harmonics between the first signal and the second signal, and
determining whether at least some components of the first signal and the second signal originate from a

common physiological origin.
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9. The method according to claim 1, further comprising:
sampling a first frequency band of the first signal at a first sampling frequency; and

sampling a second frequency band of the second signal at a second sampling frequency.

10. The method according to claim 9, wherein
the first signal is a respiratory inductance plethysmography (RIP) signal,
the second signal is a photoplethysmography signal, and
the first frequency band and the second frequency band include the heart rate and harmonics of the

heart rate in the subject during the physiological study.

11. A system to determine correspondence of data of a physiological study, the system comprising:

one or more processors; and

one or more memory storages, wherein the one or more memory storages have stored thereon the data

of the physiological study,

wherein the one or more processors are configured to perform the following
extract a first signal from the physiological study;
extract a second signal from the physiological study, the first signal and the second signal being
obtained by one or more biometric sensors, and data of the first signal and data of the second
signal being stored on the one or more memory storage devices;
determine a coherency value between components of the extracted first signal and components of
the extracted second signal; and
determine the correspondence of the physiological study data based on the determined coherency

value.

12. The system according to claim 11, wherein the physiological study is a sleep study.

13. The system according to claim 11, wherein the one or more processors are further configured to
determine a presence within the first signal and the second signal of a trigger signal portion of a same

physiological origin.

14. The system according to claim 11, wherein the first signal or the second signal is a respiratory
inductance plethysmography (RIP) signal, a photoplethysmography signal, an electrocardiogram (ECG)

signal, or a cannula flow signal.

15. The system according to claim 11, wherein the one or more processors are further configured to
determine the coherency value based on a determination of a coherency between a first frequency

component of the first signal and a second frequency component of the second signal.
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16. The system according to claim 11, wherein the one or more processors are further configured to

identify a common physiological event present in both the first signal and the second signal.

17. The system according to claim 16, wherein the common physiological event includes respiration,
heartbeat, body movement, brain activity, skin conductance, muscle tone, eye movement, or sound, or

coupling between physiological events.

18. The system according to claim 11, wherein the one or more processors are further configured to
determine the coherency value by measuring a coupling strength of common harmonics between the first
signal and the second signal, and determining whether at least some components of the first signal and the

second signal originate from a common physiological origin

19. The system according to claim 11, wherein the one or more processors are further configured to:
sample a first frequency band of the first signal at a first sampling frequency; and

sample a second frequency band of the second signal at a second sampling frequency.

20. A method for maintaining a chain of custody of data of a physiological study of a subject, the method
comprising:
providing to the subject a physiological study system, the physiological study system including one or
more sensors configured to obtain physiological study data, the physiological study data including a
first signal from the physiological study and a second signal from the physiological study, and data of
the first signal and data of the second signal being stored on a memory storage;
obtaining a confirmation that the one or more sensors have been placed on the subject;
receiving the physiological study data; and

determining a correspondence of the data of the physiological study according to claim 1.

21. One or more computer-readable mediums having stored thereon executable instructions that when
executed by one or more processors configure a computer system to perform at least the following:
extract a first signal from the physiological study;
extract a second signal from the physiological study, the first signal and the second signal being
obtained by one or more biometric sensors, and data of the first signal and data of the second signal
being stored on the one or more memory storage device;
determine a coherency value between components of the extracted first signal and components of the
extracted second signal; and
determine the correspondence of the physiological study data based on the determined coherency

value.
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