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WEARABLE DEVICE WITH MULTIMODAL DIAGNOSTICS

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Application No. 62/626,559
(Attorney Docket No. 44167-714.101), filed February 05, 2018, and U.S. Provisional Application
No. 62/478,469 (Attorney Docket No. 44167-712.101), filed March 29, 2017, which applications

are each incorporated herein by reference.

BACKGROUND OF THE INVENTION
[0002] The present disclosure relates to methods and systems using sensors to non-invasively
measure subcutaneous processes in a patient. More particularly, the present disclosure relates to
systems and methods for measuring one or more fluid properties including systems and methods
for measuring one or a plurality of biological fluid properties using optical devices. Additionally,
the present disclosure relates to systems and methods for simultaneously measuring a plurality of
sensory modalities and processing the measurements to detect physiological phenomenon in the
patient’s body.
[0003] There 1s a current need for non-invasive techniques to quantitatively measure one or
more physiological properties, for example, one or a plurality of biological fluid properties 1n the
physiological environment of the subject or patient, 1n order to derive clinically relevant metrics
to evaluate the state of patients. For example, 1in dialysis patients there 1s a current need for
measurement of blood and flow related parameters at their dialysis access location, where the
parameters include but are not limited to blood hematocrit, hemoglobin concentration, oxygen
saturation, heart rate and flow rate, and percentage change in blood volume. Additionally, 1n
total knee arthroplasty (TKA) patients, there 1s a current need for measurement of parameters
relating to, for example, premature implant failure, including synovial fluid white blood cell
(WBC) concentration, range of motion, skin temperature, and crepitus associated with a range of
disease states.
[0004] In an example, stethoscopes are effective tools used in the hospital and doctor's office
during physical exams for noninvasive detection of physiologic sounds. Several designs have
gained popularity amongst clinicians, such as the Littmann " stethoscope, and the Welch-
Allyn ™ stethoscope. These devices have been designed to be portable devices that are clinician-
centric and can be easily be moved from one location to another on a patient during a single visit,
and also easily used across several patients. Physiological issues such as blocked blood flow,
abnormal lung sounds, heart murmurs, etc. occur at specific locations on the body (e.g. the arm
for a blocked arteriovenous fistula, the neck for an obstruction 1n the carotid artery, the chest or

back for abnormal air flow 1n the lungs, etc.) and are typically detectable using stethoscopes
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during patient-doctor exams. These physiological 1ssues cannot however be eftectively tracked

outside of the clinic. The stethoscope requires the patient’s presence in the clinic to be used by a
doctor trained 1n interpreting the noise heard on the stethoscope. This makes management of
patients more difficult and leads to poor patient outcomes, since the patient cannot be monitored
for a developing health 1ssue until 1t has caused the patient damage.

[000S] It would be advantageous for noninvasive methods and devices that may be used to
monitor physiological phenomenon to allow greater patient mobility. Existing stethoscope
designs may hinder patient mobility. These devices are also necessarily rigid due to their
underlying architecture. Stethoscopes often have a “cup” or other form of diaphragm that 1s used
to provide acoustic impedance matching from the skin to another medium. These components
add to the overall bulk and rigidity of existing stethoscopes. The bulk and rigidity of existing
stethoscopes does add to the ease of use for these devices 1n their classic use case, typically, a
clinician moving the stethoscope from one location to another easily to perform a complete
physical examination on a patient during their visit. However, this removes them as practical
devices that could be used as a long-term, low-profile more portable device for remote
monitoring of patient health.

[0006] Additionally, the stethoscope 1s limited to detecting a single sensory modality. The
doctor listens for sounds that indicate blocked blood flow, abnormal lung sounds, heart murmurs,
for example. The ability to sense more sensory modalities may enable a device to be configured
for a wide range of applications. Similarly, techniques that measure biological fluid flow may

provide useful diagnostic information to clinicians which may improve patient outcomes.

SUMMARY OF THE INVENTION

[0007] Systems and methods of the present disclosure addresses at least some of these needs by
providing systems and methods for measuring one or more biological fluid properties using
optical devices. The present disclosure enables a non-invasive systems such as an optical system
and method to measure one or more physiological properties, such as the properties of biological
fluids flowing though, or present in, for example, a vessel or bursa 1n 1ts physiological
environment at a finite depth below the skin surface. Additionally, the present disclosure enables
wearable systems and methods for simultaneously measuring one or a plurality of sensory
modalities. Such sensory modalities may comprise any one or more of the optical devices
disclosed 1n the present application; however, 1n alternative embodiments, the systems and
methods for simultaneously measuring one or a plurality of sensory modalities may not comprise
an optical sensory modality.

[0008] In an aspect, an optical detection device 1s provided. The optical detection device may

comprise one or more photodetectors configured to mount on a skin surface of a patient. The one
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or more photodetectors may be configured to receive light from beneath the skin surface and to

generate an electrical signal indicative of the light received. The optical detection device may
comprise at least two light sources configured to emit light at different wavelengths and at
controllable intensity levels, wherein the light sources are configured to be mounted on the skin
surface at variable distances from the photodetector; wherein the light sources may be configured
to 1lluminate the volume of tissue beneath the skin surface, and wherein the photodetector may
detect light generated by the light sources and reflected from particles and tissue structure in the
1lluminated tissue. The optical detection device may comprise a communications interface
configured to receive the one or a plurality electrical signals indicative of intensity from the
photodetector and to communicate the one or a plurality of electrical signals to a sensor data
processing system, where the intensity of the light received 1s used to measure one or a plurality
of properties of biological fluids flowing in a vessel 1n the volume of tissue.

[0009] Optionally, 1n any embodiment, the intensity of the light received 1s used to determine a
vessel depth of a fluid vessel 1n the tissue. Optionally, 1n any embodiment, the intensity of the
light received 1s used to determine a position of the system relative to the vessel. Optionally, in
any embodiment, the intensity of the light received 1s used to measure one or a plurality of fluid
properties 1nside the vessel. Optionally, 1n any embodiment, the one or a plurality of fluid
properties comprise one or more of: blood oxygenation; heart rate; chemical composition; analyte
concentration; cell concentration; leukocyte concentration; erythrocyte concentration; particle
concentration; blood flow rate; hematocrit; and hemoglobin concentration.

[0010] In another aspect, a method for determining one or a plurality of biological fluid
properties from a patient 1s provided. The method may comprise emitting a first illumination of a
volume of tissue below a skin surface of a patient from a first light source a first distance away
from a photodetector positioned on the skin surface, where the first light source emits the first
1llumination at a first intensity to generate a first optical radiation pattern in a first hemispherical
volume having a first radius. The method may comprise receiving a first set of electrical signals
representing reflection intensities communicated from the photodetector positioned to receive
light reflected below the skin surface from the first illumination. The method may comprise
emitting a second illumination of the volume of tissue below the skin surface from a second light
source a second distance from the photodetector, where the second light source emits the second
1llumination at a second intensity to generate a second optical radiation pattern in a second
hemispherical volume having a second radius. The method may comprise using the first set of
electrical signals and the second set of electrical signals to measure one or a plurality of fluid

properties of a vessel 1n the volume of tissue below the skin surface.
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[0011] Optionally, in any embodiment, the first light source 1s configured to emit light at a first

wavelength and the second light source 1s configured to emit light at a second wavelength.
Optionally, 1n any embodiment, the step of emitting the first illumination comprises applying a
plurality of optical drive signals to the first light source to generate a first plurality of output
intensities at the first wavelength. Optionally, 1n any embodiment, the step of receiving the first
set of electrical signals comprises detecting a plurality of reflection intensities for each of the first
plurality of output intensities, converting the plurality of reflection intensities to one or a plurality
of electrical signals, converting the one or a plurality of electrical signals to digital data values
corresponding to the one or a plurality of electrical signals and storing the digital data values of
the one or a plurality of electrical signals as the plurality of first wavelength intensities for each
of the output intensities in a memory. Optionally, in any embodiment, the step of emitting the
second 1llumination comprises applying the plurality of optical drive signals to the second light
source to generate a second plurality of intensities at the second wavelength. Optionally, 1n any
embodiment, the step of receiving the second set of electrical signals comprises detecting a
plurality of reflection intensities for each of the second plurality of output intensities, converting
the plurality of reflection intensities to one or a plurality of electrical signals, converting the one
or a plurality of electrical signals to digital data values corresponding to the one or a plurality of
electrical signals, and storing the digital data values of the one or a plurality of electrical signals
as the plurality of second wavelength intensities for each of the output intensities in the memory.
Optionally, 1n any embodiment, the step of using the sets of signals to measure one or a plurality
of fluid properties comprises determining a plurality of radu for each of the first and second
1lluminations corresponding to the plurality of first wavelength reflection intensities and the
plurality of second wavelength reflection intensities. Optionally, in any embodiment, the step of
using the sets of signals to measure one or a plurality of fluid properties comprises determining a
depth of a vessel 1n the volume of tissue 1lluminated 1n the steps of emitting based on the
plurality of radi1 at each of the first wavelength and the second wavelength. Optionally, 1n any
embodiment, the step of using the sets of signals to measure one or a plurality of fluid properties
comprises determining a diameter of the vessel based on the plurality of radi at each of the first
wavelength and the second wavelength.

[0012] Optionally, in any embodiment, the method further comprises the first light source
configured to emit light at a first at a first wavelength and the second light source configured to
emit light at a second wavelength. Optionally, 1n any embodiment, the step of emitting the first
1llumination comprises applying a plurality of optical drive signals to the first light source to
generate a first plurality of output intensities at the first wavelength. Optionally, in any

embodiment, the step of receiving the first set of electrical signals comprises detecting a plurality
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of retlection intensities for each of the first plurality of output intensities, converting the plurality

of retlection intensities to one or a plurality of electrical signals, converting the one or a plurality
of electrical signals to digital data values corresponding to the one or a plurality of electrical
signals, and storing the digital data values of the one or a plurality of electrical signals as the
plurality of first wavelength intensities for each of the output intensities in a memory. Optionally,
1n any embodiment, the step of emitting the second 1llumination comprises applying the plurality
of optical drive signals to the second light source to generate a second plurality of intensities at
the second wavelength. Optionally, 1n any embodiment, the step of receiving the second set of
electrical signals comprises detecting a plurality of reflection intensities for each of the second
plurality of output intensities, converting the plurality of reflection intensities to one or a plurality
of electrical signals, converting the one or a plurality of electrical signals to digital data values
corresponding to the one or a plurality of electrical signals, and storing the digital data values of
the one or a plurality of electrical signals as the plurality of second wavelength intensities for
each of the output intensities 1n the memory. Optionally, in any embodiment, the step of using
the sets of signals to measure one or a plurality of fluid properties comprises determining a
plurality of radu for each of the first and second i1lluminations corresponding to the plurality of
first wavelength reflection intensities and the plurality of second wavelength retlection
intensities. Optionally, 1n any embodiment, the step of using the sets of signals to measure one or
a plurality of fluid properties comprises analyzing the plurality of radi1 for the first illumination
to determine a first intersection of the first hemispherical volume of the first optical radiation
pattern at each output intensity and the vessel. Optionally, in any embodiment, the step of using
the sets of signals to measure one or a plurality of fluid properties comprises analyzing the
plurality of radi1 for the second i1llumination to determine a second intersection of the second
hemispherical volume of the second optical radiation pattern at each output intensity and the
vessel. Optionally, in any embodiment, the step of using the sets of signals to measure one or a
plurality of fluid properties comprises 1dentifying the first light source as a primary light source
when the first intersection 1s greater than the second intersection and identifying the second light
source as the primary light source when the second intersection 1s greater than the first
intersection.

[0013] Optionally, 1n any embodiment, the method further comprises moving the first and
second light sources and the photodetector to a location on the skin surface 1n a direction
transverse to the vessel such that the difference between the first intersection and the second
intersection 1s expected to be less when the steps may be repeated after moving the first light

source, the second light source, and photodetector.
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[0014] Optionally, in any embodiment, the method further comprises the first light source

configured to emit light at a first wavelength and the second light source configured to emit light
at a second wavelength. Optionally, 1n any embodiment, the method further comprises applying
an optical drive signal to the first light source to generate a first output intensity at the first
wavelength. Optionally, in any embodiment, the method further comprises receiving a first
wavelength reflection intensity for the first output intensity at the first wavelength. Optionally, 1n
any embodiment, the method further comprises storing a digital data value as the first wavelength
intensity for the first output intensity in a memory. Optionally, in any embodiment, the method
further comprises applying the optical drive signal to the second light source to generate a second
output intensity at the second wavelength. Optionally, 1n any embodiment, the method further
comprises receiving a first wavelength reflection intensity for the second output intensity.
Optionally, 1in any embodiment, the method further comprises storing a digital data value as the
second wavelength intensity for the second output intensity in the memory. Optionally, 1n any
embodiment, the method further comprises calculating a ratio of reflection intensities by dividing
the first wavelength reflection intensity by the second reflection intensity when the first
wavelength corresponds to a red light and the second wavelength corresponds to an infrared
light, storing the ratio of reflection intensities as corresponding to an oxygenation level of a fluid
1n the vessel.

[0015] Optionally, in any embodiment, the method further comprises the first light source
configured to emit light at a first wavelength and the second light source configured to emit light
at a second wavelength. Optionally, 1n any embodiment, the method further comprises
periodically performing a measurement for the first light source and the second light source.
Optionally, 1n any embodiment, the periodically performing a measurement comprises applying a
plurality of optical drive signals to the first light source to generate a plurality of first output
intensities at the first wavelength. Optionally, 1n any embodiment, the periodically performing a
measurement comprises receiving a plurality of first wavelength reflection intensities for each of
the first output intensities at the first wavelength. Optionally, 1n any embodiment, the periodically
performing a measurement comprises storing digital data values as the plurality of first
wavelength intensity for the first output intensities in a memory. Optionally, in any embodiment,
the periodically performing a measurement comprises applying a plurality of optical drive signals
to the second light source to generate a plurality of second output intensities at the second
wavelength. Optionally, 1n any embodiment, the periodically performing a measurement
comprises receiving a plurality of second wavelength reflection intensities for each of the second
output intensities at the second wavelength. Optionally, in any embodiment, the periodically

performing a measurement comprises storing digital data values as the plurality of second
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wavelength intensities for the second output intensities in a memory. Optionally, 1n any

embodiment, the periodically performing a measurement comprises identifying signal artifacts in
each of the first wavelength reflection intensities and 1n each of the second wavelength retlection
intensities. Optionally, in any embodiment, the periodically performing a measurement
comprises analyzing at each period, the signal artifacts identified 1n the first wavelength
reflection intensities and the second wavelength reflection intensities to determine a period of
time between the signal artifacts. Optionally, in any embodiment, the periodically performing a
measurement comprises using the period of time between the signal artifacts to determine a heart
rate.

[0016] In another aspect, a device for sensing information relating to subcutaneous processes in
a patient 1s provided. Optionally, in any embodiment, the wearable device comprises a wearable
patch configured to attach to a body part of a patient; a sensor assembly mounted on the wearable
patch, the sensor assembly comprising one or more sensors selected from the group consisting of
an acoustic sensor, a strain gauge, an optical sensor, a conductivity sensor, a pressure sensor, and
an chemical sensor. Optionally, in any embodiment, the wearable device comprises a signal
converter configured to recetve the one or a plurality of electrical signals from the plurality of
sensors and to convert the signals to one or a plurality of sensor data signals comprising a data
representation of at least one of the one or a plurality of electrical signals; and a communications
interface configured to communicate the one or a plurality of sensor data signals to a sensor data
processing system.

[0017] Optionally, in any embodiment, the sensor assembly further comprises one or more
sensors selected from the group consisting of an accelerometer, a temperature sensor, and a
moisture sensor. Optionally, 1n any embodiment, the sensor assembly comprises one or more of
an ultrasonic transducer and an ultrasonic sensor. Optionally, in any embodiment, the sensor
assembly comprises an acoustic sensor having a substantially flat sensitivity between about 20
Hz. and about 20 kHz. Optionally, 1n any embodiment, the sensor assembly comprises an
accelerometer having a sensitivity along three axes from 0 Hz. to about 500 Hz. Optionally, in
any embodiment, the sensor assembly comprises a strain gauge having a sensitivity to a
mechanical strain between about 0.1 Hz. and about 20 Mhz. Optionally, in any embodiment, the
sensor assembly comprises a temperature sensor having a resolution below about 0.1°C.
Optionally, in any embodiment, the sensor assembly comprises a temperature sensor and the
signal converter 1s configured to sample one or a plurality of electrical signals representing a
temperature reading from the temperature sensor at about 8 Hz. Optionally, in any embodiment,
the sensor assembly comprises two temperature sensors configured to provide a differential

temperature measurement. Optionally, in any embodiment, the sensor assembly comprises one or
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more of an acoustic sensor and an accelerometer. Optionally, 1n any embodiment, the acoustic

sensor 18 a piezoelectric device. Optionally, 1n any embodiment, the piezoelectric device 1s made
of a material selected from any one or more of polyvinylidene fluoride (PVDF), lead zirconate
(PZT), a composite including either PVDF or PZT materials. Optionally, in any embodiment, the
acoustic sensor 1s a microphone. Optionally, in any embodiment, the microphone 1s implemented
using a microelectromechanical system. Optionally, 1n any embodiment, the communication
interface comprises a wireless transmitter to transmit the one or a plurality of sensor data signals
to the sensor data processing system. Optionally, in any embodiment, the wireless transmitter
communicates radio frequency (RF) signals. Optionally, in any embodiment, the radio frequency
signals are communicated using a near field communication protocol. Optionally, in any
embodiment, the wireless transmitter communicates using a cellular communications system.
Optionally, 1in any embodiment, the wireless transmitter communicates using a wireless local area
network system or a near field magnetic communication system.

[0018] In another aspect, a system for monitoring a patient 1s provided. Optionally, in any
embodiment, the system comprises a wearable patch configured to attach to a body part of a
patient. Optionally, 1n any embodiment, the wearable patch comprises a sensor assembly
comprising a plurality of sensors configured to detect a corresponding plurality of sensory
modalities and generate one or a plurality of electrical signals representing the sensory
modalities; a signal converter configured to receive the one or a plurality of electrical signals
from the plurality of sensors and to convert the signals to one or a plurality of sensor data signals
comprising a data representation of at least one of the one or a plurality of electrical signals; a
communications interface configured to communicate the one or a plurality of sensor data
signals; and a local hub configured to wirelessly receive the one or a plurality of sensor data
signals from the wearable patch using a first protocol, and to transmit the one or a plurality of
sensor data signals using a second protocol.

[0019] Optionally, in any embodiment, the local hub transmits the one or a plurality of sensor
data signals to a remote sensor data processor configured to receive the one or a plurality of
sensor data signals using the second protocol and to process the one or a plurality of sensor data
signals to monitor and alert for thrombosis development or clinically actionable levels of stenosis
1n a vessel. Optionally, in any embodiment, the first protocol 1s 2.4 to 2.485 GHz radiofrequency
communications protocol, a near field communication protocol, a wireless local area network
protocol, or a near field magnetic protocol. Optionally, 1n any embodiment, the second protocol
1s a cellular protocol or an Internet protocol. Optionally, in any embodiment, the remote sensor
data processor comprises a processor and a storage medium storing computer-executable

instructions that when executed are operable to perform phonoangiography using a break
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frequency to esttmate an internal diameter of a carotid artery for the patient. Optionally, 1n any

embodiment, the storage medium stores computer-executable instructions that when executed are
operable to determine the break frequency by calculating a frequency power spectrum for a
sound measurement and 1dentifying a highest frequency after which a power level drops
significantly.

[0020] In another aspect, a method for monitoring subcutaneous processes in a patient 1s
provided. Optionally, in any embodiment, the method comprises sensing a plurality of sensory
modalities using a sensor assembly comprising one or more sensors mounted on a wearable
patch, the one or more sensors selected from the group consisting of an acoustic sensor, a strain
gauge, an optical sensor, a conductivity sensor, a temperature sensor, a pressure sensor, and a
chemical sensor, where the sensory modalities are received as one or a plurality of electrical
signals representing the sensory modalities; converting the one or a plurality of electrical signals
to a plurality of corresponding one or a plurality of sensor data signals; and transmitting the one
or a plurality of sensor data signals to a sensor data processing system.

[0021] Optionally, in any embodiment, the step of sensing the plurality of sensory modalities
comprises any one or more of: sensing sound using an acoustic sensor;, sensing movement or
orientation of a patient body part using an accelerometer; sensing temperature using a
temperature sensor; sensing a stretch or compression of the wearable patch using a strain gauge:;
sensing electromagnetic signals using an optical sensor; sensing moisture using a moisture sensor
sensing conductivity using a conductivity sensor; sensing pressure using a pressure sensor; and
sensing a chemical using a chemical sensor.

[0022] Optionally, in any embodiment, the step of sensing the plurality of sensory modalities
comprises sensing a differential measurement of skin temperature from two temperature sensors.
Optionally, 1n any embodiment, the step of transmitting the one or a plurality of sensor data
signals to the sensor data processing system comprises: transmitting the one or a plurality of
sensor data signals to a local hub, where the local hub transmits the sensor data signal to a remote
sensor data processor for processing of the one or a plurality of sensor data signals.

[0023] Optionally, 1n any embodiment, the device can be placed into a shelf mode where power
1S etther disconnected or placed into a low power mode. In some embodiments shelf mode can be
automatically entered based on readings from any one or more of: magnetic sensors or switches;
optical sensors; motion, acceleration or tilt sensors; temperature sensors; capacitive proximity
sensors;, and mechanical switches. Optionally, 1n any embodiment, shelf mode can invoked by a
microcontroller device and exited based on readings from any one or more of: magnetic sensors
or switches; optical sensors; motion, acceleration or tilt sensors; temperature sensors; capacitive

proximity sensors, and mechanical switches.
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[0024] Optionally, 1n any embodiment, the above sensors interact with product packaging or an

adhesive backing liner 1n order to exit shelf mode when the patch 1s removed from the product
packaging. Optionally, in any embodiment, the device can be placed into a shelf mode where
power 18 either disconnected or placed 1into low power modes. Optionally, in any embodiment,
sheltf mode 1s either invoked by a microcontroller device or automatically entered, based on
readings from any one or more of: magnetic sensors or switches; optical sensors; motion,
acceleration or tilt sensors; temperature sensors; capacitive proximity sensors; and mechanical
switches. Optionally, in any embodiment, shelf mode can be invoked by a microcontroller device
and exited based on readings from any one or more of: magnetic sensors or switches; optical
sensors;, motion, acceleration or tilt sensors; temperature sensors; capacitive proximity sensors;
and mechanical switches. Optionally, 1n any embodiment, the above sensors 1interact with product
packaging or an adhesive backing liner in order to exit shelf mode when the patch 1s removed
from the product packaging.

[0025] Optionally, 1n any embodiment, the device can be placed into a shelf mode where power
1s etther disconnected or placed into a low power mode. Optionally, in any embodiment, shelf
mode 1s either invoked by a microcontroller device or automatically entered, based on readings
from any one or more of: magnetic sensors or switches; optical sensors; motion, acceleration or
tilt sensors; temperature sensors; capacitive proximity sensors;, and mechanical switches.
Optionally, 1n any embodiment, shelf mode can invoked by a microcontroller device and exited
based on readings from any one or more of: magnetic sensors or switches; optical sensors;
motion, acceleration or tilt sensors; temperature sensors; capacitive proximity sensors; and
mechanical switches. Optionally, 1n any embodiment, the above sensors interact with product
packaging or an adhesive backing liner in order to exit shelf mode when the patch 1s removed
from the product packaging.

[0026] Additional aspects and advantages of the present disclosure will become readily
apparent to those skilled 1n this art from the following detailed description, wherein only
1llustrative embodiments of the present disclosure are shown and described. As will be realized,
the present disclosure 1s capable of other and different embodiments, and 1ts several details are
capable of modifications 1n various obvious respects, all without departing from the disclosure.
Accordingly, the drawings and description are to be regarded as illustrative 1n nature, and not as

restrictive.

INCORPORATION BY REFERENCE

[0027] All publications, patents, and patent applications mentioned 1n this specification are
herein incorporated by reference to the same extent as i1f each individual publication, patent, or

patent application was specifically and individually indicated to be incorporated by reference.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0028] The invention can be better understood by referring to the following figures. The
components 1n the figures are not necessarily to scale, emphasis instead being placed upon
1llustrating the principles of the invention. In the figures, like reference numerals designate
corresponding parts throughout the different views.

[0029] FIG. 1 1s a block diagram of an example of a system for measuring biological one or a
plurality of fluid properties;

[0030] FIGS. 2A and 2B are an 1sometric and a top view, respectively, of an example of an
optical measuring system for measuring one or a plurality of biological fluid properties in the
system 1n FIG. 1;

[0031] FIGS. 3A and 3B are a side and a top view, respectively, of an example of the optical
measuring system of FIGS. 2A and 2B used for measuring the depth of biological fluid carrying
vessels below the skin surface;

[0032] FIGS. 4A and 4B are a top view centered and a top view off-axis, respectively, of an
example of the optical measuring system of FIGS. 2A and 2B used for determining a position of
the system relative to the biological fluid carrying vessels below the skin surface;

[0033] FIGS. 5 and 6 are side views of an example of the optical system of FIGS. 2A and 2B
1llustrating use of an analytical model for determining and analyzing optical reflectance data in
measuring one or a plurality of biological fluid properties;

[0034] FIG. 7 1s a graph illustrating a determination of a minimum threshold LED current to
1lluminate the tissue sufficiently to reach the vessel;

[003S] FIG. 8 1s a graph of current at the photodetector, 14, as a function of the depth, d, of the
fluid vessel for different LED to photodetector spacings;

[0036] FIG. 9 1s a graph of ratio reflected intensity at each spacing as a function of hematocrit;
[0037] FIG. 10 1s a schematic diagram of the system 1n FIGS. 2A and 2B illustrating a variation
1n vessel axis with respect to the hemispherical radiation volume induced by the LEDs;

[0038] FIG. 11 1s a flowchart 1llustrating operation of a system for measuring one or a plurality
of biological fluid properties using an example of the system in FIGS. 2A and 2B positioned on
the skin surface of a patient;

[0039] FIGS. 12A and 12B are front views at extension and at flexion of a knee of a patient
with a system for measuring one or a plurality of biological fluid properties thereupon;

[0040] FIG. 13A 1s a flow chart 1llustrating operation of the system 1n FIGS. 2A and 2B

positioned on a skin surface superior to the patella of a patient;
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[0041] FIG. 13B 1s a block diagram of an example of a system for measuring one or a plurality

of biological fluid properties from an optical sensor on a skin surface superior to the patella of a
patient;

[0042] FIG. 14 depicts an arm having a synthetic bridge graft between an artery and a vein;
[0043] FIG. 15 1s a block diagram of an example implementation of a wearable patch with a
sensor assembly and a wireless communication interface;

[0044] FIG. 16A 1s a block diagram of another example implementation of a wearable patch
with a sensor assembly and a wireless communication interface;

[0045] FIG. 16B 1s a flow diagram for an example state machine for the wearable patch of FIG.
16A;

)

[0046] FIG. 17A 1s a perspective bottom view of an example of a wearable patch;

[0047] FIG. 17B 1s a top view of an example of a wearable patch;

[0048] FIG. 18 1s a flowchart 1llustrating operation of a method for monitoring subcutaneous
processes in a patient wearing a wearable patch; and

[0049] FIG. 19 1s a block diagram of an example system for monitoring a patient wearing a

wearable patch.

DETAILED DESCRIPTION OF THE INVENTION
I. Optical Detection of Biological Fluid Properties

1. System Overview

[0050] Disclosed herein are systems and methods for measuring one or a plurality of biological
fluid properties from a patient’s body. Examples of systems comprise an optical system
comprising at least two light sources, at least one photodetector, and data processing resources
for analyzing the data collected using the light sources and photodetector. The light sources are
1dentified as light-emitting diodes (LEDs) throughout this description, however, any suitable
light source with a controllable intensity and 1n some implementations, different wavelengths,
may be used as well. The LEDs are controlled to 1lluminate a region in the tissue below the
LEDs. The photodetector senses light reflected from, or transmitted through, the tissue below the
LEDs and generates a current corresponding to the intensity of the reflected light. The distances
between the LEDs and photodetector are known and the position of each LED relative to each
other, to the photodetector, and to any fluid vessels below the skin surface 1s also known.

[0051] Any number of LEDs may be used in the system depending on the measurements to be
taken and the sensitivity desired. The different LEDs may be needed for emitting light at
different wavelengths, or for illuminating the tissue from different positions on the skin surface.
Multiple photodetectors may be used as well to measure intensities at different wavelengths, or at

different positions on the skin surface.
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[0052] FIG. 1 1s an example of a system 100 for measuring biological fluid vessel properties.

The system 100 in FIG. 1 comprises at least two light sources (LEDs 1n the described example)
102a, 102b, a photodetector 104, a signal converter 106, and a communication interface 108. The
LEDs 102, the photodetector 104, the signal converter 106, and communications interface 108
may be mounted 1n or on a casing, substrate or other holding structure in a manner that allows
each LED 102a, 102b to contact the patient’s skin S. The casing or substrate may be any suitable
structure. In one example implementation, the LEDs 102 and the photodetector 104 are disposed
on a flexible, stretchable substrate formed as a type of patch with an adhesive that would allow
the patient to wear the system for constant monitoring. The stretchable substrate, for example
extended polytetratfluoroethylene (ePTFE), enables a wider range of adherent form factors,
including on or near articulating joints. The substrate contains corrugated traces that allow the
device to stretch without disrupting electrical connections. These traces may be placed by a
physical vapor deposition process when the substrate 1s at maximum stretch. Rigid and flexible
electronics components can then be assembled on the deposited traces using, for instance, a
reflow soldering process. This can be done either while the substrate 1s still at stretch or after 1t
has reverted to 1ts resting dimensions. Where the substrate 1s ePTFE, the device 1s able to
dynamically stretch by more than 20% of 1ts total length, even when populated by rigid
electronics components, due to the material’s ability to stretch by ~50% when unpopulated.
[00S3] The LEDs 102a, 102b are mounted 1n the structure so as to contact the skin to irradiate
the tissue below the skin with a light having an intensity controlled by a current level. Each LED

102a, 102b 1s driven to illuminate the tissue by a corresponding current Iy gp; and Iy gpy,

respectively. The system in FIG. 1 depicts two LEDs, however, additional LEDs may be used.
[0054] The photodetector 104 1s also mounted on the skin to receive reflectance values
corresponding to light reflected from scattering off the structure in the tissue beneath the skin.
The photodetector 104 detects the light and emits a current, 14, corresponding to the intensity of
the reflected light. One photodetector 104 1s used 1n the system 100 1n FIG. 1. In other examples,
additional photodetectors may be used.

[00SS] The signal converter 106 and communications interface 108 are optional and represent a
connection by which reflectance values may be communicated to a processing system for
analysis. A simple hardwired connection may be used to connect the system to a processing
system. The signal converter 106 and communications interface 108 allow for the system 100 to
be implemented on a wearable patch to allow for remote monitoring of the patient. The signal
converter 106 may modulate or encode a signal to be communicated to a processing system. The

communications interface 108 may then communicate the signal wirelessly via antenna 112.
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[0056] The system 100 may receive power from a power supply 103, which may be a simple

battery. The power supply may comprise a wakeup sensor to trigger the power supply 103 to start
the system 100 when the system 100 1s moved from a storage state to an operable state. The
wakeup sensor may for example be implemented as a magnetic sensor that keeps the power off 1n
proximity to a magnetized packaging, but then triggers the power on when moved away from the
magnetized packaging. The wakeup sensor may also be a piezoelectric film that remains 1n a
quiescent state until 1t 1s stretched, inducing a voltage to activate the device. Other modalities
may be used for the wakeup sensor such as light or pressure.

[00S7] FIGS. 2A and 2B are an 1sometric and a top view, respectively, of an example of an
optical measuring system 200 for measuring biological fluid properties in the system 1n FIG. 1.
The system 200 1n FIGS. 2A and 2B comprises two LEDs L1, L2 and one photodetector PD
(housing not shown). Additional LEDs or photodetectors may be used. FIGS. 2A and 2B shows
the position of each component on the skin relative to a biological fluid carrying vessel 210 with
a diameter, D, at a finite depth, d, in the tissue T below the skin surface S. The LEDs L1, L2,
each emit corresponding optical radiation patterns to 1lluminate the tissue. The optical radiation
patterns are 1llustrated in FIGS. 2A and 2B as two separate hemispherical volumes (1n FIGS. 2A
and 2B, L1 generates an optical radiation pattern shown as a hemispherical volume with radius
R; and L2 generates an optical radiation pattern shown as a hemispherical volume with radius
R>). The LEDS, L1, L2, may be selected to emit at different wavelengths, such as for example,
areen, yellow, red, infrared (IR), or other wavelengths.

[00S8] The two LEDs L1, L2 are shown to be located at a center-to-center distance of r;, r;
from the photodetector and placed along the axis of the vessel 210. The hemispherical volumes
representing the optical radiation patterns are depicted as each having a radius R; and R, for L1,
L2 respectively. The radius R;, R, of the optical radiation pattern 1s dependent on the light
wavelength and the corresponding absorption and scattering properties of the tissue and 1ts
constituents at the wavelength. It 1s noted that the system 100 in FIG. 1 1s one of many example
implementations and its description herein 1s not intended to limit the many possible
implementations that are feasible to achieve the intended function of the system. The example
system 200 in FIGS. 2A and 2B implements a mimimum two LEDs located at a known distance
from at least one photodetector. While the system 1s functional with two LEDs and one
photodetector, more LEDs and photodetectors can be used to increase the measurement
performance as detailed in the description below.

[0059] FIGs. 3A, 3B, 4A, and 4B below 1llustrate how the system 1n FIGs. 1, 2A, and 2B may
be used to obtain different measurements of properties of biological fluid vessels. The system

may be modified 1n various ways as described below by using more than two LEDs or by using
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