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Methods for Reducing Neise in Optical Bislogical Sensors

BACKGROUND

186611 Unless otherwise indicated herein, the materials described in this section are not prior
art to the claims in this application and are not admitted to be prior art by mclasion in this
section.

[B062] A number of scientific methods have been developed in the medical ficld to evaluate
physiological conditions of a person by detecting and/or measuring one or more analytes in 4
person’s blood or other bodily fluids or tissees. The one or more analytes could be any
analytes that, when present in or absent from the blood, or present at 8 particular
concentration or range of concentrations, may be indicative of a medical condition or health
state of the person. The one or more analytes could include enzymes, reagents, hormones,
proteins, cells or other molecules, such as carbohydrates, ¢.g., glucose.

{6883} In a typical scenario, a person’s blood 18 drawn and cither sent to a lab or input into &
handheld testing device, such as a glucose meter, where one or more tests are performed to
measure various analyte levels and parameters in the blood. For most people, the blood tests
are infrequent, and an abnormal analyie level ndicative of 3 medical condition may not be
identified vntil the next blood test is performed. Even in the case of relatively frequent blood
testing, such as may be found with those with diabetes, who regularly draw blood to test for
blood glucose concentration, those blood tests are typically performed when the user is
awake, although the blood glucose levels (and potential variations in such levels) ocourring
during the night could provide important information to assist a physician in assessing that
person’s medical condition. Further, most known methods of analyte detection and analysis
require the collection of blood or other bodily fluid samples, which may be inconvenient,
nvasive and require significant patient comphiance.

166834] Morcover, some blood analytes are particularly difficult to identify and quantify with
conventional sensing techmiques. For small or rarified analytes, sach as circulating tomor
cells, for example, only | such cell may be present in 10ml. of blood. Impractically large
quantitics of blood would have to be drawn or otherwise sampled and analyzed in order to
catch such cells with statistical significance.

1#665] Methods for analyte detection and charactorization often soffer from a low signal-to-

noise ratio (SNR), since the signal obtained froms the analyte (in general, a small object) 15
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typically weak in comparison to the background. This can make discerning between target
analytes present in the blood, versus other analytes, particles, and tissues, ¢ic. present in the
blood and clsewhere in the body can be very difticult, especially where the measurements arc
taken non-invasively from outside the body. This is particularly true with some methods of
analyte characterization, such as optical methods, or where the target analytes are rare in the
blood or are of a relatively small size. Accordingly, such measurements can be much more
time consuming (f a large volume of blood must be analyzed), less sensitive, less specific
and generally less informative on the whole. For example, with fluorescence detection
techniques, it is often difficult to obtain highly sensitive measurements of a target analyie
because other tissues, cells, and molecules i the body may have some inherent fluorescent

properties, ereating a high level of backgroumd notse.

SUMMARY

[8866] In a first aspect, a method i3 provided. The method includes providing, in a wearable
medical diagnostic device, a first and a sccond optical signal transmitted from within a lomen
of subsurface vasculature. The first optical signal includes an unfiltered target signal and a
first noise signal. The second optical signal includes a second noise signal. The first and
second noise signals are correlated and a quotient of the unfiltered target signal and the first
noise signal includes an unfiliered signal to voise ratic.  The method further includes
determining a filtered signal, based at least on the unfiltered target signal, the first noise
signal, and the second noise signal. The filtered signal includes a filtered target signal and a
filtered noise signal. A guotient of the filiered target signal and the filtered noise signal
includes a filtered signal o noise ratio in which the filtered signal to noise ratio is higher than
the unfiltered signal {0 noise ratio.

{8387} In 2 second aspect, a wearable medical diagnostic device is provided. The wearable
medical diagnostic device inchides at least one detector and a computing device. The at least
one detector 1s configured to provide an unfilicred target signal, a first noise signal, and &
seccond noise signal. The unfiltered tavget signal is transmitted substantially from within a
tamen of subsurface vascodature. The first and second noise signals are correlated and a
guoticnt of the unfiltered target signal and the first noise signal includes an vnfiltered signal
to noise ratio. The computing device 18 configured to determine @ filtered signal, based at
feast on the unfiltered target signal, the fivst noise signal, and the second noise signal. The

filtered signal inchades a filteved target signal and a filiered noise signal. A quotient of the
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filtered target signal and the filtered noise signal includes a filtered to noise ratio in which the
filtered signal o noise ratio is higher than the unfiltered signal o noise ratio.

[G0GR] In a third aspect, a von-transitory computer readable medunm is provided. The non-
transitory computer readable medivm includes mstructions executable by a computing device
to cause the computing device 1o perform functions, the fimetions including receiving, in a
wearable medical diagnostic device, a first and a second optical signal transmitted from
within a lumen of subsurface vasculature. The first optical signal includes an unfiltered
target signal and a first noise signal. The second optical signal inchides a sccond noise
signal The first and sccond noise signals are correlated. The quotient of the unfiltered target
signal and the first neise signal includes an unfiliered signal to noise ratio. The functions
further include determining a filtered signal, based at least on the unfiltered target signal, the
first notse signal, and the second notse signal. The filiered signal includes a filiered target
signai and a filtered noise signal. A quotient of the filtered target signal and the filtered noise
signal focludes a filtered signal to noise ratio in which the filtered signal to noise ratio s
higher than the unfiltered signal to noise ratio.

[6869] These as well as other aspects, advantages, and alternatives, will become apparent to
those of ordinary skill in the art by reading the following detailed description, with reference

where appropriate to the accompanying drawings.
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BRIEF BESCRIPTION OF THE DRAWINGS
[6018] Figure 1 is a perspective view of an example wearabic device, according to an
illustrative embodiment.
{8811} Figure 2A 15 a perspective top view of an example wrist-mounted device, when
mounted on a wearer’s wrist, according to an illustrative embodiment.
{6812} Figure 2B is  perspective bottom view of an example wrist-mounted device shown in
Figure 2A, when mounted on a wearer’s wrist, according 1o an illustrative embodiment.
[66813] Figure 3A is a perspective botiom view of an example wrist-mounted device, when
mounted on 8 wearer’s wrist, according to an ilustrative embodiment.
{6814} Figure 3B is a perspective top view of an exaraple wrist-mowded device shown in
Figure 3A, when mounted on a wearer’s wrist, according to an illustrative embodiment.
[8815] Figure 3C 13 a perspective view of an example wrist-mounted device shown in
Figures 3A and 3B, according to an illusirative cmbodiment.
1616} Figure 4A is a perspective view of an example wrist-oounted device, according to an
ithustrative embodiment.
{8817} Figure 4B is a perspective bottom view of an example wrist-mounted device shown in
Figure 44, according to an Ulustrative ershodiment.
[B018] Figure 5 is a perspective view of an example wrist-mounted device, according o an
illostrative embodiment.
16819} Figure 6 is a perspective view of an example wrist-mounted device, according to an
illustrative embodiment,
[6628] Figure 7 is a block diagram of an example system that inclodes a plurality of wearable
devices in conununication with a server, according to an illustrative embodiment.
{6821} Figure 8 15 a functional block diagram of an cxample wearable device, according to an
illustrative embodiment.
{68221 Figure 9 is a functional block diagram of an example wearable device, according to an
illustrative embodiment.
1623} Figure 10 is a flowchart of an cxarmaple method for operating a wearable device,
according to an llustrative embodiment.
[66824] Figure 11A is a side partial cross-sectional view of a wrist-mounted device, while on
a human wrist, according to an illustrative embodiment.
[B025] Figure 118 1s a side partial cross-sectional view of a wrist-mounted device, while on a
human wrist, according to an illostrative embodiment.

4
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[8826] Figure 12A is a side partial cross-sectional view of a wrist-mounted device, while on
a human wrist, according to an illustrative embodiment.

(6827} Figure 12B 18 a side partial cross-sectional view of a wrist-mounted device, while ona
human wrist, according to an illastrative emboediment.

[B828] Figure 13A is a side partial cross-sectional view of a wrist-mounted device, while on
8 human wrist, according to an illostrative embodiment.

13629] Figure 138 is a side partial cross-sectional view of a wrist-mounted device, while on a
human wrist, according to an ihustrative embodiment.

{6038} Figure 14 is a functional block diagram of a wearable medical diagnostic system with
noise reduction, according to an Hlustrative embodiment.

{8831} Figure 15 is a functional block diagram of a wearable medical diagnostic system with

noise reduction, according to an illustrative embodiment.

DETAILED DESCRIPTION

6832} In the following detailed description, reference 1s made to the accompanying figures,
which form a part hereof.  In the figures, similar symbols typically identify similar
components, unless coniext dictates otherwise. The illustrative embodiments described in the
detatled description, figures, and claims arc not meant to be lmiting. Other cmubodiments
may be utilized, and other changes may be made, without departing from the scope of the
subject matter presented herein. It will be readily vnderstood that the aspects of the present
disclosure, as generally described herein, and dlustrated in the figures, can be arranged,
substituted, combined, separated, and designed n a wide variety of different configurations,
all of which are explicitly contemplated herein.

[#833] Further, while embodiments disclosed herein make reference to use on or in
conjunction with a living muman body, it is contemplated that the disclosed methods, systems
and devices may be used in any environment where non-invasive detection of an analyte s
desired. The environment may be any hiving or non-living body or a portion thereof, a fluid
conduit, a fluid reservoir, ete. For cxample, one of skill in the art will recognize that the
embodiments disclosed herein may be wsed to sense analyies present in a water system.
Moreover, while the present disclosure describes embodiments for use in vive, one of skill in
the art will also recognize that in vitre applications are possible as well.  Accordingly, the

environment may alse include a test tube or other vessel for holding a fluid.
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I Overview

166834] A diagnostic system can non-invasively detect and measure a plurality of
physiological parameters of a person, which can inchude any parameters that may relate to the
person’s health.  For example, the system could include sensors for measuring blood
pressure, pulse rate, skin temperature, ete. At least some of the physiological parameters may
be obtained by the system non-invasively detecting and/or measuring one or more analytes in
blood circulating in subsurface vasculature. The one or more analytes could be any analytes
that, when present in or absent from the blood, or present at a particular concentration or
range of concentrations, may be indicative of a medical condition or health of the persen. For
exanple, the one or more analytes conld inchide enzymes, hormones, proteins, cells, or other
molecules.

[8035] In an cxample embodiment, the system obtains at least some of the health-related
mformation by detecting the binding or interaction of a chinically-relevant analyte to or with
particles, for example, microparticles or nanoparticles, introdoced imto a hmmen of the
subsurface vasculature that bave been functionalized with a receptor that has a specific
affinity to bind fo or interact with the specific analyte. The term “binding” is vonderstood in
its broadest sense to also include a detectable interaction between the clinically-relevant
analytc and the functionalized particles. The functionalized particies can be introduced into
the person’s blood strears by injection, ingestion, inhalation, transdermally, or in some other
manner.

{8836} The particles can be fonctionalized by covalently or otherwise attaching or associating
a receptor that specifically binds or otherwise interacts with a particular clinically-relevant
analyte. The functionalized receptor may be an antibody, peptide, nucleic acid, phage,
bacteria, virus, aptamer or any other molecule with a defined affinity for a target analyte.
Additionally or alternatively, the receptor may be inherent to the particle itself. For example,
the particle tiself may be a virus or 2 phage with an isherent affinity for certain analytes.
Other compounds or molecules, such as tluorophores or autofluorescent or huminescent
markers or non-optical contrast agents (e.g. acoustic impedance contrast, RE conirast and the
like), which may assist in interrogating the particies in vive, may also be attached to the
particles.

186371 The particles can have a diamcter that 15 less than about 20 micrometers. In some
embodiments, the particles have a diameter on the order of about 10 nanometers to 1
micrometer. In further embodimenis, snxall particles on the order of 10-100 nanometers in

Qo
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diameter may be assembled to form a larger “clusters” or “assemblies on the order of 1-10
micrometers. Those of skill in the art will understand a “particle” in its broadest sense and
that it may take the form of any fabricated material, a molecule, cryptophan, a virus, a phage,
ete. Further, a particle may be of any shape, for example, spheres, rods, non-symmetrical
shapes, etc.

16838} In some examples, the particles may also be maguetic and can be formed from a
pararpagnetic, super-paramaguoetic or ferromagnetic material or any other material that
responds to a magnetic field Alternatively, the particles may also be made of non-magnetic
materials such as polystyrene. Where magoetic particles are used, the system may mclude a
maguet that can direct into the portion of subhsurface vasculature a mageetic field that is
sufficient to manipulate functionalized magnetic particles in a humen of that portion of
subsurface vasculature, for example, to collect or slow down in a certain arca. However,
measurcments may be taken without localized “collection”™ of the functionalized particles.
The system may be configured to activate the magnetic field periodically, such as at cortain
times of the day {c.g., every hour).

{8839} The system may further include one or more data collection systems for interrogating,
i 4 non-nvasive manuer, a target analyie present in a lumen of the subsurface vasculatare in
a particular local area. For example, the system may include a detector configured 1o detect a
response signal transmitied from a portion of subsurface vasculature. The response signal
may include both an analyte respounse signal and 8 background noise signal.

[6648] In an cxample embodiment, the analyte response signal could include light emitted
from the target analyte. For cxample, the target analyte may incluode a chemilominescent
markes, such as a fluorophore, configured to produce a response signal in the form of light
The analyte response signal may include light cntted in response to a chomical reaction
and/or biclogical interaction.

[8841] In some examples, the system may also inchlude an interrogating signal source for
transmitling an inferrogating signal that can peneirate into a portion of subsurface
vasculature, or another body system, and a detector for detecting a response signal that is
transmitted from the portion of subsurface vasculature, or other body system, in response to
the interrogating signal. The interrogating signal may be any kind of sigpal that is benign to
the patient, and may such as clectromagnetic, magnetic, optic, acoustic, thermal, mochanical,
or electric.  An interaction, for example between the interrogating signal and the portion of
subsurface vasculature, may result in a response signal that may be used to measure a

s
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physiological parameter or, more particularly, that may detect and/or measure the presence of
the clinically-relevant analyie and/or the binding or interaction between the analyte and other
chemical ot biclogical clements,

{8842} In an illustrative embodiment, the analyte response may be related to an interaction
between one or more target analytes and the interrogating signal source. For example, the
interrogating signal source could include a light emitting dicde or laser. The interrogating
signal source may be configured to cmit within narrow or wide bands throughout the
clectromagnetic spectrum.  The target analyte may inclode a fluorophore. The fhucrophore
may be configured to emit light in response to excitation from the inierrogating signal source.
The light cmiited from the fluorophore may represcut the analyte response signal. The
analyie response signal may occur anywhere in the electromagnetic spectrum.

{8843} For example, the interrogating signal may include a radic frequency (RF) signal and
the response signal is & magnetic resonance signal, such as nuclear maguetic resonance
(NMR}. 1o another exaraple, where the fimctionalized particles include a fluorophore, the
mterrogating signal may be an optical sigpal with a wavelength that can oxeite the
fluorophore and penctrate the skin or other tissue and subsurface vasculature (e.g. 8
wavelength 1o the range of about 500 to about 1000 nanometers). The response signal may
melade fluorescence radiation from the thiorophore that can penewrate the subsurface
vascilature and tissue to reach the detector. In ancther example, where the fimetionalized
particles inclade an clecirically conductive material or a magnetically lossy material, the
interrogation signal may be a time-varying magnetic ficld or a radio frequency (RF)
clectromagnetic signal, with sofficient signal power to rapidly heat the particles. The
response signal may be an acoustic emission from the particles, caused by rapid thermal
expansion of the particles, or caused by cavitation of the liquid mediun in contact with the
particles.

[8844] Additionally, the system may further include a modulation sowree configared to
modulate the analyte response signal. The modulation source can be configured to modulate
the analyte respounse signal differcutly than the background noise signal. To this end, the
modalation may help to discern between the target analyte and, essentially, everything else in
the body by, for example, increasing the signal-to-noise ratio. Generally, the modulation may
inchude any spatial, temporal, spectral, thermal, magnetic, mechanical, electrical, acoustic,
chemiesl, or electrochemical, ete. modulation technique or any combination thereof.

[#045] In some scenaries, it may also be useful to detect and distinguish both the analyte
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response signab—related to {functionalized particles bound to or imteracting with target
analyte(si—and an “unbound” particle signal—related to functionalized particles not bound
to or interacting with target analyte(s). For example, in some measurernent or
characterization schemes, it may be useful or necessary to determune the percentage of
functionalized particles introduced nto the body that have boumd to the target apalyte. In
such cases, the modulation source may be configured to modulate the analyte response signal
differently than the unbound particle signal.

[8846] The clements of the system, namely the type of moduolation, the type/shape/materials
of particles, types of receptors and target analytes may all be interrelated. Ultimately, the
type of particle and receptor used to detect a particular target analyic may be dictated, to
some extent, by the characteristics of the target analyte (i.e., type, size, shape, affinities, etc.),
the chosen type of modulation (G.e., spatisl, spectral, thermal, magoetic, mechanical,
chemical, etc.), and the mode of interrogation {optical, acoustic, magnetic, RF, otc.).

16847} Data collected by the detector muay be sent to a processor for analysis. The processor
may be configured to non-invasively detect the one or more target analytes by differentiating
the analyte response signal from the background noise signal based, at least in part, on the
modulation. In soree cases where the analyte meludes a bound particle, the processor may
further be configured to differentiate the analyte response signal from the unbound particle
signal

16848} The processor may be configured to determine the concentration of a particular target
analyte in the bicod from, at least in part, the analyte response signal. The detection and
concentration data processed by the processor may be communicated to the patient,
transmitted to medical or clinical personnel, locally stored or transmitted to a remote server,
the cloud, and/or any other systern where the data may be stored or accessed at a later time.
[8848] The processor may be located on an external reader, which may be provided as an
external body-mounted device, such as a necklace, wristwatch, eyeglasses, a mobile phone, a
handheld or personal computing device or some combination thereof. Data collected by the
detector may be transmitied 1o the cxternal reader via a commwmnication interface. Control
clectronics can wirelessly communicate the data to the external reader by modifying the
mpedance of an antenma in communication with the detector so as to characteristically
modify the backscaiter from the antenna. In some cxamples, the external reader can operate
to intermittently interrogate the detector to provide a reading by radiating sufficient radiation

to power the detector to obtain a measurement and commumicate the result. In this way, the
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external reader can acquire a series of analyte identification and concentration measurements
over time without continuously powering the detector and/or processor.  The processor may
also be provided at another leocation distal to the detector, and the detector data is
communicated to the processor via a wired comnection, 8 memory card, a USBE device or
other known method. Alternatively, the processor may be located proximal to the detector
and may be configured to locally analyze the data that it coliccts and then transmit the results
of the analysis to an external reader or server.

[8058] The external reader may include a user interface, or may further transmit the collected
data to a device with a user interface that can indicate the rosults of the data analysis, In this
way, the person wearing, holding or viewing the device can be made aware of the nutritional
analysis and/or potential medical conditions. The external reader may also be configured to
produce an auditory or tactile (vibration) response to alert the patient of a medical condition.
Further, the external reader may also be configured to receive information from the patient
regarding his‘her health state, wellness state, activity state, nufrition intake and the like, as
additional input information to the processor. For example, the user may input a health or
wellness state, such as, experiencing migraine symptoms, jittery, racing heart, opsct stomach,
feching tired, activity state including types and duration of physical activity nutrition jntake
melading meal timing end composition, and other parameters including body weight,
medication intake, quality of sleep, stress level, personal care products used, environmental
conditions, social activity, eic. Further, the reader may also reccive signals from one or more
other detectors, such as a pedometer, heart rate sensor, blood pressure sensor, blood oxygen
saturation level, body temperature, GPS or other location or positioning sensors, microphone,
light sensor, ete.

{6851} The systern may be configured 1o obiain data during pre-set measurergent perieds or
m response to a prompt. For example, the system may be configured to operate the detector
and collect data once an hour. In other examples, the system may be configured to operate
the detector in response to a prompt, such as a manual input by the patient or a physician.
The systern may also be configured to obtain data in response to an internal or external cvent
or combination of events, such as during or after physical activity, at vest, at high pulse rates,
high or low blood pressures, cold or hot weather conditions, ete. In other examples, the
systern could operate the detector more frequently or less frequently, or the system could
measure some analytes more frequently than others.

{80521 Data collected by the system may be used to notify the patient of, as described above,

10
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analyte levels or of an existing or imminent medical emergency. In some exampies, the data
may be used to develop an individual baseline profile for the patient. The bascline profile
may inchude patterns for how one or more of the patient’s analyte levels typically chaonge
over time, such as during the course of a day, a weck, or a month, or in response to
consumption of a particular type of food/drug. The baseline profile, in essence, may establish
“pormal” levels of the measured analytes for the paticnt. Additional data, collected over
additional measurement periods, may be compared to the baschine profile.  If the additional
data is consistent with the patterns embodied in the baschine profile, it may be determined that
the patient’s condition has not changed. On the other hand, if the additional data deviates
from the patierns embodied in the bascline profile, ¢ may be determined that the patient’s
condition has changed. The change in condition could, for example, indicate that the patient
has developed a discase, disorder, or other adverse medical condition or may be at risk for a
severe medical condition in the near future. Further, the change in condition could further
indicate a change in the patient’s cating habits, cither positively or negatively, which could be
of interest to medical persommel. Further, the patient’s bascline and deviations from the
bascline can be compared to bascline and deviation data collected from a population of
wearers of the devices,

{3853} When a change in condition is detected, 8 clinical protocol may be consulted to
generate one or more recommendations that are appropriate for the patient’s change in
condition. For example, it may be recommended that the patient inject himsel¥/herself with
insubin, change his/her diet, take 2 particular medication or supplement, schedule an
appointment with a medical professional, get a specific medical test, go to the hospital to seek
immediate medical attention, abstain from certain activities, etc. The chinical protocol may
be developed based, at least in part, on correlations between analyte concentration and health
state derived by the server, any known health mnformation or medical history of the patient,
and/or on recoguized standards of care in the medical field  The one or more
recommendations may then be transmitted to the external reader for conunumnication to the
user via the user interface.

166884} Correlations may be derived between the analyte concentration{s) measured by the
systern and the health state reported by the patient. For example, analysis of the analyte data
and the health state data may reveal that the patient has experienced certain adverse health
conditions, such as a8 migraine or a heart attack, when an analyte reaches a certain
concentration.  This correlation data may be used to generate recommendations for the
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patient, or to develop a clinical protocol. Blood analysis may be complemented with other
physiclogical measurcments such as blood pressure, heart rate, body temperature cic., in
order to add t¢ or cnhance these correlations.

[BO85] FMurther, data collected from a plurality of patients, nchiding both the analyte
measurements and the indications of health state, may be used to develop one or more clinical
protocols used by the server to generate recommendations and/or used by medical
professionals to provide medical care and advice io their patients. This data may further be
used to recognize correlations between blood analytes and health conditions among the
popufation. Health professionals may further use this data to diagnose and provent illness
and discase, prevent serious clinical events in the population, and to update clinical protecols,
courses of treatment, and the standard of care.

#0356} The above described system may be implemented as a wearable device. The term
“wearable device,” as used in this disclosure, refers to any device that is capable of being
WOTT at, on o In proximity 1o & body surface, such as a wrist, ankle, waist, chest, car, eye or
other body part. In order to take iz vivo measurements in a non-invasive manner from
cutside of the body, the wearable device may be positioned on a portion of the body where
subsurface vasculature is easily observable, the qualification of which will depend on the type
of detection system used. The device may be placed i close proximity to the skin or tissue,
but need not be touching or in intimate contact therewith, A mount, such as a belt, wristband,
ankle band, headband, etc. can be provided to mount the dovice at, on or in proximity to the
body surface. The mound may prevent the wearable device from moving relative to the body
to reduce measurement error and noise.  Further, the mount may be an adhesive substrate for
adhering the wearable device to the bady of a wearer. The detector, modulation source,
interrogation signal source (if applicable) and, in some examples, the processor, raay be
provided on the wearable device. In other embodiments, the above described system may be
mplemented as a stationary measurement device to which a user must be brought into
contact or proximity with or as a device that may be temporarily placed or held against a
body surface during one or more measurcment periads.

166887} In an illustrative embodiment, the processor and/or other elements of the system may
be configured in an effort o optimize signal to noise ratio. For example, the system may be
configured to compare two or more signal channels whose noise is correlated. Omne of the
signal chammels may substantially contain the signal of interest, while each of the signal

channels may contain well-correlated noise signals. Through subtraction, division, and/or
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other signal processing algorithms, a signal of interest may be separated from the noise
signals, which may result in 2 higher signal to noisc ratio.

(8858} it should be understood that the above cmbodiments, and other cmbodiments
described herein, are provided for explanatory purposes, and are not intended to be Hmiting.
#0358} Further, the term “medical condition™ as used herein should be understood broadly to
include any discase, illmess, disorder, injury, condition or impasirment-¢.g., physiologic,
psvchological, cardiac, vascular, orthopedic, visual, speech, or hearing—or any situation

requiring medical attention,
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HR Tuastrative Wearahle Devices

[66668] A wearable device 100 may automatically measure a plurality of physiological

2

parameters of a person wearing the device. The term “wearable device,” as vsed in this
disclosure, refers to any device that is capable of being worn at, on or in proximity to a body
surface, such as a wrist, ankle, waist, chest, or other body part.  In order to take in vive
measurements in a non-invasive manner from outside of the body, the wearable device may
be positioned on a portion of the body where subsurface vasculature 1s easily observable, the
gualification of which will depend on the type of detection system used. The device may be
placed in close proximity to the skin or tissue, but need not be teuching or in udimate contact
therewith, A mount 110, such as a belt, wristband, ankle band, ete. may be provided to
mount the device at, on or in proximity {o the body surface. The mount 110 may prevent the
wearable device from moving relative to the body to reduce measurement crror and noise. In
one ecxample, shown in Figure 1, the mount 110, may take the form of a strap or band 120
that can be worn arcund a part of the body. Further, the mount 116 may be an adhesive
substrate for adhering the wearable device 100 to the body of a wearer.

166861} A measurement platform 130 5 disposed on the mount 110 such that it can be
positioned on the body where subsurface vasculature is casily observable. An inner face 140
of the measuyrement platform is intended to be mounted facing to the body surface. The
measurement platform 130 may bouse the data collection system 150, which may include at
least one detector 160 for detecting at least one physiclogical parameter, which may inclade
one or more parameiers that may relate to the health of the person wearing the wearable
device. For example, the detector 166 could be configured to measure blood pressure, pulse
rate, respiration rate, skin teraperature, efc. At least one of the detectors 160 may be
contigured to non-invasively measure one or more analytes in blood circulating 1o subsurface
vasculature proximate to the wearable device. In a non-cxhaustive hist, detector 160 may
include any one of an optical {e.g., CMOUS, CCD, photodiode), acoustic {e.g., piczoelectric,
piczoceramic), electrochemical (voltage, impedance), thermal, mechanical {(e.g., pressure,
strain), magnetic, or electromagnetic (e.g., magnetic resonance) sensor. The components of
the data collection system 150 may be miniaturized so that the wearable device may be worn
on the body without significantly interfering with the wearcr’s usual activities.

16862} In some examples, the data collection systern 156 further inchades a signal source 170
for transmitting an interrogating signal through the surface of the wearer’s skin into the
portion of subswrface vasculature, for cxampie, into a lumen of the subsurface vasculature.
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The interrogating signal may be any kind of signal that i3 benign to the wearer, such as
cleciromagnetic, magnetic, optic, acoustic, thermal, mechanical, and results in a response
signal that can be used to measure a physiological parameter or, more particularly, that can
detect the binding of the clinically-relevant analyte to the functionalized particles. In one
example, the interrogating signal is an electromagnetic pulse {e.g., a radio frequency (RF)
pulse) and the response signal is a magaetic resonance signal, such as nuclear magnetic
resonance (NMR). In another example, the interrogating signal is a tune-varying magnetic
field, and the response signal 1s an externally-detectable physical motion due to the time-
varying maguoetic field. The time-varying magnetic ficld modulates the particles by physical
mofion in 8 manner different from the background, making thero casicr to detect. In a further
example, the interrogating signal is an clectromagnetic vadiation signal.  In particular, the
mterrogating signal may be electromagnetic radiation having a wavelength between about
400 nanometers and about 1600 nanometers.  The interrogating signal may, more
particularly, comprise electromagnetic radiation having a wavelength between sbout 500
nanometers and about 1000 nanometers. In some examples, the functionalized particles
inchide a fluorophore.  The interrogating signal may thercfore be an electromaguetic
radiation signal with a wavelength that can excite the fluorophore and penctrate the skin or
other fissue and subsurface vasculature (e.g., a wavelength in the range of about 500 to about
10006 nanometers), and the response signal is fluorescence radiation from the fluorophore that
can penetrate the subsurface vasculature and tissue to reach the detector. Alternatively, the
interrogating signal may include electromaguetic radiation with wavelengths outside the 400
- 1600 nm range.

(8063} In some cases, an interrogating signal is not necessary to measure one or more of the
physiological parameters and, therefore, the wearable device 100 need not include a signal
source 170, For example, the fonctionalized particles may include an autofluorescent or
faminescent marker, such as a fluorophore, that will astomatically emit a response signal
indicative of the binding of the clinically-relevant analyle to the functionalized particles,
without the need for an interrogating signal or other external stimwulus. In some examples, the
functionalized particles may inclade a chemiluminescent marker configured to produce a
response signal in the form of luminescence radiation produced n response to a chemical
reaction initiated, at least in part, to the binding of the target analyic to the particle.

8864} A collection magnet 180 may alse be inchided m the data collection system 150, In

such embodiments, the functionalized particles may also be made of or be functionalized with

—
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magnetic materials, such as ferromagnetic, paramagnetic, super-paramagnetic, or any other
material that responds to a magnetic field. The collection magnet 180 may be configured to
direct a magnetic ficld into the portion of subsurface vasculature that is sufficient to cause
fimctionalized magnetic particles to collect In a lumen of that portion of subsurface
vascilature.  The magnet may be an electromagnet that may be turned on during
measurement periods and turned off when a measurement pericd is complete so as to allow
the magnetic particles to disperse through the vasculature.

[8063] The wearable device 100 may also include a user interface 190 via which the wearer
of the device may receive one or more recommendations or alerts gencrated cither from s
remote server ot other remote computing device, or from a processor within the device. The
alerts could be any indication that can be noticed by the person wearing the wearable device.
For example, the alert could include a visual component {e.g, textual or graphical
information on a display), an auditory component {¢.g., an alarm sound), and/or tactile
component {¢.g., a vibration). Further, the user imterface 190 may include a display 192
where a visual indication of the alert or recommendation may be displayed. The display 192
may further be configured to provide an indication of the measured physiological parameters,
for instance, the concentrations of certain blood analytes being measured.

80661 In one example, the wearable device 1s provided as a wrist-mounted device, as shown
in Figures 2A, 2B, 3A-3C, 4A, §, and 6. The wrist-mounted device may be mounted to the
wrist of a living subject with a wristband or cuff, similar to a waich or bracelet. As shown in
Figures 2A and 2B, the wrist mounted dovice 200 may include a mount 210 in the form of a
wristband 220, & measurement platform 230 positioned on the anterior side 240 of the
wearcr’s wrist, and a user interface 250 positioned on the posterior side 260 of the wearer’s
wrist.  The wearer of the device may receive, via the user interface 250, one or more
recommendations or alerts generated cither from a remote server or other remote computing
device, or alerts from the measurement platform. Soch a configuration may be perceived as
natural for the wearer of the device in that it is cormmon for the posterior side 260 of the wrist
to be observed, such as the act of checking a wrist-watch.  Accordingly, the wearer may
casily view a display 270 on the user interface. Further, the measurement platform 230 may
be located on the anterior side 240 of the wearer’s wrist where the subsurface vascolature
may be readily observable. However, other configurations are contemplated.

{8867} The display 270 may be configured to display a visual indication of the alert or
recommendation and/or an indication of the measured physiological parameters, for instance,
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the concentrations of certain blood analytes being measured. Further, the user interface 250
may include one or more buttons 28 for accepting tuputs from the wearer. For example, the
buttons 280 may be configured to change the text or other information visible on the display
270, As shown in Figure 2B, measurement platform 230 may alse mclude one or more
buttons 290 for accepting toputs from the wearer. The buttons 290 may be configured to
accopt mputs for controlling aspects of the data collection system, such as initiating a
measurement period, or inputs indicating the wearer’s current health state (ie., normal,
migraine, shortness of breath, heart attack, fever, “flu-hike” symptoms, food poisoning, etc.).
(8068} In another example wrist-mounted device 300, shown in Figores 3A-3C, the
measurement platform 310 and user interface 320 are both provided on the same side of the
wearer’s wrist, in particular, the anterior side 330 of the wrist. On the posterior side 340, a
watch face 350 may be disposed on the strap 360, While an analog watch is depicted in
Figure 3B, onc of ordimary skill in the art will recognize that any type of clock may be
provided, such as a digital clock.

[8069] As can be seen in Figure 3C, the nmer face 370 of the measurement platform 310 is
intended {0 be worn proximate to the wearer’s body. A data collection system 388 housed on
the measurement platform 310 may inclode a detector 382, a signal source 384 and =
collection magnet 386. As described above, the signal source 384 and the collection magnet
386 may not be provided in all embodiments of the wearable device.

16878} In a further example shown in Figures 4A and 4B, a wrist mounted device 400
includes a measurement platform 4180, which mcludes a data collection system 420, disposed
on a strap 430. Inner face 440 of measurement platform may be positioned proximate to a
body surface so that data collection systern 420 may interrogate the subsurface vascuolature of
the wearer’s wrist, A user inferface 450 with a display 460 may be positioned facing outward
from the measurement platform 410, As described above in comnection with other
embodiments, user interface 450 may be configured to display data collected from the data
collection system 420, including the concentration of one or more measured analytes, and one
or more alerts generated by a remote server or other remote computing device, or a processor
focated on the measurement platform.  The user interface 420 may also be configured to
display the time of day, date, or other information that may be relevant to the wearer.

(8671} As shown in Figure 5, in 3 further embodiment, wrisi-mounted device 500 may be
provided on a cuff 510, Similar to the previcusly discussed embodiments, device 500

mclades a measurement platform 520 and a user interface 530, which may inchude a display
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540 and one or more buttons 550, The display 540 may further be a touch-screen display
configured to accepi one or more input by the wearer. For example, as shown in Figure 6,
display 610 may be a touch-screen contfigured to display one or more virtual buttons 620 for
accepting one or more inputs for controlling certain functions or aspects of the device 600, or
mputs of information by the user, such as current health state.

16872} Figurc 7 is a simplified schematic of a system including onc or more wearable devices
700. The onc or more wearable devices 710 may be configured to transmit data via a
communication interface 720 over one or more compnmmication networks 730 to a8 remote
server 740, In onc embodiment, the comumunication imterface 720 includes a wircless
transceiver for sending and receiving commumnications to and from the server 740, In further
embodiments, the communication nterface 720 may include any means for the transter of
data, including both wired and wireless communications, For example, the communication
interface may inchude a universal serial bus {USBE) interface or a secure digital (8D} card
mnterface.  Commmunication networks 730 may be any one of may be one of! a plain old
telephone service (POTS) network, a cellular network, a fiber network and a data network.
The server 740 may include any type of remote computing device or remote cloud computing
network,  Further, communication network 730 may include one or more intermediaries,
mehading, for example wherein the wearable device 710 transmits data to a mobile phone or
other personal computing device, which n turn transmits the data to the server 740.

#6731 In addition to receiving communications from the wearable device 710, such as
collected physiclogical parameter data and data regarding health state as input by the user,
the server may also be configured to gather and/or receive either from the wearable device
710 or from somc other source, information regarding a wearer’s overall medical history,
envivommental factors and geographical data.  For example, a wser account may be
established on the server for every wearer that contains the wearer’s medical history.
Moreover, in some cxamples, the server 740 may be configired to regularly receive
information from sources of environmental data, such as viral iflness or food poisoning
outbreak data from the Centers for Disecase Comtrol (CDC) and weather, pollution and
allergen data from the National Weather Service. Further, the server may be configured to
receive data regarding a wearer’s health state from a hospital or physician. Such information
may be used in the server’s decision-making process, such as recognizing correlations and in
generating clinical protocols.

[8874] Additionally, the server may be configured to gather and/or recetve the date, time of
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day and geographical location of each wearer of the device during cach measurement period.
Such mformation may be used o detect and monitor spatial and temporal spreading of
discases. As such, the wearable device may be configured to determine and/or provide an
mdication of its own location. For example, a wearable device may include a GPS system so
that it can imchide GPS location information {e.g., GPS coordinates) in a communication to
the server. As another cxample, a wearable device may use a technigue that involves
trisngulation (c.g., between base stations in # cellular network) fo deterodne s location,
Gther focation-determination techmiques are also possible.

{8875} The server may also be configured to make determinations regarding the efficacy of a
drag ot other treatment based on jnformation regarding the drugs or other treatments received
by a wearer of the device and, at least in part, the physiological parameter data and the
indicated health state of the user. From this information, the server may be configured to
derive an indication of the effectiveness of the drug or treatment. For example, if a drug is
intended to treat nausea and the wearer of the device does not indicate that he or she is
experiencing nausea after beginning a course of treatment with the drug, the server may be
configured to derive an indication that the drug is cffective for that wearer. In another
example, a wearable device may be configured to measure blood glucose. If a wearer is
prescribed @ drug ntended to treat diabetes, but the server receives data from the wearable
device indicating that the wearer’s blood glucose has been imcreasing over a certain nomber
of measurement periods, the server may be configured to derive an indication that the drug is
not cffective for Us intended purpose for this wearer.

[86876] Further, some embodiments of the system may inchude privacy controls which may be
automatically implemented or controlled by the wearer of the device. For example, where 2
wearer’s collected physiological parameter data and health state datz are uploaded to a cloud
computing network for trend analysis by a clinician, the data may be treated in one or more
ways before it 1§ stored or used, so that personally identifiable information is removed. For
exarple, a user’s ideutity may be treated so that no personally identifiable information can be
determined for the user, or a user’s geographic location may be generalized where location
information is obfained {such as to a city, ZIP code, or state level), so that a particular
location of a user cannot be determined.

18677} Additionally or altematively, wearers of a device may be provided with an
opportunity to control whether or how the device collects information about the wearer {e.g.,
information about a user’s medical history, social actions ¢r activities, profession, a user’s
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prefergnces, or a user’s current location), or to control how such information may be used.
Thus, the wearer may have contref over how mformation is collected about him or her and
used by a chinician or physician or other user of the data.  For cxample, a wearer may clect
that data, such as health state and physiological parameters, collected from his or her device
may only be used for generating an individual bascline and recommendations in response o
collection and comparison of his or her own data and may not be used in gencrating a

population baseling or for use in population correlation studies.

113, Hiustrative Fleetronics Platform For a Wearable Device

(G878} Figure 8 is a simplified block diagram illustrating the components of a wearable
device 800, according to an example embodiment. Wearable device 800 may take the form
of or be similar to one of the wrist-mounted devices 200, 300, 400, 504, 600, shown in
Figures ZA, 2B, 3A-3C, 4A, 5, and 6. However, wearable device 800 may also take other
forms, such as an ankle, waist, or chest-mounted device. Aliernatively, wearable device 800
may be positioned on various parts of a wearer’s body using, for instance, an adhesive.

[66879] Figure 8 shows an example of a wearable device 800 having a data collection system
§10, a user interface 820, comunwnication platform 830 for transmitting data to a server, and
processor(s) 840, The components of the wearable device 800 may be disposed on a mount
850 for mounting the device to an external body surface where a portion of subsurface
vasculature is readily observable,

180881 Processor 840 may be a general-purpose processor or a special purpose processor
(c.g., digital signal processors, application-specific integrated cireuits, etc.). The one or more
processors 840 may be configured to execute computer-readable program instructions 870
that are stored in the computer readable medivm 860 and are exccuiable to provide the
fumctionality of a wearable device 300 described heremn.

{8081} The computer readable medium 860 may include or take the form of one or more non-
transitory, computer-readable storage media that may be read or accessed by at least one
processor 840, The one or more computer-readable storage media may mnclude volatile
and/or non-volatile storage components, such as optical, magnetic, organic or other memory
or disc storage, which may be intcgrated in whole or in part with at least one of the one or
more processors 840, In some embodiments, the computer readable mediom 860 may be
mplemented using a single physical device {e.g., one optical, magnetic, organic or other

memory or disc storage unit), while in other embodiments, the computer readable mediom

-
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860 may be implemented using two or more physical devices.

(8082} Data collection system 810 inchudes a detector 812 and, in some cmbodiments, a
signal source 814, As described above, detector 812 may incluide one or more detectors
configured to detect at least one physiological parameter, which may include parameters that
may relate to the health of the person wearing the wearable device 800. For example, the
detector 812 may be configured to measure biood pressure, pulse rate, skin temperature, etc.
Detector 812 may be configured to non-invasively mecasure one or more analyies in blood
circulating o sebsarface vasculatore proximate to the wearable device. In some examples,
detecior 812 may include one or more of an optical {e.g., CMOS, CCD, photodiode}, acoustic
{e.g., piczoclectric, piezoceramic), electrochemical  (voltage, impedance), thermal,
mechanical (e.g., pressure, strain}, magnetic, or electromagnetic {e.g., magnetic 1es0nance)
SENSOL.

16883} In some examples, the data collection system 10 further includes a signal source 814
for transmitting an interrogating signal that can penetrate the wearer’s skin into the pertion of
subsorface vasculature. In general, signal source 814 may generate an interrogation signal
that may, in torn, for example through interactions with a target analyte, produce a response
signal that may be detected by one or more of the detectors 812, The inferrogating signal can
be any kind of signal that is benign to the wearer, such as electromagnetic, magnetic, optic,
acoustic, thermal, mechanical, and results in a response signal that can be used to measure a
physiclogical parameter or, more particularly, that can detect the binding of the clinically-
relevant analyte to the functionalized particles. In one example, the interrogating signal is an
clectromagnetic pulse {e.g., a radio frequency (RF) pulse) and the response sigpal is a
magunetic resonance signal, sach as noclear magnetic resonance (NMR). In another example,
the nterrogating signal is a time-varving magnetic ficld, and the respouose signal is an
externally-detectable physical motion due to the time-varving magnetic field. The time-
varying magnetic field modualates the particles by physical motion o a8 manver different from
the background, making them easier to detect. In a further example, the interrogating signal
i an clectromagunetic radiation sigeal.  Iv particular, the interrogating signal may be
clectromagnetic radiation having a wavelength between sbout 400 nanometers and about
1600 nanometers. The interrogating signal may, more particularly, comprise electromaguetic
radiation having s wavelength between about 500 nanometers and about 1000 nanometers. In
examples where the fumctionalized particles include a fluorophore, the interrogating signal
may therefore be an electromagnetic radiation signal with a wavelength that can excite the

Py
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fluorophore and penetrate the skin or other tissue and subsurface vasculatore (eg., a
wavelength n the range of about 500 to about 1000 nanometers), and the response signal is
fluorescence radiation from the tluorophore that can penetrate the subsurface vasculature and
tissue to reach the detector.

[8884] The program instructions 370 stored on the computer readable medium 860 may
include instructions to perform or facilitate some or all of the device functionality described
hercin.  For instance, in the illustrated embodiment, program instructions 870 include a
controller module 872, caleulation and decision module 874 and an alert module 876,

{8885} The controller module 872 can mclude instroctions for operating the data colicction
systern 810, for cxample, the detector 8172 and signal source 814, For example, the controller
8§72 may activate signal source 814 and/or detector 812 during one or more pre-set
measurement periods. In particular, the controller module 872 can inchide instractions for
controlling the signal source 814 to trapsmit an interrogating signal at preset measurement
times and countrolling the detector 812 10 reccive data representative of response signals
transmitted from the portion of subsurface vasculature in response to the interrogating signals
transmitted at the preset measurement Hmes.

[8886] The controller module 872 can also include instructions for operating a user interface
8§20, For example, controlier module 872 may include mstructions for displaying data
collected by the data collection system 810 and analyzed by the calculation and decision
module €74, or for displaying onc or more alerts generated by the alert module 875. Further,
controller moduie 872 may wnclade instructions to execute certain functions based oo inputs
accepted by the user interface 820, such as inputs accepted by one or more buttons disposed
on the user interface.

{6087} Conununication platform 830 may also be operated by instructions within the
controller moduale 8§72, such as instructions for sending and/or receiving information via a
wireless antenna, which may be disposed on or in the wearable device 800. The
cotmumication interface %30 can optionally inchude one or more oscillators, mixers,
frequency injectors, efe. to modulate and/or demoduiate jnformation on a carrier frequency o
be ransmitted and/or received by the anterma. In some examples, the wearable device 800 is
configured to ndicate an outpul from the processor by modulating an impedance of the
antcnna in @ manner that is perceivable by a remote server or other vemote computing device.
[B888] Calculation and decision module 872 may inchude instructions for receiving data from
the data collection system 810 in the form of a responsive signal, analyzing the data to
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determine if the target analyte is present or absent, quantify the measured physiclogical
parameter(s), such as concentration of a target analyte, and analyzing the data fo determine if
a medical condition is indicated. In particular, the calculation and decision moedule 872 may
mehade nstractions for determining, for each preset measurement time, a concentration of a
chnically-relevant analyte based on the response signal detected by the detector at that
measurcment time and determining, for cach presct measurement time, whether a medical
condition is indicated based on at least the corresponding concentration of the clinically-
relevant analyte. The preset measurement times may be set to any period and, in one
example, are about one hour apart.

[B88S] The program instructions of the calculation and decision module 872 may, in some
examples, be stored I a computer-readable medivim and executed by a processor located
external to the wearable device. For example, the wearasble device could be configured to
collect certain data regarding physiclogical parameters from the wearer and then transmit the
data to a romote server, which may include a mobile device, a personal computer, the cloud,
or any other remote system, for further processing.

[8094] The computer readable medium 860 may further contain other data or information,
such as medical and bealth history of the wearer of the device, that may be necessary in
determining whether a medical condition s indicated. Further, the computer readable
medium 860 may contain data corresponding to certain analyte baselines, above or below
which a medical condition is indicated. The baselines may be pre-stored on the computer
readable medium 860, may be transmitted from 2 remote source, such as a remote server, or
may be generated by the calculation and decision module 874 itself. The calculation and
decision moduic 874 may include tustructions for generating individual baselings for the
wearer of the device based oun data collected over a certain vumber of measurcment periods.
For example, the calculation and decision module 874 may generate 4 baseline concentration
of a target blood analyte for each of a phuality of measurement periods by averaging the
analyte concentration at each of the measurcment periods measured over the course of a fow
days, and store those bascline concentrations in the computer readable medivmm 860 for later
comparison. Basclines may alse be generated by a remote server and fransmitted 1o the
wearable device 800 via commuonication interface 830, The calculation and decision modale
874 may also, upon determining that a medical condition is indicated, gencrate one or more
recommendations for the wearer of the device based, at least in part, on consultation of a
chinical protocol.  Such recommendations may alternatively be generated by the remote
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server and transmitted to the wearable device.

{8891} In some cxamples, the coliccted physiclogical parameter data, baseline profiles,
health state information input by device wearers and geunerated recommendations and clinical
protocols may additionally be mput to a cloud network and be made available for download
by a wearer’s physician. Trend and other analyses may also be performed on the collected
data, such as physiological parameter data and health state information, in the cloud
computing network and be made available for download by physicians or chinicians.

[66892] Further, physiological parameter and health state data from individuals or popelations
of device wearers may be used by physicians or clinicians in moaitoring cfficacy of a drog or
other treatmment.  For cxample, bigh-density, real-time data may be collected from =
population of devige wearers who are participating in a chinical study 1o assess the safety and
efficacy of a developmental drug or therapy. Such data may also be used on an individual
fevel to assess a particular wearer’s response to a drug or therapy. Based on this data, a
physician or clivician may be able 1o tailor a drug treatment to suit an individual’s veeds.
{8093} In response to a determination by the calculation and decision module 874 that a
medical condition is indicated, the alert module 876 may generate an alert vis the user
interface 820. The alert may include 2 visual compouvent, such as textual or graphical
mformation displayed on a display, an auditory component (e.g., an alarm sound), and/or
tactife component (c.g., a vibration). The textual information may inchide one or more
recommendations, such as a recommendation that the wearer of the device contact a medical
professional, seck immediate medical attention, or administer a medication.

[66894] Although wearable device 800 is shown in Figure 8 with only one signal source
{(signal source 814) and onc detector {detector 812), it is to be understood that wearable
device 800 could include a plurality of sigoal sources and/or a plurality of detectors. For
example, wearable device 800 could include first and second signal sources or first and
second delectors, as described below in relation to Figure 10,

{6895} Figure 9 is a simplified block diagram illustrating the components of a wearable
device 900, according to an example embodiment. Wearable device 900 is the same as
wearable device 800 in all respects, except that the data collection system 910 of wearable
device 900 further inchudes a collection magnet 916, In this example, the collection magnet
016 may be used to locally collect functionslized magnetic particles present in an arca of
subsurface vasculature proximate to the collection magoet 916, As described above,
collection magnet 916 is configured to direct a magnetic ficld into a portion of subsurface
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vascolature sufficient to cause functionalized magnetic particles to collect 1 a lomen of the
portion of subsurface vasculature,

[8096] Wearable device 900 includes a data collection system 910, which inchudes a detector
12, a signal source 914 (if provided) and a collection magnet 916, a user interface 920, a
communication interface 930, a processor 940 and a computer readable mediom 960 on
which program instructions 970 arc stored. All of the components of wearable device 900
may be provided on a mount 950, In this example, the program instructions 970 may include
a controller modhile 962, a calculation and decision module 964 and an alert module 966
which, similar to the example set forth in Figure 8, include nstructions to perform or
facilitate some or all of the device functionality described herein.  Controller module 662
further includes instructions for operating collection magnet 916, For example, controller
modile 962 may inclode mstractions for activating collection magnet during a measurement
period, for a certain amount of time.

166971 Although wearable device 900 is shown in Figure 9 with only one signal source
{(signal source 914) and one detector {detector 812}, # is to be understood that wearable
device 900 could include a plurality of sigoal sources and/or a plurality of detectors. For
example, wearable device 900 could include first and second signal sources or fust and

second detectors, as described below in relation to Figure 10.

iv. Hhastrative Functionalized Particles

16698} In some cxamples, the wearable devices described above obtain at lcast some of the
health-related information by detecting the binding of a clinically-relevant analyie to
fumctionalized particles, for example, microparticles or nanoparticles. The particles can be
functionalized by covalently attaching a bioreceptor designed to selectively bind or otherwise
recognize a particular chnically-relevant analyte.  For example, particles may be
functionalized with a variety of bioreceptors, including antibodies, nucleic acids (DNA,
siRNA)Y, low molecolar weight ligands (folic acid, thiamine, dimercaptosuccinic acid),
peptides (RGD, LHRD, antigenic peptides, mternalization peptides), proteins (BSA,
transferrin, antibodies, lecting, cytokines, fibvinogen, thrombin), polysaccharides (hyahuonic
acid, chitosan, dextran, oligosaccharides, heparin), polyunsaturated fatty acids (palmitic acid,
phospholipids), plasmids. The functionalized particles can be introduced into the person’s
blood stream by injection, Ingestion, inhalation, transdermally, or in some other manner.

[8899] The clinically-relovant analyte could be any analyte that, when present in or absent

vl
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from the blood, or present at a particular concentration or range of concentrations, may be
indicative of a medical condition or indicative that a medical condition may be immingnt,
For example, the clinically-relevant analyte could be an enzyme, hormone, protein, or other
molecule. In one relevant example, certain protein biomarkers are known to be predictive of
an tmpending arterial plaque rupture.  Such protein biomarkers are known to be present in the
blood only directly leading up to and at the onset of an arterial plaque rupture. Plagues that
rupture cause the formation of blood clots that can block blood flow or break off and travel to
another part of the body. In cither of these cases, if a clot blocks a blood vessel that feeds the
heart, it causes a heart attack. If it blocks a blood vessel that foeds the brain, it causes a
stroke. H blood supply to the arms or legs 18 reduced or blocked, #t can cause difficulty
walking and eventually gangrene.  The presence of these protein biomarkers i the
vasculature may be detected, and the medical condition (i.¢., stroke, heart attack) prevented,
by providing particles functionalized with a bioreceptor that will selectively bind to this
target analyic.

66160 The particles may be made of biodegradable or non-biodegradable materials.
For example, the particles may be made of polystyrene. Non-biodegradable particles may be
provided with a removal means to prevent barmoful buildup in the body. Generally, the
particles may be designed to have a long halftlife se that they remain in the vasculature or
body fhids over several measwement periods. Depending on the lifetime of the particles,
however, the user of the wearable device may periodically infroduce new batches of
functionalized particles into the vasculature or body fluids.

186181} Bioreceptors can be used in diagnostic procedures, or even in therapy to
destroy a specific target, such as antitumor therapy or targeted chemotherapy. The particles
may be designed to remove from the body or destroy the target analyte once bound to the
bioreceptor.  Additional functional groups may be added to the particles to signal that the
particles can be removed from the body through the kidneys, for example, once bound to the
target analyte.

186182} Further, the particles may be designed to cither relfeasably or irreversibly bind
1o the target analyte. For example, 1f it is desired for the particles 1o participate in destruction
or removal of the target analyte from the body, as described above, the particles may be
designed to trreversibly bind to the target analyte. In other examples, the particics may be
designed to release the target analyte after measurement has been made, cither automatically

or in response to an external or internal stimulos,
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(66143} These of skill in the art will understand the term “particle” in its broadest
sense and that it may teke the form of any fabricated material, s molecule, crypiophan, 2
virus, a phage, cte. Further, a particle may be of any shape, for example, spheres, rods, non-
symmetrical shapes, ete, and may be made of a solid, liquid or gaseous material or
combinations thereof. The particles can have a diameter that is less than about 20
micrometers. In some embodiments, the particles have a diameter on the order of about 10
nagometers to | micrometer. In further cmbodiments, small particles oo the order of 10-100
nanometers in diameter may be assembled to form a larger “clusters” or “assemblics on the
order of 1-10 micrometers. In this amrangement, the assemblies would provide the signal
strength of a larger particle, but would be deformable, thereby preventing blockages in
smaller vessels and capiilaries.

80184} Binding of the functionalized particles to a target analyte may be detected with
or without a stinmulsting signal input. The term “binding” is understood in its broadest sense
to include any detectable interaction botween the receptor and the target analyte.  For
example, some particles may be fimctionalized with compounds or molecules, such as
fluorophores or autofluorcscent, luminescent or chemiluminescent markers, which generate
responsive signal when the particles bind to the target analyic without the input of a stinwilus.
In other examples, the functionalized particles may produce a different responsive signal in
their bound versus unbound state i response to an external stimodus, such as an
clectromagnetic, acoustic, optical, or mechanical energy.

186185] Further, the particles may be formed from a paramagoetic or ferromagnetic
material or be functionalized with a8 magnetic moiety.  The magnetic properties of the
particles can be exploited in magnetic resonance detection schemes to enhance detection
sensitivity.  In another cxample, an external magnet may be used to locally collect the
particles n an area of subsurface vascalature durimg a measurement peried. Such collection
may not only increase the differential velocity between particles and analytes, hence
surveying a much larger volume per unit time, but may also enbance the signal for

subsequent detection.

V. {lustrative Metheds For Reducing Noise in a Wearable Deviee

[80186] Figure 10 is a flowchart of a method 1000 for reducing the mfluence of noise
when taking non-invasive, i vive, real-time measurements of physiological parameters using
a wearable device. Block 1019 mclades providing, in a wearable medical diagnostic device,
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a first and a second optical signal transmitted from within a lumen of subsurface vasculature.
The first optical signal includes an onfiltercd target signal and a first noise signal and the
second optical signal inclades a second voise signal. The first and second noise signals are
correlated and a quotient of the unfiltered target signal and the fivst noise signal includes an
unfilicred signal to noise ratio. Block 1020 includes determining a filtered signal, based at
fcast on the unfiltered target signal, the first noise signal, and the sccond noise signal. The
filtored signal mcludes a filtered target signal and a filtered noise sigual. A quotiont of the
filtered target signal and the filtered noise signal inchides a filtered signal to noise ratio
wherein the filtered signal to noisc ratio is higher than the unfiltered signal to noise ratio.
[8g1874 In an illustrative embodiment, the wearable device may be mounted to 2 body
surface of a human subject, wherein the body surface is proximate to a portion of subsurface
vascilature.  The wearable device, via a signal source, may transmit an interrogating signal
into the portion of subsurface vasculature. In some examples, 3 response signal is generated
in rosponse 1o the interrogating signal,  For instance, functiovalized particles may be
configured to bind to the clinically-relevant analyte and may comprise a receptor, such as an
antibody. The torm “bind” may also inciude any deteciable interaction between the
chinically-relevant analyte and the functionalized particles.

30168} The wearable device, via at least one detector, may detect the response signal
transmitted from the portion of sabsurface vasculature, wherein the response signal is related
to binding of a climically-relevant analyte to functionalized particles present in a lumen of the
subsurface vasculature.  Additionally or alternatively, the response signal may include optical
measirements based on transmission, reflection, or absorbance of light. The response signal
may be considered as the first optical signal and may include components based on the
response sigeal as well as noise.  In other words, the response signal may be described as
melading the unfiltered target signal and the first noise signal. In some embodiments, the
response signal may mclode the output of the one or more detectors.

186169} The second optical signel may be detected via at least one detector. The
second optical signal tnchudes the second noise sigual, which is correlated to the first noise
signal. Further, the second optical signal may, but need not, include other components
related to the response signal. The first and second noise signals may be correlated if the
noise signal components include commonly correlated noise types such as: external noise
pick-up, capacitive or inductive coupling, ground loops, scanning 1noise, oF power souree

noise (e.g. 60 Hz lnom). Additionally or alternatively, the first and second noise signals may
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be correlated based on their variance, distribotion, and spectral density. In other words, the
first and sccond noisc signals may be corrclated if the signals resemble one another and/or
one of the noise signals may be predicted based on the other. The first and sccond voise
signals could be positively and/or negatively correlated n one or both of ime and state.
Other types of correlated noise are possible and contemplated herein.

1661190} Noise sources that may contribute to the first and second noise signals may
include, but are not limited to, those associated with variable optical coupling to skin or
tissue, variation in optical properties of skin or tissue over time due to changes in bumidity,
temperature, hydration, variations in optical properties between individoals, variations in
ambient light sources into detectors, and nstrument and detector noise, which may include
elecirical moise, radic frequency or magnetic interference noise, or noise caused by
mechanical movement of the detector or its components. Noise sources may be present both
within the wearable medical diagnostic device as well as external to the device.

186111} Determining a filtered sigoal may include various signal processing, or
“denocising”, algorithms. Generally, methods contemplated herein inclode techniques that
scparate the target signal from noise signals. In an illustrative embodiment, subtraction of 3
“hackground” noise signal may be performed. Iv other words, the second optical signal may
be subtracted from the first optical signal. In another embodiment, when a detector array is
utilized, demosaicing may be performed based on the correlation between the first and second
noise signals,  Altermatively or additionally, methods herein may include dencising
algorithmas konown in the art such as the Bayesian Least Squares GSM, Probshrink, or Non
Local Means (NLMS) methods. Other methods operable {0 separate a target signal from a
noise signal arc conteraplated within the scope of this disclosure.

80112} Upon detormining a filtered sigoal, the wearable device may then determine
the presence, absence and/or a concentration of the chinically-relevant analyte based on the
response signal and whether a medical condition is indicated based on at least the presence,
absence and/or concentration of the clinically-relevant analyte, Further, in examples where
the functionalized particles arc magnetic, the wearable device roay further direct a magnetic
field into the portion of subsurface vasculature, the magnetic field being sufficient to cause
the fimctionalized magnetic particles to collect in a humen of the portion of subsurface
vasculature.

68113} The wearable medical diagnostic device may carry out Block 1010 and Block

10206 of method 1000 n varicus ways. For example, in an effort to separate out noise from
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the response signal, several different noise-reduction measurement techpigques may be
atilized.

68114} In an illustrative crobodiment, the medical diagoostic device may include =
first detector and a second detector and a source configured to ilhiminate an analyte within
the lumen. The analyte, which may inclade a fluorophore, may be configured to emit
cmission light at a known wavelength and/or set of wavelengths upon illumination by the
source. Thus, method 1000 may optionally inchade spectrally separating at least a portion of
the emission light into at least a first spectral band and a second spectral band. For example,
the fluorophore may be configured to cmit within the first spectral band while the
autofluorescence of the illuminated tissue may occur within the second spectral band. In
such a scenario, the first optical signal {obtained by the first detector) may include a portion
of the first spectral band and the second optical signal {obtained by the second detector) may
include a portion of the second spectral band. Spectral scparation may be performed using
optical band pass filters or using & grating spectrometer. Detormining the filtered signal may
mchide subtracting the autofluorescence signal portion from the target signal portion
Alternatively, a fluorophbore need not be used. For cxample, the autofluorescence of different
tissucs may eccur within different wavebands, which may then be spectrally separated using
the above method. As a further alternative, the second spectral band may be chosen to
coincide with the emission spectram of the sutofhuorescence. Other choices are possible for
the first and the second speciral bands.

[B86115) In another illustrative embodiment, the wearable diagnostic device may
include a detector and a first and 8 second source. The first and second sources may be
configured to illuminate the analyte within the lumen at a first and sccond wavelength {or
waveband), respectively.  In such a sconario, the method 1000 may optionally include
periodically luminating the analyte with the first source at a given period and a given duty
cycle. Generally, the duty cvcle may be configured to be less than one. The method 1000
may opticnally include periodically iluminating the analyte with the second source for at
feast a portion of the given period while the first source is not iluminating the analyte. For
example, the first and second sources may alternate with a 50% duty cycle. The frequency
may range from mHz to tens of kHz. The method 1000 may optionally include detecting the
first optical signal with the detector while the analyie is illuminated by the fisst source and
detecting the second optical signal with the detector while the analyte is ilhmminated by the

second source. In some example embodiments, the first source may be configured to
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substantially optically excite the apalyte of interest while the seccond source may be
configured to substantially not optically excite the analyte. Alternatively, the first and second
sources may be configured to substandially eptically excite the analyte to different respective
wavelengths, Further, while a simple alternating illomination technique is disclosed above,
more complex pulse seqoences, such as pulse code modulation schemes, may be osed 1o
optimize duty cycle or to improve the separation of noise from the signal of interest.

6116} In vet another illustrative embodiment, the wearable diagnostic device may
imclude a detector and a spurce.  In such a scenario, 2 primary contrast agent and a
normalization contrast agent may be introduced into the lumen. The primary conirast agent
may be configured to fluorcsce at a first spectral maximwm and the normalization contrast
agent may be configured to fluoresee at a second spectral maximum. In such an embodiment,
the method 1000 may optionally inclode Hluminating the lumen with the source, detecting the
first optical signal substantially at the first spectral maximum, and detecting the second
optical signal substantially at the second spectral maximum. A spectrometer may be used to
obtain the spectral information about the omission signal in rvespomse to the source
illumination.  Additionally or alternatively, the normalization contrast agent may be
configured to provide a calibration reference for an optical coupling factor between the
detector and the skin surface. For example, a “basehine spectra” may be obtained after the
normalization contrast agent is introduced into the humen, bot before the primary contrast
introduced into same. The novmalization conirast agent may be introduced into circulation
and/or may alternatively be introduced jnto the skin as a “tattoo” such that it is substantially
mmobile under the detection area. A further marker or probe wtilizing the normalization
conirast agent may be introduced to serve as a calibration guide for techniques that volve,
for instance, adaptive optics or spatially modulated hight.

(681171 fn a further illustrative embodiment, the lumen may include a first and a
second portion and the wearable medical diagnostic device may include a source configured
to illuminate at least the first and second portions at a speciral illumination meximum. In
such a scenario, the method 1000 may optionally include Uhmminating the first and second
portions of the lumen with the souree so as 1o cause a first portion emission and a second
portion emission. The method 1000 may also include detecting the first optical signal from
the first portion emission (e.g., with a first detector) and detecting the second optical signal
from the sccond portion emission (e.g., with a second detector). In other words, two or more
spatially separated detectors may obtain optical signals from various locations along the
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himen. The two or more spatially separated detectors may inclhude an array of photodiodes or
a multi-clement detector.  Accordingly, noise may be soparated from the response signal
when the noise sigoal contributions from the various locations are correlated.  Optionally,
such a scenario need only include one detector configured to detect the first portion emission
as distinet from the second portion emission. That is, the detector may be moved to be
proximate to the first and second portions of the lumen or light from the respective portions
of the lumen may othorwise be distinctly transmitted 1o the detector.

(60118} In another illustrative embodiment, the wearable medical diagnostic device
may include a detector whercin iHluminating the first and second portions of the lumen
includes iHuminating the first and second portions of the lumen at a fivst time and a second
time, respectively. In such a scenario, the method 1000 may mclude the detector detecting
the first optical signal during the first time and may additionally inchide the detector
detecting the second optical signal during the seccond time.  Put another way, various
clements of method 1600 may be carried out at different times so as to determine a filtered
signal.

[68119] In yet another Hlustrative embodiment, the wearable medical diagnostic device
may include a detector and a source. The method 1000 may also inchude illominating the
tamen with the source, modulating the first and/or second noise signals, and then detecting
the first and second optical signals with the detector. Modolating the first and second noise
signais may mclude modulating the source ilumination in a way that need not substantially
change the enission of the analyte of terest. For example, the source illumination may
icrease in intensity at a wavelength or waveband different from a waveband that may induce
cmission from an analyte such as a fluorophore. In so doing, the cmission of background
tissucs, for instance, may be modulated.  Signal processing may be used to subiract or
otherwise separate the noise signals from the signal of interest.  Alternatively or additionally,
non-optical methods could be used to modulate the background noise signal. For example,
changing the teraperature of the surrounding tissues may affect emission, absorption, and/or
reflective propertics of said tissues. In such a scenario, the first and second noise signals may
be affected or modulated substantially independent of the signal of interest.  In another
example, acoustic modulation of surroumding tissues may change the emission, absorption,
and/or reflective propertics of the tissues. Again, the acoustic modulation of surrounding
tissucs may affect the first and second noise signals substantially independent of the signal of

mterest. Other ways of modulating the background noise signals will be evident to those with
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skill in the art and may inclode other optical and non-optical means for changing the
background noise signal substantially independent from the signal of mterest.

180128 The method 1000 may imclude other ways of performing gradiometric
measurements. For example, any combination of emission unmixing or excitation unmixing
may be included in the method 1000, Furthermore, any combination of methods known in
the art to provide background normalization and/or background modulation may be included

in the method 1600,

VI Hlustrative Wearable Medical Diagnostic System with Nolse Reduction

(801214 Figires 11A-118, 12A-128, and 13A-13B are partial cross-sectional side
views of a human wrist ilustrating the operation of various examples of 8 wrist-mounted
device. In the example shown in Figwres 11A and HEB, the wrist-mounted device 1100
inclodes a measurcment platform 1110 mounted on a strap or wrist-band 1120 and oriented
on the aoterior side 1190 of the wearer’s wrist.  Measurement platform 1110 s positioned
over a portion of the wrist where subsurface vasculatuve 1130 is casily observable.
Fonctionalized particles 1140 have been introduced into a humen of the sobsurface
vasculature by one of the means discussed above, In this example, measurement platform
11106 includes a data collection system having both a detector 1150 and a signal source 1160,
Figore 11A illustrates the state of the subsurface vasculature when measurement device 1100
ig inactive. The state of the subsurface vasculature during a measurement period is lustrated
in Figure 118, At this time, signal source 1160 is transnitting an interrogating signal 1162
into the portion of subsurface vasculature and detector 1150 is receiving a response signal
1152 generated in response to the interrogating signal 1162, The response signal 1152 s
related o the binding of a clinically-relevant analyte present in the sobsurface vascuolature to
the fimctionalized particles 1140, As described above, in some embodiments, an
mterrogating signal may not be necessary to generate a response signal related to the binding
of an analyte to the functionalized particles.

186122} Similar to the system depicted in Figures 11A and 118, Figures 12A and 12B
illustrate a wrist-mounted device 1200 including a measurement platform 1210 mounted on a
strap or wristband 1220 and oriented on the anterior side 1290 of the wearer’s wrist. In this
example, measurcmaent platform 1210 meludes a data colicction system having a detector
1250, a signal source 1260 and a collection magnet 1270, Figure 12A illustrates the state of
the subsurface vasculature when measurement device 1200 is inactive. The state of the
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subsorface vasculature when measirement device 1200 is active during a measurement
period is illostrated in Figure 12B. At this time, collection magnet 1270 generates a magnetic
field 1272 sufficient to cause functionalized maguetic particles 1240 present in a lomen of the
subsurface vasculature 1230 to collection in a region proximal to the magnet 1270, Signal
sowree 1260 transmits an interrogating signal 1262 nto the portion of subsurface vasculature
and detector 1250 is receiving a respounse signal 1252 generated in response to the
interrogating signal 1262, The response signal 1232 is related 1o the binding of a clinically
relevant analyte present in the subsurface vasculature to the fumctionalized magnetic particles
124G.  As described above, in some cmbodiments, an interrogating signal may not be
necessary to generate a response signal related to the binding of an analyte to the
fimctionalized magnetic particles.

[BH123] Figures 13A and 13B iilustrate a further cmbodiment of a wrist-mounted
device 1300 having a measurcment platform 1310 disposed on a sirap 1320, wherein the
detector 1350 and sigoal source 1360 arc positioned on the posterior side 1390 of the
wearer’s wrist and the collection magnet 1370 is disposed on the anterior side 1380 of the
wearer’s wrist. Similar {0 the cmbodiments discussed above, Figure 13A illustrates the state
of the subsurface vasculature when measurement device 1300 is inactive. The state of the
subsurface vasculature when measurement device 1300 15 active during a measurement
period is tustrated in Figure 13B. At this time, collection magnet 1370 generates a magnetic
ficld 1232 sufficient to cause functionalized magnetic particles 1340 present in a3 lomen of the
subsurface vasculature 1330 to collection in a region proximal to the magnet 1370, Signal
source 1360 transmits an interrogating signal 1362 into the portion of subsurface vasculature
and detector 1350 is roceiving a response signal 1352 generated in responsc io the
interrogating signal 1262, The response sigoal 1352 is related to the binding of a clinically
relevant analyte present in the subsurface vasculature 1o the fimetionalized magnetic particles
1340,  As described above, in some embodiments, an interrogating signal may not be
necessary {0 gencratc a response signal related to the binding of an analyte to the
functionalized magnetic particles.

186124] Both Figures 12B and 13B illustrate the path of the interrogating signal {1262,
1362} transmitted by the signal source (1260, 1360} and the responsive signal (1252, 1352)
detected by the detector (1250, 1350) cssentially overlapping over a portion of subsurface

gnal source (1260, 1360} and the detector (1250, 1350)

&

vasculature. In some examples, the s
may be angled towards each other so that they are interrogating and detecting from
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essentially the same area of subsurface vasculatore. However, in some instances, soch as in
the cxample shown in Figure 118, the paths of the interrogating signal (1262, 1362)
transmitted by the signal source (1260, 1360) and the responsive signal (1252, 1352} detected
by the detector (1250, 1350} may not overlap.

[B0125] The signal-to-noise ratio {(SNR) in an analyte detection system, such as any of
those described above, may be increased by mwodulating the analyte response signal
transmitted from the subsurface vasculature {or other body systom) with respect to the
background signal and, in some cases, an unboumd particle response signal. Such modolation
can increasc the system’s sensitivity and ability to discern between target analytes present in
the blood or other bodily fluids, versus other analytes, particies, cells, molecules, blood
components, bone and tissues, ete. This can be particolarly valuable with some methods of
analyte characterization, such as optical methods, or where the target analytes are rare in the
blood or arc of a relatively small size and with fluorescence detection techunigues, which can
often suffer from low resolution because other tissues, cells, and molecules in the body may
have some inherent fluorescent propertics, creating a high level of background noise.

(803126} Figure 14 is a functional block diagram of a wearable medical diagnostic
systern with noise reduction 1400, according to an illustrative embodiment. The wearable
medical diagnostic system 1400 may include a souree 1402, filters 1410 and 1412, a dichroic
beamsplitter 1404, lenses 1406 and 1408, a target location 1420, and a detector 145{(. The
source 1402 may be configured to transmit an inierrogating signal 1430 via the dichroic
beamsplitter 1404, and lens 1408 towards the target location 1420, The dichroic beamsplitier
1404 may be configured to reflect and/or transmit light based, at least in part, on the
wavelength of such light. For example, the dichroic beamsplitter 1404 may be configured to
reflect the interrogating signal 14306, which may include light at first wavelength and/or a fust
waveband, from source 1402 towards the target location 1420

80127} The source 1402 may include a laser, a light-emitting diode (LED), or another
device configured to produce light. The source 1402 may be configured to produce light at or
around a particular wavelength or within a particular waveband., For example, the source
1402 may be configured to emit light at a wavelength known to cause a given fluorophore to
emit ight at a second wavelength or second waveband., The hight from source 1402 may be
substantially coliimated, such as from a laser. Alternatively, the light from source 1402 may
be collected and collimated and/or focused s0 as to illuminate target location 1420, The

sowree 1402 may be configored to provide continuous llumination.  Alternatively, source
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1402 may provide pulsed or otherwise intermittent light. In an illustrative embodiment
source 1402 may include a LED that provides light substantially i the infrared spectral band.
Source 1402 may addifionally be configured to provide illumination at more than one
wavelength or over more than one waveband., Yet further, source 1402 may represent more
than one light source. For example, source 1402 may be an array of Hght emitters or may
include at least two light sources at spatially-scparated locations. In other words, although
Figure 14 depicts one source 14072 and one associated optical path (e.g. illustrated by
mterrogation signal 1430), multiple sources and/or multiple optical paths could be vtilized
within the scope of the present disclosure.

[80128] In one examople, vmltiple scurces 1402 wmay be configured to spatially
modulate the analyte response signal. For example, a spatial modulation may expleit the
speed, rotation, size, thermodynamic properties, hydrodynamic properties, etc. of the bound
particles, versus unbound particles and other items that are not of interest, travelling near the
target location 1440 to distinguish the analyte response signal. For example, an analyie-
bound particle is going to have a different size and shape than an unbound particle and,
therefore, may fravel through the subsurface vasculatre a different speed, thereby
modulating between bound and unbound particles. In one example, analyte-bound magnetic
particles may travel through the subsurface vasculature at a different speed when subject to &
magnetic field than unbound magoetic particles. The multiple sources 1402 may be used to
exploit this difference in speed to differentiate the analyte response signal from other signals
transmitted from the body.

(60129} In an ilhsstrative ombodiment, a first source and a second source may be
configured to illuminate the target location 1420, which may inclode the location of a target
analyte. The first source may be configured to provide lght substantially at a fust
wavelength and the second source may be configured to provide light substantially at a
second wavelength.  Furthermore, the first source may periodically illuminate the target
focation 1420 at a given period and a given duty cycle. The second source may periodically
illuminate the target location 1420 while the fivst source 18 not dluminating the target location
1420, In such a scenario, the detector 1450 may detect the unfiltered target signal and the
first noise signal while the target location 1420 is illuminated by the first sowrce.
Additionally, the detector 1450 may detect the second noise signal while the target location
1420 1s illunyinated by the sccond source.

80136} The target location 1420 may include a lumen of the subsurface vasculature as

36



WO 2016/003593 PCT/US2015/034243

described herein, for example with reference to Figures 1HA&B. The target location 1420
may aiternatively or additionally include other locations or structures, such as 3 skin surface,
& bone, a blood vessel, a mouscle, and/or another part of a body. The target Jocation 1420 may
alternatively represent blood, another bodily fluid, or another medium in which analytes of
nterest may be detected.

#6131 When light is emitted or reflected from the target location 1420, a response
signai 1440 ray be collected by the wearable medical diagnostic system 1400, 1n ap
ithistrative embodiment, the response signal 1440 may be collected with lens 1408, The
dichroic beamsplitier 1404 may be configured to substantially transmit the response signal
14406, which may imchude a second wavelength and/or 2 second waveband.,  In such #
scenario, the emitted light may pass substantially through the dichroic beamsplitter 1404
towards the detector 1450, Specifically, the response signal 1440 may pass through emission
filter 1410 and may be focused by lens 1406 onto the detector 1450,

166132] Detector 1450 may be coufigured to sense light at various wavelengths or
within various wavebands. For example, detector 1450 may be configured to sense infrared
light, visible light, uitraviolet light, and/or any other wavelength or waveband of Hght.
(807133 Filters 1410 and 1412 may be spectral filters configured to block, attenuate,
and/or transmit various wavelengths and/or wavebands of light. The filters could be, for
example, gratings or prisms. Other types of filters are possible as well.

[68134] Although lens 1408 is depicted as focusing the interrogating signal 1430 onlo
the target location 1420, lens 1408 may affect the interrogating signal 1430 in other ways.
For example, lens 1408 may represent a collimating lens. In such a scenario, the collimating
lens may be used so as to direct a coflimated optical beam towards the target location 1420
Altereatively or additionally, the lens 1408 may represent a spatial hight modulator, Insucha
scenario, the spatial hght modulator may be utilized to direct Hight towards various spatial
locations near the target location 1420. Alternatively, the spatial light modalator may be ased
to modulate or block various portions of the imterrogating signal 1430 and/or modulate or
block the entire interrogating signal 1430, Furthermore, lens 1408 may represent more than
one optical lens. For example, instead of using lens 1408 as a focusing and collection optic,
two or more lenses could be utilized to achieve one or more of focusing the interrogating
signai 1430 and collecting the response signal 1440. Other optical clements or combinations
thereof may be used in place of lens [408.

(881351 Similarly, other optical elements or combinations thereof may be used in place
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of lens 1406. For example, lens 1406 may represent a spatial light modadator, a collimating
lens, a focusing mirror, 2 plane mirror, or another optical element.

[80136] Dichroic beamsplitter 1404 may represent various optical componenis
configured to reflect and/or transmit light based, in part, on the wavelength of the incoming
hght. In an tllustrative embodiment, the dichroic beamsplitter may mchude a surface 1403
configured to reflect and/or transmuit light based on s wavelength.  Alterpatively, dichroic
beamsplitter 1404 may represent a prism or a grating, such as those used i a grating
spectrometer.

(84137} Figure 15 is a functional block diagram of a wearsble medical diagnostic
systern. with noise reduction 1500, according 1o an illustrative cmbodiment.  Wearable
medical diagnostic system 1500 may include a source 1502, filters 1510, 1512, and 1514,
fenses 1506, 1508, and 1516, detectors 1550 and 1552, as well as dichroic beamsplitters 1504
and 1505, In an ilustrative embodiment, imterrogating signal 1530 may be cmitted from
sowrce 1502, The interrogating sigoal 1530 may be directed towards a target location 1520
via dichroic beamsplitter 1504 and 1508, The iterrogating signal may interact with analytes
near the target location 1520, The analytes and/or bound particles may emit light that may be
collected as a response signal 1540, The response signal 1540 may be directed towards
dichroic beamsplitter 1505 via lens 1508 and dichroic beamsplhitter 1504,  Dichroic
beamsplitter 1505 may reflect and/or transmit a portion of the response signal 1540 towards
detector 1550 or detector 1552, For example, dichroic beamsplitter 1505 may be configured
to reflect a first portion of response signal 1560 towards detector 1552 based, at least in part,
on the wavelength or waveband of the first portion of response signal 1560, Additionally or
alernatively, dichroic beamsplitter 1552 may be configured {o transmit a sccond portion of
response signal 1570 towards detector 1550 based, at least in part, on the wavelength or
waveband of the sccond portion of response signal 1570.

[80138] In another illostrative embodiment, dichroic beamsphitter 1552 may represent
a flip mirror or another optical clement configured to sicer or direct at least a portion of the
response signal 1540 towards detector 1550 and/or detector 1552, Similar to sysiem 1400,
the optical components depicted in system 1500 may be substituted with one or more other
known optical components.

[8013%] Une with skill in the art will recognize that various configurations of the
wearable medical diagnostic systems 1400 and 1500 are contemplated within the scope of
this disclosure. The depicted configorations are not meant to Hmit the namerous different
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optical configurations that may be used to carry out the methods disclosed herein.

[60144] The wearable medical diagnostic devices 1400 and 1500 may additionally
include a computing device {not shown) configured to determine a filtered signal, based at
least on the response signal 1440 and 1540, which may include an onfiltered tavget signal, a
first noise signal, and a second noise signal. The first and sccond noise signals may be
correlated and a quotient of the unfilicred target signal and the first noise signal may include
an unfiliered sigoal to noise ratio. The filtered signal roay include a filtered target signal and
a filicred notse signal. The computing device may be configured to provide a quotient of the
filtered signal and the filtered noise signal. The quotient of the filicred signal and the filtered
noise signal may represent a filtered signal to noise ratio. The filiered signal to noise ratio
may be higher than an unfiltered signal to noise ratio. In reference to Figure 10, the wearable
medical diagnostic devices 1401 and 1500 may be configured so as to carry gut method 1800
and each of the illustrative embodiments disclosed herein.

186141} The first and sccond signal may inclade any sigoal trapsmitted from
something other than what the systems 1400 and 1500 are monitoring, ie., the target
analyte(s). In some examples, the background signal may be generated by other molecules,
cells, or particles in the blood or other bodily fluids; tissue, such as skin, veins, muscle, ete.;
bone; or other objects present in the wearer’s body. A background signal may be generated
by excitation of these objecis from the interrogating signal, such as by gonerating an
autofluorescence signal, or due to some inherent property of these objects, such as,
chemiluminescence, otc.

186142} In an illustrative embodiment, the computing device may be configured to
specirally separate emission light {e.g. response signal 1540) into a first spectral band and a
second spectral band, For example, a fivst detector (¢.g. detecter 1550) may be contigured to
detect light within the first spectral band. In such a scenario, a sccond detector (e.g. detector
1552} may be configured to detect light within the second spectral band,

186143} In another illustrative cmbodiment, a humen may inclode 2 primary contrast
agent contigured to fluoresce at a first spectral maxivmum.,  The lumen may additionally
mchide a normalization contrast agent configured to fluoresce at a second spectral maximuom.
In such a scenario, the computing device may be fimther configured to receive, via the
detector, the unfiltered target signal and the first noise sigoal at the first spectral maxinumn.
Additionally, the computing device may be further configured to receive, via the detector, the
second noise signal at the second spectral maximum.
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[86144] In yet another illostrative embodiment, the system may be configured to
itluminate a first portion and a8 sccond portion of the lumen (e.g. designating and illuminating
owltiple target locations 1540). To such a scenario, dlumination may produce first portion
emission and second portion emission. Thus, the detector may detect the unfiltered target
signal and the first noise signal from the first portion emission. The detector may also detect

the sccond noise signal from the sccond portion cmission.

Vi, Hiustrative Nop-transitive Computer Readable Medium

[80145] Some or all of the functions described above and iliustrated in Figure 10 may
be performed by a coraputing device in response to the execution of nstructions stored o &
non-transitory computer readable medium.  The non-transitory computer readable medium
may be, for example, a random access memory (RAM), a read-only memory (ROM), a flash
memory, a cache memory, one or more magnetically encoded discs, one or more optically
encoded dises, or any other form of non-transitory data storage. The non-transitory computer
readable medium may also be distributed among multiple data storage elements, which may
be remotely located from cach other. The computing device that executes the stored
mstructions may inciude the processor 940 as described and illustrated in Figure 9.
Additionally or alternatively, the computing device may include another computing device,
such as a server in a server network.

186146} The nown-tramsitory computer readable medivm may store instructions
exccutable by & computing device {e.g. processor 940 as described in reference to Figure 9)
to cause the computing device to perform any of the functions described herein.

(661471 In one example, the functions mchide receiving, in a wearable medical
diagnostic device, a fust and a second optical signal transmitted from within 3 lumen of
subsurface vasculature. The first optical signal includes an unfiltered target signal and a first
noise signal. The second optical signal inclodes a second noise signal. The first and second
noisc signals are correlated. The quotient of the unfiltered target signal and the first noise
signal includes an unfiltered signal to noise ratio. The functions further tnchude detormining
a filtered signal, based at least on the unfiltered target signal, the first noise signal, and the
second noise signal. The filtered signal includes a filtered target signal and a filtered noise
signal. A quotient of the filteved target signal and the filtered noise signal includes a filtered
signal to noise ratio in which the filtered signal to noise ratio is higher than the unfiltered
signal to noise ratio.
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VIEL., Conclusion

180148] Where example embodiments mvolve information related to a person or a
device of a person, some embodiments may include privacy controls. Such privacy controls
may inclade, at least, aponymization of device identificrs, transparency and user controls,
including functionality that would enable users 1o modify or delete information relating to the
user’s use of a produact.

(601491 Further, in situations where embodiments discussed herein colloct personal
information about users, or may make use of personal information, the users may be provided
with an opportunity to control whether programs or features collect user information (e.g.,
information about a user’s medical history, social network, social actions or activities,
profession, 8 user’s preferences, or a user’s current location), or to control whether and/or
how to reccive content from the content server that may be more relevant to the user. In
addition, certain data may be treated in one or move ways before it is stored or used, so that
personally identifiable information is removed. For example, a user’s identity may be treated
8o that no personally identifiable information can be determined for the user, or a user’s
geographic location may be generalized where location information is obtained (such as to a
city, ZIP code, or state level), so that a parficular location of a user cannot be deternuned.
Thus, the user may have control over how information is collected about the user and used by
a condend server.

30156} The particular arrangements shown in the Figures should not be viewed as
Hmiting. It should be understood that other embodiments may inchide more or less of each
clement shown in a given Figure. Further, some of the illusirated clements may be combined
or omitted. Yot further, an illustrative embodiment may include elements that are not
illustrated in the Figures.

(80151 While various aspecis and e¢mbodiments have been disclosed herein, other
aspects and erohbodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be

hmiting, with the true scope being indicated by the following claims.
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CLAIMS

What is claimed 1

1. A methed comprising:
providing, in a wearable medical diagnostic device, a first and a second optical

signal transmitted from within a lomen of subsurface vasculature, wherein the first
optical signal compriscs an unfiltered tavget signal and a fivst noise signal and the
sccond optical signal compriscs a second noise signal, wherein the first and second
noise signals are correlated and wherein 8 quotient of the unfiltered target signal and
the first noise signal comprises an anfiltered signal to noise ratio;

determining a filtered signal, based at least on the untiltered target signal, the
first noisc signal, and the sccond noise signal, wherein the filtered signal comprises a
filtered target signal and a filtered noise signal, and wherein a quotient of the filtered
target signal and the filtered noise signal comprises a filicred sigoal to noise ratio
wherein the filicred signal to noise ratio is higher than the untilicred signal to noise

ratio.

2. The method of claim 1 wherein the wearable medical diagnostic device comprises at
feast a first detector and a second detector and a source contigured to illuminate an analyic
within the lumen such that the analyic cmits emission light, and the method further
comprising:

spectrally separating at least a portion of the eroission light into at least a first
spectral band and a second spectral band;

detecting the first and second optical signals with the first and second
detectors, respectively, wherein the first optical signal compriscs at least a portion of

the first spoctral band and the second optical sigual couyprises at least a portion of the

42



WO 2016/003593 PCT/US2015/034243

second spectral band.

3. The method of claim 2 wherein the analyte comprises at least one fluorophore
contigured to fluoresce substantially within the first spectral band when illuminated by the

SOUICe.

4. The method of claim | wherein the wearable medical diagnostic device comprises a
detector and at least a first source and a second source wherein the first and second sources
are configured to iHuminate an analyte within the lumen substantially at a first wavelength
and a second wavelength, respectively, and the method further comprising:

periodically ithominating the analyte with the first source at a given period and
a given duty cycle wherein the duty cycle is less than ong;

periodically ilhuminating the analyte with the second sowrce at the given
period, wherein the second source lluminates the analvte for at least a portion of the
given peried while the first source is not llmminating the analyte;

detecting the first optical signal with the detector while the analyte is
ithuminated by the first source; and

detecting the second optical signal with the detector while the analyte is

dluminated by the second source.

5. The method of claim 4 wherein the first source is configured {o substantially optically
excite the analyte and the second source 1s configured to substantially not optically excite the

analyic.

6. The method of claim 1 wherein the wearable medical diagnostic device comprises a

detector and a source and wherein the lumen comprises a primary contrast agent configured
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to fluoresce at a first spectral maximom and 8 normalization contrast agent configared to
fluoresce at a second spectral maximum, the method further conmprising:
iluyminating the lumen with the source;
detecting the first optical signal substantially at the first spectral maxinnmm;
and
detecting the second optical signal substantially at the second spectral

maximuan.

7. The method of claim 6 wherein the normalization contrast agent is configured to
provide a cablibration reference for an optical coupling factor between the detector and a skin

surface.

8. The method of claim 1 wherein the himen comprises at least g first and a second
portion and the wearable medical diagnostic device comprises a source configured to
illominate at least the first and second portions at a spectral illumdnation maximum, the
method further comprising:

ithuninating the first and second portions of the himen with the source 80 as to
cause a first portion emission and a second portion emission;
detecting the first optical signal from the first portion emission; and

detecting the second optical signal from the sccond portion emission.

9. The method of claim & whercin the wearable medical diagnostic device further
comprises a first and 2 second detector configured to detect the first and the second optical

signals, respectively.

10. The method of claim 8 whercin the wearable medical diagnostic deviee further
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comprises a detector, wherein illuminating the first and second portions of the humen
comprises illuminating the fivst and second portions of the lamen at a first time and 2 second
time, respectively, and wherein detecting the first optical signal comprises the detector
detecting the first optical signal during the first ime and wherein detecting the second optical

signal comprises the detector detecting the second optical signal during the second time.

11. The method of claim 1 wherein the wearable medical diagnostic device comprises #
detector and a source, the method further comprising:
tHuminating the lumen with the source;
modulating the first and second noise signals;
detecting the first optical signal with the detector; and

detecting the second optical signal with the detector.

12, A wearable medical diagnostic device, comprising:

at least one detector configured to provide an unfillered target signal, a fst
noise signal, and a sccond noisc signal, whercin the unfiltored target signal is
ransmitted substantially from within a lomen of subsurface vasculature, wherein the
first and second noise signals are correlated, and wherein a quotient of the unfiltered
target signal and the first noise signal comprises an unfiliered signal to noise ratio;
and

a computing device configured to determine a filtered signal, based at Jeast on
the unfilicred target signal, the first noise signal, and the sccond notse signal, whercin
the filtered signal comprises a filtered target signal and a filiered noise signal and
wherein a quotient of the filtered target signal and the filtered noise signal comprises a

filtered signal to noise ratic in which the filtered signal to noise ratio is higher than the
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13

unfiltered signal to noise ratio.

The wearable medical diagnostic device of claim 12, wherein the at least one detector

comprises at least a first detoctor and a second detector, and wherein the wearable medical

diagnostic device further comprises:

14.

a source configured to illuminate an analyte within the lumen such that the
analyte cuyits emission light, wherein the computing device is further configured to:

specirally separate at least a portion of the cmission light into at least a first
spectral band and a second spectral band; and

deteet at least a portion of the first spectral band with the first detector and at

lcast a portion of the second spectral band with the second detector,

The wearable medical diagnostic device of claim 12 further comprising:

a first source; and

a second source, wherein the first and second sources are configured to
illuminate an analyte within the humen substzntially at a2 fust and a second
wavelength, respectively, and wherein the computing device is further configored to:

periodically ithiminate the analyte with the first source at 4 given period and a
given duty cyele wherein the duty cycele is fess than one;

periodically iHuminate the analyte with the second source at the given period,
wherein the second source ilhuminates the analyte for at least a portion of the given
period while the first source s not Hluminating the analyte;

detect the unfiltered target signal and the first noise signal with the at least one
detector while the analyte is lluminated by the first source; and

deteet the second noise signal with the at least one detector wihile the analyie is
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iltuminated by the second source.

15. The wearable medical diagnostic device of claim 12 further comprising:

& source, wherein the lamen comprises a primary contrast agent configured to
flaoresce at a first spectral maximum and a normalization contrast agent configured to
fluoresce at a second spectral maximum, and wherein the computing device 1s further
configured fo:

illuminate the himen with the source;

detect, with the at least one detector, the unfiltered target signal and the first
noise signal substantially at the first spectral maxinum; and

detect, with the at least one detector, the second neise signal substagtially at

the second spectral maximum.

16. The wearable medical diagnostic device of clatm 12, wherein the lumen comprises at
least a first and a sccond portion and the wearable medical diagnostic device further
comprises a source configured io illuminate at least the first and second portions, and wherein
the computing device is further configured to:

ihuminate the first and second portions of the humen with the source so as to
cause a first portion cmission and a second portion cmission;

detect, with the at least one detector, the unfiltered target signal and the first
noise signal from the first portion emission; and

deteet, with the at least one detector, the second notse signal from the sccond

portion emission.
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17. A non-transitory computer readable medinm having stored therein instructions
executable by a computing device 1o cause the computing device to perform fimctions
comprising:

receiving, in a wearable medical diagnostic device, a first and 3 sccond optical
signal transmitted from within a lomen of subsurface vasculature, wherein the first
optical signal comprises an unfiltercd target sigoal and a first noise signal and the
sccond optical signal comprises a second noise signal, wherein the first and second
noise signals are correlated and wherein a quotient of the wnfiltered target signal and
the first noise signal comprises an unfilicred signal to noise ratio;

determining a filtered signal, based at least on the untiltered target signal, the
first noise signal, and the second noise signal, wherein the filtered signal comprises a
filtered target signal and a filtered noise signal, and wherein a quotient of the filtered
target signal and the filtered noise signal comprises a filtered signal to noise ratio n
which the filtered signal to noise ratic is higher than the unfilicred signal to noise

ratio.

18. The nouv-transitory computer readable medinm of claim 17, wherein the wearable
medical diagnostic device comprises at least a first detector and a sccond detector and a
sowree configured to ilhaminate an analyte within the humen soch that the analyte omits
emission Hght, and the non-transitory computer readable medium further comprising:

causing at least a portion of the coussion light to be spectrally separated into at
least a first spectral band and a second spectral band;

recetving the first and second optical signals from the fivst and second
detectors, respectively, wherein the first optical signal comaprises at least a portion of
the first spociral band and the second optical signal comprises at least a portion of the

48



WO 2016/003593 PCT/US2015/034243

second spectral band.

19. The nop-transitory computer readable mediom of claim 17, wherein the wearable
medical diagnostic device comprises a detector and at least a first source and a second source
wherein the first and second sources are contfigured to illuminate an analyte within the lomen
substantially at a first wavelength and a second wavelength, respectively, and the non-
transitory computer readable medimm further comprising:

causing the first source to periodically illominate the analyie at a given period
and a given duty cycle wherein the duty cyele is less than one;

causing the second source to periodically illuminate the analyte at the given
period, wherein the second source illuminates the anabyte for at least a portion of the
given period while the first source 1s not llominating the analyte;

receiving the first optical signal from the detector while the analyte is
illuminated by the first source; and

receiving the sccond optical signal from the detector while the analyte is

iltuminated by the second source.

20, The non-transttory computer readable medium of claim 17, wherein the wearable
medical diagnostic device comprises a detector and a source and wherein the lomen
comprises a primary contrast agent configured to fluoresee at a first spectral maximom and a
normalization contrast agent configured to fluoresce at a sccond spectral maxinum, and the
non-transitory compuier readable medium further comprising:

causing the lumen to be illuminated by the source;
receiving the first optical signal sobstantially at the first spectral maximom;

and
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receiving the second optical signal substantially at the second spectral

maximum.
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PROVIDING, IN A WEARABLE MEDICAL DEVICE, A FIRST AND
A SECOND OPTICAL SIGNAL TRANSMITTED FROM WITHIN A
LUMEN OF SUBSURFACE VASCULATURE, WHEREIN THE
FIRST OPTICAL SIGNAL COMPRISES AN UNFILTERED TARGET
SIGNAL AND A FIRST NOISE SIGNAL AND THE SECOND
OPTICAL SIGNAL COMPRISES A SECOND NOISE SIGNAL,
WHEREIN THE FIRST AND SECOND NOISE SIGNALS ARE
CORRELATED AND WHEREIN A QUOTIENT OF THE
UNFILTERED S5IGNAL AND THE FIRST NOISE SIGNAL
COMPRISES AN UNFHLTERED SIGNAL TO NOISE RATIO

DETERMINING A FILTERED SIGNAL, BASED AT LEAST ON
THE UNFILTERED TARGET SIGNAL, THE FIRST NOISE SIGNAL,
AND THE SECOND NOISE SIGNAL, WHEREIN THE FILTERED
SIGNAL COMPRISES A FILTERED TARGET SIGNAL AND A
FIETERED NOISE SIGNAL, AND WHEREIN A QUOTIENT OF
THE FILTERED TARGET SIGNAL AND THE FILTERED NOISE
SIGNAL COMPRISES A FILTERED SIGNAL TO NOISE RATIO
WHEREIN THE FILTERED SIGNAL TO NOISE RATIO IS HIGHER
THAN THE UNFILTERED SIGNAL TO NOISE RATIO

FIGURE 10
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