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DEVICES AND METHODS FOR PREBICTING HEMOGLOBIN LEVELS
USING ELECTRONIC BEVICES SUCH AS MOBILE PHONES

CROSS-REFERENCE TO RELATED APPLICATION(S)

{0661} This application claims the benefit under 35 U.S L. § 119 of the carlier filing date of
U.S. Provisional Application Serial No. 62/271,222 filed December 22, 2015 and US.
Provisional Application Serial No. 62/330,968 filed May 3, 2016. The entire contents of both
aforementioned provisional applications are hereby incorporated by reference in their entirety

for any purpose.

TECHNICAL FIELD

{6624 Embodiments of the mvention relate generally to prediction of hemoglobin levels.
Examples of methods and devices for predicting hemoglobin levels are described, including

mobile phones and applications for predicting hemoglobin using mobile phones.

BACKGROUND

{003} Hemoglobin generally refers {o the protein molecule in the blood that carries oxygen
throughout the body. A measure of hemoglobin may be considered a representation of the
oxygen carrving capacity of a patient’s blood. This may be distinct from oxygen saturation,
which generally measures the oxyeen carrying efficiency of the blood. A total hemoglobin
(tHb} level refers to the concontration of hemoglobin g/dl. in the blood. Low levels of
hemoglobin are indicative of various health aspects such as low blood production, excessive
bleeding, and/or malnutrition. Corrently, the accepted chinical standard for measaring
hemoglobin level is to perform laboratory tests requiring a blood draw. Point of care systems
provide an option for performing the tests without a laboratory, onc such being the Quest
HemoCue. These tests however still require a prick of the finger to provide the blood needed
for a chemical analysis.

[004] Optical solutions using wavelengths of Red and IR light can be used to detect total
hemoglobin levels. Existing optical solutions rely on a method called hemochromatic

analysis, which is an analysis of the coloration of the blood.
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SUMMARY

[065] Examples of devices are described herein. Ap example device includes a phurabty of
hight sources including at least one broadband hight scurce configured to provide light n &
range of wavelengths. The plurality of light sources may be positioned to iHuminate a body
part when placed i a target area. The device may include a camera including optical sensors.
The camera may be positioned to receive reflected light from the body part when placed in
the target arca. The optical sensors may be configured to detect incident light having
respective wavelengths within the range of wavelengths and provide image data for the
respective wavelengths, The device may further mclude at least one processor and computer
readable media encoded with mstructions, including mstructions which, when executed,
cause the device to extract features from the image data for the respective wavelengths, the
features selected based on the plurality of light sources and the optical sensors, and predict a
hemoglobin level based on a comparison of the featires to a model.

HEEY In some examples, the optical sensors are configured to detect incident light having
wavelengths of less than 1000nm.

667} In some examples, the broadband light source comprises a white light source and at
least one optical sensor is configured to detect red wavelengths and at least another optical
sensor is configured to detect blue wavelengths. In some cxamples, the plurality of light
sources further melude an mfrared light source.

[608] In some examples, the features may include an amplitude of pulsatile absorption of
the image data from the optical sensor configured to detect red wavelengths responsive to
tHumination by the white light source, an amplitude of pulsatile absorption of image data
from the optical sensor configured to detect blue wavelengths responsive to lununation by
the white hght source, an amplitude of pulsatile absorption of image data from the optical
sensor configured to detect blue wavelengths responsive to dlumination by the infrared hight
source, a pairwise ratio of pulsatile absorptions between the image data from the optical
sensor configured to detect blue wavelengths responsive to tlumination by the white light
source and the image data from the optical sensor configured to detect red wavelengths
responsive to iHumination by the white light source, and an adjusted absorption difference
between the image data from the optical sensor configured to detect red wavelengths

responsive to thumination by the white light source and the image data from the optical
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sensor configured to detect blue wavelengths responsive to illumination by the infrared tight
source.
{669} In some examples, the features mclude features associated with nonlinear interactions

between wavelengths,

[010] in some examples, the plurality of light sources include an incandescent light source.
11} In some examples, the device comprises a mobile phone.
[012] In some examples, the computer readable media is further encoded with instructions

which, when executed, cause the device to sequentially tluminate the target area with each of
the plurality of light sources.

{013} In some examples, the computer readable media is further encoded with instructions
which, when executed, cause the device to provide an indication of a failed ancoua soreening
when the hemoglobin level is below a threshold level.

[014] In some examples, the features are selected using a regression for the plurality of hight

sources and the optical sensors based on blood test values.

{015] In some exarmples, the regression is a linear regression or a support vector machine
TegTession.
016} Examples of methods are described herein.  An example method includes placing a

body part in a target arca proximate a mobile phone, luminating the body part with a
plurality of light sources on the mobile phone, detecting reflected light from the body part
with a camera of the mobile phone including with cach of a plurality of optical sensors
configared to detect different wavelengths and provide image data for the different
waveiengths, and predicting a hemoglobin level in the body part using an application on the
mobile phone, wherein the application is configured to causc the mobile phone to extract
features from the image data for the different wavelengths and compare the features to a
model of hemoglobin levels.

817} In some examples, tluminating the body pait comprises sequentially illuminating the
body part with each of the plurality of light sources.

[618] In some examples, methods further include illuminating the body part with another
light source external to the mobile phone.

{619} In some examples, predicting the hemoglobin level further comprises displaying an

mdication of the hemoglobin level on a sereen of the mobile phone.
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[020] In some cxarmples, methods further mchude displaying an indication of failure of an

anemia screeming when the hemoglobin level is below a threshold.

621} In some examples, methods further include mstalling the application on the mobile
phone.
[022] in some examples, tHuminating the body part with the plurality of light sources

coraprises iluminating the body part with a flash of the mobile phone.

{023} In some cxamples, methods further inclide developing the model of hemoglobin
levels and selecting the features by performing a regression based on the plurality of hight
sources, optical sensors, and blood test data.

[024] In some examples, extracting features comprises extracting features selected based on
the plurality of light sources and optical sensors.

[025] This summary includes examples of described subject matter. The summary should

not be used to himat the scope of any claim.

BRIEF DESCRIPTION OF THE DRAWINGS

[026] FIG. 1 13 a schematic dlustration of a method arranged in accordance with examples
described herein.

1027} FIG. 2 15 a schematic dlustration of a system arranged in accordance with examples
desenbed herein.

[028] FIG. 3 1is a schematic llustration of different hardware implementations of cameras
and light sensors arranged 1n accordance of examples descnibed herein.

1029} FIG. 4 is a schematic representation of absorption over time m accordance with
examples described herem.

630} FIG. S 15 a schematic illustration of algorithms for processing video and/or image data
arranged in accordance with examples described herein.

BETAILED DESCRIPTION

[0831] Certain details are set forth below to provide a sufficient understanding of described
examples. However, it will be clear to one skilled in the arnt that other examples may be

practiced without certain of these particular details. In some instances, well-known circuits,
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control signals, timing protocols, clectronic device components, software operations, and
hemoglobin detection methodologies have not been shown m detail in order to avoid
unnecessarily obscaring the described examples.

1032} Examples described herein melude electronic devices which may serve as
hemochromatic analvzers, leveraging sensors and computation available on the electronic
devices themselves, such as smartphones and smartwatches. In this manner, minor to no
hardware modification may be required to a mobile phone or other electronic device to allow
the device to predict hemoglobin levels. An application mav be mstalled on an existing
clectronic device, such as a mobile phoune, which may utilize the existing hardware of the
clectronic device (with modifications in some examples) to nonmvasively predict hemoglobin
level. This way, people may be able to perform hemoglobin measurements in non-clinical
settings more easily and cheaply. Examples described hercin may include one or more
broadband light source(s) (such as from 600nm to 1300nm in some examples, from 600nm o
1000nm in some examples, 600nm to 970mm in some examples, 700nm to 1000nm in some
examples, or other ranges in other examples), optical sensors {e.g. an array of photodetectors
o7 a camera, or a camera with IR response), and computation on the electronic device oron a
remote computing system.

1033} Examples described herein may analyze the color of blood {e.g. through transmitied
and reflected lighty to predict a hemoglobin level. Prior solutions had not demoustrated
capability using reflected light.  Nomnvasive measurement may be desirable for both
sanitation and case of use when measuring frequently because it avoids or reduces puncturing
the skin.

{034} Figure 1 is a schematic illustration of a method arranged in accordance with examples
described hercin. Figure | provides a small schematic illustration associated with cach phase
of an example method - phase 102, phase 104, phase 106, phase 108, phase 110, and phase
112 In other examples, other, different, and/or fewer phases may be used.

[035] In phase 102, a body part may be placed m a target area proximate an electronic
device. A mobile phone is shown implementing the electronic device m Figare 1, however,
other electronic devices may be used. Electronic devices which may be used include, but are
not bimited to, wearable devices such as watches or wristbands, medical devices, compuiers

such as laptops, deskiops, servers, or tablets, automobiles, apphances, or combinations
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thereof. As described hercin, the clectronic device used in phase 102 may have light source(s)
and a camera that may be used in predicting hemoglobin levels. In some examples, an
application for predicting hemoglobin levels may be installed on the electronic device. The
installation may in some examples socur prior to phase 102.

[036] Body parts which may be used for predicting hemoglobin levels described herein
melude, but are not limited 1o, one or more fingers {as shown n Figure 1), one or more toes,
cars, or combinations thercof,

10837} In phase 102, the body part is placed in a target area proximate the clectronic device.
The target area generally refers to an arca that is able to receive light from the light source(s)
of the electronic device, and an arca from which the camera of the electronic device may
receive reflected light. Geoerally, the body part is placed such that it may receive light
emitted from the light source(s) included in the clectronic device. The body part is also
placed such that the camera included 1n the electromic device may receive hight retlected from
the body part. Accordingly, in some examples, a finger may be placed covermng and/or
partially covenng the light source{s) and camera. In some examples, a toe may be placed
covering and/or partially covering the light source(s) and camera. fn somc cxamples, the
clectromic device may be placed against an ear such that a portion of the ear covers and/or
partially covers the light source{s) and camera. In some examples, the body part may contact
the light source(s) and/or camera. In some examples, the body part may be separated from the
light source(s) and/or camera.

{038} In phase 104, the body part may be illuminated with the hight source(s} on the
clectronic device (such as the mobile phone shown o Figure 1). In some cxamples, phase 104
may additionallv include illuminating the body part with an external light source. In some
examples, the light source(s} are used to sequentially Huminate the body part. For example,
one light source may ithuminate the body part for a period of time. Then, another light source
may illwminate the body part for ancother period of time. The periods of time for cach light
source may be the same or may be different. In some examples, the period may be 10 seconds
for gach light source, 15 seconds for each light source in other examples, 20 seconds for cach
light source in other examples. Other pericds may be used in other examples. Generally, the

period of illumination by cach light source may be sufficient to capture scveral heartbeats.
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Given an average heartrate of 75 beats per minute, for exanple, 15-20 heartbeats may be
captured with a 135 second illumination time period.

1639} In some examples, at least one broadband light source mav be used. A broadband
hight source may emit wavelengths of light over several wavelength ranges. For example, a
broadband light source may emit wavelengths of light that may be detected by more than one
optical sensors 1o a camera of the electronic device or otherwise included m the electronic
device, such as infrared optical sensors i a proximity sensor unit and/or an infrared laser
autofocus system:. In some examples, a flash and/or light emitting source of a prosimity
sensor and/or infrared laser autofocus system included in the electronic device may be used
as at least one of the hight source(s).

{040} In other examples in phase 104, some or all of the hight scurce(s} may illununate the
body part simultancously, or at least partially stmuitancously. Generally, sequeuntial
tdlumination may be preferred m some examples where a limited sampling rate of a
commodity camera 18 used and it may not be desirable to synchronize the ight soarce(s} with
the camera’s frame refresh, making i not feasible to measure all wavelengths of light at the
same time. However, i some examples, access to low level hardware control or other custom
components may be provided to support simultancous measurement of all or multiple light
SOUKCes.

{041} in phase 106, reflected light from the body part may be detected with a camera of the
electronic device. For example, video and/or image data may be obtained by the camera of
the electronic device. Video data may serve as a source of image data described herein.
Example video data may be obtained at 10, 15, 20, 25, or 30 frames per second in some
examples. Other frame rates may also be used including 100, 200, 300, 400, 500, 600, 700,
800, 900, or 1000 frames per second. Each frame may be referred fo as image data. Video
and/or image data may be obtained for each of the light source(s) used. For example, one set
of video and/or image data may be obtained corresponding to reflected light received from
the body part responsive to illununation by a first light source. Another set of video and/or
image data may be obtained corresponding to reflected light received from the body part
responsive to dlumination bv a second light source. The number of sets of data may

correspond to the number of light sources in some examples. fn some examples, video and/or
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mmage data may be obtained corresponding to reflected light received from the body part
responsive to itlumination by multiple light sources.

1042} Note that cameras may generally inchude a number of optical sensors, cach sensitive
to different wavelengths {e.g. different wavelength ranges). For example, cameras may
mclude a red, green, and blue optical sensor. Accordingly, the camera used 1o Figure 1 may
capture image and/or video data which includes channels of data corresponding to each of the
different optical sensors {¢.g. a red channel, a green channel, and a blue channel). In other
examples, cameras may have different optical sensors sensitive to different wavelengths.
Generally, tmage and/or video data obtained by the camera may inchude channels, where cach
channel represents data corresponding to particular wavelengths (e.g. collected by an optical
sensor sensitive to particular wavelengths). Accordingly, the camera of the electronic device
may provide image data for different wavelengths. Moreover, infrared sensors may be used
additionally or mstead of the camera. Generally, a user’s body part may be placed n such a
way as to cover or otherwise reflect light to those sensors when used.

1043} In some examples, camera setiings on existing electronic devices {e.g. mohile phones}
may be manipulated to facilitate obtaining uscful video and/or image data for technigues
described herein. For example, camera scttings pertaming to white balancing {e.g.
"iacandescent mode™) may be selected which avoid or reduce rebalancing of detected image
data to remove or reduce infrared (IR) components. Instead, detected IR components may be
retained i the video and/or image data. In some examples, hardware gains may be set for
gach channel (¢ g. RGB channel) using presets for each light source. For example, the presets
may be determined ermpirically found for each lighting source such that the three channels
report a similar level of light. This may aid in retaining all or more of the data from all
channels. For example, the red channel may have a much stronger response due to the red
blood under white and meandescent hights. Ifleft to a flat white balance, the auto exposure on
a camera may be set to the red channel, leaving the other channels underexposed. Exposure
may be set using the camera anfoexposure setiings.

[0844] In phase 108, time senies data for cach chanmel may be obtained for cach light source.
The time serigs data may be intensity data. The time series data may be obtained, for
example, by averaging or otherwise combining data for the channel from cach frame of video

data, or from a sequence of image data. In some examples, an entire frame or image may be
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used to gencrate a time series data point - ¢.g. an average of all pixels in the frame may be
used. In other examples, portions of the frame and/or image mayv be used. In some examples,
only pixels from a central portion of the frame and/or image may be used. In some examples,
pixels having valoes outside a threshold may be discarded.

{045} Accordinglv, phase 108 may result in a time series data representing miensities for
each channel durnng ilumination by each light source. For example, illumination by a first
light source may result in three sets of time series data - one representing intensity over time
for the red channel, one representing indensity over time for the green channel, and one
representing intensity over time for the green channel. Hlunination by a second hight source
may vicld another three sets of time series data - one representing intensity over time for the
blue channcl, one representing intensity over time for the green channel, and one representing
mtensity over time for the green channel. Different numbers of channels and light sources
may be used. In some examples, a time series of data may not be obtained for each channel.
For example, the green channel may not be needed in some examples. Accordingly, in some
examples, time series data may be obtained for only the red and blue channels.

[046] In phase 110, features arc extracted from the time serics data. Any of a varicty of
features may be used. Examples of features are described hercin and may include peaks,
troughs, and interaction terms between light sources. In some examples, an application
running on the electronic device used to tuminate the body part may be used o extract the
features.

[0847] In phase 112, the features extracted m phase 110 may be compared to a model of
hemoglobin levels to provide a predicted hemoglobin level of blood n the body part. In some
examples, the comparison may mclude application of a regression to predict a hemoglobin
fevel of blood in the body part based on the features extracted in phase 110, Generally, the
regression may mvolve a comparison between the extracted features and a model of
hemoglobin levels. The model of hemoglobin levels mav be based, for example, on iraining
data and blood tests. For example, the model of hemoglobin levels may be developed based
on the plurality of light sources, optical sensors, and blood test data. The plurality of hight
sources and optical sensors of the electronie device to be used may be used to collect data

from fest subjocts. Blood iests of the test subjects may also be performed to determine
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hemoglobin fevels. The model relating extracted featurcs to predicted hemoglobin level may
be developed based on that training and test data.

{048} In some examples, an application running on the electronic device used to ihhuminate
the body part may be used to conduct the comparison and/or apply the regression. The
corparison and/or application of the regression may result 1 a predicted hemoglobin fevel
An indication of the predicted hemoglobin level may be displaved, for example on a display
of the electronic device used to illuminate the body part. For example, a number representing
the predicted hemoglobin level may be displayed. In some examples, an indication of
whether the predicted hemoglobin level was above, below, and/or near a threshold may be
displayed (e.g. a green, red, and/or yellow mndicator). For example, an indication of a failure
of a screening may be displayed if the predicted bemogiobin level is below a threshold. The
screening may be a screening for any of a varicty of hemoglobin-related conditions {¢.g.
angmia, malnutrition, need for transfusion). In some examples, a range of predicted
hemoglobin lovels below 9 g/dh {e.g. between 6 g/dL and 9 g/dL} may be considered below a
threshold, and may result in 3 red indicator. In some examples, a range of predicted
hemoglobin levels between 9 g/dl. and 12 g/dl. may be considered near a threshold, and may
result in a vellow indicator. In some examples, a range of predicted hemoglobin levels above
12 g/dL {c.g. between 12 g/dL and 16 g/dL} may be considered above a threshold, and may
result in a green indicator.

[049] ¢ features extracted m phase 110 and/or the features used m phase 112 may be
based on the hight source(s) and cameras used. As described herein, certain features may lend
themselves to the ability to predict hemoglobin with an acceptable level of accuracy for a
particular combination of light source(s) and cameras with certain optical detectors.

[850] Figure 2 is a schematic iltustration of a system arranged in accordance with examples
described herein. The system 200 includes electronic device 202, optional computing system
220, and optional extemnal light source(s) 222. Electronic device 202 inchudes hight source{s)
204, camera 206, processor{(s} 208, computer readable media 210, executable mstructions for
hemoglobin level prediction 212, model data 214, image data 216, and display 218. In other
examples, fewer, other, different, and/or rearranged components may be present in the

clectronic device 202 and/or system 200,
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{051} The light source(s) 204 and the camera 206 may be in communication with the
processor{s) 208, The display 218 may also be in commumication with the processor(s) 208.
The processor{s) 208 is also in communication with computer readable media 210 which may
mchide executable instructions for hemoglobin level prediction 212, The executable
mstructions for hemoglobin level prediction 212, when executed by the processor(s) 208,
may cause the clectronic device 202 to perform actions described herem for predicting
hemoglobin levels. The computer readable media 210 may further mclude model data 214
and/or image data 216

{052} The clectronic device 202 may be in communication with computing system 220
asing wired and/or wireless communication. bt 1s to be onderstood that the arrangement of
compeonents in the electronic device 202 and/or computing system 220 may be qguite flexible.
For example, while the processor(s} 208 and execcutable instructions for hemoglobin level

prediction 212 are described herem with reference to Figure 2 as included in the electronic

device 202, in some examples, the computing system 220 may mstead perform some or all of

the actions for predicting hemoglobin level. For example, data from the camera 206 may be

provided to the computing svstom 220 for processing to predict a hemoglobin level in

accordance with methods described herein 1n some examples.

{053} The system of Figure 2 may be used to perform the method of Figure 1 in some
examples.
[054] Examples of devices that may be used to implement electronic device 202 include, but

are not limited to mobile phones {¢.g. smartphones), wearable devices such as watches or
wristbands, medical devices, computers such as laptops, deskiops, servers, or tablets,
automobiles, appliances, or combinations thereof.

[855] The electronic device 202 mcludes hight source(s) 204. Generally any number of light
source{s) 204 may be included Examples inchude 1, 2, 3, 4, 3, 6, 7, 8, 9, and 10 light
source{s). The hght source(s} 204 may be unplemented using LEDg in some examples. The
light source(s) 204 may include at least one broadband light source. The broadband hight
source may provide light m a range of wavelengths and may be implemented, for example,
using a white light (e .g. a white LED}. In some examples, the light source{s} 204 may include
a flash of the clectronic device 202, The light source(s) 204 may be positioned to illuminate a

body part when the body part 1s placed in a target area. In some examples, the light source(s)
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204 mav mnclude an infrared hight source, for example a 970nm hight source, such as a 970nm
LED (970nm +/~ 10nm in some examples) and/or a 880nm light source, such as a 880nm
LED (880nm +/- 10nm in some examples).

{056} The light source(s} 204 may be mtegrated into the electronic device 202, For example,
the light source(s) 204 may be integrated indo the electronic device 202 as a flash, or may be
packaged with the electronic device 202, for example, around an aperiure used for the camera
206, In some examples the light source(s} 204 may be integrated into a case or other
component that may be attached to the electronic device 202, For example, one or more of
the light source(s) 204 may be mounted on a substrate that is attached, clipped. adhered, or
otherwise mounted to the electronie device 202.

{057} In some examples, external light source{s) 222 may be used in addition to the hight
source(s) 204. For cxample, the extemal light source{s) 222 may be implemented using an
meandescent light source, tungstun light, or combinations thereof.

[058] The camera 206 is generally positioned to recetve reflected hight from the body part
when placed in the target area. The camera 206 may mclude a number of optical sensors. The
optical sensors may generally detect incident light having respective wavelengths. In some
cxamples, the respective wavelengths arg within the range of wavelengths provided by the
broadband hght scurce. The optical sensors may provide image data {(¢.g. video data, where
cach frame of video data may be considered image data) for the respective wavelengths. For
example, the camera 206 may include three optical sensors - one for red wavelengths, another
for green wavelengths, and another for blue wavelengths, In some examples, the optical
sensors may detect incident light having wavelengths of less than 1000nm. Accordingly, in
some cxamples, homoglobin levels may be predicted without any detector capable of
detecting wavelengths of light over 1000nm. Alternately stated, the optical sensors may only
detect incident light having wavelengths of less than 1000nm.

{059} Generally, the camera 206 and light source(s} 204 may be disposed on a same side of
the electronic device 202 such that a body part may be placed to receive light transmitted
from the hight source(s} 204 and reflect the light to the camera 206, For example, the camera
206 and light source{s) 204 may be positioned on a back or front face of a mobile phone used

to implement the clectronic device 202. In another example, the camera 206 and Light
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source(s) 204 may be positioned on a same cdge of a watch used to implement clectronic
device 202,

860} In some examples, a so-called front-facing camera may be used to implement the
camera 206. The front-facing camera may be desirable 1n some examples because the infrared
{IR) cutoff of the front-facing camera in a typical mobile phone may be weaker than that of
the rear-facing camera. The front-facing camera generally refers to a camera facing the user
when the mobile phone 18 i use, such as a camera on a same side of the mobile phone as a
display (c.g. Display 218}, In other cxamples, the rear-facing camera may be used to
mmplement camera 206. fn some examples, through hardware or software modification, an IR
cutoff of the camera may be improved.

{661} The processor(s) 208 may be implemented using one or more processors. In some
cxamples, multi~core processors may be used. In some examples processor(sy 208 may be
mplemented using, or partially or fully replaced by, custom circuitry {e.g. ASICs) or other
processing elements.

10862} The computer readable media 210 may be implemented generally by any electronic
storage {¢.g. volatile, non-volatile, removable and non-removable, RAM, ROM, EEPROM,
flash or other memory technclogy, UD-ROM, digital versatile disk (BVD} or other optical
storage, magnetic cassettes, magnetic tape, magnetic disk storage or other magnetic storage
devices, solid state drives (SSI) or other solid state storage devices, or any other medium
which can be used to store the desired information and which can be accessed by the
glectronic device 202}, The computer readable media 210 may generally be implemented
using any number of storage devices, and the listed data stored on the computer readable
media 210 - ¢.g. executable mstructions for hemoglobin level prediction 212, model data 214,
and mmage data 216, mayv cach be stored on a same and/or different electronic storage
medium. In some examples the computer readable media 210 may be implemented using
multiple storage devices and any or all of the data shown stored on computer readable media
210 may be distributed across several storage devices.

[063] The executable instructions for hemoglobin level prediction 212 may be executed by
the processor(s) 208 to perform actions, such as those described with reference to Figure 1.
For example the cxecutable instructions for hemoglobin level prediction 212 mav mclude

mstructions for extracting features from mmage data for respective wavelengths.
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{064} For exarmple, as discussed with reference to Figure 1, the nstructions may cause the
electronic device 202 to illaminate a target arca with the light source(s) 204. For example, the
mstructions may cause the electronic device 202 to sequentially illuminate the target arca
with the light source(s) 204. In some ¢xamples, the instructions may include instructions for
prompting a user to twrn on external light source(s) 2227 or confirm that cxtemal hight
source(s) 222 are ltumnated.

[065] The executable mstructions for hemoglobm level prediction 212 may generally be
referred to as an application for predicting hemoglobin levels and may be installed on the
clectronic device 202, In some exarmples, the electronic device 202 may have communication
and other components to recetve and install software updates, such as updates improving one
or more image capture, processing, and analysis algorithms, and/or the executable
mstructions for hemoglobin leve! prediction 212, which may allow the electronic device 202
and the executable instructions for hemoglobin level prediction 212 to be easily and quickly
upgraded as necessary.

666} The executable instructions for hemoglobin level prediction 212 may include
mstructions for obtaming video data and/or 1mage data from the camera 206 as described
herein, for example with reference to Figure 1. The executable instructions for hemoglobin
level prediction 212 may include instructions for obtaining time series data for cach optical
sensor of the camera and for each light source, as descrbed hercin such as with regard to
Figure 1. The executable instructions for hemoglobin level prediction 212 may further
mclade mstructions for extracting features from the time series data as described herem, such
as with regard to Figure 1. In this manner, the ¢xecutable mstructions for hemoglobin fevel
prediction 212 mayv include instructions for extracting features from image data obtained by
the camera 206. As described herein, the features may be selected based on the light source(s)
204 and the camera 206 (c.g. the optical sensors in the camera 206). For example, featares are
selected using a regression for the plurality of light sources and the optical sensors based on
blood test values. The regression may be a linear regression or a support vector machme
Fegression.

667} The executable instructions for hemoglobin level prediction 212 may include
mstructions causing the electronic device 202 to predict a bemoglobin level based on a

comparison of the featurcs to a model, as described herein such as with regard to Figure 1.
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The comparison may include applving a regression to the extracted features as descrbed
herein such as with regard to Figure 1.

[068] The executable instructions for hemoglobin level prediction 212 may finther include
mstructions for providing an indication of a failed screening as described herein, such as with
regard to Figure 1.

[069] The mdication may be provided on display 218, The display 218 may be implemented
using, for example, a monttor, screen, touchscreen, or combimations thereof. In some
examples, the display 218 and an mput unit can be tmplemented across shared hardware {e.g.,
the same touchscreen is used to accept mput and display output). The display 218 may also
be used to display one or more sutable user interfaces {Uls) to the user, such as Uls of an
application for predicting hemoglobin levels.

[070] Although not shown explicitly in Figure 2, the electronic device 202 may also include
an input umit for receiving input from a user. Examples of input umits include, but are not
Iimited to, keyboards, mice, touchscreens, joysticks, and combinations thereof. The input wnit
may in some examples accept voice commands and/or gestural commands.

1071} Although not shown explicitly in Figure 2, the clectronic device 202 may also include
a commumication unit to recetve and/or transmit data {e.g., image data, video data, a pulse
waveform, predicted hemoglobin levels, model data, software updates, etc.) between the
clectronic device 202 and computing systemn 220 or a different separate device or system,
such as another remote server or other computing svstem. The communication unif may use
any suitable combination of wired or wireless communication methods, mclading Wi-Fi
commumication. In some examples, the communication between the electronic device 202
and the scparatc system may be performed using short message service (SMS) text
messaging. The communication unit may also be operably coupled to the processor(s) 208,
such that data commumication to and from the electronic device 202 may be controlled based
on instructions provided by the executable instructions for hemoglobin level prediction 212.

[072] The optional computing system 220 may be implemented across any suitable
combination of physical and/or virtealized computing resources (e.g., virtual machines),
mcluding distributed computing resources {g.g. "in the cloud™). In some examples, the

computing system 220 may bc a remote server m commmunication with a plurality of
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clectronic devices mcluding the electronic device 202, The communication can utilize any
suttable wired or wireless communication methods, as described above.

{873} The computing svstem 220 may include one or more processors, a memory or other
data storage device storing executable instructions, and a communication umit. The
communication unif can be used to communicate data (c.g., image data, hemoglobin
estimates, software updates, model data, etc.} between the computing system 220 and the
electronic device 202 {e.g., via SMS text messaging). For example, the computing system
220 may receive image data provided by the electronic device 202, such as tmage data that
has not vet been proccssed in some examples. The data obtained from the clectronic device
202 may be stored mn the computing system 220 in some examples. The computing system
220 may provide instructions ¢xecutable by the processors to process and analyze the image

data, such as by performing one or more acts of the methods described herein. The computing

53

system 220 may output a prediction of the patient’s hemogiobin level, which can be stored in

17

the memory and/or transmutted to the clectronic device 202, In some instances, depending on
user preference, the results can additionally or instead be transmitted to a third party, sach as
a medical professional who can review the results and provide the user with further
mstructions as necessary.

1074} In this manner, glectronic devices may be provided which have all the necessary
hardware to perform a medical analvsis {c.g. predict a hemoglobin level), but use the
electronic device {¢.g. Mobile phone) as a hub to control the device, receive data, store data,
and potentially send data to an cuiside database for access by hospitals and doctors.

1075] Accessory components may be provided in some examples. For example, a coff (e g.
a finger cuff) may be provided and mounted to the clectronic device 202 such that it aids in
positioning a body part proximate the camera 206 and/or light source(s) 204. Such a coff may
also function as a cover to block or reduce ambient light. A small window may be integrated
mto the top of the cuff to be opened for the incandescent light.

[B76] Figure 3 is a schematic iltustration of different hardware implementations of cameras
and light sensors arranged in accordance of examples described herein. Three different
implementations arc shown - arrangement 302, arrangement 310, and arrangement 320. Each
arrangement depicts light sources and a camera and their position integrated uto a mobile

ohone. The arrangement 302 mcludes camera 384, hight source 306, and light source 308, The
} = o g
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arrangement 310 ncludes camera 312, light source 314, light source 316, and external hight
source 318, The arrangement 320 mcludes camera 326 and plurality of light sources 328, The
plurality of light sources 328 may include light source 322, hight source 324, light source 330,
light source 332, light source 334, light source 336, and light source 338,

{077 Operation of systems having cach of the arrangements shown i Figure 3 to predict
hemoglobin levels 15 further descnbed herein. It should be appreciated that other
arrangements are possible in other examples, and the detailed description of the arrangements
shown in Figure 3 is to facilitate understanding and not by way of limitation.

1078} In the arrangement 302, the light source 306 s implemented using a white flash of the
mobile device. In the arrangement 302, the light source 308 is implemented using an infrared
{IR} emutter. Existing mobile devices {¢.g. mobile phones} may be already provided with a
white LED for a flash. Accordingly, the light source 306 may not require augmentation of an
existing device in some examples. Existing mobile devices {e.g. mobile phones) may have an
IR emitters {¢.g. which may be used for autofocus). Accordingly, no hardware augmentation
of an existing electronic device (e.g. a smartphone} may be required for arrangement 302,

1079] In the arrangement 310, the light source 314 is implemented using a white or other
flash of the mobile device. Generally, any light source positioned in an electronic device such
that the light may be reflected off a body part to an optical sensor may be used. In the
arrangement 310, the hight source 316 is implemented using an infrared cmitter. The
arrangement 310 also includes external light source 318, which i1s implemented using an
mcandescent lamp. As described, the white flash and infrared emitter may be present on
existing mobile phones or other electronic devices, and therefore no augmentation may be
necessary to provide those components in some examples. The addition of external hight
source 318 may be a minor augmentation.

{080} In some examples, an incandescent light bulb, such as the external light source(s) 222,
may provide a source of IR light For example, incandescent light bulbs typically have strong
IR light emission in the NIR range. In some examples, a 6W incandescent light bulb was
used, which may be commonly available.

1081} In arrangement 310, the light scurce 314 and the light source 316 are placed in or
around the phone camera, while the external light source(s) 222 may be placed above the

camera 312 dunng use, about | inch above the finger in some examples, about 2 inches above
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the finger i some cxamples, about 3 inches above the finger in some examples, about 4
mches above the finger in some examples, about 5 inches above the finger in some examples.
Other distances may be used m other examples.

{082} In the arrangement 302 and the arrangement 310, the light sources are positioned on a
same side of the electronic device as the camera. The light sources are positioned a distance
from the camera, but sufficiently close that a part of a body (¢.g. a tinger) may be placed in
contact with both the camera and the light sources.

1083] In the arrangement 320, a plurality of light sources 328 are disposed around the
camera 326. The plurality of light sources 328 may be implemented using a custom LED
array, which is shown in further detail in Figure 3. The plurality of hight sources 328 may be
provided by way of hardware augmentation of an existing clectronic device in some
cxamples {¢.g. 2a mobile phone). The augmentation may include building the plurality of light
sources 328 wto the device in some examples, or providing a substrate having the plurality of
hight sources 328 that may be mounted to an existing clectronic device. For example, the
plurality of light sources 328 may be provided in a phone case m some examples that may fit
over an existing mobile phone and, when fitted to the mobile phone, position the plurality of
Lght sources 328 around the camera 326.

{084} The plurality of light sources 328 may include a 680nm LED 322, a 660nm LED 324,
a 630nm LED 330, two 970nm LEDs 332 and 336, a white LED 334, and an 880nm LED
338. Fewer, greater, or subsets of those LEDs may be used n other examples. In some
examples, a white LED, two 970nm LEDs and an 880nm LED may be used. In some
examples, a white LED, a 970nm LED, and an 880nm LED may be used.

{085} Examples of algorithms and methodologies for predicting hemoglobin using svstems
and methods described herein may involve comparing relative absorptivity of blood at
multiple wavelengths., Examining absorptivity at multiple wavelengths may allow for a
comparison of the ratios of multiple forms of hemoglobin {(e.g. Uxvhemoglobin,
Deoxvgenated Hemoglobin, Methemoglobin, carboxvhemoglobin) and also blood plasma
which may be constdered mainly a water solution

1086] The various forms of hemoglobin have different absorptivity, generally between 600
nm to 1000nm. Water gencrally begins to have absorption above 900nm. At each heartbeat,

some amount of blood is pushed through and temporarily mereases the amount of blood in a
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cross section of the vessel as the pulse propagates. The baschine strength of a reflected signal
may be referred to as BC absorption. The fluctuation due to the pulse may be referred 1o as
AC absorption. By measuring the DC and AC absorption at multiple wavelengths along the
spectrum, systems described herein may predict a ratio of cach hemoglobin agaimst the
amount of water, which produces a total predicied ratio of hemoglobin to water,

{087} Examples described herein may overcome a typical Hmatation of using existing
mobile phone or other commodity hardware for hemoglobin measarement: a lack of
sensitivity to incident light greater than 1000nm. Generally, examples described herein may
rely on IR absorption only under 1000nm. Water generally begins to have a response above
940nm and has an matial relative maximum at 970nm,

{088} Examples described herein may not only evaluate the water content in the plasma, but
also the proteins that make up about 10% of the blood plasma by volume as a proxy for
capturing the plasma volume to compare agamst hemoglobin concentration. This may be
accomplished by leveraging the blue absomtion of the plasma. By illuminating the finger
with a white LED (which contains a strong bluec component) and an IR light {(¢.g. at 9700my),
examples of svstems described herein are capable of capturing the plasma response.

{089} In some examples, an additional IR light source (e.g. 880nm} may be used to help
capture the different absorption between the various forms of hemoglobin. Both the 970nm
and 880nm LEDs are generally m the range used for IR auntofocus LEDs that may be
provided in commodity mobile phones.

[390] Algorithms that mav be used by devices and methods herein o predict hemoglobin
levels may proceed in generally to parts. First, the pulsatile signal recorded in captured video
and/or image data may be extracted {(e.g. the pulsatile signal mav be identificd from time
series data generated for each wavelength range and cach hight source}. Next, features may be
extracted that may mclude combining intensity values extracted from multiple light source’s
video data and/or image data. The extracted features may then be vsed with an SYM fo train
regression models based on blood tests that serve as a ground truth.

091} Generally, hemachrome analysis 1s the study of blood coloration to analyze the
compenents in the blood. Example algorithms and methodologies used hercin may aim io
measurc the concentration of hemoglobin as compared to the concentration of plasma in the

blood.
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{692} The Beer-Lambert law states that the absorption of light is proportional to the

concentration and thickness of the medium, given by:

- § oamalCid
hneasurea = g€ e}

Hquation 1
{093} where Iy is the mcident light inteosity, o is the absorption coefficient, [} is the
concentration, and d is the thickness of the medium that the light travels through. When a
body part is lluminated with a single wavelength of hight, the measured intensity, Tneasurea

may represent absorption due to tissues, hemoglobin, and plasma:

Im = H o Ae““d{atissae,i{ﬁmmf} + &p i [Hb)+ Iplasmad [Plasmal)

Eguation 2

[0%4] where L is the wavelength of the incident light. To obtam the ratio of [Hb] and
Iplasmal, the attemuation of the mtensity signal due to tissue should be ¢liminated or reduced.
Generally, this may be accomplished by measuring the teraporal change of the measured
miensity as the thickness of the arteries oscillate with respect to the heartbeat.

93] Figure 4 is a schematic representation of absorption over time in accordance with
examples described herein. Figure 4 dlustrates an intensity signal 402 which may, for
example, be received by cameras and/or optical detectors described herein responsive to
tHumination with ong or more light source(s) descnbed herem. The intensity signal 402 can
be wviewed as having a number of components contrbuting to the overall intensity.
Component 410 represents absorption due to tissue {e.g. the tissue of the body part that the
meident light travels through and/or reflects from). The component 408 represents absorption
due to venous blood m the body part. The component 406 represents absorption due to
arterial blood in the body part. The component 404 represents a change m absorption that
may be due to the pulse 1 a volume of arterial blood. It is this temporal change which mav be
further used by algonthms described herein, as it may elimmate or reduce the effect of

absorption due 1o tissus.
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{096} The change in arterial thickness Ad occurring during a heartbeat gencerally affects only
the path length for Hb and plasma. By measuring the ratio of the maximum and minimum

mtensity of the light received, the effect of the tissue may be redaced and/or removed:

peakd oAy i HBY + Qpigoma a[Plasmal)

! trough A
Hquation 3
{097} The ratio between the intensity at a peak of the intensity signal 402 an a trough of the

mitensity signal 402 at a given wavelength {or wavelength range) mav be scen 1in Eqguation 3
to vary 1 accordance with the hemoglobin concentration [Hb] and the plasma concentration

[Plasma] and the associated absorption coefficients of both.

098] The ratic of mtensities can then be expressed as:
_ I paakd _ _ o
[R,}l = In = ifg;,ﬁ[Hb}ﬁd + (ngagm&ﬁ_[PZQS?HQ}L"»(Z
troughd
Equation 4
[99] where the feature In is expressed as the natural log (Iny of the ratio of the peak and

trough mtensities {(e.g. of the intensity signal 402,. The feature Ix; at a particular wavelength
may be equal to the absorption coefficient of hemoglobin at the wavelength multiplied by the
hemoglobin concentration [Hb] and the difference i arterial thickness Ad occurring during a
heartbeat added to the product of the absorption cocfficient of plasma at the wavelength
multiplied by the plasma concentration [Plasmal) and the difference in arterial thickness Ad
occurring during a heartbeat.

3100} In this manner, a measured ratio of maxamum and mintmum values of intensity may
provide a measure of absorption duc to the different components of blood. In some examples,
systems may use cmpirically measured absorption cocfficients for cach compound at a
specific wavelength of light to predict the hemoglobin concentration using Equation 4. By

measuring the response at multiple wavelengths of light, multiple Ip, features can be

SUBSTITUTE SHEET (RULE 26)



WO 2017/112753 PCT/US2016/067988

22

calculated. Ratios of Iy, across wavelengths may determune the ambiguity of Ad allowing an
estimate of [Hb] to be made. However, factors such as the distribution of the emitter,
sensitivity of the sensor, and complex reflection properties of tissue may make this approach
andesirable.

{0101} In some examples, light source(s) used to provide tumiation include broadband
light source(s) such as ncandescent and/or white LEDs. The broadband light sources may be
poorly modeled by Equation 4. Accordingly, in some examples, machine learned regressions
may be used to estimate the absorption coefficients (€.g. omn) and dyuenay) for each lighting
source. This may allow algorithms for predicting hemoglobin to clinunate and/or reduce
reliance on predetermined absorption coefficients at specific wavelengths for blood.

[8102] Figure 5 18 a schematic illustration of algorithms for processing video and/or image
data arranged 1o accordance with examples described herein. For example, the algorithms and
methodologies descnbed with reference to Figure 5 may be performed to exiract features n
phase 110 of Figure 1. The electronic device 202 of Figure 2 may be used to perform the
algorithms and methods described with reference to Figure 5. For example, the executable
mstructions for hemoglobin level prediction 212 may include instructions for performing the
algorithms and methods described and depicied with reference to Figure S.

[8103] In phase 502, a signal from one channel may be obtained. The signal from the one
channel may be time serics data as described with reference to phase 108 m Figure 1, For
cxample, the signal in phase 502 may be an intensity signal from multiple frames of video
data pertamning to a red channel responsive to illununation by a white LED. The frames of
video data {and/or image data) may be processed to obtain the time senes data. For example,
only portions of captured frames may be used in some examples, such as a center section, in
some cxamples measuring half the width and half the height of the image. Gther portions may
be used m other examples. Generally a portion of the video and/or image data which may
demonstrate mmproved counsistency and stability may be used (e.g. the center of a field of
view in some examples). An tmproved stability area may be in other locations of the field of
view in other examples, and may relate, for example, to locations in the field of view where
the body part placed proxamate the light source(s} and camera may experience a lesser degree
of movement, or a location where there may be lesser interference from stray light sources in

the enviromment.
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10104} In some examples video and/or image data obtained trom a camera described herein
may be filtered to provide the time series data in phase 502, For example, a high pass filter
may be applied to remove fluctnations due to breathing. Breathing may be expected to have a
frequency of around 0.2-0.3Hz in some examples. Accordingly, a high pass filter of 0.5 Hz
may be used to climinate and/or reduce fluctuations due to breathing in some examples.
Other filter thresholds may be used in other examples.

(31 05] In some examples, an automated signal quality detector may be provided that may
detect whether a signal is stable enough for analvsis. For example, expected components in
the signal include the pulse signal and the breathing signal, both of which are typically
periodic between (.3 — 2 Hz. An automated svstem may analvze for sudden DC shifts caused
by the shifting of the body part, resulting in a non-periodic signal alteration. This signal
quality detector may then determine whether a segment of collected data is useable for
analvsis, prompting the user to perform the data collection agam if it failed.

[3106] Generally, the signal in phase 502 may be time serics data related to a channel
specific to particular wavelengths regpousive to Hlumination by a particular light source or
combination of light sources. Gencrally, the methodology depicted in Figure 5 may be

performed for each lighting condition and channel of interest.

{6107} In phase 504, the peaks of the filtered signal from phase 502 may be identified.
[0108] o phase 506, a dominant frequency in the signal from phase 302 may be identified.

For example, a fast Fournter transform (FF'T) may be performed on the filtered waveform from
phase 502, and the domimnant peak may be identified. The dominant peak may provide an
estimate of the heart rate.

{3169} Using the heart rate identificd in phase 506 as a threshold between successive peaks,
unwanted peaks due, for example, o the dicrotic notch and the diastolic peak may be avoided
and/or discarded. In some examples, the threshold may be set at a fraction (e.g. %4) of the
heart rate to avoid and/or reduce missing actual peaks. Accordingly, in phase 508, by
enforcing a minimum distance between peaks, unwanted peaks may be discarded.

3110} In phase 510, the peaks and troughs may be mapped onto the onginal signal (¢.g. the
siginal from phase 502). The onginal magnitudes of the peaks and troughs may be used to

calculate 1x. fp may be calculated based on a ratio of the peak to trough tntensity. For
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example, Iz may be given as the natural log of the ratio between the udensity of the peak and
the intensity of the trough (6.8, Lpeai/liougn). Tr may be calculated for each peak.

{8111} In order to estimate the absorption coefficients at the broadband wavelengths used n
systems described herein, multiple features may be calculated based on the signals received
across chanuoels and lighting conditions. The first three features descrnibed below are derived
directly from the Beer-Lambert equations in hemachrome analvsis. The fourth and fifth
features may am to capture nonlinear interactions between wavelengths, Accordingly,

features may be used associated with nonlinear interactions between channels {e.g.

wavelengths).
[8112] A first feature, Ipc, may be equal to the intensity of a peak (fx.s) and may indicate a

baseline mtensity due to tissue.

[0113] A second feature, Iac, may be equal to the difference between the peak and trough
miensities (€.g. Tpeae - liougn). The feature Iac may accordingly represent an amplitude of
pudsatile absorption.

{3114} A third feature, Iz may, as discussed, be equal to the natural log of the ration between
the peak and trough intensitics for a given channel {¢.g. wavelength). Accordingly, In may be
given as the In (Tpea s/ Tiougnn ).

{0115] A fourth feature, Iz ac, for a pair of wavelengths, may provide a pairwise ratio of
pulsatile absorptions between channels (¢.g. wavelengths).

[B3116] For example, Iz ac may be given as:

Ip ac(ds M) = Tacai/ Tacan

Equation 3

117} providing a ratio of pulsatile absorption between two different channels {e.g. two
frequencies}).
{6118} A fifth feature, Ipacpe, may provide an adjusted absorption difference between

channels, (e.g. adjusted with a baseling).

{6119} For example, Iz acpemay be given as:
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Equation 6

{0124} providing for an absclute value of a ratio between the difference between the Iy
features for two channels (e.g. channel 1 and k) and the difference between the bascline
mtensity Ipe for the two chanocls.

[B3121] in this manner, features may be extracted which reflect compansons between multiple
channels reccived by cameras described herein. This may assist m predicting hemoglobin
levels when utilizing broadband light sources {¢.g. white LEDs).

[6122] The features which may be extracted and/or used to predict hemoglobin levels may be
based on the light source(s) and/or channels {(¢.g. optical sensors) used in the system. For
example, for a given set of light source(s) that will be used to ilhuminate a body part, and a set
of optical sensors sensitive 1o particular wavelengths, there may be a set of features which
accurately correlate to the predicted hemoglobm level.

3123} Generally, examples described herein utilize a model to correlate the predicted
hemoglobin level to a set of features. The features may be compared to the model to predict
the hemoglobin level. For cxample, a regression may be performed on the features to predict
the hemoglobin level

{0124} The model may be developed using a set of training data where hemoglobin levels for
a population is obtained through blood tests. Data for the same population may be collected
using systems described herein having a particular set of Hght source(s) and optical sensors
sensitive to particular wavelengths. A regression may be performed on the data to both (1)
select a set of features for use in predicting hemoglobin levels in future patients; and (2}
develop a model for relating those sclected features to predicted hemoglobin level.

{6125} The regression performed may be a hinear regression and/or a SVM regression. In
some examples, a linear regression may be performed on tramning data to select a set of
features while an SYM regression may be used on patient data to predict hemoglobin levels.

[0126] Training performed using the three arrangements in Figure 3 viclded a set of features

which may be advantageously extracted in those arrangements to predict hemoglobin levels.
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106127} For example, m arrangement 302 of Figure 3, in some cxamples, a white LED and a
970nm LED may be used to implement the light sources. A collection of five features may be
used to predict hemoglobim levels in the arrangement 302, as follows:

{0128} {1} an amphitude of pulsatile absorption {¢.g. Iac} of the image data from an optical
sensor for a red channel {¢.g. sensitive to the red wavelengths) responsive to illumination by
the white hight source,

3129} (2} an amplitude of pulsatile absorption (g.g. Iac) of tmage data from an optical sensor
for a blue channel {¢.g. sensitive to the blue wavelengths) responsive to itllumination by the
white light source,

{0138] (3} an amplitude of pualsatile absorption {e.g. Iac) of image data from the optical
sensor for a red channel {e.g. sensitive to the red wavelengths) responsive to ilhumination by
the 970nm light source,

4131} {4} a pairwise ratio of pulsatile absorptions (¢.g. Iz ac) between the image data from
the optical sensor for the blae channel responsive to ilumunation by the white light source
and the image data from the optical sensor for the red wavelengths respounsive to ilumination
by the white tight source; and

[8132] (5} an adjusted absorption difference between channels {e.g. Ixacpe) between the
image data from the optical sensor for the red channel responsive o itlunination by the white
light source and the image data from the optical sensor for the red wavelengths respounsive to
tdlumination by the 970nm hight source.

{3133} In arrangement 310 of Figare 3 in some examples, a white LED, a 970nm LED, and
an incandescent bulb may be used to implement the hght sources. A collection of six features
may be used to predict hemoglobin levels in the arrangement 310, as follows:

[0134] {1} a pairwise ratio of pulsatile absorptions {¢.g. Iz ac) between the mmage data from
the optical sensor for the red chanmel responsive to illamination by the incandescent light
source and the image data from the optical sensor for the blue chanuel responsive to
tlumination by the white LED;

(41 35] (2} 8 pairwise ratio of pulsatile absorptions (¢.g. lx.ac) between the image data from
the optical sensor for the red channel responsive to illumination by the incandescent light
source and the image data from the optical scnsor for the red chamnel responsive to

tHumination by the 970nm LED;
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{0136} (3} a pairwise ratio of pulsatile absorptions (e.g. Ig ac) between the mmage data from
the optical sensor for the blue channel responsive to illumination by the mcandescent light
source and the image data from the optical sensor for the blue channel responsive to
iHlumination by the white LED;

[6137] {4) an adjusted absorption difference between channels {c.g. ITpacpe) between the
mmage data from the optical sensor for the red chamnel responsive to ilumination by the
mcandescent light source and the image data and image data from the optical sensor for the
blue channel responsive to illumination by the incandescent light source;

13138} {5) an adjusted absorption difference between channels {(e.g. Iracne) between the
image data from the optical sensor for the red channel responsive to iHumination by the
meandescent light source and image data from the optical sensor for the blue channel
responsive to dlumination by the white LED: and

[0139] {6} an adjusted absorption difference between chamnels {¢.g. Inacoc) between the
tmage data from the optical sensor for the blue channel responsive to illuomination by the
white LED and image data from the optical sensor for the red channel responsive to
tHumination by the 970nm light source.

{6144} In another arrangement in some examples, a white LED, a 970nm LED, an 880nm
LED, and an incandescent light source may be used to implement the light sources. A
collection of seven features may be used to predict hemoglobm levels m such an
arrangement, as follows:

3141} (1} 8 pairwise ratio of pulsatile absorptions (¢.g. lx.ac) between the image data from
the optical sensor for the red channel responsive to illumination by the incandescent light
source and the image data from the optical sensor for the red chamnnel responsive to
tHumination by the 880nm LED;

[8142] (2} a parrwise ratio of pulsatile absorptions {e.g. Iz ac) between the image data from
the optical sensor for the blue channel responsive to itllumination by the meandescent light
source and the mmage data from the optical sensor for the red channel responsive to
tlumination by the white LED;

10143] (3} a pairwise ratio of pulsatile absorptions (¢.g. Iz ac) between the mmage data from

the optical sensor for the red channel responsive to iHumination by the white LED and the
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mmage data from the optical sensor for the blue channel responsive to illununation by the
white LED;

[8144] {4} an adjusted absorption difference between channels {e.g. Ixacpe) between the
image data from the optical sensor for the red chanmnel responsive to iHumination by the
mcandescent light source and the image data and image data from the optical sensor for the
blue channel responsive to illummation by the mcandescent light source;

[(3145] (5} an adjusted absorption difference between channels {e.g. Iz acpe) between the
umage data from the optical sensor for the red channel responsive to ihumination by the
meandescent light source and image data from the optical sensor for the red channcl
responsive to illumination by the 970nm LED: and

{0146} {6} an adjusted absorption difference between channels {¢.g. Ir acne) between the
image data from the optical sensor for the red channel responsive to illumination by the white
LED and image data from the optical sensor for the red channel responsive to lumination by
the 880nm light source; and

13147} {7} an adjusted absorption difference between channels (¢.g. e acpe) between the
mmage data from the optical sensor for the blue channel responsive to illununation by the
white LED and the mmage data from the optical sensor for the red channel responsive to
tHumination by the 880nm light source.

[3148] The above arc cxamples of selected featurcs that may be used for predicting
hemoglobin levels using particular hight source and optical sensor pairs. Other features may
be used m other examples. The features to be wsed may generally be selected using a
regression and selecting a group features that are most mndicative of hemoglobin level

{3149} Predictions of hemoglobin levels described hercin may be used in a variety of sctiing.
For example, hemoglobin level may be used for screening anenua, and/or assessing a
patient’s response to iron supplement treatments.

[0150] Examples of hemoglobin level predictions described hercin, which mav be
mmplemented m some examples on unmodified mobile phones, may have the advantage of
being casily deployable and may enable previously wmconsidered treatment management
options. For cxample, devices and methods described herein mav help users, such as
community health workers in developing countries, screen for iron~-deficient ancmia caused

by malnutrition. A major barrier for users may be the number of medical tools they need to
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transport with them on foot for each test. A smartphone is now standard equipment used for
telemetry of records; as such, a smartphone-based solution may help reduce the burden on
these workers and reduces the cost of cquipment. Beyond improved deplovability in remote
areas, the reuse of smartphones may also aid people being treated for cases of anemia and
need fo monitor their condition at home. Often, these patiends are treated with ron
supplements and return to the hospital for a blood test every few weeks to ensure their
treatment 13 effective. A smartphone hemoglobin test as described herein may be convenient
for at-home momitoring and may not require a patient to purchase a specialized blood testing
device that may cost hundreds to thousands of dollars. This may allow both the patient and
the doctor to track the effectiveness of these treatments much more casily and frequently.
This can help carly detection of any meffective treatment leading to complications.

{0151 The ability to measure hemoglobin noninvastvely as described herein may be usefid
for measuring hemoglobin more frequently even m a chinical setting. For example, sickle ccll
patients often suffer from extreme anemia and need frequent monitoring. However, due to
treatment to suppress their production of sickled cclis, their veins are often hardened, making
blood draw difficult.

[8152] Systems and methods described herein may accordingly find use as a malnatrition
screening tool {e.g. based on whether a patient is anemic}). Other example applications
nclude determining a need for a blood transfusion {¢.g. in the case of malaria patients),
ancmia monitoring, assisting in rehabilitation of leukenua patients {(eg. to predict if

hemoglobin is high enough to exercise}, and pregnancy monitoring for ancmia.

EXAMPLE STUDY

[3153] A study was conducted with 31 patients. The study population included a wide spread
of hemoglobin levels (8 ~ 16 g/dL}, an age spread from 6 to 77 vears old, and ncluded skin
tones ranging from pale to dark skin. The combination of incandescent and LEDs {c.g.
arrangement 310 of Figure 3} was found fo give the best estimation accuracy of =1.26 g/dL.
(R=0.82).

[8154] The IR LEDs used were sourced from the Marubeni SM{O2 series. A Nexus 5 mohile

phone with an unmodified front-facing camera was used.
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[0155] Each lighting condition was shined continuously for 15 seconds and cveled to the next
light with an assumption that hemoglobin concentration and average blood flow does not
change significantly during the course of the test, which took a few minutes.

{6156} A mobile app was built on the Android platform with the Android Camera 2 APL
which allows for full control over the white balancing and exposure. The full control was
advantageous because imfrared 1s generally considered an unwanted spectral response that
camera apphications may detect and rebalance settings to avoid. Certain white balancing
settings, such as the “incandescent mode,” can be used to avoid the rebalancing. The Camera
2 APT allows for full control over the exposure, white balance. and sensor sensitivity. The
hardware gains were manually set for cach RGB channel using presets that are empirically
found for cach lighting condition such that the three channels reported a similar level of light.
This was advantageous because the red channel typically has a much stronger response due to
the red blood under the white and mcandescent hights. If left to a flat white balance, the auto
exposure may be set to the red channel, leaving the G and B chamnels highly underexposed in
this example.

{3157} Exposurc was set using the camera APUs autoexposure setiings. Unce the image is
auto-exposed, the exposore was locked and a 15-second video was recorded for cach of the
hghting conditions {(o.g. ¢ach light source) sequentially. FHach hight source was cycled
through one aficr another and a 15 sccond RGB video was recorded for cach light source.
The exposure, frame rate, white balance gain, and ISO settings were recorded for calibration.
At an average resting heart rate of about 75 beats per minute {(BPM), around 15-20 pulses
were captured for each light source.

[3158] A separate SYM regression {(SVR) model was trained for cach of three embodiments
using different light sources: (1) white + 970 nm LED, (2) white + 970 nm LED +
meandescent hght, (3) white + 970 nm + 880 am LED + incandescent light. Each
embodiment is referred to herein as EMBI, EMB2, and EMB3. The regressions were made
based on ground truth values obtained from a blood test. During development, it was tfound
that a linear regression did not produce as good of a result in these examples an SVR, but did
provide good nsight into feature significance. As such, the linear regression was used to help

m the feature selection process, as it was casier to interpret the resultant model, but the SVR
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was used to produce a model for evaluation by cmploving the features chosen through the

lincar regression. Table | displays the feature list for the three embodiments

Table 1: Festures used for training in each embediment.

EXMB1 EMB2 ENMB3
Lo TWRRY fo sol{fnf, WHS {g soiin®, 88
SOy B S8 , KA
Lo (WhED Io xc(INR.970} | IpaclinB, Whi
PRCED Trac (IRE, WHE) | Inac(WhR, WhE)
T\}. ;3‘1&} fg ACHE {g}lgp it

IpactWARWAEY | Iy aenelinRE

&
ggﬁg{:rﬁ ~{ %\y Ee 97 3 ;,\‘{a:’f}{‘ {}if?&*) HE 3
I acpo VAR, BEO}

[0159]

(0160

In Table 1, the features used are listed, with the notations in the parenthetical being
the light source and channel pair or pairs associated with the feature

For cxample,

embodiment 1 {employing a white LED and a 970nm LED) utilized:
¢ calculated from the red channel data responsive to itllamination by the white LED

{0161}
channel data responsive to illumination by the white

13162} Iac calculated from the bhie
LED.

[8163] Iac calculated from the
iHumination by the 970nm LED.

response {which would have been o the red channel) to

[3164] fp.ac calculated from the red and blue channel responses to illumination by the white

LED.

{0165]
and the red channel response to iflumination by the 970mm LED.

The features listed in Table 1 were found to provide an accurate map to predicted

Ik acoe calculated from the red channel response to lumination by the white LED

{0166}
hemoglobin levels in accordance with modeled data.
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{3167} The SVM model was tested using a leave-oneg-subject out validation. The training was
done using the MATLAB implementation of SVM regression with a Gaussian kernel with
default parameters, to avoid overfitting due to parameter tuning.

{0168} A study was conducted with three groups of people: healthy students and staff, in-
paticnts at a children’s cancer and transfusion chinic, and n-paticnts at an adult cancer and
bone marrow transplant climic. Data collections at these sites provided a diverse dataset
paired with ground-truth hemoglobin concentration from CBC tests. The study included 31
patients in a range of 8.3 g/dL 10 158 g/dL.

{3169} Each patient’s data set included a series of videos measuring the absorption change
ander multiple wavelengths of light. Videos were collected using systems in accordance with
examples described herein within 24 hours of the ground truth CBC blood draw to ensure that
hemoglobin measures are as accurate as possible. Within a day, hemoglobin concentration is
typically stable within 0.5 g/dL. Patients who have hemoglobm transfusion or heavy bleeding
between the study and the blood draw were excluded.

103170} In order to evaluate the effects of camera hardware and lighting conditions, we built a
setup that allowed us to efficiently cycle through all the combinations for every subject m our
validation. The setup used an acrylic box that contained a Bluetooth-enabled microcontroller
that controlied cach of the light scurces. The top of the box had a 6W incandescent light and
a white picce of card stock with a hole cut in the middie. A Nexus 5 smartphone was placed
m the box with the camera pointing up to the ceiling of the box. The LED circuit was then
placed over the camera. The box was clear except for the portion holding the electronies,
which ket ambient fight shine through. The box also had a black cover that was used to block
out ambierd light. Light sources that were used were the incandescent light, a white LED, a
970nm LED and an 880nm LED.

{6171} The sabject placed the fingertip of the ring finger on their non-domunant hand on the
camera. The subject was asked to sit still and not speak during the test to reduce movement.
Each lighting condition was then cvcled through in the following order: incandescent, white,
G570 nm, 830 nm.

103172} The study included taking a series of videos of the participant’s finger ander various
lighting conditions. Tests were done during the day, with no particular control over the

ambient hghting conditions. An optical hemoglobin measurement was also obtained using the
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FDA cleared Masimo Pronto 7 night before the recordings with the system described herein,
The CBC biood test was used as ground-truth data and the optical Hb was used as a source of
comparison to a specialized noninvasive device.

{6173} Hemoglobin predictions made 1o accordance with systems and methods described
herein correlated with the CBC’s predictions with a rank order correlation of (.69, 0.74, and
0.82 with a mean crror of 1.36 g/dl, 144 g/dl, and 126 g/dl respectively for cach
embodiment. The results of the Pronto were also compared to the CBC, which vielded a rank
order correlation of 0.81 with a mean error of 1.28 g/dL. Generally, including incandescent
light source improved correlation and decreased error. Use of an extra IR source {(¢.g. both
the 970nm and 380nm sources) further improved performance.

{0174} From the foregoing it will be appreciated that, although specific embodiments of the
mvention have been described herein for purposes of illustration, various modifications may

be made without deviating from the spirit and scope of the mvention.
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CLAIMS

What is claimed 1s:

1. A device comprising:

a plurality of light sources including at least one broadband light source
configured to provide light in a range of wavelengths, the plarality of hight sources
positioned to illuminate a body part when placed in a target area;

a camera including optical sensors, the camera posttioned to receive reflected
Light from the body part when placed in the target area, the optical sensors configured to
detect incident light having respective wavelengths within the range of wavelengths and
provide image data for the respective wavelengths; and

at least one processor and computer readable media encoded with nstructions,
ncluding instructions which, when executed, caunse the device to:

extract features from the image data for the respective wavelengths, the
features selected based on the plurality of light sources and the optical sensors;
and

predict a hemoglobin level based on a comparison of the features to a

model.

2. The device of claim 1, wherein the optical sensors are configured to detect incident

light having wavelengths of less than 1000nm.

3. The device of claim 1, wherein the broadband light source comprises a white light
source and at least one optical sensor 1s configured to detect red wavelengths and at least

another optical sensor is configured to detect blue wavelengths,

4. The device of claim 3, wherein the plurality of light sources further include an

mfrared hight source.

5. The device of claim 4 wherein the features comprise:
an amplitude of pulsatile absorption of the image data fron: the optical sensor
configured to detect red wavelengths responsive to illumination by the white light

SOUrCs;
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an amplitude of pulsatile absorption of image data from the optical sensor
configured to detect blue wavelengths responsive to umination by the white hight
SOUree;

an amplitude of pulsatile absorption of image data from the optical s¢nsor
configured to detect blue wavelengths responsive to ilumination by the mnfrared light
SOUTCe;

a patrwise ratic of pulsatile absorptions between the image data from the optical
sensor configured to detect blue wavelengths responsive to illumination by the white
light source and the image data from the optical sensor configured to detect red
wavelengths responsive to illumination by the white light source; and

an adjusted absorption difference between the image data from the optical sensor
configured to detect red wavelengths responsive to illumination by the white light source
and the mmage data from the optical sensor configured to detect blue wavelengths

responsive to illomination by the infrared hight source.

6. The device of claim 1, wherein the features include features associated with nonlinear

interactions between wavelengths.

7. The device of claim 1, wherein the plurality of light sources include an incandescent

light source.
8. The device of claim 1, wherein the device comprises a mobile phone.

9. The device of claim 1, wherein the computer readable media is further encoded with
instructions which, when executed, cause the device to sequentially iHuminate the target

arca with cach of the plurality of light sources.

10, The device of ¢laim 1, wherein the computer readable media i further encoded with
mstructions which, when executed, cause the device to provide an indication of a fuiled

anemia screcning when the hemoglobin level is below a threshold level.

11. The device of claim 1, wherein the features are selected using a regression for the

phurality of light sources and the optical sensors based on blood test values.
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12. The device of claim 11, wherein the regression is a lincar regression or a support
fem) &

vector machine regression.

13. A method comprising:

placing a bodv part in a target arca proximate a mobile phone;

illuminating the body part with a plurality of light scurces on the mobile phone;

detecting reflected light from the body part with a camera of the mobile phone
mchiding with each of a plurality of optical sensors configured to detect different
wavelengths and provide tmage data for the different wavelengths; and

predicting a hemoglobin level in the body part using an application on the mobile
phone, wherein the application 1s configured 1o cause the mobile phone to oextract
features from the image data for the different wavelengths and compare the features to a

model of hemoglobin levels.

14. The method of claim 13, wherein illuminating the body part comprisces sequentially

illominating the body part with each of the plarality of Light sources.

15. The method of claim 13, further comprising illuminating the body part with ancther

light source external to the mobile phone.

16. The method of claim 13, wherein predicting the hemoglobin fevel further comprises

displaying an indication of the hemoglobin level on a screen of the mobile phone.

17. The method of claim 13, further comprising displaying an indication of failure of an

ancnuia screening when the hemoglobin level 1s below a threshold.

18. The method of claim 13, further comprising mstalling the application on the mobile

phone.

19. The method of claim 13, wherein tlluminating the body part with the plurality of

light sources comprises illuminating the body part with a flash of the mobile phone.

20. The method of claim 13, tfurther comprising developing the model of hemoglobin
levels and selecting the features by performing a regression based on the plurality of

light sources, optical sensors, and blood test data.
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21. The method of claim 13, wherein extracting features comprises extracting features

selected based on the plurahity of hight sources and optical sensors.
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